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classical theory of crystal growth and phase formation



Preface

Being tightly technologically oriented, the contemporary scientific knowledge often
suffers from lack of passion. The present book, dedicated to two distinguished schol-
ars, Prof. Iwan N. Stranski and Prof. Rostislaw Kaischew, intends to illuminate this
ardor as a state of the human mind moving science forward.

In the 1920s, Iwan N. Stranski along with Walther Kossel, introduced one of the
fundamental physical concepts in crystal growth, “the half-crystal position” or kink
site, implemented later in the classical Kossel-Stranski model of the crystal struc-
ture. In 1938 Stranski and Krastanow discovered the famous Stranski—Krastanow
growth mode of epitaxial layers. In 1934 Stranski and Kaischew formulated the the-
ory of mean separation work, revealing thereby the identity of the thermodynamic
and kinetic approaches to Gibbs’s problem of the equilibrium of small phases. In the
same year they published the first kinetic treatment of the nucleation rate of crystals,
droplets, and bubbles. On that background, Stranski and Kaischew developed in
great detail fundamental aspects of nucleation theory, equilibrium shape of crystals,
homo- and heteroepitaxial growth of thin atomic layers, and electrocrystallization.
In a series of studies in 1950-1951, Kaischew extended the Gibbs—Curie—Wulff
theorem of equilibrium shape of crystals to the case of crystals on foreign substrate.
This refinement, known as “generalized Gibbs—Curie—Wulff—Kaischew theorem,”
and the conditions derived for two- or three-dimensional nucleation on a foreign
substrate formed later the theoretical background of thin epitaxial film growth.
These highlights of the Sofia school in crystal growth as well as the outstanding
scientific life and personality of both Iwan N. Stranski and Rostislaw Kaischew
have inspired the present edition.

The influence of Stranski’s and Kaischew’s scientific style on their coworkers
and students has been immense. I had no chance to meet Stranski personally, but
I had the privilege of working in Kaischew’s Department of Crystal Growth at the
Institute of Physical Chemistry in Sofia for more than 25 years and my impressions
of his outstanding life stem from that time. Rostislaw Kaischew was a man of vision
and strong scientific intuition. Being a fascinating teacher, he possessed the talent of
attracting people and involving them in science. Founder of the Institute of Physical
Chemistry at the Bulgarian Academy of Sciences, Kaischew was its director for
more than 30 years (1958-1989).

vii



viii Preface

The personality of Iwan N. Stranski was strongly respectable. Consecutively,
as founder and head of the Department of Physical Chemistry at Sofia University
(1925-1944), director of the Institute of Physical Chemistry at the Technical Uni-
versity in Berlin (1944-1949), rector of the Technical University in Berlin (1951—
1953), and deputy director of the Fritz Haber Institute of Physical Chemistry at the
Max Planck Society (1953—-1967), Iwan N. Stranski, known as the father of crystal
growth, had a great impact on the international academic and research community.

A distinctive feature of the scientific ideas of Stranski and Kaischew, imple-
mented in the classical theory of phase formation, is their simplicity. The model they
have introduced in crystal growth reflects in a nice and proper way Karl Popper’s
concept of science: “The method of science depends on our attempts to describe
the world with simple theories: theories that are complex may become untestable,
even if they happen to be true. Science may be described as the art of systematic
over-simplification — the art of discerning what we may with advantage omit.” The
invention of the kink site and the theory of mean separation work are probably
one of the best examples of Popper’s thought. In 1996 during the second Stranski—
Kaischew conference in Pamporovo Ski Center, Bulgaria, the fascinating speaker
Joost Frenken demonstrated for the first time a spectacular high-temperature STM
movie, revealing real-time attachment and detachment of individual atoms at atomic
steps and kinks. Kaischew, 88 years old at that time, attended the lecture. At the end
of the talk, deeply moved, he said, “I have never believed that in my life I would be
blessed to see direct experimental evidence of our imagination of the mechanisms
of crystal growth. Even being so simple, our model suggested in 1934 seems to be
true.”

Most of the authors contributing to this book are among the founders of the
Stranski—Kaischew crystal growth club established in the early 1990s by a series
of international meetings in Bulgaria. In 1992-1993, I spent a year as a coworker
of Boyan Mutaftschiev in his laboratory in CNRS, Nancy, and that was the place
and time where these meetings have been inspired. Being a close friend of Stranski
and a favorite student of Kaischew, Boyan was a keen connoisseur of the history of
crystal growth. He had the gift to fascinate people by involving them in the values
of “the old time of classical science.” Actually, our discussions in Nancy incited
me to initiate this series of workshops on surface physics in Bulgaria. Kaischew
strongly encouraged this idea and the first workshop was held in February 1994.
Known at present as “Stranski—Kaischew Workshops in Surface Physics,” these reg-
ular meetings have kept the spirit of the classical school in crystal growth and have
attracted outstanding researchers in surface science. Kurt Binder, Harald Brune,
Alex Chernov, Theodore Einstein, Joost Frenken, Doon Gibbs, Martin Henzler,
Masakazu Ichikawa, Kenneth Jackson, Dimo Kashchiev, Raymond Kern, David
Landau, Alexander Latyshev, Thomas Michely, Andrey Milchev, Chaouqui Misbah,
Boyan Mutaftschiev, Anton Naumovets, Hiroo Omi, Herbert Pfnuer, Matthias
Scheffler, Robert F. Sekerka, Stoyan Stoyanov, Kunio Takayanagi, Erio Tosatti,
Michael Tringides, Peter Varga, Ellen Williams, and Zhenyu Zhang are among the
lecturers who built up the reputation of this series of meetings. However, it is my
personal privilege to acknowledge in a particular way two of them. David Landau



Preface ix

and Kurt Binder involved themselves in this project with extraordinary enthusiasm
and great concern. Their contribution to the lectures, discussions, and scientific pro-
grams had been substantial in all past six workshops.

Aiming to find answers closer to the question “why” rather than “how” the things
in surface physics happen, this enthusiastic team of scientists outlined the center of
attention of Stranski—Kaischew meetings. This center is manifested by the title of
the present volume too: “Nanophenomena at Surfaces: Fundamentals of Exotic Con-
densed Matter Properties.” A glance at the chapter titles shows a diversity of topics
discoursed in this book. Being focused on the point “Why the matter has exotic
behavior when the size of systems and their space dimensions are reduced?” this
edition covers Structure and properties of confined crystals on surfaces (K. Binder),
Atomic interactions in two-dimensional overlayers (T. Einstein), Surface diffu-
sion phenomena and surface pattern formation (E. Williams and M. Michailov),
Quantum size effects in low-dimensional structures (M. Tringides and Z. Zhang),
Electronic properties of nanostructures and metallic nano-wires (M. Ichikawa and
H. Pfnuer), Biologically inspired nanophysics, proteins and polymer chains
(D. Landau and A. Milchev), Step bunching phenomena (A. Latyshev and
S. Stoyanov). It is my hope that the reader will find here important bridges between
classical, quantum, and nano concepts in condensed matter physics. Being dedi-
cated to the memory of Iwan N. Stranski and Rostislaw Kaischew, I believe that the
present book will stimulate further advances in nanoscale surface physics and will
encourage young people in science.

Finally, I am grateful to my colleagues and friends from the Institute of Physi-
cal Chemistry in Sofia, Vessela Tsakova for her sincere support in sharing through
hard times our common cause of Stranski—Kaischew meetings, Stoyan Stoyanov
and Andrey Milchev for their valuable advices in program preparation, and Dimo
Kashchiev for his ceaseless encouragement in the realization of the present book.

Sofia, Bulgaria Michail Michailov
October 2010
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Chapter 1

Confined Crystals on Substrates: Order
and Fluctuations in Between One and
Two Dimensions

K. Binder, Y.H. Chui, P. Nielaba, A. Ricci, and S. Sengupta

Abstract The effect of lateral confinement on a crystal of point particles in d = 2
dimensions in a strip geometry is studied by Monte Carlo simulations and using phe-
nomenological theoretical concepts. Physically, such systems confined in long strips
of width D can be realized via colloidal particles at the air—water interface, or by
adsorbed monolayers at suitably nanopatterned substrates, etc. As a generic model,
we choose a repulsive interparticle potential decaying with the twelfth inverse power
of distance. This system has been well studied in the bulk as a model for two-
dimensional melting. The state of the system is found to depend very sensitively
on the boundary conditions providing the confinement. For corrugated boundaries
commensurate with the order of the bulk (i.e., a triangular crystalline lattice struc-
ture), both orientational and positional orders are enhanced, and near the boundaries
surface-induced order persists also at temperatures where the system is fluid in the
bulk. For incommensurate corrugated boundaries, however, soliton staircases near
the boundaries form, causing a pattern of standing strain waves in the strip. How-
ever, smooth unstructured repulsive boundaries enhance orientational order only,
positional long-range order is destroyed. The strip then exhibits a vanishing shear
modulus. A comparison with surface effects on phase transitions in simple Ising and
X Y-models is also made. Finally, possible applications are discussed.

1.1 Introduction
The research that is briefly reviewed here has three main motivations:

(i) Colloidal systems allow to carry out experiments of unprecedented detail, com-
parable to computer simulations: by confocal microscopy techniques, one can

K. Binder (=)

Institute of Physics, Johannes Gutenberg-Universitit, Staudinger Weg 7,
D-55099 Mainz, Germany

e-mail: kurt.binder @uni-mainz.de

M. Michailov (ed.), Nanophenomena at Surfaces, Springer Series in Surface Sciences 47, 1
DOI 10.1007/978-3-642-16510-8_1, © Springer-Verlag Berlin Heidelberg 2011
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K. Binder et al.

provide “snapshot pictures” of all the positions of the colloidal particles; by
fluorescent labeling one can track down the motion of arbitrarily selected par-
ticles with time; by suitable choice of solvent, and surface treatment of the
particles, inter-particle forces are tunable to a large extent: thus, such systems
are model systems allowing to study order and disorder in condensed matter in
much greater detail than previously possible [1-4].

Confinement allows to probe order—disorder phenomena via the sensitivity
to boundary conditions [5]. This concept is particularly interesting for two-
dimensional crystals, which in a sense are “critical systems” [6—10] through-
out the parameter range where crystallinity occurs. Confinement then causes
an interesting “crossover” between quasi-one-dimensional [11, 12] behavior
and two-dimensional behavior (melting of Kosterlitz—Thouless [6-8] type!).
Wall effects then naturally lead to introduce the concept of “surface critical
exponents” [13, 15] (Fig. 1.1).

Confinement of a crystal naturally may lead to misfits, and the crystal may
release its strain by defect formation: our recent simulations [12] have sug-
gested that, as a consequence, soliton staircases [16] may form, and deforma-
tion patterns appear which can be interpreted as standing strain waves [12].

v | . v, T<T,
¢ - Y(2)-y, ~exp(-z/S,)
= ~y(z)~exp(-z/S,) N
= =>
@ | ¥ [ —
. ()
] / L
v, T<Tc
%
(1_’) wl W;,‘W(Z)”CXP(‘Z@Q

(d)

Z Z

Fig. 1.1 Schematic variation of a local one-component order parameter ¥ (z) as a function of the
distance z from a wall (or free surface, respectively) that is located at z = 0. At temperature
T = T, occurs a second-order phase transition in the bulk (order parameter ¥, > 0 for 7' < T¢).
In cases (a)—(c) it is assumed that at the wall at z = 0 a local surface field H| conjugate to the order
parameter ¥; = ¥ (z = 0) acts. Surface-induced ordering then occurs in a region of order &, (bulk
correlation length) for 7 > T, while at T = T a power-law decay occurs (b), ¥ o 772 where
n describes the decay of critical correlations in the bulk. Case (d) refers to a “neutral surface”
(H; = 0), assuming a reduction of ordering at the surface (e.g., caused by “missing neighbors”).
Also for T < T, the range over which ¥/ (z) deviates from v, is given by &,
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1.2 The Simulated Model

An experimental model system for two-dimensional colloidal crystals and their
melting behavior is obtained by bringing spherical colloids (diameter in the
micrometer range) that contain a superparamagnetic nanoparticle in their core at
the water—air interface, orienting the magnetic field perpendicular to the interface,
so that a (uniformly) repulsive interaction decaying with distance r as r~> results
[17-19]. Varying the strength of the magnetic field, the strength of this interaction
can be tuned. This system has become very popular as an experimental model sys-
tem for the study of melting in d = 2 dimensions [20].

Other related d = 2 orderings can be prepared in dusty plasmas [21], lattices
of spherical block copolymer micelles in thin films [22], superstructures of small
molecules or atoms adsorbed on stepped surfaces [23], etc. For this reason, we shall
not address a particular physical system, but rather consider a generic model.

Our model consists of point particles in the two-dimensional xy-plane, interact-
ing with the “soft disk” potential which is just the repulsive term of a Lennard-Jones
potential

Vr)=¢e(/r)"? (1.1)

choosing units such that ¢ = 1 and 0 = 1. In the Monte Carlo simulations, we
use a cutoff r. = 50, because for r > r., V(r) is completely negligible. Due to
this short range of the potential, it is computationally more convenient than the r >
potential, and moreover in the bulk the properties of the model have already been
very thoroughly studied [24]; e.g., choosing a density p = 1.05 it is known that
melting (presumably via a KTHNY [6-8] transition) occurs at T & 1.35 (note that
for (1.1) the equation of state does not depend on p and 7 separately, it is only the
combination p(e/kp )/ 6 that matters [25]). So choosing T = 1 ensures to obtain
states deep in the solid crystalline phase, where the particles form a defect-free
triangular lattice structure.

The emphasis of this chapter is to understand the effect of boundaries. Two types
of boundaries are considered (Fig. 1.2): so-called structured walls, consisting of two
rows of particles frozen in the perfect crystalline order (appropriate for the chosen
density). These walls have the proper corrugation in y-direction commensurate with
the bulk lattice structure. We are not aware that this type of boundary condition
has already been realized in the laboratory (simulation can go beyond experiment!),
but for colloids it is perhaps realizable by suitable interference of laser fields: this
remains a challenge for the experimentalists.

The other type of wall is provided by a flat structureless boundary, running along
the y-direction, and described by another repulsive power law

Vwall = 8wall(0/x)10 (1.2)

As described in [5], ewan can be chosen such (namely ey = 0.0005) that
the perfect crystalline order in x-direction also remains undisturbed, if the origin
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Fig. 1.2 Schematic : Q
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(x = 0) would coincide with the position of a row of particles in the lattice. We call
this type of wall “planar wall.” In both cases, we choose two parallel and identical
walls a distance D apart and consider first the case that this distance D is com-
mensurate with the triangular lattice structure, i.e., an integer number n, of parallel
rows of particles fits in between the two walls, with the undisturbed lattice spacing.
In the y-direction parallel to the walls, we choose a periodic boundary condition at
a distance Ly = nya, a being the lattice spacing of the triangular lattice.

1.3 Results for Crystals with Commensurate Confinement

Now crystals show two types of long-range order, positional long-range order and
orientational long-range order, and the question that we ask is, how are these order-
ings affected by the presence of walls?

It is easy to see that the positional order in the direction perpendicular to the walls
is enhanced, in comparison with the bulk; see the density distributions p(x) in the
x-direction (Fig. 1.3). This enhancement relative to the bulk occurs for both planar
and structured wall boundary conditions, in the solid phase (Fig. 1.3, top). Even
in the liquid phase (Fig. 1.3, bottom) there occurs a pronounced layering effect.
While the amplitude of this layering near the walls does depend somewhat on the
type of boundary condition, the range over which it extends into the bulk is the
same for both boundary conditions, as expected (Fig. 1.1) since this range just is
a type of bulk correlation length. When one studies the temperature dependence of
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Fig. 1.3 Density distribution
p(x) plotted vs. x for a
system of 900 particles in a
D x L geometry, with
periodic boundary conditions
in the y-direction, L = nyao,
D= nxao«/g/Z, with lattice
spacing

ap = (2/3p)'? = 1.049.
Top part refersto T = 1.2
and bottom part refers to

T = 1.6. Only the left part of
the strip is shown in each
case (the center of the strip,

x = D/2, is marked by a
vertical line). A strip with
“planar wall” and with
“structured wall” boundary
condition is included, cf. text,

T T T T T

6 -0 planar walls
B8 siructured walls
@ bulk

-0 planar walls
B8 structured walls
— bulk

as well as the density 4
distribution of a
corresponding bulk system

p(x)

2

this correlation length in the liquid phase, one finds a pronounced increase as the
temperature is lowered toward the melting transition temperature [5], as expected
due to the KTHNY [6-8] character of the transition.

Orientational order, appropriate for a triangular lattice, is characterized by local
order parameter ¥(7;) and associated correlation function ge(y)

Vo) = (1/6) Y exp(6igjn), g6() = [(V6(Fvs ()l (1.3)

Jj(n.n.ofk)

where 7, = (xi, y¢) is the position of the xth particle and y = |yx — y¢|. The angle
between a bond connecting particles k and j and a reference direction (e.g., the
y-direction) is denoted as ¢ ;. One sums exp(6i¢ ;) over all six nearest neighbors
of k, so ¥e(¥;) = 1 for a perfect triangular lattice. Also this orientational order is
strongly enhanced by the walls (Fig. 1.4), and the orientational correlation length
that one can extract from this decay also increases as one approaches melting [5]
(the correlation length for orientational order is found to be somewhat larger than
its counterpart for positional order (as expected, since it is only the former length
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that diverges at the fluid—hexatic transition [7]). From Fig. 1.4 it is clear that for
strips of any finite width D the melting transition is strongly affected by finite size
rounding: the walls induce a significant orientational order also in the fluid phase,
and so the average mean square order parameter (wﬁz) = f dx (| ¥e(x)|?)/D decays
gradually with increasing temperature and stays nonzero also in the fluid phase for
any value D < oo.

In contrast to this enhancement of order due to the walls, seen in Figs. 1.3 and 1.4,
a different behavior results when we study the positional order in the y-direction par-
allel to the walls. Defining for a crystal row in the y-direction the static structure fac-
tor S(g), assuming also an orientation of the wavevector g along the y-direction, as

S(q) = (1/ny) Z(exp[iq(ye -yl (1.4)

e

one obtains at 7 = 1 (i.e., far below the melting temperature) the behavior shown in
Fig. 1.5: for structured walls, the expected picture for a crystal indeed results: There
are sharp Bragg peaks at the positions gd /2w = 1,2, 3, ..., with d = ap now, dis-
tinct from the background (“thermal diffusive scattering”). As expected, the height
of these peaks decreases with increasing ¢, due to the effect of the Debye—Waller
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Fig. 1.5 Static structure 25
factor S(g) at T = 1 plotted
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factor [16]. The width of these Bragg peaks does not increase with increasing ¢, as
it should be.

In contrast, for planar walls the structure factor behaves qualitatively different;
it looks similar like a fluid structure factor: only the first peak is very high and
rather sharp, but the higher order peaks (at gd /2w = 2,3, ...) are systematically
broadened. In this case S(g) is in almost quantitative agreement with the theoretical
result for a one-dimensional harmonic chain [11]

S(q) = sinh(g?8?/2)[cosh(¢*8%/2) — cos(gd)] (1.5)

with Hamiltonian

Ho= o 3 [7d/m e+ me et = ve - /] (1.6)

J4

1
2

where point particles of mass m have positions y, and conjugate momenta my. In
the classical ground state one has a one-dimensional crystal, particles residing at
positions y, = yg +nd,n = 1,2, ..., d, being the lattice spacing. The parameter
c plays the role of a sound velocity. From (1.6) it is straightforward to compute the
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displacement correlation function

((un — u0)?) =nd%, 8 =aykgT/(mc?) (1.7)

Equations (1.5) and (1.7) imply that a one-dimensional crystal melts continu-
ously at T = 0, and as T — 0 the correlation length & = a3/(278%) o< 1/T — oo
asT — O[5, 11].

The different character of the lateral order (in the y-direction) for systems with
planar walls is evident when one compares snapshot pictures of superimposed con-
figurations (Fig. 1.6). For the structured wall case, the triangular lattice structure
is nicely recognized. The size of the irregular dots measures the mean square dis-
placement of the particles around the lattice sites. Clearly these displacements are
smaller near the structured wall — the effective periodic potential created by such a
wall enhances order.

The situation is very different for the planar wall case, however: the displacement
distributions of the particles around the lattice positions now are very anisotropic,
indicating a pronounced softness of the system along the y-direction. This behav-
ior is reminiscent of a two-dimensional smectic phase, and it shows up also in the
behavior of the elastic constants (Fig. 1.7). For a perfect triangular crystal structure,
in the bulk, the symmetry relations C1; = C»; and C12 = C33 hold (we use here the
Voigt notation for the elastic constants). This symmetry is broken in a strip of finite
width due to the walls, but increasing the width D = nag+/3/2 one finds a rapid
convergence toward bulk for planar walls: while Cy1, C22, C12 converge to bulk
behavior, C33 does not, and rather C33(n) = ng‘lk /2, apparently independent of the
number n of rows in the strip! Since the elastic moduli in the bulk are C2> ~ 127,
C33 ~ 41 (in units of kg T/oz), and the pressure is p = 17.5, the shear modulus
u = Csz3 — p in the strip vanishes (at least approximately). The planar boundaries
provide an elastic distortion of long range to the crystal and hence modify the crys-
talline behavior significantly.

L ¥
&*tfﬁﬁifif-
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Fig. 1.6 Configuration of the particles in the first nine rows adjacent to the left wall at 7 = 1.0, for
the structured wall (left) and the planar wall (right). One thousand configurations of a run lasting
10° Monte Carlo steps per particle are superimposed, fixing the center of mass of the total system
of mobile particles in each configuration in the same position. A system with n, = 30 rows and
ny = 30 particles per row was used, with periodic boundary conditions in the y-direction



1 Confined Crystals on Substrates

Fig. 1.7 Elastic constants (in 150
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1.4 Insight Gained from the Harmonic Theory

of Two-Dimensional Crystals

In order to better understand the anomalous behavior of

crystalline strips with planar

walls, it is useful to examine the mean square displacement correlation function in

the y-direction, G(y) = (|uy(y) —uy(0)|2), where i =

(ux, uy) is the displacement

vector of a particle relative to its position in the perfect triangular lattice. Choosing
for simplicity a D x L geometry with periodic boundary conditions also in the

x-direction, one finds {Q = (Qx, 0,)}

Ly () — uy ) = 2/N) D Y (uy(Q)uy (= )1 —cos(yQy)]  (1.8)

Ox Oy

where Oy, Q, are “quantized” as follows:

0./ 1 1+2 1+4
T=-1,- —, = —, ...
* D D

4

2
Oy/m=—1, -1+, 14—, ...

L L

PR (19)
9 D .

o2 (1.10)
9 L .
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Using the continuum approximation for a two-dimensional harmonic solid [16],
the correlator in (1.8) becomes [16]

s = keT/Q* . . ksT/Q’
(e Qup(~0)) = =5 =5 0u 0+~

(bap — QuQp)  (L.11)
where Qa = 0Qd/I é| is the Cartesian component (¢ = x, y) of a unit vector in the
direction of Q, and the Lamé coefficient A = (C1; — C33)/2 (=42, for kT /e = 1
in our model).

Since all parameters in (1.8), (1.9), (1.10), and (1.11) are hence explicitly
known for the present model, (1.8) can straightforwardly be evaluated numerically
(Fig. 1.8). On the other hand, in the limit ag << D < L one can convert the sum over
Q, into an integral and thus obtain analytical results approximately, to show that
then a crossover from a two-dimensional behavior to the one-dimensional behavior
(1.7) occurs,

G(y)xlny, aqg<Ky< DInD (two dimensions) (1.12)
Gy) xy, DhnD<Ky<L (one dimension) (1.13)

Using the results obtained for u, A, and p from the simulation, we have worked
out (1.8) for D = 20ao\/§/2, L = 500ay, i.e., the largest system for which we
have also carried out a Monte Carlo simulation (Fig. 1.8). The results show that
for y < 40 indeed a logarithmic increase of G(y) is compatible with the data, as
expected from (1.12). For y > 40, a faster increase sets in (but it is difficult to
numerically verify (1.13), since the periodic boundary condition, G(y) = G(L—Y),

0.1 S — S —

0.08~
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Fig. 1.8 Comparison of G(y) according to the harmonic theory ((1.8), (1.9), (1.10), and (1.11),
squares) and corresponding Monte Carlo data (full dots with error bars), for a system with n, = 20
rows containing n, = 500 particles each. G(y) is given in units of 02(o = 1). Periodic boundary
conditions are used in both the x- and y-directions. Note the logarithmic scale of the abscissa,
while the ordinate has a linear scale
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reduces the increase of G(y) already for y &~ L/4 [5]). Moreover, the results from
the numerical implementation of the harmonic theory are in almost perfect quantita-
tive agreement with the Monte Carlo data, implying that at the chosen temperature
(far below melting) anharmonic effects still are insignificant.

This quasi-one-dimensional behavior of elongated two-dimensional strips is only
one ingredient to understand the anomalous behavior of crystalline strips confined
by planar walls: the other ingredients are critical surface effects. One finds that in
the region where the logarithmic increase G(y) with y occurs, the prefactor of this
increase is about a factor of 2 larger for rows adjacent to a wall than for rows in
the bulk (Fig. 1.9). Actually this behavior is expected by analogy with the two-
dimensional XY -model [6, 15, 26]. Remember that a two-dimensional crystal is a
critical system, where there is no true positional long-range order [7-10], but rather
a power-law decay of a suitably defined correlation function. To remind the reader of
this analogy and clarify what it implies for correlations near free surfaces [15, 26],
we approximate the XY -model as

1
Hey = =1 Y cospe = b)) ~ 5 Y (pe =)’ (1.14)

L,j (€.j)

Here J is the exchange constant, and we have a lattice (site j) where unit vectors
occur, characterized by their orientation angle ¢; relative to the y-axis in the xy-
plane. The quantity of interest is the spin correlation function
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Fig. 1.9 Plot of G(y) vs. y (logarithmic scale!) for two-dimensional crystalline strips at kg7 /e =
1.0 and n, = 20 rows containing n, = 100 particles each. Squares show the prediction of the
corresponding harmonic theory of a bulk system, while circles and diamonds are Monte Carlo
data. Circles show data for a system with periodic boundary conditions, while diamonds show data
for a system with planar walls, using only the displacement of particles adjacent to the walls. G (y)
is given in units of oo =1)
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g(F) = (SGo) - S(Fo + 7)) = (cosl (7 + Fo) — ¢ (o))
1 oo -

kexp{—i(kﬁ(r-l-ro) —¢(ro)]2>} (1.15)
Equations (1.14) and (1.15) make the analogy to harmonic solids transparent —

the angles {¢;} correspond to the displacement vectors i ; and ([ (¥ +70) — ¢ (7)1*)

corresponds to the displacement correlation G (y). Now the well-known power-law

decay of g(¥), g(r) o r~", immediately follows from a logarithmic variation of
the angular displacement correlation

([ (F + Fo) — p(Fo)I*) = (kpT/27 ) In(rr/ag), r > ag (1.16)

which yields ny = kg7 /(27 J). Equation (1.16) is the analog of (1.12).
When one introduces the continuum approximation that corresponds to (1.14)
namely

H = %/[qu]zdxdy (1.17)

one can treat the problem of a semiinfinite half-space (with a free boundary at x = 0)
by postulating a von Neumann boundary condition

G (r1,72)/0x1 |x1:0=0 (1.18)

for the correlation function G (71, 72) = (¢ (¥1)$(#2)). Using (1.17) and (1.18) one
can show [26] that

(expligp (r1)] explig (72)]) oc (y2 — y1) ™", 1y = 2mp (1.19)

when both sites 71, 7 lie at the surface (x; = xp = 0), np being the exponent
quoted in (1.16). When only one site is in the surface, while the other site is deep in
the bulk, one rather predicts a power law g(x) o« x -, where scaling [27] yields
n1 = 3ny/2. While there are no data available to test the latter relation, Fig. 1.9
provides a test for the analog of the relation n|; = 2ny, for the surface behavior of
the displacement correlation of a solid.

1.5 Effects due to Incommensurate Confinement: Soliton
Staircases and Strain Density Waves

‘We now focus on the case where the confinement creates a misfit in the system [12],
such that we still have a total number of N = n,n, particles, with a linear dimension
Ly = nya where a is the lattice spacing appropriate for an ideal, undistorted trian-
gular lattice, with periodic boundary conditions in the y-direction, but the thickness
D of the strip no longer has the commensurate value D = n,(a~/3/2) but rather
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D = (ny — A)av/3 /2. Note that in the case of structured walls, the commensurate
confinement is achieved by putting the two rows of fixed particles that are just adja-
cent to the rows of mobile particles at a distance D' = (n, + 1)(a\/§ /2), of course;
now this distance ratheris D' = (n, + 1 — A)(a\/§/2).

When we start the system at A = 0 and increase A in small steps (A = 0.25),
equilibrating at each value of A the system carefully before increasing A further, we
can monitor the stress—strain characteristics of the system (Fig. 1.10). As expected,
for A = O the crystal is stress free, and for A > 0 the stress increases linearly
with A. At A = 2.0 we observe a jump in the stress—strain curve, where the stress
suddenly decreases strongly: inspection of the system configuration reveals that a
transition n, — n, — 1 in the number of rows parallel to the confining boundaries

A
W

Stress(o)
L
t ]

3 Tt T T — — ' T '
0.0 0.5 1.0 1.5 20 25 3.0

| Delta |

Fig. 1.10 Internal stress 0 = oy, — 0y, (in Lennard-Jones units) at kg T /e = 1.0 in the confined
crystalline strip plotted vs. A, for the case of a system started with n, = 30, n, = 108 (full
symbols) and a system started with n, = 29, n, = 108 (plus the 108 extra particles appropriately
distributed in the 29 rows, as described in the text (open symbols)). Curves are guides to the eye
only. The upper insert shows a schematic sketch of the geometry, the frozen particles being shown
as shaded circles, mobile particles are not shaded
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has occurred. The ny, particles contained in the row that has disappeared have to be
redistributed over the remaining n, — 1 rows, and thus these rows now contain over
the distance L, more than n, particles (on average). However, the structured wall
boundary condition still provides a corrugation potential with a periodicity of the
lattice spacing a (corresponding to n particles over a distance Ly). As a result, the
lattice of the crystal with n, — 1 rows no longer is commensurate with the corrugated
boundary potential provided by the “structured walls” [12].

It turns out that (for kg7 /e < 1.0) itis too energetically unfavorable to put any of
the n,, extra particles into the two rows immediately adjacent to the frozen particles,
while extra particles can occur in all the (ny — 3) inner rows of the strip. If we
assume that the same number of extra particles should occur in any of these rows,
we conclude that on average every inner row has ng = ny/(n, — 3) extra particles,
and hence the average lattice spacing in the y-directionnowisa’ = an,/(ny+nq) =
a(ny —3)/(ny —2).

However, due to the corrugation potentials at the confining walls, the strip does
not simply adapt the structure of a (distorted) triangular lattice with uniform lattice
spacing @’ in y-direction: while such a uniform periodicity with lattice spacing a’
is indeed found in the center of the strip, near the confining boundaries a more
complicated pattern emerges (Fig. 1.11), namely a “soliton staircase” containing
ngq steps. This pattern is evident both from superimposed configuration snapshots
(Fig. 1.11) and from strain patterns (Fig. 1.12). The strain u;; = du; /0x; +du;/dx;
is calculated from the particle configurations, where u; (I%n) is the i-component of
the displacement vector of the particle labeled by r relative to the site R, of the ref-
erence lattice and x; stand for the (two-dimensional) Cartesian coordinates x, y [12].

Note that the pattern of the soliton adjacent to the boundaries resulting from the
transition typically exhibits some irregularity. Studying the kinetics of this transition
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Fig. 1.11 Particle configuration in a system with n, = 30, ny, = 108, A = 2.6, where a transition
ny — ny — 1 has occurred, at a temperature kg7 /e = 1.0. (a) 750 superimposed positions of
the particles and (b) close-up of the structure near the upper wall. Numbers shown along the axes
indicate the Cartesian coordinates of the particles
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Fig. 1.12 Strain patterns of a system at kgT'/e = 0.1 for (a) n, = 108, n, = 30 and (b) n, = 108,
ny = 20. The calibration bars are shown on the right-hand side of the graphs, and the orientation
of the coordinate axes is indicated at the right side

[28] ny — n, — 1 one finds that defects need to be nucleated one by one, and hence
a time-consuming equilibration process is needed to generate an (approximately)
periodic arrangement of the defects (solitons) along the y-direction (note that at
nonzero temperature anyway we must expect large thermal fluctuations of these
defects around their average positions). In fact, sometimes states are formed where
the number of defects nq deviates from the theoretical value as estimated above.
Presumably these are metastable configurations, separated by (large) barriers from
the equilibrium behavior.

Therefore, we have artificially prepared [12] other initial states, where for a given
misfit A we put ny+nq particles in the n, —3 inner rows, with the nq excess particles
in each of these rows initially at random positions. Indeed we find that this way of
preparation of the system leads to a much more regular pattern of the resulting strain
density waves (Fig. 1.12).

The periodicity of the soliton staircase shows up very nicely when one studies
the Lindemann parameter £(n) defined as (u2(Ry,)) — (ux(R,))? [12] but this shall
not be further elaborated here. However, we emphasize that by such confinement
of crystals with boundaries that create misfit we can create a superstructure (via the
wavelength of the strain density wave pattern) which is of the same order as the
thickness of the strip.

1.6 Conclusions
In this brief review, confinement of two-dimensional crystals in strip geometry was

considered, based on Monte Carlo simulations of a generic model and pertinent the-
oretical considerations. It was argued that the confinement has particularly dramatic
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effects on the ordering, given the fact that a two-dimensional crystal is a “criti-
cal system” (lack of positional long-range order, possibility that melting happens
according to the KTHNY scenario).

Assuming a confinement that is commensurate with the crystal structure, it was
shown that confinement enhances the positional order in the direction perpendicu-
lar to the boundary (“layering”) and that orientational order parallel to the bound-
ary always gets enhanced. However, positional order parallel to the flat boundary
(“planar wall”) gets weakened or even destroyed. Both the crossover to quasi-one-
dimensional behavior of strips of finite width and surface critical behavior con-
tribute to these effects, and the shear elastic constant of the strip was found to be
(almost) zero.

Particularly interesting are compressed strips, where transitions occur from n
to n — 1 rows parallel to the walls. The “structured wall” boundary condition then
implies incommensurability with the periodicity of the film, leading to the formation
of “soliton staircases” along the boundaries, and the solitons act as cores of standing
strain waves in the system.

While the original motivation of this research stems from colloidal crystals [17—
20], we emphasize that related phenomena could occur in very different systems,
e.g., various semiconductor devices such as quantum dot superlattices [29], lattice-
mismatched fused GaAs/In P wafers [30], Ge, S;,  /Si heterostructures [31], and
rotationally misaligned Si wafers covalently bonded together [32]. In all such sys-
tems boundary-induced strain fields can occur. A particularly nice example where
the misfit between a crystal and a frozen boundary can be controlled by external
magnetic field is superconducting vortex lattices [33]. A very interesting aspect,
closely related to the work reviewed here but out of scope of this chapter, is uncon-
ventional nonlinear mechanical response properties of confined solids [34, 35].
Thus, we feel that the phenomena described in the present brief review should have
widespread applications in the physics of condensed matter.
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Chapter 2
Multisite Interactions in Lattice-Gas Models

T.L. Einstein and R. Sathiyanarayanan

Abstract For detailed applications of lattice-gas models to surface systems,
multisite interactions often play at least as significant a role as interactions between
pairs of adatoms that are separated by a few lattice spacings. We recall that
trio (3-adatom, non-pairwise) interactions do not inevitably create phase bound-
ary asymmetries about half coverage. We discuss a sophisticated application to an
experimental system and describe refinements in extracting lattice-gas energies from
calculations of total energies of several different ordered overlayers. We describe
how lateral relaxations complicate matters when there is direct interaction between
the adatoms, an issue that is important when examining the angular dependence of
step line tensions. We discuss the connector model as an alternative viewpoint and
close with a brief account of recent work on organic molecule overlayers.

2.1 Introduction

A thorough understanding and characterization of surface energetics is important
for fabricating nanostructures with desired morphological features. To this end,
lattice-gas models have been very successful in categorizing structural properties,
energetics, and evolution of adatoms and steps on surfaces, as discussed in a variety
of reviews [1—4]. They have also been applied to analogous but more complicated
systems [5], such as electrochemistry [6]. The underlying viewpoint is that a set
of interactions is sufficient to understand both equilibrium and dynamic surface
processes. Lattice-gas models provide a powerful and convenient route to explore
how microscopic energies influence the statistical mechanics of nanoscale to sub-
monolayer structures on crystalline surfaces. Such models underlie most Monte
Carlo (and transfer matrix) simulations. They assume that overlayer atoms (or other
adsorbed units) sit at particular high-symmetry sites of the substrate. The parameters
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of the model are then the interaction energies between such atoms and/or the barriers
associated with hops between the high-symmetry positions.

The use of lattice-gas models proceeds in two generic ways. In the first, one
posits a few energies that are likely to dominate the physics of interest and then
computes with Monte Carlo simulations the desired equilibrium or dynamic prop-
erties, deriving thereby the values of these energies from fits [1, 7, 8]. The dangers
of this approach are (1) the properties of interest may be relatively insensitive to the
specific interactions and (2) there may be other interactions that are non-negligible,
so that the deduced energies are effective rather than actual.

The second approach [9—12] begins by actually computing the (many) energies of
importance, a task that is now possible with efficient density functional theory pack-
ages such as VASP (the Vienna ab initio simulation package) [13, 14]. This process
can be used to compute interaction energies between relatively distant neighbors.
One should also compute multi-atom interactions, which can also be significant
[3, 15]. As above, these interactions are then used in Monte Carlo simulations to
test whether they account adequately for experimentally observed properties such
as phase diagrams, equilibrium island shapes, or step fluctuations. This approach
is appealing because the calculated interaction energies can be self-consistently
checked for completeness, thereby mitigating the second danger mentioned above.
Assuming that one has sufficient computational power to compute all the interac-
tions that contribute at the level of the desired precision, there is still the danger
that the interactions depend sensitively on the local environment, making a simple
lattice-gas description inadequate. These caveats notwithstanding, lattice-gas mod-
els have been extensively used in the realm of surface physics to describe such
diverse phenomena as phase transitions, phase diagrams, equilibrium island shapes,
concentration-dependent diffusion, step fluctuations, and growth.

The basic assumptions that underlie lattice-gas models are as follows: (i) all
atoms sit at high-symmetry positions and local relaxations produce the final struc-
ture; (ii) a finite set of effective interactions is sufficient to understand all the surface
processes; and (iii) interactions are not sensitive to local positions of the adatoms. In
the simplest scenario, only pair interactions between nearest neighbors are consid-
ered. However, in certain cases, like the orientation dependence of step stiffness and
the equilibrium shape of islands, long-range pair interactions and multisite interac-
tions are required for a complete description [8, 12, 16-20]. The substrates in these
studies are typically mid- or late transition or noble metals, where the electronic
indirect interaction leads to rich behavior [3].

Explicitly, the lattice-gas Hamiltonian of adatoms on a surface is written as

M
H= Z E,, Z nl-nj—i—z Et Z ninjnk—i—z Eq Z ninjngng+--- (2.1)
m=1 (i)m T { 0

ijk)t (ijke) o

where n; is the occupancy of the high-symmetry lattice site indexed i; n; = 1
denotes an occupied site; and n; = 0 denotes an empty site. Interactions between
adatom pairs up to the mth-neighbor pair E,, are included in the model (Fig. 2.1);
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o0

Fig. 2.1 Illustration of NN (nearest neighbor), NNN (next NN), and three NN (third NN) pairs
with interaction energies Ej, E», and E3, respectively. Also shown are the isosceles right triangle
(RT) with energy Ert or, more formally, £ (denoting a pair of NN legs and one NNN leg), and
an isosceles linear triangle (LT) with energy Ejr or, more formally, E;3. Lastly, the most compact
quarto interaction has interaction energy Eq or, more formally, Eyy11. For clarity [and physical
relevance], here and in Fig. 2.5, the adatoms are placed in center sites, as for homoepitaxy on the
(100) face of an fcc crystal like Cu, rather than atop sites as for homoepitaxy on a simple cubic
crystal

accordingly, interactions between adatom pairs that are separated by distances
greater than the mth neighbor distance are expected to be insignificant. ET stands
for three-adatom non-pairwise “trio” interactions, with the index running over all
trimer configurations of significant strength. Similarly, Eq stands for four-adatom
non-pairwise (and with trios also subtracted) “quarto” interaction. (The possibility
of quarto interactions has been known for over three decades [3, 21], but, to the
best of our knowledge, it has been invoked only once in an actual calculation of
adsorbate energetics [22]) until very recently [23, 24]. If necessary, pair interactions
with a longer range and/or higher order multi-site interactions (possibly, five-adatom
quintos) are included in the model till adequate convergence between theoretical
predictions and experimental observations is obtained. However, the inclusion of
a large number of interaction parameters makes the lattice-gas model intractable,
thereby severely undermining the efficacy of lattice-gas models in characterizing
overlayer systems.

The nature of the interactions leading to the lattice-gas pair energies has been
reviewed extensively [3, 25-27] so we will present just a quick summary. If there is
charge transfer (workfunction change) during the adsorption process, the adsorbates
can interact electrostatically. Other “direct” interactions between the adatoms them-
selves can occur when the adatoms are at NN (nearest-neighbor) or perhaps NNN
(next NN) sites. These are strong interactions, comparable to the binding energy,
with the substrate playing a minor, sometimes negligible role; they are liable to
produce relaxations that thwart straightforward application of lattice-gas models (cf.
Sect. 2.5.2). When adatoms are sufficiently separated that there is insignificant over-
lap of the electron orbitals, there can still be an “indirect” interaction — weaker but



22 T.L. Einstein and R. Sathiyanarayanan

of longer range — mediated by substrate electrons or the elastic field. Elastic inter-
actions tend to be of one sign and decay monotonically with adsorbate separation
distance d, like d—3 asymptotically. They are generally taken to be isotropic, even
when unjustified by the elastic tensor, since computing elastic Green’s functions in
the anisotropic case is notoriously difficult [28]. The electronic indirect interaction
has richer behavior, oscillating in sign and reflecting the isotropy or anisotropy of
the substrate wavefunctions in the surface plane [29]. Asymptotically it is dominated
by the Fermi wavevector and has the Friedel behavior

d™" sin(2kgd + P) (2.2)

where d is the [lateral] distance between the adsorbates; this result is non-
perturbational, the phase factor @ distinguishing it from the well-known perturba-
tional RKKY expression [30]. (For a non-isotropic Fermi surface, the appropriate
wavevector has velocity parallel to d; see [3] for details.) In the bulk, n = 3, but at
a metal surface the leading term is canceled by that from its image charge, yielding
n = 5. For trio interactions an expression similar to (2.2) holds to lowest order,
with d replaced by the perimeter of the triangle formed by the adatoms. Here the
decay is even faster, with n = 7. In short, interactions mediated by bulk states have
negligible strength for values of d for which the asymptotic expression is valid.

The situation is strikingly different when there is a metallic surface state (i.e.,
a surface band that crosses the Fermi energy), such as found near the T' point on
the (111) faces of noble metals (associated with the (111) necks of the Fermi sur-
face). For this case n is 2 and 5/2 for pair and trio interactions, respectively, so
that the asymptotic regime is physically important [31]. Indeed, trio interactions
may play a role in the formation of 2D clusters of Cu/Cu(110) [32]. Furthermore,
the Fermi “surface” is circular, and kg is much smaller than its bulk counterpart,
leading to the dramatic oscillations (with wavelength 7/ kg ~ 15 A) seen in STM
experiments [33].

Most of the content of this and the second, third, and fifth sections of this chapter
were included in the first author’s presentation at the Vth Stranski-Kaischew Surface
Science Workshop (SK-SSW’2005): “Nanophenomena at Surfaces — Fundamentals
of Exotic Condensed Matter Properties” in Pamporovo, but have been updated. Each
section provides references from which the content was adapted and from which
more information can be obtained.

2.2 Recollection of Two Effects on Statistical Mechanics

In this section we recall two remarkable implications of trio interactions for phase
diagrams [15]. While these ideas are not new, they have been largely ignored by the
community and so bear repeating.
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2.2.1 Pitfall in Transforming Trio Strength Between Lattice-Gas
and Ising Models

Many researchers recast the lattice-gas model into an Ising model before doing
computations. This seemingly innocent procedure invites pitfalls when multisite
interactions are involved. Here we offer a particular example: what seems like a
relatively modest three-spin interaction can correspond to an unphysically large trio
interaction in the lattice-gas Hamiltonian. Our example involves a square lattice
with M = 2 (first and second neighbor pair interactions) and the right-triangle trio
ERT corresponding to two E legs at right angles and an E; hypotenuse (or E7; for
short, in a general formal notation [3]).
The mapping to spin language, with s; = 1, is n; = (1 + s;)/2. We see

El ERT ERT
H:<—+—>ZS,J <—+T>Z,,+—stk 23)
(ij)2 (ijk)Rr

In Ising or spin language, the three coefficients are called —J;, —J>, and —JRr,
respectively. For the pair interactions, we easily see that

Jo _ Ey/Ei + Egr/E}
Ji 1+ 2Ert/E)

E
~ E—? for | Ery| = 4|E| (2.4)

One might then naively — but incorrectly — expect that Jrr/J1 =~ Ert/E]. Instead

JrT Err/E; Err 2Jrr/ N1
e Erv/EL o Err ZJRr/DL 2.5)
Ji 2+4Err/E) Ey  1—4Jr/i
This highly non-linear relation leads to a surprising result: For Jrr/J1 < 1/4,
ERrt/E1 > Jrr/J1. Furthermore, if Jry/J| increases to slightly above 1/4, Ert/E|
becomes large and negative. A similar effect would occur in the opposite direction
for Err/E1 &~ —1/2, a larger magnitude than one is likely to encounter.

Finally, it is unfortunate (to say the least) that some researchers (including promi-
nent ones) denote the lattice-gas energy parameters as J. Even in the simplest case
of just a nearest-neighbor interaction, the lattice-gas energy differs from the Ising

energy by a factor of 4; thus, misinterpretation and numerical inaccuracies are very
likely.

2.2.2 Effect on Phase Boundaries: Asymmetries Not Inevitable

A trio interaction, which breaks particle-hole symmetry (or up-down symmetry in
the Ising viewpoint), is generally expected to lead inevitably to substantial asymme-
tries in phase diagrams about half-monolayer coverage. A rather surprising finding
of numerical [Monte Carlo] calculations is that a single type of trio interaction need
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Fig. 2.2 Illustration, for a ¢(2 x 2) overlayer on a square lattice, of the heuristic guideline, based
on scaling the elementary excitation, used to predict which trios produce observable asymmetries
in phase boundaries. For the simplest case of an NN repulsion, E;, the disordering temperature
is known exactly from the Onsager solution to the Ising model; it is indicated by the x on the
temperature-coverage phase diagram. The effect of adding a right-triangle trio repulsion Err, a
linear trio repulsion Err, or both was studied using Monte Carlo for the case Ert = Err = E1/4;
the results for the three cases are plotted with filled triangles, squares, and circles, with dashed,
dotted, and solid curves, respectively, added to guide the eye. The behavior at & = 0.5 is anticipated
by (2.7) and (2.8). The dashed and dotted curves appear symmetric about 6 = 0.5 (short-dotted
line); only with both trios present does the [solid] phase boundary become noticeably asymmetric.
In the plots at the right, the x’s and dots indicate occupied and vacant sites, respectively, in a
perfectly ordered configuration, with the large symbols denoting a vacancy (0 < 1/2) or extra
adatom (6 > 1/2), respectively. The arrows on the plots depict the lowest energy excitations,
with the linetype of the shaft corresponding to the linetype of the phase boundary on the phase
diagram; for each linetype, this excitation energy is the same for 0 < 1/2 and 6 > 1/2. According
to the heuristic prescription, these energies scale the disordering temperature. When both trios are
present, there is “frustration” over which excitation to use, the prescription fails, and asymmetries
occur. In the phase diagram, the broad dashed curve is the result of a mean-field calculation, plotted
at half its magnitude (i.e., 7. (6 = 0.5) &~ 1.2E)); not only is this prediction of 7t far too high and
too broad, it also erroneously predicts substantial asymmetry. From [15]

not necessarily do so. (See also the discussion by Persson of the role of adsorption in
sites not of high symmetry, the equivalence to trio interactions, and the rich effects
on temperature-coverage phase diagrams [2, 34].) This result, illustrated in Fig. 2.2
for the case of a ¢(2 x 2) overlayer with E1 > 0 and ERr, is in sharp contrast to
the observation in 2D calculations which treat fluctuations approximately — mean-
field and quasi-chemical approximations — that trios must produce such asymmetries
[35]. Likewise we see that a linear trio Err alone does not produce an asymmetry.
However, when both Ert and Ey 1 are present, the expected notable asymmetry does
appear. To comprehend this effect of trios on the phase boundary, we need some way
to assess the difference in the way the trio interactions affect the lower temperature
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ordered phase compared to the higher temperature disordered phase. Evidently the
breaking by trios of the particle-hole symmetry of the pair interaction lattice-gas
hamiltonian, and the resulting asymmetry in the ground state energy, is not the crux.

We describe a crude approximation scheme for assessing the change in the dis-
ordering temperature T of an ordered phase from a known value 7.(0) for some
Hamiltonian to 7¢(Eyew) for a more complicated Hamiltonian with a new interac-
tion energy Eyew. While we have applied our procedure [36] to a wide range of
problems, we still have no formal derivation. In essence, the idea is that 7, scales
with the lowest energy excitation from the ground state. In [36] we show, e.g., that
for a c¢(2 x 2) overlayer with half-monolayer coverage, characterized by a nearest-
neighbor repulsion £ and a smaller second-neighbor interaction E,

T.(Ey) = Tu(Es = 0) (1 2E2 2.6
c(Ep) =T (Er = )( ﬁ) (2.6)

For this simple problem, Barber [37] showed that the exact coefficient is /2 ~
1.41 rather than 4/3 ~ 1.33; on the other hand, our value is much better than the
mean-field prediction of 1. For this same problem, the effect of a right-triangle trio
interaction Ert (with E, = 0) is given by

3E1 + 2ERT _ 3E;
To(Err)  Te(0)

2ERT
= Tc(Err) = Te(Err = 0) (1 + ) 2.7
3E;

Similarly, for a linear trio ErT

3E1+ Err _ 3E;
Te(Ert)  Te(0)

= Te(Err) = Tc(ELr = 0) (l + @> (2.8)
RI

We caution that this procedure is applicable only if the new interaction does not
alter the symmetry of the ordered state and works well only if the nearby elementary
excitation from the fully ordered state is uniquely defined. Thus, it works well for a
(/3 x 4/3) overlayer on a hexagonal net but not for a p(2 x 2). It is also curious
that this procedure requires a lattice-gas picture in which the number of atoms is
conserved (i.e., a canonical ensemble or Kawasaki dynamics); if the atom instead
hopped to a “bath” (i.e., a grand canonical ensemble, or fixed chemical potential, or
a single spin flip in a spin analogue (Glauber dynamics)), the predictions are quite
poor.

To assess the effect of trios on the symmetry of the temperature-coverage phase
boundary of a ¢(2 x 2) overlayer, we look at the elementary excitation near a defect,
either an extra adatom or a missing one (see Fig. 2.2). For just a right-triangle trio,
there are no such trios (no 2 Er) in the excited state when there is a vacancy; when
there is an extra adatom, there are two RT trios in the ordered state which are lost
in hopping to the nearest neighbor (where another two RT trios occur). So in both
cases, there is no change in the number of RT trios, i.e., no change proportional
to ERrt is involved. A similar effect occurs with a linear trio, but with a different
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elementary excitation (see Fig. 2.2). In either case, we saw that the phase boundary
computed using Monte Carlo appears symmetric. Only when both trios are present
does a marked asymmetry occur. However, a noteworthy inadequacy of this simple
picture is its inability to give any idea of the coverage dependence of T, (M.E.
Fisher, private communication).

2.3 Applications to Gases on Metals

As an example of the state of the art in quantitatively determining adsorbate—
adsorbate interactions from combined theory and experiment, we discuss the study
of ¢(2 x 2) N on Fe(001) by Osterlund et al. [8]. Since there is just one ordered
phase, one might expect to be able to extract information about only a handful of
interactions, say E| > 0, E», and a trio, from STM observations. The authors use a
new concept called configuration distribution analysis (CDA) to extract much more
information from high-resolution images. Around each nitrogen adatom they obtain
a site map of possible adsorption sites. By comparing the resulting experimental
conditional probabilities with those obtained from Monte Carlo simulations with a
lattice-gas model, they can refine estimates of the various interactions.

The authors first consider a long-established analysis [38, 39] of the pair correla-
tion function g(j), from which they deduce E; = —kgT In g(j), for jth neighbors,
between fractional coverages ® = 0.037 and 0.15. They find very little NN site
occupation and enhanced NNN occupation. For j > 4 there is no significant devi-
ation from a random distribution (g = 1). From the data they find £; = 0.13eV
and E, = —0.013eV. Concerned about poor statistics at ® = 0.037, the authors
also carried out Monte Carlo simulations and used a least-squares fit of data at
all the coverages, finding similar energies: E; = 0.14eV, E; = —0.023 eV, and
Ez = 0.003eV. They then did a CDA analysis in conjunction with Monte Carlo
simulations (seemingly at ® = 0.108), supplemented by a comparison of mea-
sured and simulated island-size distributions. They thus determined E; = 0.13 eV,
E, = —0.018eV, E3 = 0.019¢V, and trio interaction energies Ex3 = —0.012¢eV,
and Es = 0.006eV. (These trios correspond to RT and LT triangles on a larger
scale, with insignificant direct interactions.) If 3NN (third NN) sites are considered
in the CDA, then E3 decreases to 0.015eV. If trios are omitted from the CDA
analysis, E is unchanged but E» increases in magnitude to —0.038 eV, while E3
diminishes to 0.003 eV. In other words, fitted pair interactions are actually effective
interactions that include omitted interactions in some average, unspecified way. The
effect seems to be largest for the most prominent legs of the omitted interactions, in
this case NNN.

The authors also include an elastic repulsion, taken to have the asymptotic
isotropic form C/R3 with strength C/a® = 0.15eV, where a is the Fe lattice con-
stant (2.87 A). Hence, the electronic components of the three pair interactions (for
the CDA analysis including trios and configurations to j = 3) are —0.2, —0.71,
and —0.04 eV, respectively. (There is no comment about adjusting the trios.) Note,
remarkably, that |E fll < |E§1|. The authors conclude that the electronic interaction
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is short range. The embedded atom method (EAM), for metals on metals, predicts
that the indirect interaction is repulsive and proportional to the number of shared
substrate atoms [3]. On very general grounds one expects R > decay of the envelope
in (2.2). We caution that the distinction between electronic and elastic has long been
recognized as subtle [40] and that the asymptotic limit of the elastic interaction is
likely to be significantly modified at separations O(a) by more rapidly decaying
terms in the multipole series [41].

2.4 Refined Schemes for Extracting Interaction Energies

To extract estimates of interaction energies when there are many such parameters
are a delicate task typically one obtains a large number of simultaneous equations
by computing the total interaction of a large variety of different overlayer structures.
One should have more overlayer structures than interactions so as to be able to check
for robustness of the deduced values. While informal schemes had formerly seemed
sufficient [42], it is safer and sounder to use formal cross-validation schemes used
by several groups [12, 43] to study overlayer systems.

In recent work [44] we used the leave-n,-out cross-validation method [45] to fit
the computed energies for Cu(110) to the interaction parameters (cf. Sect. 2.6). This
method is expected to perform better than the more commonly used leave-one-out
cross-validation scheme [45]. We calculated the interaction strengths in the follow-
ing way: for a particular supercell, we computed total energies for, say, n different
configurations of adatoms. In addition, we posit the number of significant interac-
tions n;. We then use n; (out of n) equations to solve for the interaction energies.
These interactions are then used to predict the energies of the remaining n, = n—n;
equations. We then compute the root mean squared (rms) of the prediction error per
adatom for all configurations j (1 < j < n,), each with a; adatoms in it:

Epred _ EVASP
= (2.9)

We repeat this procedure for different partitions of (n,n;), and sets of interactions
from only those partitions whose A Ery values are lower than a specified threshold
value (10 meV/adatom in Ref. [44]) are considered for the final averaging of inter-
action values. Finally, we find the value of n; that leads to the best convergence. As
a check, we perform this procedure on two different computational supercells.

2.5 Effect of Relaxations in Homoepitaxy with Direct
Lateral Interactions

When direct interactions play a significant role, such as for (1x1) homoepitax-
ial partial monolayers, one must be wary of relaxation-induced modification of
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energies near steps or island edges. From bond energy, bond order, bond length
reasoning [46], one can expect such atoms — which lack their full complement of
near-neighbor bonds, to move closer to the remaining neighbors to partially compen-
sate for the loss. Persson showed that relaxation in the form of adsorption away from
high-symmetry sites can lead to effective trio interactions, and attendant effects, in
systems with ostensibly only pair interactions [2, 34]. Our goal here is to show that
these relaxation effects are especially significant for multisite interactions, where
the relaxations are not along the bond directions. Furthermore, multisite interac-
tions, in general, have a large elastic component; hence, a careful consideration of
relaxation effects is needed while computing them. We discuss in particular how
strain-related effects are important when calculating the step stiffness on Cu(100).
Because of adatom relaxation near steps, the inclusion of non-pairwise, quarto inter-
action between four adatoms is required on this square-lattice surface in order to
preserve a lattice-gas description.

2.5.1 Multisite Interactions in Step-Stiffness Asymmetry

Step stiffness (which earlier served as the mass in the 1D fermion model of steps)
underlies how steps respond. It is one of the three parameters of the step-continuum
model [47], which has proved a powerful way to describe step behavior on a coarse-
grained level, without recourse to a myriad of microscopic energies and rates. In the
analogy between 2D configurations of steps and worldlines of spinless fermions in
(14 1)D, step stiffness B plays the role of the mass of the fermion. As the inertial
term, stiffness determines how a step responds to fluctuations, to driving forces, and
to interactions with other steps.

We summarize our lattice-gas-based computations of the orientation dependence
of step stiffness for the (001) and (111) faces of Cu [48, 49]. This work illustrates
both successes and some shortcomings of using a lattice-gas model with just NN
interactions: whereas the step stiffness on Cu(111) is well described by NN interac-
tions alone, the step stiffness on Cu(001) requires the inclusion of NNN and perhaps
even trio interactions. We discuss only the latter.

The step stiffness /§ (©) = BO) + B’ (9) weights deviations from straightness in
the step Hamiltonian, where 6 is conventional designation of the azimuthal misori-
entation angle; it measured from the close-packed direction. Here B is the step-free
energy per length (or, equivalently, the line tension, since the surface is maintained
at constant [zero] charge [50]). The stiffness is inversely proportional to the step
diffusivity, which measures the degree of wandering of a step perpendicular to its
mean direction. This diffusivity can be readily written down in terms of the energies
ey of kinks along steps with a mean orientation # = 0: in this case, all kinks are
thermally excited. Conversely, experimental measurements of the low-temperature
diffusivity (via the scale factor of the spatial correlation function) can be used to
deduce the kink energy. A more subtle question is how this stiffness depends on 6.
Even for temperatures much below &g, there are always a non-vanishing number
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of kinks when 6 # 0, the density of which is fixed by geometry (and so are pro-
portional to tan6). In a bond-counting model, the energetic portion of the B(0) is
canceled by its second derivative with respect to 0, so that the stiffness is due to the
entropy contribution alone. Away from close-packed directions, this entropy can be
determined by simple combinatoric factors at low temperature 7' [51-53].

Interest in this whole issue has been piqued by Dieluweit et al.’s finding [54]
that the stiffness as predicted in the above fashion, assuming that only NN inter-
actions E; are important, underestimates the values for Cu(001) derived from two
independent types of experiments: direct measurement of the diffusivity on vicinal
Cu surfaces with various tilts and examination of the shape of (single-layer) islands.
The agreement of the two types of measurements assures that the underestimate
is not an anomaly due to step—step interactions. In that work, the effect of NNN
interactions E, was crudely estimated by examining a general formula obtained
by Akutsu and Akutsu [55], showing a correction of order exp(—E>/kgT), which
was glibly deemed to be insignificant. In subsequent work the Twente group [56]
considered steps in just the two principal directions and showed that by including
an attractive NNN interaction, one could evaluate the step-free energies and obtain
a ratio consistent with the experimental results in [54]. They later extended their
calculations [57] to examine the stiffness.

To make contact with experiment, one typically first gauges the diffusivity along
a close-packed direction and from it extracts the ratio of the elementary kink energy
er to T. Arguably the least ambiguous way to relate € to bonds in a lattice-gas
model is to extract an atom from the edge and place it alongside the step well away
from the new unit indentation, thereby creating four kinks [58]. Removing the step
atom costs energy 3E| 4+ 2E> while its replacement next to the step recovers E| +
2E,. Thus, whether or not there are NNN interactions, we identify gy = —JE| =
$1E1] (since the formation of Cu islands implies E£1 < 0); thus, as necessary, g; > 0.

In the low-temperature limit, appropriate to the experiments [54], we have shown
that

ksT m\/(l —m)? + 4dmeE2/ksT m + m?
~ == H
Ba 1+ m2)3/2 m—0t (l + m2)3/2

(2.10)

where m is the step-edge in-plane slope.

