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PREFACE

The first international symposium on the subject "The Physics and
Chemistry of SiO2 and the Si-SiO2 Interface,” organized in association with
the Electrochemical Society, Inc., was held in Atlanta, Georgia on May 15-
20, 1988. This symposium contained sixty papers and was so successful that
the sponsoring divisions decided to schedule it on a regular basis every four
years. Thus, the second symposium on "The Physics and Chemistry of SiO2
and the SiOj Interface was held May 18-21, 1992 in St. Louis, Missouri,
again sponsored by the Electronics and Dielectrics Science and Technology
Divisions of The Electrochemical Society. This volume contains
manuscripts of most of the fifty nine papers presented at the 1992
symposium, and is divided into eight chapters - approximating the
organization of the symposium. Each chapter is preceded with an
introduction by the session organizers.

It is appropriate to provide a general assessment of the current status
and understanding of the physics and chemistry of SiO2 and the SiO;
interface before proceeding with a brief overview of the individual chapters.
Semiconductor devices have continued to scale down in both horizontal and
vertical dimensions. This has resulted in thinner gate and field oxides as well
as much closer spacing of individual device features. As a result, surface
condition, native oxide composition, and cleaning and impurity effects now
provide a much more significant contribution to the properties of oxides and
their interfaces. Likewise, lower temperature processing is required to
maintain better dimensional control. Even the topology of the silicon surface
affects thin oxide integrity and other device properties to a much larger
degree. These more stringent requirements for the optimization of thin
oxide properties also require improved and more sensitive analysis
techniques for impurities and dielectric compositions. Needless to say,
analytical techniques are hard pressed to satisfy these requirements. Finally,
even with the continuing emphasis on understanding the nature of silicon
oxides and its interfaces, many aspects of this most important subject are still
not fully understood.

As indicated above, this publication contains eight chapters dealing
with current aspects of the physics and chemistry of SiO2 and the Si-SiOp
interface. The first two chapters, introduced by E. A. Irene and M. Hirose,

vii



and by S. Rigo and B. E. Deal, are concerned with thermal oxidation-
mechanisms and modeling and with novel oxidation methods and
characterization. The first chapter tends to substantiate the statement given
above that a full understanding of thermal oxidation still does not exist. The
subjects of novel oxidation methods and characterization tend to emphasize
the need for lower temperature processing and more sensitive analytical
techniques.

The third chapter, introduced by H. Z. Massoud and S. I. Raider, deals
with deposited oxide films. Both deposition methods and characterization
results are discussed, and play a key role in optimizing the properties of these
important dielectrics with respect to advancing integrated circuit technology.

The next two chapters emphasize the increasing importance of the
silicon surface, including cleaning procedures, with respect to oxide films as
well as device properties. The fourth chapter is introduced by G. Lucovsky
and M. Morita and is concerned with chemical properties of silicon surfaces.
Closely related is the fifth chapter, introduced by T. Hattori and C. R. Helms,
which includes discussions of structural and microroughness effects of the
silicon surface.

Novel dielectric structures and processes is the subject of chapter six,
introduced by A. Goodman and W. T. Lynch. Topics discussed include
various device applications and other phenomena which critically depend on
oxide properties.

In the seventh chapter, the most important subject of defects in oxides
is discussed, with emphasis on characterization of defects, trapping of
carriers during device operation, and structural and processing effects on
defect generation in oxides. This chapter is introduced by E. A. Poindexter,
N. S. Saks, M. Schulz, and M. A. Stroscio.

The final chapter deals with radiation and hydrogen induced defects in
silicon oxide films. These types of phenomena have been investigated for
many years but the discussion again indicates a lack of understanding and
agreement in mechanisms involved. M. Heyns and D. V. DiMaria introduce
this chapter.

Looking to the future, it is interesting to note that even after 30 years
of active research in this field (14 years since the first symposium of this
type), there are still many unanswered questions form both a scientific as
well as technological perspective. Key among these are the mechanisms
responsible for Si oxidation for thin (£10nm) oxides, the atomic level nature
of the Si/SiO3 interface, and the detailed mechanisms for oxide trapping and
long term stability.

The success of the symposium and the excellent quality of the papers in
this book was due to the efforts of our co-chairman, the organizing
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committee, and of course all the authors, who we would like to take this
opportunity to thank. In addition, we would also like to acknowledge The
Electrochemical Society for providing us with an administrative framework
and the financial support which made our job so much easier.

C. Robert Helms
Bruce E. Deal

Stanford, California
June 1992
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I. THERMAL OXIDATION MECHANISMS AND MODELING

INTRODUCTION

E. A. Irene
Dept. of Chemistry
University of North Carolina, Chapel Hill, NC 27599

M. Hirose
Dept. of Electrical Engineering
Hiroshima University, Higashi-Hiroshima 724, Japan

Five papers, one invited and four contributed, are included in this
chapter. The subject of modeling of Si oxidation has been open and active
since about 1965 when the Deal and Grove linear parabolic, L-P, oxidation
model for Si thermal oxidation was published. While this model is still widely
accepted, the basic ideas that underlie the model have been expanded and over
the intervening years some kinetic differences have been noticed leading to
attempts at modifying the L-P model. This first chapter is intended to collect
and update studies on mechanisms and modeling since the last symposium.

The invited review by Stoneham covers many experimental and
theoretical results including stress effects, roughness, interface, electronics,
and more. The relation of these effects to mechanisms and modeling is not
made, and this likely points to the fact that such relations remain tenuous. It
seems clear that while new facts about Si oxidation and the Si-SiO2 interface
are being uncovered, there are either not yet enough facts for the theorists or
not enough theorists. Most of my fellow experimentalists believe the former.
After the Stoneham review the other four papers deal with experimental facts
about Si oxidation.

The paper by Trimaille et al employing 018 tracer studies of Si oxidation
concludes that the 018 found in earlier experiments at the outer SiO> surface
after oxidation is not related to the oxidation kinetics at the Si-SiO7 interface,
as was previously thought by some. The presentation by Kao and Doremus
relates the ellipsometric SiO7 thickness to TEM derived thicknesses and finds
that the TEM thicknesses are systematically smaller for thin oxides, in
substantial agreement with publications several years before. The results were



modeled using a barrier film near the Si-SiO3 interface as had also been done
previously. There are no new compelling reasons offered as to why this
analysis is unique. The presentation by Wei et al seeks to develop optical
models for the analysis of thin oxide data from ellipsometry. This
requirement for an interface layer distinct from the Si and SiO; is shown. This
result taken with numerous similar previous results leaves little doubt about
the interface being optically different than either film or substrate. It should
be remarked that although ellipsometry of very thin SiOjp films is not
straightforward, and recent work (not presented here but much of it
referenced in the Wei et al paper) indicates that the kinetics data of Massoud et
al (some of the best ellipsometric data available) includes some errors, but
substantiated new models are not forthcoming. In fact the corrections are
rather modest yielding a lower initial oxidation rate and a more linear initial
kinetics (see refs 15, 16, 17 from Kao and Doremus paper).

In summary the interesting results presented in this chapter have
contributed to better understanding, but not yet to better modeling of Si
oxidation. Many new facts about the SiO2 film and the Si-SiO7 interface are
presented in the following chapters and work on these topics continues.
Perhaps by the next symposium the facts presented at the 1992 meeting will be
included in the theories put forth at the 1996 meeting.



SILICON OXIDES AND OXIDATION*

A. Marshall Stoneham

AEA Industrial Technology
Harwell Laboratory
Didcot, Oxon OX11 ORA, UK

Silicon dioxide has many desirable properties: an optical material of wide band
gap known by many as the stable insulating oxide which helps silicon retain its
supremacy in microelectronic devices. I shall discuss some of the recent studies
increasing our understanding in three main areas: oxidation processes; interface
issues; and processing and its implications. These fields, it will emerge, are not only
related to each other, but also to some of the fundamental defect phenomena,
including the self-trapping of excitons. Since most the material I shall discuss has
been covered in more depth in recent reviews [1, 2, 3, 4]; these give extensive
references] this extended abstract gives only an outline and a pointer to some newer
results.

Silicon oxidation raises a whole series of questions. These include the structure of
the oxide and its stoichiometry near the Si / oxide interface, transport processes,
defect behaviour and its consequences (both for electrons in the silicon incident at the
Si/oxide interface and for processes like desorption of ions following excitation).
Oxide quality, in relation to electrical breakdown, has become more important with
moves to use thinner oxides grown at lower temperatures.

The framework within which oxidation kinetics is discussed is that of Deal and
Grove, who discussed interfacial reactions and diffusion-limited transport in series.
Deviations from Deal-Grove have implications for mechanisms of oxidation and
hence for its control and for limits on oxide quality; such deviations are greatest for
oxides grown at lower temperatures and lower oxygen pressures. As regards the
mechanisms of atomic transport in growing oxide, much has been clarified by a series
of quantum chemical calculations. Both theory and experiment agree that diffusion
fluxes are primarily interstitial oxygen molecules for dry oxidation and interstitial
water molecules for wet oxidation. The predicted complexity of the behaviour of
interstitial water in quartz [5] is beginning to show how the complex experimental
behaviour in wet oxidation might be interpreted. In some regimes, the sticking
probability of oxygen on the gas-solid surface can be rate-limiting. In other regimes
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(e.g. under excitation by low-energy electron beams it seems likely that charged
oxygen ions are formed and, for them, the image interactions at the interface between
the Si and its oxide are important. The scanning tunnelling microscope is proving a
powerful tool for the early stages (perhaps to one or two monolayers coverage), but is
of less use at the intermediate thicknesses which determine operating behaviour.

Many observations imply there is a difference between the oxide close to the
silicon and the oxide further towards the outer surface. In certain cases there is
unambiguous evidence for a lower oxide; in special circumstances, notably when the
silicon surface is flat on an atomic scale, it appears possible to grow a crystalline
layer, rather than an amorphous layer, though the precise crystalline form is in doubt
(indeed, since it has finite thickness and is under stress, it may not correspond to a
bulk phase at all). In other cases still the differences are variously attributed to stress
(e.g. some altered form of silica, perhaps with different ring structures), to roughness,
or to defects (different local coordination). Oxide layers respond to stress rather like
glasses: they can be viscous, and indeed several workers have modelled the kinetics
by including known data for bulk oxide viscoelastic response. There are, of course
many forms of silicon dioxide, and the enthalpy and molecular volume are related in
systematic ways. For many purposes the oxide can be thought of as close-packed
oxygens with interstitial cations, and indeed silica forms an interesting limiting case
of many silicate glasses. For these glasses, the systematics of densification behaviour
(both in rate and in final volume per oxygen) are common to simple glasses and to
glasses as complex as those used for vitrification of radioactive waste.

However, it is more the oxide quality than the oxide structure which matters, and
the issues of breakdown and noise are important. This, it is emerging, raises issues of
chemical impurities, especially metal contamination and also the role of carbon.
Breakdown is determined at least partly by the field enhancements resulting from
interface roughness. This roughness is itself affected by stress, as can be seen by
looking at the inhibition of oxidation of Si particles as the particles become smaller.
Other effects concern defect generation, perhaps as a precursor to breakdown, and
similar to the "forming" processes reported in many oxide thin films. Such effects are
striking in that they are frequently asymmetric, with different behaviour depending on
whether the Si substrate is the cathode or the anode.

Chemical impurities can play a role, even at the level of one per 1000 surface
atoms. Among the results to emerge recently [6, 7, 8, 9] are the following. First, the
cleaning procedure can affect the roughness substantially. Thus Ca metal
contamination roughens Si on heating in an inert atmosphere, and leads to a rough
oxide which breaks down more readily. Fe at similar levels leads to defect formation;
the Fe is subsequently incorporated into the oxide. Metals like Cu and Zn readily
enter the Si, and have negligible surface effects. Secondly, the cleaning procedure is
especially important for UHV-cleaned Si, in which the initial cleaning stage is
followed by driving off the "native" oxide in UHV at an elevated temperature. HF
cleaning leads to SiC microcrystals, which may affect breakdown; the Shiraki clean
leads to fewer SiC microcrystals, but poor capacitors. UV ozone cleaning, followed
by driving off the native oxide, avoids the production of SiC. Anneal at higher
temperatures gives smoother oxide and better capacitance behaviour. This can be seen
by comparing breakdown statistics with roughness measured in two ways. Atomic
force microscopy measures areas of a few microns square with a characteristic length
scale of the order of nanometres; AFM monitors the oxide / vacuum interface. Optical
haze data have a characteristic length scale of not much better than a micron.



However, because of the high Si dielectric constant, haze data monitor the Si / oxide
interface, and it is this interface which determines breakdown.

Defect generation is of significance both in wear-out phenomena and in optical
and electron beam processing. One component of what happens is self-trapping,
which leads to energy localisation. If relatively low-energy excitation is to cause
defect production or desorption, the energy has to be localised on a very small
number of sites (one or two) so as to liberate an ion. In many systems (such as the
alkali halides) the self-trapped exciton is the key to defect processes based on optical
or low-energy electron excitation [10]. The characteristic blue luminescence of quartz
and of other silicas appears to be intrinsic. Recent theory indicates it arises from
recombination of the self-trapped exciton, and I shall discuss the way theory explains
a range of observed properties [11]. This theory is based on methods which allow
atomic positions to relax at the same time as electronic self-consistency is achieved,
and I shall remark on other work by parallel methods. There is a problem here, in that
self-trapping in quartz is fast and efficient; there are signs of similar rapid localisation
in amorphous bulk oxides. Yet other data in thin oxide films are more consistent with
the free exciton state surviving so that the exciton can traverse the film before giving
up its excitation.

What emerges from these studies is the several ways in which theory aids the
understanding of defect processes in silicon, its oxidation, and its oxides. At one level
there is the Deal-Grove model, providing a framework; at a second level, there are
calculations of transport and of defect properties using semi-empirical schemes to
give a useful quantitative guide; at a third level, theory approaches the a priori, and
examines excited states which are currently almost inaccessible by experiment. The
wealth of behaviour, and the complexity of the phenomena which affect oxide quality
most, however, ensure that it is good experiments combined with theory that will give
enhanced performance consistent with technological demand.
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ABSTRACT

Oxygen fixation during dry oxidation of silicon was investigated using 180 labelling.
We found that the amount of oxygen fixed near the outer surface of the oxide was not notably
influenced by the silicon oxidation rate at the Si-SiO3 interface. To show this, we oxidized in
180, nitrogen-implanted Sil60,-Si structures (for which interfacial oxidation is inhibited)
and unimplanted Sil60,-Si structures. We compared 180 fixation near the outer surface in
both cases.

INTRODUCTION

180 labelling has been used to establish atomic transport mechanisms in silicon
oxidation (Rochet et al., 1984; Trimaille and Rigo, 1989). The method consists of oxidizing
silicon with 160 and then with 180. The oxygen isotopic profiles in the oxide film are
determined and compared to theoretical profiles which correspond to possible growth
mechanisms. These mechanisms have been reviewed by Rigo (1988). The main result of
these studies is that 180 is found at the oxide-silicon interface and at the external surface (see
figure 1). The fixation of 180 at the interface is due to growth by the Deal and Grove
mechanism; in this case there is an abrupt 130/160 boundary. The fixation of 180 at the
external surface exhibits a profile very close to a complementary error function. This is due to
a parallel atomic transport which is related to network defects. This transport leads mostly to
exchange near the surface between the silica network and the oxidizing species, but also (to a
lesser extent) to growth of oxide (Trimaille and Rigo, 1989).

The parallel growth mechanism near an external surface has been analyzed (Trimaille
and Rigo, 1989). N, the number of oxygen atoms per cm? fixed during the second oxidation
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near the external surface and which contribute to growth, can be expressed by:

N2
Nog = (1+ 1) &N W,

where z is the charge of defects responsible for growth, Ng the number of oxygen atoms per
cm? fixed during the second oxidation near the external surface, X the 160 oxide thickness,
and Ny the concentration of oxygen atoms in the silica network.

Figure 1. Isotopic profile of oxygen in SiO2 film when silicon undergoes

602/1802 sequential oxidations. After these oxidations, 180 is found near a
SiO2-"Si interface (oxidation by Deal and Grove mechanism), and near the external
surface of the oxide. Near the external surface, oxygen exhibits a profile which is
very close to a complementary error function; this fixation of oxygen is due to a
parallel atomic transport which is related to network defects. This transport leads
mostly to exchange near the surface between the silica network and the oxidizing
species, but also (to a lesser extent) to growth of oxide. Cp18 is the 180 labelling of
the silica network.

Equation (1) predicts a decrease of Nsg as X increases. It was found experimentally that
Nig/Ns decreases faster than 1/X for a second oxidation at 930°C (Trimaille and Rigo, 1989).
When X increases, the oxidation rate at the oxide-silicon interface decreases. This paper aims
at clarifying whether this dependence upon thickness is related to the interfacial oxidation
rate, by determining how Ns and Nsg vary when the oxidation rate at the oxide-silicon
interface is modified for the same 160 oxide thickness.

Inhibition of oxidation has been observed, under special experimental conditions, when
the silicon substrate contains a low nitrogen concentration. (Habraken et al., 1982; Josquin
and Tamminga, 1982; Kim and Ghezzo, 1984; Murarka et al., 1979; Raider et al., 1975;
Schott et al., 1988).

Therefore, we oxidized silicon wafers in 160,. These wafers were then nitrogen-
implanted and annealed. We compared fixation of 180 when oxidizing in 180, implanted and
unimplanted wafers of the same initial 160 oxide thickness.

EXPERIMENTAL PROCEDURES

160, Oxidation and Nitrogen Implantation

One inch silicon wafers, (111) orientation were cleaned and oxidized in dry 160, at
1000°C and atmospheric pressure to form about 20 nm thick oxide layers.



Low dose nitrogen implantation on SiO2-Si structures, followed by a N2 annealing, is
sufficient to inhibit oxidation as shown by Josquin and Tamminga (1982). They also showed
that the oxidation barrier is affected by the nitrogen implantation energy which determines the
concentration of nitrogen accumulated at the silicon surface during annealing. They carried
out 15N,* implantations on silicon covered with 70 nm of SiO3. The dose of molecular
nitrogen implanted was 2 x 1015 cm-2, the energies were 100 and 200 keV. The anneal was
performed at 1000°C, in N3 for one hour. After annealing, about half of the implantation dose
is accumulated in a nitrogen peak, of maximal concentration at the Si-SiO» interface. They
found that the nitrogen buildup was more effective at 100 keV than at 200 keV, that is to say
when the distance between the Si-SiO; interface and the projected range of the implanted ions
became smaller. In the former case, the peak contains about 2 x 1015 nitrogen atoms per cm2,
with a half-maximum width of about 15 nm. We made Monte Carlo calculations using the
TRIM-89 code (Ziegler et al., 1984-1989) to evaluate the projected ranges within the frame of
the Josquin and Tamminga experiment. At 100 keV the TRIM code predicts a 126 nm
average range with an average range straggling of 38 nm and at 200 keV a 235 nm average
range with an average range straggling of 59 nm. This means that at 100 keV, the calculated
distance between the Si-SiO; interface and the projected range of the implanted ions is 56
nm.

On these bases, seven of our wafers (SR 1 to SR 7) were implanted through 20 nm SiO;
layers at 30 keV with a dose of 4 x 1015 nitrogen ions/cm2. The TRIM code predicts a
projected average range of 76 nm (therefore a distance between the Si-SiO; interface and the
projected range of the implanted ions of 56 nm) with an average range straggling of 27 nm
(see Figure 2). Four unimplanted wafers (SR 16 to SR 19) were kept as controls. All samples
(implanted and unimplanted) were annealed for 1.5 hour at 1030°C.
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Figure 2. Range of as-implanted nitrogen ions calculated by the TRIM code (Ziegler et al., 1984-1989) in a
target of silicon covered with 20 nm of oxide. The energy of implantation is 30 keV and the dose 4 x 1015
atoms/cm?. The calculation was performed with 40000 incident ions.

180, Oxidations

The 180, oxidations of the Si-SiO, samples were carried out in a classical ultra-high
vacuum furnace, previously described by Rochet et al. (1984). The labelling of the 180, gas
was 97%.



Two processing conditions were used.

For the first set, the 180, oxidations were made at 1030°C, under a 0.2 bar gas pressure,
for 21.5 h.

For the second set, the temperature of the gas was 930°C, under pressures ranging from
10 to 100 mbar. The oxidation times ranged from 2 to 18 h.