Figure 2.3 compares (2.10) to corresponding exact solutions at several temper-
atures when E; = E1/10. We see that (2.10) overlaps the exact solution at tem-
peratures as high as 7. /6. As the temperature increases, the stiffness becomes more
isotropic, and (2.10) begins to overestimate the stiffness near 8 = 0°. In Fig. 2.4
(using the experimental value [59] ¢y = 128 meV = E; = —256 meV), we com-
pare (2.10) to the NN Ising model at T = 320K, as well as to the experimental
results of [54]. For strongly attractive (negative) E, kgT/Ba decreases signifi-
cantly. In fact, when E»/E; is 1/6, so that —E»/2kgT = (E2/E1)(ex/kpT) =
(1/6)4.64, the model-predicted value of kg7T/ Ba has decreased to less than half its
E, = 0 value, so about 3/2 the experimental ratio. For the NNN interaction alone to
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Fig. 2.3 The range of validity of (2.10) is examined by comparing it to exact numerical solutions
of the SOS model at several temperatures. In the legend 7, refers to the NN lattice-gas (Ising)
model; for |E(| = 256 meV, T. = 1685 K. From [48]
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Fig. 2.4 Equation (2.10) is plotted for a range of values of E (epsilon on the plot, where E| and
E, are NN and NNN interaction energies, respectively, in a lattice-gas picture. The solid curve
denoted “Ising NN” corresponds to £ = 0. The dots labeled “Exp’t” are taken from figure 2
of [54] and were derived from the equilibrium shape of islands on Cu(001) at 302 K, with line
segments to guide the eye. To clarity, we omit similar data derived from correlation functions
of vicinal surfaces at various temperatures. Note that for E, = E;/4 there is a maximum near
tan® = 1/2 that is not observed in experimental data. From [48]

account for the factor-of-4 discrepancy between model/theory and experiment [54],
Fig. 2.4 shows that E>/E| ~ 0.3 would be required.

2.5.2 Effect of Trio Interactions

If we include an RT trio (E112) the effective NN lattice-gas energy Efff is £y +
2ERrt and more significantly the effective NNN interaction energy is E> + ERr.
Thus, Ert must be attractive (negative) if it is to help account for the discrepancy in
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figure 2 of [54] between the model and experiment. Furthermore, by revisiting the
configurations discussed in the penultimate paragraph of the Introduction, we find
that the kink energy ex becomes —1 E| — Egrr. Thus, for a repulsive Egrr, |E1| will
be larger than predicted by an analysis of, e.g., step-edge diffusivity that neglects
ERt. Lastly, the close-packed edge energy, i.e., the T = O line tension S(0) =
—L1E| — E>,becomes —1E| — Ey — 2ERT.

We also investigated the strain-related effects on calculated trio interaction ener-
gies on Cu(100), where Dieluweit et al. [54] showed that the NN Ising model cannot
explain the experimentally observed step-stiffness anisotropy. In a response, we
showed that the addition of an effective NNN attractive interaction could resolve
the discrepancy. The effective NNN interaction (E3) can be written as the sum of
two components as illustrated in Fig. 2.5a:

e a pairwise second neighbor interaction energy (E2)
e an orientation-dependent right-isosceles trio interaction energy (ERT)

However, when we used VASP to calculate these interactions, we found a large
repulsive value of around 50 meV for the right-isosceles trio interaction energy
(ERT)- Such a value cancels the calculated attractive second-neighbor interactions
(E») thereby reducing the model to an NN Ising model. Thus, in the end the dis-
crepancy between theory and experiment could not be resolved.

To see the effect of relaxation, we repeated the calculations with a bigger super-
cell (4 x 4 x 14). If an adatom stripe has kinks, there can be two types of right-
isosceles trios, ones with one/two adatoms on the step-edge and ones with no
adatoms on the step edge (Fig. 2.5b). Since the local geometry of these two adatoms
is different, we could expect the trio interaction energies to be different because the
RT trio adatoms (Egy) inside a stripe cannot relax as much laterally as the trios with
its vertices on the step (Ert). The trio energy that we calculated earlier corresponds
to a linear combination of Ert and Egp, weighted more dominantly by Ep. How-
ever, the calculation of the step stiffness depends on broken step-edge trios, which
necessarily correspond to Ert. To distinguish these two trios here, we calculated the

Fig. 2.5 (a) Effective NNN interactions on a (100) surface [of an fcc crystal], (b) multisite interac-
tions Eq (solid triangle),E(/i (broken triangle), and Eq (square), where the subscript d is RT in our
notation. The trio E4 has adatoms on the step edge whereas E (’j has no adatoms on the step edge.
From [23]
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energies of four different adatom configurations and we solved the resultant linear
system of equations. With this correction, at the step-edge Ert ~ 12.5 meV/atom,
and the effective NNN interaction is thus ngf = E» + ErT & —35 meV/atom.
Though ERr is still repulsive, its magnitude is lower than that of the attractive
E>. The ratio of the effective NN interaction to the effective NNN interaction is

ngf/Ei:ff ~ 1/9 while E2/E1 ~ ]/7 2.11)

which is much closer to experimental expectations.

Distinguishing between the step-edge trios Err and the bulk trios Egp is not
compatible with a proper lattice-gas picture, where interactions should not depend
on local position and geometry. We can remedy this problem by introducing a quarto
interaction. This quarto interaction distinguishes between the two trios because it is
present only in bulk trios Epp:

Exr = (3/4)EQ + Exrr (2.12)

This yields the value of the quarto interaction to be Eq = 53 meV. This is a sig-
nificant amount of energy (compared with collinear trio Ey 7 = —15 meV/atom and
third-nearest-neighbor interaction E3 = —8 meV/atom [60]) and hence is likely to
have consequences in calculations of other properties.

In summary, when calculating trio interactions from first principles, however,
care must be taken; they can be exquisitely sensitive to the geometry and struc-
ture of the supercell used to calculate them. Such sensitivity to local relaxation can
complicate a simple lattice-gas description. To account for the relaxation of trios
near step edges, for example, we introduce a non-pairwise quarto interaction Eq
among four neighboring adatoms. We find that such an interaction is necessary to
bridge the theoretical step stiffness with experimental measurements on Cu(100).
In that case, we find what amounts to a relatively large, repulsive quarto interac-
tion Eg = 53 meV that has significant physical consequences in our problem and
presumably more generally. (In the same paper [23] we find that the inclusion of
trio interactions can account for the difference in A- and B-step formation energies
on Pt(111).)

2.6 Connector Models

The expansion in m-adatom interactions can become cumbersome and unwieldy
if the multiparticle energies do not become smaller after, say, quarto interactions.
Seeking an alternative approach to circumvent this issue, Tiwary and Fichthorn
(TF) [24] proposed the connector model (named after the construction-kit toy [61]),
which focuses on the vertices rather than the links of a cluster of adatoms. For
example, consider four adatoms forming an NN square. In the lattice-gas model,
the total energy would be 4E1 4 2E> + 4Egt + Eq. In the connector model with
just NN spokes (spokes of half the NN bond length and oriented in the appropriate
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directions), this total energy is just four times the energy of a connector hub with
two perpendicular spokes. For this lattice, there are just five types of connectors,
having one, two, three, or four spokes, the two-spoke case having a straight and a
right-angle conformation. More often, one must use connectors with NN and NNN
spokes. For the square of four adatoms, there would still be just one connector, with
an NNN spoke between the two perpendicular NN spokes (called D6 in [24]). For
the straight-conformation two NN spoke case, one can add one NNN spoke in one
distinct conformation, two NNN spokes in three conformations, three or four (or 0)
each in one distinct conformation, summing to seven possibilities. In other cases
there will be even more. With three NN spokes, the number of possibilities is even
larger. One of the main features of this model is that the type of connector contains
information about the local geometry of the adatom; hence relaxation effects are
expected to be built into the model. However, to keep the number of fitted energies
reasonable, TF use just eight connectors: D1 for an isolated atom; D2 and D3 for
just one NN or NNN spoke, respectively; D4 and DS for two NN or NNN spokes
in the same direction (linear), respectively; D7 with three NN spokes and two NNN
spokes between them; and DS for all eight spokes. Thus, as for lattice-gas interac-
tions, success requires that the investigator have enough insight into the system to
select the connectors that capture the essence of the problem.

Other applications to date have been to (110) fcc surfaces, where the rectangular
symmetry leads to a large variety of lattice-gas energies as well as a much greater
number of connectors, since the perpendicular “NN” spokes have different lengths
(though NNN are still the same). However, the multiplicity can be reduced by some-
times neglecting some differences. We used 10 connectors (shown in Fig. 2.6) to
characterize adatom interactions on Cu(110) [44], while TF used the first nine for
Al(110).

For Cu(110) the CV scores are as good as those obtained using a dozen lateral
interactions in the lattice-gas approach [44]. This agreement is plausible since it
is often possible to establish linear relations between the connector and lattice-gas
energies, e.g.,

E; E, Ej3 ET1 Eq
Cec = E BT A T S 2.13
s=Eot—+ >+ 5+ + (2.13)

The sensitivity of multisite interactions to relaxation is not apparent from the con-
nector energy values because each connector has contributions from adsorption
energy (Eg or Cp) and other pairwise interactions that dominate over contributions
from multisite interactions; also, the contribution from a particular multisite interac-
tion is divided by the number of participating adatoms (cf. (2.13), further decreasing
the sensitivity of connector energies to adatom relaxations. However, the connector
model incorporates such relaxation effects, as can be seen from the uniformly low
CV scores for all relaxation schemes [44]. Evidently the connector model works
well in the cases of Cu(110), AI(110), and Al(100). It remains to be seen whether
the connector model provides an adequate solution, without the need for any ad
hoc patches, to the overlayer problem. Relaxation effects become prominent during
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Fig. 2.6 Left: Connectors [24] used to characterize Cu adatom interactions on Cu(110). Lighter
(mustard) circles represent adatoms and darker (orange) circles represent atoms in the substrate
layer. Right: Lattice-gas interactions used to characterize Cu adatom interactions on Cu(110).
Multisite interactions ETz, Eq2, and Eq3 were found to be insignificant. From [44], which also
provides tables of the values of these energies

energy calculations of adatoms near step edges; in such calculations the simple
lattice-gas model encounters problems [23, 60]. At the same time, accommodating
the relaxation effects encountered in such calculations within the connector model
might require the usage of connectors that account for the orientations of neighbor
bonds, resulting in an undesirably large number of connectors in the model. A DFT-
based study that compares these two models on a surface like Pt(111), where such
lateral relaxation is known to complicate surface energy calculations [23], might
elucidate this issue.

2.7 Interactions Between Organic Molecules

Understanding the interactions between and consequent self-assembly of organic
molecules on metal surfaces has drawn much recent interest. The adsorption bond
is roughly an order of magnitude weaker than for the chemisorbed systems con-
sidered above. Direct interactions between the organic molecules are often by way
of hydrogen bonds, and there is always a van der Waals attraction which, for these
systems, may play the dominant role. While the coupling to the substrate is relatively
weak, the indirect electronic interactions between adsorbates may be important at
long range when the substrate has metallic surface states.
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Very recently we have considered the adsorption of benzene on Cu(111) [62],
using a DFT approach with a van der Waals functional included. We can account
for the two ordered submonolayer phases observed by Dougherty et al. [63]. The
denser phase is due to direct van der Waals bonding between the benzenes while the
less dense phase appears to be due to the surface-state-mediated interaction. We have
not yet investigated the role of trio interactions in this system. Our ultimate goal is
to explain the dramatic giant regular honeycomb structure formed by anthraquinone
(AQ) molecules on this substrate [64]. In models that treat the admolecules as single
“atoms,” a repulsive trio interaction is crucial to prevent the formation of dense,
unphysical overlayer regions (Kim and Einstein, Unpublished). Our belief is that
the large, regular structure is related to interactions between AQ mediated by the
metallic surface state. A variety of theoretical and experimental techniques are in
progress to confirm this picture (Bartels and Einstein, Unpublished).
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Chapter 3
Wetting Layer Super-Diffusive Motion and
QSE Growth in Pb/Si

M.C. Tringides, M. Hupalo, K.L. Man, M.M.T. Loy, and M.S. Altman

Abstract The unusual growth mode of uniform height islands discovered in Pb/Si
was related to the electronic energy modulation with island height due to quantum
size effects (QSEs). In addition to these energetic reasons provided by QSE, there
is also the question of kinetics, i.e., how atoms move at relatively low temperatures
(as low as 150 K) to build the islands in the short time of minutes. Controlled exper-
iments with different techniques have shown the intriguing role of the dense wet-
ting layer in transporting mass. STM experiments monitoring how unstable islands
transform into stable islands have shown that the wetting layer between the islands
moves selectively to the unstable islands, climbs over their sides, forms quickly
rings of constant width ~ 20nm, and finally it completes the island top, but at
a slower rate than the ring completion. This growth is independent of the starting
interface, whether it is the amorphous wetting layer on the Si(111) (7x7) or the well-
ordered Si(111)-Pb (/3 x 4/3) surface (except Pb diffusion on the latter interface
is faster by a factor of ~ 5). Real-time low-energy electron microscopy (LEEM)
observations of mass transport phenomena have confirmed the fast mobility of the
wetting layer in Pb/Si and in addition have revealed some unusual features that are
unexpected from classical diffusion behavior. The experiment monitors the refilling
of a circular vacant area generated by a laser pulse. The concentration profile does
not disperse as in normal diffusion, the refilling speed Ax /At is constant (instead of
Ax/+/At = constant), and the equilibration time diverges below a critical coverage,
Oc,as 1/t ~ (6. —0)~ . The absolute value of the refilling speed 0.05 nm/s at 190 K
is orders of magnitude higher than what is expected from Pb diffusion on Pb crystals
at higher temperatures. These results are compared with predictions of three candi-
date models: (i) a conventional diffusion model with a step-like coverage-dependent
diffusion coefficient D (), (ii) a model with mass transport due to adatoms on top
of the wetting layer with coverage-dependent adatom vacancy formation energy,
and (iii) the carpet unrolling mechanism proposed for other systems. None of these
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models can account for the unusual observations, which suggests that the wetting
layer most likely enters a novel state of very high mobility for & > 6, similar to a
phase transition that needs to be better understood theoretically.

3.1 Diffusion Measurements with Externally Imposed
Concentration Gradients

A standard method to measure surface diffusion is based on monitoring the time evo-
lution of a non-equilibrium coverage profile when a coverage gradient is imposed
initially [1]. The gradient provides the driving force for atoms to diffuse from high to
low coverage regions, until a uniform equilibrium coverage distribution is attained
everywhere. The evolution of the coverage 0(r, t) at location r and time ¢ obeys the
diffusion equation

00 V- (DVe 3.1

= V¢ ) (3.1
where D (6) is the collective diffusion coefficient. For example, in 1-d step profile
evolution experiments along a direction r the coverage has one value #; in region
r <0 and a different value 6, in region r > 0. With time, atoms will move to equalize
the surface coverage as shown schematically in Fig. 3.1. If there are no adatom
interactions (except site exclusion) D, is coverage independent, the evolving profile
is described by

O(r. 1) = @;292) (1 —erf (ﬂ/@)) 3.2)

0

0 S d
. do
dr
Fig. 3.1 Schematic showing the spreading of 1-d profiles as in classical diffusion. The scaled

variable is r//t, the integrated shaded area and the slope are used to determine the D¢(0) coverage
dependence in the Boltzmann—Matano analysis
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and such profile shapes obtained at different ¢ can be used to extract the constant
D..

Analogous profile evolution experiments can be carried out with 2-d geome-
try [2, 3]: a circular depleted or vacant area is generated initially with one value
of the coverage 6, within r < rp while in the outside region the coverage has
a different value 6. Similar evolution will result in a uniform coverage over the
whole area as in the 1-d case. The solution of (3.1) in this case for N (¢) (the total
integrated amount that has diffused back to the area for constant D) at time 7 is
given by

N(1) = N (1 — 2/00 Me"”*@) (3.3)
0

u

where Noo = nrg (62 — 6y) is the asymptotic value at long times and Jq (ur() is the
Bessel function. In addition to this case for sufficiently large ry (when compared to
the spatial resolution of measuring the advancing edge profile at the vacant area),
the profile can be also fitted by solving the diffusion equation in polar coordinates
to deduce D.(6).

Because the diffusion equation is first order in time and second order in space,
the profile evolution has certain general features that should be observable under all
conditions: (a) the initial step profiles should become flatter with ¢ since a profile
component with spatial wavevector k relaxes faster (at a rate proportional to k2),
(b) as already seen in. (3.2) the solution can be written in terms of the scale vari-
able r/./t, and (c) equivalently the width of the transition region where the profile
changes from 0; to 6, grows in time as /7, which implies that the speed of the
moving edge is not constant but decreases with time.

So far the discussion was in terms of constant D.. If adatom interactions are
present (besides site exclusion), this implies that the diffusion equation becomes
coverage-dependent and the non-linear equation (3.1) applies. However, even under
these conditions using the shape of the evolving profile, the coverage dependence
D¢ (6) can be deduced by means of the Boltzmann—Matano (BM) method. Before
applying the BM method to the experimental results, it is essential to show that the
profiles scale (i.e., they can be written in the form 0(r, 1) = 0(r//t)). If the scaling
condition is met, then D () is obtained for a range of coverages 6y (62 < 6y < 61)
by using the measured scale-invariant shape

1 b
De(60) = ——— / rdo (3.4)
do
2 <_>90 *

where the profile is integrated in the numerator and numerically differentiated to
evaluate d6/dr at 6y that is present in the denominator of (3.4). When interac-
tions are present (depending both on their sign (whether repulsive or attractive) and
their range, i.e., how many sites away they extend to) they result in very different
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functional forms D (0) [4]. This in turn implies different deviations of the profile
shape from the ideal error function-based profiles of (3.2). Profiles which are steeper
(than the error function) in the vacant region (r < rg) lead to larger derivative in
the denominator of (3.4) and therefore reduced D (0) (such dependence indicates
predominantly attractive interactions); while profiles which are flatter in the region
r < ro have smaller derivative in the denominator of (3.4) and larger D.(09) (such
dependence indicates predominantly repulsive interactions).

The features listed previously as characteristic of classical diffusion (i.e., the
spreading of the initial steep profile, the dependence on the scaled variable r/\/z,
and the decreasing edge velocity) are also true for the case of coverage-dependent
D (0). They follow simply from the nature of the diffusion process that a more pro-
nounced spatial variation (i.e., the second derivative 926/9r?) causes weaker tem-
poral variation (i.e., first derivative 06 /9t). Concerning possible functional forms
of D.(0) for classical diffusion, in general the coverage-dependent diffusion is a
smooth function of . Only close to a phase transition can D.(8) have more structure
(usually in the form of either maxima or minima with 7" or 0) as a result of changes
in spatial and temporal correlations of the diffusing atoms in the system. Close to
a second-order phase transition, critical fluctuations generated thermodynamically
are so large (du/060 — oo as T — T.) that no diffusion currents can eliminate
them. This effectively means that D.(T) goes to 0 as T — T, known as critical
slowing down [5]. Close to an order—disorder transition, the coverage dependence
D¢(0) (for fixed temperature T < T.) can show maxima as the ideal coverage
of the ordered phase 6 — 6 is approached, since at 6. the perfect defect-free
phase is least compressible (it costs large energy to generate adatoms out of this
ideal structures, 060/du — 0 as @ — 6.). The amplitude of the diffusion maxima
depends on the nature of the order parameter describing the phase transition; the
maxima have larger amplitude when the order parameter is the coverage 9 (i.e., for
first-order phase transition in systems with attractive interactions). In all cases, these
thermodynamic effects can produce narrow maxima or minima in D.(0) vs. €, but
not a sharp step-like jump at a critical coverage 6., within a very narrow transition
region A << 0.1 ML such that D jumps from one value for 6 < 6. to a different
value that differs by orders of magnitude for 6 > 6.

An unusual diffusion profile resembling somehow such 6 dependence has been
observed in multilayer diffusion (that involves at least two layers adsorbed on the
surface with very different diffusion coefficients in each layer) [6]. If diffusion on
top of a layer is fast while diffusion within the layer is slow, then the slow layer
advances predominantly through the fast transfer of material from the top to the
bottom layer. Over the timescale of the slow diffusion it seems that the lower layer
moves at a constant speed, not the expected ./t scaling behavior. This is the so-
called carpet unrolling mechanism and will be discussed in more detail below in
connection with Li diffusion on metal surfaces. In essence, it is the simplest case of
“reaction”-limited kinetics where diffusion is the fastest process but the timescale
of the observations is set by a slow “reaction,” i.e., mass transfer from a higher to a
lower level. Even under these conditions the profile disperses and there is no critical
dependence of the refilling time 7 on 6.
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3.2 Novel Low-Temperature Kinetic Pathways
for the QSE-Driven Uniform Height Islands

After this short introduction to expectations from classical diffusion experiments,
some basic results obtained during metal growth at low temperatures controlled by
quantum size effects (QSEs) and in particular for the Pb/Si system will be reviewed.
It has been a surprise that electron confinement can play a key role in the self-
organization of metallic nanostructures [7]. Confinement becomes important when
the structure dimensions are comparable to the Fermi wavelength Ar, i.e., for metal-
lic structures when the thickness is a few layers. Traditionally, spectroscopic tech-
niques were used to map out the position of the energy levels of confined electrons
as they shift with the change of the film thickness, high-quality spectra indicating
the growth of good films [8, 9]. However film or island thickness was expected to
change monotonically as the deposited amount was varied. In addition for typical
confining potentials (at most a few tens of electron volts defined by the position
of the valence band with respect to the vacuum) the difference in the energy level
spacing between confining wells of adjacent thickness was considered too small
(~ tens of millielectron volts) to have an effect in the grown film morphology.

However, in several metallic systems Ag/GaAs(100) [10], Ag/Si(111) [11],
Pb/Si(111) [12], In/Si(111) [13], Ag/NiAl(100) [14], Ag/quasicrystals [15],
Pb/Cu(111) [16], and Ag/Fe(100) [17, 18] uniform height selection was found.
Different experimental techniques have been applied (STM, STS [19, 20], high-
resolution electron diffraction [12], surface X-ray scattering [21], ARPES [22], in
situ conductivity [23], etc.) and theoretical calculations using different approxima-
tion [24, 25] have been used to confirm that QSE is the reason for the observed
height selection. Possibly Pb/Si(111) is the most widely studied system among
these that exhibits QSE-induced morphology because of the ease in height selec-
tion (immediately after deposition) and the unusual sharpness of the height dis-
tribution. As reviewed in Chapter 4 by Jia et al. extensive work has been carried
out both experimentally and theoretically to understand the role of QSE in film
growth. Different theoretical techniques have been applied on different models (free
electron model and first principles calculations) to calculate the observed stable
heights in Pb/Si(111). In addition the chapter discusses the control of other film
properties with height. It was found that several properties (lattice relaxation, work
function, thermal expansion, superconductivity, and chemical reactivity) oscillate
with height, as a result of how the electronic structure depends on changes; and
in particular the variation of the density of states of the confined electrons with
height. However, besides understanding how island stability relates to electron con-
finement, it is also essential to know how mass transport operates in the system
that directs the randomly deposited atoms to ideal positions to build the defect-free
islands.

QSE-driven height selection results from the dependence of the electronic energy
on island height. The island height can increase only by multiples of the step height
d while the electron wavefunction periodicity is defined by the Fermi wavelength
Ap. At the preferred heights, the leakage of the wavefunction outside the confining
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well is reduced which generates energy minima in the total energy of the island vs.
thickness. However, this condition is necessary but not sufficient for uniform height
island formation. In most systems, the growth of QSE-induced island morphologies
is carried out at relatively low temperatures (for Pb/Si(111) as low as 150K [12]).
At even lower temperatures high-quality homogeneous films have been observed
macroscopically with strong diffraction oscillations [26, 27] and photoemission
[28]. These results raise the question how mass transport in these systems is so
efficient in building these islands relatively quickly (within a few minutes) at low
temperatures. At least for Pb/Si(111) there must be other factors for the extraordi-
nary height selectivity besides QSE-driven energetics. To what extent these kinetic
effects are applicable to other systems already discovered with selectable heights or
systems to be discovered is still an open question. For Pb/Si(111), several exper-
iments to be discussed in detail below have shown a novel diffusion behavior at
low temperatures which is unexpected based on the classical paradigm of diffusion
described in Sect. 3.1. Although its origin is still unclear it results in unusually fast
mass transport.

Initially, experiments that probe diffusion indirectly have revealed intriguing pro-
cesses in Pb/Si(111) hinting that non-classical effects are present. Coarsening exper-
iments in a mixture of stable and unstable islands (generated at high flux rates) were
carried out with X-ray scattering and STM [21]. These experiments have shown that
the coarsening time toward a lower density of uniform height stable islands is less at
higher flux rates. Classically, no dependence on flux rate is expected since the final
island size distribution and density is determined by the Gibbs—Thompson effect
which leads to identical final state commonly referred to as Ostwald ripening [29].
The reason for the observed non-classical behavior in Pb/Si(111) is related to the
extremely fast decay of smaller unstable height islands. (For example, three-layer
Pb islands having the most unstable height of radius 7 nm decay within 2 min at
180 K which is orders of magnitude faster when compared to the decay of Pb islands
at the top of Pb crystallites [30].)

QSEs influence not only island stability but kinetic barriers which become a
strong function of island height (i.e., atom detachment that determines the timescale
of island decay is very different for stable vs. unstable islands). It is also clear
that the “sea” between the islands (which for classical coarsening [29] consists of
monomers generated by atom evaporation from both large and small islands but at
different rates) behaves very differently in Pb/Si(111) and is the key player for the
way material is transferred to the stable islands [31, 32]. No monomers are present
but the dense wetting layer resembles the movement of an actual sea: it incorpo-
rates quickly the mass released from the decay of unstable islands and the material
“resurfaces” far away only at unstable islands transforming them into stable islands.
The wetting layer moves in a novel collective way.

Modeling of these processes with rate equations that describe the rate of change
of the number of islands n;, of height & in terms of their chemical potential 1,
has reproduced the evolution toward the final uniform seven-layer island height
distribution [33]. Two main assumptions were needed: (i) the energy of an island
of radius R and height & depends on both its radius and its height (where ¢y, is the
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bulk energy per atom, y; is surface energy of the top face, and ys is the surface
energy of the side face)

E(R, h) = 7w R*hey, + 7w R*y(h) + 27 Rhys (3.5)

The first term is the bulk energy and the other two terms are the surface energies
which include the standard Gibbs—Thompson term (that is determined by the island
curvature 1/R) and a term that depends on height because of QSE. The chemical
potential of island of radius R and height 4 is given by

- Bn
WR ) = Qo+ T + 70 (3.6)

with € the unit volume per atom.

(i1) The dense wetting layer has chemical potential wwr, higher than the chemical
potential of stable islands puwr, > phs (S0 material easily flows toward the stable
islands) and below the chemical potential of unstable islands puwr < Khust (SO
material easily flows from the unstable islands to the wetting layer). Besides island
decay, other barriers (i.e., terrace diffusion [34], step edge barrier [35], nucleation
rates [36], oxidation [37], etc.) were found to depend on height as a result of QSE.

3.3 Unusual Wetting Layer Mobility in Pb/Si(111)

3.3.1 STM Studies

The previous experiments have shown indirectly that the wetting layer was key
for the transformation to stable height islands. More quantitative information was
obtained from the time evolution of the rings after they form on the island top.
Rings are observed both for islands grown on the amorphous wetting layer on top
of the (7x7) surface as seen in Fig. 3.2 and for islands grown on top of the ordered
(/3 x 4/3) and B-(4/3 x 4/3) wetting layers as seen in Fig. 3.3a—c. Static images
of the rings have been published before [32, 34, 38], but the main goal of this section
is to describe the speed at which the rings move and how the top layer is completed.
Such experiments carried out with STM rely on snapshots of sufficiently large areas
with both stable and unstable islands, so changes on island heights and sizes can be
seen directly, but not in real time. Direct observations of the motion of the wetting
layer was seen only recently in diffusion experiments [3] with LEEM to be described
in the next section. The unusually high wetting layer speeds at low temperatures seen
in the STM and LEEM experiments are in good agreement with each other.

Rings form on both unstable and stable islands commonly above 200 K trans-
forming them finally into superstable heights. Single layer rings are seen on unstable
(even) height islands transforming into stable (odd) height islands. The height is
measured from the wetting layer. Bilayer rings are also seen on stable (odd) height
islands transforming them into (also odd height) islands of superstable height. For
example, bilayer rings on top of five-layer islands transform, them into superstable
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Fig. 3.2 Four images showing the evolution of a ring on top of a four-layer unstable island grown
on the Si(7x7) at times 0, 9, 14, 25 min. Top left image is 500 x 500 nm? and the other three images
are 250 x 250 nm?2. The temperature is 7 = 180 K

seven-layer islands. This unusual growth morphology was also modeled [39] in
detail to derive the potential energy surface that gives rise to single or bilayer rings.
It was necessary to invoke QSE-driven height-dependent or site-dependent kinetic
barriers (whether the center or the edge of the island) kinetic barriers. A major

Fig. 3.3 (continued)
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(b)

Fig. 3.3 (a) 500 x 445nm? showing the growth of meandering four-layer islands on top of the
Pb-ay/3 x /3 with rings. (b) 160 x 180 nm? area showing wetting layer on top of a two-layer
island and the SIC phase intact between. (c) 67 x 67 nm? showing that rings are also grown on the
Pb-B(4/3 x 4/3) and the “granular” wetting layer
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ingredient was the large diffusion anisotropy (i.e., fast azimuthal diffusion around
the island perimeter as atoms arrive from the wetting layer vs. slower radial diffusion
toward the island center). Some other intriguing non-classical characteristics of the
rings are as follows: they form only on islands with radius larger than some mini-
mum size 50 nm, their width is constant ~20 nm (independent of the initial island
radius), and the azimuthal speed is at least one order of magnitude faster than the
radial speed toward the center. None of these characteristics are well understood. At
higher temperatures (T = 240 K), multilayer height rings (four or five layers high)
are seen [39] that indicate even higher mobility of the wetting layer.

A typical example of how rings form and how this is used to estimate the speed
of the wetting layer is shown in Fig. 3.2a—d for the case of growth on the amorphous
wetting layer on (7 x 7). First, several large (~80 nm) four- or five-layer islands form
at 240 K (because the stability difference between odd and even height islands is less
for larger lateral sizes). The four-layer islands become five-layer (and eventually
seven-layer) islands but over longer times than for smaller islands grown at lower
temperature (~180 K [12]). After growing the islands at 240 K, the surface is cooled
to 180K to be able to follow the ring evolution with the STM since the evolution is
slower at this lower temperature. A four-layer island is shown in Fig. 3.2. The scale
is 500 x 500 nm? in Fig. 3.2a and 250 x 250 nm? in Fig. 3.2b—d, which are obtained
after 9, 14, 25 min, respectively, from the completion of Fig. 3.2a. The ring com-
pletes the perimeter with constant speed 0.05 nm/s. (A movie that was made from
18 successive images collected over an hour demonstrates that the ring advances at
constant speed.) For such motion to be initiated it is necessary for the density of
this amorphous wetting layer to be higher than the metallic density of Pb(111). The
crucial role of the density is seen in stepwise coverage experiments (i.e., small depo-
sitions A6 ~ 0.1 ML increase the wetting layer density, then mass is transferred to
the stable islands, and the density falls below the critical coverage but the next A9
deposition restarts the transfer process). This speed of the rings is a lower bound
to the speed of the wetting layer. As measured in SPA-LEED experiments [38] and
as required by the model [39], the incoming wetting layer runs quickly over the
facet planes of the Pb islands, but to move to the top it needs to overcome a barrier
at the island edge. This barrier was measured to be 0.32eV [38] and a barrier of
similar magnitude was deduced from the simulations [39]. The combination of the
rate to overcome this barrier and the intrinsic speed of the wetting layer defines the
observed speed of the rings.

Figure 3.3a shows large Pb islands that have nucleated on top of the dense Pb
a (/3 x +/3) phase (noted as «). The temperature is 180 K and a total amount 2.9 ML
was deposited in two steps, 1.6 and 1.3 ML. The image scale is 500 x 445nm?.
The islands are bigger (than on the (7x7)) and resemble “continents” since they
extend across the whole surface in irregular meandering shapes. Rings are seen on
four-layer islands transforming them into five-layer islands, which is the preferred
height for this interface [40]. The larger lateral extent of these islands and the greater
number of rings at the perimeter confirm higher mobility of Pb on « noted before
(than on the (7x7)). Figure 3.3b shows a smaller 180 x 180 nm? area with smaller
islands to illustrate that after the ring grows (bottom left island), the region between
the islands is in the SIC phase with slightly less than ~ 4 /3 ML. Figure 3.3c shows
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a 67 x 67nm? stepped area with initially the low coverage B(./3 x /3) phase
(0 = 1/3ML). This phase first transforms into a non-well-annealed version of the
a (/3 x4/3) phase (4/3 ML) after the deposition of ~ 1 ML and the ring transforms a
four-layer island to a five-layer island which is the preferred height on this interface.

The presence of rings on top of metal islands has been noted in earlier growth
experiments that have studied the static film morphology, but no association was
made to the mobility of the surrounding wetting layer; or no measurements were
made of the speed with which the rings are completed. Rings were seen during
growth of Ag on Si(111) and the observation of island shape oscillations [41],
although the rings were not discussed. These experiments were carried out at a
relatively high temperature of 500 K. Rings were also seen in the same system at
similar temperature, but the coadsorption of In to act as a surfactant speeds up the
growth of the Ag islands to larger sizes and makes the rings on their top more distinct
[42]. Large Pb(111) islands were grown on Si(100) at room temperature and imaged
with LEEM and STM [43]. These larger islands have multiple height rings (up to
10 ML) with the inside of the island resembling a “depression” and at the sidewall
the rings forming an ascending sequence of stepped terraces. These islands with
“depressions” form after rapid diffusion and after an initial wetting layer of density
1.5 ML is present (as a c(4 x 4) superstructure). Both the rapid diffusion and the
higher density of the c(4 x 4) are reminiscent of the conditions for the Pb/Si(111)
wetting layer to become more mobile and build the islands. Ring morphologies on
Pb/Si(111) have been seen with STM on large Pb islands at room temperature after
they are completed and stop evolving [44, 45]. Rings were found on much taller
islands of varying height (because these “mesas” were grown over several substrate
steps). The islands have heights tens of monolayers so QSE differences between
areas on the “mesa” of different heights are reduced, since the spacing and number
of confined electronic levels become closer together as height increases). The cur-
rent work, which was carried out at lower temperatures and for smaller height Pb
islands, while the rings are forming, clarifies the crucial role of the wetting layer in
building the islands. In addition in [44, 45] the ring formation was attributed to the
interaction of the electric field between the tip and the substrate that apparently can
trigger mass transport to the island top. The ring formation and the relative fractions
of flat vs. ring areas of the island were discussed either in terms of energetics, i.e.,
the system phase separates into the two areas driven by QSE energy differences for
stable vs. unstable heights [44], or purely in terms of kinetics (the faster process
of moving atoms to the rings is triggered by the tip and the slower completion of
the island top is controlled by vacancy diffusion [45]). The numerous differences
between the current experiments and the previous work (i.e., lower temperatures,
lower height islands, no tip effects, selective flow of Pb only toward unstable height
islands, the role of the critical coverage 6. of the wetting layer, and the similarity
between ring morphologies on both interfaces (7x7) vs. a-phase) point to the intrin-
sic role the dense wetting layer plays in transferring efficiently the mass to the stable
islands and not to extreneous effects due to the electric field.

Finally we note that this unusual control of the Pb film growth and the possi-
bility to select the film morphology has also been exploited to answer questions
in other physics problems, i.e., what is the nature of superconductivity in reduced
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dimensions when tested in these uniform Pb films? SQUID measurements were per-
formed in almost completed Pb films (with a few “defects,” i.e., islands or vacancy
islands for deposited amounts slightly above or slightly below the integer MLs) after
they are cooled below the superconducting transition for bulk Pb [46]. The induced
superconducting currents were pinned by the “defects” showing that classical super-
conductivity is robust even for film thickness as low as 5 ML and is similar on the
nanoscale as in the bulk.

3.3.2 LEEM Studies

Although these STM experiments indicate unusual mobility of the wetting layer
they do not measure directly its diffusion. This can be accomplished in simpler but
real-time experiments when only the wetting layer is present [3]. A concentration
profile is generated by desorbing Pb with a laser pulse within a circular area from an
initially uniform layer. Then, the classical profile geometry of a vacant circular area
described in Sect. 3.1 is generated. Mass within the undisturbed layer outside this
vacant area moves to refill it. The refilling is monitored with LEEM with the contrast
caused by the difference between the scattering factors of the dense layer outside the
vacated hole and the layer inside the hole, which in practice has lower coverage (by
~ 1 ML) but not completely vacated. No Pb islands are present in these experiments
so the mobility of the wetting layer can be measured directly. Such experiments were
carried out for both initial phases, i.e., the amorphous wetting layer on the (7x7) and
the ordered (/3 x 4/3) wetting layer.

Since the specular intensity is measured in the LEEM experiment but in diffusion
measurements what moves is mass, the LEEM intensity should be calibrated against
coverage. For example, the initial profile c¢(r, t = 0) within the hole was determined
by re-depositing Pb at 120K after cooling quickly from the temperature, 262 K,
that the hole was generated. At this low temperature, the wetting layer “freezes”
and there is no diffusion into the hole from outside, such that any changes that are
observed during Pb deposition can be related to the known amount of deposited
Pb. The coverage in the hole was increased and the LEEM image intensity was
measured during continuous deposition at constant rate. A linear increase of the
LEEM intensity with ¢ at a given location r indicates that the LEEM intensity is
proportional to 6(r, t). The LEEM intensity was measured at different distances r
within the hole from its center as a function of ¢ (from real-time video frames).
A maximum in LEEM intensity is attained at all areas; but areas closer to the edge
reach this maximum earlier because the amount desorbed and therefore the refilled
amount is less. The maximum in the LEEM intensity at room temperature corre-
sponds to 4/3 ML, the coverage of the SIC phase (the a-phase with 4/3 ML), that
consists of small domains of the (/3 x 4/3) phase separated by meandering walls of
the (/7 x +/3) phase [46]. From the deposition time ¢, to reach the LEEM intensity
maximum and the known flux rate F, the coverage produced by laser desorption
at position r is found from 6, = 4/3 — (F - t,). From these measurements the
concentration at any location r within the hole can be deduced. The bottom of the
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hole is not flat; the coverage is lower at the center than at the edges. The structure
of the film within the hole consists of the more strongly bound Pb y (/3 x 4/3)
(0=1/6 ML) or B(/3 x 4/3) (6 =1/3 ML) phases in some proportion that depends
upon the amount of Pb that was desorbed, which is controlled by the laser power. By
varying the power, the radius of the hole r( can be also varied from 5 to 25 pm which
at the same time increases the coverage difference between the center and the hole
edge, Abgepth, proportionally as ABgepth = kro. The presented results were obtained
for 17 wm < rp; for 17 wm, the coverage difference between hole center and hole
edge Afgepn is ~ 0.31 ML but the difference between the outside coverage and the
coverage at the hole center is more than 0.75 ML. Because of this large gradient,
the finite Afgepen and the non-flatness of the bottom of the profile should make no
difference in the evolution of 6(r, t).

Although the diffusion of the a-phase wetting layer was studied and reported on
more extensively [3], we focus here on the behavior of the amorphous wetting layer
on the (7x7) surface to show the similarity between diffusion on the two interfaces
and to make a closer link with the previously discussed STM experiments.

Figure 3.4 shows refilling of the hole in the amorphous layer at 6 = 1.4 ML on
the Si(111)-(7x7) surface at 292 K. The surface prior to the application of the laser
pulse is shown in Fig. 3.4a, followed by 11 images separated by 2.75s for a total
refilling time of ~30s. The moving boundary divides the shrinking low coverage
phase at the center (dark) and the surrounding brighter region. (The bright rim and
the faint ring outside the hole do not change appreciably with time which indicates
that a different phase is far away from the hole vs. at its edge.) Similar observations
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Fig. 3.4 Refilling of the initial hole generated by the laser pulse on Si(111)—(7x7). The tempera-
ture is 292 K and coverage 1.4 ML. The length scale is seen by the white bar in (a). The first image
is before the application of the laser pulse and the time between each image is At = 2.75s for a
total time of 30 s. An outward almost stationary pulse is not related to the refilling of the hole
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for the w-phase wetting layer were reported in [3]. The unusual observations that are
directly visible in these raw data are incompatible with classical diffusion without
any analysis: (i) the profile edge moves without any dispersion, (ii) the moving
speed is constant Ax /At where Ax is the displacement of the edge position. Both
these observations do not depend on the coverage calibration of the LEEM intensity.
The constant refilling speed is also seen in Fig. 3.5 where 1-d radial intensity line
profiles from the 12 frames of Fig. 3.4 are displayed. The bright rim at ro = 17 um
in Figs. 3.4 and 3.5 is part of the wetting layer outside the hole. It appears bright
because laser heating was sufficient to partially order the film structure but was not
sufficient to desorb Pb. The film appears bright as it fills the hole because LITD has
lifted the underlying (7x7) order and Pb that fills the hole converts the undesorbed
Pb within the hole to the a-phase. The filling of the hole is initially fast in the first
two frames following desorption, then settles to constant speed after the initial fast
transient. Such a fast initial filling was also observed for the «-phase film in [3] (and
Fig. 3.6 here), although this transient behavior was less pronounced.

The 1-d profiles for the refilling of the a-phase in Fig. 3.6 show the corresponding
behavior for 6 =1.22 ML and T =262 K. The time interval between profiles is At =
60 s for a total refilling time ~12 min. These 1-d profiles also show non-dispersive
profile shape and constant speed since the edge position moves the same distance
for each interval At. The bottom of the profile in the hole is also non-flat as in

Fig. 3.6 1-d profiles for the
refilling of the a (/3 x /3) Before LITD —__
phase for & = 1.22 ML and
T = 262 K. The time interval
between profiles is At = 60s
for total refilling time of

12 min. The same unusual
diffusion features as in

Fig. 3.5 are observed
irrespectively of the initial
interface, whether it is (7x7) 0.0

or (/3 x 4/3) phase 20 10 - 0 10 20
Position (um)

-
o
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Fig. 3.5. Both conclusions about non-classical diffusion described before also hold
for Fig. 3.6 which confirms the similar behavior of the wetting layer diffusion on the
two interfaces. As will be discussed below, the laser pulse heats the surface within
the hole and desorbs partially Pb to a local coverage ~0.7 ML less than the coverage
outside. This initial phase generated by the pulse is the same for both Pb-(7 x 7) and
a-phases. As Pb enters to refill the hole it generates the same sequence of phases
with 0: first the (1 x 1) at & =~ 1 ML followed by the SIC phase at 6 ~ 4/3 ML.
For the wetting layer on the (7 x 7), this means that although the phases outside
and inside the hole have the same 0, their structure is different: outside the hole the
structure is the initial amorphous layer with 4/3 ML and inside the hole is a weakly
ordered SIC phase with 4/3 ML.

Another unusual observation about these experiments already discussed in [3]
for the a-phase layer is the existence of a sharp transition of the refilling time 7 vs.
0 (of the initial wetting layer outside the hole) at fixed 7. There is a critical coverage
0. that was estimated in [3] to be 1.3 ML (close to the coverage of the SIC phase)
below which there is dramatic increase of the refilling time. This divergence can be
described by power law reminiscent of critical phenomena 1/t ~ (6. —0) ™" for 6 <
6.. (More detailed recent measurements have identified from the diffraction patterns
the numerous “devil’s staircase” phases that are known to form in this system in the
range 1.2 < 6 < 4/3 ML and have located with higher precision the exact value
of 6. [47].) Although the nature of this dependence is not fully understood, such
a critical sensitivity of t or D.(f) with small changes of 6 as low as 0.01 ML is
unique to the Pb wetting layer.

Figure 3.7 shows the results of several refilling experiments on the two interfaces.
The refilling time is plotted as a function of hole radius at the same four tempera-
tures. (As described before the hole radius is changed by adjusting the laser power.)
Figure 3.7a corresponds to the refilling on the Pb-a (/3 x 4/3) layer and Fig. 3.7b on
the Pb-(7x7) layer. The four temperatures shown are 286, 276, 264, and 259 K from
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Fig. 3.7 (a) Refilling on the a(4/3 x 4/3) for 8 = 1.22 ML (below 6,) for 286 K (¥), 279K (a),
269K (), 262K (H) and (b) on the (7x7) for & = 1.6 ML (above 6) for 286 K (¥), 276K (a),
264K (o), 259 K (). Note: the ordinate axis scales for the (7x7) and the (y/3x4/3) differ by a
factor of 6
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bottom to top. The coverages are 1.22 ML in Fig. 3.7a and 1.6 ML in Fig. 3.7b which
are lower and higher than 6., respectively. It is important to notice that the ordinate
axis scale is six times larger (0-600s) for the (7x7) than for the o (/3 x 4/3)
(0-100s). This by itself shows that the mobility is higher on the « (/3 x 4/3) since
T increases as 6 is reduced below 6.; in particular, 7 is higher on the (7x7) than
on the a(y/3 x 4/3) despite & < 6. in the latter case. The purpose of Fig. 3.7 is
not to compare the exact values of 7 for the same 7" and 8 on the two phases (since
this requires very fine control of the coverage to show it is the same in the two
experiments), but simply to conclude which refilling speed and mobility is larger.
The faster speed on the a-phase is in good agreement with the STM observations
discussed earlier (namely, the interconnected “continents” on the «(4/3 x 4/3) vs.
separate individual islands on the (7x7) for the same 0). In addition, Fig. 3.7 shows
the dependence of 7 on the hole radius r(y especially for the o-phase because the
data follow a more clear noise-free dependence. They can be fitted to a power law
dependence T ~ rj with the exponent n close to 2.8. This is another illustration
of the constant refilling speed because from the LEEM intensity calibration it was
found that increasing the hole radius (with laser power) also increases the depth of
the profile hole, Afgepth A kro, so the total amount desorbed is proportional to rS
and therefore the measured exponent is very close to the expected n = 3 exponent.

For completion, the results of earlier SPA-LEED experiments that explored the
phase transformations in Pb/Si(111) after Pb deposition at low temperatures are
shown in Fig. 3.8. In these experiments, a uniform 2-d phase exists over the whole
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Fig. 3.8 1-d diffraction profiles along the [11 2] direction at 190 K. Initially the surface is prepared
in the B(y/3 x 4/3) with & = 1/3ML (bottom curve), phase with 1 x 1 diffraction pattern after
~2/3ML (second curve), a(+/3 x +/3) phase after ~1ML (third curve), well-annealed
a(4/3 x 4/3) (after heating 1.7 ML to 500 K)
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surface which transforms to a different 2-d phase during deposition without anneal-
ing. In Fig. 3.8 1-d diffraction patterns along the [11 2] direction are shown at 190 K.
Initially the surface is prepared in the 8(/3 X 4/3) phase with 6 = 1/3 ML (bottom
of Fig. 3.8). After the addition of ~2/3 ML the surface transforms to a phase with
(1 x 1) diffraction pattern (the second curve). With the addition of a total of ~1 ML
the pattern changes to a pattern characteristic of the a-phase (with the 2/3, 2/3 spot
stronger than the 1/3, 1/3 spot, the third curve). This phase is comparable to the
phase that is obtained after thermal annealing of an initial amount 1.7 ML at 500 K
(top pattern in Fig. 3.8). It has lower intensity because the domains are smaller and
there is a large network of domain walls. The sequence of phases is the same as
the phases observed during hole refilling, by the diffusion of the outside layer on
both interfaces. They showed that the same ordered patterns are observed once the
correct coverage of Pb is present in the hole irrespective of how the atoms arrive,
by deposition or diffusion. As discussed below in detail this shows that the unusual
kinetics are not reaction front limited.

3.4 Modeling of the LEEM Experiments

3.4.1 Coverage-Dependent Coefficients

In the 1-d diffusion geometry of Fig. 3.1, different profile shapes can be used to
deduce the coverage-dependent coefficient D.(6) by the BM method if the scaling
condition c(r, 1) = ¢(r/t'/?) is met. In the LEEM experiments, the geometry of the
vacant circular hole is 2-d, so the BM can still be used if the change of the profile
shape is small compared to the hole radius ro. However, since the scaling condition
is clearly not met (because of the constant speed Ax/At) the more fundamental
question was whether a still coverage-dependent coefficient D.(6) can reproduce
the novel features described earlier.
The non-linear diffusion equation (3.1) in 2-d can be written as

2 2
%ZDC(Q)(lae a 6>+8DC(9) <89> 3.7)

o1 car a2 00 \ar

By applying the physical argument described before in connection with (3.4)
(that a flat profile implies fast diffusion and a steep profile implies slow diffusion)
the Boltzmann function is a possible functional form

Dy — D>
1+ exp (9;9°)

This coverage-dependent D (0) is shown in Fig. 3.9a. D, increases rapidly from
a small value at low 6 to a high value at high 6 to reflect the observations: the wetting
layer moves rapidly outside the hole where the coverage is high, but once it enters

D. (6) = + D, (3.8)




56 M.C. Tringides et al.

Fig. 3.9 (a) D.(0) according
to (3.8). The model has four
parameters: D the value at
low 6, D; the value at high 9,
0. the critical coverage above
which D is valid, and w the
coverage width of the
transition from the low to the
high value. (b) Simulated
profiles for the previous 001 )
D, (0) dependence by 0 1 2
numerically solving the Coverage, 6 (ML)

diffusion equation (3.8) in b) 1.5
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the hole it slows down by orders of magnitude (to account for the absence of edge
dispersion). The model has four parameters: D; the value at low 6, D, the value at
high 6, 6, the critical coverage which is the inflection point between the two limiting
values of D, and w the coverage width of this transition. Comparison was made
between the numerical solution of (3.7) using (3.8) and the data of Figs. 3.5 and 3.6.
The solution is shown in Fig. 3.9b for the following optimal parameters: D; = 0.05,
Dy =10,6, = 1.3ML, and w = 0.1 ML. The D.’s are expressed in terms of V(%/‘L'
units for rp = 17 um and t = 44, corresponding to the experimentally observed
filling time for this rg in the a-phase at T = 269K and 6 = 1.22 ML, but clearly
the parameters can be rescaled to fit any of the other measured profiles. As initial
conditions for the calculation of the profile evolution in Fig. 3.9b, it was assumed
that 6(r < rg) = 0.3ML and 6(r > rg) = 1.3 ML so the large gradient A6 =1 ML
ensures similar profile shapes even with slight shifts in 6, or the initial conditions.
It is seen that a coverage-dependent D (6) can produce an invariant profile shape
and constant filling speed. However, despite the apparent good agreement between
the calculated and measured profiles, there are concerns. For cases where the outside
coverage 6(r > ro, t = 0) is below the critical coverage 6 < 6, the profile shape
will not be dispersionless and appreciable edge spreading will be seen. The reason is
the sudden drop of D.(0) for 0 < 6. (and therefore the smaller difference between
diffusion outside and diffusion inside the hole). This implies that the outside atoms
will not enter the hole much faster than diffusion within the hole and therefore the
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edge will not remain so abrupt and the moving edge speed will not be constant.
This deviation from experimental observation will become more apparent for larger
coverage deficits (6. — ). Although it should be accessible in the coverage range
that has been examined experimentally, no such change of profile shape evolution
or non-constancy of speed was observed for coverages as low as 0.09 ML below 6..
A similar criticism for this model applies if instead of 6 the temperature is changed.
Depending on the activation energies of D, above and below 6. the ratio D1/ D in
the model will change with temperature. This implies that the shape of the profile
will be different at different temperatures and it will not remain dispersionless. This
has not been observed experimentally. Only if the activation energies above and
below 6, are the same will the non-classical features be preserved with changes of
temperature. Temperature-dependent measurements below 6 are in progress.

3.4.2 Adatom Vacancy Model

Another model that has been considered [3] and possibly can account for these
unusual observations is based on an adatom—vacancy diffusion mechanism that at
the minimum can provide a phenomenological explanation, but at the cost of intro-
ducing a number of assumptions and energy barriers. Vacancy generation can be
energetically possible since the wetting layer is dense and considerable strain can
develop, even for the amorphous layer on the (7x7) surface. If we define the local
variables, c,(r, t) the adatom concentration, c(r,t) the vacancy concentration, and
0(r,t) the coverage that remains in the wetting layer, then we can write rate equa-
tions describing how these local concentrations change with ¢:

dcy(r, t) )
T = Davr ca(r, t) + [RG@(I‘, [) — RRCa(r, t)CV(}", t)] (39&)
aegrt, N _ _acva(:, n__ [RGO(r, t) — Rrca(r, t)ey(r, 1)] (3.9b)

where Rg, RRr are temperature-dependent rates that describe how adatoms and
vacancies are thermally generated and D, is the adatom diffusion coefficient on top
of the wetting layer. This set of equations assumes that only adatoms diffuse and
that vacancies are immobile. The first equation states that a change in ¢, (r, ) is due
to either adatom diffusion, adatom generation from the wetting layer, or elimination
of adatoms by recombination with static vacancies. The second equation states that
vacancies are generated simultaneously with the thermally excited adatoms from the
wetting layer or are lost by recombination. Since a vacancy cannot move, by mass
conservation if a vacancy is generated at (r, t) then the coverage at this location
must decrease correspondingly.

As initial condition, one assumes the experimental situation where a circular hole
has lower coverage (cy(r < rg,t = 0) > 0) compared to the coverage outside the
hole. In [3], ¢y = 0.5 was assumed. The adatom concentration c,(r, ) is determined
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by the activation energy of Rg to match the measured refilling times. The rate of
change of the vacancy, dcy(r, t)/0t, and wetting layer coverage 96 (r,t)/dt are
exactly complementary to each other. There is no difference between the initially
imposed vacancies in the hole and vacancies generated thermally in the wetting
layer outside. Adatoms (which are assumed to be on top of the wetting layer) move
to the edge of the hole where the concentration of vacancies is large and they are
eliminated. If there are no holes the wetting layer is at equilibrium and has a small
but equal number of vacancies and adatoms, again determined by Rg and RR.

To account for the constant refilling speed (given that the adatom concentra-
tion must be small), all the adatoms from far away outside the hole should be
collected at a constant rate irrespective of how far they originate from. This num-
ber can be estimated: for ro = 17 um, there are 7.2 x 10° sites in the hole to be
filled for a 1 ML deficit. Using a value of ¢, = 1073 ML as the thermally gener-
ated adatom density outside the hole that was determined in the modeling [3] and
I ML =7.84 x 10'* atoms/cm? as the density of Si(111) this implies that adatoms
should be collected from an area 0.009 cm?. This collection area has a linear radius
600 wm or 35ry, i.e., diffusion must be “instantaneous” on the wetting layer. The
adatoms must arrive at the edge of the hole in time shorter than the LEEM acquisi-
tion time, 500 ms in these experiments, so the apparent arrival rate as seen in Fig. (4)
of [3] is constant: the refilling is not limited by the diffusion from the outside (for
thermally activated diffusion the time to arrive increases with the square root of
the distance the atoms travel). Using this it means the adatom diffusion barrier
E, of D, = Doexp(—E,/kT) must be effectively zero. The best fit to the model
requires a very low diffusion barrier 0.05eV [3] consistent with the calculated Pb
on (crystalline) Pb(111) terrace diffusion barrier [34].

The unperturbed edge of the profile is built in the model since only at the edge
of the hole are adatoms and vacancies eliminated. Or to express this mathemati-
cally, the right-hand side of (3.9(a)) above is zero far away from the perimeter of
the hole because the thermally excited adatoms and vacancy holes obey detailed
balance RgO(r,t) =~ RRrca(r,t)cy(r, t), i.e., there is local equilibrium. Only at
the edge of the hole is the second term Rprcy(r, t)cy(r, t) large (because a large
cy(r, t) is imposed at r < ro externally by laser desorption and c,(r, t) is relatively
larger at r > rg than it is at r < rg). The first term of 3.9(b) can be neglected
because Rr >> Rg (or the corresponding activation energies must be chosen so
Eg > ER). Under these conditions, 3.9(b) becomes 96 (r, t)/dt = constant only
at the edge, i.e., the edge of the profile is unperturbed and moves at a constant
speed.

There is one more important observation to be accounted by the model, i.e.,
the existence of a critical coverage 6; below this coverage the refilling becomes
increasingly slow with exponential dependence on the coverage deviation (6. — 6).
To account for this, the number of thermally generated adatoms that cause the
refilling and the elimination of the vacancies must be suppressed so the “refilling
rate” Rrca(r, t)cy(r, t) becomes smaller (because the term c, (7, ¢) goes to zero). To
accomplish this one more assumption is needed, that the recombination activation
energy ER is constant but the generation activation energy increases linearly as the
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coverage falls below 6., Eg = Eg(0;) + (0. — 0) with 6 < 6.. Preliminary fits
to account for the increase of the refilling time by four orders of magnitude as 6
decreases by 0.1 ML below 6. require ¢ = 0.6eV/0.1 ML [3].

The adatom—vacancy model is based on numerous assumptions that indepen-
dently are added to account for the unusual observations. It is not clear how these
assumptions are physically justified: the very low diffusion barrier, the absolute val-
ues of £ = 0.35eV, Eg = 0.2¢eV in preliminary fits [3] (for such a soft metal
as Pb), and the most unintuitive assumption being the increasing cost to generate a
vacancy by 0.6 eV/0.1 ML as the layer is diluted minutely. These assumptions have
not yet been justified by DFT or even heuristic arguments. In addition, if the model is
matched at one temperature then the fit will not be as good at a different temperature
since all rates RR, Rg are a strong function of temperature and they will change
their value. The (7x7) wetting layer is amorphous so it is even harder to envision
how vacancies are generated and how the energy cost increases dramatically with
decreasing 6.

3.5 Comparison with Other Pb Diffusion Experiments

How do the magnitudes of these unusual mobilities of the different wetting layers
on Si(111) compare with the diffusion of Pb on Pb macroscopic crystals? As can
be seen from Fig. 3.7, which compares the refilling time for different hole radii
on the two interfaces within the temperature range ~262K < T < 285K, one can
conclude that the refilling speeds are in the range 20—1000 nm/s on the (7x7) and
150-5800 nm/s on the (/3 x /3) for comparable hole radii in the range 5-20 pwm.
The coverages of the two phases in Fig. 3.7 were (approximately) 1.6 ML on the
(7x7) and 1.22 ML on the « (/3 x +/3). The quoted values are not meant for direct
comparison because the refilling times as discussed previously are sensitive func-
tions of 6 especially for & < 6 but they set up the scale of the speed (to be compared
with the STM and other results in the literature). From the STM experiments on the
(7x7) and at the much lower temperature of 190K, the speed of the ring growth
around the top of islands is 0.05 nm/s as seen in Fig. 3.2; but, at higher temperature
of 242K [31], the speed is at least 20 nm/s, which is comparable to the refilling
speed shown in Fig. 3.7b, although direct coverage comparison is not easy. In mak-
ing this comparison, the ring speed on top of an island might be expected to be lower
than the wetting layer hole filling speed because there is the additional barrier [38]
to overcome at the island edge during transport of atoms to the island top.

In [49], Pb “neck” formation was studied of the top layer on Pb crystals at higher
temperature 318 K (so the top layer is in a “liquid” state due to surface “melting”).
The neck forms as a result of the tip—surface interaction and the high electric field.
Pb is mobile, moving toward the area under the tip making a “neck” and bridging
the tip surface gap with a speed which depends on temperature. This shorts the
gap and leads to a higher current for the same tip—surface voltage. By retracting
the tip over a certain distance Az within a time interval A¢, the connection can be
broken which increases the gap resistance as sensed from the abrupt decrease of
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the current. The tip retraction speed depends on the speed of the moving Pb layer
and the tip—surface separation. If the tip is close to the surface the “neck” breaking
should not depend on the retraction speed since for faster retractions it is easier to
break the “neck.” At the minimum distance the retraction speed Az/At matches
the speed of the wetting layer. At this speed the break point becomes independent
of the tip—surface separation. When the break point separation is plotted vs. tip
retracting speed (at fixed T'), the curve has an open hyperbola-like shape. The speed
at the corner of the hyperbola (the point where the retraction speed is independent
of separation) is the speed of the moving Pb. For example, at the lowest temperature
of [49] 318 K, the tip retracts Az = 60 nm and over At = 240s. This implies that
the speed of Pb toward the tip is Az/At = 0.25 nm/s.

This speed is low when compared to the speed of the wetting layer as measured
by LEEM or by STM. Already the speed is less by two orders of magnitude although
the temperature in the “neck” experiment (318 K) is higher than the lower tempera-
ture shown in Fig. 3.7 (~260 K). The comparison can be made more quantitative by
using the speed at 318 K and the activation energy 1 eV measured in [49], to extrap-
olate to the lower temperature of the LEEM or STM experiments. If the extrap-
olation is done at 262 K, then the speed is 0.000095 nm/s, which is seven orders
of magnitude lower than the LEEM experiment at this temperature. This shows
that the unusual wetting layer mobility is a novel effect not related to the thermal
diffusion on top of bulk crystalline Pb. This possibility is even more plausible since
the experiments in [49] were compared to earlier He scattering experiments of Pb
on Pb(110) [50] which also gave a slow diffusion coefficient and a relatively high
activation energy of 0.65eV. Even the terrace diffusion barriers measured on the
Pb islands at low temperatures 7 ~ 200K [32, 34] where QSEs are important in
controlling the kinetics gave a much smaller barrier (0.05eV), as noted before in
connection with the modeling of the adatom—vacancy model. This also supports the
hypothesis that these unusual mobilities have non-classical but yet to be understood
origin.

3.6 Comparison with Other Step Profile Evolution Experiments

Experiments for different coverages were carried out in Li/Mo(112) at 300K [6]
that, as noted in Sect. 3.1, were attributed to the carpet unrolling mechanism. How-
ever, these results do not have the intriguing novelties of the current experiments
and besides they were carried out at higher 6 where (up to 3.5 ML) additional layers
are present. The evolving step profile was measured with a Kelvin probe that records
the local workfunction change A¢(r, t) which is related monotonically to the local
coverage, 0(r,t) = F(A¢(r, t)) (with coverage calibration usually established from
the known coverage of a 2-d ordered phase). The spatial resolution of the method
is ~1 pm. Although a moving step profile was observed, it moved at increasingly
slower speed as mass was transferred from the upper layers to the layer in contact
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with the substrate. During the time that atoms from the upper layers hop across
the profile edge into the lowest layer, mass at the edge is replenished quickly by
fast diffusion on top of this layer. The advancing profile shape does not change
because diffusion in the upper layers is fast compared to diffusion within the lower
layer. The coverage profile shows two unperturbed edges: the receding edge in the
upper layer serves as the source of atoms that are incorporated at the unperturbed
edge of the layer in contact with the substrate. The speed of the lower advancing
edge decreases as its distance from the upper source edge increases with time. This
clearly shows a film that does not behave as Pb/Si of Figs. 3.5 and 3.6 where the
motion of a single edge with constant speed demonstrates that the whole layer moves
collectively.

The BM method was used for the analysis in [6] with r/,/f the scaled vari-
able so the profile speed was decreasing with ¢. Since diffusion of the second layer
was higher than diffusion in the first layer, the derived coverage dependence D.(6)
showed a gradual jump starting from 0.5 ML in the first layer to a value five orders of
magnitude larger in the second layer; but the coverage width of the transition region
between these two values, 0.3 ML, is much larger than essentially discontinuous
jump (that was assumed in the modeling of profile evolution in Pb/Si (Sect. 3.4.1).
Finally, for Li/Mo(112) there is no critical region and critical coverage 6, where the
diffusion coefficient decreases with an exponential or power law dependence on the
coverage difference (6, — 0) for 6 < 6..

Concentration profiles that do not disperse with ¢ have been also observed with
LEEM in a more complicated system, Au/Si(111) [51], but at much higher temper-
ature 910 K and with smaller spreading speeds 7 x 10~2 nm/s than that observed in
Pb/Si(111). The Au/Si(111) is complex because from the dense 1 ML high coverage
phase on one side to zero coverage (i.e., the clean Si(111) (7x7)) on the other side
of the profile edge, two superstructures form, the Au(/3 x +/3) and Au(5x 1). The
system is not homogeneous as in the current work. In the experiment of [51], addi-
tional edges were identified separating the 1 ML from the /3 phase, the /3 from
the (5x 1) phase, and the (5x 1) from the (7x7) phase (even the (5x 1) phase had
two distinct phases with coverages differing by 0.1 ML). Only the edge separating
the (5x 1) from the (7x7) phase was moving at a constant speed. In this system the
time measured for the edge to diffuse to a given location is the time to arrive at the
location and the time to convert from the random atom position to the ordering of the
local phase. The data were accounted quantitatively if diffusion on top of the (5x 1)
was the fastest process and the measured diffusion time was determined by the time
for these atoms to move from the top of the (5x1) to the layer below and expand
the (5 x 1) domain area, analogous to the carpet unrolling mechanism. Besides these
inhomogeneities, the higher temperature, and the lower advancing speed, no critical
coverage 6. was identified in [51].

No such inhomogeneities exist in the Pb/Si(111) system and if the same local
coverage 6 within the hole is realized, the same phase forms irrespective of whether
it was added by deposition as in Fig. 3.8 or by diffusion from the edge. There is
only one boundary observed and the speed across the moving layer is the same.
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Fig. 3.10 -LEED patterns obtained (a) inside the hole after refilling and (b) outside the hole for
the a-phase layer. They show similar Pb «-phase film structure and coverage (but the outside one
of higher intensity because of the initial annealing). The same «-phase is seen inside and outside
the hole, with a single moving boundary which does not support reaction front kinetics

Figure 3.10 shows a comparison of w-LEED patterns outside the laser-induced
hole and inside the hole after the refilling at 320 K. The pattern outside the hole
in Fig. 3.10b indicates that the a-phase film has well-ordered HIC structure [47]
with coverage in the range 1.25-1.30 ML. The pattern in Fig. 3.10a shows that a
less ordered a-phase HIC structure with comparable coverage is formed upon refill-
ing. A similar pattern is observed on both interfaces (7x7) and «-phase following
refilling which indicates the same sequence of phases are produced irrespective of
initial surface conditions or the source of Pb, deposited and annealed or diffused
from the edge of the hole. This cannot be caused by a carpet unrolling mechanism
since in the diffusion experiments the phases outside the hole are so different and
since in the SPA-LEED experiment (Fig. 3.8) the atoms are arriving from the gas
phase.

Finally we mention a very puzzling study of truly liquid Pb film adsorbed on Si
at higher temperature (7 = 673 K). The film was studied with X-ray scattering [52]
at the solid—liquid interface. From reflectivity measurements it was found that the
liquid Pb close to the Si was in a compressed state with density few percent higher
than bulk Pb density. At the very least, this demonstrates that a compressed liquid
phase is possible in the Pb/Si system although it is not clear if it is related to the
compressed state and its unusual mobility at the much lower temperatures of the
current studies.

3.7 Conclusions

From both the STM and LEEM experiments it is clear that the wetting layer plays an
unusual role in transporting material to generate the sharp height island distribution
in Pb/Si. The transfer at a constant speed is a far more efficient way to move mass
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than normal diffusion since distance is linear with time; furthermore, because of
the higher density of the wetting layer (10% compressed above bulk Pb(111)) the
motion is collective instead of the diffusion of individual atoms. The absolute value
of the refilling speed (0.05nm/s at 190 K on the (7x7)) is also much higher than
what was expected from Pb thermal diffusion on macroscopic crystals. None of
these results are well understood theoretically and the models discussed have severe
limitations. The existence of a critical coverage 6. is the least understood result
except that it is related to the compressed state of the system.

Despite the need for a better theoretical understanding of these phenomena they
point out to the importance of the behavior of the wetting layer especially at low
temperatures. Growth at low temperatures is usually ignored (because thermal dif-
fusion is expected to be suppressed) or in the cases when it results in smooth crys-
talline films (seen with diffraction intensity oscillations), the initial mobility of the
wetting layer is neglected. Clearly for Pb/Si(111) this is not the case and the system
provides the best benchmark to exploit QSE in generating novel kinetic pathways to
build the uniform height metal islands extremely fast. A still widely open question
is whether this unusual mobility is unique to Pb/Si or other metal/semiconductor
systems display similar behavior. Understanding better the kinetics in Pb/Si will
facilitate the search of other systems with QSE-driven self-organization.
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Chapter 4

Quantum Size Effects in the Growth

and Properties of Ultrathin Metal Films, Alloys,
and Related Low-Dimensional Structures

Y. Jia, M.M. Ozer, H.H. Weitering, and Z. Zhang

Abstract This chapter addresses the quantum mechanical nature of the formation,
stability, and properties of ultrathin metal films, metallic alloys, and related low-
dimensional structures, with Pb as a primary elemental example. The emphasis is on
the contribution to the overall energetics from the electronic degrees of freedom of
the low-dimensional systems. As a metal film reduces its thickness, the competition
between quantum confinement, charge spilling, and Friedel oscillations, all of elec-
tronic origin, can dictate whether an atomically smooth film is marginally, critically,
or magically stable or unstable against roughening during the growth of such metal
films. The “electronic growth” mode as emphasized here serves as an intriguing
addition to the three well-established classic modes of crystal growth. In exploring
electronic growth, Pb(111) films represent a particularly compelling example, not
only because their stability exhibits unusually strong quantum oscillations but also
because their physical and chemical properties can be tuned with great precision
by controlling the film thickness or the chemical composition. Recent advances and
the perpectives in this active area of film growth will be reviewed, with results from
both theoretical and experimental studies.

4.1 Historical Review

Low-dimensional materials have been an important platform for the discovery of
novel quantum phenomena, such as the quantized conductance and quantum Hall
effects in semiconductor heterostructures [1] and giant magneto-resistance in metal-
lic magnetic superlattices [2]. In these examples, fabrication of the low-dimensional
medium was accomplished via classical thin film growth; yet the emerging prop-
erties are clearly quantum mechanical in nature. More recently, it has been shown
that the size quantization of itinerant electrons in an ultrathin metal film also plays
a decisive role in the early formation stages and kinetic stability of the films [3-9].
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The ability to exploit quantum mechanical principles while tuning and assembling
nanostructures offers a whole new range of opportunities for exploring the physi-
cal and chemical properties of functional nanomaterials with precisely controlled
dimensions [10-15].

Atomically flat metal thin films on a proper substrate, such as Ag/GaAs(110),
Pb/Si(111), Pb/Ge(111), Al(110)/Si(111), In/Si(111), and Mg(0001)/Si(111) films,
have been the model systems for exploring electronically driven self-assembly, a
process dubbed “electronic growth” or “quantum growth” [4]. In these systems,
the interplay between the quantum size effect and the morphological evolution of
the films received considerable attention following the discovery of “magic thick-
nesses” or “critical thicknesses” and perferred island heights in ultrathin metal films
grown at moderately low tempertures. In particular, Pb is a soft metal and hence
electronic effects in the formation stages of the film could easily overwhelm lattice
strain contributions to the total free energy of the film [16]. An added consideration
is that the Fermi wavelength Af is nearly commensurate with the interatomic layer
spacing d along the (111) direction, which amplifies the role of quantum size effects
and Friedel oscillations on the growth mode of the Pb films.

Studies of the quantum size effect (QSE) in thin films date back to the 1970s.
Jaklevic and Lambe first observed the QSE by means of tunneling experiments in
metal-oxide—metal junctions [17]. Schulte carried out self-consistent studies of thin
films and showed that the work function oscillates with the thickness of the films
[18]. Such oscillations were also confirmed beyond the jellium model by Feibelman
[19], who also found oscillations in the surface energy.

In the 1990s, researchers found that atomically smooth metal films on semicon-
ductors are sometimes formed at low temperatures, under growth conditions that
seem to be far away from thermodynamic equilibrium [3]. However, because the
adatom diffusion still appears to be significant in this growth regime, thermody-
namic considerations can still be applied at least locally. This novel growth mode is
qualitatively different from the three well-established classical growth modes [20]
and appears to be related to quantum size effects that provide a non-trivial thickness-
dependent contribution to the free energy of the film, one that easily overwhelms the
strain contributions due to lattice mismatch. This has led to the surprising observa-
tion that smooth film growth in the quantum regime is possible only above a cer-
tain critical thickness [8, 21, 22]. Qualitatively, this newly defined critical thickness
is just the inverse of the transition at the critical thickness defined in the classic
Stranski—Krastanov (SK) growth mode [23].

The first striking example of the quantum growth mode of Ag on GaAs was
revealed in a two-step process [3], deposition at low temperature and subsequent
annealing to room temperature. At very low temperature, since the mobility is very
low, only tiny grains or “nanoclusters” are formed as opposed to smooth films or
large 3D clusters. Upon heating the sample to room temperature, the atoms acquired
sufficient mobility to self-organize into an atomically smooth film with a thickness
of six monolayers (ML). If the nominal deposition amount is slightly less, then the
film contains large holes exposing the bare GaAs substrate. Evidently, the “under-
dosed” Ag film phase separates into a 6 ML thick Ag film and holes exposing the
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bare substrate. This indicates that the atomically flat 6 ML thick Ag film constitutes
a particularly stable morphology.

Similar behavior has been observed in both Ag and Pb films grown on Si(111)
at low temperature [7, 8]. Scanning tunneling microscopy (STM) and spot profile
analysis low energy electron diffraction measurements of Pb/Si(111) revealed the
presence of large islands with flat-tops, steep edges, and strongly preferred heights
[24, 25]. Budde et al. have observed that Pb islands of seven monolayers are pre-
ferred to form on the Si(111)—(7x7) substrate at low temperatures with low energy
electron diffraction (LEED) [21]. Su et al. [24] confirmed this observation with
STM. The existence of competing 4 or 5, 7 and 9 ML island heights was summarized
in a “kinetic phase diagram” for nominal coverages up to 10 ML and temperatures
between 120 and 250 K [25]. Hong et al. [22] studied the same system using real-
time in situ X-ray diffraction, and their results show that the growth switches to
a layer-by-layer mode for films of over five monolayers. Ozer et al. performed a
comprehensive STM study of Pb films on three different semiconducting substrates,
Si(111)-7x7, Si(111)- /3 x v/3R30° — a, and Ge(111)— v/3 x /3 — «. It is found
that Pb films have the same re-entrant bilayer-by-bilayer growth mode on these three
different substrates.

Remarkably, the quantum stability of the meal films, derived from single or
nearly free electron pictures, also influences a wide variety of physical and chemical
properties. In this chapter, we will first discuss the role of the quantum size effect in
the stability of thin metallic films from both the free electron model and the density
functional theory perspectives, and we will highlight some of the key experimental
observations for mostly Pb and Mg. The second part of this review will be devoted
to the structural, physical, and chemical properties of the films, specifically lattice
relaxations and work functions, superconductivity, and surface chemical reactivity.
We refer to the chapter by Tringides and Altman in this volume [pp. XX-XX] with
regard to QSE on growth kinetics, particularly the various atomistic rates on differ-
ent metal films and flat-top nanoislands. We also refer to a somewhat related recent
review from our collaborative team [26], which emphasized more on the experimen-
tal aspects of the subjects.

4.2 The Quantum Size Effect

4.2.1 Quantum Size Effect and Electronic Growth

When a metal film becomes very thin, there will be three central ingredients that
can influence the stability of the film on the supporting substrate, namely quantum
comfinement, charge spilling, and interface-induced Friedel oscillations [4]. Elec-
tronic confinement within the metal overlayer can mediate an effective repulsive
force between the interface and the surface. Electron transfer from the overlayer
to the substrate leads to an attactive force between the two interfaces, acting to
distabilize the overlayer [16]. Interface or surface-induced Friedel oscillations in
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electron density can further impose an oscillatory modulation onto the two previous
interactions.

Generally, for most metals, the Fermi wavelength is comparable to the lattice
spacing in a given direction. This means that if a metal film is only several atomic
layers thick, the motion of the nearly free electrons perpendicular to the film will
resemble that of the famous “particle-in-a-box” in introductory quantum mechanics.
When the “free” electrons are squeezed into a box with hard wall barriers (referring
to one dimension for simplicity), the momentum wave vector should become quan-
tized such that an integer multiple of half-wavelengths can fit inside the box. In a
very thin film the wave function of an itinerant electron is expected to obey the same
quantization condition along the film normal, the total phase difference accumulated
by the reflections must be a number of 27 according to the Sommerfeld—Bohr quan-
tization rule:

2k, d + &1 + &y =2nn 4.1)

here k, is the allowed wave vector component normal to the surface, n takes on
integer values, d is the thickness of the films, and ®; and ®; are the phase terms that
account for wavefunction leakage beyond the potential steps at the film boundaries,
for the vacuum films on both sides, the ®; and ®, are taken to be 7r. Furthermore we
have k, = nm/d or, equivalently, d = ni /2, where n is a non-zero, positive integer.
The parallel momentum states, however, are still represented by two-dimensional

(2D) Bloch waves with a free electron-like dispersion, E (Eo) = thg /2 m*, where

m* is the effective mass. In turn, the discretization of the electronic energy band can
lead to an oscillatory dependence of the film’s total energy on its thickness, instead
of the linear dependence on thickness for very thick films. This oscillatory behavior
implies that a thin film of certain layers may be energetically favored over other
layers, opening a window of opportunity that an atomically flat film will form upon
annealing [4, 16, 27] (see Figs. 4.1 and 4.2).

A more accurate analysis of quantum size effect physics requires first-principles
electronic structure calculations as a function of the film thickness. Such first-

kx)//

Fig. 4.1 Energy subbands of a metallic thin film
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Fig. 4.2 Sketch of confinement of electrons in ultrathin metallic films

principles calculations confirm the qualitative predictions from the nearly free elec-
tron model. The thickness-dependent surface energy and work function also follow
from such calculations and exhibit damped oscillations as a function of the film
thickness, with periods depending on the specific systems.

4.2.2 Surface Energy and the Stability of Films

We first discuss the criterion of stablity, that is, how to use the total energies to
determine the stability of a metallic film or the possible outcome of an annealing
experiment. As a given amount of a certain material is deposited on a substrate,
many different morphologies may result. The case of continuous film is illustrated
in Fig. 4.3. During annealing at certain temperatures, the film will likely change its
morphology. The system always tends to seek a morphology of lower energy when
it is allowed by growth kinetics. The configuration that is a local minimum in the
system energy is relatively stable and will likely be the outcome of annealing.

The total energy E((L) of a thin metallic film can be obtained, within the free
electron model, by summing over the single particle energies E, (ko, L) below the

4 ™

Fig. 4.3 Morphological evolution of continuous thin films. The fop is a rough film before anneal-
ing; after annealing, the film may become atomically flat (bottom left) or develop into a film with
two different heights (bottom right). In these cases, the contact area between the film and the
substrate is conserved during the morphological evolution [27]
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Fermi level E{(L) of the film [27]. Here, n represents the subband index and L is
the film thickness in monolayers (d = Ldy, dop being the interlayer spacing). This
total energy determines the thermodynamic stability of the film at low temperatures.
One usually subtracts the bulk energy to obtain the surface energy Eg (L) per unit
area. A thin film of L monolayers is (meta) stable if the electronic compressibil-
ity 3Es/dL*> > 0. Under this condition, small-scale roughness in the film will
be suppressed, provided that the atom mobility is high enough. A film is unstable
if 32E,/dL? < 0, in which case the system can achieve a lower energy state by
developing a mixed phase of different film thicknesses. A critical thickness L. can
be defined if the film is stable for L > L. and unstable for L < L or the other way
around. A magic thickness Ly, can be defined if E5(L) has a downward cusp at Ly,
meaning that the film is unstable on both sides of Ly, [4].

For discrete layer thicknesses, this criterion is sometimes recast as a criterion for
the discrete “second difference” of Eg(L):

d®Eg(L) = Eq(L + 1) + Eg(L — 1) — 2E4(L) 4.2)

which should also be positive for a stable film of thickness Ldg. This criterion should
be viewed as a criterion for the local stability of the film. It does not rule out phase
separation into film regions with a thickness of L &+ 2. Global stability of a closed
film morphology requires that Eg(L) is convex (or 3°Es/dL> > 0) over a wide
coverage range. This is indeed the case for the nearly free electron model if one
ignores the small quantum oscillations arising from the band discretization. These
small quantum oscillations could make the function Es(L) locally convex, which in
turn should lead to phase separation into preferred thicknesses, a phenomenon that
is sometimes referred to as “quantum phase separation” [22].

4.3 Understanding the QSE Within Nearly Free Electron Models

4.3.1 Nearly Free Electron Model

To illustrate the basic physics of how quantum size effects can affect the growth
and stability of a metal film, we focus on the total electronic energy as a function
of layer thickness starting with non-interacting electrons that are vertically confined
by a square well potential, this is the so-called nearly free electron model. In this
model, a metal film can be described with a free electron gas confined to an infinte
quantum well. In general, the total energy E; of a freestanding metallic thin film
with thickness d determines the thermodynamic stablity. It can be shown that [27]

E = 2nh2 Z (EF ) (4.3)

And the surface energy Ej is
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K2EFR 3 Ei —E2  4dkp
£ __—_— (4.4)

Es(d) =

n<N

where Ef, Ef, and kp are the Fermi level, Fermi energy, and Fermi wave number,
respectively. S is the surface area of the films.

According to (4.3) and (4.4), one noticeable result for such a nearly free electron
model is that the Fermi energy of a free electron slab is pushed to higher energy
as the film thickness decreases, which is due to the increase of the kinetic energy
(Fig. 4.4a and b) [4, 27-29]. In addition, the film’s Fermi energy oscillates as a
function of thickness, as marked by a series of cusps that are separated by a thick-
ness interval of Ar/2. This is related to the fact that the level spacing decreases with
increasing thickness. As the film thickness increases, the Fermi energy exhibits a
cusp when an empty subband begins to shift through the Fermi level. At the Fermi
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Fig. 4.4 (a) Number of subbands below the Fermi energy. (b) Fermi energy Ef and (c) surface
energy per electron Ea as a function of a metallic thin film. The interfaces are modeled as infinite
energy barriers, showing the increase of the Fermi energy at low film thicknesses as well as the
superimposed oscillations with a period of Ar/2. The film thickness is labeled by the dimensionless
number k = dkgr/m. Reproduced from [27]. Insets show the enlarged portions of Ef and E,. The
dashed lines indicate the correspondence between the emergence of a new subband and a cusp
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level, the general quantization condition d = ni /2 becomes d = nig/2 and, conse-
quently, the cusps in Ep(d) are separated by a thickness Ap/2. Because of the Ap/2
oscillations of the Fermi level, the cohesive energy of the slab oscillates as well.

To be specific, the five different metallic films which represent three different
types of stability, with their second differences are shown in Fig. 4.5, revealing that
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Fig. 4.5 Surface energy and discrete second differences: (a) The infinite potential well captures the
qualitative differences in the local stability of Ag(111), Na(110), Be(0001), Al(111), and Pb(111)
films. (b) Freestanding Na(110) films exhibit a dramatic reduction of the kinetic energy when
using finite energy barriers (black squares) as opposed to infinite barriers (open squares). The
kinetic energy lowering is due to charge spilling and is especially profound at small thicknesses.
Reproduced from [27]
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the films are very different from each other. The alkali metal Na(110) and transition
metal Ag(111) films are the first type of stability, their surface energy become bulk-
like very quickly: beyond five monolayers (L > 5), their d* Ej is already very small.
Another type is alkaline earth metal films, such as Mg(0001) and Be(0001) films;
the surface energy of Be(0001) films decays into bulk slower; despite the apparent
oscillations, Be(0001) films of different monolayers are stable since its second dif-
ference d? E; is almost always positive. Even its second difference d* E becomes
negative at a few thicknesses, its absolute value is very small and does not indicate a
strong instability. This implies that, according to the computation, it is very hard to
grow atomically flat Be(0001) of any thickness in experiments. However, Al(111)
and Pb(111) films are very different from the above two types of films. First, their
second difference d? Ej decays even slower. Second, their d? E, oscillates around
zero with d? E, possibly being negative. For example, Al(111) films have negative
d2ES at L = 5, 10, 13, and 16 monolayers, which means that Al(111) films are
unstable at these thickness. In other words, unlike Be(0001), the oscillations here in
d? E imply oscillations in the film stability for Al(111) and Pb(111) films. Besides
the apparent similarity, AI(111) and Pb(111) films have different oscillation pat-
terns in the film stability. The stability of Pb(111) films oscillates in an even—odd
fashion interrupted by crossovers. This is exactly the oscillation pattern observed
in the stability of Pb(111) film in [15], although there exists difference in which
layers are stable due to the substrate effects in the experimental studies. Consider-
ing how crude the present model is, the agreement is quite amazing. Moreover, the
amplitude of the oscillations in d> E; matches well with the ab initio calculations
in. [10, 15, 30, 33] and, more importantly, in thin film growth experiments [8, 31].
The oscillation pattern in film stability is determined by the ratio between the Fermi
wavelength A and the layer spacing dy as we will discuss in the following sections.
For Pb(111) films, we have Ap/2 : dy = 1 : 1.44 =~ 2 : 3; for Al(111) films, we
have Ap/2:dp=1:13~3:4.

The model can be improved by changing the infinite potential barriers with finite
barriers, taking into account the lattice potential, allowing the electron wave func-
tion to spill into the vacuum and substrate regions [27, 30]. Figure 4.6 presents the
Fermi energy of a Pb(111) film as a function of thickness with different boundaries.
In the infinite well model, when the thickness of the films is exactly equal to Ndj,
Er(d) rises drastically as the film thickness decreases to compensate for the areas
of electron depletion near the film boundaries. However, with a finite well, as the
energy barrier decreases, the less confinement felt by the free electrons and the
electrons can spill out of the film more easily, so such compensation is unnecessary.
Therefore, the Fermi energies Er of the film decrease accordingly to its bulk value.
At the same time, the slopes of the energies decreasing with thickness become less
steep as finite well decreases. This makes the oscillations in Fermi energy Ef to
appear more pronounced. On the other hand, in the infinite well but allowing the
electron density to allow to spill out the classical film boundaries, the result is very
similar to the case of finite well. In addition, as indicated by the dashed line in
Fig. 4.6, the barrier height of the well shifts the cusp positions, which is known as
phase shift [32].
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Fig. 4.6 The Fermi energy of Pb(111) films as a function of the thickness, normalized to its bulk
free electron value. Reproduced from [29]

4.3.2 Beyond the Nearly Free Electron Model

The next step is to include exchange and correlation effects within the density func-
tional theory (DFT) formalism. From Schulte’s calculations [18] it is evident that
the main feature, such as the Ar/2 oscillation of the Fermi level remains preserved
in DFT. However, in these calculations the oscillation of the Fermi energy is caused
primarily by a corresponding variation in the effective potential, whereas the vari-
ation in the kinetic energy with thickness is very small. This has implications for
the interpretation of the calculated work function oscillations. The latter are caused
primarily by the oscillations in the surface dipole as a function of the layer thickness,
not by periodic variations of the Fermi energy.

The effective potential in DFT is computed self-consistently and contains the
electrostatic potential and the local exchange-correlation potential. Interestingly,
the electrostatic potential in the jellium calculations reveals significant oscillations
or Friedel oscillations in the electron density, due to the presence of two surfaces.
The oscillations in the electrostatic potential are partially offset by corresponding
oscillations in the exchange correlation potential so that the oscillations in the effec-
tive potential are weaker than those of the electrostatic potential. As we will show,
however, Friedel oscillations can still play a decisive role in the thin film stability.

It should be noted that the properties (e.g., work function, potentials, total energy)
of a jellium slab are derived from universal curves that only scale with the electron
density or value of rg. To assess the predictive capability for real materials, the
universal curves must be sampled with the discrete atomic-layer spacing of each
material. It is not a priori obvious whether the Ap/2 quantum oscillations can be
observed experimentally. For instance, if the atomic layer spacing dy was perfectly
commensurate with Ag/2, then there would be no oscillations at all.

Nowadays it is possible to go beyond jellium calculations and extract the prop-
erties from advanced DFT calculations that include the fully relaxed atomic coordi-
nates [6, 9]. The predictive capabilities of these calculations are amazingly accurate.
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However, this benefit of accuracy does not necessarily imply a higher level of trans-
parency of the underlying physical principles. Simple model calculations remain
invaluable in assessing the basic principles of thermodynamic stability in the thin
film quantum regime.

Finally, it has been shown that the oscillations become more profound if one
reduces the confinement by lowering the potential barriers at both interfaces
[4, 5, 27]. As expected, the effects of charge spilling are most profound in the
thinnest films, say less than 5 ML. This effect is likely to be very important for thin
metal films on semiconductors where the confinement at the interface arises from
the Schottky barrier height. The latter is usually much smaller than the potential
barrier on the vacuum side (i.e., work function) and, hence, the stability criterion
for a freestanding metal slab and that of a metal on a semiconductor could be
qualitatively different. Indeed, whereas the quantum mechanically confined electron
motion produces an energy contribution that helps to stabilize the film against rough-
ening, charge spilling results in a contribution that potentially destabilizes the metal
film. The latter contribution is roughly estimated from the charge transfer across the
metal/semiconductor interface, which also increases with increased confinement.
The balance between these two energy contributions defines the new critical thick-
ness below which smooth film growth should be impossible [4, 27]. The argument
can only be qualitative, however, because it lacks self-consistency.

4.4 Quantum Size Effects in Pb(111) Films

4.4.1 Re-entrant Bilayer-by-Bilayer Growth Behaviors of Pb Films:
Experimental Results

When ultrathin Pb films grow on a semiconductor or metal substrate, such as
Si(111), Ge(111), and Cu(111), the quantum size effect prevails over the strain
effect, despite the large lattice mismatch that always exists. Experimentally, the
bilayer oscillations were first identified with helium atom scattering (HAS) [33] and
had been correctly attributed to the bilayer-by-bilayer growth of Pb(111) although
later an alternative explanation was offered by the same group in which the bilayer
oscillations in HAS were attributed to bilayer oscillations in the charge spilling dur-
ing layer-by-layer growth [34].

Comprehensive and comparative STM studies of Pb growth on three different
types of Ge(111) and Si(111) substrates, namely Si(111) v/3 x /3, Si(111) 7 x 7,
and Ge(111) V3 x /3, respectively, have been carried out [8]. The results show
that quantum growth can be exploited to produce atomically smooth Pb films over
mesoscopic length scales on all three substrates. The minimum coverage for smooth
film growth or critical thickness fc = 5ML. In the smooth growth regime, there
exists an intriguing re-entrant bilayer-by-bilayer (RBBB)_mode, characterized by
strong preference of bilayer growth with periodic interruption of monolayer or tri-
layer growth.
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Figure 4.7a shows a 500 x 500 nm STM image of a Pb film on Si(111) substrate.
Flat-topped islands rising 4 or 5 ML above the wetting layer can be seen; no other
island heights have been observed. In this coverage range, Pb islands never merge
to form a continuous film. Figure 4.7b shows a 500 x 500 nm image of an almost
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Fig. 4.7 STM images of Pb on (a—f) Si(111) v/3 x +/3-R30°-Pb, (g) Ge(111)-+/3 x +/3-R30°-
Pb, and (h) Si(111)-7 x 7. Layer thicknesses are indicated in each panel and are measured with
respect to the wetting layer. The table summarizes the observed thicknesses for each interface with
even—odd crossovers indicated in bold italics. Image sizes and postannealing temperatures are also
indicated in a—h. From [8]
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continuous 7ML Pb film with 2 ML deep voids. It is clear that in this coverage
regime, the 5 ML film is atomically flat and continuous on a mesoscopic length scale
while the larger part of the 5 ML surface is covered with an additional bilayer of Pb,
making the total film thickness to be 7 ML. The 5 and 7 ML terraces neither possess
single monolayer steps nor single monolayer voids, thus confirming the onset of
perfect bilayer growth on top of the closed 5 ML film. Figure 4.7c reveals 2 ML high
islands on the 7 ML films. Again, the absence of voids or monolayer high islands on
the 7 ML film shows that the growth proceeds in a perfect bilayer-by-bilayer mode.
Bilayer growth continues until the coverage reaches 13 ML. Figure 4.1d shows a
13 ML high film with monatomic layer high islands (14 ML) residing on top and tiny
amounts of 16 ML high islands. After this intermission, near-perfect bilayer growth
resumes at 14 ML, ending at 22 ML. Figure 4.7e shows the bilayer height steps on
a 16 ML film. Figure 4.7f shows 3 ML high steps on top of a 22 ML high film,
indicating a trilayer intermission. In all, Pb grows in a perfect bilayer-by-bilayer
mode from 5 to 13 ML and from 14 to 22 ML. The stable thicknesses are 5, 7,
9, 11, 13*14, 16, 18, 20, 22*25 ML. This layer count excluded the wetting layer.
The odd-numbered layers are favored between 5 and 13 ML while even-numbered
layers are favored between 14 and 22 ML, which averages to a beating wavelength
Abeat = 9 ML. As we will discuss below, this RBBB growth mode is a manifestation
of the QSE, and the even—odd crossover phenomenon is the result of a beating of
the interlayer spacing do = 2.86 A and the Fermi wavelength.

For the Ge(111) substrate, Figure 4.7g shows a smooth 5ML film of Pb on
Ge(111) with 5 ML deep voids. Upon subsequent deposition, the voids close before
bilayer growth commences. The even—odd crossovers also occur at the same loca-
tion as for Si(111), indicating that the smaller band gap for electron confinement on
Ge does not alter the bilayer growth and stability crossovers of the films.

In Pb(111) thin films, the Ap/2 oscillations interfere with the periodicity of the
atomic layer spacing along the growth direction so that the (possible) oscillation
pattern in the thin film stability is determined by the relation between Ar and atomic
layer spacing dy [8, 9]. Pb(111) films are particularly interesting in this regard
because each bilayer increment of the film thickness accommodates three additional
antinodes of the Fermi wavefunction or 3Ar/2 ~ 2 ML. This accidental near com-
mensurability causes quasi-bilayer oscillations in the thin film stability.

Besides the Pb growth on Si substrate, Pb growth on Cu(111) substrates has also
been studied [35]. Three-dimensional islands of various heights were grown on the
Cu surface at the temperature of 300 K and above. The heights of 6, 8, 10—11, and
15 ML were found, but not of 5, 9, 12, or 16 ML.

4.4.2 First-Principles Calculations

In ab initio calculations, the surface energy of a Pb film is computed using the fol-
lowing formula:

_ 1 tot _
Es = 2[Eﬁ1m(n) n Epuik] 4.5)
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Egﬁn(n) is the total energy of the film with n layers and Ey,x is the total energy
per layer of the bulk. As a result, these total energies should increase linearly with
the film thickness modulated by some small fluctuations. By fitting the data with
a linear function and subtracting the linear part from the total energies, the desired
surface energies E can be obtained.

Shown in Fig. 4.8 are the surface energies of freestanding Pb films and their
discrete second derivatives. The surface energy oscillates mostly with film thickness
in a bilayer fashion. However, this bilayer pattern is interrupted at least twice by
crossovers at films of 8 layers and 17 layers, as seen in Fig. 4.8. The separation
between the neighboring crossovers is nine monolayers. Clearly, the oscillation with
film thickness persists for films as thick as 26 monolayers. From Fig. 4.8b, the films
of4,6,9, 11, 13, 15, 18, 20, and 22 layers are stable. These results agree well with
experimental investigations [8].
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Fig. 4.8 (a) Surface energies of freestanding Pb films. (b) The discrete second derivative of surface
energy of freestanding Pb films
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For Pb films on the Ge(111) substrate, there is a 11% mismatch between the
lattice constants (Ge, 5.76 A; Pb, 5.04 A). This large mismatch makes it impossible
to carry out directly first-principles calculations for the Pb(111) and Ge(111) inter-
faces. A technical trick to overcome this obstacle is to rotate the substrate by 30° and
place a 2x2 Pb unit cell on a bulk truncated Ge(111)- (\/3 X \/§R30°) surface. Such
a method enables to accommodate the lattice mismatch between Ge and Pb and the
substrate remains semiconducting. Another way adopted is to artificially compress
the substrate to match the lattice constants, such as for Si(111) substrate in [35].
But in this approach, the substrate may become metallic and change its conducting
nature, which is not desirable.

The surface energies of Pb films on the Ge(111) substrate and their discrete sec-
ond derivatives are plotted in Fig. 4.9. Similar to the freestanding films, there are
bilayer oscillations interrupted by crossovers. The separation between the crossovers
is about nine monolayers but the crossovers are located at 5 monolayers, 13 mono-
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Fig. 4.9 (a) Surface energies of Pb(111) films on a Ge(111) substrate. (b) The second derivative
of surface energy of Pb(111) films on a Ge(111) substrate
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layers, and 23 monolayers, which are different from the freestanding case. From
Fig. 4.9b it can be inferred that the films are stable at 3, 6, 8, 10, 12, 15, 17, 19, and
21 layers. This agrees almost perfectly with a recent experiment of Pb film growth
on the Ge(111) substrate [8]. This indicates that our first-principles calculations have
captured the essential physics.

4.4.3 Band Structure and Beating Phenomena of Pb(111) Films

To understand the magic stability of the Pb films, including the unique growth
behaviors discussed above, the band structure of Pb films with different thickness is
shown in Fig. 4.10. For s—p metals, the QWS is often described by (4.1). For a film
with a thickness of N monolayer and interlayer spacing d (4.1) becomes

2kNd + 2¢s = 2nm (4.6)

Using (4.6), one can calculate the periodicity for the QW states crossing the
Fermi level, AN = kFLd, where kp is the Fermi wave vector. We use the value of

k; = 1.596A, which was obtained from the de Hass—van Alphen measurement
[36, 37]. Since the energy band comes from band folding from the second Brillouin
zone, we have kg = 2kpz — kg = 0.61 A~'and AN = 1.8 ML, indicating the QWS
crossing the Fermi level for every incremental increase in the film thickness of about
1.8 layers, which is consistent with the experimental finding of bilayer stability.

There exists a small difference between the 2kg and the kgyz, and this difference
will accumulate as the film grows thicker, leading to the “beating effect.” The beat-
ing period of the crossovers is then given by
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Fig. 4.10 Quantum well state energies as a function of Pb(111) layer thickness calculated at I"
using the local density approximation to density functional theory. The bulk energy dispersion is
also shown. The horizontal dashed line indicates the Fermi level. Reproduced from [6]
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The salient features of the re-entrant bilayer-by-bilayer mode are attributed to the
quantum nature of the film stability, as confirmed quantitatively in DFT calculations
disscussed above.

4.4.4 Transition from Smooth Film to Island Regime

The island morphologies can never be formulated as a unique, reversible, and path-
independent function of deposition temperature, annealing temperature, and depo-
sition amount, even though 2D flat-top objects do form at low deposition temper-
atures because of size quantization effects. The contact area between the islands
and the substrate changes upon annealing whereas for a continuous film, the con-
tact area remains preserved during the morphological evolution. Reduction of the
surface energy upon creating taller islands should ultimately lead to 3D clusters in
thermodynamic equilibrium [38]. Hence, the stability arguments presented for the
case of a closed 2D morphology cannot be used here. At low temperatures, on the
other hand, one can think of a local equilibrium concept where a number of nearby
local energy minima may be accessible within the “attempt range” of the system.
From this perspective, the gradual evolution of taller islands can be thought of as
successive jumps over multiple energy barriers, each time reaching a lower point in
the global energy landscape.

The demarcation between the low temperature quantum growth region and the
high temperature thermodynamic limit is a delicate one. For the quantum regime,
the local stability concept is better suited whereas at high temperature the global
energy landscape must be used [21]. It is well known that deposition of Pb(111) at
150-220 K produces flat-top islands with fairly uniform heights [25]. The selected
height can be tuned by changing the deposition or post-annealing temperature: the
lower the temperature, the lower the average island height. The first selected height
turns out to be 5 ML, then comes the 7 and 9 ML islands at elevated temperatures.
Once the 5 (or 7 or 9 ML) high islands cover the whole surface, the growth continues
in layer-by-layer or bilayer-by-bilayer fashion depending on the temperature [8].
This new growth mode, i.e., the initial formation of flat-top islands followed by 2D
layer growth, has been explained in terms of quantum phase separation [22].

The roughening of initially flat continuous films (grown at very low tempera-
ture) upon warming is closely connected to this quantum phase separation: films
deposited at 110-150 K exhibit some surface roughness because of the limited sur-
face diffusion at low temperature. As the temperature is raised, the film first becomes
smooth and then upon further annealing it will develop deep holes that go all the
way down to the interfacial wetting layer (see Fig. 4.11). The ejected material from
these holes accumulates around the holes, thus creating local areas of higher film
thicknesses. Figure 4.11 shows the evolution of an initially 6.5 ML thick Pb deposit
(wetting layer +5.5 ML) on a Si(111) 7x7 substrate, as seen with STM. Snapshots
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Fig. 4.11 500 x 500 nm? images showing the evolution of a predominantly 7 ML film into a 9 ML
film upon thermal annealing. The nominal coverage is fixed. The initial deposition of 6.5 ML was
done at 150 K. Both images show a substrate terrace passing through middle of the frames. (a)
Image recorded at 225 K during the evolution. The 7 and 9 ML tall areas are indicated. Very few
5 ML speckles can be seen. (b) At 250K, all the holes are 9 ML deep; the 5 and 7 ML tall areas no
longer exist

were taken as the film thickness evolves from 7 to 9 ML. These thicknesses are
measured from the wetting layer. While the 7 ML thick film evolves into a 9 ML
thick film at 225 K, see Fig. 4.11a, the 9 ML film is still stable at 250 K (Fig. 4.11b).
Also, it is known that the 5 ML film is significantly unstable compared to the 7 ML
film on Si(111) 7x7 in close resemblance to reference [21]. In Fig. 4.11a, only a
few small 5 ML thick speckles are left whereas they have totally disappeared in
Fig. 4.11b. Although the films shown in these images are not closed, the enormous
lateral size of the connected pieces validates the use of thin film stability arguments.
The general trend is that thinner films break up at lower temperature as compared to
the thicker films.

The above picture emphasizes once more the irreversible approach toward ther-
modynamic equilibrium, starting from quantum growth regime. This transition is a
very complex issue and at this point we can only speculate as to how this might
happen, as we will do in the following paragraphs. In this context, one report par-
ticularly caught our attention [39]: the authors of this study deposited 11 ML Pb
onto the Si(111) (v/3 x +/3)R30° — Pb surface (which can be viewed as a bulk
truncated Si(111) surface terminated with 1/3 ML of Pb) at 110 K and monitored the
film morphology with X-ray diffraction as they increased the sample temperature.
The authors reported that at some particular temperature (280 K) the film reaches a
particular local equilibrium at which the discrete second derivative of the thickness
distribution, obtained from the X-ray data, correlates with the thickness-dependent
surface energy. Figure 4.12 is replicated from this work and shows the fractional
surface area covered with N monolayers. Based on the above discussion, the pres-
ence of a thickness less than 11 ML should not be expected, nonetheless their weight
in the spectrum is significant. However, the statistical analysis given in this work,
which correlates the height distribution to the surface energy, may be questionable
because the authors used a local equilibrium (low temperature) argument at high
temperature where mass transport takes place over several hundreds of nanometers.
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Fig. 4.12 Evolution of the Pb thickness distribution as a function of annealing temperature. Ini-
tial low temperature deposition of 11 ML Pb produces a narrow width distribution. The thickness
distribution broadens at elevated temperatures [39]

Instead, it can be argued that one should consider the global energy landscape which
includes the surface free energy of the island facets and that of the exposed wetting
layer. Thus, one probably cannot expect to find a particular temperature where the
calculated surface energy and experimental thickness distribution correlate over a
nearly 30 ML wide thickness window. The explicit assumption that each particular
film thickness is in local equilibrium with its neighboring thicknesses N 4 1 may
not be valid. This would imply that, e.g., 5-6-7 ML and 19-20-21 ML thick areas
maintain their local equilibrium at the same temperature. However, the STM data
indicate that once the tall 19-20-21 ML mesas come into being, the 5-6-7 ML thick
areas are no longer in local equilibrium and do not exist. Instead, the statistical
analysis should have indicated a trend toward 3D cluster formation.

4.5 Role of Friedel Oscillations in Thin Film Stability

So far QSE-related oscillations in film stability are reasonably well understood,
some quantitatively, some still at a qualitative level. One particular question is why
QSEs are so robust in Pb(111) films, affecting a thickness range more than 20 ML
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in both experiments and first-principles calculations. Also, why is it not that robust
in other crystal orientations of Pb, in Cu and Al films?

Vacuum and substrate interfaces at the thin film boundaries introduce steep dis-
continuity of the positive background charge. The collective screening response
of the electron gas against this sharp discontinuity creates the well-known Friedel
oscillations [18]. Nearly free electron calculations considered before have been car-
ried out against a constant background and completely ignore the presence of the
Friedel oscillations [27]. The wavelength of these oscillations is Ar/2, which is
incidentally the same key parameter in the free electron QSE. So, it is far from
obvious how to extract the role of the Friedel oscillations in QSE .

To be more specific, according to free electron calculations, QSE should be
washed out beyond 10-15 ML [27]. On the other hand, both experiments and first-
principles calculations suggest that stability oscillations of the Pb(111) films last up
to 25 ML or more [8]. The reason for this robustness of the apparent quantum size
effect has remained a mystery for a very long time.

Conventionally Friedel oscillations decay according to 1/z%, where z is the depth
measured from the interface. Recent DFT calculations [40] confirm this behavior
for freestanding films of Pb(110), Pb(100), and Al(111). Pb(111) films, however,
exhibit an unusual 1/z decay law. This guarantees the persistence of the Ap/2 charge
corrugation up to 25 ML or more. We also note that there are two sets of Friedel
oscillations emanating from the two interfaces of the film. Direct evidence for the
role of Friedel oscillations (at the DFT level) comes from the extraordinarily large
lattice relaxation at the center of the film [40].

The 1/z decay law is expected only for quasi-1D electron systems, or equiva-
lently flat Fermi surface segments. Indeed, recent DFT calculations show convinc-
ingly such Fermi surface nesting features along the Pb[111] direction [35, 40, 41],
an intriguing property which merits further exploration.

4.6 Structural, Electronic, Physical, and Chemical Properties
of Quantum Films

Thorough study of QSE is essential in understanding the various physical and chem-
ical properties of thin metal films of few atomic layers thick and other nanostructures
of comparable size. Furthermore, this detailed understanding makes it possible to
use the QSE as a tuning knob to adjust some of the physical and chemical prop-
erties of quantum systems. In the rest of this work, we will give a brief overview
of the QSE on lattice relaxations, work functions, superconductivity, and chemical
reactivity. We will also briefly describe how such properties can be tunned via metal
alloying in the quantum regime.

4.6.1 Lattice Relaxation

Abrupt termination of the crysal at the vacuum interface causes the well-known
Friedel oscillations of the electronic charge density with the period of Agr/2 or,
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equivalently, 2kp, perpendicular to the film [20]. That means, the charge density
close to the surface does not share the same periodicty with the crystal along the
direction normal to the film. Hence, one would expect the ion cores at the top few
layers to be displaced slightly with respect to bulk equilibrium positions [22, 42, 43].
This behavior is observed as bilayer oscillations in the atomic layer spacing dj, and
dr3 in Pb(111) films via LEED-IV (intensity versus electron energy) studies [42].
There it was shown that for a few selected Pb thicknesses the first layer spacing
diy (as counted from the surface) is contracted compared to its bulk value (di2 is
negative) while the second layer spacing dp3 is slightly expanded. Actually, these
results are very similar to the relaxation of the top few layers of bulk Pb as expected
from Friedel oscillations [43, 44]. On the other hand, QSE might add a thickness-
dependent variation in the layer spacing to this picture due to confinement. This
effect, however, turns out to be quite small and cannot be detected by LEED method
due to limited probing depth.

Much larger relaxations have been reported based on HAS [34, 45, 46] and STM
[24] measurements, with values up to —30% for dj; and +15% for d»3 around the
bulk equilibrium spacing [45]. Due to the nature of these techniques, however, the
observed relaxations should be attributed to the strong electronic charge density
variations around the vacuum boundary of the quantum well instead of the actual
ion core displacemets.

Floreano et al. [46] have measured the atomic layer relaxations inside thin films
with X-ray diffraction and X-ray reflectivity methods and concluded that the out-
ermost layer d»> exhibits much smaller oscillations (about 5%) compared to those
given by HAS measurements. Large number of parameters used in the fitting of
their rod scans introduce limited confidence on the results. Czoschke et al. [42]
have reduced the number of the parameters employing a theroretical model. They
have calculated the derivative of the charge density dp/dz inside the film using free
electron model. Assuming the lattice displacements should be proportional to this
gradient, they have obtained a displacement pattern to which the X-ray reflectivity
data is to be fitted. The result obtained in this fashion for a 10 ML Pb film on Si(111)
V3 x ~/3R30° —Pb gave a dyp contraction of 9% (a 5% contraction was found for a
9ML film (Chiang, Private Communication)). So, this model ends up with smaller
relaxations compared to HAS and STM measurements, although 9% relaxation is
still quite large. Although this model is physically intuitive and seemingly relevant,
it is probably too simplistic. Not only the charge density in the film is model depen-
dent but also the linear response of the ion cores to the charge density gradient is
presumably not valid for the large relaxations obtained.

DFT calculations of ultrathin Pb(111) slabs on a variety of substrates confirmed
the oscillatory nature of the interlayer spacing due to the 2kr modulation of the
charge density propagating into the bulk, as well as the superimposed oscillations as
a function of thickness [9]. Figure 4.13 shows the interlayer relaxations Adj, and
Ady3 as a function of the Pb film thickness on a Ge(111) substrate [9]. The interlayer
relaxation in a film of N monolayer is defined as Ady, m+1 = d”"%o'*do x 100
(dm,m+1 1s the interlayer spacing between the m and the m+-1 layers). The by now
familiar oscillation pattern including the even—odd crossovers is clearly reproduced.
DFT results show that the first interlayer spacing dj; is contracted by about 5.5%
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Fig. 4.13 Interlayer spacings Adj; and Ady3 of Pb(111) films on Ge(111) substrate relative to
bulk spacing. Reproduced from [9]

relative to the bulk value of the lattice constant while the second interlayer spacing
d»3 is expanded by about 1.5%. These results are in good agreement with the LEED
measurements [47]. Note that the crossover positions of Adjs and Adj3 are not the
same as that of surface energy. Interestingly, the location of the even odd crossovers
has shifted by a half beating period as compared to the even—odd crossovers in the
corresponding surface energy Eg(L), suggesting that the lattice relaxation depends
on the thickness according to dEs(L)/dL. This property is not yet fully understood.

4.6.2 Work Function

The work function (WF) is defined as the minimum energy required to remove an
electron from the surface (see Fig. 4.14). The theoretical and experimental studies
on the work function exhibit changes due to the alkali metal adsorption [48], crystal-
lographic orientation [49], and the surface steps [50] and reveal that WF is related to
the local density of states near the Fermi level. As we have discussed, the presence
of QWS dramatically modulates the density of states at the Fermi level when the
film thickness is varied. Therefore, one would expect to see thickness-dependent
variations in the work function also.

Based on DFT calculations, Wei and Chou showed that, similar to the surface
energy, the WF of freestanding Pb(111) films also reveals bilayer oscillations as
a function of the film thickness [6]. Work function calculations for films on a Ge
substrate have also been performed [9] and shown in Fig. 4.15. Bilayer oscillations
are evident and even—odd crossovers exhibit ~9 ML periodicity similar to surface
energy results. However, the location of the crossover points is phase shifted by half
of a beating wavelength, similar to the behavior of the lattice relaxations.
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Experimentally, WF oscillations have been measured with scanning tunneling
spectroscopy. Qi et al. [51] have investigated the thickness dependence of the WF
on flat-top-wedged Pb islands using the STM and STS measurements. Figure 4.16a
shows the STM image of a flat-top Pb island with thickness increasing from left
(11 ML) to right (15 ML). The inset shows the atomically resolved STM image of
the top (111) plane. Fig. 4.16b shows the cross-sectional profile along the line

Figure 4.16a, c, d shows the topographic and WF images of the island taken
simultaneously. From the WF image, we can clearly see that even layers (12 and
14 ML) have larger work functions compared to odd layers (11, 13, and 15 ML).
The tunneling current strongly depends on the tip—sample distance because of its
dependence on the image potential. However, it can be shown that the quantity
dIn//ds is a constant to first approximation [52]. Hence, the work function can
be determined from
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Distance(nm)

Fig. 4.16 (a) The STM image of a Pb island taken at V = —0.8 V and / = 0.1 nA. Image size:
500 x 500 nm?. Inset is a 5 x 5nm? atomic resolution image V = 0.4V, I = 0.1nA. (b) A line
plot along the blue line in (a) to show the height profile. (¢) The topographic and (d) local work
function images taken simultaneously V = —2V, I = 0.1 nA. The bright area has a larger work
function than the dark area. Image size: 337 x 337 nm?

2
¢ ~ 0.95 <d$[ ) (4.8)

and experimentally obtained via modulated tip sample distance.

Figure 4.17 shows the WF obtained by this method for a thickness range from
11 to 34 ML. As seen in this figure, the WF is larger for the even layers compared
to the odd layers when N is between 11 and 17 ML, whereas the reverse occurs
when N is between 19 and 26 ML and so on. Overall, the bilayer oscillations of the
WEF are concomitant with an envelope function of beating at approximately 9 ML.
The measured oscillatory periodicity and beating behavior show quite reasonable
agreement with theoretical prediction [9].

Here we note that the similarity between the thickness dependences of the work
function and the calculated lattice relaxation. They both exhibit even—odd crossover
points at similar thicknesses. This behavior can be understood based on the charge
spilling from the quantum well: higher the dipole moment because of the larger
charge spill, higher the work function. This larger charge spill would also reduce the
di> layer contraction as compared to the dj»> contraction of a bulk Pb(111) crystal.
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Fig. 4.17 Work function of Pb(111) films measured as a function of film thickness. Reproduced
from [51]

So, the connection between work function and surface relaxation is established
(Fig. 4.18).

Why the surface energy exhibits a different beating pattern compared to work
function and lattice relaxations is not that transparent. According to Jellium calcula-
tions by Schulte, the charge spilling is minimum when a 2D subband is just touching
the Fermi sphere and it exhibits a maximum when the Fermi level is located in the
middle of the highest occupied and the lowest unoccupied subbands at I" [18]. This
largest charge spilling case coincides with a local minimum of Eg(L). Therefore
one tentatively would expect Eg(L) and work function to oscillate in phase. How-
ever, the Fermi energy also oscillates as well as the dipole strength. So, these two
phenomena are entangled to each other and the physics of the beating would be
revealed after a self-consistent treatment of the problem. Apparently, the result of
such an analyses turns out to be a phase shift of about 4-5 ML, i.e., half of a beating
wavelength.

Very recently, Miller, Chou, and Chiang presented an analytic derviation and
numerical examples for the phase relations and the beating functions in terms of
subband crossing of the Fermi level. Based on the standard quantum well model [33,
54, 55], one can derive the following central equations for the chemical potential u
and surface energy per unit area Ej:

1 N2 3p
NZdN( W= ND(pL)

1
TN L (N*E) = —p(u Fbulk) (4.10)

(4.9)
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where N, p, and D(p) are the film thickness, the electron density, and the density
of states per unit volume at the chemical potential, respectively. upyk is the bulk
chemical potential. Equations (4.8) and (4.9) indicate that the rate of change of the
chemical potential for increasing N is related to the inverse of the density of states
at the chemical potential, and the rate of change of the surface energy is related to
the chemical potential.

The numerical results for Pb(111) are shown in Fig. 4.19. The top panel shows
the evolution of the quantized electron structure E,. The subbands cross p with a
period of AN = 0.7ML,; the crossings are marked by the vertical dashed lines.
The second panel shows D(w). Each subband has a constant density of states, and
the total density of states is a series of steps. Upon normalizing by the volume, it
becomes a series of diminishing sawteeth. The third panel is D (1) ~!. The next panel
displays the work function relative to the bulk limit: AW = —Au = ppuk — K-
The bottom panel displays E. Clearly, the oscillations in surface energy lead the
oscillations in the work function by 1/4 of a thickness period.
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calculations. Reproduced from [53]

4.6.3 Localized Surface Phonons and Electron—Phonon
Interaction

Electron—phonon coupling is an important factor that determines the superconduc-
tivity of a material. For a conventional superconductor such as Pb, the effective
electron—electron attraction necessary for the binding of cooper pairs is ultimately
governed by electron—phonon coupling [56]. The formation of QWS strongly modi-
fies the mechanical stability of the films, as reflected by the expansion and shrinkage
of interlayer spacing [57]. Both of the factors speak directly to the possibility of
modulating electron—phonon coupling and thus superconductivity of the Pb films.
Zhang et al. studied the interaction of electron—phonon coupling in Pb films
with different thickness by using the variable temperature ARPES spectra and
temperature-dependent PES [58]. The temperature-dependent PES for the 23 and
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Fig. 4.20 Temperature-dependent photoemission spectra of Pb films for (a) 23 ML and (b) 24 ML
collected within a temperature range of 75-270 K. The vertical dashed lines reveal the variation of
the QWS binding energy as the film temperature is changed [58]

24 ML films is shown in Fig. 4.20a and b. These results show that, with increasing
substrate temperature, the peak position of the QWS shifts toward higher binding
energies while the peak widths broaden. To find out the exact relation between the
line width (A E) of the QWS and the temperature, a curve fitting by Voigt line shape
was made. The fitting results are plotted in Fig. 4.21a for the films of 22 and 23 ML,
where AFE increases linearly with increasing temperature and exhibits prominent
different slopes for the adjacent layers. The relation between this slope and the
electron—phonon coupling strength, 2, is

1 dAE
= —— (4.11)
2rkg dT
The A values derived from the QWS peaks for different thicknesses are shown
in Fig. 4.21b (triangles), where only the values for stable layers (15, 17, 19, 21, 22,
23, and 24 ML) are plotted. Besides an overall gradual increase of A toward the bulk
value (1.55), an oscillation of A with a period of 2 ML is clearly noted from 21 to
24 ML.
Theoretically, Yndurain and Jigato [59] recently do the DFT calculations to
investigate the surface phonons and electron—phonon interaction. Zero parallel
momentum phonon modes for Pb(111) freestanding slabs of widths ranging from



4 Quantum Size Effects in the Growth and Properties 95

(a) a

0.24 2
S 021} A
Q
= 048} “//// B
T _
= i//*/ -
% 0.16 -

,-I/
0.12| %

80 120 160 200 240
Temperature (K)

8
18+ (b)
L] .- -4 6
° L ] 2 T
15+ e i i
L] * 14
E 12F ¢ * &
] A 412
i o /N |
o~ A / \
. S A N i a | 0
A A
06+
1 i 1 i i i g

14 16 18 20 22 24
Coverage (ML)

Fig. 4.21 (a) Lorentzian peak widths of the QWS of the 22 ML (square) and 23 ML (triangle) films
plotted as a function of temperature. (b) Measured A (triangles) and calculated superconductivity
transition temperature (diamonds). Reproduced from [58]

3 to 14 layers are calculated and the results are shown in Fig. 4.22. From Fig. 4.22,
one can see that both longitudinal and transverse surface modes take place at ener-
gies above the corresponding bulk values due to a 6% contraction of the surface
layer (see Fig. 4.13). A bilayer oscillatory variation of both surface states is found,
being more pronounced for the longitudinal modes than in the transverse ones as
expected due to their different characters. It is expected that, like the surface energy,
there should be one crossover among these layers with a beating period of 9 ML.
However, the beating effect is not found in the DFT calculations. More theoretical
studies are needed to reconfirm this.

4.6.4 Thermal Expansion

Temperature dependence of the PES spectra width was used to investigate many-
body effects with regard to electron—phonon coupling. The peak positions, i.e., the
binding energies of the QWS in the temperature-dependent spectra, could be used to
understand the thermal expansion behavior of the thin films. From this dependence,
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one could deduce the thermal expansion coefficients of the Pb films of different
thicknesses along the film normal direction.

Shown in Fig. 4.20 are the temperature-dependent photoemission spectra of
23 ML (Fig. 4.20a) and 24 ML (Fig. 4.20b) Pb films by Zhang et al. [58]. From
the spectra, the film morphology assumes an atomically flat surface over a macro-
scopic scale. Again, the strongest peaks correspond to the highest occupied QWS.
Note that for both films including other films studied, the QWS peaks shift always
toward higher binding energy with increasing substrate temperature. Furthermore, a
dramatic difference between even and odd Pb layers can be clearly detected.

To quantify the results, the temperature dependence of the QWS binding energy
for several Pb films is fitted linearly and shown in Fig. 4.23a. While the increased
binding energy of the QWS in Ag/V(100) system was explained as that the energy
of the QWS decreases more than the Fermi energy of the substrate, it could be
attributed to a different reason, namely the thermal broadening of the confinement
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well width, in addition to variation of the Fermi level of Pb films. For Pb/Si(111),
when temperature (7) increases, Ef of the Pb film drops much more than Ef of Si
does due to the dramatic difference in their thermal expansion coefficients, so there
is a charge transfer from Si to the Pb film. These charges only stay at the Pb—Si
interface (no charge is expected in the Pb film), which shift up all energy levels
equally of the Pb film until Er(Pb) = ER(Si) is satisfied. Therefore, the Fermi
energy of Si and its change have minor effect on the relative shift of the QWS in the
Pb film. Within a simple free electron approximation, the temperature-dependence
of the Fermi energy of a bulk material is described as

% = —2FFa;, (4.12)

where o is the linear thermal expansion coefficient of the material, and EF is its
Fermi energy relative to the bottom of valence band. For the thermal-induced shift
of the substrate Fermi level, o, can be selected as 2.8 x 1070 K~! (the bulk value).
As for the thermal-induced shift of the QWS energy, such approximation should
be reasonable regarding to the fact that the QWS energies of the Pb films involved
are within a small energy window of 0.6 eV below the Fermi level, which has been
successfully used to determine the Pb band structure. The thermal-induced shift of
the QWS energy (Eqw) with respect to the bottom of valence band has the following
form where a7 is the linear expansion coefficient along the confined direction:
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dEqw /dT = —2Eqwayz (4.13)

The linear thermal expansion coefficients of the Pb films in the confined direction
were calculated by the experimental thermal shift of QWS binding energy in terms
of (4.11) and (4.12), and the results are shown in Fig. 4.23b. Several observations
can be made as follows: (1) the thermal expansion coefficients in the film normal
direction are greatly enhanced compared to the bulk Pb; (2) there is a 2 ML oscilla-
tion for the Pb films from 21 to 24 ML; (3) the overall trend is that a lower expansion
coefficient corresponds to a film with a higher QWS binding energy. Since the thick-
ness of the Pb films is very small, the linear expansion coefficient in the film plane
(xy-plane) should be very closed to that of bulk Si, while in z-direction, a great
enhancement can be expected because of what called Poisson effects and that the
linear expansion coefficient of Si (2.8 x 107° K~1) is one order of magnitude lower
than that of Pb(2.89 x 107> K~!). To understand the global enhancement of the
linear thermal expansion coefficient along the confined direction, we use «;, op, and
az to describe the linear expansion coefficient of the freestanding film, the confined
film in the film plane, and the film normal (z) direction, respectively. oz can be
expressed as

2 (e —
a7 = oy + _(af ap)1) (4.14)

I—n

where 7 is the Poisson ratio. Substituting o« and ap by the linear expansion coef-
ficients of bulk Pb and bulk Si, respectively, and taking 1 as the Poisson ratio of
bulk Pb(0.44), we obtain «; that equals 2.414¢;. That means, in an ideal case, the
thermal expansion in z-direction should be enhanced by 2.414 times of the bulk
value, which is adequate to explain the global enhancement of the experimental
data in Pb/Si(111).