Nuclear Analysis

The principles of nuclear microanalysis have been detailed by Amsel et al. (1971). To
measure the amounts of nitrogen and oxygen, we used the following nuclear reactions with a
detection angle of 150°:

- 14N(d,00)!2C induced by a deuteron beam of 1.45 MeV

- 160(d,p1)!170* induced by a deuteron beam of 0.85 MeV

- 180(p,)15N induced by a proton beam of 0.73 MeV.

Absolute values of the amounts of atomic quantities were determined by comparison with
standard references.

Nitrogen measurements. The nitrogen quantities are small (a few times 1015 atoms per
cm?2), and the differential cross-section of the 14N(d,0)!2C nuclear reaction is less than 1
mb/st (Amsel et al., 1971; Ganem, 1992), under our experimental conditions. The estimation
of the absolute quantities of nitrogen is consequently difficult due to the overlapping of the
nuclear reactions induced by the deuteron beam, between the silicon atoms of the substrate
and the nitrogen atoms. The relative precision of the measurements is within 20%, and the
absolute precision within 50%. These measurements were performed in order to evaluate
roughly the amount of nitrogen atoms lost during 180, oxidations.

18Q, distribution. In order to determine how the total amount of 180 atoms is
distributed among both interfaces of the oxide, we chemically etched half of each sample to
remove 5 to 10 nm of oxide. The external region rich in 180 is etched but not the interfacial
one. The amounts of 180 atoms and 160 atoms were measured on both etched and unetched
samples. From the difference in the amounts of 180 in the unetched and etched sample, we
obtained the amount of 180 atoms fixed at the external surface.

One implanted sample (SR 7) was submitted to three different dissolution times to make
sure that: (i) the fixation of 180 in the bulk of the oxide was that of natural oxygen only; (ii)
the external 180 layer was actually etched.

RESULTS AND DISCUSSION

The results are presented in table 1 for reference samples (SR 1 and SR 16) and for
various oxidations in 180, gas.

180, Oxidations at 1030°C

The first set of wafers (SR 3 (implanted), SR 18 (non-implanted)) underwent an 180,
oxidation at 1030°C, for 21.5 h under a pressure of 0.2 bar. Under these conditions, the
implanted wafer is no longer oxidation resistant (see Table 1). These wafers were used to
estimate the homogeneity of 180 integration on the wafers, which is an important parameter
for our subsequent calculations of 180 atoms distribution. By measuring the 180 quantities on
four different spots on SR 3, we found an inhomogeneity up to 10% in comparison with the
value at the center of the wafer. On SR 18, the 180 quantities were identical on several spots
of the wafer. No inhomogeneity was observed in the 160 and 14N quantities on SR 3 and
SR 18.
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180, Oxidations at 930°C

Figure 3 shows the amounts of oxygen atoms measured on sample SR 7 (implanted
sample), and on the same sample etched for 3 different dissolution times. The three etch times
were sufficiently long to remove the external 180 layer. The 180 labelling of natural oxygen
is 0.2% and the data corresponding to residual 180 on etched samples can be fitted with a
straight line of slope 0.002. This shows that there is no 180 fixation in the silica bulk during
180, oxidation for an implanted sample. From these measurements, we deduced the part of
180 fixed near the interface and the part of 180 fixed near the sample surface (see Table 1).
For the other samples only 1 or 2 etch times were performed. Especially in the case of non-
implanted wafers, this differential method leads to a lack of precision in the determination of
the amount of 180 atoms fixed near the external surface since the amounts of 180 atoms in
the unetched and etched samples are of the same order of magnitude.

Table 1. 14N, 160 and 180 atomic quantities given as 1015 at.cm-2 measured on the
implanted (SR 1 to SR 7) and non-implanted (SR 16 to SR 19) wafers, for reference samples
(SR 1 and SR 16) and for samples oxidized in 1805 gas for various durations, pressures of
oxygen and temperatures.

sample  180pwearment 14N 160 180 180 fixed 180 fixed total oxide
near surface  near interface thickness (nm)1
Ns)
SR 1 8 91 20
SR 16 - 90 20
SR 3 200 mbar /21.5 h 5 72 35 24
SR 18 1030°C - 82 568 147
SRS 10 mbar /18 h 6 86 12 9 3 22
SR 17b 930°C - 83 42 9 33 28
SR7 100 mbar /2 h 6 92 8.1 6.2 1.7 23
SR 19 930°C - 92 36 6 30 29
SR 6 100 mbar /5 h 6 88 13 10 3 23
SR 17a 930°C - 89 84 10 74 39

IThe oxide thicknesses are obtained assuming stoichiometric Si0O2 with a density of 2.21 g.cm'3.

Under the conditions of the experiment, the interfacial oxidation of the implanted wafers
is widely inhibited, although the isotopic tracer method evidences a very slight oxidation
occurring at the interface of these wafers. On the contrary the non-implanted annealed
samples are mostly oxidized at the interface. We cannot exclude the possibility that an
oxidation reaction occurs in the nitrogen implanted samples between 180, and impurities
located at the interface (Raider et al, 1991; Raider, 1992).

The amounts of 180 atoms fixed near the external surface (1830 FNES) are the same for
implanted and non implanted wafers, within the precision of the experimental differential
method we used. In the case of implanted wafers, the amounts of 180 FNES are in agreement
with a t1/2 law, which means that fixation of oxygen is dominated by exchange (Rochet,
1981) as it is for non-implanted samples.

Moreover, the amounts of 180 atoms fixed at the Si-SiO; interface (that is to say the
oxidation rate at the interface), varies up to more than twenty times between implanted and
non-implanted samples, whereas the amounts of 180 atoms fixed near the external surface
(180 FNES) are the same. Previous results (Rochet et al., 1984), regarding the variation of
180 FNES versus interfacial oxidation rate (due to different oxide thicknesses), indicate that

1
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Figure 3. Amounts of 180 (A) and 160 (O) atoms on sample SR 7 and on the same
sample etched for three different dissolution times as a function of the total oxygen
content. This implanted sample underwent oxidation at 930°C for 2 hours under a
200 mbar pressure of 180,. The 130 and 160 data corresponding to etched samples
are fitted by straight lines of slopes 0.002 and 0.998, indicating that the 180 labelling
in the bulk of the silica network is that of natural oxygen.

there would be a significant difference in 180 FNES if there was a dependence upon
interfacial oxidation rate (of the order of four times).

Since the proportion of the 180 FNES which contributes to growth is itself proportional
to 180 FNES (see equation (1)), these results show that the dependence upon oxide thickness
of the parallel growth mechanism is not correlated to the oxidation rate at the interface.

However, inhibition of interfacial oxidation may slightly affect the amount and the depth
profile of 180 atoms fixed near the surface. The differential method we used is inadequate to
address this question. A finer analysis giving the 180 depth profiling, could be done using the
narrow resonance in the 180(p,o))!5N nuclear reaction, at 152 keV, discovered by Lorenz-
Wirzba et al. (1979). Recent and precise measurements demonstrated that the most probable
value for the width of the resonance is 50 eV, allowing nanometric or even subnanometric
near surface depth sensitivity (Battistig et al., 1992). But the ultimate sensitivity requires
operation in ultra high vacuum to avoid energy straggling induced by hydrocarbon
contamination on the sample surface (Battistig et al., 1992). Theoretical calculations under
the ideal conditions have been made showing that in the case of samples similar to ours we
could distinguish error function type profiles from rectangular ones (Battistig et al., 1992).
Diffusion coefficients can be measured directly with this technique which would improve our
understanding of the mechanism involved in fixing 180 at an external SiO; surface.

CONCLUSIONS

We have formed a silicon oxidation barrier by implanting nitrogen into Si-SiO structure
and have studied the distribution of 180 in these structures after oxidation with 1805 at
930°C. The 180 distributed at an outer SiO; surface in implanted and unimplanted substrates
are similar whereas the 180 at aSi-SiO interface is distributed primarily in the non-
implanted control sample. These results indicate that the oxygen isotopic tracer distribution at

the outer SiO; surface is not notably influenced by the silicon oxidation rate at a Si-SiO;
interface.
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Use of the narrow resonance in the 1830(p,a)!5N nuclear reaction at 152 keV would
increase the sensitivity to oxygen fixation near surfaces or interfaces and further improve
modeling thin (< 10 nm) film oxidation mechanisms.
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STRAIN DEPENDENT DIFFUSION DURING DRY THERMAL OXIDATION
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ABSTRACT

The effect of strain on the rate of dry thermal oxidation of silicon has been investigated.
Local atomic strain in SiO» films, grown in two steps separated by an intermediate anneal,
was determined by infrared spectroscopy. The results support an oxidation model based on
strain dependent diffusion of oxygen to the growth interface. In this interpretation, the
intermediate annealing step enhances the diffusion of oxygen through the oxide grown before
the anneal, and therefore increases the oxidation rate.

INTRODUCTION

Although thermally grown SiO; has been used as gate dielectric for over 30 years,
investigators are still trying to understand the oxidation process. Of particular interest is a
model explaining the initial rapid dry oxidation of silicon. Attempts have been made to model
this behavior in terms of the rate of transport of oxidizing species to the interface and the rate
of reaction at the interface. Several studies have shown that compressive stress is generated
at the growth interface and that the relaxation of this stress during oxidation and/or anneal is
dependent.1-10 Below about 960°C the viscous relaxation was described by temperature
dependent time constants of relaxation, while stress relaxation above this temperature was
found to be almost instantaneous.4:6:10 In addition, previous studies have established that
the thickness-averaged strain is a function of the total film thickness,5-8:10 and also that there
are strain gradients present in all thermally grown SiO3 films.6.11-12 Therefore, if diffusion
of oxidizing species is determined by the strain in the film, the thickness-averaged diffusion
coefficient would be thickness dependent as well as temperature dependent. The
experimental data presented below shows, using a two-step oxidation, that the oxidation rate
is determined by bulk oxide properties, and that the strain dependent diffusion model is then
a viable candidate for the thermal oxidation process of Si. Several studies have reported
results from two-step oxidation experiments.13-19 The common observation was that the
oxidation rate during the second oxidation step was lower for films exhibiting higher indeces
of refraction after the first oxidation. Since there is a correlation between a higher index of
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refraction and increasing compressive stress, Ref. 15 suggested that diffusion of the
oxidizing species is inhibited by compressive stress. However, in this study we report on
the strain profiles present after an intermediate high temperature anneal followed by the
second oxidation step and show the extent and position of a relaxed region giving rise to the
observed increase in oxidation rate.

EXPERIMENTAL PROCEDURES AND RESULTS

P-type (100) silicon wafers with resistivities in the range of 10-30 Q-cm were thermally
oxidized in two steps at 850°C in a dry O ambient with an intermediate annealing step.
First, 300 A of SiO; was grown followed by a furnace anneal in Ar at either 850°C (385 min)
or 1050°C (19 min). The second oxidation step at 850°C added on average 270 A of SiO,.
The samples were then incrementally etched back and infrared spectroscopy was used to
determine the frequency of the dominant SiO2 absorption band as a function of position in the
oxide film.

During the second oxidation step, the films annealed in at 850°C and 1050°C, grew 240
A and 309 A, respectively, as is illustrated in Fig. 1. These thicknesses are very similar to
those obtained in a previous experiment using N3 as the annealing ambient,20 from which we
conclude that any possible Si-N bonding, as for example Si3N4 formation, at the Si-SiOp
interface did not cause the thickness differences observed for the N2 anneals. Up to 10 A of
the thickness difference between the 850°C and 1050°C anneals is explained by the volume
expansion that occurs during high temperature annealing.4.10.21 The remaining difference
between the films annealed at 850°C and 1050°C then corresponds to an increase in the
average oxidation rate of about 20%. Figure 2 shows the bond-stretching frequency as a
function of SiOp thickness for films grown at 850°C and 1050°C. The bond-stretching
frequency decreases as one approaches the Si-SiO» interface, indicating a highly strained
SiO; region at that interface.1-2 This region is a result of the thermal oxidation process, since
the SiO; occupies a 120% larger molar volume than the Si consumed to grow it,4 and since
complete strain relaxation is prevented by the oxide on top of it.12

Figure 1. Oxide thickness before and after the second oxidation step. The films were annealed at 850°C,
950°C, and 1050°C, respectively.
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Figure 2. Bond stretching frequency as a function of oxide thickness. The films were annealed at 850°C
and 1050°C, respectively.

DISCUSSION

Small differences in the bond-stretching frequency were observed in the part of the
oxides subjected to furnace anneals (300 - 600 A), as Fig. 2 illustrates. A self-consistent
method was used to deconvolve the thickness-averaged results for 50 A layers of the
oxide.12 This method involves fitting a curve to the thickness averaged data set and requiring
that the average stretching frequency of the first n layers is equal to the thickness-averaged
value at n*50 A. Applying this deconvolution procedure to the thickness-averaged data points
for films annealed at 850°C and 1050°C, respectively, yields the result shown in Fig. 3.
Since different amounts of oxide were added during the second oxidation step, the Si-SiO2
interfaces were at different depths from the SiO2 surface depending on the annealing
temperature. We have therefore chosen to plot the data as a function of depth instead of as a
function of distance from the interface, as is shown in Fig. 3.
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Figure 3. Deconvolved bond-stretching frequency as a function of distance from the oxide surface.
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Figure 4. Deconvolved strain as a function of distance from the oxide surface. The strain was calculated by
using data from Fig. 3 in Eqn. (1).

Using a previously developed relationship between the bond-stretching frequency and
the local atomic compressive strain, €:22

e=1- 2, 1))
vi

and the data from Fig. 3, we have also plotted the deconvolved compressive strain as a
function of the distance from the SiOy surface (depth), which is displayed in Fig. 4. Thus,
Fig. 4 illustrates that the "new" oxide layers grown after annealing, have essentially the same
level of strain, independent of annealing temperature. A strong dependence on annealing
temperature was observed in the top 300 A of SiOy ("old" oxide), with films annealed at
higher temperatures showing the lowest levels of strain.

The diffusion of oxidizing species through the oxide to the interface is described by
Fick’s law:

dC
F=-Dygc > )
where F is the flux of oxidizing species, D the diffusion coefficient for these species in the
oxide, and C(x) the concentration of oxidizing species as a function of distance from the
oxide surface, x. If the diffusion coefficient varies across the oxide thickness, we can divide
the oxide into layers Ax thick, each with a diffusion coefficient D. The flux through the n:th

layer can therefore be expressed as:

Fn =-Dn Ax > 3)

where AC,, is difference in concentration between (n-1)*Ax and n*Ax. Under steady state
conditions, when there is no build-up or depletion of oxidizing species, the flux must be the
same through all layers. Comparing the flux in the layers closest to the surface and interface,
we have

F=-Dg—2 = -D;~—2 . @)
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When the oxidation is diffusion controlled, the concentration of oxidizing species is zero at
the growth interface. As Eqn. (4) illustrates, an increased flux through the surface layer,
while the diffusion coefficient at the interface remains constant, therefore translates into an
increased concentration at a distance Ax from the interface. This was observed by Imai et
al.19, although it was interpreted as an increased solubility for the oxidizing species.

It has been shown that a compressive strain reduces the diffusion coefficient of water in
vitreous silica, whereas a tensile strain increases it.23 A model for the diffusion coefficient of
the oxidizing species in amorphous silica has been proposed by Doremus.24 According to
this model the diffusion coefficient depends exponentially on the compressive strain, €:

D =Dgexp(- ke) , where 5)
EV*
k=31 - ©)

As Eqn. (5) illustrates, Dy is the diffusion coefficient corresponding to zero strain. In
the expression for the dimensionless coefficient, k, E is Young's modulus and V* an
activation volume which may vary as a function of temperature. Since we measured a
reduction of the compressive strain in the film annealed at 1050°C relative to the film annealed
at 850°C, Eqn. (5) shows that this corresponds to an increase in the diffusion coefficient. It
therefore appears that the observed increase in flux in these experiments was achieved by
increasing the diffusion coefficient in the top 300 A of oxide, but it should be pointed out that
an increased concentration of oxidizing species close to the interface can be obtained by
increasing the flux through any oxide layer.

According to Nicollian et al.,25 a possible explanation for the increased oxidation rate
for films annealed at 950°C and 1050°C, could be a lower activation energy for creating the
free volume (lower strain) at the beginning of the second oxidation. As a result, the first few
tens of Angstroms of "new" oxide would be more relaxed for films annealed at higher
temperatures. This would show up in Fig. 4 at or below a depth of 300 A. However, no
differences in strain were observed in this region or anywhere else in the "new" oxide. In
addition, previous studies have shown that the extrapolated oxide stress at the Si-SiO2
interface is approximately the same for films grown at 850°C and 1050°C, and that it remains
the same even if the films are annealed.6.26 These two observations indicate that the
increased oxidation rate is not due to an enhanced reaction rate at the growth interface, but is
related to properties of the "old" 300 A oxide, which is in agreement with work by
Landsberger et al.18 Therefore, our results support an oxidation model based on bulk
properties, such as the strain dependent diffusion controlled model.

In this interpretation, an intermediate annealing step enhances the diffusion through the
top 300 A of oxide enough to increase the thickness-averaged diffusion, and as a result
increases the oxidation rate. As we have reported,12 an oxide layer at the Si-SiO; interface is
prevented from full relaxation by any previously grown oxide. Also, the first oxide layer
grown, is not subject to the 120% molar volume mismatch between Si and SiO», since no
oxide exists at this stage. Assuming that the oxidation is diffusion controlled even for thin
films (<300 A), the influence of strain could explain the initial rapid growth since the
interfacial strain due to the molar volume mismatch has to build up to an equilibrium value as
the oxide thickness increases. Therefore, the initial thickness-averaged diffusion coefficient
would be greater than for thicker films.

Incorporation of strain dependent diffusion into the oxidation model presents a great
challenge, since diffusion through a given layer is determined by its position relative to both
the growth interface and the oxide surface in addition to the oxidation temperature. Oxidation
models incorporating strain dependent diffusion and strain relaxation have been proposed by
Sarti et al.27 and Fargeix et al.,28 and one such model has been used to analyze the two-step
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oxidation process.29 These models assume that strain relaxation can be described by a
Maxwellian time constant. However, several studies have observed non-Maxwellian
relaxation behavior in thermally grown Si07.12:21,30 An example of non-Maxwellian
relaxation can be seen in Fig. 4. The anneal at 1050°C was performed for 19 min, longer
than reported relaxation time constants at this temperature.4:6,10 If Maxwellian viscoelastic
relaxation had taken place during the anneal, there would be no strain gradient in the top 300
A of the oxide, but instead a sharp step in the strain profile at a depth of 300 A. Even if
strain dependent diffusion cannot be fully incorporated into the oxidation model, an
understanding of its influence is still important, as this study has shown.

CONCLUSIONS

In conclusion, we have investigated the influence of strain on the rate of thermal
oxidation of crystalline Si, by performing the oxidation in two steps at 850°C with an
intermediate annealing step. The results show that the oxide grown after annealing has
essentially the same level of strain, independent of annealing temperature. However, the SiO
grown before the anneal exhibits a strong dependence on annealing temperature, with films
annealed at higher temperatures showing the lowest levels of strain. Therefore, our results
support an oxidation model based on bulk properties, such as strain dependent diffusion. In
this case, an intermediate annealing step enhances the diffusion of oxygen through the oxide
grown before the anneal enough to increase the thickness-averaged diffusion and thereby
produce an increase in the oxidation rate. In addition, no qualitative differences were
observed between earlier results obtained by anneals in N2 and our current results using Ar
as the annealing ambient. This eliminates the possibility that Si3N4 formation at the growth
interface caused the previously observed difference in growth rates between films annealed at
850°C and 1050°C.
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OXIDATION OF SILICON IN OXYGEN: MEASUREMENT OF FILM
THICKNESS AND KINETICS

S.C. Kao and R.H. Doremus

Materials Engineering Department
Rensselaer Polytechnic Institute
Troy, New York 12130-3590

ABSTRACT

Ellipsometry, transmission electron microscopy(TEM) and step-profile measurement
were used to study the dry oxidation kinetics of silicon at temperatures from 800 to 1100°C.
For oxide films thicker than 800 A, all three thickness measurements agreed within
experimental error. For oxide films thinner than 350 A, the ellipsometry gave higher
thickness values than the TEM measurements. Thickness measurements by TEM below 500
A were combined with measurements on thicker films by all three measurements and fitted a
linear-parabolic relationship throughout the measured thickness range. Previous deviations
from linear-parabolic behavior resulted from inaccurate thickness measurements by
ellipsometry for film thinner than 300 A. The oxidation kinetics are modeled as resulting
from the diffusion of molecular oxygen through two different films, the main film of silicon
dioxide and a thin interfacial film in which oxygen diffuses more slowly. If this film has
constant thickness, a linear term reults; the parabolic term for the growth of the main film is
reduced because of compressive film stress.

INTRODUCTION

The square of the thickness of a reaction layer growing on the surface of a solid often is
proportional to time t:

where B is a parabolic rate coefficient. Tammann! and Pilling and Bedworth? showed that

this relation results when the rate of growth of the layer is controlled by diffusion in the
layer. Some layers grow by a combination of a linear and a parabolic process:
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L’ +AL =Bt )

in which A is a coefficient independent of L and t at constant temperature. Evans3 showed
that this linear parabolic equation can result from a combination of diffusion in the layer and
a chemical reaction at the layer-substrate interface. These and other kinetic equations for
formation of oxide layers are summarized by Kubaschewski and Hopkins.# Strain in the
layer> or an additional surface layer of constant thickness can also give rise to the linear-
parabolic eq. 2, as shown in this paper.

If there is a thin initial reaction layer of thickness L, eq. 2 becomes:

-1 +A(L-L,)=Bt 3)

This is the same equation as that of Deal and Grove, with T = — (Lz0 + ALO) / B.

Experimental measurements of the growth of an oxide layer on silicon in oxygen fit eq.
1 in the temperature range from 1200°C to 1400°C,5.7 and the permeation rate of oxygen in
the oxide deduced from the oxidation experiments is close in magnitude and temperature
dependence to the measurements of Norton8 on bulk vitreous silica.14 At temperatures
below 1200°C previous thickness-time data for silicon in oxygen have not fit any of egs. 1-3;
various three parameter equations have been proposed to fit the experimental thickness-time
relations.5,10-13 The parabolic growth parameter B calculated for measurements below
1200°C is less than expected from the data of Norton, and this deviation increases the lower
the growth temperature. !4 The oxide-thickness-time data for wet oxidation of silicon fit6 the
equation 2 at growth temperatures below 1200°C; again the parabolic parameter is
progressively lower than expected from the diffusion of water in silica.5.9

The thickness of oxide layers on silicon in these kinetic studies have been measured
from optical polarization with an ellipsometer. Carim and Sinclair measured the thicknesses
of oxide films on silicon after oxidation in oxygen in the transmission electron microscope,
and found that for films thinner than 0.02 um, the ellipsometer measurements gave higher
film thicknesses in a range of 15 to 25%, than those measured by electron microscopy.15.16
Ravindra et al. also found these differences!”. In the present work we have confirmed these
results; for film thicknesses above about 0.1 pm the two measurements agree, but for thinner
films they deviate. Thicknesses of films greater than about 0.1 um were also measured by a
step-profile method. We have found that the electron microscopy measurements agree with
the two-parameter linear-parabolic equation (eq. 2) for oxidation of silicon in oxygen below
1200°C. The parabolic coefficients B still deviate increasingly from those calculated from
Norton's data as the growth temperature is lower.

To explain these results we suggest two effects. The decrease of B from the value
expected from oxygen (or water) diffusion in the film is caused by stress in the film. The
linear term in eq. 2 results from a thin, second oxide film of constant thickness at the oxide-
silicon-interface that has a lower oxide content than the main SiO, film.

EXPERIMENTAL METHODS

The single-crystal silicon wafers used in this study were Czochralski grown, (100)
oriented, 7.6 c¢m in diameter, p (boron) doped and had a resistivity range of 5-10 ohm-cm.
Prior to oxidation, the wafers were cleaned thoroughly with the standard RCA procedure
followed by immersion in HF solution to remove the native oxide.

Four groups of samples were oxidized at 800, 900, 1000 and 1100 °C. The first group,
grown at 800°C, was oxidized in one atmosphere pure oxygen. The other groups were
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oxidized in ~10% oxygen in nitrogen ambient. Silicon wafers were inserted into the furnace
held at 800°C and heated at a rate of 10°C/min. to the desired temperature. One wafer from
each group after each oxidation run was examined in the TEM.

Film thicknesses were measured with a Rudolph Research Auto EL-2 ellipsometer
equipped with a He-Ne laser with a wavelength of 6328 A and an angle of incidence of 70°.
Delta and psi values were measured on at least five different sites on each wafer. The oxide
thickness and refractive index on three wafers in the thin (< 0.06 pm) range and up to six
different wafers on thicker films were calculated and averaged. The variation in oxide
thickness was less than 1% for each wafer and between different wafers. This uniformity
ensures the validity of the TEM measurements which were made on small spot on a wafer.

For the TEM measurements a film of polysilicon about 0.15 um thick was deposited on
the oxide surface as protection and for contrast in the TEM measurements. Cross-section
specimens were prepared using the technique described by Bravman and Sinclair.!8 The
images were viewed edge-on along the <l00> zone axis.

An a-200 step profiler with a resolution of 5 A was used to measure the step height of
oxide thicker than 90 nm. To produce a sharp step on the samples for step profile
measurement, a mask with suitable line pattern was used. With standard photolithography
procedure followed by etching in HF solution, the patterned oxide appeared on the wafer.

EXPERIMENTAL RESULTS

Previous investigators have reported initial oxide thicknesses from about 1 to 3 nm. In
the present work the thickness of oxide measured right after cleaning with HF was about 0.8
to 1.0 nm. However, after the wafer was inserted into the furnace and the furnace heated to
oxidizing temperature, the oxide thickness grew to about 2 or 3 nm. In analyzing the
thickness-time data, the thickness at time zero was considered as an additional parameter
(L in eq. 3, see Table 3).

Oxide thicknesses measured by electron microscopy and calculated from ellipsometric
measurements for growth temperatures from 800°C to 1100°C are compared in Tables 1 and
2. At all temperatures the three measurements agree within experimental error for films
thicker than about 50 nm. For thinner films the agreement between TEM and ellipsometry
thicknesses is poorer, especially at thickness below about 30 nm, as shown in Figures 1 and
2. Therefore for data analysis only the electron microscopy measurements were used below
50 nm, whereas for thicker films, measurements by the ellipsometry were used.

To analyze these selected thickness-time data, eq. 3 was used with three parameters -
B, A, and L. This equation can be rearranged to the form

=  Ellipsometry o  TEM =  Ellisometry o TEM
= 100 e 300
g s g 1 ]
.E. 240 = g 240t
2 g l ]
E 180 + - g 180
=} 8 -

- ‘
8 120 a ’E- 120 ¢ - ° K
é . = L °

[ a 60 =
s s 3 !
g 0 5 0!
0.00 2.80 560 840 11.20 14.00 0.00 032 064 0.96 1.28 1.60

Oxidation Time (Hours) Oxidation Time (Hours)

Figure 1. (Left, 800°C group) and Figure 2. (Right, 1000°C group) compare the TEM and ellipsometric
thickness measurements.
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of a quadratic polynomial in thickness L. At all temperatures eq. 4 fit the experimental data
well, with L values between about 2.5 to 3.5 nm, as shown in Figures 3 and 4. The curve
fitted kinetic parameters are listed in Table 3. These values are equivalent to the growth of
about 1.5 to 2.5 nm of oxide on the 1 nm native oxide on the silicon surface during the
insertion of the sample into furnace and the time to heat to the oxidation temperature.

Table 1. Comparison of thickness measurements for ellipsometry(X1) and TEM(X2)
in thin oxide range.

Time(Hour) XI1(A) X2(A) Time(Hour) X1(A) X2(A)

800°C 900°C
0.667 50 37 0.5 59 50
2 90 69 1 86 68
4 140 110 3 161 144
6 181 155 6 248 231
10 252 255 8 296 300
12 291 285
1000°C 1100°C
0.083 60 52 0.033 76 63
0.25 97 78 0.083 11 95
0.5 143 122 0.167 169 147
1 217 201 0.333 252 241
1.5 284 276 0.5 324 324

Table 2. Comparison of thickness measurements for ellipsometry(X1), TEM(X2) and
step profiler(X3) for oxide thicker than S00A.

900°C 1000°C 1100°C
X1(A) X2(A) X1(A) X2(A) X3(A) X1A)  X3(A)
655 670 933 960 910 2249 2185
885 840 1299 1210 2982 2959
1044 950 1662 1630 3644 3610
1463 1410 2142 2044 2100 4194 4165
2456 2250 2435

The deviations from linear-parabolic behavior found in previous experiments on
oxidation of silicon in oxygen result from the incorrect ellipsometric measurements of
thickness for films less than 50 nm; when the true (electron microscopy) thickness is used,
linear-parabolic kinetics are found at all temperatures.

The parameters B and A calculated from the experimental measurement at different
temperatures are summarized in Table 3 At 1200°C the oxidation data fit a parabolic
equation, and the parameter B is close to that calculated from the measurements of the
diffusion of oxygen in vitreous silica by Norton.8 As the temperature decreases, B becomes
less than expected from Norton's measurements, and the deviation increases at lower
temperatures, as shown in Table 3 for the present results.
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Table 3. Kinetic parameters calculated from thickness-time data

Temperarture(°C) B.,um?hr B/A,um/hr A, nm Lo, nm
1100 0.00462 0.1079 43 32
1000 0.0016 0.0245 65 2.6
900 0.00032 0.0045 71 3.5
800 0.00032 0.00256 126 2.6
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0.00 2.80 s.60 8.40 11.20 14.00
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Figure 3. SiO, thickness vs. oxidation time in 10% oxygen in nitrogen ambient at 1100°C. Curve from
equation 4 with parameters in Table 3.
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Figure 4. SiO; thickness vs. oxidation time in 10% oxygen in nitrogen ambient at 800°C. Curve from
equation 4 with parameters in Table 3
DISCUSSION

The thickness measurements by the electron microscopy show that the thickness-time

data for the oxidation of silicon in oxygen follow the linear-parabolic equation (eq. 3)
including the thickness Ly, of the film at time zero. Previously found deviations from linear-
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parabolic behavior result from inaccurate thickness measurements by ellipsometry for films
thinner than about 50 nm.

Some workers!2:13 have found that thickness-time data for the oxidation of silicon in
oxygen over certain thickness ranges can be approximated by a power law:

L™ =kt (5)

in which m and k are constants. The reason that this equation is followed can be seen by
taking the time derivative of eq. 2 and multiplying both sides by t/L:

t(dL) d(logL) Bt  L+A ©)

Lldt) d(logt) (2L+A)L 2L+A
Thus the slope of a log L - log t plot is nearly constant over a range of thickness values, and
this slope is equal to 1/m in eq. 4. When L >> A, m =1.5; when 2L >> A, m =1.33; etc. The
(erroneous) larger thickness values found by ellipsometry for thin layers make this fit look
better than it actually is.

There is good evidence that the rate of growth of the oxide layer on silicon is
controlled entirely by oxygen transport through the film, because the reaction of water or
oxygen at the oxide-silicon interface to form oxide is rapid.!? Thus the linear term in egs. 2
and 3 is not related to the rate of an interfacial reaction.

If the oxidation rate is controlled by diffusion of oxidant in a uniform film, the
coefficient B is given by6.9:

2D,C,
p

B= @)

in which D is the diffusion coefficient of oxidant, C| is its concentration in the oxide at the
gas-oxide interface, and p is the concentration of oxygen in the oxide. At temperatures of
about 1200°C and above, the values of B are within experimental error of those calculated
from measurements of diffusion of oxygen and water in vitreous silica.? The mechanism of
diffusion is by solubility and transport of oxygen and water molecules in the silica.?
Oxidation rates of some silicides in oxygen at temperatures below 1200°C also fit the simple
parabolic eq. |, and the B values calculated from the data of Norton.8.2 Therefore there are
two questions about the oxidation kinetics of silicon: 1) Why do the parabolic coefficients B
becomes smaller than expected from diffusion data at lower temperatures? and 2) What is
the origin of the linear term A?

We propose that the reduction in B values is caused by stress (strain) in the oxide film.
Strain in silica films on silicon reduces the rate of molecular transport in them.20 The
refractive indices of films grown above about 1100°C are close to that of amorphous silica,
whereas at lower temperatures the refractive indices (and densities) of films are greater than
for bulk amorphous silica.21-22 The changes in reactive index become greater at lower
growth temperatures, corresponding to greater decreases in B values compared to those
expected from Norton's data. All these results strongly suggest that strain plays an important
role in the reductions in B values.

A prediction from these considerations is that the refractive indices of SiO, films with
permeations close to those measured for bulk silica should be close to that of bulk silica.
Increasing deviations from expected B values should be accompanied by increasing
deviations in the refractive indices of the films involved. This prediction is perhaps the most
direct way to test the importance of strain in the oxidation of silicon and silicides.
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In addition we propose that the linear term results from a thin nonstoichiometric oxide
layer at the oxide silicon interface. Such a "blocking layer" has been proposed by others.23-
25 Permeation of oxygen or water through a more dense silicon-rich oxide, such as SiO,
where 1 < x < 2, should be slower than through amorphous SiO,. If this SiO layer has a
constant thickness L,, then the flux J through the combined oxide films is:

_ DI(Cl —CZ) _ Dgcg
L L,

J (8)

in which L is the thickness of SiO,, D; the diffusion coefficient of oxygen or water
molecules in it, C,, the concentration of water or oxygen molecules dissolved in the SiO, at
the gas-SiO, interface, D, the diffusion coefficient of oxygen or water molecules in the SiOy
layer, and C, the concentration of water or oxygen at the SiO,-SiOy interface. The two-
layer system and gas profiles are shown in Fig. 5. From eq. 8 the concentration C, is

, = DCL, )

LD, +L,D,
Thus if permeation through the SiOy layer is fast and D,/L, >> D//L, or if this layer is
absent, permeation through the SiO, controls the rate of oxidation; whereas if permeation
through the SiOy is slow, Dy/L, << D}/L, and the rate of oxidation is constant (linear
kinetics). Substituting the value of C, from eq. 9 into eq. 8, the flux is:

J= pdL _ D,
dt + DL,
D

(10)
L

2

From dL/dt from eq. 2, B is still given by eq. 6, and

C
4
0, Sio, SiOx Si
——— L1 -~ L2 —>
C ~
Cz\\\\
‘ \\\ |
‘ ~J
L .5 | 0
leDl(CIL_C:) ‘}J2=D£C: |
2

Figure 5. The two layer model and the gas profiles for the oxidation of silicon.
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D,

Again if the SiOy film is absent (L, = 0) or permeation through it rapid (large D,/L,), A is
small and the kinetics are parabolic (eq. 1). There is some evidence for a thin different layer at
the SiO,-Si interface26-28. In any event a thin non-stoichiometric SiOy layer of constant
thickness can explain the linear contribution in eq. 2.
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MODELING PROCESS-DEPENDENT THERMAL
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ABSTRACT

Though extensive work has been done in the Si/SiO; system, no process-dependent two-
layer SiO; film model has ever been established, due largely to the lack of motivation for such a
model. This study attempts to model correctly the process dependence of thermal SiO3 film
physical structures and their associated densities, as well as high frequency dielectric constants,
so as to provide a foundation for a ULSI process-dependent device reliability simulator. By
exploring the characteristic signature of ellipsometric data reduced using a one-layer film model,
and comparing it to a two-layer model, we establish a process-dependent, two-layer model for
thermal SiOs films. Internal consistency in this model is demonstrated using three intrinsic-
stress-related phenomena in thermal SiO» films on Si. Both the interfacial layer and bulk film
are characterized quantitatively for 38 samples, dry-oxidized at four temperatures, leading to
three empirical equations describing interlayer thickness, bulk layer density, and bulk layer
optical frequency dielectric constant, as functions of oxidation temperature. The interfacial layer
refractive index is taken to be independent of oxidation time, and found to be independent of
oxidation temperature. The oxidation-temperature-dependent index of refraction of bulk SiOp
films obtained using the proposed model agrees well with independent one-layer model data on
oxides which have thicknesses around the first half-cycle of ellipsometry thickness, for which
the interlayer effect is minimal. It is also found that interlayer thickness has a relatively weak
dependence on oxidation temperature, which supports the strain energy model for interlayer
formation. Application of the thermal SiO5 film model to Si-device dielectric characterization
using fixed index ellipsometry is also discussed, based on recent, new understanding of the
ellipsometry equation.

INTRODUCTION

Semiconductor device scaling has followed the set of ideal scaling laws proposed by Den-
nard and co-workers in 1974 [1], increasing system performance and functionality with higher
layout density and lower power-speed product. Projections indicate that by the turn of the cen-
tury memory and microcomputer chips may have 100 million transistors with 0.2 pm channels
and 50 A gate oxides [2]. On the other hand, chip reliability has improved over the last two
decades, driven by customer demand and stiff competition. Projections indicate that by the year
2000 VLSI chips will have failure rates of less than 10 FIT (failure in time) [2]. Both factors
have pushed VLSI technologies close to fundamental reliability limits.

One of these limits on device scaling is attributed to hot carrier effects caused by less-than-

The Physics and Chemistry of SiO, and the Si-SiO, Interface 2
Edited by C.R. Helms and B.E. Deal, Plenum Press, New York, 1993 31



ideal scaling of power supply voltage. Hot carriers generated in high-field channel regions [3]
are emitted into the insulator layers, inducing threshold voltage shifts [4,5]. They are also emit-
ted into the substrate, forming substrate currents which can trigger latchup in CMOS [6]. In
deep-submicron MOSFETs, substrate current and gate current are measured at drain biases as
low as 0.7 V and 1.75 V, respectively [7]. While in the *70s and ’80s VLSI reliability engineer-
ing focus was primarily on predicting system time to failure, today the focus needs to be on un-
derstanding the failure mechanisms at the microstructure level, and controlling those process
variables which ultimately affect system failure rate [2].

Our broader intent is to create a ULSI process-dependent device reliability simulator, tar-
geted in part for silicon-based devices, to achieve device built-in reliability by using optimal
combinations of input process variables. Due to a lack of much fundamental knowledge needed
in our proposed simulator, the present work was undertaken to model correctly the physical
structures of thermal SiO» films and their associated high frequency dielectric constants, as a
function of processing temperature. For Si-device gate dielectric thicknesses where the interfa-
cial Si-rich layer (SiOx, x <2) is non-negligible, correct understanding of bulk SiO2 film and
interlayer SiOy film thicknesses, as well as their respective dielectric constants and densities, is
essential for device physics studies. For instance, accurate CV data interpretation, proper ac-
count of the image charge potential well at the Si/SiO» interface, dielectric breakdown strength
analysis, and a-SiO2 network ring structure statistics, all depend on knowledge of the physical
structure of the oxide film throughout its full extent.

EXPERIMENT DESCRIPTIONS

A matrix of 24 device-quality boron-doped (resistivity 11 ~ 16 Q-cm) <100> 5" silicon
wafers was RCA cleaned, then dry-oxidized at several temperatures: 800°C (group I - samples
#1 to #8); 900°C (group II - samples #9 to #16); and 1000°C (group III - samples #17 to #24).
Wafers were processed at the IBM General Technology Division facility in Essex Junction, VT.
The ellipsometric data of a fourth group of samples (denoted as IBM samples #1 to #14) were
also used in this study. Most samples in this group (IV) were dry-oxidized at 1050°C on <100>
silicon wafers; a few thin oxides were grown at 900°C with 10 minute anneals at 1050°C, as
described in [8]. A Rudolph research model 436 manual ellipsometer at the Measurement Stan-
dards Lab of IBM Essex Junction was used in this study (operated at wavelength 6328 A),
which is of research grade with polarizer and analyzer resolutions of 0.01°, and specially cali-
brated [8]. All ellipsometric data were reduced using a recently developed, robust, graphical al-
gorithm [9]. This algorithm uses n-Si=3.8737 [8] and k-Si=0.018 for the real and imaginary
components of the Si complex refractive index, and n-air=1.0. We assume all media except the
Si substrate are non-absorbing at 6328 A. The mathematical formulations for the one- and two-
layer models used in this work are found in the Appendix. A Digital Instruments NanoScope III
AFM was also used to measure the standard deviation of oxide surface roughness.