4.6.5 Superconductivity

Advances in the thin film growth via QSE also prove to be essential to study the
superconductivity in 2D geometry. Because the normal state resistance is a criti-
cal factor in destruction of the superconductivity, excellent film quality is required
to investigate the inherent physics of low-dimensional superconductors [60]. For
example, when the normal state resistance reaches the quantum resistance for the
Cooper pairs, the superconductivity disappears [61]. While the normal state resis-
tance was the control knob in the earlier studies of the thin film superconductiv-
ity, atomically smooth films achieved in the quantum growth regime render the
film thickness as the well-controlled fundamental parameter [12—-14]. Indeed, it is
already known that the boundary scattering sets the limit of the resistivity at low
temperatures [62, 63].

Various groups have measured the superconducting transition temperature 7¢
of Pb films and Pb islands employing various methods such as contactless mag-
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netization [14], DC transport [12], and superconducting gap measurements [13].
Macroscopic coherence is obtained from the first two methods (Fig. 4.24), whereas
the gap measurements give the local character of the superconductivity (Fig. 4.25).

Ozer et al. [14, 15] employed the superconducting quantum interference device
(SQUID) to measure the superconductivity. This method eliminates the electrical
contact issues because the measurements are performed inductively. On the other

000 002 004 006
1/d (A7)

Fig. 4.24 Tc of Pb(111) films as a function of inverse film thickness. Filled dots show the magnetic
measurements [14]; open circles correspond to transport measurements [12]
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Fig. 4.25 T¢ measurements from the opening of the superconducting gaps in scanning tunneling

spectroscopy. (a) Gap of 5, 6, and 7 ML thick Pb films at various temperatures. (b) Tcs obtained
from the gap measurements in panel (a). Reproduced from [13]
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hand, these measurements have to be carried out ex situ. This requires a protective
cap layer to be deposited, which potentially can affect the superconducting proper-
ties. Also, in order to pick up a measurable magnetic signal, the macroscopic coher-
ence must be established over all sample. DC transport measurements, however,
detect the onset of the superconductivity via establishement of a single filamentary
supercurrent.

Magnetic data in Fig. 4.24 exhibit a clear 1/d dependence of T¢, which can be
explained in terms of the suppressed order parameter close to the film boundaries
according to Simonin’s theory [64]. Possible bilayer T¢ oscillations cannot be seen
in this data set because only the stable thicknesses dictated by QSE and separated
by 2 ML have been prepared. Tc values extrapolate to 7.2 K in the bulk limit which
is the true bulk value. Same 1/d thickness dependence of 7¢ is observed also for
Pb-Bi alloys films. PbggBij; and PbgoBisg films exhibit extrapolated bulk 7¢ values
of 7.69 and 8.05 K, respectively [31, 65]. Same figure also shows the transport mea-
surements with monolayer resolution indicating that most of these films were grown
in the classical layer-by-layer growth regime. In this data set, bilayer oscillations
of T¢ are evident and it can be explained by oscillating density of states and/or
electron—phonon coupling due to QSE [12].

We note that the magnetic and transport data show significantly different slopes
in these T¢ versus 1/d plots. Only the magnetic data extrapolate to the correct bulk
value. Metalic Au protective layer employed for transport data may cause this dif-
ference because of a possible proximity effect. Note that amorphous Ge layer was
used to protect the samples prepared for magnetic measurements. In situ supercon-
ducting gap measurements [13] shown in Fig. 4.25 exhibit another contrast quite
different in character: this time T¢ does not exhibit a significant thickness depen-
dence and bilayer oscillations depicted in the figure are much smaller than those
observed in transport measurements. This radically different behaviors may be due
to the fact that magnetic and transport measurements rely on the establishement of
the macroscopic coherence, i.e., they are sensitive to both amplitude and phase of
the order parameter. On the other hand, local scanning tuneling spectroscopy (STS)
measurements detect only the amplitude of the order parameter.

A recent study reported superconducting gap opening in 2 ML thick Pb films
[66, 67]. This is interesting because in a 2 ML Pb film, only one 2D subband is
allowed to exist due to the relation 3Ag/2 =~ 2ML. Also, this work reports two
different T¢ values for 2 ML films residing on phase separated /3 x /3 and 1 x 1
substrate reconstructions. This last point shows the effect of the interface on the thin
film superconductivity.

Film morphology obtained by quantum growth also allows the incorporation of
nanostructures into the picture providing a control knob of some superconducting
parameters [15]. STM images of 9 ML thick Pb films are shown in Fig. 4.15. In
these images, slight overdose of Pb causes 2 ML tall mesas (a) and slight underdose
of Pb creates 2 ML deep voids (b) as dictated by QSE (see Sect. 4.4.1). Pb is a
type I supeconductor in bulk form; however, it becomes type II character below a
crtitical thickness of ~250nm [68]. As a result, magnetization loops show strong
hysteresis as shown in Fig. 4.15¢, d. Wide-open loops, belonging to the films with



4 Quantum Size Effects in the Growth and Properties 101

© o3
9 ML Mesas
= 01 S 04
E 0.0 "E"
£ E 0.0
£ 0.1 E -0.1
-0.3 -0.
0. 10 -5 0 5 10 03—10 S50 9
Ha (G) Ha (G)

Fig. 4.26 700 x 700 nm> STM images of Nano-patterned 9 ML Pb(111) films and the correspond-
ing hysteresis loops. (a) Film with 2 ML tall mesas, (b) film with 2 ML deep voids, (c) hysteresis
loop of film with mesas, and (d) hysteresis loop of film with voids. For both samples, the lateral
area is 3 x 3 mm? and the magnetic data are taken at 2 K. Reproduced from [15]

voids, are due to strong flux pinning inside these blind holes and directly related to
roboust superconducting current density, Jc, which reaches as high as 10% of the
theoretical depairing density. Also, this reference gives a simple model to calculate
Jc based on pinning properties of the voids (Fig. 4.26).

4.6.6 Surface Reactivity

QSE also plays an important role in the surface reactivity. Au is the most nobel
element, still it becomes reactive at the nanometer scale [69]. In recent years,
many experimental results have been published showing strong QSE modulations
on ultrathin metal films [10, 11, 30, 70-73]. For example, Bartynski et al. reported
thickness-dependent oscillations in the CO desorption from Cu films [11]. These
oscillations were correlated with 2D subbands crossing the Fermi level periodically.
Similarly, oxidation rate of ultrathin Mg(0001) exhibits oscillations as the film thick-
ness is varied (Fig. 4.27) [10]. Maximum oxidation rate is achieved when a new
quantum well state crosses the Fermi energy with increasing film thickness. These
strong oscillations are related to the oscillatory decay lengths of the quantum well
states, which affects the work function and electron transfer between the metal sub-
strate and the anti-bonding orbitals of the incoming O,. Hence, the dissociation bar-
rier and initial oxidation rate are ultimately controlled by QSE. Also, first-principles
calculations were supplied to verify the validity of this basic mechanism [10].
Recently, STM observations of an oxidized Pb mesa in the quantum regime
brought the most direct proof of the thickness modulated adsorption and reactivity
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Fig. 4.27 Lower panel: plots of the Mg 2p oxide component in X-ray photoemission spectroscopy
(XPS) as a function of film thickness obtained in several experimental runs. Data with the same
symbol correspond to the same O, exposure. Upper panel: photoemission intensity at the Fermi
level. The observed tuning of the oxidation rate is directly correlated with the oscillations in the
density of states at the Fermi level, due to the QSE. The oscillatory reactivity has been attributed
to oscillatory dissociation barriers [10]

[30]. Fig. 4.28a shows the STM image of a flat-top Pb mesa grown on Si(111) 7 x 7
surface which accomodates Pb thicknesses between 10 and 16 ML due to stepped
substrate structure (600 x 600 nm? image). Panel (b) shows the cros section of this
mesa. Panel (d) shows the STM image of the thickness-dependent contrast devel-
oped after 60 L oxygen exposure at 100 K substrate temperature. From 9 to 12 ML
thick regions are labeled on the image. Bright spots are the chemisorbed oxygen
clusters with a typical size of 1.2 nm. Although the crystal orientation is the same
Pb(111) for all the thicknesses, oxygen adsorption on even layers is clearly larger
than that on the odd layers. This behavior is consistent with the aforementioned
quantum electronic struture and local work function of the mesa [51]. Oxidation
occurs at room temperature with additional oxygen exposure of 120 L. This process
again turns out to be thickness dependent and shown in panel (e). Panel (f) is a close
up to the PbO nanocrystals.

So, both adsorption and oxidation are strongly enhanced when the Pb thickness
is an even number of atomic layers. Quantitative analyses of the adsoption coverage
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Fig. 4.28 (a) STM image of an atomically flat Pb mesa on a stepped Si surface. The numbers
indicate the local thickness of the mesa in atomic layers. (b) Schematic cross section of the mesa.
(c) Atomic resolution image on top of the mesa, revealing a Pb(111) orientation. (d—f) STM images
during the various stages of adsorption and oxidation, as described in the text. Notice the contrast-
ing behavior of the even and odd layers. Reproduced from [30]

indicate that the adsorption energy differs by about 9 meV between 10 and 11 ML
films. In temperature scale this correspond to about 100 K difference between two
adjacent thicknesses.

Local density of states (LDOS) and adsorption are shown to correlate in Fig. 4.29.
The familiar crossover between even and odd layers takes place at around 17 ML
as expected from the same behavior of charge spill and work function. The cor-
relation between the thickness-dependent LDOS and adsorption is explained in the
framework of Newns—Anderson adsorption model [30, 74]: the chance of hybridiza-
tion between the s—p band of the Pb surface and the antibonding 7 * state of O, is
increased if the LDOS is higher. An STS study of quantum well states is also sup-
plied by this reference. However, the correlation between the location of quantum
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Fig. 4.29 Oxygen coverage in relation to local density of states at the Fermi level. Black dots show
the oxygen clusters and black squares show the oxide coverage as defined in [30]. Red triangles
show the local density of states. Reproduced from [30]

well states with respect to Fermi level and LDOS shown in Fig. 4.18 does not agree
with the first-principles calculations given by [13].

4.7 Tuning the Quantum Stability Via Alloying

4.7.1 Stability of PbBi Alloy Films

In Pb(111) films, the periodic interruption of the bilayer growth follows a well-
defined beating pattern with 9 ML, which is due to the fact that Ar and d are not
exactly commensurate (see Sect. 4.3). This suggests the possibility of altering the
quantum growth mode by tuning the Fermi wave vector kg via doping [31]. Accord-
ing to the free electron model, the Fermi wave vector is given by kp = (372n)!/3,
where n is the electron density. Bi has five valance electrons whereas Pb has four.
Therefore, the free electron density of a Pbg g9Big.11 alloy film increases by about
3% compared to pure Pb. This in turn increases the Fermi wave vector by 0.9% and,
consequently, the associated beating period becomes 12.7 ML. The strong depen-
dence of the beating wavelength on carrier density is due to the fact that kg is very
close to the middle of the second Brillion zone.

Figure 4.30 shows the STM images of Pbg.g9Big.11 thin film alloys for various
thicknesses. The alloy films exhibit a re-entrant bilayer-by-bilayer growth mode
[31]. The observed stable thickness sequence is 4-6*7-9-11-13-15-17-19*20 ... ML
where * indicates the even—odd crossover (this and all layer counts exclude a 1 ML
thick wetting layer; see [24]), the period of the even—odd crossovers is ~13 mono-
layers. Alloy films with higher Bi concentration (Pbg goBig 20) do not exhibit quan-
tum growth anymore and simply follow classical layer-by-layer growth throughout
the entire thickness range. This indicates that excessive scattering washes out the
QSE.
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Fig. 4.30 STM images revealing the quantum growth mode of Pbg g9Bi 11 alloy films, with bilayer
growth (a) for 4 and 6 ML thicknesses and (b) for 7 and 9 ML thicknesses. In these images, the
black pores are uncoated regions extending down to the substrate; in films used for study of super-
conductive properties, we verified the films to be simply connected and fully covering the substrate.
Image (c) shows bilayer growth in a thicker film (also with a 1 ML terrace from the substrate), while
(d) illustrates single layer growth near the even—odd crossover thickness. Reproduced from. [31]

DFT calculations for different Bi doping concentrations of Pbj_,Bi, alloy films
have been carried out [31, 75]. Figure 4.31 shows the surface energy of Pbgg Bij
alloy films as a function of thickness for both freestanding films and films on a
rotated Si(111) substrate. Note that for calculations performed on the substrate, both
the beating periodicity and the location of the even—odd crossovers are in excellent
agreement with the experimental result. Further calculations have been carried out
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Fig. 4.31 (a) Surface energy of a Pbg g9Big 11 freestanding alloy slab obtained from first-principles
DFT calculations. The black curve (circles) represents the surface energy for maximum Bi-Bi
separation (within the constraints of a supercell calculation). The red curve (squares) represents
the surface energy of a slab in which Bi atoms all have Bi nearest neighbors in the adjacent (111)
layers; (b) surface energy of a PbggBij; thin film alloy on a Si(111) substrate together with the
second-order derivation of surface energy as a function of thickness (inset). Reproduced from [31]
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for different Bi concentrations [75]. Pbg g¢Big.14 and Pbg 75Big.25 alloys yield 15
and 17 ML beating periods, respectively. The QSE effect, however, gets weaker with
increasing Bi content in agreement with the experimental results of Pbg gBig2 [31].

4.7.2 Tuning the Superconductivity Via Alloying

As reported earlier for clean Pb [14], the upper critical field H.;(7T') markedly flat-
tens near T, resulting in a characteristic “hockey stick” profile that is particularly
noticeable for the thinner films [31]. This feature becomes much more pronounced
for the PbggBij and PbgyBiyg quantum alloys compared to pure Pb. The strong cur-
vature near 7. marks a profound departure from the anisotropic Ginzburg—Landau
theory, which predicts that H.o o (1 — T/T.). The upper critical field resumes
Ginzburg-Landau-like behavior below a characteristic temperature 7.*, which is
defined by extrapolating the linear part of the low temperature H., curve to zero
dc field [31](see Fig. 4.32).

Although a rounding of H»(T) near T¢ is often attributed to structural inhomo-
geneities in conjunction with the boundary conditions for the pair wave function, the
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Fig. 4.32 Characteristic temperatures 7c and 7% values versus inverse film thickness (a) for pure
Pb, (b) for Pbg g9Big. 11, and (¢) for Pbg goBip 20 alloys. Reproduced from [31]
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rounding here changes systematically with the fundamental nanoscale dimension d,
because both 7. and 7. vary linearly with 1/d while the low temperature slopes
dHy/dT o« (d — d;‘)’1 also vary systematically with thickness [42]. On the other
hand, the separation between T, and T increases with Bi content, and T} does
not extrapolate to the T, of the corresponding bulk alloys. This indicates that the
thickness of the quantum alloy films is not the only parameter controlling T;*.

Itis interesting that the “hockey stick” profile of the upper critical field and break-
down of the anisotropic Ginzburg—Landau theory could signal multi-gap supercon-
ductivity related to the existence of multiple 2D subbands in the quantum alloys,
where each band has its own intrinsic coherence length. This interpretation is based
on an intriguing analogy with MgB,, where the slope of H.»(T) near Tc is deter-
mined primarily by intraband scattering in the “clean” o band and where a similar
upturn in the upper critical field below T¢ has been attributed to intraband scat-
tering in the “dirty” band channel [76, 77]. In the PbBi alloy film, the H., upturn
would reflect a similar crossover phenomenon, possibly involving several orthogo-
nal subband channels that are coupled via off-diagonal electron—phonon coupling
and weak interband scattering [76, 77]. Because the intraband scattering relaxation
time decreases with increasing subband index, the clean channel might be associ-
ated with the lowest subband. This conjecture could in principle be verified with
low-temperature, ultrahigh-resolution scanning tunneling spectroscopy. In contrast
to bulk MgB, — one of the very few known multi-gap superconductors — such a
low-dimensional superconductor would be fully tunable, which opens up new pos-
sibilities for experimental and theoretical studies of multi-gap superconductivity in
the quantum regime.

4.8 Concluding Remarks and Perspectives

In this review, we attempted to highlight a novel type of “quantum engineering” in
which quantum mechanics plays an essential role in defining the kinetic and thermo-
dynamic parameters of metallic thin films as well as the preferred mode of growth
of a variety of metallic nanostructures on semiconductor substrates. The impact of
this new concept clearly lies in its enabling role. It provides the basis on which
quantum size effects can be exploited to precisely control the formation of metallic
structures; such structures formed in the quantum regime, in turn, are bound to serve
as appealing platforms for elucidating intriguing quantum properties.

In the past 10 years, this field has evolved from the confirmation of the quan-
tum stability concept in a wide variety of materials’ systems to the discovery of
their novel properties, which include magnetism [78], transport, superconductivity,
work function, and surface chemical reactivity. Despite these significant advances,
many challenging issues remain. For example, it is still not fully understand how
the QWS formed in the normal direction affect the in-plane atomic motion in the
film, particularly at the electronic and atomistic levels and the coupling between the
two length scales. Further theoretical and experimental studies are needed for fully
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understanding the observed phenomena for precise structural control and exploring
and designing noval physical properties in the quantum regime.

Further research efforts may also prove fruitful in the directions of optical adsorp-
tion, nano friction, catalysis, and reflectivity, all of which with clear relevance for
sustainable energy applications. For example, it is expected that the QSE would
have an strong modulation to the friction coefficient on Pb(111) and other ultrthin
films, similar to the experimental observations showing that the electron friction can
play a key role in the systems of N on the Pb substrate [79, 80].

It is also expected that future research in this area will shift toward synthesis of
more complex metallic systems such as the quantum stabilization of “nano alloys”
that are immiscible in bulk form [81, 82], as well as applications in other areas
of chemistry, physics, and engineering. Intriguing possibilities include pushing the
robustness of the superconducting state to even smaller length scales so as to obtain
unprecedented insights into the emergence of collective quantum phenomena in
structures containing the fewest number of atom [3]. As another example, concep-
tual advances in plasmonics could involve the tailoring of resonant frequencies and
Landau damping in metallic nanoparticles with precisely controlled morphology
(Ozer et al., unpublished). Finally, molecular adsorption, decomposition, and chem-
ical reactions on quantum mechanically confined metals and nano-alloy catalysts
may lead to catalysis via quantum design. The authors hope that this review will con-
tribute to the necessary cross-fertilization between the various research disciplines
so that the enabling concept of quantum growth may find its way from traditional
surface science to the broader science and engineering domain.
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Chapter S
Surface Electromigration and Current
Crowding

R. Yongsunthon, C. Tao, P. Rous, and E.D. Williams

Abstract Steps on macroscopic surfaces provide a useful model system for
quantifying electron scattering at defects in nanostructures, where the large sur-
face/volume ratio will cause surface effects to dominate. Here, the effects of electron
scattering at surface steps are quantified using thin silver films with (111) surface
orientation. Using real-time scanning tunneling microscopy (STM) measurements
while large current densities are applied to the films, changes in step fluctuations
and island motion are observed and quantified. Applying the tools of the continuum
step model, the observations are analyzed in terms of step free energies and kinetics,
yielding quantitative values of the electromigration force driving the observed mass
displacements. The derived magnitudes are surprisingly large in comparison with
classical calculations of the force due to electron scattering at the internal surface
of a conductor. This result indicates that the specific atomistic characteristics of
the scattering sites, in this case kinks at the step edge, may greatly enhance the
electromigration force. Within the classical ballistic picture of ballistic momentum
transfer, specific mechanisms for such enhancement include enhanced geometric
“blocking” at the kinked step edges, changes in carrier density near kinks, and cur-
rent crowding. Quantum transmission effects at atomic-scale defect sites may also
be responsible for the observed enhancement. The nature of classical current crowd-
ing as a function of the shape and size of defect was characterized using magnetic
force microscopy (MFM) of fabricated micron-scale model structures. Techniques
were developed to remove the effects of instrumental broadening using deconvolu-
tion, so that full three-dimensional maps of the magnetic fields above the current
line are determined. A Green function inversion technique is then used to invert
the field distribution to determine the spatial variations in the current density in
the sample. Current enhancement is highly localized near defects and is maximized
by sharp variations in geometry that require strong deflections of the current path.
Current enhancements up to a factor of 4 are found at the most strongly deflecting
defects, while small notches of various shapes typically cause local enhancements
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of tens of percent to a factor of 2. The perpendicular component of the current flow
around defects forms a dipole pattern with length scale determined by the length
of the defect along the direction of the current flow. The shape and localization of
the dipole pattern vary with the sharpness and symmetry of the defect. The current
crowding affect alone is not sufficient to explain the greatly enhanced electromigra-
tion force observed for scattering at kink sites at steps.

5.1 Introduction

Electromigration is the mass transport of atoms in or on an electrically conduct-
ing material, where the transport is driven by applied electric fields and the result-
ing current flow. Study of the mechanisms of electromigration has yielded deep
physical insights about the mechanisms of electron scattering, and in particular the
special characteristics (e.g., surface resistivity) of surfaces and interfaces [1-3]. As
the size scale of electrical interconnects shrinks, and as interest in nanoelectronic
grows, the role of electron scattering at surfaces, and thus at surface defects and
non-uniformities, becomes more important [4-6]. Electromigration failure can arise
from a surface diffusion flux that is driven by competition between the electromigra-
tion and healing capillary forces. These surface processes may couple constructively
along a void surface [7, 8], with increased effect due to anisotropic surface diffusion
to drive catastrophic void formation [9, 10]. In addition, current crowding [9—12] in
the vicinity of a defect may also have a great role in its evolution by increasing the
local magnitude of the electromigration force.

The tools of surface science opened the study of electromigration to atomic
scale characterization [13], and the surprising and complex behavior in the
electromigration-induced evolution of Si surface structure [14—18] led to deep the-
oretical investigations [19] of the development of kinetic instabilities in the pres-
ence of an electromigration force. In the same time frame, fundamental scattering
calculations [20, 21] have made it possible to quantify the electromigration forces
acting on surface atoms including different defect sites. More recently, there has
been renewed interest, focused on nanoscale structures, in fundamental issues of
current flow at constrictions and interfaces [22, 23]. The combination of theoreti-
cal and experimental advances in the understanding of electromigration opens the
possibility for using nanoscale structures to tailor surface resistivity [21, 24-26]
and to control structure as in nanogap formation [27-29], for driving dopants into
nanowires [30], for coupling electrical signals to atomic fluctuations [25, 31] and
even the possibility of driving nanoscale rotational motion [32].

In the following, we will review an example of the use of direct imaging (STM)
to follow the evolution of structure during electromigration. Analysis of the obser-
vations using the continuum step model approach [33] reveals an unexpectedly
large electromigration force, which we will argue indicates a substantial effect
of nanoscale current crowding. We will then present a parallel set of investiga-
tions, carried out on micron-scale structures, which demonstrate the direct obser-
vation of non-uniform current flow around defects. Because the classical laws of
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electromagnetism that govern the current flow are scale invariant, experimental
micron-scale observations can be used to illuminate nanoscale phenomena.

5.2 Direct Observation of Surface Electromigration

The nature of electron scattering at the internal surfaces of a conductor is illustrated
in Fig. 5.1 [34]. The specular scattering expected for perfectly flat surfaces will lead
to electromigration forces on any atoms that are free to diffuse on the surface. In
addition, the presence of defects, which have different scattering cross sections and
different local electric fields, can enhance scattering leading to an enhanced surface
resistivity. In the following we will describe the use of direct observations of diffu-
sion biased by an applied current to quantify the magnitude of the electromigration
force, and thus the underlying charge scattering characteristics of the defects.

T
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Fig. 5.1 Schematic illustration of current flow adjacent to a surface with defects in the form of
steps. Enhanced scattering from step sites at the surface is suggested by the arrows that represent
the direction of motion of the charged carriers. The inset illustrates a lattice model of kinked
(thermally roughened) step edge segments of horizontal extent L, = 13a, with six single and
one double height kinks [34]

(o]

5.2.1 Surface Electromigration and Surface Resistivity

The presence of the electromigration force introduces a small bias in the diffusion
of atoms on the surface, parallel to the current (and field). By convention, this bias
can be expressed as an energy difference between atoms diffusing parallel or anti-
parallel to the current AU = Z*eEa, where E is the electric field applied to the
sample, Z* is the effective valence of a diffusing atom, and a is the atomic lattice
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spacing. A typical estimate of the bias of ~107> eV/unit cell at a current density of
107 A/em? [35] is so small that it may result in a directional bias in fewer than
one in a hundred thousand diffusion steps. However, at large current densities,
~10% A/em?, the cumulative effects of this small bias can generate micron-scale
voids in conductors [3, 13, 36], and observable atomic-scale rearrangements in
nanoscale, electromigration structures [27, 30, 31, 34] occur at current densities
2-3 orders of magnitude smaller.

The effective valence, Z*, is a convenient notation that encompasses the underly-
ing physics of electron scattering. This can be quantified using a simple description
of the electromigration force in terms of ballistic scattering [2]. A local electron
flux j/e, with electron mass m and speed vf, the Fermi velocity, impinging on an
atom with scattering cross section ¢, will impart an average force F' equal to the
product of the momentum transfer per collision and the number of collisions per
time, ' = mvgoj/e. Relating the current density j to the field through the resis-
tivity p, j = pkE, yields an expression for the effective valence Z* = muvgop/e.
Theoretical difficulty arises in this simple picture because the macroscopic current
density depends on the charge density n, drift velocity vg, and electron scattering
time 7 (jpux = nevq = ne>tE/m = E/p, with p the bulk resistivity), where the
quantities n and t are known for the bulk [37] but poorly understood for electrons
near surfaces and interfaces [20, 21]. Despite these issues, the effective valence is
a useful metric for quantifying and comparing electromigration effects in different
materials and structures. As an example, the predicted effective valence of an iso-
lated Ag adatom on Ag(111) is Z* = —19 [20]. For atoms in a close-packed site
along a step edge, with a current direction perpendicular to the step edge, the direct
force per step atom may be two times higher than the force on an adatom [38, 39],
which would yield a predicted valence of Z* ~ 38.

One consequence of electron scattering from surface defects is a change in the
resistivity of the material. The change in the surface resistivity ps resulting from a
wind force Fy, acting on a scattering site density ny is [20]

905 1 :
obs _ Fb+ 3 8F) (5.1)
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where f¢ is the material thickness, 7. is the local carrier density, Fv]j is the wind force

acting per defect site, and Fy are additional changes in force on the carriers due to
the perturbation of atomic structure in the immediate vicinity of the surface defect
sites.

5.2.2 Experimental Observation of Electromigration Effects

One approach to assess the electromigration force is to observe the biased mass
transport that it causes. To do this in a way that can be interpreted in terms of
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fundamental interactions, observations at the atomic scale are needed. This can be
accomplished using direct STM imaging of surfaces of a current-carrying conductor,
with extreme care to address the issues of temperature and drift that arise with a large
current density.

Single-crystal thin-film Ag samples with (111) surface orientation were prepared
by thermal evaporation of 100-350 nm of Ag onto a freshly cleaved mica substrate
[40—42]. The samples were then transferred into a treatment chamber. After sev-
eral Art sputtering and annealing cycles, atomically clean Ag(111) surfaces were
obtained. To modify the surface morphology for experiments on Ag island motion,
gentle sputtering without annealing was used. The types of surface structures that
can be controllably achieved are illustrated in Fig. 5.2. After these procedures, the
samples were loaded onto an STM stage designed to heat-sink the mica substrates.
Following application of direct current, 30-40 min is needed for thermal stabiliza-
tion. To measure the structural evolution or motion of defects, time-lapse imaging is
used. To assess step displacement, repeated one-dimensional scans are made across
the step at a scan rate of ~9 pixels/ms. To assess island motion, the fastest scan
speed is 60s per 256 x 256 pixel image and 120s per 512 x 512 pixel image.
The typical tunneling parameters are ~50 pA at sample bias ~1.6 V. Under these
tunneling conditions the tip—sample interactions can be negligible for Ag surfaces
[40, 43].

Two methods were used to determine the temperature of the sample under applied
current. The temperature was measured using an alumel-chromel thermocouple,
which was spot-welded to a tiny Ta tab (strip) and brought into direct contact with
the film surface in a calibration performed after the electromigration measurements
[40]. In addition, the sample temperature was calibrated via a thermocouple in a
separate chamber (base pressure ~4 x 1078 torr) using the same heater system as
in the UHV system. The thermocouple wire diameter was 0.001”, and a simple
analysis shows that the heat-sinking effect of the thermocouple results in less than
1 K temperature change.

Fig. 5.2 STM images of clean Ag(111) films grown on mica in UHV. Lefr: 800 x 800 nm?> STM
image of structure achieved by annealing during sputtering. Right: 500nm x 500 nm STM image
of structure achieved by sputtering at room temperature [79]
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5.2.3 Experimental Assessment of the Electromigration Force
on Steps

Two distinctly different measurements were performed that allowed an indepen-
dent assessment of the electromigration force acting on atoms at step edges on the
Ag(111) surface. The first experiment measured fluctuations of independent steps
under an electromigration force oriented parallel and anti-parallel to the step normal.
The second experiment addressed the biased motion of islands, which are of course
bounded by steps, under a biasing current.

5.2.3.1 Step Fluctuations

At temperatures where thermal diffusion is possible, the steps on a solid surface
fluctuate via motion of the atoms at their edges. This fluctuation involves excitation
of kinks at the step edge, diffusion of atoms along the step edge, atomic detachment
from the step edge, diffusion on terraces, and atomic attachment from terraces to the
step [33]. The fluctuations can be quantified via repeated STM scans perpendicular
to the edge, as shown in Fig. 5.3, and analyzed in terms of their temporal correlation
functions. For steps on Ag(111), such analysis has shown that the steps fluctuate at

(a) (b)

A

1024 s

40 nm 40 nm

Fig. 5.3 Fluctuation measurement of a close-packed step edge on Ag(111). STM temporal pseu-
doimages obtained by scanning the STM tip over a fixed position on the step edge in the direction
perpendicular to the step orientation. For both images, the line scan length is 40 nm, a line scan
time is 51.2 ms, and total time is 102.4 s with 2000 lines. The step orientations are along a close-
packed direction. The images are obtained at 300K (a) and at 460K (b). The average step width
w = /{[x(t) — ¥]?) is 0.136 £ 0.007 nm at 300 K and about seven times larger, 0.908 4- 0.043 nm
at 460 K [46]
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and above room temperature with diffusion along the step edge being the dominant
mechanism [40, 44-46].

The temporal correlation function of a step in thermal equilibrium, for the case
where fluctuations are dominated by step edge diffusion, is

20 (1—1/4)\ (KT\T .
G() = () — x(0)?) = (%“) <?) (Tu)¥ = geq1'* (52)

where x (¢) is the experimentally measured step edge position, I';, is the step mobil-
ity, and B is the step stiffness. Given a measurement or calculation [47] of the step
stiffness, the step mobility and thus the time constant for step edge diffusion can
be extracted from fits to (5.2). For close-packed steps on Ag(111), the resulting
hopping time constant is ~31 s at room temperature. For misoriented steps, the
hopping time constant is much larger ~704 s [41].

The addition of an electromigration force creates a biasing effect on the atoms
diffusing along the step edge, which can be understood by analogy to the Bales—
Zangwill fingering instability that occurs during growth [48]. In this case, a diffu-
sional bias perpendicular to the step edge results in spontaneous increased deviations
from the equilibrium wandering when the bias favors diffusion in the step-downhill
direction. For an uphill bias, an anomalous straightening of the step edge occurs.
This effect is quantified in a modified step continuum model that includes the effect
of an electromigration force acting perpendicular to a step that is fluctuating via step
edge diffusion [49]. The correlation function deviates from the equilibrium result as

172
G (1) = geq(t)t!/* [1 +0.3487 (L) } (5.3)
TEM
where the + and — signs correspond to a downhill and uphill direction of force,
respectively. The electromigration force gives rise to an additional time constant,
TEM, Which is the time when the time correlation function begins to deviate signifi-
cantly from its equilibrium behavior:

TEM = M (a—") - (5.4)

(Fay)?  \ay

Because the electromigration force is weak, the time constant tgy is expected to
be much longer than the fundamental time constants of step motion.

The experimental test of the prediction of (5.3) is shown in Fig. 5.4 [25]. Devi-
ations from the pure 7'/4 behavior of the equilibrium fluctuations were observed
as the current direction was switched from the uphill to downhill direction. The
deviations occur at shorter times than expected based on the expected value of the
effective valence, Z* ~ 38 for steps on Ag(111). A quantitative analysis using (5.3)
and the approximate expression for the electromigration force, F = Z*pj, using
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10

time,s

Fig. 5.4 Time correlation functions, G(¢), for the step fluctuations (x(¢) data) extracted from
repeated measurements. The data for the step-down current (open circles) are the average over 10
separate measurements; for the step-up current (open squares) the average is over 9. Fits to (5.3)
are shown as the solid lines for each data set. Also shown is the measured correlation function
(average of 19 separate measurements) for an unstressed sample (open triangles) fit to a single
power law [25]

the bulk current densities and the bulk resistivity of Ag, which is approximately
1.8 x 107°Qcm at 325K and 2.2 x 10°Qcm at 370K, respectively [50, 517,
confirms the surprising character of the result. Taking into account all possible
measurement biases, the lower limit on the effective valence required to explain
the observation is Z* = —(2 £ 1) x 102, which is at least a factor of 5 higher than
expected [25, 34].

5.2.3.2 Island Motion

As shown in Fig. 5.2, it is possible to tailor the surface to contain a substantial
density of monolayer island stacks. Slightly above room temperature, the top layer
island in each stack shrinks because the small radius of curvature increases the local
chemical potential (Gibbs—Thompson effect) relative to lower islands in the stack
[52]. In addition the islands, particularly the top layer island, move in a fashion
similar to Brownian motion [53, 54] as a result of atomic motion at their edges. In
the presence of an electromigration force, the atomic diffusion underlying the island
motion will be biased, with concomitant effects on the motion of the island [55, 56].

Island diffusion can occur due to motion of free atoms on the terraces (Dt) or
on the island edges (D). If the island moves because the electromigration force
induces a drift velocity (vgm = Dt F/kT) of atoms on the terrace onto (or away
from) the front (or back) island edge, then the island motion will be in the direction
opposite the electromigration force. Alternatively, if the island moves because the
force preferentially moves atoms along its edges in one direction, then the island
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Fig. 5.5 Time-lapse STM images (400 x 400nm?) of a silver island simultaneously decaying in
size and moving under a current density ~6.7 x 10° A/m? with the current direction upward in the
images as shown and thus a wind force direction downward [79]

motion will be in the same direction as the electromigration force [55]. The results
in Fig. 5.5 clearly show the island displacement occurring in the opposite direction
to the current and thus in the same direction as the electromigration wind force.
Thus the electromigration-induced motion for Ag islands on Ag(111) is the result
of biased diffusion along the step edges (Fig. 5.5).

The theoretical prediction for the velocity of the island motion due to biased step
edge diffusion is [55]

aDLF
V= 5.5
kTR (55

where a the lattice constant, Dy the macroscopic step diffusion constant, F the wind
force, and Ry the island radius can now be used to determine the magnitude of the
force biasing edge diffusion. The decay of the islands as they are moving provides a
natural mechanism to determine the velocity as a function of island radius. By quan-
tifying the island center of mass positions, the velocity can be determined as shown
in Fig. 5.6 (top panel) with values of 0.02-0.12 nm/s for island radii from 55 nm
down to 15nm. The decay rate is independent of island size, at —5.5 nm?/s, and
combining this information yields the velocity vs. radius plot of the bottom panel of
Fig. 5.6, which yields an excellent fit (solid line) to the inverse radius prediction of
(5.9).

To determine the electromigration force from (5.5), it is necessary to evaluate
the edge diffusion constant, which is related to the step stiffness and step mobility
defined in (5.2). Because the island exposes all step orientations, it is necessary to
consider how these quantities vary with orientation. For straight step edges, 6 = 0,
B is (equation 23 in [47])

kT 3y —1)

BO)a;  2y/y*—2y -3

(5.6)

143z
z(1-2)

B(0) = 4.52 eV/nm at 318 K. For rough step edges (¢ # 0), we can calculate an
average value of § using (equation 18 in [47])

2ex / kT

andz =e” . The kink energy ¢ is 0.117 eV, so the resulting

with y =
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Fig. 5.6 Top panel: velocity vs. time determined from the position of the center of mass of a
moving island. Bottom panel: using the measured island size as a function of time, the velocity is
determined as a function of radius. The black solid line is a one-parameter fit of the experimental
datato v = C/R yielding C = 1.93 4 0.09 nm?/s

ksT in(36
BT sin39) (5.7)
B©) 2V3
By averaging 6 from 5° to 30°, we obtain the average value for rough step edges
of 0.51eV/nm at 318 K.
The edge diffusion constant Dy is related to the step edge mobility I'y as Dy, =
a?/cstDst = [%, where a;; = 0.29nm and a; = 0.25 nm. The step edge mobility

is determined by direct measurement of the equilibrium fluctuations of the steps,
quantified by the prefactor G of the time correlation function via [41]
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At 300K, the measured average values of Gg are 0.04 and 0.08 nm?/s!/* for
straight step edges and rough step edges, respectively [41]. The standard deviation
on these measured values is ~10% of the value, which by standard error propaga-
tion yields ~40% uncertainty on the mobility value. The corresponding G values
at 318 K are obtained by applying an interpolation based on the measured value
of Go at 460K, which is 0.93nm?/s'/*. The resulting G values at 318K are
0.07 nm?/s'/# for straight step edges and 0.14 nm?/s'/# for rough step edges.

Using G and B, now it is straightforward to calculate the step edge mobil-
ity T',. The resulting values are 323.7 and 7.4nm> /s for straight and rough step
edges, respectively. The corresponding values of the edge diffusion are D;, =
1.8 x 10* nm? /s for straight edges and D;. = 4.1 x 10> nm?/s for rough edges.
A reasonable estimate of the uncertainty for these values is ~40% as noted above.

Combining these results and using the values in (5.5) yield a lower limit on the
effective values of Z* ~ 750. Once again, the biased diffusion resulting from the
applied current leads to a surprisingly large estimate of the underlying electromi-
gration force.

5.2.4 Kink-Enhanced Scattering

The unexpectedly strong force, measured in these two very different approaches,
may arise from the highly kinked environment at the step edge as suggested in
Fig. 5.1. Because diffusion is parallel to the step edge, only the component of the
electromigration force tangential to the local step orientation will bias the step edge
diffusion. The largest impact of the electromigration force will thus occur for the
most highly kinked step regions. There have been no calculations of the electromi-
gration force acting on low-symmetry kink sites. However, such sites have enhanced
valence charge density [57] and also present anomalous barriers to step edge diffu-
sion [58].

The surprisingly large magnitude in this case arises from at least three effects:
current crowding, changes in scattering cross section, and changes in local electron
density. Current crowding, the variation of local current density near constrictions
in flow path (which will be discussed in detail in the following section), can cause
local increases up to about a factor of 4 in extreme geometries [37]. However, the
constriction due to current flow around the island edge is likely to be more modest,
as discussed in the following section. The steps or the edges of the island themselves
can act as reflecting barriers, increasing the cross section for scattering compared
with a free atom on the surface by about a factor of at least 1.5 for A1(001) [38, 39].
Finally, atomic relaxation at step edges causes redistribution of local charge density
[59], with especially strong enhancement, up to a factor of 10 on Cu(532), near kink
sites [57]. The combination of these three effects therefore may account for about a
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factor of 30 increase in the force on kink site atoms at the island edge compared to
a free Ag atom. Using a quantum perspective rather than a classical perspective will
be important in fully quantifying the nature of such nanoscale defects [2, 60-62].

5.3 Direct Observation of Current Distribution

As noted above, current crowding near defect structures is expected to play an
important role in determining the nature of electron scattering and the electromi-
gration force. At the nanoscale, the direct characterization of current distributions is
difficult. However, the classical electrostatic principles governing current flow are
independent of scale. Thus observations of current crowding at the micron scale can
be used to assess the classical limits of behavior at the nanoscale.

Here we demonstrate quantification of spatial distributions of current flow by
measurement of the magnetic fields above current-carrying structures using mag-
netic force microscopy (MFM). The effects of defect shape and size are character-
ized by systematically fabricating different structural defects using lithography and
focused ion beam milling. The structures were chosen to represent typical defects
observed in technological electromigration failures and to provide an evaluation of
the effects of defect aspect ratio, pitch, and rounding on the patterns of deflected
current.

5.3.1 Magnetic Force Measurements

In AFM [63, 64] and all related techniques (MFM, EFM, LFM, etc.), properties of
the sample are deduced from the behavior of a small tip—cantilever system interact-
ing with the sample. A tip, typically some etched silicon or silicon nitride pyrami-
dal structure (see Fig. 5.7a), is attached to a cantilever, typically between 50 and
200 mm in length, that has a reflective coating on the top surface. The behavior of
this cantilever may be tracked by monitoring the position of a laser beam reflected
off the top reflective side of the cantilever, usually with some photodiode-based
detector.

The tapping (also known as “intermittent contact” or “non-contact””) AFM tech-
nique involves tracking the amplitude of the cantilever, driven in oscillation on (or
near) resonance, as its tip passes over the sample under study. As the cantilever is
brought near to a sample, its tip eventually begins to tap the surface, dissipating
energy and changing the vibrational amplitude of the tip. As the tip is scanned over
the sample surface, the feedback loop changes the height of the tip—cantilever to
keep this oscillation amplitude fixed. This tip height is recorded as a function of
position generating the topography of the sample. Tapping AFM is less damag-
ing and more sensitive than earlier contact AFM techniques, where a passive tip
is dragged across the surface and the deflection of the cantilever is the feedback
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Fig. 5.7 (a) Scanning electron micrograph of MESP-HM magnetic tips, which are etched silicon
probes coated in Co/Cr and magnetized along the pyramid axis, perpendicular to the sample. (b)
Schematic illustration of the interaction between the magnetic tip and the sample that perturbs the
effective spring constant of the cantilever

element. More importantly, the oscillation of the cantilever is necessary for the phase
imaging which sets the foundation for the magnetic detection mechanism described
below.

Standard phase shift techniques, such as MFM and EFM, extract information
from the phase response of the oscillating cantilever, driven at fixed frequency,
as its tip passes over the sample. Near the surface, the interaction force between
the tip and the sample changes the effective spring constant of the cantilever,
shown schematically in Fig. 5.7b, changing its natural resonance frequency and thus
forcing the phase to change. The phase shift detected depends on the interaction
force as

0 aFtip—sample

[T 69

dop =

where the quality factor, Q, and the spring constant, k, are constants dependent upon
the individual tip—cantilever system used. The phase will shift in response to the
presence of any interaction force between the tip—cantilever system and the sample,
and an appropriate expression for the shift can be derived for a specific interaction
force.

In MFM phase imaging the interaction force depends on the gradient of the scalar
product of the tip magnetization, m, and the sample magnetic field, B:

Ftipfsample = Fmagnetic = V(’?l - B) (5.10)

For MFM tip magnetization perpendicular to the sample (vertical magnetization),
the MFM phase shift is proportional to the curvature of the vertical component of
the magnetic field, B, and the vertical magnetization of the tip, m:
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The influence of the size of the magnetic tip on the measured signal will be
discussed in Sect. 5.3.3.

Asis apparent in (5.9), the phase of the oscillating cantilever will shift in response
to any existing force(s) between the tip and the sample. Because the magnetic force
gradients are weak, it is important to eliminate the effects of topographic and elec-
trostatic structure in imaging. To eliminate topographic interactions, phase data are
generally taken at a significant lift height from the sample. To do so, a lift mode
is used, in which the tip makes two line scans over the sample for each recorded
line. During the first scan, topography is recorded. During the second scan, the tip is
lifted at a constant height above a specific baseline calculated by the data acquisition
software and held at that level during the entire pass. To exclude phase response due
to electrostatic forces, the potential between the tip and the sample may be nulled by
an external voltage divider [65, 66], thereby eliminating any electrostatic component
in the total phase response.

5.3.2 Experimental Implementation

The magnetic signal generated by current-carrying wires is much smaller than that
of magnetic samples for which early MFMs were designed. Therefore, our opti-
cal head contains a special low noise laser (Digital Instruments part no. 226-000-
0004), which is specified to have minimized mode hopping, a phenomenon that can
result in artifacts and noise in the images. The magnetic tips used are commercially
available Co/Cr-coated MESP (magnetic etched silicon probe) tips or their higher
moment counterparts (MESP-HM), magnetized along the tip axis, perpendicular to
the sample surface. Sample holders are electrically isolated from the conducting cap
on the scanner piezo. To allow current biasing, they have two or three large contact
pads that are connected by thin 40-gauge wires to external electronics. Care was
taken to protect the scanner’s piezo element from overheating which can cause the
scanner’s lateral distance calibration to fail by as much as 30%.

Samples were fabricated with controlled geometries to implement and measure
the effects of current stressing by standard photolithography/liftoff created on ther-
mally grown SiO, by photolithography, followed by thermal evaporation of 20 nm
Cr and 110nm Au. The metallic line widths were 10-12 wm and the fabricated
defects were generally 1-7 wm in size, as shown in Fig. 5.8a. MFM measurements
were made with typical currents in the individual lines of about 33 mA, correspond-
ing to current densities on the order of 3—4x10° A/cm?. Simulated defect struc-
tures were fabricated using a combination of standard photolithography/liftoff and
focused ion beam (FIB) milling techniques. The FIB milling allowed for defect
dimensions as small as 0.5 wm with the sharpest corners and apexes having a
50 nm radius of curvature. Ion milling was performed with 50kV Ga™ ions using a
Micrion 2500 FIB machine with a 5 nm beam column. A serpentine beam scanning
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Fig. 5.8 (a) Optical photograph of a sample containing a 3 um x 40 wm slot, created by pho-
tolithography, thermal evaporation, and liftoff. (b) Schematic of the circular field around a single
wire and a cartoon of a rectangular metal line being modeled as bundle of infinitesimally thin
wires. (¢) Contour plot of the curvature of the vertical component of the magnetic field from a wire
of rectangular cross section, modeled as shown in (a). (d) Line scan from the contour plot in (c),
taken 100 nm above the wire top surface

procedure and relatively low ion current (~30pA) were chosen to provide better
control of slit shape.

5.3.2.1 Demonstrating MFM Current Detection

For the purposes of intuitively understanding the MFM phase images, we may per-
form a simple analytical calculation of the expected vertical field curvature, where
the metal lines are modeled as bundles of infinitely long, infinitesimally thin wires,
as shown in the schematic of Fig. 5.8b. Such systems possess two-dimensional sym-
metry and may be easily integrated. For simple systems where the current flows
along lengths that are long compared to characteristic tip dimensions, this model is
quite accurate. We may therefore solve for the magnetic field around the conduc-
tor, by integrating the magnetic field contributions of infinitesimally thin, infinitely
long wires over the cross-sectional area of the conductor. The expected MFM phase
signal can then be calculated by taking the second vertical spatial derivative of the
magnetic field. The resulting magnetic field lines must curve around the current
lines, and the vertical component of the magnetic field thus varies greatly across the
width of the wire, from zero along the middle of the line to a maximum at the edges,
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as shown in Fig. 5.8c, d. Since two spatial derivatives are involved, the relative
variation in magnetic field curvature near edges and surface defects is even larger
than that in the actual field and is responsible for the high MFM resolution around
small structures. Note that since the MFM signal is proportional to the vertical mag-
netic field curvature, we expect the contrast to be maximum at edges parallel to the
current flow and, given a homogenous current density, this contrast should be sym-
metric (equal in magnitude but opposite in polarity). This illustrative analysis is a
good approximate method for determining the nature of current crowding. For more
quantitative analysis and for lines containing rather complicated defect structures,
a finite-element calculation may be used to determine the expected current density,
resulting field, and MFM signal.

A tapping AFM image and the corresponding MFM phase image for the 1 pm x
1 wm notch are shown in Fig. 5.9. Given the vertical tip magnetization, there is
MFM contrast only at the line edges where the magnetic field must curve into or
out of the sample plane. In the presence of a uniform current density, the MFM
signal at the line edges must be symmetrical. This behavior is observed for lines of
constant width [65, 67] and in the present lines for measurements away from the
notch. There is significantly higher contrast at the notch edge than at the line edge
on the side opposite the notch. The bold gray line profile in Fig. 5.9b, averaged over
a 0.5 wm segment (12 out of 512 line scans) along the symmetry point of the notch,
shows high asymmetry in the MFM peak heights. As a reference for comparison, the
thin line profile of Fig. 5.9b, which shows the signal averaged along a 0.5 pm seg-
ment away from the notch, has the typical symmetry of a line with uniform current
density. This reference profile was used to determine the non-uniform background,
which was fixed by requiring that the reference line peaks have identical heights.
After background subtraction, the asymmetry in the peak heights at the notch is
found to be 1.5.

Although a rigorous inversion can be performed on the MFM, understanding of
the current crowding phenomena can be obtained from the simple model described
above. To introduce the effect of current crowding, these infinitesimally thin wires
were divided into groups as shown in the inset of Fig. 5.9c. The current density in
each group was assigned with higher values closer to the notch. For our calculations,
five conductor segments were used: four of width 2 um and one of width 1 pum.
The curvature of the vertical component of the magnetic field was calculated for
each segment, the field curvatures from the segments were added together, and the
result was convolved with the estimated instrumental phase response [68] to account
for tip dimensional effects. Calculations using current densities with constant or
gently increasing gradients yielded near-unity asymmetries about 20% lower than
observed. A current density distribution that is much more localized to the notch
yields the calculated signal shown in the curve of Fig. 5.9¢c, more consistent with
what was measured. The current distribution that yielded the calculated curve puts
about 70% of the current displaced by the 1 wm notch into the 1 wm adjacent seg-
ment. The observed asymmetry in the MFM signal is consistent with a highly local-
ized current crowding effect and is qualitatively similar to the numerical analysis of
Artz et al. [10, 69].
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Fig. 5.9 (a) Topography and MFM phase of line containing 1 wm X 1 pum notch: 20 pm x 20 wm
image of a 10 wm line with a 1 um x 1 um notch on one side. This line is carrying a 33 mA current,
corresponding to a 3.3 x 10° A/m? current density. Left: AFM topography (z-range: 350 nm). Right:
Corresponding MFM phase measured with 200 nm linear lift height (z-range: 1.0°). (b) MFM
phase line scans from line containing 1 um x 1 wm notch. The bold gray line is an MFM scan
measured perpendicular to the line and across the notch center, averaged over a 0.5 pm segment
(12 out of 512 line scans), while the thin dark line is an MFM reference away from the notch.
(¢) Model of current distribution in line containing 1 wm x 1 pwm notch. Bottom inset bar graph:
model current density profile along the conductor width, normalized to the base uniform current
in a normal, homogenous line; the 10 wm line width is divided into five segments, each a bundle
of infinitesimally thin, infinitely long wires. Graphed curve: calculated MFM signal at the notch
center, using the current density distribution shown in the inset. The calculated peak asymmetry is
about 1.5

5.3.3 Deconvolution Procedure

Analysis of the MFM signals to determine the current distributions around defects
requires that the instrumental broadening effect due to the tip size is removed. Since
the tip is a real physical object, often in the form of an etched silicon pyramid
with a magnetic Co/Cr coating, the three-dimensional tip response function tends
to be narrow close to the tip apex and broadens higher up, toward the tip base. The
three-dimensional response function can be reduced to an effective two-dimensional
tip response. The measured MFM signal, D(x, y, z), obtained at tip height z is a
three-dimensional (3D) instrumental convolution
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over the instrumental response function A(x, y, z) and the unknown true signal f(x,
Y, 2).

In either dipole or monopole models, the phase is dependent upon the interaction
of the tip with the magnetic field of the sample. Due to the boundary conditions of
the sample system, there is a degree of freedom in the vertical displacement of field
strengths that allows the three-dimensional instrumental response to be rigorously
reduced to a two-dimensional (2D) effective instrumental response, through integra-
tion of the vertical z-dependence. Since V x H vanishes above the sample, we may
identify H with the gradient of a scalar potential function, W, satisfying Laplace’s
equation:

Viy =0 (5.13)

According to the extended dipole model, f(x, y, z + Az) is proportional to the
curvature of the magnetic field and the third vertical derivative of W and can thus
be written as a convolution over f(x, y, z) (an analogous relation holds for the
monopole model):

fx,y,z+ Az) = / Gx—x,y—y,Az2)f(X,y,z)dxdy (5.14)

where the two-dimensional (2D) Green’s function has the form

Z 1 3/2
G(x,y,2)= = (m) (5.15)

Knowledge of f(x, y, z) everywhere on a line z = zg thus determines f(x, y,
z) on every line where z > z¢. Thus the instrumental convolution along the vertical
direction may be replaced by an effective response that is only dependent upon the
relative tip height and it follows that

Aefr(X, Y, Zip) = // Glx —X,y =y, A Acit(X, §, ziip + Az)dxdy  (5.16)

Data can be taken at a small tip and sample separation, where the signal-to-noise
ratio is optimized and the peaks are narrow relative to the tip response and propa-
gated to a higher height where the signal peaks broaden and the tip response narrows
(doing the reverse would involve a deconvolution rather than a convolution). The
effective instrument response can be evaluated at this height, given knowledge of
the true signal f(x,y, zgp + Az). A similar broadening convolution can then be
performed on the tip response, bringing the narrow effective tip response obtained
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Fig. 5.10 Two-dimensional
instrumental response (a)
function determined by
iterative fitting. (a) The
two-dimensional response
function is shown on a 40 pum
scale. (b) A slice of the
two-dimensional response
function shown in (a). The
general broad features are
similar to the one-dimens-
ional response function found
earlier. The spike was added
to allow sufficient resolution
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at a large tip—sample separation to the lower separation of interest, where it is
broader.

Thus, given data from a sample where the true signal is known, as is the case
for regions from a straight wire far from the defect, the deconvolution algorithm
may be used to determine the instrumental response. An example of an instrumental
response function determined in this way is shown in Fig. 5.10. In the following, we
will discuss the determination of current distributions from MFM data from which
the instrumental broadening has been removed via deconvolution.

5.3.4 Image Inversion

Following deconvolution to remove the instrumental broadening, it is possible to
quantify the distribution of currents underlying the MFM images by inverting the
data. Techniques of inversion from the magnetic field have been well developed
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for two-dimensional current distributions [70-72] and can be extended to inversion
from MEFM phase signal, which is proportional to the curvature of the magnetic
field.

The magnetic field, B(r), at an observation point r, is related by the Biot—Savart
law to the current density, J(r’), at all source points r = (X', y’, z'). We assume that
the current lies in a thin sheet of depth d in the xy-plane, the magnetization is along
the z-axis and that J, = 0. For standard MFM images, the magnetic field component
of interest is B, so the Biot—Savart law simplifies to

— W)Y — (x — X)Ly
B.(r) = Z—O// U2y ) 2 W2 DY) geayar 5.07)
o4 Ir —r'|

From (5.1), it may appear as though we are trying to retrieve two components
of the current density (J and Jy) from a single measurement of the magnetic field,
but at steady state, we may use the continuity equation, V - J = 0, to relate the two
current components. The continuity equation is automatically satisfied if we write
J=VxxM.

For a current sheet of finite thickness, d,

1 ky . .
Je(x,y) = — Letklzlekd — )= d(ky, ky, 2)e % * e R Y dk dky
20 k2 ; ;

(5.18)

Jy(x,y) = % f f [Z—;e“”'(e"d -~ 1)—1} d(ky, ky, 2)e " Fx¥e =Y dk di,
(5.19)
The components of the current density inside the sample can be obtained by
digitally filtering the MFM signal in Fourier space, a numerical procedure that is
readily performed using standard fast-Fourier transform (FFT) algorithms. We have
empirically found that this filter tends to remove the random, high-frequency noise
intrinsic to MFM phase data and that it is relatively insensitive to error in the tip—
sample separation, z (changes in z on the order of 25% do not seem to change the
result noticeably).

5.3.5 Inversion Results for Prototypical Structures

The shape of a void defect, or any other current-deflecting structure, plays a signif-
icant role in determining the rate of electromigration-driven morphological evolu-
tion because of its effect on the degree of current crowding near the defect. Mea-
surements were performed on a series of model structures designed to enhance
understanding of current crowding and to define the limitations of the experimen-
tal technique. The first two structures, the slit-like defect and the 90° bend, were
inspired by real-world defects, while the latter structures were chosen to isolate
crowding dependence on specific geometric properties.
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5.3.5.1 Effect of a Diagonally Oriented Slit-Like Defect

Electromigration-driven failure sites in interconnects in integrated circuits often
assume the shape of a wedge or slit [73]. A slit-like form is the more aggressive
of the two prototypical shapes and was thus chosen to represent current crowding in
real-world defects. The topography and corresponding MFM phase of a 45°-slanted
slit defect are shown in Fig. 5.11a, b. The greatly enhanced MFM contrast near the
end of the slit is clear evidence of current crowding, as discussed previously in the
context of the 1 wm x 1 wm notch defect in Fig. 5.9. These data were deconvolved
and inverted using the methods described above, to obtain a quantitative image of
the current density variations, as shown in the three panels of Fig. 5.11b. These pan-
els show the parallel current density component, the perpendicular current density
component, and the total current density. Since the raw MFM data are normalized
to the signal from a uniform reference region far from the defect, the inversion is
composed of relative values (that can be scaled by the known current density in the
reference region, if so desired).

As expected, in regions far from the defect, the current is uniformly distributed
across the line and there is no current flow perpendicular to the line (Jx = Jperp =
0). In the vicinity of the defect, the current is highly localized at the inner edge
of the slit, with the current density a factor of 3.9 times larger than the reference
current density far from the defect. This crowding region extends approximately
1 wm from the slit inner edge, as measured by the full-width at half-maximum of
the maximum current density. The component of the current density parallel to the
line edges decreases significantly in the 10 wm region leeward of the slit (upper half
of the line, as seen in Fig. 5.11b and correspondingly increases on the other side of
the slit. The non-vanishing component of the current density perpendicular to the
line is confined to within 5 um of the slit and takes the form of a current dipole.
Due to the constrictive effect of the slit defect, the current must deviate to the right,
yielding positive Jperp, on one side of slit and to the left, yielding negative Jperp, on
the other side.

The results of an a priori finite-element calculation of the sheet current density
for the conducting structure, as defined by the AFM topography image (Fig. 5.11c)
of the line containing the slanted slit, are shown in Fig. 5.11d. From left to right, the
panels correspond to the AFM topography of the sample, the parallel current density
component, the perpendicular current density component, and the total current den-
sity. The color scale in each panel is equivalent to that in the corresponding panel in
Fig. 5.11b. The basic features of the inverted current density behavior are consistent
with the finite-element calculation. The spatial extent of the current crowding region
in the inversion is within 1 m of that in the calculation. The maximum current
density is 4.4 times greater than that of the reference current density far from the
defect, 10% higher than the 3.9 factor increase seen in the inversion. Compared to
the calculated current density, the maximum measured current density and sharp-
ness of the current crowding are slightly diminished. The blurring and attenuation
of the measured current crowding are due, in part, to the incomplete recovery of
the magnetic field curvature from the deconvolution. Incomplete recovery of the
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Fig. 5.11 (a) MFM image of (1x9) wm? 45°-slanted slit defect. (b) Inverted current density,
calculated from the MFM measurement in (a). From left to right, the panels correspond to the
AFM topography of the sample, the parallel current density component, the perpendicular current
density component, and the total current density. In the image of Jioal, the color scale was chosen
so that the brightest color corresponds to 3.9, the darkest to O (in units of current density that
have been normalized to the reference current density far from the slit); the scale for the vertical
component J, = Jp,, is similar (since to lowest order, the current flow is parallel to the line); the
scale for the horizontal component Jperp, = J; is such that the brightest (darkest) color corresponds
to 1.6 (—1.6). Since the raw MFM data is normalized to the signal from a uniform reference
region far from the defect, the inversion is composed of relative values (that can be scaled by the
known current density in the reference region, if so desired). (¢) Topography of the slit defect.
(d) Finite-element calculation of the expected current density, based on the topography in (c¢). The
color scale of each panel is equivalent to that of the corresponding panel in the inversion of (b).
The maximum (normalized) calculated current density is 4.4

“true” signal would suggest that our results should be interpreted as a lower bound
of the extent of the current crowding behavior. Errors associated with imperfect
deconvolution will tend to make our results systematically low, but the —10% dis-
crepancy between the inversion and the calculation for the slanted slit is also due
to the physical issues associated with a real sample. In particular, the “softer,” more
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rounded line/defect edges are not accurately described by the present calculation,
which assumes perfectly sharp edges; there is also a 50—-100 nm skin of ion beam-
damaged, higher resistance material surrounding the defect which should physically
reduce the sharpness of the crowding.

Various structural characteristics of the slit defect contribute to its influence on
local current. To better understand the current crowding effect, we may qualitatively
decouple the structure’s effects into a current direction changing component and a
geometric component, which are discussed in the following sections.

5.3.5.2 Effect of Change of Current Direction

Conductive structures which induce large changes in current direction, such as inter-
connect vias and bends, are likely to exhibit significant current crowding, even
though they are not defects per se. This effect is particularly important for indus-
trial applications because all integrated circuits incorporate many bends and vias to
increase the device density on chips. To illustrate this crowding effect, topography
and MFM measurements were performed on a metallic line with a 90° bend, as
shown in Fig. 5.12a, b. Once again, there is clear evidence of spatial variation in
the current density, specifically strong variations in the MFM signal near the cor-
ners of the structure. These data were deconvolved and inverted using the methods
described above, to obtain a quantitative image of the current density variations, as
shown in Fig. 5.12c. From left to right, the panels correspond to the current density
y-component, the current density x-component, and the total current density.

Calculated Current Density
J

® Topography " MFM J

x fotal

S50pm

Fig. 5.12 90° bend in metallic line. (a) Topography of the 90° corner. (b) Corresponding MFM
image. (c) Inverted current density, calculated from the MFM measurement in (a). From left to
right, the panels correspond to the parallel current density component, the perpendicular current
density component, and the total current density. In the image of Jioal, the color scale was chosen
so that the brightest color corresponds to 1.74, the darkest to O (in units of current density that
have been normalized to the reference current density far from the corner); the scale for J, (where
the line is oriented at £45° with respect to the y-axis) is similar; the scale for Jy is such that the
brightest (darkest) color corresponds to Jmax sin45° (—Jmax sin45°). The inversion is composed
of relative values (that can be scaled by the known current density in the reference region, if so
desired)
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The results shown in Fig. 5.12 provide clear evidence for current crowding in the
vicinity of the inner corner of the 90° bend, where the maximum current density
is 1.74 as compared to regions far from the bend. There is a corresponding current
depletion in the vicinity of the outer corner of the bend. The total normalized current
density, Jiotal, across the line connecting the two corner edges (shown as a dotted red
line in Fig. 5.12a) varies as 1.74 £ 0.05 at x = O (inner corner), 1.41 at x = L/4,
076 at x = L/2,045atx = 3L/4,and 0 at x = L, where L = V2w (the
line width). The vertical current density component, Jy, is essentially a cos(£45°)
projection of the total current density. The horizontal current density component,
Jy, is the sin(445°) projection of the total current density, and we can therefore see
the horizontal current direction change at the bend (where J, changes sign).

The results can be compared with the results of an a priori finite-element cal-
culation of the sheet current density for the conducting 90° bend that has been
published previously [11]. The difficulty of this calculation lies in the mathematical
divergence at the bend, which formally results in a current density divergence near
the inner corner. As a result, the calculated maximum current density at the inner
corner varies, depending on the computational step size from 2 to 4.5 [11], mak-
ing comparison with experiment dubious. However, this difficulty does not affect
the calculated values away from the corner, which show an estimated normalized
current density, Jioal, variation: 1.36 £20.05 at x = L/4,0.77 at x = L/2, 0.41 at
x =3L/4,and 0 atx = L, where L = V2w (the line width). The measured current
density variation is in excellent (< 10%) agreement with this calculation.

Current crowding can be qualitatively described as electrons following the path
of least resistance, that is the shortest path available, and collectively crowding along
this path, e.g., at the inner corners of bends. This kind of current crowding is particu-
larly important for the semiconductor industry, because all integrated circuits neces-
sarily incorporate changes in current path into their design. The degree of crowding
can be mitigated by creating gentler transitions and directional changes, but this
constrains designs that must also be optimized for device density and manufacturing
efficiency.

5.3.5.3 Effects of Defect Shape and Size

The effects of the shape of a constriction, i.e., how rapidly the change occurs, and
of the length (parallel to the current path) of the constriction are both of interest in
assessing the effect of defects on current crowding in an electromigration context.
Therefore a series of structures of systematically varying shapes were fabricated on
a single current line for direct comparison. Here we illustrate the effects of taper and
extent of the constriction.

Pang et al. have shown that the use of slowly tapering transition segments,
between the contact pads and the lines of interest in a sample, will tend to increase
the conducting lifetime of the sample [74], over the lifetime of samples that use
square transitions with strong bottleneck effects. Such results would suggest that the
current behavior is more severe in regions where the current density must change
abruptly. To observe the dependence of current crowding on how abruptly the cur-
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Fig. 5.13 Effect of current density gradient: (a) The sample topography shows three triangles
that are 3-pm wide with base lengths of 4.9, 2.6, and 1 pm. (b) Corresponding MFM image. (c)
Inverted current density, calculated from the MFM measurement in (a). From left to right, the
panels correspond to the parallel current density component, the perpendicular current density
component, and the total current density. In the image of Jioal, the color scale was chosen so
that the brightest color corresponds to 2.0, the darkest to O (in units of current density that have
been normalized to the reference current density far from the defects); the scale for the horizontal
component Jyerp = Jy is such that the brightest (darkest) color corresponds to 0.7 (—0.7)

rent density changes, we fabricated a series of right-triangular notches, each with
the same 3 pwm width but with base lengths (parallel to the line) varying from 1 to
10 wm, in 12-pm-wide lines. Since the apex of each triangle is limited by the 50 nm
FIB spatial resolution, any differences in current crowding between the defect struc-
tures are due to the length of the triangle base, rather than the sharpness of triangle
apex (which is ~50nm for each triangle). The AFM topography and MFM phase
image of these samples are shown in Fig. 5.13a, b. The MFM phase for the three
structures does increase with the current gradient near the defects but the correlation
is somewhat weak. Thus the crowding appears to be dominated by the abrupt change
in current direction where the metallic line resumes its nominal width, a scenario
which is qualitatively similar to the 90° bend discussed above.

The inverted current densities for this sample, calculated from the MFM phase
data in Fig. 5.13b, are shown in Fig. 5.13c. Similar to the defects discussed above,
there is significant crowding at the point where the electron path is shortest, i.e., at
the triangle apex. Effects of current density gradient are particularly visible in the
perpendicular component of the current density, where the gentlest gradient (longest
triangle base) structure results in the lowest deviation from parallel current flow.
The three triangles, of base length, of 4.9, 2.6, and 1 wm, have respective maximum
(normalized) current densities of 1.63, 2.00, and 1.98. The lower crowding for the
largest base triangle is consistent with the expectation for a more gradual taper in
the constriction. For the two steeper tapers, the differences are smaller than the
sensitivity of our measurement.

These results for tapered structures can be contrasted with results for current
blocking structures of identical shape but variable length along the current path, as
illustrated in Fig. 5.14. The topography and MEM phase of (2x2) um?, (0.5x2)



138 R. Yongsunthon et al.

Calculated Current Density
 Topography ”MFM Jy

=
Opum 15um

Fig. 5.14 Rectangular defects of variable width. (a) The sample topography includes notches 2-
pm wide, with lengths of 1, 0.5, and 2 pm. (b) Corresponding MFM image. (¢) Inverted current
density, calculated from the MFM measurement in (a). From left to right, the panels correspond
to the parallel current density component, the perpendicular current density component, and the
total current density. In the image of Jioal, the color scale was chosen so that the brightest color
corresponds to 1.3, the darkest to O (in units of current density that have been normalized to the
reference current density far from the defects); the scale for the horizontal component Jperp = Jx
is such that the brightest (darkest) color corresponds to 0.1 (—0.1)

pwm?, and (1x2) wm? rectangular notches of 12-pm-wide lines are shown in
Fig. 5.14a, b. The corresponding inverted current density of this sample is shown
in Fig. 5.14c, with respective maximum (normalized) current density of 1.10, 1.29,
and 1.29. The value of 1.1 is less than expected, which is likely due to incomplete
deconvolution. The current density for both the 1 and 0.5 wm notches is clearly
higher than that of the 2 wm notch, as expected. For the two shorter notches, the
dipole-like appearance of the perpendicular component of the current density also
appears to be sharper than the longer notch, which indicates that the change in cur-
rent path is more abrupt. The inverted current density of the shortest 0.5 pum notch
is equivalent to that of the larger 1 wm notch. The similarity of the current density
around the two defects occurs because their crowding behaviors are dominated by
the defect edges.

5.3.5.4 Effect of Feature Sharpness

As noted above, the lack of abrupt boundaries in physical structures may account
for reduced current crowding in physical structures as compared with calculations
for perfectly sharp boundaries. To address such effects, a set of (6x2) jum? notches
with corners of varying radii of curvature was fabricated in a current line. The notch
corners were fabricated with radii of curvature R = 1.0 and 0.05 um, as shown
in Fig. 5.15. The inverted current density of the sample containing the notches
with radii of curvature of R = 1.0 and R = 0.05 um yields respective maximum
normalized current densities of 1.94 and 1.97. The current density at the rounded
corner is not distinguishable from that at the sharp corner, above the random noise
intrinsic to the measurement, and the systematic error introduced by the analy-
sis techniques. Since any focused ion beam damage corresponding to the dosage
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Fig. 5.15 Notches with different radii of curvature. (a) The sample topography shows (2x6) wm?
notches with corners of radius of curvature R = 0.050 and R = 1.0 pm. (b) Corresponding MFM
image. (c¢) Inverted current density, calculated from the MFM measurement in (a). From left to
right, the panels correspond to the parallel current density component, the perpendicular current
density component, and the total current density. In the image of Jioal, the color scale was chosen
so that the brightest color corresponds to 2.0, the darkest to O (in units of current density that have
been normalized to the reference current density far from the slit); the scale for the horizontal
component Jperp = Jy is such that the brightest (darkest) color corresponds to 1.6 (—1.6)

parameters used will only penetrate to ~50-100 nm, damaged-induced effects do
not sufficiently account for the lack of a significant difference between the R = 0.05
and R = 1.0pm corners. It is thus likely that the similarity between measured
current densities is a real geometric effect, where crowding is dominated by the
steep angle at which both structures deflect current flow, somewhat analogous to the
90° bend and tapered structures discussed earlier.

5.3.6 Current Crowding Effects

The MFM phase measurement, deconvolution, and inversion technique presented
here allows quantification of spatially variable current density with sub-micron res-
olution. Although the analytical methodology involved may introduce systematic
error into the final results, this technique remains highly suited for current density
measurements on scales relevant to electromigration studies. The measurements are
generally in good agreement with theoretical calculations which exclude disconti-
nuities due to the (unphysical) infinitely sharp edges modeled.

For all the structures examined, the magnitude of current crowding is primar-
ily determined by the abruptness of current deflection. However, the pattern of
current crowding, and in particular the dipolar behavior of the perpendicular dis-
placements, is strongly dependent on the size and sharpness of the structures. Since
electromigration-driven diffusion is highly dependent upon local current density,
current-deflecting defects will be particularly susceptible to nonlinearities, which
accelerate mass flux and line failure. Similar behavior should be observed in nano-
electronic devices, with increasing impact as even atomic-scale structural defects
will become a significant part of the cross section of a nanostructure.
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5.4 Conclusions

Experimental quantification of electron scattering effects in nanoscale structures is
in its infancy. Steps on macroscopic surfaces provide a useful model system for
quantifying defect scattering in nanostructures, where the large surface/volume ratio
will cause surface effects to dominate. The effects of defects can be documented
via observations of local surface resistivity [24] and potential drops [26] related
to surface steps, which provide direct electrostatic information with limited spatial
resolution. In addition, direct measurements of current flow via MFM, as discussed
above, can be scaled from micron-scale structures to assess the relative magnitudes
of behavior likely at nanoscale structures. Direct measurements of electromigration-
induced mass flow provide another window into the nature of electron scattering at
defects. In this case, the observations can be interpreted in terms of atomic-scale
mass transport, yielding structure-specific values of the electromigration force [75,
76].

The observations presented above represent the two extremes of high-resolution
observations of electromigration-induced transport and low-resolution direct mea-
surements of the electrostatic effects of surface scattering at defects. Analysis of the
electromigration-induced transport on Ag(111) surfaces allowed identification of an
atomically specific force, specifically acting at kink sites. The analysis of the force
yielded a surprisingly large value, which in the ballistic electron scattering model
may arise from a combination of geometric blocking at the kink sites, changes in
electron density due to the lower coordination at the kink sites, and current crowd-
ing. The blocking effect is likely to yield an enhancement up to a factor of 2 at step
edges compared with free adatoms on the surface [38, 39]. The direct measurements
of current crowding at the micron scale show, for small aspect ratio structures anal-
ogous to kink sites, that the scale of the enhancement is more typically some tens
of percent [77]. These classical effects thus do not predict the large enhancements
measured. However, recent atomistic calculations including non-equilibrium trans-
port explicitly may provide an explanation in terms of quantized conductance at the
atomic-scale resistivity dipole created by current flow around kink sites [78]. Further
experiments to assess the electromigration force for different metals and different
types of scattering sites will be needed to test this exciting possibility.
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Chapter 6
Classification Order of Surface-Confined
Intermixing at Epitaxial Interface

M. Michailov

Abstract The self-organization phenomena at epitaxial interface hold special atten-
tion in contemporary material science. Being relevant to the fundamental physical
problem of competing, long-range and short-range atomic interactions in systems
with reduced dimensionality, these phenomena have found exacting academic inter-
est. They are also of great technological importance for their ability to bring sponta-
neous formation of regular nanoscale surface patterns and superlattices with exotic
properties. The basic phenomenon involved in this process is surface diffusion. That
is the motivation behind the present study which deals with important details of dif-
fusion scenarios that control the fine atomic structure of epitaxial interface. Consist-
ing surface imperfections (terraces, steps, kinks, and vacancies), the interface offers
variety of barriers for surface diffusion. Therefore, the adatoms and clusters need a
certain critical energy to overcome the corresponding diffusion barriers. In the most
general case the critical energies can be attained by variation of the system tempera-
ture. Hence, their values define temperature limits of system energy gaps associated
with different diffusion scenarios. This systematization imply classification order of
surface alloying: blocked, incomplete, and complete. On that background, two dif-
fusion problems, related to the atomic-scale surface morphology, will be discussed.
The first problem deals with diffusion of atomic clusters on atomically smooth inter-
face. On flat domains, far from terraces and steps, we analyzed the impact of size,
shape, and cluster/substrate lattice misfit on the diffusion behavior of atomic clusters
(islands). We found that the lattice constant of small clusters depends on the number
N of building atoms at 1 < N < 10. In heteroepitaxy, this effect of variable lattice
constant originates from the enhanced charge transfer and the strong influence of
the surface potential on cluster atomic arrangement. At constant temperature, the
variation of the lattice constant leads to variable misfit which affects the island
migration. The cluster/substrate commensurability influences the oscillation behav-
ior of the diffusion coefficient caused by variation in the cluster shape. We discuss
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the results in a physical model that implies cluster diffusion with size-dependent
cluster/substrate misfit. The second problem is devoted to diffusion phenomena in
the vicinity of atomic terraces on stepped or vicinal surfaces. Here, we develop a
computational model that refines important details of diffusion behavior of adatoms
accounting for the energy barriers at specific atomic sites (smooth domains, terraces,
and steps) located on the crystal surface. The dynamic competition between energy
gained by mixing and substrate strain energy results in diffusion scenario where
adatoms form alloyed islands and alloyed stripes in the vicinity of terrace edges.
Being in agreement with recent experimental findings, the observed effect of stripe
and island alloy formation opens up a way regular surface patterns to be configured
at different atomic levels on the crystal surface. The complete surface alloying of the
entire interface layer is also briefly discussed with critical analysis and classification
of experimental findings and simulation data.

6.1 Introduction

The problem of surface diffusion and surface-confined intermixing is of funda-
mental importance for contemporary material science [1-5]. Besides the purely
academic challenge, the attention to this phenomenon is inspired by the strong
dependence of basic physical properties of electronic devices on the sharpness at
atomic level of the interface between materials. That is why detailed knowledge
of the fine atomic structure and thermodynamic properties of the epitaxial layer
is crucial for design and fabrication of interfaces with preferred exotic features.
Since surface diffusion is basic phenomenon controlling nanostructure formation
on surfaces, this study deals with a variety of diffusion scenarios that cause 2D
pattern formation on epitaxial interface. Accounting for energy barriers at specific
sites on the crystal surface, the computational model presented opens up a way the
entire interface to be manipulated at atomic level in great detail [4]. In this case the
fine-tuning of the adatom energy through temperature variation can direct the basic
mass-transport mechanisms in a way that promotes or restricts the evolution of spe-
cific nanoscale surface patterns. In the next sections we will review and analyze the
diffusion energy barriers and the resulting diffusion processes on atomically smooth
domains and stepped (vicinal) interfaces.

6.2 Surface Imperfections and Diffusion Energy Barriers
on Epitaxial Interface

Detailed analysis of the general picture of surface morphology on atomic scale
reveals different types of surface diffusion barriers Epg for adsorbed particles
[4, 6-8]. Being caused by surface imperfections as steps, kinks, domain bound-
aries, defects, or vacancies, these barriers involve a variety of activation energies
which control diffusion on flat, atomically smooth surface domains; diffusion in
the vicinity of steps of atomic terraces; and diffusion inside the outermost surface
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layer, Fig. 6.1. Hence, the migration of adatoms is confined in specific energy gaps
imposed by the dominant surface morphology. Determined by the site-dependent
values of Epg, the diffusion in each of the above scenarios could generate com-
pletely different, stable atomic arrangements of the epitaxial interface. That is why,
detailed analysis of the specific energy barriers for atomic migration on the crystal
surface might reveal new mechanisms for fine-tuning of diffusion processes and
for generation of nanoscale surface patterns with variable size and geometry [4].
The native interface structure consists of islands and terraces with steps and smooth
domains. Therefore, a random walking adatom with energy EADTOM meets different
energy barriers shown in Fig. 6.1: (i) E ]S)h]}IOOTH — the barrier for diffusion on top of
smooth domains; (ii) EDD&ECT — the barrier for direct incorporation inside the sub-
strate; and (iii) E?TBEP — the barrier for diffusion inside the terrace for atoms passing
through the steps. On that physical background we consider diffusion scenarios in
specific energy regions. Being correlated with the system temperature, these regions
are defined by the following equations:

D DB DB
Exrom < Estep < Eprect 6.1)

(1) The diffusion behavior in this energy region is typical for low temperatures at
which the adatom energies are below the diffusion barriers for direct incorporation
into the substrate, as well as for penetration in the terrace by passing through the
steps. This case is relevant to a simple random walk of adatoms exclusively on top
of the interface layer (the yellow atoms in Fig. 6.1). It will be considered as atomic
diffusion at blocked surface intermixing.

DB D DB
Egtep = Extom < Epirect (6.2)

Fig. 6.1 Principal view of basic types of energy barriers for surface diffusion on stepped or vicinal
epitaxial interface: (i) the barrier for diffusion on top of smooth domains — E?l\]/;IOOTH (vellow balls),

(6.1); (ii) the barrier for diffusion into the terrace across the atomic steps — E SD”l]“aEP (red balls), (6.2);

(iiil)l the barrier for diffusion into the terrace or substrate by direct incorporation, EB&ECT (black
balls), (6.3)
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(ii) Here, the diffusion scenario is realized in a temperature window where the
energy of adatoms is above the barrier for diffusion across the atomic steps, but
below the barrier for direct embedding (the red atoms at the terrace edges in
Fig. 6.1). In this energy gap the atomic diffusion causes incomplete surface inter-
mixing.

D DB DB
Exrom > Estep = Eprect (6.3)

(iii) In this high-temperature region, the adatom energies exceed all existing surface
diffusion barriers on the interface. This case reflects surface-confined intermixing
which is spread over the entire outermost epitaxial layer. It will be considered as
atomic diffusion at complete surface intermixing.

In the next sections we will discuss in detail the diffusion behavior for the energy
regions (i—iii), as defined by (6.1), (6.2), and (6.3).

6.3 Atomistic Simulations of the Interface Layer: Computational
and Physical Models

The fine atomic structure of epitaxial interface evolves as a result of subtle com-
petition of long-range and short-range interactions. In view of that, the interface is
considered as a rather complex physical system [6—8]. The variety of interactions
implicated in this scenario and the presence of imperfections on the real surfaces
including atomic terraces, steps, kinks, vacancies, defects, grain boundaries makes
the problem of atomic arrangement at epitaxial interface generally not amenable to
pure theoretical treatment. Getting over these difficulties, the atomistic simulations
treat successfully the problem of complicated interface structure. Let us point here
the essential advantage of computer simulations, i.e., to isolate simultaneously act-
ing physical effects and, therefore, to evaluate separately their contribution to spe-
cific behavior of the real systems, [9]. Applying appropriate interacting potentials,
the computer modeling straightens out the experimental findings and, moreover, it
reveals and predicts non-expecting phenomena at epitaxial interface [10]. Hence,
the physical experiment might be conducted and extended in a right direction.

The present computational model implies classical canonical Monte Carlo (MC)
sampling [9] with tight binding second moment approximation of electron density
of states (TB SMA) many-body potential between interacting atoms [11, 12]. This
semi-empirical TB SMA potential has been extensively applied in contemporary
atomistic simulations of transition metals and intermetallic alloys [4, 10, 13—15]. Its
advantage relates to the ability of reproducing real physical properties of surfaces
and interfaces including point defects, dislocations, vacancies, grain boundaries.

The total cohesive energy for an atom i that belongs to the system being simu-
lated in TB SMA approach is defined as

E; = El + E? (6.4)

e .
where Ej is the repulsive energy term
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E Aqp exp |: 12%; ( — l)] (6.5)
I‘
Js rap <rc af

and Eib is the band energy term obtained by the second-moment approximation of
the electron density of states, expressed as

Ep=—| ) SﬁﬁeXp[ 24up <: —1” (6.6)
s

Jorij<re &/

The indexes o and B indicate the chemical nature of atoms, ry, is the first-
neighbor atomic distance of the pure substance, rgﬂ = (raa + rﬂﬁ) /2ifa # B, 1)
is the distance between atoms i and j, r. is the cutoff distance for the interaction.
The quantity £ is an effective hopping integral and ¢ describes its dependence on
the relative interatomic distance. In the most general case, the band energy term in
(6.6) is a functional expression representing a sum over the local electronic charge
density induced at site i from atoms at site j. The hopping integral £ originates
from quantum mechanical TB models and its value directly relates to the overlap-
ping of electron tight-binding wave functions of neighboring atoms [11, 12]. This
is the reason for & to be strongly influenced by the local atomic environment and
therefore to be coverage dependent. This refinement is essential for simulation of
epitaxial interfaces, since the local atomic arrangement is entirely different at low
concentration of adatoms and at complete monolayer [13, 15]. It has been shown
that accounting for the coverage dependence of &, the atomistic simulations gen-
erate system behavior in complete accordance with the real physical experiment:
(i) formation of lattice gas; (ii) surface intermixing; (iii) formation of c(2x2),
p(4x1), and p(5x 1) 2D superstructures; (iv) critical behavior and Ising-type order—
disorder transition of the c(2x?2) phase, etc. [4, 10]. The values of the hopping inte-
gral & and all related parameters A, p, and ¢ in the interacting potential, (6.5) and
(6.6), are taken from [11]. These values are consistent with the overall thermody-
namic properties of the real system since they reproduce basic physical characteris-
tics as melting point, evaporation energy, elastic constants, etc.

The physical model is designed to allow description of wide-ranging surface
morphology including atomic terraces, steps, kinks, large flat domains, vacancies.
The system, constructed as a 3D continuum space, is limited to sizes Ly = 38,
Ly = 22, and L; = 5 lattice units in the corresponding space directions. The
initial configuration is Cu(111) stepped crystal surface with random adsorption of
Pb atoms. The coverage is kept constant throughout the simulation experiment. The
large atomic terraces allow random migration of single atoms and compact clusters
on top surface layer as well as diffusion into the substrate by way of direct incor-
poration. In contrast to smooth domains, the presence of steps tolerates diffusion
through the periphery of atomic terraces. Hence, all possible mass transfer processes
are feasible in the model. The interface energy, pair distribution function (PDF)
analysis, and series successive snapshots of system configurations reveal the time
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evolution of atomic structure of the interface. The simulations are done on canonical
ensemble, i.e., system with constant number of particles at constant temperature.
Full lattice dynamics for all atoms in adsorbed and substrate layers is applied for
complete spatial relaxation of the system. The final equilibrium state is realized
after an average Monte Carlo time of 5 x 10° MC steps per atom. At that state,
for a fixed temperature, the total system energy is minimal and fluctuates around a
constant value. All simulation details are described elsewhere [10].

As a model for studying surface diffusion and surface-confined intermixing we
chose Pb/Cu interface. An important reason for this preference is the large number
of experimental data collected for this system, which provides a reliable point of
reference for the computational model [2, 16-25]. Extensive studies in the last two
decades demonstrated variety of Pb/Cu mixed equilibrium phases. Although Pb and
Cu are volume-immiscible substances, it was shown that the formation of 2D surface
alloy on the interface is an energetically favorable process [10, 18-23]. Hence, in
the framework of present computational and physical models, we will discuss in
detail the surface diffusion on this epitaxial interface.

6.4 Surface Diffusion on Smooth Epitaxial Interface: Blocked
Surface Alloying

We have already defined the basic energy regions (6.1), (6.2), and (6.3), where
essential variation of surface diffusion mechanisms is expected. Being directly
related to the system temperature, these regions determine the thermal energy of
adatoms and atomic clusters for migration on epitaxial interface. The atoms in their
random walk have to overcome a variety of energy barriers originating from the spe-
cific surface morphology. At low temperature, the adatom energy does not exceed
the energy barriers for direct embedding inside the substrate, (6.1). In that case the
interface structure evolves as a result of atomic migration exclusively on top of the
surface layer. The exchange of atoms with substrate is strongly suppressed and,
therefore, the diffusion generates isolated clusters or large ordered assemblies fol-
lowing the trend to minimize the interface energy. As shown in Fig. 6.2, attachment
and detachment to the steps and kinks of atomic terraces are also feasible.

Being well worn, the diffusion of single atoms at low temperatures and the result-
ing decoration of steps and kinks are phenomena studied in great detail both theo-
retically and experimentally [6—8]. That is the reason, in the energy gap defined by
(6.1), to focus our attention exclusively on diffusion of 2D atomic assemblies on
smooth epitaxial interface, where fine details of the mechanisms of islands migra-
tion are still an open task. These details relate to the questions (i) How the diffusion
coefficient of an atomic cluster is influenced by cluster size and geometry? (ii) Does
the lattice constant of an atomic cluster on foreign substrate depend on the number
of atoms building the cluster? (iii) How does the variation of cluster/substrate misfit
affect the general cluster diffusion behavior?
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Fig. 6.2 Atomic configuration of smooth epitaxial interface at low temperature. Since the adatom
energy does not exceed the energy barriers for direct incorporation inside the substrate, the surface
alloying is entirely blocked, (6.1). The interface structure evolves by diffusion of adatoms exclu-
sively on the outermost substrate layer resulting in formation of 2D islands and attachment to the
steps of terraces

6.4.1 Size and Shape Effects in Cluster Diffusion on Smooth
Domains

In the last decade, extensive theoretical and experimental studies revealed that the
diffusion coefficient D of clusters scales with the number N of atoms in them
as D o« N7 Being dependent on the dominant mass-transport mechanism, the
exponent « takes values « = 3/2 for periphery diffusion (PD), « = 1 for terrace
diffusion (TD), and « = 1/2 for evaporation/condensation mechanism [7, 26-28].
Unfortunately, the values of the above scaling exponents reflect highly simplified
cases. In fact, cluster migration is a quite complex phenomenon influenced by simul-
taneously acting diffusion mechanisms. The transport process is found to be also
timescale dependent, because of the long-time behavior of edge and step fluctuations
[6, 8]. As a result the terrace diffusion dominates at long times whereas the edge dif-
fusion plays a key role at short times. That is why, the experimentally observed non-
universal scaling exponents reflect the contribution of competing mass-transport
processes. The experimental evidence of exotic oscillatory behavior of the surface
diffusion coefficient of clusters as a function of their size is another challenge
[29-35]. The effect of “magic clusters” mobility mostly relates to different geo-
metric configurations (compact or non-compact structures) of atomic assemblies. In
some specific cases of heteroepitaxial systems, a soliton or dislocation mechanism
could be essential for island diffusion, too [32-35]. In the next section, we will
demonstrate that besides the above effects, the commensurability between overlayer
and substrate has to be taken into account of diffusion behavior of 2D islands.

In the present model, the diffusion on smooth epitaxial interface was evaluated by
the trace of the center of mass of N-atomic cluster. As seen in Fig. 6.3, this center
follows Einstein random walk behavior. The computational data are collected for
six-atomic cluster at T = 400 K over 1 x 10® MC steps.
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Fig. 6.3 The center of mass diffusion trace of six-atomic Pb cluster on Cu(111) at 400 K

The atomistic simulations reveal well-defined size effect of diffusion coefficient
for clusters consisting 1 < N < 10atoms, Fig. 6.4. The size dependence of D,
presented in Fig. 6.4, manifests clear oscillations increasing the number of atoms in
the cluster. The observed variation of D does not follow the D o« N~ scaling and
could be explained by the model of open and closed geometrical shapes of islands
[29, 30]. As expected, the seven-atomic cluster, having compact shape because of
fce(111) symmetry, has lower mobility compared to the open six-atomic cluster.

D,, (a.u.)

N-Atomic Pb Cluster on Cu(111) Surface
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Fig. 6.4 Size-dependent oscillations at 7 = 400K of diffusion coefficient Dyp of N-atomic Pb
cluster on Cu(111) surface (from Michailov and Vladkov [32], Copyright © 2007 Elsevier B.V.)
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This behavior is consistent with experimental findings for Rh/Rh(100) [29] and
simulations for Cu on Cu(100) [30] where compact clusters of four and six atoms on
fcc(100) surface demonstrate lower mobility. Therefore, the shape of clusters may
change dramatically the mass-transport mechanism and even more may dominate
over the dependence on the cluster size.

6.4.2 Impact of the Lattice Misfit on Cluster Diffusion Behavior

Having established the size- or shape-dependent oscillations of D, we explore the
impact of cluster/substrate commensurability, too. The commensurability was eval-
uated by the value of lattice misfit m defined as the ratio m = Lcr/Lsup. The
quantities Lcr, and Lgyp are the lattice constants of the cluster and the substrate,
respectively. The influence of lattice misfit on the surface diffusion of clusters,
assuming different thermal expansion of substrate and overlayer in heteroepitaxial
systems, has been previously studied by Hamilton in the approximation of simple
Frenkel-Kontorova model [33, 34]. Here, applying continuum-space Monte Carlo
simulations, we extend this model to the case of 2D island migration on epitaxial
interface. The simulation experiments demonstrate clear dependence of the misfit
on the cluster size for 1 < N < 10 [32]. Let us point here that at fixed temperature,
Lsyp for large substrate has a constant value and therefore the variation of m is a
result of variation of Ly .

The PDF analysis of the lattice parameter Lcr, of 2D foreign island deposited
on fcc(111) surface shows a gradual increase of lateral inter-atomic distance with
island size at 400 K and 500 K. The first dramatic change is observed between two-
and three-atomic clusters where nearest-neighbor interatomic distance increases by
about 5%, Fig. 6.5. The physical explanation of this effect can be related to the
intensive charge density redistribution between two- and three-atomic clusters and
substrate. The enlargement of Lcr, is less pronounced, but clear for islands con-
taining three, four, five, and six atoms. It continuously increases and has a relative
jump at seven-atomic cluster. This jump coincides with the formation of a closed
island shape. Subsequent increase of N does not produce significant change of the
cluster lattice constant. Our simulation data show that above 12 atoms the function
Lcr, = Lcp (N) is practically constant. At values of N > 12 the L¢r attains the
bulk lattice constant. The increase of the cluster lattice constant with N is caused
by atomic accommodation (rearrangement) and force balance in the specific 2D
configuration. On the other hand, the cluster lattice constant is also affected by the
substrate potential which contributes to the overall system atomic arrangement.

Experimental evidence for size-dependent lattice parameter of Ag clusters
deposited on Si(100) surface and 10% variation of the lattice constant of metal
nanoparticles of different size and shape was recently reported [36, 37]. In het-
eroepitaxial systems, coverage-dependent lattice constant of Pb islands on Cu(111)
surface has been also observed many years ago [16]. In a low-coverage range, at
Pb atom concentrations less than 37.5%, the adlayer exhibits important expansion,
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Size Dependent Cluster/Substrate Misfit at Variable Nand T
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Fig. 6.5 Cluster/substrate lattice misfit as a function of the number N of atoms in the cluster at
400K (data from [32]) and 500 K. The cluster lattice constant attains the bulk value at N > 10

while at a given critical coverage of 56.3% compressed Pb islands are formed
with lattice constant reduced by 2.65% with respect to that of the bulk Pb phase
[16, 38]. This effect reveals dramatic change in the magnitude of lateral inter-
actions from low- to high-coverage range and reflects the environment-dependent
character of the interactions at the interface layer [10, 13, 15]. The observed size-
dependent cluster/substrate misfit variation affects the general diffusion behavior.
This is demonstrated for three-atomic island by variation of the lateral Pb—Pb inter-
actions through the value of the hopping integral &, (6.6). Hence, keeping constant
the cluster/substrate normal interaction, we generate variable misfit in the system,
Fig. 6.6. Since the number of atoms in the cluster is fixed, the shape effect is elim-
inated and therefore the oscillations of the diffusion coefficient are caused exclu-
sively by the misfit variation. In all cases for islands with specific number of four,
five, six, and seven atoms, D varies non-monotonically, oscillating with the misfit
value, Fig. 6.6. It is essential to note that if the misfit does not affect the cluster
diffusion, we would observe monotonic dependence of D with increasing the lateral
bonding. The simulation results also suggest that the contribution of cluster misfit
is more pronounced at small N up to 10 atoms. Above this value the misfit is nearly
constant with cluster size and the shape effect dominates the diffusion behavior.
For three-atomic clusters D changes between 0.2 and 0.7, while for seven-atomic
clusters this variation is smaller, being between 0.04 and 0.2. All values of D are
normalized to the diffusion coefficient of single atom. The above results stand for
essential contribution of the lattice misfit to the island diffusion behavior.

Because of the quite general physical origin of the misfit variation with cluster
size (broken crystal symmetry and periodicity, small number of interacting atoms,
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Fig. 6.6 Misfit-dependent diffusion coefficient D3 of three-atomic Pb cluster on Cu(111) surface
at 400 K. A significant increase of D3 is observed at specific values of misfit. The value of D is nor-

malized to the diffusion coefficient of single atom (from Michailov and Vladkov [32], Copyright
© 2007 Elsevier B.V.)

strong peripheral atom contribution, confined electron density distribution, reduced
space dimension, etc.) the misfit effect on the cluster mobility is expected to be also
valid for homoepitaxial systems. Our analysis of pair distribution function suggests
that the misfit variation with the number of atoms in the cluster is more pronounced
in large-misfit heteroepitaxial systems such as Pb/Cu. The different electronic struc-
ture of overlayer and substrate leads to enhanced charge transfer and therefore the
influence of surface potential on the overlaying cluster is increased. For homoepitax-
ial system, our results on surface diffusion of Cu islands on Cu(111) demonstrate
a noticeably weaker Lcp, = Lcr(N) dependence. In that case no oscillations are
observed and D decreases monotonically with cluster size. The extracted scaling
exponent @ = 1.38 4= 0.048 and the time evolution snapshot analysis suggests that
surface diffusion should be related to entire cluster gliding as a result of concerted
motion of several atoms. Similar results based on molecular dynamics and kinet-
ics Monte Carlo simulations with embedded atom interaction potential have been
reported [39].

Evidently, the real cluster migration is influenced by a number of simultane-
ously acting effects. Considering their subtle competition, it could be expected that
oscillations, originating from cluster/substrate misfit found here, have to be added
to the oscillations due to shape effects. In the case of periphery diffusion mecha-
nism or entire cluster gliding, the misfit variation should modulate the D o« N™¢
dependence. The experimental verification of this prediction is still an open task.
In the framework of the present model, it could also be concluded that incom-
mensurate clusters migrate faster than commensurate clusters. Commensurability
implies stronger bonding of island with substrate, i.e., relatively tight “locking” of
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the cluster to the substrate potential. In contrast, the incommensurate clusters exhibit
floating solid behavior and therefore, faster migration on the surface.

6.5 Surface Diffusion on Stepped Epitaxial Interface: Incomplete
Surface-Confined Intermixing

In the energy regions defined by system temperature below 77, (blocked alloying,
(6.1)) and above Ty (complete alloying, (6.3)), the simulation results for the diffu-
sion of single adatoms do not reveal any unusual behavior. The system completely
follows experimental findings of entirely phase separated at 7 < T, or entirely
mixed ordered or disordered interface at 7 > Ty. [18, 19]. Opportunely, this is
not the case of atomic diffusion in the temperature gap 71, < T < Ty, where the
atomistic model reveals a number of fine effects. These effects come out by the
variety of energy barriers that the adatom with fixed energy meets at specific sites
on the crystal surface. Consequently, the initial atomic-scale surface morphology
moulds the final equilibrium interface structure. In this section we will discuss diffu-
sion scenarios at the most common types of surface morphology: epitaxial interface
with large, atomically smooth domains and epitaxial interface with terraces having
variable width, edged by different steps and kinks.

6.5.1 Diffusion in the Vicinity of Steps of Atomic Terraces

In the temperature region 300K < 7 < 500K the energy of migrating atoms is
below the barrier for direct embedding inside the substrate, (6.2). The simulations
at 400 K show lack of any atomic exchange between adsorbed and substrate atoms
on large terraces or smooth, step-free surface areas. This behavior is consistent with
recently reported rather high diffusion energy barrier of 1.17 eV for direct embed-
ding of Pb atoms inside the Cu(111) terrace [17]. On the other hand, the low acti-
vation energy of 0.03 eV for adatom surface diffusion favors the atomic transport
on top of the substrate. Hence, in specific temperature window 71, < T < Tq,
the suppressed direct alloying (E ADTOM < EBE{ECT) in the outermost surface layer
assists the atoms to attach the steps of the atomic terraces, Fig. 6.7.

We have already pointed out that adatoms have different ability for embedding,
depending on the sites they inhabit on the epitaxial interface. As a result of different
elastic strain in complete surface layer and in terrace with finite size, the energy
barriers for diffusion into the smooth substrate by direct atomic exchange, E BB{ECT’
and for diffusion across the step of terraces, EIS)?EP, are expected to be different.
Indeed, at equilibrium, close to step edges, the simulations show very distinct Pb
adatom diffusion inside the Cu matrix, Fig. 6.8. Following initial intensive pro-
cess of intermixing in the vicinity of step, the diffusion within the terrace signifi-
cantly decreases and the concentration of foreign Pb atoms dramatically falls down
after the third atomic row of the Cu terrace. Approaching equilibrium, the system
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Fig. 6.7 Non-equilibrium configuration of Pb adatoms on Cu(111) interface in the temperature
region 71, < T < Ty. Going to equilibrium the adatoms form alloyed stripes in the vicinity of
terrace edges shown in Fig. 6.8

Fig. 6.8 Snapshot of random atomic configuration of 0.1 ML Pb (light gray balls) at 300K on
Cu(111) stepped surface with initial Cu terrace width of 16 atoms. The formation of 2D stripes
due to Pb diffusion across the atomic steps is seen. No surface alloying takes place on a smooth,
step-free surface area

generates thermodynamically stable configuration of finite-size alloyed stripes and
pure terrace areas, shown in Fig. 6.8. The stripes have characteristic width Lg which
depends on temperature and step anisotropy. It is essential to note that in the configu-
ration presented in Fig. 6.8, the interface energy has already reached minimum and
fluctuates around a constant value as seen from the time evolution of the system,
Fig. 6.9. This behavior indicates a system state in absolute or deep local energy
minimum. Therefore, in a specific temperature range, 71, < T < Ty, we can block
completely the direct atomic exchange and open an energy window for diffusion
exclusively trough the steps. Similar diffusion scenario generated by the present
computational model has been observed experimentally by STM on the Pb/Cu(111)
system, [17, 18]. Molecular Dynamics study also confirms easier penetration of Ni
adatom in the vicinity of terrace edges on the substrates Cu(100) and Cu(111), [40].
In that case, it has been observed additionally direct embedding of Ni atoms very
close to steps of the Cu(111) terrace.
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Time evolution of the Interface Energy
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Fig. 6.9 The interface energy dependence on Monte Carlo time. After formation a constant width
stripes I (data from [4]) or alloyed islands II, the energy fluctuates close to a constant value
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Fig. 6.10 Time evolution of Pb adatoms diffusion across atomic steps inside the Cu(111) terrace.
After penetration in depth of three- to four-atomic Cu rows of both sides of the terrace, the Pb
atoms migration is completely blocked. Surface alloying is avoided on a flat, step-free surface area
(from Michailov [4], Copyright © 2009 The American Physical Society)

Time evolution analysis of the stripe width, Fig. 6.10, suggests a gradual increase
of diffusion energy barriers in the direction toward the terrace center. The simulation
results reveal diffusion coefficient (for migration across the step) dependent on the
position of the terrace atomic row in direction to the center, Fig. 6.8. Following the
general expression for diffusion coefficient D;:
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EPB
D; o exp —k’—T (6.7)

in which k is the Boltzmann constant, the spreading of alloyed stripe depends on
a series of increasing diffusion barriers EPB for entering in the first, second, third,
ith atomic rows. The evaluation of ElDB is a complex problem that should account
for simultaneously acting physical effects such as elastic strain, non-symmetric ter-
race relaxation, step anisotropy, adlayer—substrate atomic interactions. The atomic
relaxation is favorable exclusively in the direction out of the step, whereas inside
the terrace the elastic strain increases and resists the penetration of foreign atoms.
Therefore, the finite width of the stripe is a result of non-symmetric elastic strain
field (physical boundaries) of alloyed domains at step edges.

6.5.2 Step Anisotropy Contribution to Step Diffusion Barriers

An important detail of step diffusion barriers relates to the crystallographic
anisotropy of terraces. A very telling example of low-indexed <111> orientations
of epitaxial interface is presented in Fig. 6.11. The symmetry and the resulting
atomic arrangement on fcc(111) surface generate atomic terraces with two kinds
of steps, A and B, Fig. 6.11 (inset down right), each of them having different step
free energy and relaxation ability [7, 41].

Simple analysis of the geometrical atomic configuration presented on the inset
down right in Fig. 6.11 shows that the atomic shift toward the nearest-neighbor
threefold symmetry hollow site for Cu atom of the B-step (left step direction)
costs less energy compared to that for identical peripheral Cu atom of the A-step
(right step direction) on the terrace. The elastic strain generated by foreign atoms
diffused into the terrace matrix is reduced preferably in the B-step direction. The
favored terrace relaxation in direction B is consistent with the larger stripe width
L]S3 at the terrace step B, compared to the stripe width L‘; at the terrace step A,
Fig. 6.8. Simulation snapshot analysis for equilibrium atomic configurations at con-
stant T = 300K reveals LSB ~ 1.4L§. Therefore, the stripe width is affected by
the step anisotropy resulting in different relaxation of the elastic strain in the system
generated by “larger” foreign Pb atoms in the terrace [4, 42].

The presented diffusion scenario is rather promising for manipulation of high-
indexed epitaxial interface. If the initial atomic configuration of the system is con-
sisted of equidistant terraces on vicinal surface then the formation of alloyed stripes
is restricted exclusively to the single step of the terrace, Fig. 6.12.

The interface forms staircase-up or staircase-down configuration of 2D regular
stripes. In the energy gap 71, < T < Tq the stripe width depends on 7 through the
relaxation ability of the vicinal terrace. The critical terrace width was found to be
three times the spreading width of stripe. Below this value the terrace is completely
alloyed. Therefore, even at 71, < T < Ty, the vicinal epitaxial interface having
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Step Anisotropy Effect on Incomplete Surface Alloying
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Fig. 6.11 Step anisotropy effect at incomplete surface alloying. Snapshot of a random MC atomic
configuration of 0.1 ML Pb/Cu(111) at 300 K and initial substrate terrace width of 16 atomic rows.
The larger alloyed stripe width at step B is a result of the eased atomic relaxation of the terrace
in that direction. The inset (down right) shows atomic arrangement of A and B steps with feasi-
ble directions for relaxation toward threefold symmetry hollow sites on the substrate level. Light
gray balls indicate upper Cu terrace atoms (from Michailov [4], Copyright © 2009 The American
Physical Society)
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Fig. 6.12 Nanoscale staircase surface pattern formation on vicinal fcc(111) interface. Stable
alloyed stripes followed by pure terrace domains are formed at Lt > 3Lg and 7. < T < Ty.
If the surface intermixing is realized across the single steps of the vicinal terraces, for LT < Lc¢
(vicinal surface with narrow terraces) the formation of 2D surface alloy is spread over the entire
interface although EADTOM < EB&ECT

mean terrace width distribution Lt < Lc could be completely alloyed despite that
the system is outside the energy gap for complete alloying, (6.3).

6.5.3 Vacancy-Mediated Diffusion Inside Atomic Terraces

The diffusion slowing down inside the terrace argues for dramatic change in the
elastic strain field toward the terrace center. The equilibrium state of the system
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Vacancy - Mediated Diffusion Inside Atomic Terrace
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Fig. 6.13 Time evolution of Pb diffusion across atomic steps on Cu(111) surface. Pb migration
inside the terrace is tightly suppressed for dense, vacancy-less substrate (lower curve), 7 = 300 K.
At same 7 = 300K the diffusion slowing down is prevented on 5% vacancy-populated interface
due to easier terrace relaxation (upper solid curve). Pb diffusion at T = 600K (middle dashed
curve) after spontaneous generation of vacancies (from Michailov [43], Copyright © (2010) Trans
Tech Publications, Switzerland)

shows completely blocked diffusion after third atomic row, resulting in final width
of alloyed stripe. Since the atomic relaxation of the terrace is a temperature func-
tion, the stripe width is expected to increase at high temperatures. The simulations
at T = 600K, compared to that of T = 300K, demonstrate clear enlargement
of the stripe, as seen in Fig. 6.13 (middle dashed curve). The facilitated substrate
matrix relaxation assists the diffusion of adatoms inside the terrace. Snapshot and
PDF analysis show that the atomic relaxation in that case is a result of spontaneous
generation of vacancies [43]. Let us remind that the density of vacancies increases
exponentially with 7. These results reveal largely vacancy-assisted diffusion of
adatoms inside the terraces, far from terrace edges and steps. In real systems, this
diffusion scenario will take place at high 7', near the upper temperature limit of the
region of incomplete alloying 71, < T < Ty where the density of atomic vacancies
is expected to be large.

We have also confirmed the mechanism of vacancy-mediated diffusion at reduced
T . Since the process of spontaneous formation of vacancies is not favorable at low
T, the epitaxial interface is nearly vacancy free. That is why, at T = 300K in
the initial configuration, 5% atomic vacancies into the terrace have been randomly
generated. The result, shown by the upper curve (solid line) in Fig. 6.13 demon-
strates complete 2D alloying in the terrace. Even at low 7 the native presence of
vacancies destroys the stripes due to the easier relaxation of the entire terrace [43].
Approaching the final equilibrium state, the system forms completely alloyed Pb/Cu
2D islands, on top of the pure, non-alloyed surface, similar to Fig. 6.14b.
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(b)

Fig. 6.14 Time evolution of the interface atomic configuration for initial terrace of 6 atomic rows.
(a) Non-equilibrium configuration with terrace width comparable with the size of alloyed stripe.
(b) Close to equilibrium configuration resulting from (a). Completely alloyed Pb-Cu islands are
formed. (see also Fig. 6.9 curve II)

6.5.4 Terrace Stability

The problem of terrace stability directly relates to the surface pattern formation at
different atomic levels at epitaxial interface. The decrease of terrace width below a
given critical value causes overlapping of elastic strain fields generated by the left
and right alloyed stripes, Fig. 6.14a. The smooth, non-alloyed area inside the terrace
disappears. As a result, the terrace entirely releases the elastic strain and forms 2D
homogeneously alloyed islands on top of pure, non-alloyed substrate, Fig. 6.14b.
By variation of the initial terrace width, we found that the stripe width Lg does
not depend on the terrace width Lt at Lt > 3Lg. The decrease of Lt more than
three times Lg makes the terrace unstable and completely transparent for Pb atoms
[4, 43]. On Cu substrate with initial terrace width Lt of six atomic rows we observed
totally alloyed Pb—Cu domains. Therefore, at constant 7', the variation of Lt gives
the opportunity to form various surface patterns: (i) one-level patterns at Lt > 3Lg,
i.e., alloyed stripes followed by smooth, pure terrace areas Fig. 6.8; (ii) two-level
patterns at Lt < 3Lg, i.e., totally alloyed terraces (islands) and pure non-alloyed
substrate domains, Fig. 6.14b.

Fig. 6.15 The atomic configuration of epitaxial interface at high coverage (0.7 ML) at complete
wetting of the substrate by adsorbed layer. Even being entirely alloyed, the terrace retains its linear
shape and dimension. This is in contrast to the low-coverage case where the terrace destroys and
forms 2D-alloyed islands, Fig. 6.14b
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Fig. 6.16 (a) Atomic structure of the wetting layer as a replica of the substrate. Pure ordered and
mixed disordered patterns are results of different energy barriers for diffusion inside smooth and
stepped surface domains. (b) Atomic structure of the substrate below the wetting layer. Disordered
and alloyed striped terrace on top of well-ordered, non-alloyed surface layer is formed. The specific
atomic arrangement is a result of incomplete surface intermixing caused by diffusion across the
steps of atomic terrace

The terrace stability at high coverage is rather different. The atomic configura-
tion presented in Fig. 6.15 reflects the case of complete wetting of the substrate by
adsorbed layer.

Snapshot analysis reveals similar critical width L¢ (three to four atomic rows) for
overlapping of alloyed stripes. The essential difference here relates to the stability
of the terrace. Even being entirely alloyed, the terrace retains its shape, keeping
the linear contours and dimensionality. The wetting layer, covering completely non-
alloyed domains of the interface, confines the fluctuations of capillary waves causing
the break of stripe. Hence, interface could be designed as a complete pure adsorbed
layer followed by alloyed ordered or disordered stripes, Fig. 6.16.

6.6 Complete Surface Intermixing

The high-temperature region is characterized by adatom energy exceeding all dif-
fusion barriers imposed by the surface morphology, (6.3). In this energy gap at low
concentration of adatoms, the interface has completely alloyed structure confined
to the outermost surface layer. The ensemble of experimental results of Pb sub-
monolayers on (110), (100), and (111) Cu substrates reveals rather exotic behav-
ior regarding the structure, alloying, and disalloying transitions in these systems
[10, 13, 18-25]. The most impressive example has been reported for submonolayer
Pb adsorption on Cu(110). On this substrate, close to complete 0.8 monolayer, in
an extremely narrow coverage range of 0.05 monolayer, a sequence of 11 quasi-1D
p(Nx1) phases (all alloyed) have been observed. At reduced coverage, 0.3-0.5 ML,
the reverse process of alloying—disalloying has been found for the lattice gas to
¢(2x2) superstructure transition [18, 22, 23]. Well-ordered 2D-alloyed phases have
been found on fcc(100) and fcc(111) surfaces, too [2]. In general, for one of the most
studied metal/metal epitaxial interface Pb/Cu, the variety of 2D-alloyed phases and
the respective phase transitions could be classified into two groups. The first group
covers first-order phase transitions taking place in different atomic levels, while
the second group relates to continuous order phase transitions taking place in one
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and the same atomic level. To the first group of alloying—disalloying transitions the
following could be assigned: Pb/Cu(110) — disordered alloy — pure c(2x2) phase —
alloyed p(4x 1) phase; Pb/Cu(100) — alloyed c(4 x4) phase — pure on top c(2x2)
phase; Pb/Cu(111) — disordered alloy — pure incommensurate compact layer, all
being of first-order transitions. To the second group belongs the continuous tran-
sitions: Pb/Cu(100) — disordered alloy — alloyed c(4x4); Pb/Cu(110) — p(4x1) —
p(13x1) —p(9x1) —p(14x 1) — p(5x 1) phases all being alloyed [25]. The fine com-
petition between the energy of mixing and the substrate strain energy is the physical
background for generation of this variety of ordered and disordered surface phases.

6.7 Classification Order of Surface-Confined Intermixing

The presented computation model reveals staircase behavior of diffusion energy bar-
riers from atomically smooth to completely rough interface and identifies specific
hierarchy of surface-confined intermixing. The temperature evolution of epitaxial
interface from smooth toward rough interface consisting of terraces with kink-free
line steps, terraces having kinked steps, terraces with complete step roughening,
and finally terraces with large vacancy concentration suggests classification order
of surface-confined intermixing shown in Fig. 6.17. On that background, depend-
ing on the adatom energy (system temperature) and the respective energy barri-
ers (atomic-scale surface morphology) the surface alloying could be classified as
follows [4]:

Sassificati f surf )
Complete alloying
WEE a0t stoesesesecece
Alloyed terraces
Incomplete alloying

saesn:  o0eeetBeBEoEsos00000 T

Alloyed Step Stripes
Pure terrace domains
Pure substrate (]

Blocked alloying
Pure substrate Low

e 0000t EEeEr00000
Step decoration

Fig. 6.17 Classification order of surface-confined intermixing. Light gray balls — adsorbed atoms,
dark balls — substrate atoms (from Michailov [4], Copyright © 2009 The American Physical
Society)
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: : D DB DB
(i) complete alloying (Esrom > Estep = EDRECT)
Y : DB D DB
(i) incomplete alloying (Egrpp < Exrom < EpiRecT)

(iii) blocked alloying (ERpoy < Espep < ERrgcr)-

The suggested classification scheme opens up a way for fine-tuning surface
design and pattern formation. As a result, in bulk-immiscible systems the adsorbed
foreign adatoms pattern smooth, stepped, or vicinal surfaces in a diversity of modes:

(i) Pure substrate layer and pure terraces decorated at steps by 1D foreign atom

lines (blocked alloying), Fig. 6.7.

(i1) Pure substrate layer and stripe-alloyed 2D terraces or islands (incomplete
alloying with atomic exchange at steps), Fig. 6.8.

(iii) Pure substrate layer and completely alloyed 2D islands (incomplete alloying
with vacancy-mediated atomic exchange into the terrace), Fig. 6.14b.

(iv) Pure adsorbed layer and completely alloyed stripes (incomplete alloying at
high coverage with atomic exchange at steps for terraces having width below
the critical), Fig. 6.15.

(v) Complete alloying (full intermixing at the epitaxial interface).

At incomplete alloying E??EP < EETOM < EB%ECT, this series of surface
design modes could be extended to a multi-level pattern formation, too. At constant
T and low concentration of adsorbed atoms, the alteration of initial terrace width
Lt (e.g., by using equidistant terraces of different high-index vicinal surfaces) can
create surface patterns on the epitaxial interface at different atomic levels:

(i) One-level patterns: pure non-alloyed terrace domains followed by alloyed
stripes, Fig. 6.8.

(i) Two-level patterns: totally alloyed terraces or islands and pure, non-alloyed
substrate domains, Fig. 6.14b.

An essential advantage of the model is the ability to generate all atomic con-
figurations of epitaxial interface shown here simply by temperature or coverage
variation.

6.8 Conclusion

This review is focused on important details of the diffusion behavior of adsorbed
atoms and clusters on the epitaxial interface. Accounting for the energy barriers
imposed by the surface morphology (smooth domains, terraces, steps, kinks, etc.),
the computational model reveals variety of diffusion scenarios that control in fine
details the interface atomic structure.

On smooth interface, we found that the diffusion of atomic clusters (islands) is
influenced by the cluster/substrate commensurability. Since the commensurability
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implies stronger bonding of the island with the substrate, a relative “locking” of
the clusters to the substrate potential is realized. In contrast, the incommensurate
clusters exhibit floating solid behavior and migrate faster on the substrate. The
value of the lattice misfit is dependent on the number of atoms in the cluster for
1 < N < 10. This size-dependent misfit leads to oscillations that modulate the
scaling dependence D o« N~ of diffusion coefficient or the oscillations being
already caused by the cluster shape variation. The ensemble of results is in fairly
good agreement with recent theoretical and experimental findings.

On epitaxial interface with atomic terraces, steps, and kinks, this study reveals
diffusion mechanism of formation of 2D-alloyed stripes or 2D-alloyed islands.

The stripes formed at the terrace edges are followed by smooth, non-alloyed areas
thus creating regular patterns on the surface. Atomic terraces having a critical width
Lt < 3Lg are unstable and completely transparent for the adsorbed atoms. The
width of stripe is step anisotropy dependent and correlates with the relaxation ability
of terraces in specific direction. The observed effect is a result of subtle interplay
between layer strain energy and energy gained by mixing. Accounting for the energy
barriers at specific atomic sites as smooth domains, terraces, and steps, the present
model reveals a classification order of surface alloying: blocked, incomplete, and
complete. Being in agreement with the experimental findings, the simulation results
illuminate the crucial role of the competing atomic interactions that control the inter-
face structure. The phenomenon of stripe alloy formation discussed here could be
applied to nanoscale surface design of atomically smooth and vicinal surfaces in
volume-immiscible systems.
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Chapter 7
Biologically Inspired Surface Physics: The HP
Protein Model

Y.W. Li, T. Wiist, and D.P. Landau

Abstract The nature of proteins in contact with surfaces is a topic of great practical
importance as well as of intellectual interest. We describe the use of a minimalistic
model, the HP model of protein folding, to examine the general characteristics of
proteins. We also review attempts to understand how the presence of a surface will
modify their behavior.

7.1 Introduction

Protein folding is one of the great frontiers of early 21st century science and meth-
ods of statistical physics are finding their way in investigation of these systems.
Proteins are long, linear polymers of amino acids connected by peptide bonds along
the backbone, and rather complicated interactions that result in rough free energy
landscapes [1, 2]. (“Peptide” is merely the term applied to short proteins.) At high
temperatures proteins are distended, but below some characteristic temperature they
fold into a “native state” of low free energy [3]. Proteins are sufficiently complicated
that attempts to study them numerically rely upon simplifying the problem to one
of manageable proportions yet retaining the fundamental features of the protein. An
additional level of complexity enters when a surface is introduced and parts of the
protein are either attracted or repelled by the surface. Immobilization of proteins on
a solid substrate is important for the study of protein functions [4] and the synthesis
of materials [5, 6]. Drug delivery [7] is one of the potential medical applications of
these artificial materials, yet only a limited amount of information is available.

In this presentation we shall describe a very simplified, HP (hydrophobic-polar)
lattice protein model that was introduced by biochemists over 20 years ago. In spite
of its simplicity the model is quite challenging to study, particularly as it attempts
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to fold into the native state. It has been shown that searching for the ground states
for an HP sequence is an NP-complete problem [8, 9].

The lattice proteins with which we shall deal are of nanoscale dimensions and
hence are at the interface between biology and surface nanoscience. In this chapter
we shall review numerical studies of lattice proteins with different sequences and
also describe our large-scale Monte Carlo studies of several different HP proteins,
both in free space and in contact with an attractive surface.

7.2 Background

7.2.1 The HP Model

In proteins, 20 amino acids are commonly found and they serve as the basic “build-
ing blocks” [10]. Each amino acid contains an amino group (—NH;) and a car-
boxylic acid group (—COOH), both are bonded to the same a-carbon atom. Amino
acids are covalently bonded together by a peptide bond between the amino group
of one amino acid and the carboxyl group of another. This forms the linear, rigid
backbone of the protein. The only difference that distinguishes the amino acids is
the side chain to which the a-carbon is attached. Side chains can be acidic, basic,
uncharged polar, or non-polar. The first three types are basically hydrophilic, and
the non-polar type is hydrophobic. Hence, the amino acids are classified according
to the types of their side chains.

Amino acids interact with one another or with the environment through non-
covalent bonds: ionic bonds, hydrogen bonds, and van der Waals forces. In an
aqueous environment, hydrophobic amino acids are forced to group together in
order to minimize the disturbance on the hydrogen-bonded networks of water [11].
Hydrophobic residues held together in this manner have been regarded as being
“pulled” by their own attraction, the so-called hydrophobic bonds, although it orig-
inates from the repulsive force by the water molecules. Such a hydrophobic interac-
tion is believed to be the most significant factor that governs the structure of proteins
[12, 13].