EXPERIMENTAL RESULTS AND ANALYSIS
Direct evidence of an optically-distinct interlayer between SiO2 film and Si

Figure 1 shows the oxide thickness-dependent refractive index for the first three groups of
samples, assuming a one-layer model (no interfacial layer), as reported previously [10,11,
12,13]. Similar to the error curve technique developed previously [10,11,12], the worst-error
curves in Figure 1 were calculated using a one-layer model with refractive index of 1.465 and
based on the measurement error combination (A, W, and angle of incidence) which leads to the
largest refractive index deviation from 1.465, as a function of film thickness. Error magnitudes
are based on the resolution of the research grade ellipsometer, namely 0.01° for A, , and AOI
(angle of incidence). Each measurement error for A, y, and AOI was assigned 3 possible states
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(=0.01°, 0°, 0.01°). Thus, each pair of points on the worst-error curves was generated after 27
runs of all possible error combinations. It was found that the upper worst-error curve refers to
the case where all three measurement errors are negative while the lower worst-error curve
refers to the case where all three measurement errors are positive, for oxide thickness less than
970 A. Neither event is highly probable due to the often random nature of ellipsometric
measurement (A and ), and AOI error due to laser beam deviation [8]. Data points falling
outside the worst-error envelope are considered reliable. The upper error curve in Figure 1 is
not completely visible due to the blocking of data points' interpolating lines.
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Thickness-dependent refractive index based on the one-layer model for the fourth group of
samples is shown in Figure 2. The unique “U” shape centered on oxide thickness 1400 A (half
of the first ellipsometric cycle at wavelength 6328 A) is noteworthy (higher index of refraction
near the ellipsometric cycle thicknesses was obtained previously [15]). Note also that the
minimum value is less than 1.460, commonly believed to be the index of refraction for fully re-
laxed thermal a-SiO2 [14]. Should the oxide have a discrete interlayer of different optical prop-
erty than that of the bulk oxide film, then a one-layer model interpretation of the actual two-layer
structure will estimate film thickness and refractive index incorrectly.

An optically-distinct interlayer creates a unique shape in the graph of relative-error versus
film thickness, as shown in the simulation experiment of Figure 3. Here we presume a two-
layer structure as suggested previously [15,16], where the interlayer thickness (dp) is 10 A with
a refractive index of 2.8, and the oxide layer thickness is d; with a refractive index of 1.465.
The state of polarization (A and ) was generated as a function of d;. The one-layer model was
used to interpret this state of polarization, which yielded the ng (refractive index) and dg
(thickness) for the hypothetical one-layer oxide. The signature of the interlayer should thus be a
“U”-shaped (centered around oxide thickness 1400 A), thickness-dependent refractive index,
with the minimum less than the refractive index for fully-relaxed a-SiO3 (i.e., 1.460). The data
in both Figure 1 (half of the “U” shape) and Figure 2 (the whole “U” shape) reveals the direct
evidence of the existence of this optically-different interlayer. Its formation can be attributed to
the Si/SiO2 interface roughness, an off-stoichiometric SiOx boundary layer [17], and a
structurally-distinct region of near-interfacial SiO; [17].



Establishment and verification of a two-layer thermal SiO2 film model

Ideally, any assumptions made in establishing the film model should be based on experi-
mental observations. At the same time, a model based on these assumptions should not lead to
predictions which contradict other experimental observations. There are three distinct intrinsic-
stress-related phenomena in thermal SiO5 films on Si [18,19] which lead to assumptions used
in our two-layer model:

(1) Intrinsic stress at the Si/SiO» interface is oxidation temperature independent;

(2) Intrinsic stress decreases quickly with increasing oxide thickness for oxides grown at

the same temperature, finally becoming nearly constant in thick (> 300 A) oxides;

(3) The magnitude of this constant stress in thick oxides is oxidation-temperature-

dependent: the higher the oxidation temperature, the lower this constant stress.

Using index of refraction as an estimator of oxide density and intrinsic stress magnitude, we
make the following assumptions:

Assumption I: Based on phenomenon (2) above, we assume the bulk oxide film has the

same refractive index (n;) among samples in each group (notice all samples in this study are

grouped according to oxidation temperature). That is, nj is oxidation-time-independent at a

fixed oxidation temperature;

Assumption II: We further assume both the interlayer index of refraction nj and thickness

dy is also oxidation-time-independent at a fixed oxidation temperature;

Assumption III: For simplicity, we assume both the interlayer and bulk films are uniform;

that is, there is no refractive index gradient within each layer.

The da (interlayer thickness) standard deviation, or variance estimator, is examined as a
function of n; (bulk oxide refractive index) and np (interlayer refractive index) for all four
groups of samples. The dj variance estimation procedure for a given group of samples is de-
scribed as follows, using the three assumptions made above:

[i] Fix np; [ii] For a given (variable, 1.3 <nj <2) nj, calculate dj and d3 for every sample in

the group using the ellipsometric data measured with the research grade ellipsometer, then

plot the whole sample group d; variance estimator versus nj;

[iii] Repeat steps [i] and [ii] for a different nz (1.3 <nz <4).
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Notice the dj variance thus formed for each sample group is a highly non-linear function of
n; and ny, using the two-layer model (see Appendix). Based on this procedure, we expect the
following outcomes:

A. The value of ny obtained should be the same for all 38 samples based on intrinsic-stress

phenomenon (1), above;

B. The value of nj obtained should be oxidation-temperature-dependent: the higher the

oxidation temperature, the lower the nj, based on intrinsic-stress phenomenon (3);

C. On the plane of nj and np which is of physical significance (1.3<n;<2 and 1.3<n3<

4) the resulting dj variance minimum should be unique, and the magnitude of the minimum

should not be more than one mono-layer thickness of a-SiO3 (3.3 A).

Figure 4 shows the d variance estimation process for group I (800 °C), where only the da
variance minimum portion was plotted and the d mean (scaled by 10) was plotted only at the
variance estimation curve minimum. Evidently there is a best set of n; and ny which minimizes
the dy variance down to 1.45 A. Thus, the solution of nj and ny is unique to group I. Inciden-
tally, both d2 mean and variance are minimized at the same nj value. That the dz variance mini-
mum (1.45 A) is less than one mono-layer thickness of a-SiO2 (3.3 A) supports Assumption II,
that interlayer thickness is essentially the same for sample group I. The dj variance minima for
the remaining sample groups are found to be between 0.6 A to 1.4 A.

The standard deviation of oxide surface roughness of sample #1 was found to be 1.8 A in a
total scanning distance of 8000 A using the NanoScope III atomic force microscope. It is likely
the roughness of the Si-substrate-to-oxide interlayer interface, as well as the interlayer-to-bulk-
film interface, are also of the same order (1.8 A). This may explain why the dj variance can not
be minimized to zero for any physically significant combination of n; and na.

Figure 5 shows the d3 mean for the four groups of samples, using the dp standard deviation
to mark the upper and lower limit of the error bars. The interlayer refractive index np which
minimizes the d2 standard deviation within each sample group was found to be 2.95 for all four
groups of samples. This result is expected based on the growth-temperature-independent inter-
face stress data of [18,19]. Though the d2 means obtained in this study differ from Taft's
reported values at wavelength 5461 A (d2=7~8 A for dry 900°C and 4 A for dry 1200°C, np =
2.8) [15], and Aspnes’ reported values at 5461 A (dp=7%2 A for dry 1000 °C, n2 =3.2£0.5)
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[16], the d2 means of this study are close to those found in MOS solar cell open circuit voltage
experiments (the oxide non-stoichiometric transition thickness was found to be 13~14 A) [20].

The relatively weak dependence of interlayer thickness on oxidation temperature in Figure 5
supports the strain energy argument for the interlayer: a large lattice mismatch at the Si/SiOp
interface can favor an intermediate layer so as to reduce the total free energy, and the interlayer
thus formed should be a very slow function of oxidation temperature [21].

Having verified the internal consistency in this two-layer, thermal SiO2 film model, we turn
our attention to the bulk oxide film refractive index (n1) for the four groups of samples. This
was found to be a near-linear function of oxidation temperature, as shown in Figure 6 (n; is
2.95). Independent data for thick oxides (1000~1400 A) based on a one-layer model [22, 23]
are also plotted in Figure 6. According to the prediction of Figure 3 (that for oxide thickness
around 1400 A the interlayer effect is a minimum when the one-layer model is used to interpret
a two-layer structure), it is expected all these data agree with each other.

Further evaluations of the two-layer thermal SiO; film model

A simulation experiment in Figure 7 further verifies the validity of the results in Figures 5
and 6 obtained by the technique of d; variance estimation. Three sets of thickness-dependent
refractive index curves are depicted in Figure 7. Each set consists of three hypothetical two-
layer simulations, assuming interlayers of constant thickness (d2) and refractive index (ng=
2.8), and with bulk films of different refractive index nj. Interlayer thickness differs between
the three sets of simulations. The state of polarization (A and ) is generated as a function of
bulk film thickness dj, using the two-layer model. The one-layer model is then used to interpret
this state of polarization in terms of the thickness-dependent refractive index curves plotted in
Figure 7, similar to the procedure used in Figure 3. The simulation curves using different np
(varied from 2.6 to 3.0) show little shift from those in Figure 7, compared with the effects
caused by dz changes. However, the state of polarization (A and ) generated using a two-layer
model in which n3 is varied from 2.6 to 3.0, does indicate shifts though much smaller than that
caused by the d; changes, but large enough (more than 0.01°) to be detected. Thus, the range of
n2 (2.840.2) should not be interpreted as an uncertainty range.

Four features can be generalized from Figure 7:

(1) The thickness-dependent refractive index (two-layer structure interpreted by a one-layer

Fig.7 Thickness-dependent refractive index for Fig.8 Thickness-dependent refractive index simula-
three sets of hypothetical two-layer struc- tions of two-layer structures as interpreted
tures as interpreted by a one-layer model. by a one-layer model, compared with Fig. 1.



model) is relatively insensitive to interlayer refractive index np (compared to its sensitivity to

dz and nj), for the range np =2.6 ~ 3.0 and the axis scale used in Figure 7;

(2) Differences in bulk film refractive index nj cause marked distinctions in the thickness-

dependent refractive index curves using the one-layer model interpretation;

(3) All thickness-dependent refractive index curves merge together for oxides thinner than

150 A, should the two-layer structures these curves represent have the same interfacial layer

(n2, dp), but different ny;

(4) For oxide thickness less than 150 A, the thickness-dependent refractive index curves are

distinct only when the two-layer structures these curves represent have interfacial layer (dp)

thicknesses differing by more than around one mono-layer of a-SiO».

The relative insensitivity of the dj variance estimator and the minimum of nj versus ny
found in Figure 4, agree with feature (1). According to feature (2), distinctions for oxides
thicker than 150 A in Figure 1 imply each sample group should have a distinct bulk film refrac-
tive index nj. Based on features (3) and (4), the convergent behavior for oxide thickness less
than 150 A in Figure 1 implies the interlayer thickness should not differ by more than one a-
SiO, monolayer for all 38 samples studied. Both conclusions agree with the experimental re-
sults in Figures 5 and 6.

Consequently, we compare thickness-dependent refractive index simulations of two-layer
structures as interpreted by a one-layer model, with the experimental curves of Figure 1, as
shown in Figure 8 (the values of n3, d2, and nj used in the simulations are from results of Fig-
ures 5 and 6). Note that the simulations in Figure 8 are NOT obtained by direct fitting of the ex-
perimental curves of Figure 1. Instead, they are obtained using the dy variance estimations as
shown in Figure 4. The fine match between simulations and experimental curves shown in
Figure 8 in turn supports the validity of the dy variance estimation procedure using the
assumptions inherent in the two-layer thermal SiO film model.

It is worth noting that we have assumed the interlayer is also non-absorbing at 6328 A in
our ellipsometric data reductions. The assumption that ky = O is indeed a valid one, since by
setting ko =0.009 (half of the extinction coefficient of Si at 6328 A) in the ellipsometric pro-
gram using the ny, dj, dp, and nj ranges in this study, the change in the state of polarization (A
and ) generated is less than 0.01° in most cases, which is beyond the resolution of the re-
search grade ellipsometer used.

Empirical equations in the two-layer thermal SiO3 film model

Fitting the data of Figure 5 yields the following empirical equation for interlayer thickness
da (A) as a function of oxidation temperature T (°C):
dy = —11.035 + 6.1146 x 102T — 3.8181 x 10-5T2 ¢))

Film density can be extracted from the refractive index, using the Lorentz-Lorenz relation
given by:

n2 — 1 47

[B4] Y- 4 e
where n is the index of refraction, M is the molecular weight, p is the mass density, and N is
Avogadro’s number. o is the total polarizability of the molecule, with o = ate (electron
polarizability) = 2.95 x 10-24 cm3 [23]. Using this expression, bulk film density p (g/cm3) was
calculated as shown in Figure 9. In the absence of specific composition data for the interlayer,
calculation of its density is not possible.

In a nonferromagnetic (lr = 1) and insulating (G =0) material such as a-SiO», the relation-
ship between high frequency relative complex dielectric constant and complex refractive index is
given by [24]:

€ — i €= (n - 11()2 (3)
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The real part of the relative complex dielectric constant is also shown in Figure 9 (with inter-
layer relative dielectric constant €1 = 8.7025), assuming the extinction coefficient k for both the
bulk film and interlayer is negligible at 6328 A.

Fitting the data of Figure 9 yields the following two empirical equations for bulk film den-
sity (g/cm3) and high frequency dielectric constant as functions of oxidation temperature T (°C):

p=24-17309x 104 T 4
€1=2.2662-12322x104T 5)

Due to their empirical nature, the validity of these expressions outside the temperature range
studied (800°C ~ 1050°C) is not assured.

APPLICATION OF THE SiO; FILM MODEL TO Si-DEVICE DIELECTRIC
CHARACTERIZATION USING FIXED INDEX ELLIPSOMETRY

Our recent studies on the ellipsometry equation found that the imaginary part of the
ellipsometry equation has an impressive resistance to common measurement errors. They
concluded that, if it is necessary to fix refractive index to obtain the thin SiO; film thickness
from the ellipsometry equation, using either one- or two-layer film models, then the imaginary
part of the ellipsometry equation should be used [9]. Since in a production environment the
commonly used ellipsometers have polarizer and analyzer resolutions of around 0.1°, the
refractive index must be fixed in the ellipsometric data reduction for measuring oxide films
thinner than ~70 A in order to obtain a physical solution from the ellipsometry equation [9]. The
thermal SiO3 film model developed in this work can be readily used to predict, at a specific
oxidation temperature, the value of the bulk film refractive index which should be used, and the
optical interference due to the interlayer. Thus the solution of the imaginary part of the
ellipsometry equation using our film model predictions will be much closer to the actual oxide
thickness, given the precision of the ellipsometric data. This should ensure greater control of Si-
device dielectric thickness specifications in manufacturing. It also provides guidelines for Si
oxidation model development in the initial thin oxide regime, since most oxide growth data with
which oxidation models have been compared were obtained using fixed-index ellipsometry.
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The simulation experiment in Figure 10 indicates the error of oxide thickness introduced by
the one-layer model, fixed-index ellipsometry. Here we treat the two-layer SiO» film model as
the reference. The state of polarization (A and y) was generated as a function of total oxide
thickness, using np=2.95,dy=13.3 A, n1=1.4721 (results obtained in Figure 4 for 800°C),
and various d; (bulk film thickness). The one-layer model, fixed-index ellipsometry program
associated with a commercial ellipsometer was used to interpret this state of polarization (data
input to the fifth digit after decimal) to obtain oxide thickness. The oxide thickness deviations
from the reference are plotted in Figure 10. The thickness deviation in this figure is solely
caused by differences in SiO film models, since the effect of ellipsometric measurement error
is not accounted for in the simulation experiment.

SUMMARY

The interplay between experimental observations and two-layer oxide optical analysis leads
to the identification of an optically different interfacial layer, as suggested previously [15,16].
Both the interlayer and bulk film are characterized quantitatively for 38 samples, dry-oxidized at
four temperatures, based on assumptions supported by measured stress data [18,19]. The self-
consistent, process-dependent, two-layer, thermal SiO3 film model is established and can be
summarized as follows:

(1) Thermal SiOz films on Si are well-described using a discrete, two-layer model, consist-

ing of a bulk film and an interfacial layer;

(2) The interlayer thickness is in the range of 11 ~ 13 A, and a weak function of the oxida-

tion temperature in the range 800°C ~ 1050°C. It is independent of oxidation time;

(3) The interlayer refractive index is 2.95, independent of oxidation temperature and time;

(4) Bulk film refractive index is a near-linear function of oxidation temperature.
Three empirical equations were generated to describe interlayer thickness, bulk layer density,
and bulk layer optical frequency dielectric constant as functions of oxidation temperature.
Application of the thermal SiO; film model to Si-device dielectric characterization using fixed-
index ellipsometry is also discussed. The self-consistent, process-dependent, two-layer,
thermal SiO; film model established in this study is a key constituent in formulating a ULSI
process-dependent device reliability simulator.

APPENDIX
The ellipsometry equation is expressed as [25]:
. R
tan () exp (i4) = pP 1)

where A and  describe the state of polarization of reflected light, and Rp and Rg are the total
Fresnel reflection coefficients at the film surface for p- and s-polarized monochromatic light.
The particular expressions for Rp and Rg are film-model-dependent (e.g., one- or two-layer
model, models incorporating stress-optic effect or optical anisotropy). The equations leading to
the final expressions of Rp and Rg are as follows for the one-layer model [25]:

Nj_1 cos 0j_1 — Njcos 6;

Nj cos 6;1 — Nj_j cos 6;

Tsj = 2), Ipi = 3
Sol Nj-1 cos 0j_1 + Nj cos 6; = Pt Njcos 0;_1 + Nj_1 cos 6; &
47d . . .
o= _k— Nf - Ng sin2 g ), Nosin6p = N1sin®; = Nasin6; (5)
Is,] + Tg2-e-ic Ip,1 + Ip,2 - e-ic
Rs = (6), Rp = (7)

1 + 15,1 15,2+ e-i® 1 + rp,°Tp,2- e-ic
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where rgj and rp j are the Fresnel reflection coefficients at the i-th interface for s- and p-polar-
ized light (the ambient-to-film interface corresponds to i = 1; the film-to-substrate interface cor-
responds to i=2); No, N1, and N2 are complex refractive indexes for the ambient (air), film,
and the substrate (N =n — ik, where n is index of refraction [the real part of N] and k is the ex-
tinction coefficient [the imaginary part of N]); O is the angle of incidence at the first interface
(ambient/film), 01 and 0, are angles of refraction; o is the phase factor in the film for s- or p-
polarized light, d is the film thickness, A is the wave length. Equation (5) is Snell’s law.

For the two-layer film model, along with equations (1), (2), and (3), the following equa-
tions are also coupled [25]:

21td R 21d 2 2 .
al = Tl— VN% - N%) SlI‘l2 90 (8), Ay = }" 2 V;I2 - Nl Sln2 e1 (9)

Ngosin8g = Njsin0; = N2 sin 02 = N3 sin 03 (10)

Ts,] + Ts,2 € 2101 4 1o 3e-2i(®1+@2) 4 1y 15 o 15,3 €-2i02

Rs = i . . (11)
N 1 + rg,17T5,2 e-2iay 4 Is,1Is,3 e-2i(a1+02) 4 Is,2 Ts,3 e—2iog

Tp,1 + Ip,2e 201 + rp3e-2i(@1+02) 4 1y 1 9 1p,3 e-2i02

Rp = - - - (12)
p 1 + Tp,1Tp2e-2i%1 4+ 1,1, 3e-20(@1402) 4 1, 51p 3 e-2i02

where 15 or rp is the Fresnel reflection coefficient at the ith interface for s- or p-polarized light
(the ambient-to-film interface corresponds to i=1; the bulk-film-to-interlayer interface corre-
sponds to i=2; the interlayer-to-substrate interface corresponds to i=3); Ng, N1, N2, and N3
are complex refractive indexes for the ambient (air), bulk film, interlayer, and the substrate; 8¢
is the angle of incidence at the first interface (ambient/bulk-film), 63, 67, and 03 are angles of
refraction; o and o are the phase factors in the bulk film and interlayer respectively, for s- or
p-polarized light. d; and d; are thicknesses of the bulk film and interlayer.
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II. NOVEL OXIDATION METHODS AND
CHARACTERIZATION

INTRODUCTION

S. Rigo
Groupe de Physique des Solides
Universites Paris 7 et Paris 6, Tour 23, 2 Place Jussieu
75251 Paris Cedex 05, France

B. E. Deal
Department of Electrical Engineering
Stanford University, Stanford, CA 94305

The trend to lower processing temperatures in the fabrication of high
density ULSI devices has encouraged the development of enhanced thermal
oxidation procedures. These have included chemical, electrical, physical, and
optical excitation methods. Such excitation can result in modifications of
physical as well as electrical properties of the resulting oxides, in addition to
effects on the oxidation kinetics. Several examples of enhanced oxidation are
described in the first half of this chapter.