The hydrophobic-polar (HP) lattice model [14] was proposed to capture the
hydrophobic effect in protein folding. In this model, the protein is represented as a
self-avoiding chain of beads (i.e., coarse-grained representations of the amino acid
residues) on a rigid lattice. Amino acids are classified into two types: hydrophobic
(H) and polar (P), and an attractive interaction € acts only between non-bonded
neighboring H residues (i.e., egg = —1, egp = epp = 0). Different sequences of
H and P monomers are used to “match” different proteins, and several sequences
which have been deemed “benchmarks” have been studied extensively by a variety
of methods with varying success. Some benchmark sequences are listed in Table 7.1.
If a surface is added additional couplings between monomers and the surface must
be included. In the case of a hydrophobic surface, an additional energy eyg is won
if an H is adjacent to the surface.
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Table 7.1 Benchmark HP sequences used in this text

Seq. code Reference Sequence

2D50 [15] HHPHPHPHPHHHHPHPPPHPPPHPPPPHPPPHPPPHPH
HHHPHPHPHPHH

2D60 [15] PPHHHPHHHHHHHHPPPHHHHHHHHHHPHPPPHHHHH
HHHHHHHPPPPHHHHHHPHHPHP

2D64 [15] HHHHHHHHHHHHPHPHPPHHPPHHPPHPPHHPPHHPP
HPPHHPPHHPPHPHPHHHHHHHHHHHH

2D85 [16] HHHHPPPPHHHHHHHHHHHHPPPPPPHHHHHHHHHHH
HPPPHHHHHHHHHHHHPPPHHHHHHHHHHHHPPPHPP
HHPPHHPPHPH

2D100a [17] PPPPPPHPHHPPPPPHHHPHHHHHPHHPPPPHHPPHH

PHHHHHPHHHHHHHHHHPHHPHHHHHHHPPPPPPPPP
PPHHHHHHHPPHPHHHPPPPPPHPHH

2D100b [17] PPPHHPPHHHHPPHHHPHHPHHPHHHHPPPPPPPPHH
HHHHPPHHHHHHPPPPPPPPPHPHHPHHHHHHHHHHH
PPHHHPHHPHPPHPHHHPPPPPPHHH

3D42 [18] PHHPHPHHPHPHPPHHHPHPHHPHPHHHPPHPHPHHP
HPHHP

3D48 [19] PHPHPPPPHPHPHPPHPHHHHHHPPHHHPHPPHPHHP
PHPHHHPPPPH

3D67 [18] PHPHHPHHPHPPHHHPPPHPHHPHHPHPPHHHPPPHP
HHPHHPHPPHHHPPPHPHHPHHPHPPHHHP

3D88 [20] PHPHHPHHPHPPHHPPHPPHPPHPPHPPHPPHHPPHHH
PPHHHPPHHHPPHHHPPHPHHPHHPHPPHPPHPPHHP

3D103 [21] PPHHPPPPPHHPPHHPHPPHPPPPPPPHPPPHHPHHP

PPPPPHPPHPHPPHPPPPPHHHPPPPHHPHHPPPPPH
HPPPPHHHHPHPPPPPPPPHHHHHPPHPP

3D124 [21] PPPHHHPHPPPPHPPPPPHHPPPPHHPPHHPPPPHPP
PPHPPHPPHHPPPHHPHPHHHPPPPHHHPPPPPPHHP
PHPPHPHPPHPPPPPPPHPPHHHPPPPHPPPHHHHHP
PPPHHPHPHPHPH

3D136 [21] HPPPPPHPPPPHPHHPHHPPPPHPHHHPPPPHPHPHH
HHPPPPPPPPPPPHPPHPPPHPHHPPPHHPPHPPHPH
PHPPPPPPPPHPPPHHHHHHPPPHHPPHHHPPPHHPH
HHHHPPPPPPPPPHPPPPHPHPPPP

7.2.2 Numerical Methods

Previous work showed that the knowledge of the free energy landscape and the ther-
modynamics of a protein system is essential to completely understand the folding
process [2, 22, 23], and thus Monte Carlo (MC) methods are indispensable tools
for this purpose [24]. The configurations of a polymer may be studied using the
traditional Metropolis method [25], but the complexity of the resultant free energy
surface at low temperature renders the method extremely inefficient [26]. Two
approaches have been taken to resolve the problem. One is to search only for the
ground state configuration with the lowest energy, e.g., MC with minimization
[27], simulated annealing [28], genetic algorithms [15], pruned—enriched Rosen-
bluth method (PERM) [29] and its variants [30, 31], tabu search [32], evolution-
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ary Monte Carlo (EMC) [33], fragment regrowth Monte Carlo via energy-guided
sequential sampling (FRESS) [34]. Detailed reviews can be found in [24, 35]. Apart
from Monte Carlo methods, ground state conformation searches for HP sequences
can also be performed by specific methods like hydrophobic core construction
[18, 19, 36, 37].

Another approach allows one to estimate the density of states as a function
of energy, g(E), from which the thermodynamic properties of the system can be
obtained. Examples include the multi-self-overlap-ensemble simulation (MSOE)
[38], multicanonical chain growth (MCCG) [39, 40], equi-energy sampling (EES)
[41], and Wang-Landau (WL) sampling [42-44]. As the HP model is a preliminary
step toward the real protein folding problem, all these algorithms have used it as a
common testing ground for their capacities.

Wang-Landau (WL) sampling is a very flexible and highly efficient and robust
Monte Carlo algorithm for the determination of g(E) of quite diverse statistical
physical systems [42, 43, 45]. Instead of using the Boltzmann factor to determine if
a trial move is accepted, as in the case of Metropolis sampling, WL sampling uses
g(E), and improves it iteratively as the simulation progresses. This tactic makes WL
sampling advantageous over other simulation methods when dealing with systems
having rough free energy landscapes, as it is not trapped in local minima. As an
illustration we show the canonical probabilities of states for the Edwards-Anderson
spin glass in 3D as a function of the order parameter g at low temperature in Fig. 7.1.
The dramatic variations in the canonical probabilities make the simulation of such
system very challenging for traditional Metropolis methods, but WL sampling is
capable of obtaining it from a single simulation without difficulty. Thus, we believe
that WL sampling is potentially effective for protein folding problems where the
free energy landscape is known to be rather rough.

In our WL sampling with HP sequences we have determined that traditional trial
moves, e.g., end-flips, kink-flips, crankshaft, and pivots, are inadequate in the col-
lapsed state, so we have implemented new sets of trial moves introduced in [32, 46]
that turn out to be very efficient [44]. Our approach has been to implement WL

P@.T)

Fig. 7.1 Low-temperature canonical probability for the Edwards-Anderson spin glass in 3D as
determined from a single simulation. The order parameter is g (from Wang and Landau [42])
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sampling together with these new types of trial moves to determine g(E) over the
entire range of energies in a single run. In addition to allowing us to find the ground
state (or “native state” in biological language) we can determine thermodynamic
properties as a function of temperature.

The accuracies of the estimates for g(E) are controlled by the final modification
factor frina and the flatness criterion p. Whereas WL studies of other polymeric
systems reported that In( ffna) =~ 107° is sufficient, we have found that reliable
estimates for g(E) over the entire energy range (including the lowest energies)
required In( ffna) < 1077. We, thus, used a very stringent parameter set for all
our simulations: In( ffina) = 1078 and p = 0.8.

7.3 What Have We Already Learned?

7.3.1 The HP Model in the Absence of a Surface

We first examine the behavior of a few characteristic lattice proteins without a sur-
face.

The knowledge of the full energy range is essential in the WL algorithm for the
examination of the flatness of the histogram, but the energy boundaries are a priori
unknown. (For this reason, there has been substantial use of ground state search
algorithms, e.g., for the HP model.) To overcome this difficulty, the following pro-
cedure was used: Each time a new energy level E., was found, it was marked as
“visited” and g(Epew) Was set to gmin, i.€., the minimum of g among all previously
visited energy levels. The flatness of the histogram is checked only for those energy
levels that have been visited. With this self-adaptive procedure, new regions of con-
formational space can be explored simultaneously as the current estimate of g(E) is
further refined. First, we applied our procedure to various HP benchmark sequences
as shown in Table 7.1. The ground states of sequence 2D100b are believed to have an
energy E = —50 [38], and various methods have confirmed this result [30-32, 34].
However, previous attempts to obtain g(E) over the entire energy range [—50, 0]
within a single simulation have failed [38, 41]. In contrast, with our approach we
were able to achieve this with high accuracy and Fig. 7.2 shows the resulting specific
heat Cy(T')/N, depicting a peak at T = 0.48 (coil-globule transition) and a very
weak shoulder at 7 ~ 0.23 (folding transition). Such two-step acquisition of the
ground (native) state has been observed in studies of realistic protein models, e.g.,
glycophorin A [47], and is not restricted to lattice models!

For sequence 3D103, the lowest energy found by fragment regrowth Monte Carlo
via energy-guided sequential sampling (FRESS) [34] was E = —57, but with our
approach, we discovered an even lower state with energy —58. It was also possible to
determine g(E) in the energy range [—57, 0] from a single simulation, and with very
high accuracy, although it was not possible to determine the relative magnitudes of
the ground state and first excited state g(E) with high precision. Figure 7.3 displays
the specific heat for 3D103, manifesting a peak at 7 ~ 0.51 and a shoulder at
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Fig. 7.2 Specific heat Cy /N, mean radius of gyration (Ry)/N (N, chain length) as a function of
temperature 7' for the 2D HP sequence 2D100b. Statistical errors were calculated by a Jackknife
analysis from 15 independent Wang-Landau (Cy ) and multicanonical production runs ((R,) and
(g)) for each sequence (from Wiist and Landau [44])

T =~ 0.27, but we observed no additional peak in Cy at low temperatures as in
[39]. The Cy curves indicate that the folding transitions from unstructured globular
conformations to the ground states are rather weak for both sequences.
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Fig. 7.3 Specific heat Cy /N, mean radius of gyration (Rg)/N (N, chain length) as a function of
temperature 7' for the 3D HP sequence 3D103. Statistical errors were calculated by a Jackknife
analysis from 15 independent Wang-Landau (Cy) and multicanonical production runs ({Rg) and
(g)) for each sequence (from Wiist and Landau [44])
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By means of multicanonical sampling [48] given our estimates for g(E), we
obtained the radius of gyration Ry [49] and the Jaccard index g [50], here mea-
suring the similarity between any conformation and the ground states of an HP
sequence, i.e.,

Cs g
Csg+ Cs+ Cy

} (7.1)
Eg=Emin

Cs,g denotes the number of common (native) H-H contacts between a conforma-
tion s and the ground state g, and Cs, C, are the numbers of H-H contacts found
only in s and g, respectively (the maximum stems from the degeneracy of ground
states). Figures 7.2 and 7.3 also show the temperature averages (Rg) and (g) for
sequences 2D100b and 3D103 and illustrates the complementary information of
these two quantities. While (R,) indicates the coil-to-globule collapse, {g) identifies
the folding transition to the native state and thus may serve as a suitable structural
order parameter for these kinds of systems. In case of sequence 3D103, the ground
state (E = —58) was excluded from the sampling (due to the difficulty of finding
this state) which results in only rather small Jaccard indices for 7 — 0. This shows
that there are still large structural differences between conformations with E = —57
and the ground state with £ = —58.

Table 7.2 compares results obtained using various methods, and, if available,
the density of states g(E) for common benchmark HP sequences. We also include
results from methods which were focused on the low-temperature range only, i.e.,
FRESS [34] and the variants of PERM (pruned—enriched Rosenbluth method) [30,
31] and do not provide the entire density of states. Except for the longest sequence
(3D136), we could confirm all minimum energy states found previously.

q:max{

Table 7.2 Energy minima (Epi,) found by several methods for benchmark HP sequences in 2D
and 3D. The first column names the sequence (dimension and length); see Table 7.1. Dashes mean
no data available. For abbreviations, see text

Seq. WLS EES MCCG MSOE FRESS? PERM?*
2D50 —21 —21 - - —21 -
2D60 —36 —36 - - —36 —36
2D64 —42 —42 - —42 —42 —42
2D85 —53 —53 - - -53 -53
2D100a —48 —48 - —47 —48 —48
2D100b —50 —49 - —50° —50 —50
3D42 —34 - —34 —34 - -
3D48 —34 - —34 - —34 -
3D67 —56 - - - -56 -56
3D88 =72 - - - =72 —69
3D103 —58 - -56 N =57 -55
3D124 =75 - - - =75 =71
3D136 —82 - - - —83 —80

4Ground state search only
b g(E) not attained
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7.3.2 The HP Model with an Attractive Surface

We have also examined the behavior of several HP sequences when a surface is
introduced. As an example we have performed Wang-Landau simulations for a
rather short sequence, a 48mer, in a 3D space both with and without a surface field.
In our simulations, one of the 48mers proposed in [19] was used (also see Table 7.1).
It is merely an artificial sequence originally designed to test folding algorithms and
so it might not have direct correspondence to real proteins. We have compared the
results obtained from it with those from other HP sequences and found that this
48mer has already captured general behaviors. Nevertheless, it should be noted that
the details of the properties still vary from sequence to sequence.

Common inorganic substrates include metals (Ag, Au, Pd, Pt), oxides (CaCO3,
Cry03, Fe,03, SiO,, ZnO) or semiconductors (GaAs, ZnS). Their adsorption prop-
erties are so well studied that polypeptide sequences can even be tailor-made to
bind with a particular material [51]. Substrates made with different materials have
various surface properties. When a protein interacts with a substrate, its surface can
be attractive, neutral, or repulsive to different amino acids due to, for examples, the
presence of charges, acidity (or basicity), and hydrophobicity. Handling charges or
acidity is beyond the scope of the HP model, but we can still take the hydrophobicity
of the surface into account and identify three types of attractive surface fields for the
HP model. The first surface attracts both hydrophobic (H) and polar (P) monomers
with the same magnitude. The second one is hydrophobic, i.e., it only attracts H
monomers. The third one is polar, i.e., it only attracts P monomers. Here, we only
consider the first type of surface for illustrative purpose.

In the absence of a surface field the 48mer folds into a compact globule as shown
in Fig. 7.4. With the peripheral polar monomers surrounding a hydrophobic core,
this structure maximizes the number of H-H bond pairs so as to attain the minimum
energy Emin = —34. Equivalently, 34 H-H bond pairs are formed. The simulation
found the lowest energy and its corresponding states without difficulties, and the
density of states was determined in the energy range [—34, 0].

In the limiting case where the surface attraction is infinite, on the other hand, the
HP polymer is completely attached to the surface and forms a 2D structure that is
very different from the 3D native state. Figures 7.5 and 7.6 show two typical ground
state structures of energy Enin = —21 (i.e., there are 21 H-H bonds). The density
of states was also determined with energies ranging from zero down to this ground
state energy. A hydrophobic “core” is still observed in this case, but it does not
remain as intact as in the case of the 3D free space. Figure 7.5 represents some con-
figurations that still retain marginally the single hydrophobic core, although it has
to be forced into a 2D structure. Some configurations might have the hydrophobic
core broken into pieces as seen in Fig. 7.6. This suggests that with the presence of a
strong attractive surface field, a protein would be deformed into a shape that is very
different from its native one. Whether the protein in an adsorbed condition would
still retain its function is not guaranteed.

After obtaining the density of states, the specific heat is then calculated. In
Fig. 7.7, the two-step acquisition of the ground state is again observed as for the
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Fig. 7.4 A typical ground state configuration with energy of —34 of the 48mer in a 3D free space.
A hydrophobic central core is formed to maximize the number of H-H contacts. The black and
gray beads represent the polar and the hydrophobic residues, respectively, and the size of the beads
is merely for visualization purpose without correspondence to the real size of the residues. Graphic
is created by VMD [52]

103mer in 3D free space. A peak appears at T =~ (.50 which signifies the transition
from an extended coil to a rather compact globular structure. A weak shoulder is
found at T ~ 0.25 representing the rearrangements of bonds to bring the globule to
a even more compact state with a lower energy. As the magnitude of the surface field
increases, the folding process first becomes more complex, but when the surface
field is infinitely attractive so that the protein must lie entirely on the surface, only
a single specific heat peak is seen at 7 &~ (.38. This suggests that the transition
behavior is somewhat “simplified” into a single step process, where the adsorbed,
extended coil transforms into an absorbed, compact globular conformation.

Tt

Fig. 7.5 Typical ground state configurations with energy of —21 of the 48mer attached to a surface
of infinite strength. This configuration has an intact hydrophobic core. The black and gray beads
represent the polar and the hydrophobic residues, respectively, the white beads represent the sur-
face. The size of the beads is merely for visualization purpose without correspondence to the real
size of the residues. Graphic is created by VMD [52]
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Fig. 7.6 Typical ground state configurations with energy of —21 of the 48mer attached to a surface
of infinite strength. The hydrophobic core is broken into two pieces in this case. The black and gray
beads represent the polar and the hydrophobic residues, respectively, the white beads represent the
surface. The size of the beads is merely for visualization purpose without correspondence to the
real size of the residues. Graphic is created by VMD [52]
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0.6
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Fig. 7.7 Specific heat, Cy /N, of the 48mer with (i) no surface fields (circles), and (ii) a surface
field with an infinite strength (triangles). Statistical errors were calculated from 10 independent
runs. Error bars are shown only if the errors are larger than the size of the points. Without a surface,
the sequence acquires the ground state in a two-step process as indicated by the peak and the weak
shoulder in the specific heat. With a surface of infinite strength, the sequence undergoes transition
in a one-step process in which a single peak is shown in the specific heat

The specific heat is a crucial key to reveal the phase transition behaviors. Pioneer-
ing work by Bachmann et al. studied the interactions of the 3D103 sequence with
the three different surfaces of finite strength using the MCCG algorithm [53]. They
have identified five conformational pseudophases which are separated by the peaks
in the specific heat at a given value of egy. (The term “solubility” s is used in [53]
for the same quantity.) As eygy varies, peaks in the specific heat join together to form
“ridges,” which give the pseudophase transition lines. Depending on the structures
and the degree of adhesion to the substrate, the pseudophases are classified into the
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Fig. 7.8 A pseudophase diagram for the 103mer interacting with a surface that is attractive to both
H and P monomers. See the text for a description of the pseudophases. (From Bachmann and Janke

[53D)

adsorbed compact (AC), adsorbed expanded (AE), adsorbed globule (AG), desorbed
compact (DC), and desorbed expanded (DE) phases (Fig. 7.8).

7.4 What Do We Still Want to Learn?

In order to understand how a protein reacts toward various materials in a coarse-
grained perspective, simulations of HP sequences interacting with hydrophobic sur-
faces or polar surfaces will be necessary, in addition to surfaces attracting all kinds
of residues regardless of their hydrophobicity. One step further, surfaces of finite
attraction strength should be considered in order to simulate systems closer to real-
istic experimental scenarios.

We have carried out simulations on the same 103mer and physical settings as
in [53] using Wang-Landau sampling. In principle our preliminary results agree
with previous studies, but we got slightly different observations in the specific heat
which might lead to different transition behaviors (Li et al., unpublished). Further
investigations are definitely required before drawing any conclusion.

In fact, there are growing attention and developments in treating the problem of
protein—substrate interactions using coarse-grained models. For example, a refined
HP model is used to study the adsorption of peptides on gold and palladium surfaces
in [54]. Apart from the hydrophobic and polar effects among amino acid residues,
interactions due to electrostatic forces, the presence of solvents, and more detailed
substrate—amino acid interaction potentials (obtained from all-atomistic point of
view instead of just classifying the surface briefly into hydrophobic or polar) are
considered. The relative field strengths can also be adjusted by defining an interac-
tion matrix so as to introduce diversities to the interactions.
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With the effectiveness and accuracy, Wang—Landau sampling is believed to be
one of the feasible methods for such systems, and its performance has been proven
using the HP sequences. Recently, Swetnam et al. have proposed ways to improve
the efficiency of simulating lattice peptides adsorption (including homopolymers
and HP sequences) using Wang—Landau sampling [55]. The improvement scheme
is in two aspects: the first one is to reduce the time used during the process of select-
ing a valid pull move that brings the polymer from one conformation to another.
It is made possible by not counting all available moves given a conformation. The
second proposed improvement is to shift the surface accordingly so that it is always
touching the polymer. In this way, every state generated would be a state absorbed
to the surface, and time would not be wasted in simulating desorbed conformations.
These reduce the computation time to a certain extent and will allow simulations of
larger systems.

7.5 Conclusion

In this work, we have reviewed a minimalistic lattice model for proteins, the HP
model, and some numerical methods to study HP benchmark sequences. We have
also illustrated how the HP model can be used to study the effects of protein—surface
interactions via a coarse-grained approach. In spite of the simplicity of the model,
it successfully recovers major features found in real proteins and shows how the
presence of a surface affects the conformations of proteins. Nevertheless, the use of
coarse-grained models to study peptide—substrate activities is still in its initial stage,
and the richness and complexities in thermodynamics properties are yet to under-
stand thoroughly. Further developments and advancements are certainly essential in
this emerging area.
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Chapter 8
Polymer Chain Adsorption on a Solid Surface:
Scaling Arguments and Computer Simulations

A. Milcheyv, V. Rostiashvili, S. Bhattacharya, and T. Vilgis

Abstract We examine the phase transition of polymer adsorption as well as the
underlying kinetics of polymer binding from dilute solutions on a structureless solid
surface. The emphasis is put on the properties of regular multiblock copolymers,
characterized by block size M and total length N as well as on random copolymers
with quenched composition p of sticky and neutral segments. The macromolecules
are modeled as coarse-grained bead-spring chains subject to a short-ranged surface
adhesive potential. Phase diagrams, showing the variation of the critical threshold
for single chain adsorption in terms of M and p, are derived from scaling consid-
erations in agreement with results from computer experiment. Using both scaling
analysis and numerical data from solving a system of coupled master equations, we
demonstrate that the phase behavior at criticality and the adsorption kinetics may
be adequately predicted and understood, in agreement with the results of extensive
Monte Carlo simulations. Derived analytic expressions for the mean fraction of
adsorbed segments as well as for probability distribution functions of the various
structural building blocks (i.e., trains, loops, tails) at time ¢ during the chain attach-
ment process are in good agreement with our numeric experiments and provide
insight into the mechanism of polymer adsorption.

8.1 Introduction

The adsorption of polymers on solid surfaces is a long-standing problem which
plays an important role in a number of applications in technology (protective coat-
ings, adhesives, lubricants, stabilization of colloids, flocculation, etc.) and biology
(adsorption of biopolymers, etc.). As a phenomenon it poses a number of challeng-
ing scientific problems [1-4] too. Important theoretical contributions have been
made by Birshtein [5], de Gennes [6], and Eisenriegler et al. [7]. Later studies
have covered adsorption of polyelectrolytes [8], dynamics of adsorbed chains [9],
and adsorption on chemically heterogeneous surfaces [10]. The close relationship
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between analytic theory and computer experiments in this field [10-14] has proved
especially fruitful and instructive.

While the investigations mentioned above have been devoted exclusively to
homopolymers, the adsorption of copolymers (e.g., random or multiblock copoly-
mers) still poses open questions. Thus, for instance, the critical adsorption poten-
tial (CAP) dependence on block size M at fixed concentration of the sticking
A-monomers is still unknown as are the scaling properties of regular multiblock
copolymers in the vicinity of the CAP. From the theoretical perspective, the case
of diblock copolymers has been studied by means of the grand canonical ensemble
(GCE) approach [15, 16], within the self-consistent field (SCF) approach [17, 18],
or by Monte Carlo computer simulations [19, 20]. The case of random copolymers
adsorption has gained comparatively more attention by researcher so far. It has been
investigated by Whittington et al. [21, 22] using both the annealed and quenched
models of randomness. The influence of sequence correlations on the adsorption of
random copolymers has been treated by means of the variational and replica method
approach [23]. Sumithra and Baumgaertner [24] examined the question of how the
critical behavior of random copolymers differs from that of homopolymers. Thus,
among a number of important conclusions, the results of Monte Carlo simulations
demonstrated that the so-called adsorption (or, crossover) exponent ¢ (see below) is
independent of the fraction of attractive monomers 7.

The adsorption kinetics of polymers has been intensively studied both experi-
mentally [25, 26] and theoretically [27-33] since more than two decades now. A key
parameter thereby is the height of the free energy adsorption barrier that the polymer
chain has to overcome so as to bind to the surface. High barriers are usually referred
to as cases of chemisorption as opposed to those of physisorption which are char-
acterized by low barriers for adsorption. Depending on the strength of the binding
interaction €, one distinguishes then between weak physisorption when € is of the
order of the thermal energy kg T (with kg being the Boltzmann constant), and strong
physisorption when € > 2kgT . One of the important questions concerns the scaling
of the adsorption time t,4s With the length of the polymer chain N in dilute solutions.
For homopolymers in the regime of strong physisorption (that is, for sticking energy
considerably above the CAP) computer experiments [28, 31, 32] suggest 7,gs o N
where « is related to the Flory exponent v as & = 1 + v & 1.59. This result follows
from the assumed zipping mechanism in the absence of a significant barrier whereby
the chain adsorbs predominantly by means of sequential, consecutive attachment of
monomers, a process that quickly erases existing loops on the substrate. For the
case of weak adsorption, one should mention a recent study [33], where one finds
in contrast @ = (1 + 2v)/(1 + v) =~ 1.37 which suggests shorter timescale for
surface attachment. In chemisorption, the high barrier which attaching monomers
encounter slows down the binding to the surface, the chain gains more time to attain
equilibrium conformation, and the adsorption process is believed to involve large
loop formation giving rise to accelerated zipping mechanism [29, 30]. The predicted
value of « in agreement with MC results is « ~ 0.8 &+ 0.02 [32]. A comprehensive
overview of experimental work and theoretic considerations may be found in the
recent review of O’Shaughnessy and Vavylonis [30].
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In the present contribution we focus on copolymer physisorption, extending thus
the aforementioned studies of homopolymers statics and kinetics. We show how
scaling analysis as well as different MC simulation methods help understand the
critical behavior of multiblock and random copolymers. It turns out that the crit-
ical behavior of these two types of copolymers can be reduced to the behavior
of an effective homopolymer chain with “renormalized” segments. For multiblock
copolymers one can thus explain how the adsorption threshold depends on the block
length M and even derive an adsorption phase diagram in terms of CAP against M.
In the case of random copolymers, the sequence of sticky and neutral (as regards the
solid substrate) monomers within a particular chain is usually fixed which exempli-
fies a system with quenched randomness. Nevertheless, close to criticality the chain
is still rather mobile, so that the sequence dependence is effectively averaged over
the time of the experiment and the problem can be reduced to the easier case of
annealed randomness. We show that the MC findings close to criticality could be
perfectly described within the annealed randomness model.

For both regular multiblock and random copolymers, we compare the predicted
kinetics of adsorption in the regime of strong physisorption, to consistent numeric
data derived from simulations and coupled master equations. We demonstrate that
the observed adsorption kinetics is close to that of homopolymers and suggest inter-
pretation of typical deviations. Eventually, we should like to stress that the complex
polymer hydrodynamics near an interface has remained beyond the scope of this
chapter.

8.2 Simulation Methods

Apart from the frequently used bond fluctuation method (BFM) [28, 32], two
coarse-grained models, a bead-spring off-lattice model [9] and a cubic lattice model
implementing the so-called pruned—enriched Rosenbluth method (PERM) [14], are
used to test theoretical predictions.

8.2.1 Off-Lattice Bead-Spring Model

In our computer simulations we use a coarse-grained off-lattice bead-spring
model [11] to describe polymer chains. The system consists of a single chain teth-
ered at one end to a flat structureless surface so as to avoid problems with transla-
tional entropy depending on the box size. There are two kinds of monomers: “A” and
“B,” of which only the “A” type feels an attraction to the surface. The surface inter-
action of the “A”’-type monomers is described by a short-range square well potential
Uyw(z) = € for z < § and Uy(z) = O otherwise, whereby the range § = 0.125
(in units of the maximal bond length extension /n.x between adjacent beads). The
effective bonded interaction is described by the FENE (finitely extensible nonlinear
elastic) potential:
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5 [ (1—10 )2]
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with K = 20, ljax = 1, 1o = 0.7, Ipin = 0.4.
The nonbonded interactions are described by the Morse potential:

—UM(V) = exp(—2a(r — rmin)) — 2exp(—a(r — rmin)) (8.2)

with @ = 24, rpin = 0.8, em/kgT = 1.

We use periodic boundary conditions in the x — y-directions and impenetra-
ble walls in the z-direction. We study homopolymer chains, regular multiblock
copolymers, and random copolymers (with a fraction of attractive monomers,
p = 0.25,0.5, 0.75) of length 32, 64, 128, 256, and 512. The size of the
box is 64 x 64 x 64 in all cases except for the 512 chains where we use
a larger box size of 128 x 128 x 128. The standard Metropolis algorithm is
employed to govern the moves with self-avoidance automatically incorporated in
the potentials. In each Monte Carlo update, a monomer is chosen at random and
a random displacement attempted with Ax, Ay, Az chosen uniformly from the
interval —0.5 < Ax, Ay, Az < 0.5. The transition probability for the attempted
move is calculated from the change AU of the potential energies before and after
the move as W = exp(—AU/kgT). As for a standard Metropolis algorithm, the
attempted move is accepted if W exceeds a random number uniformly distributed
in the interval (0, 1).

Typically, the polymer chains are originally equilibrated in the MC method for
a period of about 10° MCS (depending on degree of adsorption € and chain length
N this period is varied) whereupon one performs 200 measurement runs, each of
length 8 x 10 MCS. In the case of random copolymers, for a given composition, i.e.,
percentage p of the A-monomers, we create a new polymer chain in the beginning
of the simulation run by means of a randomly chosen sequence of segments. This
chain is then sampled during the course of the run and replaced by a new sequence
in the beginning of the next run.

8.2.2 Coarse-Grained Lattice Model with PERM

The adsorption of a diblock AB copolymer with one end (monomer A) grafted to
a flat impenetrable surface and with only the A-monomers attractive to the surface
is described by self-avoiding walks (SAW) of N — 1 steps on a simple cubic lattice
with restriction z > 0. The partition sum may be written as

Zy (@) =" An(Nyg™ (8.3)
N

where Ay (Ng) is the number of configurations of SAWs with N steps having Ny
sites on the wall, and ¢ = e¢/k8T is the Boltzmann factor (e > 0 is the attractive



8 Polymer Chain Adsorption on a Solid Surface 189

Fig. 8.1 Schematic representation of a grafted chain close to criticality. Snapshot of a regular
multiblock copolymer with length N = 2048 and block size M = 8 from the PERM simulation

energy between the monomer A and the wall). Clearly, any copolymer will collapse
onto the wall, if ¢ becomes sufficiently large. Therefore one expects a phase transi-
tion from a grafted but otherwise detached phase into an adsorbed phase, similar to
the transition observed for homopolymers.

The pruned—enriched Rosenbluth method (PERM) [14], also used in our simula-
tions, is a biased chain growth algorithm with resampling (“population control””) and
depth-first implementation. Polymer chains are built like random walks by adding
one monomer at each step. Thus the total weight of a configuration for a polymer
consisting of N monomers is a product of those weight gains at each step, i.e.,
Wy = Hf\/: Blwi. As in any such algorithm, there is a wide range of possible dis-
tributions of sampling so we have the freedom to give a bias at each step while
the chain grows, and the bias is corrected by means of giving a weight to each
sample configuration, namely, w; — w;/p; where p; is the probability for putting
the monomer at step i. In order to suppress the fluctuations of weights as the chain
is growing, the population control is done by “pruning” configurations with too
low weight and “enriching” the sample with copies of high-weight configurations.
Therefore, two thresholds are introduced here, W," = ¢*Z, and W7 = ¢~ Z,,
where Z,, = M%l Zconﬁg. W, from the M, trail configuration is the current esti-
mate of partition sum at the n — 1 step, ¢™ and ¢~ are constants of order unity and
c¢t/c™ ~ 10. In order to compare with the results obtained by the first MC method,
we simulate homopolymers of length N = 2048 and multiblock copolymers with
block size M = 2% k = 0,1, 2,...,9 (see Fig. 8.1). The number of monomers
is increased to N = 8192 as the block size increases. There are 10°-10° indepen-
dent configurations for each measurement. We also simulate random copolymers of
N = 2048 monomers with composition p = 0.125, 0.25, 0.50, and 0.75.

8.3 Scaling Behavior at Criticality

8.3.1 A Homopolymer Chain

It is well known [7, 12, 13] that a single polymer chain undergoes a transition from
a non-bound into an adsorbed state when the adsorption energy € per monomer
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increases beyond a critical value €. &~ kgT (where T stands for the temperature of
the system). The adsorption transition can be interpreted as a second-order phase
transition at the critical point (CAP) of adsorption € = ¢ in the thermodynamical
limit, i.e., N — o0. Close to the CAP the number of surface contacts Ny scales
as Ny(e = €.) ~ N?. The numerical value of ¢ is somewhat controversial and
lies in a range between ¢ = 0.59 [7] and ¢ = 0.484 [14]; we adopt, however, the
value ¢ = 0.50 £ 0.02 which has been suggested as the most satisfactory [13] by
comparison with comprehensive simulation results.

How does polymer structure vary with adsorption strength? Consider a chain
tethered to the surface at the one end. The fraction of monomers on the surface n =
Ng/N may be viewed as an order parameter measuring the degree of adsorption.
In the thermodynamic limit N — oo, the fraction n goes to zero (& O(1/N))
for € « €, then near €., n ~ N?~! whereas for € > e (in the strong coupling
limit) n is independent of N. Let us measure the distance from the CAP by the
dimensionless quantity x = (¢ — €¢)/€. and also introduce the scaling variable
n= kN®. The corresponding scaling ansatz [34] is then n(n) = N1 G (n) with
the scaling function

const for n— 0
G(n) = 8.4
() :n(1—¢)/¢ for n>1 84
The resulting scaling behavior of n follows as,
1/N for ¥k <0
nox {N®~t  for k—>0 (8.5)

k1=P/% for k> 1

The gyration radius in direction perpendicular to the surface, Ry, (1), has the form
Ry1 (1) = aNV"Gy1 (n). One may determine the form of the scaling function Gg | (1)
from the fact that for k < O one has Rg; ~ aN" sothat G| = const. In the opposite
limit, n > 0 the N-dependence drops out and Gg (1) ~ n~"/? In result

NV for n<0

8.6
k7% for >0 86)

Ry ()

The gyration radius in direction parallel to the surface has similar scaling represen-
tation, Ry (1) = aN"Gg) (n). Again at k < 0 the gyration radius Ry ~ aN" and
Gg| = const. At n > 0 the chain behaves as a two-dimensional self-avoiding walk
(SAW), i.e., Ry ~ aN"?, where vy = 3/4 denotes the Flory exponent in two dimen-
sions. In result, the scaling function behaves as Gg| () = n2=V/e - at > 0.
Thus
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The study of the ratio r(7) = Rg1 /Ry of gyration radius components is a con-
venient way to find the value of €. [9, 12, 13]. In fact, from the previous scaling
equations 7(17) = Gg1(n)/Gg(n). Hence at the CAP, ie., at n — O the ratio
r(0) = const. is independent of N. Thus, by plotting r vs € for different N all
such curves should intersect at a single point which gives €.; cf. Fig. 8.2a.

If the well-known picture of blobs [6] is invoked, then in the limit k N > 1
the adsorbed chain can be visualized as a string of adsorption blobs which forms a
pancake-like quasi-two-dimensional layer on the surface. The blobs are defined to
contain as many monomers g as necessary to be on the verge of being adsorbed and
therefore carry an adsorption energy of the order of kg7 each. The thickness of the
pancake Ry corresponds to the size of the blob while the chain conformation within

a blob stays unperturbed (i.e., it is simply a SAW); therefore, g ~ (Rg 1L /a)l/ !
k~1/¢ where we have used (8.6). The gyration radius can be represented thus as

N\"™
Rg“ = jo_ (;> 104 K(VZ_V)/¢NV2 (88)

and one goes back to (8.7) which proves the consistency of the adsorption blob
picture. Generally speaking, the number of blobs, N /g ~ k'/# N, is essential for the
main scaling argument in the above-mentioned scaling functions. The adsorption on
a plane at ¥ > 0 is due to free energy gain which is then proportional to the number
of blobs, i.e., F — Fyux < —N/g ~ —k /¢ N. The expression for the specific heat
per monomer may be then obtained as

3%(F — Ry
Cy=— ( bulk) ok
92k

(8.9)
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where @ =2 — ¢~ 1. If ¢ = 0.5 then & = 0 and the specific heat does not diverge
but rather undergoes a jump at the CAP; cf. Fig. 8.2b.

8.3.2 Multiblock Copolymer Adsorption

One may now consider the adsorption of a regular multiblock copolymer compris-
ing monomers A which attract (stick) to the substrate and monomers B which are
neutral to the substrate. In order to treat the adsorption of a regular multiblock AB
copolymer it may be reduced to that of a homopolymer which has been considered
above. Thus a regular multiblock copolymer can be treated as a “homopolymer”
where a single A B-diblock plays the role of an effective monomer [35]. Let each
individual diblock consist of an attractive A-block of length M and a neutral B-
block of the same length. Upon adsorption, the A-block would form a string of
blobs whereas the B-part forms a non-adsorbed loop or a tail. The free energy gain
of the attractive block may be written then (in units of kgT) as Fuy = —k /%M
where k = (¢ — €l) /el now measures the normalized distance from the CAP ¢!
of a homopolymer. The neutral B-part which is most frequently a loop connecting
adjacent A-blocks, but could also be a tail with the one end free, contributes only to
the entropy loss Frep = (¥ — y11) In M where the universal exponents y and y; are
well known [36] (e.g., in three-dimensional space y = 1.159, y;; = —0.390). If a
tail is involved, one should also use the exponent y; = 0.679 albeit this does not
change qualitatively the expression for Fiep. These expressions reflect the standard
partition functions for a free chain, a chain with both ends fixed at two points, and
for a chain, tethered by the one end [36]. In result the effective adsorption energy of
a diblock is [34]

EM)=«""M - (y —y11)InM (8.10)

One can tackle the problem of regular copolymer adsorption by mapping it on that

of a “homopolymer,” consisting of N" = N/2M such effective units by using a —>
h
EEgEC ’
is the critical adsorption energy of the renormalized homopolymer. Generally, one
would expect EE to be of the order of e?, reflecting the model dependence of the
latter. At the CAP of the multiblock chain one has A = 0, thus one can estimate the
deviation kM, of the corresponding critical energy of adsorption, €, from that of a

homopolymer, namely,

aMV,k — A = N — N where a denotes the monomer size, and E?

¢
M eé” —62 _ <(y —yll)lnM—i-E?) &.11)

h
€l M

where we have used (8.10). It is seen from the phase diagram, Fig. 8.3a, that the
deviation KCM , (8.11) with ¢ = 0.5, steadily grows with decreasing block length
M, in agreement with the computer experiment. The fraction of effective units
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Fig. 8.3 (a) Phase diagram showing kM = (e — ez‘) / e? plotted vs 1/M for multiblock copoly-
mers with various values of M and eé‘ = 1.716. The curve gives the best fit of (8.11). (b) The CAP,
€l plotted vs the composition p for random copolymers. Symbols denote the CAP for multiblock
copolymers with block size M. The curve corresponds to the best fit of (8.16). Data obtained
employing the off-lattice bead-spring model

on the surface obeys the same scaling law as given by (8.5), ie., n = %S =

No-lG (AN ¢) which becomes accurate, provided (i) k < 1 but M > 1 such
that InM > 1 and «'/M > 1 and (ii)) N' > 1. Thus, within each effec-
tive unit of the A-monomers only M will be adsorbed at criticality whereby M
scales as My = M?G (KM¢) so that the total number of adsorbed monomer
Ny = NiMy = N;M?G («M?). The adsorbed fraction of monomers then is
expected to scale with both N and M as

0
no NG (kM?) G (A (%) ) (8.12)

For sufficiently strong adsorption, k+/M >> 1 and A/N/M > 1, one gets thus
n KA.

The gyration radius component in direction perpendicular to the surface Ry =
aN” Gy1 (A (N/M)?) becomes R ~ aA~"/? MY, which yields

MthZv
R~ al Ze - (8.13)
[«2M — (y —y11)In M — El]

In a similar manner, the gyration radius component parallel to the surface has the
form Ry = aNV Gy (A (%)¢) which in the limit A\/N/M >> 1 results in Ry =~

1/¢\ V2~V .
a (AT> N2 je.,

a[K*M = (y — i) InM — ERP2Y

Ry =~ A=

N™2 (8.14)
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Fig. 8.4 Log-log plots of the order parameter n (a), and R2I /N?' and Rg? /sz vs kN® (b)
with v = 0.588 and v, = 3/4. The straight lines indicate the asymptotic beiavmr of the scaling
functions given by (8.12), (8.13), and (8.14) for regular multiblock copolymers with block size
M = 16 (PERM)

As shown in Fig. 8.4, one finds indeed the expected scaling behavior which is
demonstrated by the collapse of the simulation data on few “master curves,” absorb-
ing cases of different strengths of adsorption «. Like in the homopolymer case, one
can define a blob length G ~ (R /a)'/” ~ A~'/¢ M which in the strong adsorption
limit, A > 1, approaches the block length, G >~ M, as it should be.

8.3.3 Random Copolymer Adsorption

The adsorption of a random copolymer on a homogeneous surface has been studied
by Whittington et al. [21, 22] within the framework of the annealed disorder approx-
imation. Physically this means that during the measurements the chain touches the
substrate at random in such a way that one samples all possible monomer sequences
along the backbone of the macromolecule. Following this assumption [21], let ¢y (1)
be the number of polymer configurations such that n units have contact with the
surface simultaneously. The percentage of A-monomers (composition) is denoted
by p. In the annealed approximation one then averages the partition function over
the disorder distribution, i.e.,

() = Z Z en () ( )p"ﬂ(l — py' e

n=1n,=0

N
en() [pef +1—p]" = enm) e (8.15)

||M2

where egff is the attraction energy of an effective homopolymer. From (8.15) one can
see that the annealed problem is reduced to that of a homopolymer where the effec-
tive attractive energy is defined as egff =In [ pe€ +1— p]. Since the homopolymer
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attraction energy at the CAP is egff = eg, the critical attraction energy € = € of a
random copolymer will be

h
exp e, —1
e =1n [&} > eh (8.16)
p
where the composition 0 < p < 1. At p — 0 € — oo whereas at p = 1

el = eé‘. This prediction which has been recently confirmed by Monte Carlo simu-

lations [37] is plotted in Fig. 8.3b. It shows that close to criticality the chain is still
rather mobile, so that the sequence dependence is effectively averaged over the time
of the experiment and that of quenched disorder can be reduced to that of annealed
randomness.

8.4 Adsorption Kinetics

8.4.1 Variation of the Adsorbed Fraction with Elapsed
Time — Theory

We illustrate here how one can use the “stem—flower” notion of adsorbing linear
macromolecule, suggested by Descas et al. [31], to describe the observed “zipping”
dynamics [32] of adsorption not only in terms of the average fraction of adsorbed
segments but to include also time-dependent train and tail distribution functions as
main constituents of the dynamic adsorption theory. The simple “zipping” mecha-
nism along with the underlying stem—flower model are illustrated in Fig. 8.5a,b. The
number of the adsorbed monomers at time ¢ is denoted by n(#). The non-adsorbed
fraction of the chain is subdivided into two parts: a stretched part (“stem”) of length
m(t) and a remaining part (“flower”’) which is yet not affected by the tensile force
of the substrate. The tensile force propagation front is at distance R(¢) from the
surface. The rate of adsorption is denoted as v(f) = ad’égt ). where a is the chain
segment length.

A single adsorption event occurs with energy gain € and entropy loss In(u3/u2),
where w3 and o are the connectivity constants in three and two dimensions, respec-
tively [36], so that the driving free energy Fyq = € — kT In(u3/ ) whereas the
driving force fyr = Fyr/a. The friction force is related to the pulling of the stem
at rate v(z), i.e., fir = foam(t) d’égt) where ¢ is the Stokes friction coefficient
of a single bead. The equation of motion, following from the balance of driving,
and drag force, is then fg, = ff. Inspection of Fig. 8.5a suggests that the distance
R(t) between the flower and the plane changes during the adsorption process until
the flower is eventually “consumed.” In so doing R(f) obeys two relationships:
R(t) =~ aln(t) + m(t)]” (because it is actually the size which the chain portion
n(t) + m(t) occupied before the adsorption has started) and R(¢) ~ m(t) (up
to a geometric factor of order unity). Thus n(t) =~ m@®YY — m(t) which yields
m(t) ~ n(t)" for the typically long stems m(¢) >> 1. From the resulting equation
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Fig. 8.5 (a) Chain conformation at successive time moments during the adsorption process for a
polymer with N = 256. The z-coordinate of the ith monomer is plotted against monomer index i.
(b) Stem—flower picture of the adsorption dynamics. The total number of adsorbed monomers
at time ¢ is denoted by n(r). The tail which, contains all non-adsorbed monomers, consists of
a stretched part, a “stem,” of length m(t), and of a nonperturbed part — a “flower.” The rate
of adsorption is v(¢). The distance between the surface and the front of the tension propagation
is R(t)

con(t)'dn(t)/dt = fy/a* then follows n(t) o< t'/1+V) ~ (962 which is in good
agreement with simulation results [28, 31, 32].

8.4.2 Time Evolution of the Distribution Functions — Theory

Consider the instantaneous number of adsorbed monomers 7 at time ¢ (i.e., the total
train length) distribution function P (n, ¢). Using the “master equation” method [38],
one may derive a system of coupled kinetic equations for P(n, t) by treating the
zipping dynamics as a one-step adsorption/desorption process within an elementary
time interval. Assuming that the corresponding rate constants w(n), w™(n) of
monomer attachment/detachment are related by the detailed balance condition [38]
(which is an approximation for a non-equilibrium process), one can fix their ratio
wt(n — 1)/w™ (n) = exp(Fg:/ksT), and even fully specify them by introducing a
friction-dependent transmission coefficient g(m) = kgT/(a*¢) = kgT/(a*tom)
(whereby the stem length m depends on the total train length n, according to
n ~ m'/Y — m). Then the one-step master equation reads [38]

%P(”J) =w m+DPr+1,0)+wm—1)Pmn—1,1)

—wT () P(n,t) —w (n) P(n, 1) (8.17)

which along with the boundary conditions
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%P(l, H=w 2P2,t)—wr()P(l,1) forn=1 (8.18)

%P(N, H=w"(N—1DPN—=1,1)—w (N)P(N,t) forn=N

and P(n,t = 0) = §(n — 1) fully describe the single chain adsorption kinetics.

The equation of motion for the mean number of adsorbed segments (n) =
22021 nP(n,t) can be obtained from (8.17), assuming for simplicity P (N, t)
P,r)=0:

d _

g M= —(w™ ) + (w () (8.19)
With the relations for the rate constants, w™(n), w™(n), this equation of motion
becomes

kgT

a2

Zom(t) %n(t) = [1 — e‘Fdf/"BT] (8.20)

where for brevity we use the notations n(¢) = (n) and m(t) = (m). Note that (8.20)
reduces to the kinetic equation [31], derived at the end of Sect. 8.4.1 for weak driving
force, Fgr < kpT, by neglecting fluctuations in the zipping mechanism. Evidently,
by taking fluctuations into account, Fy;/a is replaced by a kind of effective second
virial coefficient (kT /a)[1 — exp(—Fgr/kpT)]. Thus, the zipping as a strongly
non-equilibrium process cannot be treated quasistatically by making use of a simple
“force balance.”

8.4.3 Order Parameter Adsorption Kinetics — MC Results

The time variation of the order parameter n(t)/N (the fraction of adsorbed seg-
ments) for homopolymer chains of different length N and strong adhesion €/ kg7 =
4.0 is shown in Fig. 8.6a, b whereby the observed straight lines in double-log coor-
dinates suggest that the time evolution of the adsorption process is governed by a
power law. As the chain length N is increased, the slope of the curves grows steadily,
and for length N = 256 it is equal to ~0.56. This value is close to the theoretically
expected slope of (1 4 v)~! & 0.62. The total time T it takes a polymer chain to be
fully adsorbed is found to scale with chain length as t o« N* whereby the observed
power o &~ 1.51 is again somewhat smaller than the expected one 1 + v ~ 1.59,
most probably due to finite-size effects. One may also verify from Fig. 8.6b that for
a given length N the final (equilibrium) values of the transients at late times  — 0o
grow while the curves are horizontally shifted to shorter times as the surface poten-
tial gets stronger. Nonetheless, the slope of the n(#) curves remains unchanged when
€/kpT is varied, suggesting that the kinetics of the process is well described by the
assumed zipping mechanism. The changing plateau height may readily be under-
stood as reflecting the correction in the equilibrium fraction of adsorbed monomers
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Fig. 8.6 (a) Time evolution of the order parameter (fraction of adsorbed segments) for four dif-
ferent chain lengths N = 32, 64, 128, and 256 at surface potential €/ kg7 = 4.0. The slope of
the N = 256 curve is 0.56. The inset shows the scaling of the adsorption time with chain length,
7 o« N1 The time 7 is determined from the intersection point of the late time plateau with the
tangent 1936 to the respective n(t) curve. (b) Adsorption kinetics for different strengths € of the
surface potential. The variation of the plateau height (i.e., the fraction of adsorbed monomers at
equilibrium) with € is depicted in the upper inset where the solid line n;—, oo = 1—5exp (—€/kpT)
describes the equilibrium number of defects (vacancies). The lower inset shows a collapse of the
adsorption transients on a single “master curve,” if the time axis is rescaled appropriately

due to the presence of defects (vacancies) for any given value of ¢/kgT. For the
transients which collapse on a master curve, cf. the second inset in Fig. 8.6b, one
may view the rescaling of the time axis by the expression r — ¢[1 — 13.7 exp k;—eT]
as a direct confirmation of (8.20) where the time variable # may be rescaled with the
driving force of the process (i.e., with the expression in square brackets). The factor
~ 13.7 gives then the ratio u3/u2 of the effective coordination numbers in three
and two dimensions of a polymer chain with excluded volume interactions. ;3 and
w2 are model dependent and characterize, therefore, our off-lattice model.

The more complex adsorption kinetics, shown in Fig. 8.7a for regular multiblock
copolymers of block size M and in Fig. 8.7b for random copolymers, suggests,
however, that the power-law character of the order parameter variation with time is
retained except for a characteristic “shoulder” in the adsorption transients. Indeed,
one should bear in mind that the zipping mechanism, assumed in our theoretical
treatment, is by no means self-evident when the file of sticking A-monomers is
interrupted by neutral B segments. The characteristic shoulder in the adsorption
transients of regular multiblock copolymers manifests itself in the early stage of
adsorption and lasts progressively longer when M grows. The temporal length of
this shoulder reflects the time it takes for a segment from the second adsorptive
A-block in the polymer chain to be captured by the attractive surface, once the
first A-block has been entirely adsorbed. For sufficiently large blocks one would
therefore expect that this time interval, 71, associated with the capture event, will
scale as the Rouse time, M2V of a non-adsorbing tethered chain of length M. The
observed 71 vs M relationship has been shown in the upper left inset in Fig. 8.7a.
The slope of ~ 1.49 is less than the Rouse time scaling exponent, 2.18, which one
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may attribute to the rather small values of the block length M that were accessible
in our simulation. One should also allow for scatter in the end time of the shoulder
due to the mismatch in the capture times of all the successive A-blocks in the course
of our statistical averaging over many chains during the computer experiment.

Somewhat surprisingly, oo which describes the scaling of the total adsorption time
with polymer size, T o« N?, is observed to decline as the block size M is increased —
in contrast to the general trend of regular multiblock copolymers which resemble
more and more homopolymers (where « = 1 + v), as the block size M — oo.
Evidently, the frequent disruption of the zipping process for smaller blocks M slows
down the overall adsorption.

In the case of random copolymers, Fig. 8.7b, the transients resemble largely
those of a homopolymer chain with the same number of beads again, apart from the
expected difference in the plateau height which is determined by the equilibrium
number of adsorbed monomers. A rescaling of the vertical axis with the fraction
of sticking monomers, p, however, does not lead to coinciding plateau heights —
evidently the loops, whose size also depends on p, affect the equilibrium number of
adsorbed monomers. The variation of the observed scaling exponent o with compo-
sition p is shown in the inset to Fig. 8.7b wherefrom one gets « =~ 1.6 with o being
largely independent of p. Note that this value is considerably lower than the power
of 2.24 which has been observed earlier [28], however, for very short chains with
only 10 sticking beads. One may conclude that even for random copolymer adsorp-
tion the typical time of the process scales as T o« N%, as observed for homopolymers
and regular block copolymers. It is conceivable, therefore, that an effective zipping
mechanism in terms of renormalized segments, that is, segments consisting of an
A and B diblock unit of length 2M for regular multiblock copolymers, provides
an adequate notion of the way the adsorption kinetics may be treated even in such
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Fig. 8.7 (a) Number of adsorbed segments, N,gs(?)), vs time ¢ for regular A B-copolymers with
block size M = 1-64 and length N = 256. For comparison, the transient of a homopolymer
is shown by a solid line too. The time interval, taken by the initial “shoulder,” is shown in the
upper left inset. The lower inset displays the variation of the scaling exponent, «, for the time of
adsorption 7 o« N vs block length relationship. (b) The same as in (a) but for random copolymers
of length N = 256 and different composition p = 0.25, 0.5, 0.75. For p = 1 one has the case of
a homopolymer. The inset shows the variation of o with p
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more complicated cases. For random copolymers the role of the block length M
would then be played by the typical correlation length.

8.4.4 Time Evolution of the Distribution Functions — MC Data

One gains most comprehensive information regarding the adsorption process from
the time evolution of the different building blocks (trains, loops, and tails) proba-
bility distribution functions (PDF) [39]. From the MC simulation data, displayed
in Fig. 8.8a, for example, one may verify that the resulting distribution D(k, t) of
different train lengths is found to be exponential, in close agreement with the theo-
retically expected shape [39], predicted under the assumption that local equilibrium
of loops of unit length is established much faster than the characteristic time of
adsorption itself. When scaled with the mean train length A,y () = (h(?)), at time ¢,
in both cases for € /kgT = 3.0 and 5.0 one finds an almost perfect straight line in
semi-log coordinates. One may thus conclude that D (k, t) preserves its exponential
form during the course of the adsorption process, validating thus the conjecture
of rapid local equilibrium. The latter, however, is somewhat violated for the case
of very strong adsorption, €/kg7 = 5.0, where the rather scattered data suggest
that the process of loop equilibration is slowed down and the aforementioned time
separation is deteriorated.

The PDF of loops W (k, £) at different times after the onset of adsorption is shown
in Fig. 8.8b. Evidently, the distribution is sharply peaked at size 1 whereas less than
the remaining 20% of the loops are of size 2. Thus the loops can be viewed as
single thermally activated defects (vacancies) comprising a desorbed single bead
with both of its nearest neighbors still attached to the adsorption plane. As the inset
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Fig. 8.8 (a) Distribution of train lengths during the adsorption process of a homopolymer chain
with N = 256 at two strengths of the adsorption potential €, shown in semi-log coordinates. PDFs
for different times (in units of 10° MCS) collapse on master curves when rescaled by the mean
train length /1,y (¢). (b) Distribution of loop lengths W (k, t) for N = 256 and € /kgT = 4.0 during
ongoing polymer adsorption. In the inset the PDF is normalized by n(¢) and shown to be a straight
line in log—log coordinates
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Fig. 8.9 (a) Distribution of tail size for different times (in units of 10> MCS) during the polymer
chain adsorption for a chain with N = 256 at €/kgT = 4.0. (b) The same as in (a) as derived
from the solution of the ME for chain length N = 32. For better visibility the time slices for
t =1,5,30100, 150, 200, and 300 are shifted along the time axis and arranged such that the initial
distribution for r = 1 is represented by the most distant slice

in Fig. 8.8b indicates, the PDF of loops is also described by an exponential function.
The PDFs for loops at different time collapse on a master curve, if scaled appro-
priately with the instantaneous order parameter n(¢)/N. Eventually, in Fig. 8.9a
we present the observed PDF T (/, t) of tails for different times ¢ after the start of
adsorption and compare the simulation results with those from the numeric solution
of (8.17), taking into account that 7 (/,t) = P(N — [, t). One may readily verify
from Fig. 8.9 that the similarity between simulational and theoretic results is really
strong. In both cases one starts at ¢+ = 1 with a sharply peaked PDF at the full tail
length I(t = 1) = N. As time proceeds, the distribution becomes broader and its
maximum shifts to smaller values. At late times the moving peak shrinks again and
the tail either vanishes or reduces to a size of single segment which is expressed by
the sharp peak at the origin of the abscissa.

8.5 Summary

The main focus of this contribution has been aimed at the adsorption transition of
random and regular multiblock copolymers on a flat structureless substrate whereby
by different means — scaling considerations and computer simulations — a consistent
picture of the macromolecule behavior at criticality is derived.

As a central result one should point out the phase diagram of regular multi-
block adsorption which gives the increase of the critical adsorption potential eé”
with decreasing length M of the adsorbing blocks. For very large block length,
M~! — 0, one finds that the CAP approaches systematically that of a homogeneous
polymer.

The phase diagram for random copolymers with quenched disorder which gives
the change in the critical adsorption potential, €, with changing percentage of the
sticking A-monomers, p, is observed to be in perfect agreement with the theoreti-
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cally predicted result which has been derived by treating the adsorption transition in
terms of the “annealed disorder” approximation.

Evidently, a consistent picture of how some basic polymer chain properties of
interest such as the gyration radius components perpendicular and parallel to the
substrate, or the fraction of adsorbed monomers at criticality, scale when a chain
undergoes an adsorption transition emerges regardless of the particular simulation
approach. An important conclusion thereby concerns the value of the universal
crossover exponent ¢ = 0.5 which is found to remain unchanged, regardless of
whether homopolymers, regular multiblock polymers, or random polymers are con-
cerned. Thus the universality class of the adsorption transition of a heteropolymer
is the same as that of a homopolymer.

Concerning the adsorption kinetics of a single polymer chain on a flat surface, it
is shown that within the “stem—flower” model and the assumption that the segment
attachment process follows a “zipping” mechanism, one may adequately describe
the time evolution of the adsorbed fraction of monomers and of the probability dis-
tribution functions of the various structural building units (trains, loops, tails) during
the adsorption process. For regular multiblock and random copolymers it is found
that the adsorption kinetics strongly resembles that of homopolymers. The observed
deviations from the latter suggest plausible interpretations in terms of polymer
dynamics; however, it is clear that additional investigations will be warranted before
a complete picture of the adsorption kinetics in this case is established too.
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Chapter 9

Metallic Nanowires on the Atomic Scale:
Correlation Between Structure, Electronic
Properties, and Electronic Transport

H. Pfniir

Abstract One-dimensional (1D) properties with strong electron correlation and
various instabilities have been found recently in metallic chains or ribbons gener-
ated by metal adsorption of sub-monolayers on insulating substrates like Si(111)
or Si(557). The unavoidable coupling to 2D and 3D for all these cases results
in a wealth of new phenomena. Here we concentrate on the Pb/Si(557) system,
where these couplings in 2D and 3D become very obvious, and discuss structural
self-stabilization as the origin of 1D electronic transport. Finally, a new 1D state
generated by step decoration is described and its properties are discussed.

9.1 Introduction

One-dimensional electronic systems have attracted great interest recently because
of their exotic electronic properties. These comprise quantization of conductance,
charge density waves (CDW), spin-density waves (SDW) [1] triplet superconduc-
tivity, and Luttinger-liquid behavior [2]. Properties of electrons related to charge
and spin may be separated in a quasiparticle picture [3]. As a consequence, low-
dimensional systems, and in particular 1D chains, exhibit a variety of instabilities
with a wealth of associated phase transitions. Especially 1D metallic chains should
undergo a Peierls instability accompanied by a significant change of the conductivity
due to a metal-insulator transition. In the classical picture, electron—phonon inter-
action drives CDW formation (Peierls instability) and the opening of a band gap at
the Fermi surface [4]. Apart from interesting physical properties, new perspectives
of potential applications of metallic quantum wires in context with molecular elec-
tronics and nanoscale interconnects [5], nanoscale devices, or optical waveguides
[6] are expected.

Metallic wires exceeding the length of a few atoms cannot be suspended freely,
i.e., they have to be embedded into a 2D or 3D environment causing inevitably 2D or
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3D interactions of the 1D system with its surroundings. These interactions modify
the properties of a 1D system and need to be controlled precisely, therefore. On
the other hand, control of these interactions may allow tuning of certain physical
properties, e.g., suppression of the metal-insulator transition.

An obvious strategy of making 1D conductors is the use of nano-assemblies
on semiconducting or insulating solid surfaces as well as highly anisotropic (and
possibly modified) surface superstructures, which provide excellent model systems
to study electron transport and its modification on the atomic scale accurately and
under well-defined conditions [7-9]. Examples are chain structures on uniaxial sur-
faces generated by adsorption of submonolayer amounts of metals and subsequent
self-organization and/or reaction with a strongly anisotropic (vicinal) single crys-
talline surface. These structures have several advantages: The geometry can be con-
trolled on the atomic scale and the electronic properties can be changed gradually
by adsorbate concentrations, by adatom mixing, and by varying the degree of local-
ization, e.g., by changing terrace widths.

Very few studies on such systems have been performed so far, e.g., for Au
nanowires on highly stepped Si(111) [10] and the system (4x 1)-In/Si(111) [11]. In
both cases, the metallic nanowires exhibit a CDW instability. Notably the properties
of chains on stepped substrates can be varied to some extent by changing the terrace
width defined by the miscut, e.g., using Si(553) surfaces as compared to Si(557).
This leads to changes in both band filling and the CDW transition temperature [12].
It is important to note that these realizations of 1D reconstructions contain multi-
ple bands derived from the various constituent atoms. Therefore, while one band
may undergo a Peierls distortion, other bands may remain metallic. This reflects
that real-world systems are much more complex than a simple one-band scenario.
While dc transport measurements form the basis for a deeper understanding also of
related properties, such as optical or plasmonic excitations [13], they turn out to be
extremely demanding [14] and are still extremely scarce for metallic wires [9, 15].
Furthermore, no information exists so far about the magnetotransport properties in
these systems. An important prerequisite for such measurements is the formation of
reliable contacts on the atomic or at least on the nanoscale. While the existence of
such contacts, e.g., in break junctions [16], is well established, the control on the
atomic scale is still at its beginning [17].

Here we want to present a short overview of Pb nanowires on Si(557) close to the
concentration of a physical monolayer, which represent a completely different phys-
ical scenario than all of those mentioned above. Because of the high concentration
of Pb, coupling between the wires cannot be neglected. This leads to an interesting
interplay between 1D and 2D properties, as seen, e.g., by the close dependence of
electronic transport behavior on the geometric structure.

9.2 Experimental
All experiments were carried out in UHV at base pressures of 3-5 x 10! mbar.

For the LEED experiments we used an instrument that allows high-resolution pro-
file analysis (SPALEED). STM data were taken in a different chamber with a
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Besocke-type variable temperature STM manufactured by RHK. It allows temper-
atures down to 35 K with LHE cooling. Conductance measurements were carried
out in situ after evaporating ex situ Ti onto the samples (15 x 15mm?) using a
mask technique. Contacts were formed by heating the sample to 600°C. At this
temperature Ti reacts with the Si to form TiSi».

The samples were very low-doped p-type Si samples (specific resistance at room
temperature 5—10 k<2 cm). Four laser cut slits prevented cross talk between the eight
contacts, which allowed four-point measurements with a precise adjustment of the
current parallel and perpendicular to the steps. The distance between the contacts
was 10 mm. Pb was evaporated thermally and monitored with a quartz microbal-
ance. Coverage was calibrated using several LEED structures. Thus a reproducibil-
ity of Pb concentrations of 0.3% was obtained.

9.3 Results and Discussion

9.3.1 Pb-Stabilized Facets on Si(557)

While for most systems mentioned above the surface orientation remains unchanged
upon chain formation by adsorbed adatoms, we found for the Pb/Si(557) system
in the coverage range close to one physical monolayer (1.2—1.5 ML with respect
to the Si surface concentration) that the microscopic surface orientation is unsta-
ble in the presence of these concentrations of Pb, and new periodic mini-facets
appear, depending on Pb concentration. This is not only an indication for 2D, though
anisotropic, interactions, but at the same time it illustrates the intriguing interplay
of interactions in dimensions higher than 1, which nevertheless can result in 1D
properties, as described in detail below.

Pb-induced changes in surface morphology become most obvious in systematic
LEED investigations carried out in our group recently [19-21]: In Fig. 9.1a the

b) E=99.5 eV

1/2

Fig. 9.1 (a) LEED pattern of the clean Si(557) surface. (b) Adsorption of 1.31ML of Pb leads to
periodic refacetting after annealing to 640 K
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LEED pattern of the clean (557) surface is seen. It consists of a regular sequence of
small (111) and (112) terraces [15]. Marked are the integer order spots of the small
(111) terraces. The multiple spots in-between correspond to a regular array of steps
with a periodicity of 5.7 nm. Also visible are streaky (7 x 7) spots, which are due to
the small (111) oriented terraces, and streaks at half-order positions. These indicate
a period doubling at the step edges.

This step morphology changes dramatically, when Pb is adsorbed at concentra-
tions between 1.2 and 1.4 monolayers (ML, referenced to the Si density of surface
atoms) onto this surface once the Si(7 x 7) reconstruction on the terraces is destroyed
by an annealing step to 640 K in presence of (at least) 1 ML of Pb. Subsequent cov-
erage increments lead to further refacetting at temperatures as low as 180 K. The
result at a coverage of 1.3 ML is shown in Fig. 9.1b. As seen there, the average step
separation has changed dramatically. From the distance of the spots between those
marked (00) and (01) we deduce an average Pb-induced step separation of 4.67 Si
lattice constants. This corresponds to the formation of a (223) oriented facet, which
has a higher step density than the original (557) surface. Occasional formation of
steps in the opposite direction can compensate for the higher step density in order
to maintain the macroscopic surface orientation. These, however, are not periodic
and are therefore not visible in LEED. This Pb-induced step array is not a minor-
ity species on the surface. Otherwise the surface conductance properties described
below would not be possible. As explicitly tested with LEED, larger (111) terraces
are only a small minority, which do not influence the main conclusions drawn here.

Measurements as shown exemplarily for the Pb concentration of 1.30 ML were
carried out systematically in the coverage range between 1.20 and 1.50 ML. After
carrying out the high-temperature annealing step once, tuning of the facet orienta-
tion and thus of the step density is possible just by increasing the Pb concentration in
small increments. Starting with the (112) orientation at 1.2 ML the (335) orientation
follows at 1.24 ML. At 1.27 ML the (223) facet appears, which turned out to be the
most stable. It exists at Pb concentrations above 1.27 ML up to saturation of the
physical monolayer close to 1.5 ML. The homogeneously stepped (557) surface
turned out to be stable only for annealing temperatures up to 80 K at a Pb concen-
tration close to 1.35 ML. At higher annealing temperatures it irreversibly transforms
into (223) facets.

In Fig. 9.2 we summarize our main results in a phase diagram of the Pb-induced
facetting transformations. The phase diagram includes, apart from the facet orienta-
tion, also the periodic structures seen in LEED parallel to the step edges, as judged
from the spots of the superstructures seen in between the integer order spots. At 1.2
ML the structure on the remaining (111) terraces is given. In all LEED images the
%2 reconstruction of step edges of the clean Si(111) surface remains, indicating that
the step edges are not covered by Pb up to 1.31 ML when the LEED pattern starts
to change. This leads to new phenomena also in conductance and will be discussed
in a separate section below.

Going back to Pb concentrations close to 1.2 ML, it seems that the smaller size
of Pb compared to Si leads to an increasing tensile stress at the surface with increas-
ing Pb concentration, favoring not only formation of a homogeneously stepped
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Fig. 9.2 Phase diagram of the Pb-induced facet orientations after high-temperature annealing of
the Si(557) surface

(557) surface, but formation of facets with higher step densities. On the other hand,
adsorption directly on the step edges seems to be energetically unfavorable. Indeed,
the observed reduction of step density as a function of concentration for ® > 1.2
ML can be quantitatively modeled assuming that it is energetically less expensive
(in presence of Pb) to annihilate steps and increase the size of the terraces than
to occupy step sites [19]. All structures observed are periodic over many terrace
lengths. Even the x2 reconstruction develops into a “spotty” phase at concentrations
close to 1.27 ML, which indicates strong correlation even within this x2 structure
between individual terraces, and shows the same periodicity as the terrace structure
itself at this Pb concentration.

Finally, we mention the structures parallel to the terraces. They consist mostly
of domain wall structures with periodically alternating +/3 x +/3 and v/7 x /3
units, which form a devil’s staircase on the isotropic Si(111) surface [22]. Here only
parts of this devil’s staircase structure are seen and indicated by the (m, n) notation,
where m indicates the number of /3 x /3 units and n the «/7 X ﬁ units. These
structures were used in our case for fine-tuning of concentrations to less than 1%
of a monolayer. A schematic of the step structures found is given in Fig. 9.3. As
we will see later, these facet transformations are, at least in part, triggered by elec-
tronic properties of the system, i.e., they are electronically stabilized, as explicitly
demonstrated for the (223) facets below.

9.3.2 1D Conductance

Formation of (223) facets results close to a Pb concentration of 1.30 ML in 1D dc
conductance below 78 K [18], as shown in Fig. 9.4. For this measurement, we used
a macrosopic modified four-point technique with eight contacts that were separated
by slits machined into the sample in order to avoid cross talk, as described above.
As seen in Fig. 9.4, there is an abrupt, but reversible change in conductance at 78
K. Above 78 K there is activated conductance in both directions parallel (o) and
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Fig. 9.3 Observed Pb-induced step densities on Si(557) after annealing to 600 K at Pb concen-
trations between 1.20 ML (top left, (112) facet), 1.24 ML (bottom left, (335) facet), 1.30 ML (top
right, (223) facet), and 1.35 ML ((557) facet)
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Fig. 9.4 Measured conductance after adsorption of 1.31 ML (i.e., one physical monolayer) of Pb
on Si(557) and annealing to 640 K. For the data points marked by circles, the current direction was
parallel, for those marked by squares perpendicular to the steps

perpendicular (o ) to the steps with weak anisotropy of a factor of 2 at most. Strong
anisotropy is seen at lower temperature, and essentially insulating behavior perpen-
dicular to the steps of the surface. Surprisingly, and in contrast to all other examples
of 1D conductance discussed so far in the literature, this system is metallic at low
temperatures in the direction parallel to the step edges, and there is no indication
for any kind of instability as a function of temperature in the measured conductance
down to 4 K.

9.3.3 Electronic Origin of 1D Conductance

The high Pb concentration of close to one physical monolayer and the Pb-induced
changes of morphology suggest that the Pb nanowires are strongly coupled. There-
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Fig. 9.5 Left: Angular-resolved photoemission data in the direction normal to the steps after
adsorption of 1.3 ML of Pb on Si(557). Right: Schematic of the Umklapp process leading to
insulating behavior in this direction (for details, see text)

fore, 1D conductance cannot be due to 1D bandstructures close to Eg, but must
be caused by special properties of the 2D band structure. This is indeed found in
angular-resolved photoemission (ARPES) measurements [23]. Pronounced disper-
sion is seen in both directions, in particular in the direction normal to the steps. An
example of the photoemission intensity close to the Fermi energy as a function k|
atk) = 0.24 A is shown in the left part of Fig. 9.5. A detailed analysis reveals that
only bands associated with (Pb-modified) surface states have intensity close to the
Fermi level (Ef), whereas valence band states of Si reach their maximum close to
Er — 0.3 eV. A characteristic repetition of bands can be also seen, which is due to
the periodicity introduced by the steps. The connecting vector is marked by yellow
arrows. Its length 27 /d with the characteristic terrace length d corresponds exactly
tod = 4%a0, in agreement with our findings above (see also schematic in the right
part of Fig. 9.5).

Further inspection of the ARPES data reveals that for exactly this step separation
the condition 2kp = 27 /d is fulfilled in the direction normal to the steps (red arrow
in Fig. 9.5). Thus the topmost band is completely filled in this direction leading
to strong Umklapp scattering, to Fermi nesting and to gap opening of a gap of
~20meV. Along the step direction we found two split bands [23]. This splitting
may be caused by the Rashba effect. Only one of them can carry current. The other
falls again on the edge of the small Brillouin zone due to the 10-fold periodicity
parallel to the mini-terraces, which is formed at this Pb concentration. Thus only
electronic states with very long wavelengths cross the Fermi level and lead to the
1D conductance observed at temperatures below 78 K.

‘We note here that this 1D band filling is directly related to the Pb-induced forma-
tion of (223) facets and must be a result of electronic stabilization of the associated
terrace length, therefore. It thus corresponds to a modified Peierls mechanism, where
step formation energies take over the role of lattice deformations in the direction
perpendicular to the steps. Indeed the transition to an insulating state in this direction
can be considered as formation of a 1D charge density wave. Because of the very
different nature of step interactions and Pb-modified step formation energies, no
period doubling, etc., should be expected.
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9.3.4 Temperature-Driven Phase Transitions

Nevertheless, Fermi nesting is removed above 78 K by a structural phase transition,
as we will show now. In fact it turns out that this phase transition is an order—order
transition with a relatively small change in average step separation. We again used
LEED for the quantitative determination of changes in the step density and measured
1D profiles in the direction normal to the steps, e.g., along a vertical line in the center
of Fig. 9.1b.

Contrary to earlier assumptions of an order—disorder phase transition at 78 K,
the LEED profiles in the top part of Fig.9.6 demonstrate that in fact a temperature-
driven order—order transition occurs at 1.31 ML Pb concentration. The original spot
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Fig. 9.6 Top: Line scans through LEED spots perpendicular to step directions (see Fig. 9.1) below
(T = 75K) and above the phase transition (77 = 80 K) seen in conductance showing peak shifts
and splittings. Bottom: Section of an Ewald construction close to the (662) 3D Bragg point. Squares
are measured below, circles above the phase transition. The lines interpolate the data points and
correspond to (111) [vertical line], (223), and (17 17 25) orientations, respectively (see also text)
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separation corresponding to the (223) facet orientation changes, the peaks shift, and
in part even split. A detailed analysis of this behavior at many different incident
electron energies reveals [20], taking the (10) or (20) spots of a minority species of
larger (111) terraces as reference (see Fig. 9.6), that this behavior is to be expected
for a transition to a high-index surface plane, which is close to a (17 17 25) orien-
tation. Thus the average angle of inclination changes by 4%, as seen in the bottom
part of Fig. 9.6. This corresponds to adding one row of Si atoms every three ter-
races on average. It is worth to be pointed out, however, that no local expansions
of lattice constant are involved in this phase transition and all atoms remain on
their crystalline sites. It is thus a new type of order—order phase transition, in which
only the average inclination of the facets on the surface changes at 7. We call
this a refacetting surface phase transition. From the small background intensity and
the absence of clear fluctuation-induced contributions to the diffraction profiles we
conclude that this phase transition is of first order. This fits to the abrupt change of
the average terrace length.

From the ARPES data above a gap around 20 meV were deduced for the major-
ity of electrons. Excitation of electrons across this gap is obviously coupled with
a destabilization of the (223) facet in favor of the (17 17 25) facet with a lower
step density. While this small change of periodicity leads to a breakdown of the
Fermi nesting condition and to a transformation of 1D to 2D conductance, it directly
demonstrates the strong coupling between electronic and lattice degrees of freedom.
In that sense a modified Peierls mechanism seems to be still relevant in the direction
normal to the steps, and the transition to an insulating state at low temperature in
this direction can be regarded as a charge density wave transition.

Small changes in periodicity along the wires were also observed at 78 K [20].
Associated with this change is a different size of the Brillouin zone at higher tem-
perature and an effectively shorter Fermi wavelength. Thus there is an enhanced
scattering probability at defects within the chains, which leads to a significant drop
in o) and an overall activated behavior as a function of temperature above 78 K.

9.3.5 Stability of the Charge Density Wave Mechanism Normal to
the Step Direction

Step decoration cannot be avoided anymore at Pb concentrations above 1.31 ML,
as concluded from the fact that the dimerization at step sites with the characteristic
streaky (x2) reconstruction is now reduced continuously in intensity as a function of
Pb concentration. It vanishes completely as the excess concentration, §®, reaches
0.22 ML. This excess concentration corresponds exactly to the concentration that
allows to cover all Si atoms at the (223) steps by one Pb atom.

When excess coverage relative to 1.31 ML is deposited, satellite peaks appear
immediately at positions Akgeco, Which correspond to periodicities described by
integer multiples of the (223) terrace width. Furthermore, their positions as a func-
tion of §® indicate unambiguously that the additional ordering is induced by the



214 H. Pfniir

excess coverage. On the other hand, the spot positions due to the (223) facet struc-
ture remain fixed, i.e., the additional coverage and the associated additional elec-
tron density do not change the terrace structure of the (223) surface orientation. An
example is shown in the top part of Fig. 9.7. Here the splitting is 5.3% SBZ for 1.35
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Fig. 9.7 Top: Exemplary line scan in LEED taken along the [112] direction for a Pb coverage
of 1.35 ML together with fits of new satellite peaks (see text). Pb layers were adsorbed at 75 K
substrate temperature. Botfom: Plot of reciprocal lattice vectors of the satellite peaks versus the Pb
excess coverage 6O (relative to 1.31 ML). The solid (blue) curves represent the Fermi wave vector
kr.1p of a 1D electron gas induced by the Pb excess coverage assuming a valence state of 2. The
coincidence of 2kr (dashed-dotted (red) line) with the lattice vectors of the superlattice results in
nesting
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ML Pb coverage, i.e., the lattice factor is modulated by four (223) terrace lengths,
I'223. All spot profiles have been evaluated as shown by the fitting curves in this fig-
ure. Quantitative agreement was obtained using Gaussian functions (shaded peaks)
in addition to the peaks representing the (223) facet structure (dashed). However,
two further functions (solid lines) were needed in order to stabilize the fit. Their
peak positions are in-between the (00)-peak and the first-order peaks of the 4 x "33
periodicity and, thus, parts of the surface with decoration of only every eighth step
may exist, because the coverage of 0.04 ML is somewhat too low to decorate all
step sites within the 4 x I'223. Because of this remaining uncertainty with respect
to the absolute coverage, the comparably broad peak structure of the nominally per-
fect (223) facet structure may contain also satellite peaks of even extraordinarily
long-range ordered phases (>10 x ['223).

The satellite spacings at various excess Pb concentrations have been analyzed
systematically and are plotted versus the Pb excess coverage in the bottom part
of Fig. 9.7. Spacings do not vary continuously. They always correspond to integer
multiples of the inverse terrace length over the full range of excess concentrations
up to 1.52 ML with a linear relation between Akgeco and the excess concentration. It
should be emphasized that an excess coverage of 1% leads already to the formation
of long-range ordered structures.

Ordering with such long periodicities requires long-range interactions, which
must again have an electronic origin. Since correlations seem to exist only in 1D
in this case, we determined the Fermi wave vector kg for a spin-degenerate 1D
electron gas (kp,1p = %rm) (solid line in the lower part of Fig. 9.7) with an electron
density n proportional to the Pb excess coverage assuming two electrons per Pb
atom contributing to the split-off bands. The (m x 1) periodicity observed suggests
that the Pb density within the chains is that of the underlying Si substrate at the step
edges. With this assumption, as obvious from the figure, twice the Fermi vectors
as a function of Pb concentration (dashed-dotted line) coincide perfectly with the
reciprocal lattice vectors associated with the periodicities observed at the various
excess Pb concentrations. This condition (g = 2kp) is exactly the same as that for
1D conductance on the pure (223) facet structure (see above).

Therefore, we suggest that the long-range ordering is again the result of an
electron—electron interaction, band filling and gap opening. As in the case of the
Pb coverage of 1.31 ML, the electronic stabilization means that parts of the gain of
electronic energy is by filling a (sub)band completely and opening of a band gap.
If this is correct, the structure should be electrically insulating at low temperature
in the [112] direction. This is indeed seen in surface conductivity measurements, as
shown below. It means that the formation of the long-range ordered chain structure
is energetically driven by the formation of split-off and fully occupied subbands,
which must be located in the original band gap along & found at ®pp, = 1.31 ML.
In this sense the superlattice can be treated as charge density waves, i.e., the topmost
electrons are still strongly correlated.

The existence of an insulating state in the direction normal to the steps is demon-
strated in Fig. 9.8. Here we plotted o) as a function of inverse temperature in
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Fig. 9.8 Semi-log plots of o for Pb concentrations between 1.32 and 1.50 ML versus 1/T in
the temperature range below 100 K. Temperature-activated behavior is found, and the activation
energies are given at each curve

the temperature range below 100 K. At all excess concentrations §® up to a total
concentration of 1.50 ML we see temperature-activated behavior, i.e., the system
remains in an insulating state in the limit 7 — 0, as expected for a charge density
wave behavior. The effective band gaps, as determined from plots of Fig. 9.8, grad-
ually shrink up to a total Pb concentration of 1.50 ML. At this concentration the
measured activation energy is so small that we expect a transition to metallic behav-
ior slightly above this concentration. Here the step decoration is completed, and
adsorption of the second physical monolayer starts, which is most likely metallic.

At the concentration of 1.31 ML (not shown in Fig. 9.8) the band gap was esti-
mated to be larger than 20 meV, as mentioned above, so that no conductance exceed-
ing the conductance of the substrate can be measured below 80 K and a step-wise
increase was found due to the phase transition at 78 K (see Fig. 9.4) from the insu-
lating to a conducting state. This phase transition quickly disappears as a function
of increasing Pb coverage both in conductance and in LEED. Even at an excess
concentration as low as 0.01 ML (total Pb concentration 1.32 ML), the transition
in conductance is strongly broadened resulting in an apparent activation of 45 meV
close to the transition, which is not seen anymore at higher concentrations.

Indeed no structural phase transition was found at all for the superlattice struc-
ture of Fig. 9.7. The peak intensity of the satellite peaks shows only an attenua-
tion according to the Debye—Waller effect up to 220 K. In view of a “classical”
Peierls transition, which is the result of a balance between electric energy gain at
the expense of lattice distortion energy, this result seems to be surprising. However,
for the occupation of step edges no lattice distortion is necessary in the periodic
arrangement of these chains so that only the electronic energy gain remains. This
explains the missing phase transition (apart from final disorder at high temperatures)
and the comparatively high stability.
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9.4 Conclusions

The Pb/Si(557) system is an example of a system that is strongly coupled in 2D.
Contrary to the standard impression gained from literature, this must be also true
for systems that exhibit a 1D band structure close to the Fermi level like In/Si(111)
[10, 11], as obvious from their well-ordered arrays of metallic chains. The difference
between the Pb system and those examples is that not only electronic levels far
below the Fermi level are responsible for 2D ordering but also the electrons close to
the Fermi level take part in the 2D interaction. As we have shown, this fact does not
prevent occurrence of 1D conductance, but gives rise to a number of phenomena not
seen in systems with a purely 1D Fermi surface.

The most prominent one is the occurrence of Pb-induced self-stabilized re-
ordering of the step structure at the surface. It is this self-organized generation of
new average terrace widths that does not exist without the Pb coverage and leads
to a Pb concentration of 1.31 ML to complete 1D band filling and to 1D con-
ductance. In the direction normal to the steps the switching-off of conductance is
equivalent to CDW formation. The associated Fermi nesting can be destroyed by
temperature. Although there is still a structural phase transition, the step structure
does not undergo a “normal” Peierls transition, because of the different nature of
step—step and step—surface interactions. Only a small distortion of the regular (223)
facet orientation is seen.

CDW formation because of periodic step decoration and the split-off electronic
states associated with chains at step edges is another phenomenon that was not seen
previously. Here the structural phase transition is completely missing. This means
that the 1D ordering of Pb chains at the step edges is a purely electronic effect with
weak coupling to the lattice and to the step structure. Therefore, no structural phase
transition can be driven by the interplay between these interactions.

These results show that our understanding of these phenomena is still far from
being complete and still require more effort both from the experimental side and
from the theoretical side in order to elucidate the wealth of phenomena generated
by this intriguing interplay of interactions in various dimensions.
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Chapter 10

Formation and Opto-electronic Properties

of Nanostructures on Ultrathin SiO,-Covered
Si Surfaces

M. Ichikawa

Abstract We review a method to form semiconductor nanodots on Si substrates by
using ultrathin Si oxide technology and the results on their opto-electronic prop-
erties. We can form ultrasmall semiconductor nanodots with the size of ~5nm
and ultrahigh density of ~10'>cm™2 on Si surfaces covered with ultrathin SiO,
films of ~0.3 nm thickness. We focus on the Ge, GeSn, and GaSb nanodots on Si
substrates and those embedded in Si films. These structures exhibit quantum con-
finement effects and intense luminescence in the energy region of about 0.8 eV. We
also report an application result to grow GaSb thin films on Si substrates covered
with ultrathin SiO; films using GaSb nanodots as seeding crystals.

10.1 Introduction

Quantum confinement effects in semiconductor nanodots lead to the concentra-
tion of continuous electronic density of states into discrete one, the enhancement
of oscillator strengths due to the increase of overlap between electron and hole
wave functions, and the relaxation of carrier momentum conservation. Many stud-
ies have been done for compound and group IV semiconductors since the above
effects contribute to the enhancement of luminescence efficiency from nanodots [1].
Especially, in group IV indirect transition semiconductors such as Si or Ge, the
relaxation of momentum conservation is thought to much enhance the luminescence
efficiency [2]. This leads to the development of CMOS-compatible integrated opto-
electronic systems.

The Stranski—Krastanov (SK) growth on substrates is a well-known method to
form nanoislands on substrates [3]. In this growth, nanoislands are grown on wetting
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layers to minimize the sum of surface, interface, and strain energies during hetero-
epitaxy. The size and areal density of nanoislands, however, are limited to several
tens of nanometers and ~10'" cm~2, respectively, since they are determined by the
surface diffusion on the wetting layers and growth rate of critical nuclei of deposited
atoms. Many studies have been done to solve the problems so far [4]. We have devel-
oped a self-assembled method to form nanodots with ~5nm size and ~10'> cm—2
density on Si substrates by depositing different materials on Si surfaces covered
with ultrathin Si oxide films of ~0.3 nm thickness [5, 6]. Several researchers have
afterward developed similar nanodot formation methods on Si surfaces covered with
thin oxide films of thickness thicker than 1 nm [7, 8].

In this chapter, we report a method to form ultrasmall and ultrahigh density
nanodots on Si substrates and focus on electronic properties of the Ge, GeSn, and
GaSb nanodots on Si substrates and optical properties of the nanodots embed-
ded in Si films. We also report an application result to grow GaSb thin films on
Si substrates covered with ultrathin SiO» films using GaSb nanodots as seeding
crystals.

10.2 Experimental Procedure

We used solid source molecular beam epitaxy (MBE) apparatus to form Ge nanodots
on Si substrates. After formation of thin Si oxides (~1nm) by chemical treatment
of Si wafers, the wafer surfaces were cleaned by decomposition of the Si oxides
in the MBE chamber at 830°C under a weak Si flux from an electron beam evap-
orator. Next Si buffer layers of about 100 nm thickness were grown at 550°C. The
ultrathin Si oxides were formed on Si surfaces at 500°C by introducing oxygen in
the chamber at a pressure of 2 x 10~% Pa for 10 min. The thickness of the ultrathin
Si oxide was estimated to be about 0.3 nm and the oxide was mainly composed of
silicon dioxide (SiO3) [9]. For Ge nanodot formation, Ge with nominal thickness of
several monolayers (ML) was deposited on the surface at the substrate temperature
of about 500°C. This resulted in the formation of Ge nanodots with about 5 nm in
size and the areal density of ~10'2 cm~2 [5]. The layer of Ge nanodots was covered
with about 100 nm thick Si capping layer at 500°C. Some samples were annealed
in a separate lamp furnace at temperatures in the range of 700-900°C for 30 min in
dry oxygen atmosphere.

An ultrahigh vacuum scanning tunneling microscope (STM) was used to observe
surface structures and electronic properties of nanodots. A transmission electron
microscope (TEM) and a scanning transmission electron microscope (STEM) were
used to observe cross-sectional structures of the nanostructures. Photoluminescence
(PL) and electroluminescence (EL) spectra of the samples were obtained at tem-
peratures in the range from 4 to ~300 K using a standard lock-in technique in con-
junction with an InGaAs photomultiplier detector, a grating monochromator, and a
He—-Cd laser with the 325 nm line. The laser beam had about 1 mm diameter and
8 mW power.
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10.3 Formation and Properties of Nanostructures

10.3.1 Formation of Ge Nanodots

Figure 10.1 shows STM images of Ge nanodots on an ultrathin SiO;-covered
Si(001) surface with linear clean Si windows having about 20 nm width after 8 ML
thick Ge was deposited on the surface at 400°C. This experiment was performed
using a different apparatus where an ultrahigh vacuum scanning reflection electron
microscope and STM were combined [10]. Linear clean Si windows were produced
by irradiating a focused electron beam on ultrathin Si oxide-covered Si(001) at room
temperature and by subsequently annealing the sample at 750°C for 30s. Selective
thermal decomposition of the Si oxide from the focused electron beam-irradiated
areas produced clean Si windows on the surface [11].

Ge nanoislands with ~20 nm size were grown on the linear Si windows due to
the SK growth mode. Ge nanodots with less than 10 nm size and the density of
~10'2 cm™2 were grown on ultrathin Si oxides. The growth mode on the SiO, areas
was caused by the chemical reactions of Ge atoms with ultrathin SiO, films such
as Ge+SiO; — GeO(gas)+SiO(gas) [5]. This chemical reaction formed hetero-
geneous nucleation sites for Ge nanodots on the SiO; surface region resulting in
ultrahigh density. The Ge nanodot size could be controlled by the total Ge deposition
amount.

Figure 10.2 shows reflection high-energy electron diffraction (RHEED) pat-
terns ((b) and (d)) from the Ge nanodots and their STM images ((a) and (c)). In

L ) ) ) ) L ]

0 10 20 30 40 S50 60 nm

Fig. 10.1 Three-dimensional and conventional STM images of Ge nanodots grown on ultrathin Si
oxides with linear Si(001) windows. Nanoislands indicated by arrow are the same ones
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Fig. 10.2 STM images and RHEED patterns after two bilayer (BL) Ge deposition at 390°C (a) and
(b), and at 500°C (c) and (d)

spite of the fact that the Ge was deposited on the amorphous SiO; films, the RHEED
pattern (Fig. 10.2d) shows that Ge nanodots were epitaxially grown on the Si(111)
substrate at higher deposition temperatures higher than 500°C. The Ge deposition
can create areas of bare Si through the SiO, decomposition reaction. These Si
bare areas provided conditions for the epitaxial growth of Ge nanodots. At lower
deposition temperatures lower than 400°C shown in Fig. 10.2a, b, bare Si areas
were not created, resulting in the growth of non-epitaxial Ge nanodots. The island
density hardly depended on the deposition rate, indicating that the island density
was mainly determined by the Ge chemical reactions with the ultrathin SiO; films.
Stacked structures were made by repeating the process in which the epitaxial Ge
nanodots were embedded in Si films by depositing Si and the Si film surface was
oxidized to form ultrathin SiO; films and then Ge was deposited to grow new Ge
nanodots [12].

The SiO; surfaces are chemically inert resulting in small adsorption energy for
Ge atoms on the surfaces. The Si window and Ge nucleated areas are chemically
active resulting in the large adsorption energy on the surfaces. The adsorption differ-
ence produces the potential barriers of about 3 eV between the SiO; and Si window
and Ge nucleated areas [13]. The potential barriers interrupt the atom exchanges
on the surfaces resulting in the selective growth of Ge nanoislands and nanodots as
shown in Fig. 10.1, and also in uniform size distribution of the nanodots due to the
suppression of the Ostwald ripening.

This formation technology could also be applied to form Si [14] and B-FeSi;
[15] ultrasmall nanodots with ultrahigh densities on Si substrates. We could observe
carrier quantum confinement effects in Ge [16] and B-FeSi» [17] nanodots, and
Coulomb blockade effect in Ge nanodots [18] even at room temperature due to the
ultrasmall sizes.
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10.3.2 Structures and Optical Properties of Ge Nanodots
in Si Films

Figure 10.3 shows scanning transmission electron microscope (STEM) dark-field
images of cross sections of Ge nanodots embedded in Si films on Si(001) substrates,
(a) as grown and (b) after annealing at 900°C for 30 min [19]. Ge nanodots have
bright contrast against Si films due to larger atomic number of Ge than that of Si.
Ge nanodots were formed in the Si(001) films for as-grown case, but decayed after
the annealing, forming thin film-like structures (Fig. 10.3b).

Figure 10.4 shows annealing temperature dependence of photoluminescence
(PL) intensities at 4 K after 30-min annealing. The PL intensities became higher
in the energy region of ~0.8eV (~1.5 um wavelength) with the increase of the
annealing temperatures. This PL energy region is of practical importance for optical
fiber communication systems.

Si(001)

Fig. 10.3 STEM images of
Ge nanodots embedded in Si
films: (a) As grown and

(b) after 900°C-30 min
annealing
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Fig. 10.4 Annealing temperature dependence of PL intensities at 4 K after 30-min annealing
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Fig. 10.5 Sample temperature dependence of PL intensities after annealing at 900°C for 30 min:
(a) PL spectra and (b) integrated PL intensities

The PL intensities after high-temperature annealing cannot be attributed to the
Ge nanodots since the Ge nanodots decayed after high-temperature annealing as
shown in Fig. 10.3b. We have not observed any dot size dependence of the PL peak
position of ~0.8 eV. They can originate from radiative defects such as Ge—Si—O or
Si—O complexes in Si capping layers near the Ge nanodot layer [20-23]. The high-
temperature annealing produced these complexes and decreased defects for non-
radiative carrier recombination, which resulted in the enhancement of PL intensities.

Figure 10.5 shows sample temperature dependence of (a) PL spectra and (b) inte-
grated PL intensities in 0.75-0.9 eV range after annealing at 900°C for 30 min. PL
intensities decreased with the increase of the sample temperatures. The integrated
intensity profile can be fitted by a formula of a/{1 + bexp(—E,/kT)}, where a
and b are some constants, E, is the activation energy for thermal quenching of PL
intensity. We obtained about 30 meV for E;. This indicates that carriers escape from
the radiative defect sites having 30 meV barrier before radiative recombination and
are non-radiatively recombined.

‘We made metal electrodes (Au and Al) on front and back sides of the annealed
sample and performed electroluminescence (EL) measurement. Figure 10.6 shows
sample temperature dependence of EL intensities at sample voltage of 6.8V and
sample current of 48 mA. We obtained similar EL spectra to the PL ones with high
intensities in the energy region of ~0.8 eV. The integrated EL intensity profile was
similar to the PL one (Fig. 10.5b) and the activation energy for thermal quenching
of EL intensity was about 20 meV. This indicates that the EL was caused by the
same mechanism as the PL one. EL intensity, however, became very low at room
temperature.

We formed multilayer structures of Ge nanodots (five layers) by repeating Ge
nanodot and Si film growths on p-type Si(001) substrates [24]. To fabricate light-
emitting diodes (p—i—n), plasma etching was applied to form 0.6 wm high and
0.3 mm diameter mesa structures. The sample was thermally oxidized at 900°C to
grow 300 nm thick SiO; films. Then SiO; etching, P ion implantation and metal
deposition were performed to make Au and Al electrodes (the inset in Fig. 10.7a).
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Fig. 10.6 Sample temperature dependence of EL intensities from the annealed sample

The P* ion implantation was carried out with the ion energy of 30 keV and a dose of
10" cm~2 followed by annealing at 500°C to make n-type regions. The temperature
dependence of the EL spectra at 6 mA injection current is shown in Fig. 10.7a. EL
peaks with very broad distribution in 1.5-1.7 wm range are observed even at room
temperature. This is considered due to the fact that the radiative recombination pro-
cesses increase in the multilayer structures by the increase of the radiative Ge—Si—O
complex areas.

Figure 10.7b shows injection current density J dependence of EL peak intensities
I’s centered at 1.55 jum at several measurement temperatures. The EL intensities are
proportional to J™. The exponent m’s increase from 0.74 to 1.3 with the increase
of the measurement temperatures. This suggests that the recombination processes
are dominated by the process of Auger recombination at low temperature (7 K) and
by the recombination process at non-radiative recombination sites at room temper-
ature (300 K).
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Fig. 10.7 EL intensities from Ge nanodot multilayer structures. (a) EL spectra at different sample
temperatures and (b) injection current dependence of EL peak intensities at 1.55 pm region at
different sample temperatures (7, 100, 300 K)
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10.3.3 Formation of GeSn Nanodots

Ge|_,Sn, alloys have been intensively studied as promising materials for use
in light-emitting devices made of group IV semiconductors since some studies
reported on direct transition semiconductor Gej_, Sn, alloys [25-28] with Sn com-
position, x larger than critical composition, x. of ~0.12 [27, 28]. The conduction
band minimum at the I" point preferentially decreases with the increase of x, sug-
gesting the type I band alignment in Si films. Despite the limited mutual solid solu-
bility of Ge and Sn < 1 %, supersaturated solid solutions of Ge|_,Sn, alloys can be
formed using nonequilibrium growth methods such as low-temperature molecular
beam epitaxy, magnetron sputtering, chemical vapor deposition [27-32]. However,
direct transition semiconductor Ge|_,Sn, alloys with x > x. have an energy band
gap, Eg, of less than 0.3-0.5eV [27, 28], which is too small to apply to light-
emitting devices with wavelengths of ~1.5uwm (~0.8eV) for use in optical fiber
communication systems.

We have expected a direct transition semiconductor Ge;—,Sn, nanodots with E,
of ~0.8eV. The quantum confinement effect in the nanodots enables us to control
the value of Eg by changing the nanodot size [16, 17, 33, 34], in addition to the
large optical oscillator strength of the nanodots.

We formed ultrasmall voids in the ultrathin SiO; films by predeposition of Ge
in two monolayer (ML) (1ML = 7.8 x 10'* atoms/cm?) amounts at 650°C. For
suppression of Sn surface segregation, codeposition of Ge and Sn was performed on
these ultrathin SiO; films with ultrasmall voids at ~200°C to form hemispherical
epitaxial Ge|_,Sn, nanodots with ultrahigh density (~1x 10'> cm~2). The epitaxial
growth of the Ge|_,Sny nanodots with a Si(111) crystallographic orientation was
confirmed by RHEED observation. We annealed the Ge;_, Sny nanodots at 500°C
for 3 min to improve the Ge|_,Sn, nanodot crystallinity. The flux ratio of Ge to
Sn during codeposition was kept at 0.85-0.15. The deposition amount of GeSn was
changed in a range from 4 to 24 ML to control the nanodot diameters from 4 to
35 nm. We confirmed that x was about 0.15 by analyzing Gej_,Sn, lattice images
[35] and also measuring photoemission spectra from Ge;_, Sn, nanodots [36].

10.3.4 Electronic and Optical Properties of GeSn Nanodots

To remove the surface state contribution in the energy band gap, we performed
atomic hydrogen termination of the nanodot surfaces by introducing hydrogen
molecules up to 2 x 10~* Pa for 70 min at room temperature after putting the samples
in front of heated W filaments. Scanning tunneling spectroscopy (STS) experiments
were conducted at room temperature using chemically polished Ptlr tips cleaned by
electron beam heating in UHV chamber. We considered that epitaxial Gej_,Sn,
nanodots were in contact with Si substrates through the ultrasmall (<~ 1 nm) voids
in the SiO; films beneath the nanodots. We found that the electric potential dif-
ference between Si substrates and nanodots was negligible because of the contact
between the epitaxial nanodots and Si substrates, similar to Ge nanodots [16].
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Fig. 10.8 STM images of hydrogen-terminated Ge( gsSng 15 nanodots with (a) 4 and (b) 24 ML
amounts. The differential conductances d//dV in (¢) and (d) were measured by STS on
Ge.85Sng.15 nanodots corresponding to those indicated by the arrows in (a) and (b), respectively

STM images in Fig. 10.8 show the hydrogen-terminated epitaxial Geg.g5Sng. 15
nanodots with amounts of 8 ML (a) and 24 ML (b) on the ultrathin SiO; films [37].
The differential conductances, d//dV, in Fig. 10.8c, d were obtained by STS mea-
surements on top of the Geg g5Sng.15 nanodots indicated by arrows in Fig. 10.8a,
b, respectively. Peaks in the conduction (p™) and valence (p~) band regions were
observed in these spectra, though the p~ peaks were sometimes not discernible.
Figure 10.8 demonstrates that the p™ peak up-shifted with the decrease in the
nanodot size.

We measured the peak position and its width by deconvolution of the spectra
using Gaussian functions with a standard deviation o, as shown by dashed line in
Fig. 10.8c, d. We defined the conduction band minimum (CBM) (valence band max-
imum, VBM) by subtracting (adding) 2o from (to) the peak position of p* (p7).
Figure 10.9a shows the dependences of CBM and —VBM on the diameter of the
nanodots. It is found that the absolute values of both VBM and CBM up-shifted
by about 0.5 eV with the decrease in the nanodot diameter from 35 to 4 nm. The
nanodot diameter dependence of the energy band gap, defined as CBM—-VBM, is
shown in Fig. 10.9b. The energy band gap increased with a decrease in nanodot size.

In the present situation, the nanodots are sandwiched between vacuum and SiO;
films. The SiO; films work as the high barrier for the carriers in the nanodots.
Therefore, the hard wall square potential model is thought to be reasonable. For the
quantum confinement for size L, the absolute value of CBM (VBM) for confined
structure, Econfined, 18 described as
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h2j.[2

Econﬁned(L) = Epuik + omL2

(10.1)

where Epyk is the absolute value of CBM (VBM) for the bulk structure and m is
the effective mass of the electron (hole). For a quantum size effect in a nanodot, the
size L is nanodot radius (d/2). The solid (dashed) lines in Fig. 10.9a are best-fitted
curves, where Epyx for the absolute values of CBM (VBM) with respect to the
Fermi level and m for the electron (hole) were adjusted to 0.32eV (0.21eV) and
0.08 mq (0.09m¢) with free electron mass m, respectively. These values agree well
with the theoretical ones [25].

This clearly shows the quantum confinement effect that can be explained by the
confinement of carriers with bulk effective masses in simple spherical potential
well [37]. We can estimate from these results that Ge;_,Sn, nanodot with 10 nm
size has the energy band gap of ~0.8 eV.

We formed a structure of 10nm size GeggsSng.15 nanodots embedded in Si
films of ~100nm thickness. PL spectrum from the as-grown sample is shown in
Fig. 10.10a. PL peak with high intensity is observed in the 0.8 eV region. This is
different from the Ge nanodot case as shown in Fig. 10.4. We measured Geg gsSng.15
nanodot size dependence (diameter: 7, 10, and 13 nm) of the PL peak positions by
making the structures as shown in Fig. 10.10b. It is expected from the solid curve in
Fig. 10.9b that the nanodots with 7, 10, and 13 nm sizes have the energy band gaps
of 1.2, 0.8, and 0.7 eV, respectively. No size dependences, however, are observed
suggesting that the PL peaks are not originated from Ge g5Sng.15 nanodots but from
the radiative Ge—Si—O complexes influenced by Sn incorporation.

Figure 10.11 shows sample temperature dependence of integrated PL intensities
in the 0.75-0.9 eV range shown in the inset. The integrated intensity profile can be
fitted by a formula of a/{1 + bexp(—E,/kT)}, where a and b are some constants,
E, is the activation energy for thermal quenching of PL intensity. We obtained about
22 meV for E, which is similar to that of the Ge nanodot case as shown in Fig. 10.5b.
The detailed studies on the origin of the PL peak will be reported in the different
article [38].
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Fig. 10.10 (a) PL spectrum from the 10nm size GeggsSng 5 nanodot structure in Si film (as
grown) at 4 K and (b) nanodot size dependences of the PL spectra

Temperature (K)

2 20050 20 10 -
= T T L LN &
= )
S e 5K

g 8 220r / 10K

8 6 F— s T | 20K

>~ . ctivation energy P 16 A 30K

3 E,~22meV & [ ‘-._H 40K

< 2 \ 50K

g , 2 g \ 75K

o W

= Fitting function £ \ 100K
& a S 4f 150K
%o. - [ NN 200K
3 o tbepz o 080 090

® 6 kgT ‘ '

© 8 B Energy (eV)

2 55 oMo ois o

€ 0.05 0.10 0.15 0.20

1/Temperature (K'1)
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10.3.5 Formation of GaSb Nanodots

Epitaxial growth of GaSb films on Si substrates has been intensely studied [39-41]
despite there being a large lattice mismatch between GaSb and Si (~12.2 %). Stud-
ies have been conducted since the direct transition semiconductor GaSb [42, 43]
with an energy band gap of ~0.73 eV is a promising Si-based light-emitting mate-
rial with a 1.5 pm wavelength (~0.8eV) that may have applications in optical
fiber communication systems. In comparison with films, nanodots possibly have a
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larger light-emitting efficiency due to the concentrated density of states with certain
energies and the reduction in their non-radiative recombination rate. The epitaxial
growth of GaSb nanodots on Si(001) was studied under the Volmer-Weber (VW)
growth mode, for which it is difficult to form small nanodots with a high nanodot
density. In the case of the growth at 500°C [44], nanodots larger than ~200 nm were
grown on Si(001) with a low density of ~108 cm~2. By a small amount deposition,
Joetal. [45, 46] formed small GaSb nanodots directly on Si(001) substrates and suc-
cessfully observed a strong luminescence of around 1eV from the GaSb nanodots
embedded in Si films. However, this luminescence was due to the recombination of
electrons in nanodots and holes in Si near the interfaces because nanodots in this
system were inherently of type II [47]. In general in the case of type I nanodots, the
large spatial overlapping of the electron—hole wave function enhances their optical
oscillator strength. Furthermore, the energy band gap of these nanodots can be tuned
to be compatible with optical communication devices (~0.8 eV) by controlling the
nanodot size owing to the quantum confinement effect [33, 34].

We grew GaSb nanodots on p-type float-zone Si(001) wafers that had a resistivity
of 10-200 €2 cm using solid-source molecular beam epitaxy in an ultrahigh vacuum
chamber (UHV) with a base pressure of ~1 x 10719 torr [48]. The Si surfaces were
then oxidized at 500°C in oxygen pressure of 2 x 107 torr for 10 min to form ultra-
thin SiO, films on the Si substrates. Two ML of Ge (1 ML = 6.78 x 10! atoms/cm?)
was deposited on the ultrathin SiO, films at 650°C. A reaction between the
deposited Ge atoms and the SiO; films formed ultrasmall Si bare areas, referred
to as voids, in the ultrathin SiO; film, the size of which was approximately 1 nm
[49]. This was followed by the epitaxial growth of ultrasmall Ge nuclei on these
voids [35, 37]. Gallium and Sb were codeposited on these ultrathin SiO, films
with the epitaxial Ge nuclei at various temperatures (200-550°C) to form epitaxial
GaSb nanodots. The amount of deposited GaSb was estimated from the amount of
deposited Ga which has a lower desorption rate. The V/III flux ratio was ~1-1.5 at
temperatures lower than 300°C and ~4-9 for temperatures higher than 450°C.

We formed GaSb nanodots at various codeposition temperatures from 200 to
550°C. Figure 10.12a, b are typical RHEED patterns for GaSb nanodots formed by
codeposition of 15 ML GaSb at 300°C and of 30 ML GaSb at 450°C, respectively.
STM images in Fig. 10.12c, d correspond to the samples shown in Fig. 10.12a, b.
These results demonstrate that the nanometer-sized nanodots were epitaxially grown
with the same crystal orientation as that of the Si substrates. The weak spots in
Fig. 10.12b indicated by arrows are observed at one-third the distance between the
GaSb diffraction spots, indicating the existence of a twin crystal of GaSb. STM
images also revealed that faceted nanodots with an average base length L of ~30 nm
were formed at high temperature (Fig. 10.12d) and that small hemispherical nan-
odots (L <~ 10 nm) were formed at temperatures lower than ~300°C (Fig. 10.12c).
The densities of formed nanodots are shown in Fig. 10.12e, which demonstrates that
the density of nanodots formed using this method was higher than that for VW-type
GaSb nanodots on Si (~108 crn_z) [44]. The densities are thought to be determined
by Ga atom diffusion lengths on the ultrathin SiO; films before being captured by
the Ge nuclei [50].



10 Formation and Opto-electronic Properties of Nanostructures 231
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Fig. 10.12 RHEED patterns of GaSb nanodots formed by codeposition (a) of 15 ML GaSb at
300°C and (b) of 30 ML GaSb at 450°C. (¢) and (d) STM images corresponding to (a) and
(b), respectively. (e) Temperature dependence of densities of the formed nanodots (solid circles)
and nanodot density estimated from Ga diffusion length on ultrathin SiO, surface (open circles).
(f) Raman spectrum from the nanodots in (d)

With a decrease in the codeposition temperature, the spot patterns in RHEED
became obscure as shown in Fig. 10.12a, b, indicating degradation in nanodot crys-
tallinity. On the other hand, when the codeposition temperature was reduced, the
nanodot density continuously increased to 3 x 10'! cm™2 at 300°C and the ultra-
high density (~1 x 10'?> cm~2) at 200°C as shown in Fig. 10.12e. Figure 10.12f is
Raman spectra for GaSb nanodots corresponding to Fig. 10.12b, d. The sharp peak
related to Si crystal phonons near 520 cm™! and the broad peak around 400 cm™!
also appeared for the Si substrates without GaSb nanodots, indicating that the sharp
peak at 223 cm™! is related to GaSb nanodots. This peak at 223 cm~! was assigned
to the transverse optical (TO) mode in GaSb nanodots from the TO mode in the
GaSb bulk (223.6cm™1) [51]. The peak positions were independent of the amount
of GaSb nanodots deposited in our experiment. The close peak positions of the nan-
odots and the bulk indicate that the lattice mismatch strains with Si almost relaxed
in the nanodots. This was also confirmed by comparing RHEED spot spacings in
Fig. 10.12b with those of homoepitaxial Si nanodots [14].
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10.3.6 Optical Properties of GaSbh Nanodots

We measured the PL of the 65 ML nanodots formed at various codeposition temper-
atures, as shown in Fig. 10.13. Only nanodots formed at 450°C were kept at 450°C
for 30 min in Sb flux after nanodot formation to improve the nanodot crystallinity.
All spectra showed the GaSb-related peak in the low-energy range of 0.75-0.85 eV
in addition to several Si-related sharp peaks in the range of 1.0-1.1eV. The PL
spectra for the GaSb films were highly dependent on the formation method [52, 53].
Using our formation method, the low-energy peaks were positioned at ~0.76 eV for
nanodots (or films) larger than 200 ML nanodots. Hence, the low-energy peak in
the GaSb formed using our method was assigned to the optical transition between
the GaSb conduction band and the acceptor, which fits the known optical properties
of the GaSb bulk at 4.2 K [54]. It should also be noted that the nanodots formed
at the higher temperature of 450°C showed higher PL intensity, which had higher
crystallinity but lower density.

Figure 10.14 shows a the cross-sectional TEM image, (b) the high-resolution
transmission electron microscope (HRTEM) image, (c) the RHEED pattern, and
(d) the STM image of the 65ML nanodots formed by codeposition and subse-
quently keeping the sample temperatures at 450°C for 30 min in Sb flux, which
corresponds to the upper PL spectrum in Fig. 10.13. These results demonstrated
that epitaxial nanodots were faceted as various shapes with L of ~80nm and their
aspect ratios (height/base length) were ~0.5. The HRTEM images revealed that
the ultrathin SiO; films remained at the interfaces between the nanodots and Si
substrates, as indicated by the arrow. Lines with bright contrast showing lattice
defects were observed in HRTEM image as indicated by “SF” in Fig. 10.14b. These
were twinning boundaries caused by stacking faults (SF) in the nanodots and do not
influence the strain state in nanodots. The existence of the twin crystal in nanodots
is consistent with the twin crystal spots in the RHEED patterns.

STM images showed the nanodot density to be 5 x 10° cm™2, revealing that the
process of keeping the sample temperatures at 450°C reduced the nanodot density

14x10”
w 12
c
S 10
£
3 8
2
o 6
2
c 4
= i
o 2
Fig. 10.13 PL spectra from
65 ML nanodots formed at 0

various codeposition 07 08 09 1.0 11
temperatures Energy (eV)



10 Formation and Opto-electronic Properties of Nanostructures 233

"~ Si(001) 30nm

©)

Fig. 10.14 (a) Cross-sectional TEM image, (b) high-resolution TEM image of GaSb nanodots,
(¢) RHEED pattern, and (d) STM image of 65 ML nanodots formed by codeposition at 450°C and
subsequently keeping at 450°C for 30 min in Sb flux

when compared with the nanodots that had not undergone this process (Fig. 10.12d).
We changed the GaSb deposition amount from 1 to 200 ML and some results are
shown as STM images in Fig. 10.15a, b. As aresult, L changed from 17 to ~100 nm
and the nanodot density (5 x 10° cm~2) was unchanged. The PL spectra for these
nanodots of various sizes were measured, as shown in Fig. 10.15c. The relation
between the peak position and L in the inset of Fig. 10.15¢ shows the PL peak
blue-shifted with the decrease of the nanodot size.

In our experiment, the nanodots were sandwiched by a vacuum and the SiOj
films forming the type I structure. The void size in the SiO; films beneath the
nanodots is so small that the SiO; films can work as a confinement barrier for the
carriers in the nanodots [16, 37]. The hard wall square potential model is considered
to be reasonable because these two barriers are high enough (a few electron volts).
For an isotropic system, such as spherical nanodots with a radius r, therefore, PL
energy Econfined 18 €asily described as

h2r?

e (10.2)

Econﬁned(L) = Epuk +

where Epyk is PL energy for bulk material and u is the reduced mass of electron
and hole. Equation (10.2) can approximately be applied to domed nanodots with an
aspect ratio between 1 and 0.3 by replacing r with L/2 [37]. In fact, the present
nanodots have various anisotropic shapes, which make the formulation of the quan-
tum confinement effect more complicated. The simple model in (10.2), however,
represents the essential quantum confinement effect and serves as a good reference.
We approximated the present nanodot shape to a dome with an aspect ratio of ~0.5,
namely, a hemisphere and calculated the theoretical curve of Econfined in (10.2)
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Fig. 10.15 STM images of (a) 2 ML and (b) 8 ML nanodots. (¢) PL spectra of the nanodots with
average base lengths L of 17, 21, 31, 54 nm. The inset shows the size dependence of the PL peak
positions (open circles) and a theoretical curve plotted using (10.2) (solid line)

using Epyx = 0.76eV at 4.2K (the energy of the optical transition between the
GaSb conduction band and the acceptor), u = 0.036mq [54], and r = L/2 (~ the
nanodot height), as shown by the solid line in the inset of Fig. 10.15c. We neglected
the strain effect on the energy band gap because, from Raman spectroscopy results,
all the present nanodots were found to have similarly small strains. The inset in
Fig. 10.15¢ shows the results of the experiment were consistent with the theoretical
curve, indicating that the nanodot size dependence of the PL peak position was due
to the quantum confinement effect.

10.3.7 Application to Growth of GaSbh Thin Films

The GaSb nanodots on ultrathin SiO, films have bulk lattice constant as described
in Sect. 3.6, indicating that the lattice mismatch strains are almost relaxed in the
nanodots due to the small contact areas on Si substrates. This implies that the GaSb
nanodots can be used as seeding crystals for the growth of GaSb thin films on Si
substrates. Figure 10.16a shows an STM image of the GaSb nanodots grown at the
substrate temperature of 200°C with the size of ~8 nm and density of ~10'% cm™2.
Gallium and Sb with ~23 nm thickness were subsequently codeposited at 200°C on
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Fig. 10.16 (a) STM image of the GaSb nanodots grown at the substrate temperature of 200°C.
(b) STM image of the sample after Ga and Sb with ~23 nm thickness were subsequently code-
posited at 200°C and then, Ga and Sb with ~71 nm thickness were codeposited at 450°C

this surface. Then, Ga and Sb with ~71 nm thickness were further codeposited at
450°C. Figure 10.16b shows an STM image of the sample surface. The root mean
square roughness (/;ys) of the surface is about 4 nm, that is, very small compared
with that of the films grown by other methods [39—41]. RHEED patterns from this
surface revealed that the GaSb film epitaxially grew with the same crystallographic
orientations as those of the Si substrate.

Figure 10.17 shows a cross-sectional TEM images near the interface between
the grown GaSb film and Si(001) substrate. The white horizontal line in the image
indicates that the ultrathin SiO, film still remains at the interface. The inset is a
high-magnification TEM image of the square area. The lattice image reveals that
the strains caused by the lattice mismatch (~12.2 %) are almost relaxed just at
the interface due to the ultrathin SiO, film. This result demonstrates a new tech-
nique to grow thin films on Si substrates even when the lattice mismatches are
large.

GaSb(001)

Fig. 10.17 Cross-sectional TEM images near the interface between the GaSb film and Si(001)
substrate of the sample in Fig. 10.16b. The inset is a high-magnification TEM lattice image of the
square area
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10.4 Summary

We developed a method to form semiconductor nanodots on Si substrates by using
ultrathin Si oxide technology and reported some results on their electronic and opti-
cal properties. We could form ultrasmall semiconductor nanodots with the size of
~5nm and ultrahigh density of ~10'2cm~2 on Si surfaces covered with ultrathin
Si0O; films of ~0.3 nm thickness. We described electronic properties of the GeSn
nanodots on Si substrates and optical properties of Ge and GeSn nanodots embedded
in Si films, and those of GaSb nanodots on Si substrates. These structures exhibited
clear quantum confinement effects at room temperature and intense PL and EL
intensities in the energy region of about 0.8 eV that is of practical importance for
optical fiber communication systems.

We also reported that the ultrathin SiO, technology could be applied to grow thin
films on Si substrates even when the lattice mismatches between Si and thin films
were large.
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Chapter 11
Step Bunching on Silicon Surface Under
Electromigration

S.S. Kosolobov and A.V. Latyshev

Abstract In situ ultra high vacuum reflection electron microscopy studies of struc-
tural and morphological transformations of silicon surface at condition of sam-
ple heating by direct electric current are reviewed. The kinetic instability of the
diffusion-linked atomic steps affected by electromigration of adsorbed atoms on
atomically clean and gold-deposited silicon (111) surface is studied in temperature
range between 850 and 1350°C. Consequent changes of the silicon surface mor-
phology during thermal annealing and gold adsorption were observed as reversible
redistribution of regular atomic steps to step bunches and vice versa. Peculiarities of
the atomic mechanism of the such morphological transitions observed on atomically
clean and gold-deposited silicon surface at enhanced temperatures are discussed.

11.1 Introduction

The use of quantum effects in semiconductor nanostructures demands to solve
problems associated with the fabrication of perfect crystals, thin films, heteroepi-
taxial multilayers, and low-dimensional structures. Knowledge of the fundamen-
tals of the structural processes during synthesis of new materials is a key factor
for controlled fabrication of highly perfect modulated structures, superlattices, and
low-dimensional systems (quantum wires and quantum dots). The major problem is
the analysis of the basic physical features of growth and defect formation in such
systems with the purpose of goal-directed control of these processes.

Theory of crystal growth, developed in 1930 by I. Stranski and R. Kaishew, stim-
ulated progress for fundamental condensed material physics and modern epitaxial
technology [1, 2]. Atomic processes on a crystal surface are attracting the very
close attention of researchers, not only because this clarifies the physical picture
of structural processes on the surface but also because this offers the possibility of
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practical development of novel surface nanoobjects in which quantum effects can
be observed.

In studies of the surface and bulk structure of crystalline objects, the most com-
plete and adequate information is obtained by various methods of electron and scan-
ning probe microscopies. These methods make it possible to study the structure of
the surface, bulk, and interface at an atomic level by means of direct resolution of
the atomic structure. The use of mutually complementary high-resolution diagnostic
methods adapted to materials under study, in combination with unique objects of
analysis, gives us new knowledge on their structure, morphology, defect formation
and will extend the possibility of controlling the structural quality of epitaxial and
low-dimensional systems [3].

An important aspect of contemporary and future technologies is the design of
novel materials with tailored properties. Such new materials are produced using
atomic assembly methods, which allow controlled association of atoms into isolated
nanoclusters, layer-by-layer growth of various coatings, self-assembly, and self-
ordering of nanoobjects. In this case, understanding of atomic-level structural reac-
tions is of primary and crucial importance in the development of low-dimensional
systems with quantum-size electronic properties. To solve such problems, high-
resolution methods of nanomaterial characterization should be developed, prefer-
ably in situ diagnostic during nanostructure formation [4, 5].

Structural perfection and properties of stepped Si(111) surfaces depend crucially
on the surface roughness that basically defined by spatial distribution of atomic
steps. Generally the step allocation may be altered through surface morphology
instability due to thermodynamic or kinetic reasons [6]. Thermodynamic instabil-
ity deals with adsorption of impurity atoms on the surface, which may change the
surface energy producing surface reconstruction, faceting, and/or step bunching.
Atomic step distribution can be also changed during superstructural phase transi-
tions. For example, during the (1 x 1)< (7 x 7) phase transition that takes place
on clean Si(111) surface at 830°C, atomic step shifts due to changing of the adatom
density at the terraces [7]. During submonolayer deposition of foreigner atoms on
Si(111) the formation of new surface phases occurs too. It was shown that nucleation
and growth of the superstructural domains also can modify atomic step distribution
forming step bunches. Detailed investigation of instability of the silicon (111) sur-
face morphology induced by polycentric nucleation of reconstructed domains at
adsorption of Ge [8], Au [9, 10], Ca[11], and Cu [12, 13] indicates that step bunch-
ing occurs during enlarging the reconstructed domains longer than the step—step
width. Similar step bunching occurs during the (1 x 1) = (7 x 7) transition on
clean Si(111) surface on cooling when reconstructed domains cover non-uniformly
the stepped surface [14].

The dramatic changes in step spatial distribution on Si(111) surface governed by
direct electric current used for sample heating have been revealed first by Latyshev
etal. [15] and latter confirmed by many others [16-20] and discussed theoretically in
detail [21-26]. They have investigated in detail the kinetic instability of atomic steps
on silicon surface during sublimation caused by direct electrical current heating. As
a result of this instability the reversible transition from regular steps (RS) to step
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Fig. 11.1 Schematic representation of the step-bunching temperature ranges for different direc-
tions and types of the heating electrical current. White areas correspond to the regular steps and
dark areas relate to the step bunches on the surface

bunches (SB) was observed on the silicon (111) surface. This RS<>SB transition is
dependent on the direction of the heating direct current (DC) and the sample tem-
perature for the same direction of the heating current. This nontrivial dependence
is shown schematically in Fig. 11.1. Dark areas correspond to the silicon surface
morphology with step bunches and white areas appropriate to the regular distributed
atomic steps on the surface. So DC heating of silicon crystal can drastically change
atomic steps spatial distribution on the surface at elevated temperatures.