R. J. Jaccodine reviews the chemically enhanced thermal oxidation by
chloride and fluorine compounds. The most striking results are the following:
1) some ppm of fluorine compounds (NF3, C2H3C12F) in the O3 gas induce a
significant increase of the oxide growth rate (a factor of 10 at 1000°C for 500
ppm), 2) a very fast shrinkage of already grown stacking faults occurs during
O2/NF3 oxidation. This indicates that the basic difference between this process
and classical oxidation is the creation of a vacancy-rich interface.

J. Joseph, Y. Z. Hu and E. A. Irene present an in-situ spectroscopic
ellipsometry study of the electron cyclotron resonance (ECR) plasma
oxidation of silicon and interfacial damage. The ECR source was operating at
300 W, 2.45 GHz with an oxygen pressure of 4 10-4 Torr at oxidation
temperatures between 80 and 400°C. Accelerated growth under positive



substrate bias indicates that a negative atomic species dominates the growth
above an oxide thickness of 4 nm. Kinetics results are compatible with the
Cabrera-Mott theory, however this assumption needs to be checked. The
damage layer appears to be composed of SiO2 with amorphous Si and due to
the oxidation reaction at low temperature (<500°C) rather than the ions from
the plasma.

L. M. Landsberger discusses the mechanisms of oxidation rate
enhancement in negative-point oxygen discharge at atmospheric Oy pressure
and 600-900°C while creating SiO2 relaxed films. A simple model is
developed and includes the effect of relaxation of oxide by O- ions, enhanced
oxygen diffusion, and O- flux. Reactions and atomic transport mechanisms in
the oxide corresponding to the O- flux remain debated questions.

Conventional oxidation at high temperature of Sij.xGex produces oxides
which, due to the segregation of Ge at the oxide/substrate interface, are useless
to device applications. C. Caragianis, Y. Shigesato, and D. C. Paine show that
oxidation at very high pressure (500-700 atm) allows the growth of oxide at
low temperatures (550°C). This produces high quality oxide which
incorporates Ge into the oxide.

The above results all tend to indicate that enhanced thermal oxidation at
reduced temperature may be beneficial for future fabrication of advanced
device structures. In addition, such techniques can help provide a valuable
insight into mechanisms of thermal oxidation.

An important aspect of developing new methods of oxidation is that of
characterization of the silicon surface and the oxidized silicon structure. In the
second part of this chapter, several methods of such characterization are
reported. These include spectrographic ellipsometry of thermally oxidized
silicon by E. A. Irene and V. A. Yakovlav; infrared spectroscopy of low
temperature plasma deposited oxides over thermal oxides by S. Fujimura and
co-workers; infrared spectroscopy and ellipsometry of both thermal oxides
and remote plasma deposited oxides by C. E. Shearon and co-workers; and
transmission electron microscopy (TEM) of thermally oxidized amorphous
silicon by M. Reiche. In investigations involving optical methods of analysis,
some differences of opinion exist regarding interpretation of results.
Therefore, various conclusions have been reached regarding properties of
oxide-silicon interfaces. Undoubtedly, more experiments and data will be
forthcoming to provide a better understanding of Si-SiO2 interface structure.
Other analysis tools, such as scanning tunneling microscopy and its offspring,
may help in this respect as well.



NEW APPROACH TO CHEMICALLY ENHANCED OXIDATION - A REVIEW

Ralph J. Jaccodine

Sherman Fairchild Laboratory 161
Lehigh University
Bethlehem, PA 18105

ABSTRACT

This paper is a review of the effect of small additions (ppm) of
fluorine to the dry oxidation process of silicon. It deals with the
various critical areas of the oxidation growth such as A) growth
kinetics, B) interfacial strain, C) stacking fault shrinkage, D) effects
on oxidation enhanced or retarded diffusion (OED/ORD) and electrical
characterization.

INTRODUCTION

The addition of a halogenic specie during dry oxidation results in a
significant improvement in the electronic properties of the oxide and
the wunderlying silicon. The addition of percent concentrations of a
chlorine bearing compound to the oxidant, therefore, has be(fn2 widely
practiced in silicon integrated circuit processing technology.’

Interest in a new fluorinated addition process arose in the early
1980's when preliminary work showed that parts per million of a
fluorine compound added to the oxidant stream resulte in greatly
enhanced oxidation rate as well as improved oxide quality. ™’ This
paper will briefly review the several facets of the fluorine addition
oxidation process dealing with the A) growth kinetics, B) interfacial
strain, C) stacking fault shrinkage, D) oxidation enhanced or retarded
diffusions (OED/ORD), and finally E) electrical characterization
measurements.

EXPERIMENTAL PROCEDURES

The aim of the experimental work was to first determine the
appropriate growth conditions, times and temperatures and fluorine
volume percent (v/o) additions to establish the oxide growth kinetics.
Initially two different classes of fluorine compounds were selected, The
alphatic 1liquid hydrocarbon, dichlorofluoroethane (CZH3012F), has an
appropriate vapor pressure at room temperature for delivery by a gas
bubbler system. Nitrogen fluoride (NF3) is a gas that can be easily
diluted and delivery directly into an oxidation gas system. The former
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source is easy to handle and combines both fluorine and chlorine species
whereas the NF3 has only fluorine and contains none of the additional
carbon and hydrogen spegies as does the liquid source.

The SOLGAS program  was used to calculate the partial pressure of
the possible active oxidizing species under thermal oxidation conditions
to ascertain which of the many possible chemical sources of F and Cl
would be suitable. This program was also used for assessing which
specific species correlate with the enhanced oxidation rate.

The silicon wafers used were chem-mechanically polished p-type,
Czochralski-grown crystals of (100) orientation, with a resistivity of
2-10 Q/cm. After a standard RCA cleaning, the oxidations were carried
out in a double walled, quartz furnace for various times at 900°C and
1000°C. Oxides were grown by inserting wafers into the furnace tube in
flowing N, and then switching over to the oxidant supply. The oxidizing
gas flow for 05/CyH3Cl,F oxidations were composed of 1 1liter/min of
oxygen (0,) along with a much smaller flow of GoH43C1,F. The bubbler
filled with the CyH3C1,F was kept at room temperature, while oxygen was
bubbled through at rates from 1 to 10 ml/min. This corresponded to
fluorine additions from 0.011 to 0.11 v/o. NF5 is a gaseous fluorine
source, and its gas flow was monitored directly by micro-flowmeter
before introduction at into the oxidation furnace. Oxide thickness and
refractive index were determined by a Rudolph Research Auto EL-II
ellipsometer using a helium-neon laser. Physical integrity of the
oxides was observed by optical and scanning electron microscopy (SEM).

A. Oxidation Kinetics

The fluorine oxidations were carried out by varying parameters -
oxidation temperature, time, fluorine concentration, and the - type of
fluorine additive.

In FIGURE 1(a), we plot oxide thickness vs. oxidation time for
oxidations at 1000°C with 0.055 v/o CyH3Cl,F and 0.044 v/o NF3 addition.
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Figure 1. Thickness vs. time (100) at 1000°C (a) and 900°C (b) for
02/C2H3C12F. Solid line is least square fit with the power of time.

These data were chosen so that a direct comparisgn _with the published
data for films grown in 10 v/o HCl and 3 v/o Cl,y '8 could be made. It
is observed that the resultant oxide is thicker for films grown wusing
the fluorine compounds despite the two orders of magnitude difference in
the volume percent addition.
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FIGURE 1(b) represents oxide thickness vs. oxidation data for
increasing concentration of CyH3C1l,F at 900°C. It can be seen that
increasing the amount of source acts to enhance the oxidation rate. It
should be noted that at higher concentrations than 0.055 wvol. % and
higher temperatures >1000°C poorer quality oxides are observed with this
particular source.

Comparable data of oxide thickness vs. oxidation time for increasing
volume concentration of NF3. It is found that the NF3 species is also
effective in enhancing the oxidation rate as can be expected from its
chemistry. It should also be noted that optically clear pinhole free
oxides result when using NF, over the entire concentration, oxidation
time-temperature range of these studies.

The experimental data was treated in terms of the 1inei6-girabolic
model and the more recently proposed power of time model™ ’~—. The
following two relationships were used to extract the appropriate
parameters:

X - a(ty + t)P (1)

X = A([1 + 4B(t + r)/a210-3 . 1y,2 (2)

where X is measured oxide thickness. For the power of time model, a and
b are coefficient and exponent, respectively, while t, and t, are the
oxidation times required to grow the final measured ox%de and the "pre-
existing" oxide. The constants a, b, and t_  were determined by least
squares analysis. Since these oxidations were all performed at long
oxidation time intervals, a simple least squares fit the data very well.
The A and B in the Deal-Grove Equation 2 are the constants in the
linear-parabolic model, t is the oxidation time, and r 1is a fitting
parameter which accounts for initial rapid growth regime. The constants
A and B were determined from X vs. (t + 7)/X plots.

The resultant calculated constants for both these models are given
in Table I and II. The solid line in FIGURE 1(b) are the least squares
fit with the power of time model. This fit was superior to the i%near-
parabolic model and therefore was used. As pointed out by Blanc and
others, reasonable physical models can lead to equivalent mathematical
expression for the thickness as a function of time and that a 1large
class of models exhibit similar mathematical structure.

When the data are compared to previously published results of the
oxidation of Si using 1-10 v/o HCl, several interesting differences are
evident apart from the nature of the impurity. For all cases of
fluorine oxidation both the linear and parabolic constants increase with
increasing fluorine concentration, whereas in the comparable HCl data
only the parabolic rate constant increases over the full HC1l
concentration range. In the case of oxidation data at 900°C and 1000°C,
an almost order of magnitude increase occurs in these parameters in
spite of the very much lower fluorine concentration. As increasing
amounts of NF3 are added to the oxidation, the optical refractive index
was found to decrease from 1.46 to 1.451. This leads one to infer that
the fluorine incorporation decreases the density of the oxide and also
has an influence on the viscoelastic properties of the resultant oxide
much as water vapor does. In fact, this correlates with fgme of the
experience of workers in the area of silica optical fibers.

B. Imterfacial Strain Measurement
The measurements of thin film strain is usually done by using a

straight forward procedure based on beam bending. Strains in a grown or
deposited film on a thin substrate will result in bending of the
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Table I. Effect of fluorine additive on the constants from the power
of time model oxidation at 900° and 1000° C

O Ambient a b t(min)  Error

900° DryO; 930 072 65 0.0008
0.011 NF, 4677 068 16 0.0003
0.022 NF, 4677 070 16 0.0097
0.044 NF, 6309 064 50 0.0141
0.011 C,H,CLF 5248 065 5.0 0.0022
0055 C,H,CL,F 10715 056 5.0 0.0015
011 CH,CLF 14791 053 50 0.0013

10000 DryO, 12882 045 03
0.011 NF, 13182 050 35.0 0.0001
0.022 NF, 16982 047 0.0 0.0239
0.044 NF, 33884 036 30.0 0.0107
0011 C;H,CL,F 20892 045 30.0 0.0029
0055 C,H,CLF 21379 051 240 0.0016

Table II. Effect of fluorine additive on the constants from the linear-
parabolic models during oxidation at 900° and 1000° C

™0 Ambient Bpm’h)  ABmMh)  h
900>  DryO: 0.0021 00122 L4
0011 NF, 0.0047 00127 12

0.022 NF, 0.0059 00152 10

0.044 NF, 0.0081 00194 08

0011 C.H,CLF 0.0258 0.0280 1.0

0.055 C;H,CL,F 0.0438 0.0629 05

011 C:H,CLF 0.0724 0.0946 025

10000  DryO. 0.0073 00709 0.4
0.011 NF, 00192 01053 04

3 0.0203 0.2203 0.4

0.044 NF, 0.0278 02530 04

0011 C,H,CL,F 0.0471 a1162 02

0.055 C,H;,CL,F 01105 a1162 0.1

substrate; the radius of curvature can be measured using a commercial
laser wafer-flatness measuring equipment. This equipment allows the
direct measurement of wafer deflection or bowing and thus the radius of
curvature of the bent beam. The film stress can be approximately
determi¥2d by wusing linear elasticity theory according to Stoney's
formula~—".

The experimental set up for curvature measurements is a simple
adaption of the laser beam technique to measure curvature. Stress og is
calculated for the case of the bending of a rigid beam, no slippage, and
each lamella is elastically strained and the strain is istotropic.

This analysis given by:
E t

1
o E . .
£ 6 (1-v) c

1
-« ) (3)

H N N
w
2

where E and y are Young’'s modules and Poisson’s ratio for the silicon
substrate, t and t are the thickness of the substrate and film
respectively while R, and R¢ are the values of the radius ofs curvature
of the substrate before and after film growth or deposition.

In FIGURE 3 we can see plotted oxide stress against concentrations
of NF at 800, 900 and 1000°C. It can be seen that there is a sharp
reduction in the value of stress with NF3 concentration between 100 and
200 ppm. Profile analysis of samples wusing secondary ion mass
spectroscopy (SIMS) is consistent with this data. The hypothesis that
fluorine incorporation results in interface strain relaxation and the
suppression of interface state generation according to the bond strain
gradient model is also consistent with these findings.

The mechanism which causes this strain relaxation effect is thought
to be related to the fluorine induced density reduction and opening of
the oxide structure because the Si-F bond can break into Si-0-Si rings.
Published =x-ray photoemission spectroscopy (XPS) data indicate that
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fluorine atoms primarily bond to silicon and not to oxygen17 thus

resulting in a more open structure for the fluorinated oxides. This
correlates with the increase in the oxide parabolic growth rate.
Another view of the mechanism for strain relief is that the fluorine
decreases the oxide viscosity caused by structural modification to the
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Figure 2. Oxide stress against NF3 concentration with oxidation
temperature as parameter.

Sio network and allows viscoelastic relaxation to occur easier. The
fluorine effect is particularly apparent when carrying out so-called 2D
oxidation of trenches or pillars.

C. Stacking Fault Shrinkage

The growth and harmful effects of oxidation induced stacking faults
(OSF) on devices are well known. Various methods havigbfsn developed to
eliminate these OSF's during thermal heat treatments. "’

It was found that OSF's anneal very rapidly even in an oxidation
process with the additions of fluorine in contrast to the N or
nitridation processes usually carried out. It was also found that no
new OSF's could be nucleated and generated even on mechanically damaged
substrates.

FIGURE 3 shows OSF shr%gkage rates for various thermal treatments as
a function of temperature.

It was proposed that the fast shrinkage rate can be explained as
follows. It is generally believed that the behavior of OSF's in silicon
is dependent upon the deviation from equilibrium of point defects during
thermal heat treatment. It has been demonstrated that the local dynamic
condition is a the vacancy supersaturation coupled with thg
undersaturation of interstitials during the 24N2 annealing,
nitridation, and also during 02/NF3 oxidation. Thus, in this
situation, OSF’s should shrink by absorbing vacancies (or by emitting
self-interstitials) at the dislocation that bounds OSF's.

We have observed a nonlinear shrinkage with time for 0,/NF4
oxidation. We propose that the initial rapid shrinkage is due to the
reaction of fluorine at the Si/Si0, interface giving rise to an increase
of vacancies and their subsequent capture at the partial dislocations
bounding the stacking fault.
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In general, OSF shrinkage studies have been made using N, and other
ambients which have 1little inflgsnce on the activation energy for
shrinkage. Nishi and Antoniadas suggested the existence of a fast
transient shrinkage behavior during N, heat treatment is dominated by
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Figure 3. OSF shrinkage rate versus temperature.

capture at the Si/Si0, interface. In conclusion, we

self-interstitial
dry

show the profound effect of a small amount of fluorine addition to
0, oxidation on the OSF shrinkage, which lowered activation energy from

almost 4eV to 1.7 eV.

D. Oxidation Enhanced and Retarded Diffusion

The thermal oxidation process is known to effect the concentration
and flux of silicon point defects and then this means not only the
behavior of OSF's as de?%tzgith above but also the substitutional dopant
diffusion in silicon.“™’ The enhanced diffusion of B, P and As as
well as the growth of OSF’'s are observed while the retarded diffusion of
Sb is go%sd during dry oxidation in the temperature range of 900-
1200°c.28;

These oxidation related phenomena stem from a non-equilibrium
concentragson of point defects (V. and I.) which occur during
oxidation®” and their contribution to the diffusion process. In general
it has been postulated that all substitutional dopants in Si diffuse by
both the interstitialcy (I) and vacancy (V) mechanisms, which can be
represented by a simple expression as follows:

<D>/D¥ = £,<C;>/C;* + £,<C >/C.* %)
i S A | v v
defined as

the fractional interstitialcy and vacancy mechanism is
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* , % * % * * < cys
follows f; = D;° /D" and f, = D, /D". D; and D, are the interstitialcy

and vacancy-motivated diffusivities. The diffusion rate of each of
these mechanisms is proportional to the concentration of vacancies or
interstitials as well as the fractional interstitialcy or vacancy
mechanisms.

The processes of dry (and steam oxidation) favors the enhancing of
the interstitial concentration over vacancies. On the other hand, the
addition of chlorinated compounds such as__HCl favor enhancing the
vacancy concentration, retarding P diffusion3!. The nitridation of $i0,y
capped and bare silicon in an NH, ambient enhances the diffusion of B
and P but retards the diffusion of Sb in the Si0, capped silicon and the
opposite3§ffect is found when nitridation is performed on a bare silicon
surface. The effect of the various thermal heat treatments on dopant
diffusion and OSF’s length are summarized in TABLE III.

Table III. Effect of various heat treatment - dopant diffusion/OSF length

Oxidation Oxynitridation Nitridation Cl Oxidation
B,P Diffusion Enhanced Enhanced Retarded Retarded

Diffusion Diffusion Diffusion Diffusion
Sb Diffusion Retarded Retarded Enhanced Enhanced

Diffusion Diffusion Diffusion Diffusion
OSF Length Growth Growth Shrinkage Shrinkage

We have reporte on the effect of fluorinated oxidation on the
diffusion of boron. Subsequently, the effect of the fluorinated
oxidation effect on giffusion of phosphorous, arsenic and autimony were
also invesgtj ated.3 The detailed procedures for these studie are

SO procedures :
discussed®”’ and the results for the various dopants are included in
Reference 33.

From these studies we have calculated the point defect concentration
after both a dry and 0,/NF4 oxidation. The data for 1100°C and 0,/NF3
oxidation is shown in FIGURE 4.
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Figure 4. Change of <Ci>/Ci* and <Cy>/C,* vs. oxidation time in silicon
at 1100°C after OZ/NF3 oxidation.
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In contrast to the dry oxidation case, it is seen that the Si
interstitial concentration is lower than the concentration of vacancies
and thus injection of vacancies is favored during 0,/NF3 oxidation. It
is noted that with time as in the dry oxidation case, both defect
concentrations tend to merge. We have furthegsdetermined the estimated
fractional interstialcy for these diffusions.

From these and similar studies of diffusion under various "capping"
layers we can summarize the diffusion results in TABLE IV.

TABLE IV. Summary of the junction motion under various covering layers
with respect to the control region (5i0,/Si3N, layer) at 1100°C for wup
to 8 hrs. (B:bare silicon region, O:oxide covered region, N:nitride
covered region, OED:Oxidation Enhanced Diffusion, ORD:Oxidation Retarded
Diffusion, RD:Retarded Diffusion, OD:Out Diffusion, and NE:No effect)

Ambients Area P As Sb

dry oxidation Bare OED oD oD
Oxide OED OED ORD
Nitride RD(NE) RD RD

02/NF3 oxidation Bare ORD oD oD
Oxide ORD OED OED
Nitride RD(NE) RD RD

The role of fluorine on point defect balance under various capping
layers indicates that excess vacancies are generated during 0,/NFy
oxidation. This leads to retardation of B and P and enhancement of As
and Sb; just the opposite as that occurring under non-fluorine
oxidations.

E. Electrical Characterization

The effect g£ 3§1uorine on hot electron induced generag%ogg 3gf
interface traps~ "’ and improved hot electron immunity~?~:="°2%,
dielectric breakdown”~ as well as radiation response - have already been
reported. In our work we have investigated the influence of fluorine on
as grown interface traps using MOS capacitors as test structures. In
these studies we also performed SIMS analysis as a means of
investigating the incorporation of fluorine into the oxide with wvarying
oxidation processing parameters as well as effect on as grown interface
trap density.

High frequency capacitance-voltage (C-V) testing was Birformed for
all the MOS capacitor wafers used in these experiments. With the
oxide thickness given by ellipsometer measurements, the application of
this method yielded not only C-V curves but also the values of
quantities 1like the gate area, the flatband capacitance, the doping
density and the depletion region width. The gate area as evaluated from
C-V measurements was used, along with the surface potential versus gate
voltage data derived from Q-V measurements, for the evaluation of the

interface trap density for our MOS capacitors. High-frequency C-V
curves were compared for dry and fluorinated oxides grown at the same
temperature.