The size (the number of steps in the bunch) of step bunch is increased with the
time of DC heating. For the sample heating by an alternative current with a fre-
quency higher than 1 Hz, an uniformly stepped Si(111) surface was stable at any
temperatures [27]. It should be pointed out that the origin of surface electromigra-
tion of silicon adatoms that seems to be responsible for step-bunching phenomena
on silicon surface is still under discussion in spite of mutual experimental verifica-
tions.

Thus, there are at least two markable instabilities of the Si(111) surface: step
bunching induced by electromigration at sublimation (at high temperature) and step
bunching induced by surface reconstruction initiated by metal adsorption (at low
temperature). While the importance of these instabilities is obvious and a lot of
papers deal with detailed studies of step bunch instabilities, there is restricted num-
ber of investigations on the influence of the adsorbed atoms on step bunching at
sublimation probably due to problems of carrying out in situ experiments at high
temperatures.

It was reported that submonolayer gold adsorption has strong influence on the
effect of step bunching during sublimation [28, 29]. Gold deposition of 0.003 ML
on Si(111) at 950°C changed atomic step behavior. Step bunches, which usually
observed at this temperature on clean silicon surface when the direct current flows in
the step-down direction, dissolved in the system of regular steps after submonolayer
gold deposition. On the contrary, when the direct electrical current flowed in the
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step-up direction, the formation of step bunches was observed on the gold-deposited
surface.

Recently the formation of new type of the step instability, called as a periodic
step density wave, was reported after gold deposition on a high misoriented Si(111)
surface [30-32]. After 0.3 ML of gold deposition on Si(111) and in the case of the
step-up heating current direction, periodic array of extremely straight step bunches
formed on the surface, whereas it had not been observed on clean Si(111).

In order to clarify the influence of gold on the surface morphology, we have
investigated precisely atomic step distribution on Si(111) in wide temperature range
(830-1260°C) at various gold coverage (0-0.7 ML) and different directions of the
heating current (step-up and step-down). For surface instability experiments the gold
was chosen because (i) adsorption of gold on silicon surface is well studied at least
at temperatures below 800°C, (ii) gold has high melting temperatures, (iii) gold
does not form gold silicide at enhance temperatures, and (iv) gold is a well-known
surfactant for silicon substrate.

11.2 UHV Reflection Electron Microscopy

In situ observations of silicon surface morphology were performed using a reflection
electron microscope (UHV REM) with an ultra high vacuum chamber. Detailed con-
struction of the electron microscope was described previously [33]. REM is highly
sensitive to surface structural elements and provides spatial resolution sufficient to
visualize individual monatomic steps (0.31 nm high on Si(111) and 0.14nm on
Si(001)), two-dimensional islands, and superstructural domains even at high tem-
peratures (e.g., 1300°C). The UHV REM system includes a differential cryogenic
pumping device that provides an ultra high vacuum in the sample region and allows
sample heating and cooling from liquid-nitrogen to melting temperatures; it is pos-
sible to deposit atoms of various elements from molecular beams onto the surface
under study [34].

The samples, 8 x 1 x 0.3 mm? in size, were cut from a nominally flat (111) silicon
wafer with an average interstep distance of 100 nm. After cutting procedure, atomic
steps were oriented perpendicular to the long side of the sample and the direction
of the electron beam incidence was parallel to the step edge. Before installation into
the microscope, the specimen was cleaned and chemically etched by ordinary treat-
ments. After chemical treatments the sample was mounted to a holder and placed
into the sample chamber. Then, the sample was outgassed in a UHV microscope
chamber at the temperature about 900°C for several minutes. As the most convenient
way the clean Si(111) surfaces were prepared by typical flashing to 1250°C in the
UHV chamber of the microscope. The sample holder was designed for providing
electrical current heating and rotating of the sample in azimuth and Bragg’s planes.
Before each experiment the sample was cleaned in the UHV chamber by several
flash heating up to 1300°C for several minutes. After cleaning procedures, no any
pinning centers for the motion of the atomic steps during sublimation were visual-
ized. Moreover, the superstructural phase transition (7 x 7)<(1 x 1) was observed
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at 830°C at RHEED pattern that indirectly argues to atomic cleanness of the sur-
face. To reduce a thermal drift, the specimen was kept at 900-1050°C about 30 min.
After final cleaning treatments, the atomic steps without any pinning centers asso-
ciated with the particles of contamination have been observed reproducibly in REM
images [35].

For providing gold deposition, a small-sized gold evaporator, a wolfram crucible,
was placed against the sample face. The amount of deposited gold measured in units
of monolayer (1 MLA1.6x10'> atoms/cm?) was monitored with time of applied
current calibrated previously by the Au/Si(111) surface phase diagram known from
other studies. The step transformations were analyzed with REM in imaging and
diffraction modes at high temperatures and in real time due to video recorder system
made by GATAN to picture quick surface reactions. It should be pointed out that
recorded REM images are foreshortened by a factor of ~1/50 in the direction of the
electron beam incidence due to a small angle between surface and electron beam.

11.2.1 Monatomic Steps on Silicon Surface

Figure 11.2 represents REM image of atomically clean vicinal silicon (111) surface
at 900°C after thermal annealing in a UHV chamber of a reflection electron micro-
scope. White arrow indicates the direction of the electron beam incidence. Thin
dark wavy lines at the image are atomic steps, 0.31 nm in height. The atomic step
contrast in REM images is a superposition of two contrast types, i.e., diffraction and
phase. The diffraction (Bragg) contrast is caused by deformed regions of the atomic
lattice near monatomic steps, which locally change the diffraction conditions on
steps. The phase (Fresnel) contrast is caused by the phase shift of electrons reflected
from adjacent atomic planes separated by a monatomic step.

Atomic steps move over the crystal surface during sublimation, which is caused
by atomic step generation into an adsorption layer from which atoms are detached
into the vapor phase. Evaporation of a single monolayer displaces each step for a
distance equal to the distance to the adjacent step [36]. The step motion is initiated
by consequent detachment from the step, diffusion along the step, diffusion on the
terraces, and subsequent evaporation of the silicon atoms during sublimation. The
step rate depends on the terrace width with the sublimation energy of ~4.2¢eV [35,
371.

Atomic step distribution on the surface was not unchangeable during crystal
evaporation. As it was described above, steps distribution was unstable upon fluc-
tuations of the terrace width in the case of electrical current heating of the crys-
tal [15]. In the case of the step-down DC direction, regular distribution of atomic
steps was broken and formation of the step-bunched morphology was observed at
900°C (Fig. 11.2b). The redistribution of regular steps to step bunches and vice
versa was observed after switching the electrical current direction. Increasing the
sample temperature caused enhancing step mobility and redistribution of the atomic
steps occurred faster. In the case of alternative electrical current (AC) heating the
system of regular steps was stable on clean silicon (111) surface at any temperature.
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Fig. 11.2 Typical REM images of clean Si(111) surface at 900°C with regular atomic steps (a) and
initial stage of step bunches (b)

Using UHV REM, the conditions under which atomically clean silicon surfaces
form were optimized for ultra high vacuum technologies. Data were obtained on
the surface structure and motion kinetics of monatomic steps that control diffusion
processes on the surface and interfaces, on homogeneous and heterogeneous sources
of monatomic steps, which are efficient sinks for adatoms on the surface of semi-
conductor substrate.

The interaction of monatomic steps with dislocations emerging at the crystal
surface was detected, which slows down the step motion velocity in the dislocation
strain field up to stopping of the step in the dislocation core [38, 39].

It has been found experimentally that there are different probabilities of adatom
incorporation into the monatomic step from the side of upper and lower terraces,
which is caused by different energy barriers for adatom incorporation into the step.
It follows from the kinetics of monatomic step motion during sublimation that the
energy barrier for adatom incorporation into the step from the side of the lower
terrace is lower by 0.3 = 0.1 eV than the barrier from the side of the upper terrace.
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To control the substrate micromorphology, it seems important to detect self-
assembly effects in the system of monatomic steps, which are accompanied by
the formation of step bunches during sublimation and heteroepitaxial growth. The
detected instability of the system of monatomic steps on the silicon (111) surface
during sublimation, which is a necessary operation of thermal cleaning of the sub-
strate, leads to redistribution of the regular system of monatomic steps into a system
of step bunches, which consist of close monatomic steps and almost singular regions
between bunches. A typical image of the initial stage of step bunch formation is
shown in Fig. 11.2b. Step bunches are separated by surface areas with a low den-
sity of steps. The conditions of step bunch formation were studied, and the factors
affecting the temperature ranges of step bunch formation were determined.

The effect of the direction of a direct electric current that heats the studied crystal
on the temperature ranges of step bunching was detected. This effect deals with the
transition from the regular system to step bunches and vice versa as the polarity
changes. This suggests the existence of an effective charge of adatoms, caused by
ionization of adatoms and the effects of adatom drag by carriers in semiconductors
[40]. It seems important to use this phenomenon on vicinal silicon surfaces to form
various self-assembled systems without lithography, including ordered systems of
step bunches, and stripes of impurity-induced superstructures along step bunches
and lateral surface superlattices.

It appears that a significant advantage of the UHV REM method is the possi-
bility of obtaining quantitative data on atomic processes on the surface by analyz-
ing the behavior of monatomic steps, including the characteristic time of quasi-
equilibration, and the diffusion length and concentration of adsorbed atoms [41].
Conditions of implementation of both step-layer growth and growth by the forma-
tion of two-dimensional islands, i.e., the so-called two-dimensional quantum dots,
during epitaxy were determined [42]. It was found that the silicon (111) surface with
(1x1) structure above the phase transition temperature is not geometrically flat and
contains disordered adatom clusters with a filling factor of 0.2 monolayers [7].

Direct evidence of the existence of an disordered layer of mobile adatoms on the
silicon (111) face were obtained based on a quantitative study of the reflection high-
energy electron diffraction (RHEED) patterns and an analysis of high-temperature
scanning tunneling microscopy (STM) images [43, 44]. We note that the increased
adatom concentration on the substrate changes the critical parameters for new-phase
nucleation, which is of practical interest for the formation of nanoclusters with tai-
lored volume and density.

Heteroepitaxial growth of a new epitaxial film is accompanied by superstruc-
tural transformations on the surface. Therefore, we comprehensively analyzed a
reconstruction and showed that superstructural domain formation during reversible
phase transitions is accompanied by reversible displacements of monatomic steps.
In particular, we detected macrostep formation in superstructural phase transitions
(7 x 7)< (1 x 1) on the clean silicon (111) surface [45] and during the for-
mation of impurity-induced superstructures Si(7x7)Ge, Si(5x5)Ge, Si(5x2)Au,
Si(3x 1)Ca at the initial stages of heteroepitaxial growth [9, 11]. The basic condi-
tions of macrostep formation are polycentric nucleation of domains of a new surface
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structure and diffusion of adatoms between domains. The density of macrosteps
depends on the initial distance between monatomic steps, the substrate temperature,
the superstructural transition rate, and it is controlled by kinetic limitations associ-
ated with the necessity of significant mass transfer over the surface [46].

Control of germanium monolayer formation on the step silicon (111) surface
makes it possible to provide conditions for the growth of regular lateral superlat-
tices, in which germanium strips along the monatomic steps of the surface alternate
with silicon surface strips [35]. A major factor complicating lateral superlattice for-
mation during germanium submonolayer deposition onto the silicon surface is the
clustering of monatomic steps of the substrate during polycentric nucleation of the
reconstructed domains induced by germanium [8].

To optimize the technological processes of the oxidation of a nanostructured
object, the initial stages of the interaction of oxygen with the silicon (111) surface
in the temperature range of 500-900°C were studied [47]. Intensity oscillations of
the electron beam specularly reflected from the silicon surface were detected in the
case of implementation of the two-dimensional-island mechanism of thermal etch-
ing of silicon in a molecular oxygen flow. The activation energy of surface diffusion
of vacancies initiated by the interaction of oxygen with silicon was estimated as
1.354+0.15eV [48].

To improve the silicon substrate morphology, the structure and reconstruction of
the silicon (001) surface, i.e., the most commonly used substrate in silicon micro-
and nanoelectronics, were studied [49]. It was shown in [45] how the electric cur-
rent heating of the crystal affects the surface reconstruction processes on the silicon
(001) face. Based on quantitative data obtained by analyzing the step motion kinetics
and diffusion of an array of adatoms and vacancies on the silicon (001) surface, step
bunch formation was detected [16]. Possible models of the effect of electromigration
on step-bunching processes are discussed in [50].

Another example of self-assembly is the formation of regular chains of gold clus-
ters along monatomic step bunches [51]. It was shown that there were preferential
displacements of three-dimensional gold islands adsorbed on the silicon (111) sur-
face toward an overlying terrace [52]. This phenomenon led to the accumulation
and coalescence of gold islands near the upper edge of step bunches. Thus, the
mechanism of self-assembly of gold clusters is implemented due to preliminary
self-assembly in the system of monatomic steps.

The above data on atomic processes on the silicon surface allowed not only opti-
mization of the conditions for obtaining low-dimensional structures on the basis of
conventional silicon technologies, but also created prerequisites for nanostructure
formation based on the detected effects of self-assembly on the silicon surface. It
seems that such complex multistage processes of bottom-up self-assembly on the
size scale will become fundamental in the controlled formation of semiconductor
nanostructures for the next-generation nanoelectronic elements and sensorics on a
silicon surface. The presented data on atomic processes on the silicon surface lay
the groundwork for nanotechnologies for controlled synthesis of silicon nanostruc-
tures with tailored configurations and the required electrical, mechanical, and other
properties.
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In analyzing the physical features of new-phase island nucleation under condi-
tions of surfactant heteroepitaxy by in situ ultra high vacuum reflection electron
microscopy, the effect of instability of the distribution of atomic steps over the sil-
icon (111) surface was detected, which was caused by submonolayer adsorption of
gold atoms at 900-1250°C [53]. The effect of kinetic instability of steps consists
in a series of transformations of regularly arranged atomic steps (RS) to a system
of step bunches (SB) and vice versa as the gold surface concentration increases. As
the direction of the electric current heating the crystal was changed, the reversible
transformations RS<SB and SB<-RS occurred with an unchanged gold coverage.
Critical concentrations of gold impurity atoms at which the distribution of atomic
steps changes were estimated [54].

11.2.2 Surface Morphology During Gold Deposition

Let us reconsider typical impacts of the gold deposition on the silicon surface trans-
formations: surface reconstruction nucleation, three-dimensional islands formation,
and steps clustering. Figure 11.3a shows a REM image of the Si(111) surface at
500°C after deposition of 0.48 ML of gold. The inspection of RHEED pattern from
this surface area clearly indicates the (5x2) surface reconstruction induced by gold
adsorption. Three different contrasts on the image correspond to various orientation
of the (5x2) domains. As the gold coverage increased, the domain spread and some
parts of the atomic steps were found to merge with other forming macrostep, two- or
several interplane distances in height, so-called step bunches. Similar step bunching
was observed previously [8]. It is interesting that switching of the DC direction
revealed no impact on the processes of the step bunching induced by gold adsorp-
tion at 500°C. During step bunching initiated by surface reconstruction, the width
of adjacent terraces was increased in several times due to change of the atomic step
distribution.

According to the phase diagrams [55, 56] and experimental data [57, 58] there
are no surface phase transitions during gold deposition at crystal temperatures above
830°C. Moreover, at these temperatures there is no surface reconstruction on the
clean silicon (111) surface too. While nucleation and growth of the superstructural
domains can modify step distribution by forming step bunches it is complicate to
compare the step bunching induced by gold and one by electromigration due to
(i) surface reconstructions and (ii) different temperatures. That stimulates us to
increase the temperature of the substrate up to 900°C to destroy any surface recon-
structions and to make equal the temperature of gold deposition and step-bunching-
induced electromigration.

Figure 11.3b shows the silicon surface area at 900°C after submonolayer gold
deposition. No additional contrast related to the surface reconstruction was found
at these experimental conditions that is consistent with the known phase diagrams
[55, 56]. However, at increased gold coverage (above 1 ML) the formation of large
three-dimensional islands was observed according to [8] (Fig. 11.3c). Thus, to avoid
the influence of the phase transitions and three-dimensional island nucleation on
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Fig. 11.3 REM images of Si(111) surface after deposition of 0.48 ML of gold at 500°C (a), the
same amount of gold at 900°C (b), and three-dimensional islands on the surface after deposition
of 1.2 ML of gold at 900°C (c)

the surface morphology, we have investigated the stability of the atomic steps at
elevated temperatures and gold coverage below critical one, where the formation of
three-dimensional gold islands occurs.

11.2.3 Gold Deposition

Figure 11.4 represents consequent stages of surface transformations at 900°C during
gold deposition in case of the heating current passing in the step-down (a—d) and
step-up (e-h) directions. For simplicity we describe first the left panel of the images
only that corresponds to the case of the step-down direction. Some comments on
the right panel of the image corresponding to the opposite DC direction will be
made later. At the step-down DC direction and the sample temperature of 900°C the
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Fig. 11.4 Grabbed from REM video series of images showing the Si(111) morphology transfor-
mations at 900°C heated by DC in the step-down (a—d) and step-up (e-h) directions during gold
deposition. Initial clean surfaces with step bunches (a) and regular steps (e). The same areas of the
surfaces after gold deposition 0.1 (b,g), 0.24 (c,h), and 0.42 ML (d,h)

instability of diffusion-linked atomic steps on the atomically clean silicon surface
leads to step bunching [15], which are clearly identified in Fig. 11.3a. Thin waived
lines are monatomic steps whereas wide wavy bands of dark contrast, located in
the middle and top parts of the image, are step bunches. During sublimation atomic
step motion occurred from the bottom left to top right direction on the image. So
the terraces, represented in the top right part of the image, are higher situated than
ones in top-right part of the image. White arrow indicates the direction of the heat-
ing electrical current passing the crystal. It should be renounced again that due to
foreshortening effect REM images are compressed in the direction of the electron
beam incidence with factor of ~50.

When small amount of gold (less than 0.1 ML) was deposited onto the silicon
surface, the first transition of surface morphology was observed. Step bunches were
dissolved into the regular distributed atomic steps (Fig. 11.4b). The system of reg-
ular steps was stable at this temperature if the gold coverage on the surface was
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unchangeable. Actually at this temperature gold eliminates from the surface due to
sublimation and/or dissolution into the bulk due to diffusion processes.

The phenomenon of the step instability under small amount (less 0.1 ML) of gold
deposition was observed previously. Latyshev et al. [28, 29] attributed this effect to
the reversing of an effective charge of adsorbed silicon atoms during gold deposition
on the silicon (111) surface. Minimal critical surface concentration of gold atoms
for this transition was estimated as 0.008-0.016 ML. Later it was proposed that this
transition is caused by changing of atomic step properties, namely, due to the change
of permeability of the atomic steps for silicon adatoms from the impermeable steps
to the permeable ones [30, 59-62]. Minoda et al. [31] reported that step bunching at
increased gold coverage and the step-down DC direction occurred due to changing
a free energy of Si(111) and this step bunching caused by thermodynamics. While
the observation of this transition was reported, the investigations of impact of the
current direction and increased gold atom concentrations (higher 0.1 ML) on the
silicon surface morphology have not been done.

By increasing the gold coverage above 0.24 ML, the surface morphology was
changed by causing the second transformation of the silicon surface morphology
by means of gold-induced step bunching (Fig. 11.4c). We found that bunches
formed by gold adsorption were stable in the range of gold coverage between 0.24
and 0.42 ML. The process of gold-induced step bunching at these gold coverages
occurred faster than one at clean silicon (111) surface.

Increasing gold coverage above 0.42 ML caused the third transition of the silicon
surface morphology: from step bunches to regular steps (Fig. 11.4d). Further gold
deposition (above 0.75 ML) on the silicon surface caused the formation of three-
dimensional particles, probably gold-silicide islands on the surface similar to the
one shown in Fig. 11.3c. Some of the moving particles were pinned at step bunches
in agreement with [63].

We also have investigated the silicon surface transformations during gold depo-
sition in the case when heating DC flowing in the step-up direction. Similar to the
case of DC-induced step bunching on clean surface, the silicon surface transfor-
mations under gold deposition were found to be dependent on the DC directions.
Figure 11.4e-h represents the surface relief at 900°C during gold deposition when
heating direct current flows in the step-up direction. Figure 11.4e shows initially
clean silicon surface at 900°C with regular atomic steps. The system of regular
distributed atomic steps on the clean silicon surface was stable at these conditions.
When gold was deposited, the several transitions of regular steps to step bunches and
vice versa were occurred on the surface in agreements with one for the step-down
DC direction assuming that regular step morphology was changed on step bunches
and vice versa. Thus, the morphology of the silicon (111) surface depends crucially
on the direction of the heating current and amount of deposited gold atoms.

Figure 11.5 schematically represents the surface morphology dependence on
gold coverage for different directions (step-up and step-down) and types (DC and
AC) of the heating electrical current at 900°C. Dark areas correspond to the step
bunched morphology whereas white areas relate to the regular distributed atomic
steps. There are four gold coverage ranges which can be characterized by alternative



11 Step Bunching on Silicon Surface Under Electromigration 251

DC
step-down
DC
step-up

L 1 1 L L 1 L 1

0 o1 02 03 04 05 06 07

Gold coverage, (ML)

Fig. 11.5 Schematic representation of the silicon surface morphology at 900°C during gold depo-
sition. Dark areas correspond to the step-bunched morphology; white areas deal with the regular
distributed steps

surface morphologies (RS or SB). The first range (0-0.01 ML) (critical concentration
measured in [28, 29]) corresponds to the clean silicon surface morphology, when
step bunching occurs at the step-down DC direction and regular steps are stable
for the step-up DC direction. The second range (0.01-0.24 ML) relates to reversal
surface morphology - regular steps at the step-down direction and step bunches at the
step-up one. The third range (0.24-0.42 ML) characterizes step bunching or regular
steps at the step-down or step-up direction consecutively. The fourth range at gold
coverage above 0.42 ML corresponds to reversal surface morphology comparing to
the third range.

The detailed REM observations of the surface morphology in the case of AC
heating of the sample was complicated due to influence of alternative electromag-
netic fields on the electron beam. However, the final picture of step distribution after
alternative heating of the crystal can be detected by two possible ways. The first
is simply switching off heating of the sample and observation of the surface mor-
phology at room temperature after cooling down the sample. In this case the surface
morphology can be sufficiently changed due to several reasons. The nucleation and
growth of the superstructural domains at lower temperatures during limited cooling
rate can change the step distribution. Quenching the silicon sample also may be
attended by generation of adatoms and vacancies that also have influence on the
morphology of silicon surface [44, 64]. Another way for clarifying the impact of
the alternative heating is rapid changing of the alternative power supply to the direct
one without changing of sample temperature with simultaneously recording of REM
images to a video recorder. Consequent analysis of the REM images, grabbed from
the video tape, shows the initial distribution of atomic steps on the surface immedi-
ately after switching. We have used both ways, and the results were the same. Only
regular atomic step distribution on the surface was observed after heating the sample
by alternative electrical current of 50 Hz in all investigated gold coverage range.
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Thus, atomic steps on silicon (111) surface at elevated temperature during gold
deposition shows nontrivial behavior complicated by the impact of the DC heating.
The physical reason for changing of the effective charge of the silicon adatoms
still is not clear. It was reported that gold atoms on the silicon surface may act
as an activator during the surfactant-mediated growth. During growth of silicon on
the Si(111)—-(5x2) Au surface gold atoms segregated to the topmost surface. The
diffusion length of silicon atoms on gold-deposited silicon surface was reported to
be larger than that on the (7x7) surface [65]. Aoki et al. [66] reported decreasing of
adatom density on Si(111) surface, which was measured from atomic step shifting
toward the step-down direction at 780°C after deposition of 0.3 ML of gold. The
advance of the atomic steps means that silicon atom density on the gold-adsorbed
(1x1) surface decreases with an increase of gold coverage. Taking into account
these facts one can consider modification of the detachment/attachment rates of the
atomic steps induced by gold atoms in a way similar to surfactant-mediated epitaxy.
Our observations of the atomic step motion with increased rates in both directions
(step-up and step-down) confirm this consideration. So we can conclude that gold
atoms on the silicon surface produced drastic modifications of the diffusion proper-
ties on the surface at this temperature.

11.2.4 The Kinetics of the Gold-Induced Step Bunching

The kinetics of step bunching induced by gold adsorption was investigated in real
time and compared with one of current-induced step bunching at the same tem-
perature. Figure 11.6 demonstrates series of REM images illustrating the process
of gold-induced step bunching at 900°C under the step-down DC direction. We
found that step bunching at this condition occurs faster than one on clean sili-
con surface. The temporal measurement of average distance between neighboring
bunches revealed that the bunching rate was at least two order times higher than one
without gold deposition at the same temperature. It should be pointed out that the
bunch formation in this case occurs mainly by means of atomic step moving in the
direction of sublimation. However, some step bunches were observed to be moving
in the growth direction producing coagulation of several step bunches in one.
While all presented results were obtained for the same sample temperature of
900°C, we also investigated the temperature dependence of the silicon morphology
during gold deposition. In the first temperature range (830-1050°C) we have no
observed significant differences in this effect and the same transitions were qual-
itatively registered. Only slow increasing of the critical gold concentration with
temperature enlargement was found probably due to increased departing of gold
atoms from the surface at higher temperatures. The most essential fact was observed
in the second temperature range (1050-1250°C) where, in contradiction to the
first temperature one, two critical gold concentrations were observed and the three
gold coverage ranges were found only. At higher temperatures the investigations
of gold-induced transformations are embarrassed due to high probability of gold
atoms to depart from the surface and restricted power of gold evaporator. However,
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Fig. 11.6 REM images of consequent stages of step bunching induced by gold deposition of
0.28 ML on Si(111) surface at 870°C under DC heating in the step-down direction

we showed that step bunches transform into regular steps under gold deposition
at extremely high rates at temperature of 1260°C in the case of heating electrical
current passing in the step-down direction.

Figure 11.7 represents series of REM images which illustrated the Si(111) sur-
face morphology transformations after deposition of 0.7 ML of gold and subsequent
annealing at 900°C for the step-up current direction. After gold deposition on the sil-
icon surface at 500°C, the evaporator was switched off and one can see appearance
of additional RHEED patterns corresponded to the (/3 x 4/3) reconstruction. Then
the sample temperature was increased to 900°C and the system of step bunches was
observed similar to the initial surface before gold deposition (Fig. 11.7a). At once no
additional reflections corresponding to surface reconstruction were observed at the
RHEED pattern at this temperature. During high-temperature annealing a decreas-
ing of gold concentration should be due to gold evaporation and gold dissolving
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Fig. 11.7 REM images of Si(111) surface morphology during annealing at 900°C after deposition
of 0.7 ML of gold (a—d)

into the bulk. After 16 min of annealing the step-bunched structure (Fig. 11.7a) was
fluently transformed into an array of regular steps (Fig. 11.7b). This transformation
was supplemented by atomic step motion in both (step-up and step-down) direc-
tions and increasing fluctuations of step shape. At the same time the observation
of RHEED pattern revealed no any additional reflections at 900°C but the intensity
of the basic (1x1) reflections increased in comparison with one measured imme-
diately after gold deposition. After formation of regular array of atomic steps the
sample temperature was reduced to 500°C and the RHEED picture was analyzed.
Additional patterns corresponding to the Si(111)—(5x2)Au reconstruction were reg-
istered. According to the surface phase diagrams [55, 56] the formation of the (5x2)
domains on gold-deposited silicon surface occurs in gold coverage range of 0.42—
0.6 ML.

Subsequent isothermal annealing at 900°C in an ultra high vacuum chamber dur-
ing 23 min caused step bunching (Fig. 11.7¢c). This transition was supplemented
by increasing the (1x 1) reflection intensity at RHEED pattern. Further annealing
during 27 min caused the formation of regular steps on the surface (Fig. 11.7d).
Decreasing to 500°C, RHEED picture clearly identified the (7x7) reflections that
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correspond to atomically clean surface. Thus, periodical changing in step distri-
bution was also observed during high temperature annealing of the gold-deposited
silicon surface at 900°C.

11.2.5 Summary

In conclusion, the in situ observation of monatomic steps behaviour on the silicon
surfaces by UHV REM allows to evaluate a lot of important parameters described
the surface processes of sublimation, growth, thermal annealing, adsorption, gas
reaction and phase transitions. UHV REM tolerates to carry out in situ experiments
with a high spatial resolution on various physical phenomena on a crystal surface, to
analyze the superstructural phase transitions on a surface, to examine atomic mech-
anisms of evaporation and epitaxial growth. In situ UHV REM investigations show
impact of the adsorbed gold atoms on Si(111) surface morphological stability at
elevated temperatures (830-1260°C) in the case of direct electrical current heating
of the sample. Both DC heating and gold submonolayer adsorption produce the set
of transitions from regular step-to-step bunches and vice versa. These transitions
depend reversibly on the gold coverage and DC direction. There are four ranges of
gold coverage and two types of silicon morphology (regular steps and step bunches)
can be observed in the temperature ranges depending on the current direction. The
critical gold concentrations required for changing of the surface relief were deter-
mined at different temperatures and directions of DC passing through the sample.
The silicon (111) surface was characterized regular steps by distribution for sam-
ple heating by an alternative current in the investigated range of gold coverages
(0-0.71 ML).
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Chapter 12

Step-Bunching Instabilities of Vicinal Surfaces
During Growth and Sublimation of Crystals —
the Role of Electromigration of Adatoms

S. Stoyanov

Abstract This review is devoted to the mechanisms of a rather strange phe-
nomenon — the step configuration at the vicinal surface of a Si crystal depends on the
direction of the electric current through it. This phenomenon opens an easy way to
manipulate the surface structure and to create a template for production of ordered
arrays of nano-crystals on Si surface. The BCF model is generalized to account for
the surface electromigration and the considerations are focused on the step-bunching
instability induced by the drift of the adatoms. A simplified form of the equations
of step dynamics at a vicinal crystal surface is presented and the results of the linear
stability analysis are given. The non-linear effects in the step dynamics are studied
in the frame of the continuum model equation and the treatment is restricted to
the steady-state shape of the bunches of steps — the self-similarity of the bunch
shape and the relation between the width and the height of the bunch. The scaling
relations for the shape of the bunches opened a pathway for a number of interesting
experiments, which are briefly described.

12.1 Introduction and Historical Overview

In 1989 A. Latyshev and his colleagues in Novosibirsk reported [1] rather strange
observations on the distribution of steps at Si surfaces slightly deviated from the
(111) face (such stepped surfaces are called vicinal). Carrying out experiments on
step dynamics in high-temperature sublimation, they heated the Si crystal by passing
direct electric current through it. The unexpected feature, discovered by Latyshev
and co-workers, was that the step configuration at the vicinal surface depends on
the direction of the electric current. For instance, in the temperature interval 1250—
1350°C, an electric current with a step-down direction destabilized the initial regular
distribution of the elementary steps at the vicinal crystal surface. In a relatively short
time of heating with step-down current the steps formed bunches, separated by wide
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terraces, which were almost free of steps. It is interesting to note that the rearrange-
ment of the regularly distributed steps into step bands is a reversible process in the
sense that one can transform the developed step bands into a regular system of steps
by reversing the direction of the electric current. This phenomenon (electric current-
induced bunching of steps) has a very complicated temperature dependence — there
are three temperatures (in the interval between 1170 K and the melting temperature)
where bunching—debunching transition takes place at a fixed direction of the electric
current [1, 2]. It is instructive to mention again that the observations outlined above
refer to the step dynamics at vicinal (111) face of Si crystal.

The electric current flowing through the Si crystal has also an impact on the step
configuration of the (001) vicinal surface. The (001) surface of Si crystal is known
to manifest surface reconstruction and to contain (2x 1) and (1 x2) domains formed
by the dimerization of the surface atoms, which have two broken bonds each. Due to
the surface reconstruction the terraces at the (001) vicinal surface are not identical —
the direction of dimerization rotates by 90° when one moves from one terrace to the
adjacent one. When the electric current through the Si crystal is perpendicular to the
steps it has a dramatic effect on the ratio of the areas of the neighbouring terraces.
One type of terraces (say (2x 1)) increase in width on expense of the terraces of the
other type (terraces with reconstruction (1x2)). If the electric current direction is
reversed the narrow terraces increase their width whereas the wide terraces shrink
[3, 4].

The REM observations of Latyshev et al. [1] and Kahata and Yagi [4] marked
the beginning of rather active research on electric current-induced bunching of steps
and conversion between 1x2 and 2x | reconstruction domains at silicon surfaces. In
1990, Stoyanov [5] proposed a model explaining both phenomena step bunching and
conversion of reconstruction domains. A fundamental feature of this model is the
electromigration of the adatoms which are assumed to jump more frequently in the
direction of the electric current (heating the crystal) than in the opposite direction.
The proposed model, however, does not operate at the finest scale, where the crystal
growth is described by hopping of adatoms between different lattice sites on the
interface. Like the classic Burton—Cabrera—Frank (BCF) theory the model of crystal
growth and sublimation in the presence of electromigration of the adatoms operates
at the next scale where the basic elements are the terraces and the steps. Thus the
crystal growth is reduced to diffusion of the adatoms on the terraces (this process
is characterized by the coefficient Dy of surface diffusion) and their subsequent
attachment to the steps. The processes at the steps are not simple. The adatoms
find their “proper” sites in the crystal lattice after many “trials and errors.” The
atoms attach to the step edges, migrate along them, reach kinks, and attach into kink
position. The last event does not mean that the atom attaches to the crystal phase
“forever.” In fact, this atom could later detach from the kink position and even leave
the crystal surface by desorption. In the special case of crystal-vapour equilibrium
an atom attaching to a kink position has zero probability to stay in the crystal phase
“forever.” If, however, the vapour pressure is higher than its equilibrium value, an
atom attaching to a kink position has a chance to stay in the crystal phase “forever.”
As a result the crystal grows. In the scale where BCF operates the crystal growth
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and sublimation are described by the motion of the elementary steps at the vicinal
surface. The rate of step motion is assumed to be proportional to the local supersatu-
ration, i.e., v = KQ (ns — ng) where the step kinetic coefficient K reflects both the
complicated structure of the steps and the more complicated processes of attachment
and detachment of atoms to the step. The local supersaturation (or undersaturation)
is given by the difference between the actual concentration ng of adatoms in the
vicinity of the step and the equilibrium concentration n at the temperature of the
crystal. Finally, the area of one atom at the growing crystal surface is denoted by 2.
To find an expression for the actual concentration ng of adatoms in the vicinity of the
step one should solve the equation describing the diffusion of adatoms on a single
terrace and accounting for both the deposition of atoms on the crystal surface and
their thermal desorption.

The model proposed by Stoyanov [5, 6] involves an additional parameter which
reflects the fact that the adatoms jump more frequently in the direction of the electric
current, i.e. they have a drift velocity vgrify = FDs / kT , where F is a force (related
in some way to the electric current) acting on the adatoms. Thus the classic BCF
theory is generalized to account for the drift velocity of the adatoms, i.e. for the
asymmetry in the surface transport of the adatoms on the terraces between the steps.
Actually, this is the second asymmetry introduced into the BCF model. The first
one was proposed many years ago by Schwoebel [7] and it is based on the Ehrlich—
Schwoebel effect — asymmetry in the attachment—detachment processes at the steps.
Both asymmetries induce step-bunching instability of the vicinal surface. However,
in contrast to the Ehrlich—-Schwoebel effect, the electromigration can be controlled
by manipulating the electric current flowing through the crystal. This fact provides
a ground for a rich variety of experimental studies on the step dynamics and crystal
growth kinetics.

The paper of Stoyanov [5] was focused on the impact of the electromigration on
the stability of the vicinal surface. That is why the simplest case of annealing with
negligible desorption was analyzed. Under this condition the only process that takes
place at the crystal surface is transport of atoms between the steps. The atomic flux
on the terraces was derived to be (in the physically interesting case FI / kT <1
with / being the terrace width)

FD; 1

*T T+ (2ds 1) (2D

j=

where d; = Dy / K 1is a characteristic length. In the original paper somewhat dif-
ferent notation was used and the exact but heavy expression (equation (3) in [5])
is here simplified by series expansion of the exponential function exp(F! / 2kT ) =~
L+ (FL [2kT).

This relatively simple expression for the electromigration-induced atomic flux
during annealing with negligible desorption was able to explain a number of experi-
mental observations. Let us first consider the formation of wide and narrow terraces
during annealing of vicinal (001) Si surface. The key to understanding this effect
is the electromigration in combination with the anisotropy of the surface diffusion.
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On the reconstructed (1x2) and (2x 1) surfaces the adatoms migrate preferentially
along the dimmer rows, giving rise to an anisotropy in the surface diffusion. This
anisotropy is essential for the step dynamics only when the surface diffusion is slow
and the step kinetics is relatively fast, i.e. D; is small and K is large. In this case the
characteristic length dg = Dy / K is small (dy<!) and the expression for the surface
flux j can be further simplified to

FDq

kT

Jj= ng = vdriftn:“ (12.2)
Since Dy is the coefficient of surface diffusion in a direction perpendicular to the
steps the flux j has essentially different values on neighbouring terraces because
they have 90° difference in the dimmer orientation. On terraces having dimmer rows
perpendicular to the steps the diffusion is easy and the surface flux from one step to
the neighbouring one is large. In contrast, on terraces having dimmer rows parallel
to the steps diffusion of adatoms from one step to the neighbouring one is slow, the
surface flux is small and has negligible contribution to the motion of the steps. So
that one can account only for the surface flux on the terraces of the first type and
write the expression

d FD
— =2Qj = 20—
dr kT

ns (12.3)

for the rate of increase of the width of such a terrace. Here Dy is the coefficient
of easy diffusion, i.e. diffusion along the dimmer rows. The sign minus appears
in the right-hand side of the above expression because F > 0 is assumed for
a step-up direction of the electromigration force (see Fig. 12.1). That is why the
electromigration pushes the atoms detached from the descending step toward the
ascending step where they attach to kink sites. As a result the terrace shrinks. The
terraces of the other type increase their width. The process could be reversed by
reversing the electric current direction. Then the wide terraces decrease in width
whereas the narrow terraces expand.

Pir

i

e & e
] ,

Fig. 12.1 Schematic view of a vicinal surface with straight steps. The adatoms have a drift velocity
induced by an electric force F. The width of the ith terrace is /; = x;4+; — x; and the concentration
of adatoms on it is 7n;
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Equation (12.3) provided the first possibility to estimate the electromigration
force F. This was done by Ichikawa and Doi [8, 34]. Essential feature of their
experiments was the combined heating of the specimen — by radiation and by pass-
ing electric current through the Si wafer. In this way they were able to vary the
temperature in the interval 600-900°C while keeping the electric current constant.
The obtained data for the rate of increase of the terrace width were described by the
expression

d/ E;
i —— 124
dr Yo exp( kT) (12.4)

with vop = 1.7cm/s and E; = 1.3eV. Comparing the pre-exponential terms in
(12.3) and (12.4) and having in mind that Dy = w2 exp (—Esd /kT) and n{ =
(1/52) exp (—AEkink_ad /kT) one obtains vo = 2F Quq/kT with wg being the fre-
quency of vibrations of one adatom at the crystal surface. Let us note that here Egq
is the activation energy for surface diffusion and Exjnk-aq is the difference between
the energies of an atom in a kink position and an adatom. Assuming wo = 10'3s~!
one obtains F = 0.8 x 107N at 7 = 1000 K. It is worth noting that such a value
of the force F can be produced by an electric field of 5 V/cm provided the adatom
has an effective charge equal to the elementary electric charge (but having a positive
sign).

As already mentioned, (12.1) can also explain the step-bunching instability of a
vicinal surface. In fact, it could explain only bunching at step-down direction of the
electromigration force F. Such a phenomenon was reported to exist in 900-1000
and 1250-1350°C temperature intervals [1, 2]. Step-bunching instability at step-
up direction of F' (reported to exist in the temperature intervals around 1150 and
1400°C) cannot be explained on the basis of (12.1). These observations, however,
could be reproduced by a model accounting for the “transparency” of the steps (the
adatoms prefer to jump to the next terrace instead to reach a kink and join the crystal
phase). This more complicated model is outside the frame of this review.

To demonstrate the potential of (12.1) to explain step bunching at step-down
direction of the force F' we shall use an approach which is not rigorous, but it
is instructive and easy to understand. We shall first consider the surface diffusion
limited case (ds < [). In this limit the surface flux is approximately given by the
expression

i =D F e ! D Foe 1 ds (12.5)
= —_— N — = —n _— .
J SkT Sl—i—(ds/l) ST s I
and the step rate is given by
Q(j 1) D e ds _ s (12.6)
= — = — — N, _—— .
P e T d kS I
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where [yp and /g are the widths of the upper and lower terraces, respectively. Intro-
ducing the density of steps at the crystal surface p = 1 / | we rewrite the expression
for the step rate in the form

Fdy .19
= —DyQ—2pe— L (12.7)
kT °pox

Thus we move to a theory that operates in the next larger scale (relative to
the scale of BCF theory). In this larger scale the step structure of the interface is
described by a continuous function p(x, ). Taking into account the conservation
law for the number of steps

ap _ d(pv)

= 12.8
ot ox ( )
and substituting v with expression (12.7) one obtains
% _ op, F pea, 2P (12.9)
— = —n —_— .
at kTS 9x2

Thus, starting from (12.5) for the electromigration-induced surface flux we
arrived to a diffusion equation for the density of steps (one can consider steps as
quasi-particles) at the crystal surface. Obviously, when the expression in front of
32p / dx? is positive, any fluctuations in the step density will die out (the steps from
the regions of high density will migrate to the regions of low step density to restore
the uniform distribution of steps). In contrast, when this expression is negative
(i.e. F < 0) the fluctuations will increase and the steps will form bunches, sepa-
rated by large terraces. Therefore, electromigration force with step-down direction
induces step bunching during sublimation of vicinal surfaces.

Historically, the model of electromigration-affected crystal sublimation was ini-
tially studied in the scale where BCF theory operates. In 1991, Stoyanov [6] used
linear stability analysis to show that the regular distribution of steps at the crystal
surface is unstable when the electromigration force has a direction from the high to
the low terraces. The non-linear dynamics of steps was first studied by numerical
integration of the equations of step motion in 1994 [9]. In the same year Natori [10]
extended the model to include step repulsion (in fact, an earlier paper of Uwaha [11]
accounted for the impact of the step repulsion on the step dynamics in a treatment
of the relaxation of non-equilibrium crystal surface profile). The energy of repul-
sion between the steps is an essential element of the step dynamics. It is the repul-
sion between the elementary steps that prevents them from forming macrosteps.
Instead, bunches of steps are formed on the crystal surface. The distances between
the steps in the bunch are determined by a balance between the step repulsion and
the electromigration-induced tendency to bunching.

Considerable progress in the quantitative theory of current-induced bunching
of steps was reported in 1998 [12, 13]. The non-linear dynamics of steps during
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sublimation was studied in the case of slow surface diffusion [12], and a scaling
relation

1/3
@> (12.10)

L=225N"3 (
|F|

between the width L of the bunch and the number N of steps in it was obtained.

Here g(T) is defined [14] through the expression

f(p) = fO) +«p + gp° (12.11)

for the surface-free energy (per unit projected area) of a vicinal surface with a den-
sity of steps p. Equation (12.10) is a remarkable result — it predicts a simple rela-
tion between two measurable quantities (L and N) and contains the step repulsion
coefficient g(7') which is a fundamental quantity in the thermodynamics of stepped
surfaces.

12.2 Generalized BCF Model — Electromigration of Adatoms

Step-bunching instability, induced by electric current, was a subject of intensive the-
oretical and experimental studies [9-28]. The understanding of the mechanisms of
this phenomenon, achieved in these studies, will be briefly presented in this review.
The considerations are focused on the step-bunching instability due to the drift of
the adatoms. This task requires an analysis of the crystallization process in differ-
ent scales. At the finest scale, where the crystal growth is described by hopping of
atoms between different lattice sites the term electromigration simply means that an
adatom jumps more frequently in the direction of the electric current (from + to
—) than in the opposite direction. The drift of the Si adatoms in the direction of the
electric current flowing through the Si crystal was proven in direct experiments on
the evolution of the shape of artificially created groves at the crystal surface [29]. At
the next scale, where the BCF theory operates, the surface diffusion on the terraces
is described by the equation

d*ng  DgF dng  ng L R=0 (12.12)
Sdx2 kT dx 1 - ‘

where ng is the concentration of adatoms at the surface, Dy is the coefficient of
surface diffusion, F is a phenomenological parameter that we call “electromigration
force,” 7, is the average lifetime of an atom in a state of mobile adsorption, and
R is the deposition flux. The boundary conditions for (12.12) are determined by
the processes at the steps. Assuming the adatom exchange between neighbouring
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terraces to be much smaller than the exchange between the adlayer and the crystal
phase one can write

dn Fn

b (_d_xS + kTS) = —K (ny—n(xj-1), x=xj (12.13)
dng Fn

PG ip) ). o

where K is the step kinetic coefficient and n¢ (x;) is the concentration of adatoms
which is in equilibrium with the step positioned at x ;. The diffusion equation (12.12)
and the boundary conditions (12.13) define a characteristic length dg = Dy / K.

12.3 Equations of Step Motion — Simplified Form
and Linear Stability Analysis

Crystal growth or sublimation process can be formally described as a progression
of unit steps across an appropriate reference face of a crystal. Substituting the exact
solution of the steady-state diffusion problem ((12.12) and (12.13)) into

dx.
< = K1) = i) + (nx)) = n0xp)] (12.14)

one obtains the explicit form of the equations of step dynamics. In this form the
equations are rather complicated and not instructive. The procedure we follow here
is to expand exp [a (x =X j) / As] (which appears in both nominator and denom-
inator of the right-hand side of (12.14)) into series and neglect all terms after the
linear one. In this way, the exact expression for the denominator of (12.14)

142 ds d:\’ A 1—2 ds d:\’
+ oz)\—s—l—(A—S) exp[a(xj+1—xj)/ S]— - a)»—s—{—()\—S)
exp [—a (xj41 — x)) /As]] (12.15)

turns into

ds | (xj+1—x))
2o Lo L Bt 7)) 12.16
o { )\s + . ( )

Here As = +/Dsts is the mean diffusion distance and o = \/1 + (Fhs /2kT)2.
Now we easily see how to simplify the equations of step motion in the two limits
ds > xjy1 —xj and ds < xj41 — x;. The first case is usually called atom
attachment—detachment limited regime, whereas the second case is surface diffusion
limited regime.
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12.3.1 Step Dynamics with Slow Attachment and Detachment
of Atoms

In the first limit (ds > [ where [ is the average terrace width) the simplified step
dynamics equations are

drj _ KR [ [—ang (x;) + Ang (o)) + 582 [1 4+ 1,0] +
dt 2 %[ljzng (xj') —lj_12n§ (x.,'_l)]
(12.17)

where the equilibrium concentrations of adatoms are

~ 1 1
ns (xj)zn:’ |:1+A(l3——l—3>] (12.18)
Jj—1 J

where A = 2Qg / kT . Here g is the strength of the entropic and stress-mediated
repulsion between the steps (see (12.11)), whereas An (x;) = n¢ (x;41) —n (x;),
lj=xjp1 —xj,and Tng (xj) = n (xj41) +n¢ (x)).

It is instructive to look at (12.17) in the special case of uniform distribution of
steps at the vicinal surface (i.e. when all terraces are equal /; = /). Then one obtains

Qnél
Vj = 5

(12.19)

Ts

which is the rate of a train of equidistant steps during sublimation. The other two
terms in the curly brackets describe the impact of the step—step repulsion (the first
square brackets) and electromigration of adatoms (the product of F' and the last
square brackets). These terms (and the physical phenomena they reflect) are essen-
tial for the stability of the step train as well as for the shape of the step bunches in
the case of instability of the vicinal crystal surface.

Expression (12.17) provides a ground to write down equations for the time
evolution of the terrace widths /; = x;41 — x;. These equations are non-linear
because of the non-linear dependence of the equilibrium adatom concentration on
the terrace widths /; (see (12.18)). Leaving the non-linear dynamics for the next
section, here we focus our attention on the linear stability analysis. It is convenient
to introduce dimensionless variables n; = [; / ! and consider small fluctuation of
the uniform terrace distribution ; = 1 + An; where An; < 1. The time evolution
of An; is approximately governed by linear equations having a solution in the form
An; = exp (ijq) exp (st) where i is the imaginary unit and g is the wave number.
As seen the vicinal surface will be unstable (the fluctuations will grow with the
evaporation time) when the real part of the parameter s is positive. For small values
of the wave number g < 1 the real part of s is approximately given by
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Sreal = qu2 - B4q4 (12.20)
B ng2 v ds
= — Vdri +
2 st drift ch_L_s

PO 4V 6d,  ds
= —Vdri —_—
4 24 ds drift cr ! Kt

Here vgrise = FDyg / kT is the drift velocity of the adatoms due to their electro-
migration, whereas the quantity

Ver = 6K (A/ﬁ) (12.21)

has a dimension of velocity and characterizes the step—step repulsion.

It is instructive to see how the different terms in the right-hand side of (12.17)
contribute to the constants B, and By. The term in the first square brackets in (12.17)
describes the relaxation of the step distribution due to the step—step repulsion. This
relaxation term has a non-zero contribution to B4 and zero contribution to B;. The
term in the second square brackets in (12.17) has a contribution — (Verds /K 75) to
the constant By and — (Verds /12K 75) to By. Finally, the drift velocity varife appears
in By and By because of the last term in (12.17).

Equations (12.20) show that a vicinal surface is unstable (B, > 0) when the
drift velocity vgyif is negative (i.e. drift velocity has a step-down direction) and its
absolute value exceeds the value of the expression Vi d / K ts. Near the critical
point (vgrify = Verds / K ty) the instability occurs for small wave numbers

0<qg<. |— (12.22)

and the most unstable mode (defined by the requirement sey (¢) = max) has a
wave number

dmax = | 35 (12.23)

When the inequality [ < K t; is fulfilled, there exists an interval (6 V.ds) / [ >
Vdrife > Verds / Kt of values of the drift velocity where the wave number of the
most unstable mode is

il Fl4
Gy = | 0 (12.24)
Vads  \ 1229

Finally, let us note that linear stability analysis of the step dynamics controlled by
the atom attachment—detachment kinetics at the steps was first performed by Sato
and Uwabha [16].
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12.3.2 Surface Diffusion Limited Regime

In this regime of sublimation the simplified equations of step motion are

Ang(xj) | Ang(xj-1) 215(x)) F
dy; D@ | [_ Lt | e T [ ]+ o (A5 ()
dt Asg _ Zng(xj) | Bng(x

J Jj-l
+An§(xj_1)]+An§(xj_1)+%ds[ o+ 7](7*1)

J
j—1

(12.25)

Here the term in the first square brackets stabilizes the regular step distribution,
the second term accounts for the motion of the step train due to the sublimation, and
the last term destabilizes the vicinal surface when F < 0.

The linear stability analysis of (12.25) gives expression (12.20) for syey With

ds . NG
B = ——anQ Vdrife + Verot p

l s
ds . a? ?
By = ﬁnqﬂ —2varifs + Ver | 1 — F)\,_g (12.26)

Here again we can define an interval Veror? (12 / )\3) & varify < Vir where the
wave number of the most unstable mode is

[Varifr Fdg?
gmax Ver 12Q¢ ( )

12.4 Non-linear Dynamics and Self-Similarity of the Bunch
Shape

The linear stability analysis provides information about the very early stages of
the step-bunching instability evolution. At long sublimation time the role of the
non-linear effects becomes essential and the theoretical treatment of the instability
should be based on (12.17) or (12.25).

12.4.1 Sublimation Controlled by Slow Surface Diffusion

Following the history of the research activity [12, 30] we first analyze the subli-
mation in the surface diffusion limited regime, i.e. the case described by (12.25).
A relatively simple way to study the non-linear dynamics at the crystal surface is
provided by the continuum model equation, where the function z(x, ¢) describes the
shape of the vicinal surface in the moment ¢. Going back to the very first paper on
the step bunching at crystal surfaces [31] we take the equation
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or__, 1 dy

— =— 12.28
» ( )

—————— —
X;i — x;_1 dt

which expresses the simple fact that the decrease of the crystal surface height during
sublimation is equal to the product of the single step height hg, the step density
1/ (x; — xi—1), and the velocity of the steps. Substituting expression (12.25) into
(12.28) and making use of expression (12.18) one obtains an equation in partial
derivatives ((12) in [12]). To simplify this equation we make use of the results from
the linear stability analysis. We notice that the most important role in stabilizing the
regular step distribution has the term which describes the relaxation due to the step—
step repulsion. On the other hand, the drift velocity is the most essential destabilizing
factor. Accounting only for these two terms into the equations for the motion of the
steps one obtains for the surface diffusion limited regime [12, 30]

dz  DgncQ Q 3% [9z 0%z 2z o%hoQnt (x)
== —6g—— | ——= ) +2Fdy— | - ———5"7 (12.29
or kT 8hoax? \axax2 ) T2 552 % (12:29)
It is instructive to consider (12.29) as a continuity equation
dz  dJ ZhoQn®
9z [ 9 _ _aThofn; (x) (12.30)
dat  ox Ts
where
DsnsQ Q9 [0z 9? 9
J= 2 e,k @ (T2 opg 2t (12.31)
kT ho 0x \ 9x 9x2 dx

The requirement J = Jy = const. defines a steady-state shape of a bunch of
steps at the crystal surface. As seen zg (x) satisfies a non-linear differential equation
which can easily be transformed into

d?y dU
I’I’lp@ = pﬁ‘l‘ Js[ = —E (1232)

which is an equation describing the motion of a classical “particle” with a “mass”
Dsn$Q2 3gQ2
my = —— ——
P kT ho
called mechanical analog, which is very useful in obtaining the bunch shape [32].
According to (12.32) the classical “particle” oscillates into a potential well

, “coordinate” y = (dz / dx)z, and “time” x. This is the so-

——%F 32 _ 12.33
U@y = 3y sty (12.33)

Dynl$ .
where F, =2 ;;ITS Fd,. The “energy” conservation law reads
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2
Eom (d—y) U (3) = U Gman) (12.34)
2 \dx

where ymax 1S the maximum value of the “coordinate” (the maximum slope in the
bunch) that is attained when the total “energy” is £ and the “kinetic energy” is zero.
To obtain information for the shape of the bunch we shall explore the solutions of
the differential equation (12.34) in the limits where the “potential” energy (12.33)
is dominated by the first or by the second term.
In the first case (|Jgt| << |Fp (ho /1)]) we have

2
mp dy 2 3 2 2 3/2
> <a> — 3F v/ 3prmax (12.35)

which can be rewritten as

32 327172
d 4F, 12 4F,
A e (y%g( _ y3/2> = [ Zfpmax iy ( Y ) (12.36)
dx 3myp 3my Ymax

Integrating from y = 0 to y = ymax and taking into account that the correspond-
ing values of x are x = 0 and x = L/2 (where L is the width of the bunch of steps)
one obtains

! 32

/ L[ AR 2Fdho) ' (12.37)
ymax 53/2 1/2 2 3mp 9gQ yde .
0

which requires negative values of the electromigration force, i.e. F < 0.
Taking approximately ymax = Z x ~ (H/L)* where H is the height of the bunch
one finally gets

1/3
L o378 (12.38)
hods | F |

In the second limit U (y) &~ —Jyy (with |Jy| >> |F} (ho/1)|) one can follow
the same procedure to arrive to

L~H? (12.39)

As seen, expressions (12.38) and (12.39) predict rather different scaling of the
bunch shape. It is interesting to note that the numerical integration of the ordinary
differential equations (12.25) manifests [12] the scaling law (12.38).
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12.4.2 Sublimation with Slow Atom Attachment—Detachment
Kinetics

This regime was studied in detail by Krug et al. [32]. Substituting expression (12.17)
into (12.28) one obtains again a continuity equation (similar to (12.30)) with

KntQ 19 1
J=—"16gQ—— (7. 7" Fh%— 12.40
2T [ 2 ox (e ) + OZJ (12.40)

Here again the steady-state shape of the bunch is defined by J = Jg =
(KngQ /2kT) Flhg [13]. The “mechanical analog” in this case requires a “potential
energy”

2
Uy = —§F1hoy3/2 + Fhly (12.41)

Krug et al. [32] found out that this “potential” admits two types of periodic tra-
jectories depending on the “total energy” E (see (12.34)) being negative or positive.
In other words, there are two bunch shapes with different scaling properties. When
the maximum slope z)/c < %}% one has L ~ H'/? [32]. These shapes are not of
physical interest since the slope of the vicinal surface is ho/l and a bunch with a
maximum slope, which is just 1.5 times larger, is difficult to distinguish in the real
experiments, where ho/! ~ 0.01. The observable bunch shapes correspond to the
limit where the “potential energy” is dominated by the first term, i.e.

2
U(y) = —§F1h0y3/2 (12.42)

and one should solve an equation similar to (12.35). Thus one obtains

o\ /3
L =2.986H"3 (lfl—ho> (12.43)

12.5 Important Experiments

The scaling relations for the shape of bunches (12.38), (12.39), and (12.43) are the
basic quantitative results of the theoretical work on step bunching, induced by direct
electric current heating of Si crystals. These results opened a pathway for a number
of interesting experiments. Fujita et al. [15] used scanning tunnelling microscope to
study the bunch shape and its scaling properties. The initial surface with uniform
step train was created by passing a direct current in the step-up direction for 15 s
at 1300°C. Step bunches were produced with currents in the step-down direction
at 1250°C, and in the step-up direction at 1145°C. The cooling time from 1250 to
600°C and 1145 to 600°C was less than 3 and 4 s, respectively. The change of the
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maximum slope of the bunch during the cooling time is assumed to be negligible. To
produce bunches of different sizes (containing from 13 to 160 steps) the authors used
different sublimation pulse durations (from 10 to 180 s at 1250°C and from 15 to 200
min at 1145°C). STM images and cross sectional profiles of step bunches provide
a ground to check the predicted by (12.38) and (12.43) scaling relation L ~ H'/3.
The experimental data obtained at 1250°C fit the scaling relation L ~ H¢ with a
scaling exponent « = 0.68 £ 0.03 in good agreement with the theory. Compar-
ing the expression for the pre-factor in (12.38) with the experimentally obtained
value the authors arrived to the estimation F/g = 2 x 10~°nm~2. They even went
further to estimate the electromigration force F and the effective electric charge
of the adatoms. In fact, they used the value g = 0.04eV nm to obtain effective
electric charge zef = 0.14 |e|. Having in mind the theoretical results of Akutsu
[33] for a strong temperature dependence of the step repulsion coefficient g(7") the
authors assumed the value g = 0.1eV nm at 1250°C and obtained z¢f = 0.35 |e|.
Similar experiments (but in wider temperature range) were carried out by Homma
and Aizawa [2]. The obtained results were in good agreement with the theoretical
expression (12.38).

A different kind of experiments were carried out by Stoyanov et al. [19]. These
authors measured the width of a bunch, containing a fixed number of steps, at dif-
ferent temperatures and interpreted the results on the basis of (12.38) rewritten in a
normalized form

g(1) _ LX) I(T)
g(To) — L(To) 1(Tp)

(12.44)

To obtain the last relation the authors made use of the findings of Ichikawa and
Doi [34] that the electromigration force F'(T') is proportional to the electric current
I(T) through the Si crystal. The most reliable data were obtained in the case of
crystal-vapour equilibrium since the REM image of the Si surface in this case is
rather static — there is no steps crossing the large terraces and the requirement for
a constant number of steps in the bunch is easy to meet. An Arrhenius plot of the
temperature dependence of the right-hand side of (12.44) results in an activation
energy of 4.2eV [19].

12.6 Concluding Remarks

The evolution of non-equilibrium morphologies via kinetic step bunching at vici-
nal crystal surfaces is an interesting phenomenon which received recently a lot of
attention. Contrary to the classical studies of surface shape evolution, driven by the
reduction of the surface free energy, here one deals with the evolution, governed
by an external driving force. The electromigration of the adatoms at the surface
of the growing (or evaporating) crystal is a key feature of the mechanism of the
step-bunching instability, induced by the electric current heating of Si crystals. The
experiments on step bunching at step-down direction of the electric current [1, 2, 15]
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are in perfect agreement with the predictions of the generalized BCF model ((12.12),
(12.13), (12.14), (12.17), (12.25), (12.29) and (12.40)) for the self-similarity of the
shape of step bunches ((12.38) and (12.43)).

As far as the step bunching at step-up direction of the electric current is con-
cerned the mechanisms of the phenomenon are far from being clearly understood.
An attempt to find a key to the problem was made by Stoyanov [17] who noted
that the fast surface diffusion could make the surface flux of adatoms exceed the
ability of the step to accommodate the arriving atoms in kink positions. In such a
situation some of the migrating atoms cross the step without visiting a kink position.
In other words the step becomes permeable for the adatoms. This property of the
steps at the vicinal surface provides a ground for a completely different mechanism
of step-bunching instability. It occurs at step-up direction of the adatom electromi-
gration during sublimation, whereas during crystal growth step bunching appears at
step-down drift velocity of the adatoms [17, 18, 35].

This model, however, has a weak point related to the unrealistically high values
of the electromigration force necessary to obtain bunching by numerically integrat-
ing the equations of step motion. That is why the non-local electromigration can
destabilize the vicinal surface with permeable steps, but some results of this model
contradict the reported experimental observations [36, 37] in the temperature inter-
val 1040-1190°C.
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