P 42,43

Charge-voltage (Q-V) characterization was performed for the MOS
capacitor wafers to extract surface potential against gate voltage data.
The surface potential versus gate bias curves was obtained for oxides
grown at 900°C for both dry and fluorinated (with 30 ppm NF3) oxidation;
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shift between the two curves. These data allow one to make the
evaluation of interface trap density as a function of surface potential
(FIGURE 5). The U-shaped curve is clearly wider for the fluorinated
oxide case and thus indicating a lower value of interface state density
for a given value of surface potential.

We believe that this fluorine-induced reduction of the interface
trap density can be attributed to passivation of dangling bonds at the
Si-SiOz interface as well as to removal of Si-Si and Si-O weak bonds,
which arzaall defects that introduce energy levels within the

silicon
band gap . Furthermore, fluorine bonding and incorporation in the
300
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Figure 5.

Interface trap density against surface potential, 900°C,
one-step oxidation.

oxide network in the area of the oxide near the Si-Si0O, interface would
promote interfacial strain relaxation; this would reduce the migration
towards the interface of non-bridging oxygen defects gznerating
interface traps according to the bond strain gradient model. 4074 Such
a mechanism, which would be much more important in the presence of
radiation or hot electron injection, is consistent with the observed
fluorine-induced oxide stress relaxation.

This work was supported in part by the Army Research Office wunder
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ABSTRACT

In-situ ellipsometry, both single wavelength and spectroscopic, has been used to
study the electron cyclotron resonance plasma oxidation of Si. Spectroscopic ellipsometry
has been used to establish that the best fit optical model for the oxidation is a two layer
model where the interface layer forms early and stabilizes and the outer layer is SiO,. The
interface layer is modeled well as a mixture of a-Si and oxide. The kinetics of film growth
were followed using single wavelength ellipsometry at a temperature insensitive
wavelength, and the results were in agreement with the Cabrera-Mott theory.

INTRODUCTION

Low temperature processing is required for the development of silicon technology.
For this purpose Electron Cyclotron Resonance (ECR) plasma appears to be a promising
tool. The most interesting feature of this method is that the high ionization ratio of the
plasma is associated with low energy ionic species. Therefore, it is possible to obtain high
quality films without the damage associated with impinging ionic species. The use of
plasmas to grow SiO, films dates from the beginning of Si technology’*?*, but the process
usually included elevated temperatures either during and/or after plasma treatment. A
number of studies on ECR plasma oxidation are available**%"®, In the latest of these
studies®, among the many experimental parameters examined, applied bias voltage effects
and electronics quality of the oxides was studied, and these issues overlap with the present
study and will be discussed further.

Since the ECR plasma technique enables the fabrication of thin oxides at low
temperatures, the present study is aimed at the understanding of the oxidation mechanism

The Physics and Chemistry of SiO, and the Si-SiO, Interface 2
Edited by C.R. Helms and B.E. Deal, Plenum Press, New York, 1993 55



of Si between about 80°C and 400°C. In order to obtain a reliable description of the
kinetics of the oxidation, in-situ during process ellipsometric measurements were used in
two complementary ways: static spectroscopic and dynamic real time at a fixed
wavelength. From the resulting experimental data the main features of the oxide layer are
extracted using a two layer optical model®!°,

EXPERIMENTAL PROCEDURES

A specially designed high precision spectroscopic ellipsometer was constructed with
an independent process chamber''2, The ellipsometer was a rotating analyzer system
with a Xenon lamp allowing a spectral range between 2.5 eV and 4.5 eV. This range was
chosen because it contains the main features of the dielectric function of silicon, viz. the
two interband transitions at 3.4 eV and 4.2 eV. One of the main problems with
performing in-situ ellipsometry is the unavailability of reliable optical properties versus
temperature data. In order to circumvent this difficulty, we obtained the spectrum at room
temperature after cooling the sample, and at the oxidation temperature we performed the
real time kinetics measurements at a specific wavelength. These latter measurements were
carried out using 340 nm (3.65 eV) light. This energy was chosen because we found that
the spectra measured at different temperatures are nearly coincident at this energy®. Thus,
at 340 nm we are able to ignore the temperature changes in the optical properties of Si and
obtain the changing thickness of the oxide layer. Moreover, for the thin oxides on Si at
this wavelength the accuracy of the rotating analyzer system is good.

The process chamber was equipped with a home-made electron cyclotron resonance
source operating at 300 W and at 2.45 GHz. For this study the oxygen pressure was 5X104
torr and the distance between the mouth of the microwave cavity and the sample was 20
cm. The sample was heated by a light source located at the backside of the sample stage,
and temperature was controlled by a thermocouple. The sample holder was electrically
isolated from the chamber and a bias voltage between the sample and the plasma cavity
was controlled by an independent power supply.

OPTICAL MODELLING

The physical parameters of the oxide layers are extracted both from the single
wavelength and spectroscopic ellipsometric measurements using optical models. In order
to interpret the single wavelength measurements in terms of Si0, thickness versus oxidation
time, a simple one layer model was used. From a comparison of the theoretical trajectory
corresponding to the growth of a layer with the experimental points, a thickness was
obtained for each experimental point. For the spectra consisting of 41 data points between
2.5 and 4.5 eV, a stratified two layer model was used. Each layer is either a medium for
which the optical properties are known, such as SiO,, or where the properties can be
described by a mixture of components. For this later case, the optical properties are
determined from the dielectric functions of the components and the volume fraction using
the Bruggeman effective medium approximation, BEMA®>. To limit the number of
parameters to be determined to four, we assumed that the entire oxide layer can be
described by no more than two layers and that each layer was composed of no more than
two components. The layers were assumed to be composed of one or two of the following
components with well known dielectric functions: ¢-Si', a-Si'*, SiO,' and voids. Four
reasonable models shown in Figure 1 were evaluated and the results are summarized in
Table 1 for a typical sample. From column 2 which shows the quality of the fit in term
of an unbiased estimator’, §, model 4 yields the best fit. This model yields an a-Si volume
fraction, f,, of near 50% for the interface layer, and the relevant parameters are the
thicknesses of the top SiO, film, L,,, and the interface layer, L;,.
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EXPERIMENTAL RESULTS

The ECR plasma oxidation of Si was studied at different sample bias and
temperature conditions. We found that an applied sample bias of -30 V halted the film
growth, and the plasma became unstable above 60 V. Thus our investigation was between
these values.

SO, SC']C; SIO; | | sio, | L
d SO 408 ——
; 5= |
si 5 S| si
1 2 3 4

Figure 1. Optical models considered.

Table 1. Comparison of the optical models.

MODEL  éX10* L, Line £, (c-Si or a-si)
(nm) (nm) $
1 167 10.6 * 0.5 \ \
2 104 9.6 + 0.4 \ 4.6 £ 1.5
3 115 7.6 £ 1.5 2.0 £ 0.7 39 % 60
4 48 7.8 £ 0.3 2.2 £ 0.2 54 t 4

Figure 2 shows the evolution of the ellipsometric parameters, A and ¥, during the
first 20 min of room temperature oxidation. In this Figure the solid line corresponds to
a calculation performed with a one layer model (model 1 in Figure 1). From these results
along with spectroscopic measurements, it appears that two different oxidation regimes
occur during plasma oxidation. The first regime corresponds to about the first five degrees
shift of A downwards, or about 2 nm in oxide thickness. The general behavior of the
trajectories suggests that the ion bombardment is the main effect. The second oxidation
regime corresponds to the growth of the SiO, film. During this period the experimental
points are close to the theoretical line for an SiO, on Si layer. The different trajectories
used for fitting were calculated using different refractive indexes for the SiO, layer.
Spectroscopic measurements were performed during this second regime and were analyzed
using Model 4 yielding L,, and L,, values. The evolution of these parameters is shown
in Figure 3. The interface layer was always found to be composed of nearly 50 % a-Si
and 50 % SiO,. These results show that the interface layer forms during the first stage of
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Figure 2. Evolution of the A, ¥ trajectories with oxidation.

oxidation and remains almost constant during the growth of the oxide layer.

Studies of oxidation were also done at four substrate temperatures (50°C, 200°C,
300°C, 400°C) at a bias of 30 V. The shape of the film thickness versus time data is
similar for all the temperatures. However, for the longest times or the thicker oxides the
unbiased estimator of the fitting procedure increases showing the limitation of the optical
model.

+ 60 V

THICKNESS (nm)
[«.]

0 20 40 60 8 100 120 140 160 180 200
TIME (min)

Figure 3. Results of two layer modelling of spectroscopic measurements. Open symbols
represent oxide thickness, solid symbols represent interface thickness.

DISCUSSION OF RESULTS

For thermal oxidation of Si there exits significant evidence that the linear parabolic
oxidation model is a reasonable approximation to the kinetics'’. In the ECR plasma
oxidation at low temperature the moving species are most likely different from those for
thermal oxidation and the transport of these species is not only due to diffusion, but also
and more importantly to the drift of charged species in the electric field. Many of these
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kind of models also yield a linear parabolic rate law'®. In order to check the consistency
of such an approach, the oxide thickness versus the square root of the time for the growth
of one of our thicker oxides is plotted in Figure 4.

{om)
3 ¥ S & &

THICKNESS

w
1

R (imin'/z) [} 8 10
Figure 4. Thickness of the oxide layer as a function of the square root of ECR oxidation
time obtained at 300°C for 30 V applied bias.

After the first few data points the results fit the t'?> dependance. Thus our results are
interpreted with the simple relationship:

L*=Bt+C

where L and t are the oxide thickness and the oxidation time, respectively, and B and C
are constants. Parabolic behavior was also reported in a previous ECR oxidation study?
for the early regime. All the data fit to this equation gave insignificant values for C. Thus
only B was used for comparison with the model. Therefore, using the total thickness
L.=L+L;, as the thickness of the layer, Figures 5 and 6 show the kinetics data and the
linear fits which provide the parabolic coefficient B.

Using the Cabrera-Mott theory'” for oxidation by charged species in the limit of the
low field, the growth rate law is given by:

200
+ 60V
1504
':—\100-
£
£
.
-~ -
%% % 6 8 100 1% 1lo 1% 1% 200
TIME(min)

Figure 5. Growth law for four applied bias voltages.
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E\V,t
L*=C,exp| -2 |- —2-+C,
kT) kT

where C, and C, are constants, V,, is the potential drop across the oxide film, E, is the
activation energy for diffusion, t is the oxidation time, T is the temperature, and k is the
Boltzman constant. In order to compare our results to this theory, the dependance of our
experimental parabolic coefficient as a function of temperature and bias voltage is plotted

in Figures 7 and 8.
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Figure 6. Growth law for four temperatures.
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The linear fit shown in Figure 7 yields an activation energy of 0.18 eV, which is
notably lower than the activation energy for thermal oxidation (more than 1 eV'), and
indicates a very different oxidation mechanism. The linear increase of the growth rate
with the bias reveals that the oxidizing species are negative. Considering that in the ECR
plasma the density of electrons is high, and consequently, the density of negative ions is
low, a multistep process can be envisioned as was similarly reported for ECR formation
of thicker ECR grown oxides®. For the present situation we consider first that electrons
in the plasma attach to oxygen producing the molecular ion, O,". This species is less stable
than O,, and will readily decompose to the atomic species O and O". The O can readily
migrate through the oxide with a positive sample bias.
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The best optical description of the interface layer was as a mixture of oxide and
amorphous silicon. This description simulates the result of several phenomena: interface
roughness, suboxides, and strained oxide. From our measurement we cannot decide which
ones are dominant, but we know for sure that this interface layer is very different from a
pure oxide and that its optical behavior is almost constant during plasma oxidation, hence
this layer can be used as a marker. The immutability of this layer during the growth
strongly suggests that the oxidation occurs between this layer and the outer surface. In this
way oxidation occurs from the movement of both the Si outward as a cation and the
oxidant species inward as O". In this hypothesis the interface layer is partly the result of
the migration of Si* through the first layer of the oxide. Our previous study of the nature
of this interface layer® has shown that with positive or zero bias this layer is optically
indistinguishable from the interface layer seen for thermally grown SiO,, and the recent
Carl et al work® has shown similar electrical quality for the positive and zero biased ECR
oxide films with thermal oxides.
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MECHANISMS OF OXIDATION RATE ENHANCEMENT IN
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ABSTRACT

Negative-point oxygen corona discharge processing at 600°C-900°C dramatically
enhances the oxidation rate, while creating SiO2 films with the refractive indices and
oxygen transport characteristics normally found in films dry-thermally-grown at 1000°C-
1200°C. By an analysis of the atomic mechanisms affecting the corona-treated region,
features of the film thickness enhancement profile are quantitatively explained by additive
components: relaxed oxide density differential, field-aided O- ion flux, and enhanced
oxygen diffusion.

INTRODUCTION

As integrated circuit fabrication technology continues to move toward smaller device
geometries, low-temperature processing continues to become more important. Considerable
recent work [1-8] has investigated novel methods of creating SiO2 films for the thin gate
dielectrics critical to MOS technology. Since low-temperature processing has been
associated with increased film stress levels, the study of stress in SiO2 films continues to be
important. The negative-point oxygen corona-discharge technique has been discussed in
several publications [9-12] as an alternate method for achieving strain-relaxed, high-quality
SiO2 layers on Si at 600°C - 900°C.

REVIEW OF THE CORONA-RELAXATION TECHNIQUE

The corona technique has been shown to be effective in significantly enhancing the
oxidation rate, at the same time producing uncharacteristically relaxed films [9-12]. While
one would expect [13-14] a more rapid oxidation rate to aggravate the stresses already
present during low-temperature growth, the resulting films instead have the refractive index
and oxygen transport properties [13-16] of films dry-thermally-grown at much higher
temperatures (1100°C - 1200°C), indicative of a substantially more relaxed film.
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Figure 1 shows the thickness and refractive index profiles of a film grown by a long
corona-enhanced oxidation. Note that in the control (corona-unaffected) regions, the oxide
grew to the thickness normal [17-18] for a 900°C, 9 hour oxidation, while the refractive
index likewise reflected the 1.469 value characteristic of 900°C growth. By contrast, in the
thickness ranges of the corona-enhanced region where the refractive index was readily
measurable, the refractive index dropped and saturated at 1.461, a value characteristic of a
high-temperature-grown film. While Figure 1 shows results for an oxide film grown by
corona from bare Si, the phenomena of enhanced oxidation and relaxed refractive index are
also obtained when an existing strained (for example, 800°C-grown) SiO2 layer is subjected
to a short corona treatment [9-11].

Figure 1. Xox and Nox profiles for oxygen-corona-enhanced oxidation at 900°C for 9 hours at -5pA. Nox
could be accurately measured only in the shaded regions ~1000-1800A and ~3900-4700A.

O- ions have been shown [10-11] to be the agent of relaxation, and isotope oxygen
tracer studies have shown [10] that the corona causes bulk relaxation in the film network.
Furthermore, studies on 2-D SiO2-Si structures [12],where the stresses are expected to be
much greater, have shown that very effective viscosity reduction must occur during the
corona oxidation. This paper will explore further the atomic mechanisms present during
corona-oxidation by analyzing components of oxide thickening on a corona-treated wafer.

The corona apparatus used and the protocols followed for these experiments have
been described in earlier papers [9,10,19], and will only be briefly summarized here. The
corona apparatus, constructed exclusively from quartz, sapphire, silicon and platinum, is
operated in a standard oxidation furnace at atmospheric pressure. The negative point-to-
plane corona is turned on and off while the oxygen is flowing. The wafers used were
lightly-doped p-type Si<111> and <100>. Bare Si wafers were cleaned by the Reverse-
RCA procedure, while for wafers covered with oxide films, the HF dip was omitted.[19].



THE MECHANISMS

(1) Refs. [13-16,20] show that the refractive index and density of thermally-grown
SiOz2 films vary systematically with the growth temperature. A film dry-grown at 800°C
(Nox = 1.472) is “3% denser than one dry-grown at ~ 1150°C (Nox = 1.460). Moreover,
such dense films grown at the lower temperatures actually thicken (swell) by the appropriate
percentage [20] when annealed in inert ambients. This thickness enhancement is found to be
in effect during corona processing as well. This component shall be called:

AXs = {(Initial Nox) - (Final Nox)} (0.03) Xi
(1.472 - 1.460)

where Xi is the initial oxide thickness. For example, for an 800°C-grown 1100A oxide,
relaxed at 600°C, the final refractive index is 1.464 (Ref [10] provides data on the refractive
index obtained as a function of treatment temperature), and

AXs = (1.472 - 1.464) (0.03) (11008) = ~22A
0.012

(2) Previous work on corona-discharge processing [9-11] has shown that each
negative charge (e-) emitted from the high-voltage needle reaches the Si sample (the plane in
the point-to-plane discharge) as an O- ion. These O- ions are driven by the electric field
through the existing film to the Si/SiOz interface, providing an extra oxidant flux in addition
to the normal flux of diffusing oxidant (assumed neutral). This component shall be called:

AXo- = (DNW(Q)(Mox) = AXo-post + AXo-dose

where J is the beam current density, t is the corona treatment time, q is the electronic charge,
and Mox is the number of O atoms per cm3 of SiO2. As indicated in the above equation, this
component can be further separated into AXo-dose, representing the extra thickness incurred
directly from the dose of O required to completely relax the oxide, and AXo-post,
representing the extra oxide due to continued ionic flux after complete relaxation.

Previous work [10-11] showed that AXo-dose is proportional to {(Initial Nox) -
(Final Nox)}. For example, for dry 8000C-grown SiO2 on Si<111>, it is 1% of the initial
oxide thickness Xi, while for dry 800°C-grown SiO2 on Si<100>, it is ~1.5%.

(3) Other recent research [10,16] has shown that, for oxidation at low temperatures
(700°C-1000°C), normal oxidant diffusion is significantly enhanced if the existing oxide
layer has the refractive index (density) of an oxide grown at a higher temperature. Since a
short corona-discharge treatment can render the treated region of oxide to be as relaxed as a
high-temperature-grown film, the diffusivity of normal oxidant during the remainder of the
corona processing will be substantially greater than that normal for the treatment
temperature. For example, if the corona-discharge oxidation or relaxation is occurring at
800°C, the parabolic rate constant [17,18] for the component of oxide growth due to the
flux of normal (O2) oxidant will be enhanced by approximately x10. The oxidation growth
law [17,18] would then indicate that, for an oxide ~1100A thick, the component of oxide
growth due to this flux of normal oxidant will be enhanced by about x2.5. This component
shall be called:

AXth = AXenh-diff - AXstd = AXth* + AXhpost

where AXenh-diff is the oxide grown by enhanced oxidant diffusion, and AXstd is the oxide
that grows in the control (corona-unaffected) region for the same temperature and time. As
indicated in the above equation, this component can be, at least conceptually, separated into
AXtw* (some partially-enhanced oxidation occurring before full relaxation has been
achieved) and AXwpost (after full relaxation has been achieved).

The above 3 mechanisms are all expected to be in effect during corona processing,
and are used in this paper to account for the total oxide thickness enhancement in the
corona-treated region. Therefore,

AXox = AXo-+AXth +AXs



Figure 2 depicts schematically the case of corona-relaxation of a film pre-grown at a
low temperature (for example 8000C). The thickness of the oxide in the treated region
follows an approximately bell-shaped profile. Outside the treated region the refractive index
is at the level normal for the processing temperature. Moving from the edges of the treated
region toward the peak, the refractive index decreases and saturates at the relaxed level. At
the outer edge of the treated region, the refractive index falls rapidly while the thickness
rises. Of particular interest is the thickness at which the refractive index reaches the fully-
relaxed value (the "just-relaxed thickness”). In terms of the above-described quantities, this
just-relaxed thickness is:

AX* = AXo-dose + AXth* + AXs
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— ceeececcccann ax* for
ol I | T [
° ‘\ Initial Xox

(AX0x20)

............ <4— [nitial Nox
Nox ‘\(k /

.......... Nox Saturation
(27 Level

Distance Across the Sample

Figure 2: Schematic showing AX*, the "just-relaxed thickness”, for two generic cases: (1) the film is
barely relaxed at the center, (2) the saturation region has widened as the corona process has continued.

EXPERIMENTAL RESULTS
Analysis of the Just-Relaxed Thickness, AX*

Table 1 shows all the numerical information for a variety of experimental cases.
Uncertainty in the observed AX* (the rightmost column) represents both the variation in
observed AX* for repeated samples and the uncertainty in determining the location of the
exact edge of the saturation region for any given sample. The saturation region edges are
particularly uncertain for higher treatment temperatures.

For the predicted AX*, the lower bound assumes that no enhanced thermal oxidation
begins until the oxide reaches the saturation level (this is the condition: AXth*=0), while the
upper bound assumes that it begins as soon as the corona is active and proceeds at its max.
rate for the duration of the treatment. Any realistic case will be between these extreme limits.

By comparing the predicted and actual ranges in Table 1, one can see overlap betwen
theory and experiment for all of these experimental cases. Figure 3 shows data for constant
20-minute treatments, while Figure 4 plots data for different treatment times at 800oC and
9000C. These two figures demonstrate neatly the following trends: (1) AX* increases with
decreasing initial oxide growth temperature, indicating the effect of the larger swelling and
dose components. (2) AX* increases with increasing corona treatment temperature,
indicating primarily the effect of the increasing the AXth* component. (3) AX* increases
with increasing corona treatment time, indicating again the effect of the increasing AXth*
component. (4) Enhanced thermal oxidation (due to the O2 oxidant flux) in the treated region
begins substantially before the saturation level is reached, because theoretical values near the
upper end of the predicted ranges are frequently necessary to match the experimental data.
Thus AXth* # 0 (except perhaps at 6000C and 7000C corona treatment temperatures).
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Figure 3. Comparison from Table 1 of theoretically modelled AX* with observed experimental values for
constant 20-minute corona treatments.
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Figure 4. Comparison from Table 1 of theoretically modelled AX* with observed experimental values for
different treatment times at 8000C and 9000C.

In addition, other data from Table 1 demonstrate good matches between theory and
experiment for thicker (1750A) initial films and for <100>-grown initial films. These
strongly support the trends relating swelling and dose components to the initial conditions of
the film. The data for corona treatments at 5000C again agrees with the trends, although the
uncertainty in this data is larger.

It should be noted that, if the predicted % swelling, AXs, were chosen to be
dependent only on the Initial Nox (instead of being also dependent on the Final Nox) the
theoretical data would not overlap with the experimental values at low temperatures (500°C -
7000C). This is shown in Figure 5 for several of the cases from Figure 3. Using the
predicted AXO-dose and AXth* from Table 1, and a AXs of (0.03)Xi for initial oxides grown
at 8000C, a predicted AX* was calculated for comparison with the actual experimental data.
As Figure 5 shows, these modified theoretical values are too high at 600cC and 700°C.
Since scatter in the actual data is smallest at these lower temperatures, the use of Xi
dependent on the Final Nox is supported.

Oxidation Enhancement After Full Relaxation

As explained in Ref[10,11], after achievement of the saturation level in the center of
the corona-treated region, the film continues to grow as the saturation region widens. The
thickness in the relaxed region increases w. time due to AXmpost and AXo-post components.
In order to compare with theory, the volumes of extra oxide grown in the treated regions
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Figure 5. Comparison of observed experimental values for AX* with a modified theoretical model: instead
of AXi, a constant 3% of the initial oxide thickness was used for 800°C, dry <111>-grown oxides, along
with the other components from Table 1.

were estimated from AXox - AX*, and compared with the extra volume calculated from the
number of oxygen atoms expected from the ionic flux AXo-post. Each electronic charge q in
the corona dose was assumed to yield one extra oxygen atom in the resulting film.

Although the results were subject to considerable error in estimation of volumes, in
no case did the estimated extra volume exceed that expected from the ionic flux AXo-post, It
can be concluded that, although the corona-treated oxide was exposed to significant
concentrations of neutral O atoms in the corona space-charge region as well as O- ions, only
the O- ions caused extra oxide growth.

Table 2 compiles a detailed comparison between measured and expected
quantities for a small subset of the experimental data. In order to minimize uncertainty,
only a selection of samples with large expectedaXo-postis studied. AXox profiles were
approximated by cones of peak height (AXox - AX*),and diameter equal to the observed
treated region width. The implied number of O atoms in the volume of extra growth best
correlated with O ion dose at 800°C, where it approached to within ~20%. At lower
temperatures, the extra volume fell short of predicted values by as much as 50%. This
reduction can be explained by considering the effects of electronic and ionic conductivity
in SiO,.

Table 2. Expected and Actual Oxygen Atoms in the Saturated Region

Corona Corona Expect. AXoxPeak Obsvd. Actual Actual % ionic
Treat. Treatment Extra - Treated Extra % Conductivity
Temp. Parameters Oxygen AX* Region Oxygen of in SiO2
Atoms/cm3 Radius Atoms/cm3 Expect. from [21]
9000C -4pA 20mins  2.25x1016 (80A) 6mm  1.35x1016 (60%) ~80-90%
8000C -4pA 20mins  2.25x1016 90A  6.5mm 1.8x1016 80%  “90%
7000C -4pA 20mins  2.25x1016 65A  7mm 1.5x1016 67%  ~80-90%
6500C “50-70%
6000C -4pA 20mins  2.25x1016 50A  7.5mm 1.3x1016 58% -
5500C 730-60%
5000C -4pA 20mins  2.25x1016 70A  7.5mm 1.85x1016 (50%) -

Actual extra O atoms are calculated by modelling post-relaxation corona profiles as cones of volume
(1/3)(nr2X(AXO-Post), where AXO-POst = AXO- - AXO-dose,

Due to the large uncertainties inherent in both the observed thicknesses and the modelling of the extra
volume as a cone, this table is intended only to indicate a trend, not for quantitative use.
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Work by Srivastava et al [21] showed that the partitioning between electronic and
ionic conductivity in thermal SiO2 varies with temperature. In particular, the ionic
component reaches a maximum near 90% at 8000oC, dropping slightly at higher temperatures
and falling off sharply at lower temperatures. Their results for SiO2 on p-type Si are also
tabulated in the rightmost column of Table 2.

This agreement can be understood by considering separation of the corona beam
ionic flux into ionic and electronic conduction components. A significant component of the
incoming O- must dissociate into O atoms and conduction electrons (e-). The extra oxide
growth is accounted for primarily by the ionic O- flux, while the neutral O atoms produced
are likely to retumn to the gas phase.

IMPLICATIONS FOR CREATING UNIFORM SiO2 FILMS BY CORONA

If the corona treatment technique is ever to approach viability for modern Si
processing, the uniform treatment of full wafers must be achieved. At present this is not
possible, because the bell-shaped region in which oxidation is enhanced is an inherent
property of the point-to-plane geometry. Even using a grid of points (instead of a single
point) suspended above the wafer, uniformity promises to be a formidable task. However,
if one uses an understanding of the mechanisms detailed above, one can choose processing
conditions which minimize the effect of mechanisms which lead to the most non-uniformity,
while maintaining the relaxed property of the resulting oxide.

For example, AXth can be minimized, perhaps by keeping the corona treatment /
oxidation temperature as low as possible (Table 1 shows AXth ~ 0 at 600oC -700°C). Also,
since the swelling component is upper-bounded by (0.03)Xi, uniformity will be favored by
full relaxation. Further, AXo- should be kept as low as possible, while maintaining its
ability to fully relax the oxide strain. In other words, it should be held at AXo-dose,

The above conditions can be satisfied by producing thin oxides by corona-enhanced
oxidation of bare Si at a low temperature (e.g. 7000C-800°C). If the corona current density
were kept low, just high enough to relax the strain as the film grows, there would be the
potential to achieve uniform, high-quality thin gate dielectrics.
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ABSTRACT

Thermal passivation of Sij.xGey using high pressure (70 MPa) oxidation was studied
for potential use in MOS-device applications. Alloys of CVD-grown Sij-xGex (with x=10
and 15 at. %), 200 and 150-nm thick respectively, were oxidized using high purity dry
oxygen at a pressure of 70 MPa and a temperature of S00°C. For comparative purposes, a
second set of alloys were oxidized using conventional wet atmospheric pressure oxidation
at 800°C. X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, Transmission
electron microscopy (TEM) and MOS C-V measurements were used to characterize the as-
grown oxides. Chemical analysis by XPS confirmed that under high pressure conditions,
compositionally congruent oxides are grown from these alloys. High resolution TEM and
Raman spectroscopy show that the as-grown oxide/semiconductor interface is planar and
free of Ge enrichment on a scale of 1-2 monolayers. A midgap interface state density for
both the 10 and 15 at. % samples of 1x1012 cm2eV-1 was estimated based on 1 MHz C-V
measurements.

INTRODUCTION

Strain-layer heterostructures of Sij.xGex grown on <001> Si substrates have been
used in the fabrication of heterojunction bipolar transistors with exceptional
performance [11. The next level of technological advancement in this materials system will
probably take advantage of higher hole mobilities [2] in Sij.xGex to form channel regions in
applications such as CMOS and BiCMOS. In order to fully exploit this opportunity, a high
quality surface passivation must be developed for Sij-xGex. High dielectric breakdown
fields, low density of interface and oxide states, thermal and chemical stability, and
compatibility with standard device processing are all essential requirements for such a
passivation material.

The Physics and Chemistry of SiO, and the Si-SiO, Interface 2
Edited by C.R. Helms and B.E. Deal, Plenum Press, New York, 1993 71



Conventional Si atmospheric oxidation is not useful for the Sij.xGex system because,
under these conditions, Si is selectively removed from the alloy such that Ge accumulates at
the oxide/alloy interface [34]. The formation of the resulting Sij.xGex/Ge/SiO2 sandwich
has been shown [5] to be due to the much more negative free energy of formation of SiO2
compared to GeO;. The presence of Si sets the equilibrium oxygen potential at the reaction
interface far below that at which Ge is oxidized and, consequently, the near-interface region
of the alloy is denuded of Si. The breadth of the denuded region depends upon the rate of
Si diffusion through Ge. High pressure techniques allow increased oxidation rates at low
temperatures so that diffusional transport of underlying Si to the reaction interface is
retarded.

In previous work we reported [3.5] the use of high pressure dry oxygen (>70 MPa) for
the passivation of alloys of Sij.xGex at low process temperature (<550°C). With this
approach, compositionally congruent oxides were produced from Sij.xGex so that
macroscopic enrichment at the oxide/alloy interface was eliminated. Although high quality
Si1-xGex passivation has been produced using MBE alloy growth and subsequent in situ
deposition of Si3N4 in an UHV chamber [¢-8- 6], we believe that the high pressure approach
offers a practical alternative. In both the MBE and the HPO techniques the
insulator/semiconductor interface is never exposed to the atmosphere. In MBE this is done
using multiple UHV chambers while in HPO the parent material is consumed during
oxidation such that the final oxide/alloy interface is formed from pure, unexposed material.

In this study we have examined the feasibility of using dry high pressure oxidation
for the production of MOS quality passivation for alloys of Sij.xGex (x=10 and 15 at. %)
grown by CVD. The oxides were characterized chemically, structurally, and electronically
using many of the techniques that have been previously applied to the Si02/Si system.
These techniques include X-Ray Photoelectron Spectroscopy (XPS) for chemical and
compositional analysis, Raman Spectroscopy for the detection of interfacial Ge, and
Transmission Electron Microscopy (TEM) for structural analysis of the
oxide/semiconductor interface. In addition, MOS devices were fabricated to allow
Capacitance-Voltage (C-V) measurements which were used for the evaluation of the
electronic performance of the oxide/semiconductor system. These measurements are of
obvious importance for many device applications since interface state charges are in direct
electrical communication with the underlying semiconductor and can lead to a wide variety
of degrading electronic effects.

EXPERIMENTAL

Alloys of Sij-xGex with two compositions, x=10 and 15 at.%, were grown on 20-25
Q-cm <100> Si by CVD [!] to a thickness of 200 and 150 nm respectively. The alloys
were doped during growth with boron to roughly match the substrate. Subsequent depth
profiling by spreading resistance measurements showed that the alloys (and underlying
substrate) were p-type in the range 0.5-1x1015 /cm3. The alloys were oxidized using ultra
high purity dry oxygen at a pressure of 70 MPa and a temperature of 500°C using our high
pressure oxidation (HPO) apparatus. Prior to HPO, the wafers were cleaned in hot
electronic grade trichloroethylene, followed by acetone and methanol baths, a rinse in
deionized water, and finally a 2 minute 10% HF:H20 dip. After a final rinse in deionized
water the samples were blown dry and immediately loaded into the high pressure oxidation
chamber. For comparative purposes, a second set of alloys were oxidized using
conventional wet atmospheric pressure oxidation at 800°C.

Our HPO system is described elsewhere [5] and is based on a similar system used by
others 7] for the oxidation of pure Ge. Briefly, samples were loaded into a quartz lined
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pressure vessel which was repeatedly flushed with N3 followed by evacuation to a pressure
of ~6.7 Pa. Under vacuum the furnace was ramped to the oxidation temperature of 500°C.
The furnace tube was then filled with dry oxygen to a working pressure of 70 MPa which
initiated the oxidation run. Oxidation was terminated by moving the furnace away from the
reactor tube. After the reactor and contents had cooled to 200°C, the high pressure O2 was
bled-off and the samples removed. An oxidation time was selected based on kinetics
studies (which will be presented elsewhere) to produce oxides 40 to 55 nm thick
(depending on Ge concentration) suitable for MOS C-V measurements.

After each run the thickness and refractive index of the HPO oxides were determined
using ellipsometry. The thickness measurements were later confirmed using cross-
sectional TEM. Detailed XPS studies were used to evaluate the composition of the oxide
and to provide insight into the chemical state of the Ge and Si incorporated in it. For these
XPS studies a Phi 5500 multitechnique system, equipped with an aluminum anode, non-
monochromatic K-alpha source, was operated at an energy of 1486.6 eV. The procedure
was to acquire integrated peak spectra, linearly subtract the background, and apply
previously determined sensitivity factors to determine the concentrations of the Ge in the
as-grown oxides.

Raman spectroscopy was used as a sensitive and non-destructive probe [8] for the
presence of Ge enrichment at the oxide/alloy interface. A double monochrometer and
excitation by the 514.5 nm line of an Ar ion laser were used. To complement the Raman
studies, selected samples were examined using a JEOL 2010 TEM operating at 200 keV for
high resolution imaging of the oxide/alloy interface. Standard techniques were applied to
prepare cross-sectional TEM samples for studying the HPO/alloy interface.

Filament evaporation of Al (99.99% pure) through a shadow mask was employed to
form an array of MOS capacitor dots, 0.10 mm?2 in area, which were deposited on 40-55
nm thick oxides. Prior to C-V analysis, these MOS structures were annealed in an 80/20
No/H; forming gas mixture for 20 minutes at 450°C. A PAR 410 automatic C-V plotting
system was used for high frequency (1 MHz) C-V measurements .

SCALE FACTOR= 0.0645 k c/s, OFFSET= 0.008 K c/s PASS ENERGY= 17.900 eV Al 400 W
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Figure 1. XPS spectra of the Ge2p3 peak from a 50 nm thick HPO oxide (dry 02, 500°C and 70 MPa)
grown on Sig5Ge1s, under two conditions: a. (dotted curve) as oxidized, b. (solid curve) after an anneal at
800°C for 1 hr. A peak at the elemental Ge binding energy (1217.20 eV) appears in (b) but not (a).
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RESULTS AND DISCUSSION

In previous research we established growth conditions for the synthesis of
compositionally congruent oxides from Sij.xGey alloys. In this paper we report on the
characterization of 40 and 55 nm thick oxides grown by HPO on 10 and 15 at.% Ge alloys
as part of an evaluation of this technology for potential MOS applications. Analysis began
with the use of XPS for the determination of the composition and chemical state of the
oxides. The chemical state of the Ge in the oxide was of particular concern since Ge in a
substoichiometric (e.g. Ge vs GeO vs GeO») state can lead to electron traps and/or oxide
leakage. The structural quality of the oxide/alloy interface with respect to Ge enrichment
and interfacial smoothness were evaluated in the as-grown condition using high resolution
TEM and Raman Spectroscopy. In addition, annealing studies at 700 and 800°C were
carried-out in order to establish the thermal stability of the oxide and its compatibility with
potential post-growth device processing. Finally, the oxides were evaluated using C-V
measurements to determine the electronic performance of the HPO/alloy interface.

XPS and Raman Spectroscopies

In previous work [3.4.5] it has been shown that conventional wet atmospheric oxides
grown at 800°C from alloys of Sij-xGeyx consist of pure SiO and are free of Ge. We have
found that this is not the case when the oxidation temperature is lowered to 500°C and pure
oxygen at a pressure of 70 MPa is used for oxidation. Detailed compositional analysis
from XPS data (from both Ar ion sputter cleaned and uncleaned samples) show that the

RAMAN INTETENSITY (arb. units)

Arnd,

200 300 400 500 600
RAMAN SHIFT (cm™)
Figure 2. Raman Spectra of Sig5Ge1s5: (a) before oxidation, (b) after HPO in pure O at 70 MPa,

500°C, (c) after conventional atmospheric wet oxidation. A Raman peak corresponding to the elemental
Ge-Ge excitation mode is present in (c) but not in (a) or (b).
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relative Si-Ge coniposition of the oxide is identical to that of the underlying alloy for both
the 10 and 15 at. % samples. Of equal importance is the chemical state of the Ge in the
oxide which was analyzed using a Gaussian curve fitting routine to analyze the Gep3-peak
in the XPS spectra. An unoxidized Sii.xGex-alloy sample was used to provide a
calibration for the position of the elemental Ge XPS peak. In Fig. 1(a) an XPS spectrum
obtained from a 50 nm thick HPO oxide (dry O3, 500°C and 70 MPa) grown on a 150 nm
thick SigsGejs alloy film is presented. Gaussian analysis shows that the Gezp3 peak is
consistent with a bonding configuration for GeO (1220.40 eV) and, to a lesser extent,
GeO (1221.83 eV) [9]. Importantly, there is no detectable elemental Ge peak (1217.20 eV)
in the XPS spectra which shows that Ge was chemically incorporated into the oxide.
Similar results were obtained from oxides grown from SiggGejg alloys.

By annealing these oxides above 800°C for 1 hour, elemental Ge precipitates form in
the oxide and the resulting XPS spectra (Fig. 1 (b)) shows a clear shift in the Geap3 peak to
the lower binding energy level characteristic of elemental Ge. The precipitation
phenomenon has been discussed elsewhere [10] and is a result of the chemical metastability
of these Si1-xGexO» oxides when in contact with elemental Si. Our annealing studies have
shown that a similar anneal for 1 hour at 700°C does not result in either a chemical or
structural change in the oxide that is detectable by either Raman, XPS, or TEM. Based on
these studies the HPO oxides are certainly stable at device operation temperatures and are
sufficiently stable for many (but not all) device processing steps.

Conventional XPS studies of the oxide/alloy interface are not feasible for the 40-55
nm thick oxides that form the basis for this report. Argon ion sputtering is required in
order to expose the interface and this is known to cause preferential removal of one or more
species from the oxide. As an alternative, Raman spectroscopy was used to non-
destructively evaluate the oxide/alloy interface for the presence of elemental Ge. This tool
is highly sensitive to interface accumulation of Ge due to strong absorption of the Ar+
(514.5 nm) laser light and has been used previously 8] to analyze 1 to 6 monolayers of Ge
on a Si substrate surface. Spectra are presented in Fig. 2 for the SigsGe15 alloy in (a) the
unoxidized state and (b) after oxidation in pure Oy at 70 MPa and 500°C. Figure 2(c)
shows the SigsGejs after conventional atmospheric steam oxidation at 800°C. In all three
cases the Si-Si vibration mode due to the substrate can be seen at 510 cm-! but only in the
conventional steam oxidized sample is there a peak at 302 cm-1 which corresponds to the
elemental Ge-Ge vibration mode. In addition, the deterioration of the interface due to
conventional oxidation can be seen in Fig. 2(c) where interfacial roughening has caused
increased scattering of the Ar+ laser light and consequently a sharp increase in the level of
background noise.

High Resolution Transmission Electron Microscopy

The importance of interface morphology has been demonstrated in the Si/SiO; system
where the presence of interfacial hillocks or asperities in thin gate oxides used in MOS
devices results in premature dielectric breakdown, a reduction in channel carrier mobility,
and an increase in interface states. We have used high resolution TEM to evaluate the
interface planarity of the Sij.xGexO2/Si1-xGex interface formed by HPO. A high resolution
TEM image of an HPO oxide/Sig5Ge 5 alloy interface oriented so that the substrate <110>
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Figure 3. A high resolution TEM image of an HPO oxide/Sig5Ge]5 interface oriented so that the
substrate <110> direction is parallel to the incident electron beam. There is an abrupt transition from
amorphous to crystalline contrast at this oxide/Sig5Ge15 interface.

direction is parallel to the incident electron beam is shown in Fig. 3. This figure shows that
there is an abrupt transition from amorphous to crystalline contrast at the oxide/alloy
interface. Variations in the planarity of the interface appear to be no greater than 1-2
monolayers in amplitude and the interface morphology is qualitatively comparable to that
which is reported [11.12] for Si/SiO, interfaces used in MOS devices.

It should be noted, however, that the oxide and the alloy/oxide interface in all of the
HPO oxide/alloy samples studied were susceptible to electron beam damage after relatively
short exposures (<3 minutes) to the 200 keV beam. This damage is probably due to
electron beam stimulated reaction between the substrate and the oxide resulting in the
production of elemental Ge and pure SiO». For this reason a minimum dose technique was
applied in order to obtain the image presented in Fig. 3.

Capacitance-Voltage Electronic Characterization

High frequency 1 MHz C-V curves were measured from Al metallized structures
fabricated from alloys of 10 and 15 at.% Ge oxidized using the HPO conditions previously
described. A representative example of the measured C-V data (solid line) is presented in
Fig. 4 for Sij.xGex with x=15 at.%. There is no observable hysteresis displayed for this
measured curve or for any other curves acquired from samples of either Ge concentration.
These curves were, as compared to the ideal (dotted line) curve, elongated along the voltage
axis corresponding to a continuous distribution of states in the band gap. Past studies have
revealed that if an MOS structure contains a relatively large number of states the C-V curve
will exhibit shape distortions [13]. Broad slope variations are generally attributed to the
presence of a continuous distribution of states in the bandgap while specific breaks in the
curve are likely due to single levels in the gap. The location of these distortions can be
related to the position of the states in the gap. The Terman method [14] was used to
estimate the number of states associated with the observed elongation .
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Figure 4. Example high frequency C-V curves for a MOS device fabricated from a Sig5Ge]5 alloy after
HPO. Solid line: measured curve, dotted line: ideal (no interface traps) calculated curve. The measured
curve is elongated along the voltage axis as compared to the ideal curve.

In order to apply this method, high frequency curves were obtained from
Goetzberger's calculations [15] for the ideal (no surface states) case while assuming the
same dielectric constant and bandgap as Si. These assumptions were made because the
thickness of the Sij-xGex layer is an order of magnitude thinner than the maximum
depletion depth [16] calculated given the matched doping of the Sij.xGex and Si substrate.
In addition, our ellipsometric measurements of the refractive index of the Si;_xGexO, are
very close to that of SiO2 (n~1.46). With these assumptions in mind, the shape of the
measured Sij-xGex high frequency (1 MHz) C-V curves were compared with calculated
ideal curves. Based on the Terman method, the midgap interface state density was found to
be about 1x1012 cm-2eV-! for both the 10 and 15 at.% samples.

The total charge per unit area induced in the semiconductor by charges in the dielectric
layer, (Qs'), was estimated by a charge analysis method which is described in detail
elsewhere [17]. Using this approach, the flatband voltage (VEg) shift of the experimentally
measured C-V curve was determined and the induced charge, Qs', was estimated using:

Qs' = (-VEB + Oms) * Co

where ¢ is the metal-semiconductor work function difference, and Co is the capacitance
per unit area of the dielectric layer. Analysis of C-V curves from the two alloys reveals a
VEB shift which can be attributed to Qg'/q, in the 10 at.% Ge case, of positive +1x1011
cm-2 (negative VEg) and, in the 15 at.% case, of negative -1x1012 cm-2 (positive VEg).
The origin of these large differences is difficult to unambiguously determine from the
present data. However, previous studies [4.18] of conventionally oxidized, dilute Si1xGex
alloys have shown large positive Vg shifts in C-V curves similar to that seen in the 15
at.% sample. In the previous work these shifts were largely attributed to the existence of a
large negative Qr (oxide fixed charge) resulting from intermediate Si oxidation states and
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elemental Ge at the Si/SiO; interface. It is also known that GeO» rather readily becomes
oxygen deficient [19] which can result in the formation of deep level electron traps. Such
electron traps would result in a high level of Qg (Oxide trapped charge) and, if these
charges are in electrical communication with the underlying semiconductor, an increase in
Dj; as well. We speculate that the positive shift that was seen in the 15 at.% case but not
the 10 at. % was because of a slight accumulation of elemental Ge at the interface. Note
that the positive shift was only seen in the 15 at. % samples and not in the dilute 10 at.%
Ge case. Although Ge accumulation was not experimentally observed by either Raman or
TEM it is consistent with previous reports of a negative Q' associated with interfacial
enrichment. More careful Raman and TEM studies are underway to resolve this question.

The positive Qg' obtained in the 10 at. % Ge sample is typical of that which is seen
after conventional oxidation of pure Si [16]. The Qg' observed in conventionally grown
SiO; oxides has been associated with Qg produced from excess Si ions in a narrow region
at the oxide/Si interface and has been determined to be a strong function of both oxidizing
and annealing conditions. In this study, the forming gas anneals which were employed did
result in a decrease in both Q' and Dj; in all measured oxides. Thus, HPO of Si;.xGex for
x=10 at. % does indeed produce a compositionally congruent oxide with positive Qs' like
that observed for Si under similar conditions. It is possible that by altering the HPO and
annealing conditions, specifically temperature and gas (O2, N2, H) purity, similar results
may be obtained for the 15 at. % Ge sample. Additionally, a more thorough investigation
of the Ge bonding as a function of Ge concentration, oxidizing conditions, as well as depth
in the oxide will be necessary to examine their possible effects upon Qg' and possibly even
Dj;. Cooling rate and ambient constitution particularly moisture content, all interact and
contribute to the oxide charge densities [20]. Similarly, it is quite possible that the value of
Dj; obtained in this investigation may reflect contributions due to metallic ions, specifically
incorporated in these non-gettered structures. Continued process modifications will lead to
a more thorough understanding of the above effects.

CONCLUSION

High pressure oxidation of Sij.xGey alloys containing 10 and 15 at. % Ge has been
investigated for potential MOS applications. Chemical analysis by XPS confirms that
compositionally congruent oxides are grown from these alloys when oxidation proceeds in
pure oxygen at a pressure of 70 MPa and a temperature of 500°C. High resolution TEM
and Raman spectroscopy show that the as-grown oxide/semiconductor interface is planar
and free of Ge enrichment on a scale of 1-2 monolayers. Although the value of Dj; of
1x1012 cm-2e V-1 which was estimated from 1 MHz C-V analysis is probably unacceptably
high for MOSFET applications, the process has not yet been optimized.
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ABSTRACT

In this paper we report a new spectroscopic ellipsometry technique that overcomes
much of the ambiguity associated with measuring an interface under a film. For this
technique we match the refractive index of the overlayer with an immersion liquid and then
perform spectroscopic ellipsometry at several angles of incidence. Essentially, the
overlayer is optically (not physically) removed, thereby rendering the ellipsometric
measurement sensitive to the interfacial layer which is often known to be optically and
chemically different than either substrate or film. The Si-SiO, interface resulting from
thermal oxidation of Si, and the evolution of the interface with annealing is studied using
the new technique.

INTRODUCTION

It is apparent that the interface region between a semiconductor surface and a film,
particularly dielectric films for MOSFET devices, is of crucial importance.
Consequentially, the interface region of electronically relevant films on semiconductors has
been widely studied by a variety of techniques (see for example ref 1 and refs 1-29 in ref
1). These techniques fall into a few broad classes that will be briefly discussed with the
use of Fig.1. First, there are the optical techniques that can access the optical response
of the interface through an optically transparent overlayer, as seen in Figure 1a. While
many successful studies have been done with the optimization of this technique, particularly
ellipsometry studies, the key drawback is that the optical signals from the top interface
must somehow be taken care of (minimized or subtracted etc.), in order to extract purely
interface information. Second, there are techniques that can observe a surface with the
overlayer somehow removed. Typically, the overlayer can be chemically etched or
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a) Alr - Film - Substrate b) Rremove Film

C) Index Matching Liquid - Film - Substrate

Figure 1. Comparison of interface analysis methods.

physically sputtered or a combination. Figure 1b indicates that the interface region can be
altered by these aggressive processes, and that the information obtained about a previous
interface contains an ambiguity. There are intermediate techniques such as cross-sectional
transmission electron microscopy, XTEM, which neither removes the overlayer nor is
overly sensitive to extraneous sources of signal. However, this technique requires
considerable sample preparation, in particular the sample thinning, which can alter the
interface. Notwithstanding the limitations of each technique, and taken in total, these
techniques have contributed significantly to our understanding of the important interfaces.

The present paper deals with the development and application of a novel in-situ
ellipsometry technique that can access the interface region for an optically transparent film
on a surface’?. The principle of operation of the technique is to immerse the film
covered substrate sample in a liquid that refractive index matches to the overlayer film as
illustrated in Figure 1c. In this way, the optical response consists only of reflections from
the film-substrate interface region thereby removing the above mentioned ambiguity. It
is assumed that the interface region is optically distinct from either the bulk film and
substrate, an assumption borne out in many studies. The enhanced sensitivity of the
technique will be demonstrated. By way of application, the Si-SiO, interface is chosen and
the nature and evolution of this interface is examined as a function of thermal annealing.

THE TECHNIQUE

Index Matching. The ideal immersion liquid should be non reactive and transparent
over a wide spectral range. Both the refractive index and the dispersion must correspond
to the average refractive index of the overlayer. The refractive indices for the immersion
liquids were calculated using a three term Cauchy dispersion formula, taking into account
temperature and using literature values for the various constants>*. Using liquid mixtures
it is possible to adjust the refractive indexes of the ambient to that for SiO,. Figure 2
shows the spectral dependencies of the refractive index of pure carbon tetrachloride, CCl,,
benzene, C¢Hj, and mixtures®. Both CCl, and C¢H are nonpolar organic liquids that do
not interact with SiO,. Also in Figure 2 is shown the calculated spectral dependencies of
the refractive index of bulk and thin film SiO, calculated using a single term Sellmeier
approximation after Jellison®. Since n for thermally grown SiO, films is dependent on the
thickness®’, the use of immersion liquids with different refractive indexes corresponding
to the average refractive indexes of the films under investigation renders accuracy
improvements possible.
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Figure 2. The refractive index versus photon energy for pure carbon tetrachloride (CCL,),
and mixtures with benzene (C¢Hy), along with bulk and thin-film SiO,.

Figure 3. Model for the substrate-interface-overlayer-ambient system.

Analysis. In order to assess the sensitivity of the technique, the complicated structure
shown in Figure 3 and thought to represent the Si-thermally grown SiO, system is
simplified to a two film system with interface and overlayer thicknesses L, and L,
respectively. Thus, at this juncture the interface region in Figure 3 is considered to be a
homogenous layer with an effective dielectric function, e,.. The overlayer or bulk SiO,
film is represented with an average refractive index n,. The complex reflection
coefficient, p, for the system is given by:

p = tan¥Texp(id) = p(A..n,n,.n K €,,L,,L,) (1)

where ¥,A are the ellipsometric measurables and the terms in the parenthesis on the right
are parameters, some known a priori and some to be determined. The maximum change
in p, 8p/p, is the condition of optimum sensitivity in the measurables, A,¥. It is desirable
to determine the optimum sensitivity in terms of the controllable parameters: angle of
incidence, ¢, and wavelength of light, A. From the analytical solution for optimized
ellipsometric measurements of interfaces with thicknesses, L_,< <MN/4 in a thin film



structure®, it was shown that the condition of dp/p divergence or maximum sensitivity is:
™ + " Pexp(-2ip) = 0 @)
where the r’s are the Fresnel reflection coefficients with subscripts corresponding to the

interface between the media with numbering starting from O with the ambient and S is

given as:

B = 2“;‘" o, - nisitd)  (3)

It should be observed that the properties of the interface do not influence the best
sensitivity conditions.

If the refractive index of the ambient is close to the index of the overlayer, i.e.
n,=n,,, then ry; =0. The optimum sensitivity condition from eqn(2) becomes r;, or, taking
into account n, = n,, r, = 0. For the p wave this condition is equal to a minimum of
the ellipsometric angle, ¥(é,\)’.

We determine the optimal spectral range and angles of incidence from a simulation
of ¥(¢,N\) and A(¢,\) dependencies using the model in Figure 3 for the Si-Si0, system
with the following assumptions: a. crystalline Si substrate with known dielectric function’;
b. interface microroughness (see Figure 3) with effective height of 0.2nm and composition
of 50% c-Si and 50% suboxide SiO,, with x = 0.4 and the Bruggeman effective medium
approximation, BEMA, was used to calculate a dielectric function of the mixture; c.
interface suboxide transition zone of 0.6nm composed of SiOg4; d. SiO, overlayer with an
average refractive index n,(L.,); €. an air or pure CCl, ambient with refractive index n,.
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Figure 4. Relative interface sensitivity for A and ¥ for air and CCl, ambients.

Figure 4 shows a plot of the interface sensitivity for both ¥ and A in terms of a relative
interface sensitivity function SA(E) = A(E)-Ay,(E) for air and CCl, ambients. Where
AyE) and A,(E) were calculated for the cases without and with an interface layer,
respectively. It is seen that the sensitivity of A to the presence of an interfacial layer is
increased by more than an order of magnitude with the parameters at optimum sensitivity,
but the ¥ sensitivity is low. However, changing ¢ to 78° for the same system enhances
the ¥ sensitivity to the interfacial layer and this is also shown in Figure 4.

Calculation Scheme. In order to find unknown parameters of the modeled interface, we
used the Marquardt non-linear best-fit algorithm which minimizes the value of the error

function:

Q-= 2; (AL GER) - AT + (i (G,EP) - TN (4)



where P is a vector of N unknown interface parameters and E; is the photon energy, and
the superscripts cal and exp refer to calculated and experimentally derived values. A® and
¥ are the values obtained using the vector P, the Fresnel formulas'® and a matrix
algorithm for the multilayer system complex reflection coefficient. Optical parameters for
the immersion liquid and SiO, overlayer included in the fitting procedure were calculated
from dispersion equations mentioned above. BEMA was used to calculate the effective
dielectric function for a mixture of constituents with known optical properties. Volume
fractions of the constituents are treated as unknown parameters.

The calculation returns the vector P when an initial guess, P, is input, i.e. the program
returns a value of P at the local minimum of Q, near the initial value. In addition,
correlations between the fitting parameters are expressed in terms of the correlation matrix
of the derivatives d¥/dp,, dA/dp, and a 95% confidence limit was used to calculate errors
in the fitting parameters.

EXPERIMENTAL PROCEDURES

A commercially available vertical ellipsometer bench was modified to become
rotating analyzer spectroscopic ellipsometer with the details previously described!! and
calibrated according to a published procedure'? and the details described!. Calibration
was performed on a sample with A=90° (Si wafer with thermally grown SiO, film) both
in air and in the immersion cell in liquid.

A fused silica immersion cell, as shown in Figure 5, has been designed for the
variable angle of incidence and spectroscopic measurements. The most significant feature
of the cell is that the two optically flat and annealed fused silica plates, serving as the
entrance and exit windows, are connected rigidly to the polarizer and analyzer arms, but
not to the cell. The windows were adjusted to be exactly orthogonal to the incident light
at the straight-through position of the ellipsometer (¢ =90°), in order to avoid any deviation
of the incident light beam when it passes through adjacent media with different indexes.
Two fitted metal tubes in each arm permit some lateral movement of the window position
without a change of the window tilt. The cell is rigidly attached to a stage and connected
to the tubes using chemically inert flexible tubing. A change of ¢ in the range of 67°-90°
is possible while maintaining the window alignment precision during the immersion
measurements.

Figure 5. Sketch of the variable angle of incidence immersion cell.

Single-crystal (100) oriented 2 Qcm p-type silicon wafers were cleaned prior to
oxidation using a slightly modified RCA cleaning procedure®. The samples were
thermally oxidized to about 20nm at 800° C in a fused silica tube furnace in clean dry
oxygen which yielded MOS quality SiO, films on Si. For the annealing studies, after a
particular oxidation, one sample was removed without annealing as a control, and the
others were annealed in a clean nitrogen atmosphere for annealing temperatures and times
in the range 750-1100°C and 1-120 min, respectively.

In order to use the convergence routines, an estimation of the overlayer thickness



is required. One layer (substrate-overlayer) and two layer (substrate-interface-overlayer)
models have been used to analyze the spectroscopic ellipsometry scans of the about 25nm
SiQ, films on Si samples in air. From these measurements in air, the difference in the
minimum error function, Q, for one and two layer models was negligible, which indicates
low interface sensitivity. However, these measurements yield a good estimate of the
overlayer thickness to a precision of better than 0.5%. The refractive index of the film
was calculated from dispersion relations. Immersion measurements were performed in
pure CCl, at 20°C. Carbon tetrachloride becomes nontransparent at energies higher than
~4 eV which then defines the upper limit of the spectral range to be 4eV. The precision
of rotating analyzer ellipsometry without using an achromatic compensator falls
significantly when A approaches 180° or 0° . To avoid this situation, we have used 2.5
eV as the lower energy limit where A is more than 20°. Therefore, A is restricted to
20°<A<160° in the spectral range 2.5-4.0 eV for the measurements in the immersion
liquid at the angles of incidence ¢ = 70°-80°.

RESULTS: Evolution of the Si-SiO, Interface During Annealing

Model Independent Results. A series of annealing experiments were performed on SiO,
covered Si samples, and the results are first displayed without recourse to a model, so that
an objective view of the interface evolution can be obtained. Figures 6 and 7 display
experimental results in terms of the interface parameter 6A,(T,,,t,.) defined as:

8AAT, ) = AT, 0.0 - AP - BAL(T,1,) O

where A"*(T,,, t,,) is the experimental ellipsometric angle A at a specific annealing
temperature and time, A, is the ellipsometric angle for a non-annealed sample and the term
84, (T, t,) is the overlayer relaxation correction. This correction term represents the
difference in A for the single-film (without interface) system of a non-annealed and
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Figure 6. The experimental dependence of the effective interface parameter, A, on
annealing time at a number of annealing temperatures. A simulated dependency is shown
with the dashed curve.

annealed overlayer with the refractive index calculated from a consideration of stress
relaxation®!1617; and represents only a few percent of 8A,. The chosen photon
energy E=3.18 eV is in the range of the maximum interface and the minimum overlayer
sensitivity. Figure 6 shows the values for 6A,; measured at 3.18 eV versus anneal time
at a number of temperatures, and versus anneal temperature at two times in Figure 7.
Other information relating to modelling is also included in Figure 6, but discussion of these
items will be deferred. It is seen in Figure 6 that at all annealing temperatures two
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Figure 7. The experimental dependence of the effective interface parameter, A, on
annealing temperature for two annealing times.

temporal regions of behavior are present. Initially, the anneals yield a relatively fast
increase in §A;, that slows after 5 min and then nearly saturates. The data in Figure 7 is
from Figure 6 at two anneal times, one before and one near saturation, and this plot versus
anneal temperature reveals a distinct break in the 900°-970°C range, which corresponds to
the viscous flow range, i.e. a temperature above which viscous flow of the oxide is fast'®.
Thus, we consider that the viscous relaxation dominates at the higher anneal temperatures,
but at lower temperatures where a large part of the change in §A,; occurs, we need to
consider other possible mechanisms.

If the interface region is treated as a single homogenous film, then the extent of the
interface is observed to decrease with both annealing time and temperature as evidenced
by the increasing A, With both a decrease in the interface region for short and long
times and low and high temperatures, the model that is chosen for the different modes of
behavior must show the observed functionality.

An Interface Model. Previous models for the Si-SiO, interface have agreed that the
interfacial region is structurally and chemically different from either Si or SiO,.
Components of the interfacial region include roughness and a suboxide, SiO,, as is shown
in Figure 3. The parameters that quantify this working model, and then the experimental
data A"?(E,$, T, t), ¥2(E,$,T,,,t,,) are reduced to yield values for the model parameters
which are compared with other studies about the interface region. We describe the
roughness by crystalline silicon protrusions as hemispheres with an average radius R,
which form a hexagonal network with an average distance D between centers. The
protrusions and the region between them are covered by a layer of suboxide, SiO,, with
0<x<2, and with an average thickness L,,. The effective thickness of the complex
transition layer is given as:
L,=R+L, ©
and an effective dielectric function e, which represents a mixture of crystalline silicon c-
Si, silicon suboxide SiO, and the SiO, overlayer and written as:
€t = CinfCcsiSo-s50 €si0,Ssi0, Esi0,T510,) Q)

€xr Was calculated using the BEMA, where the dielectric properties, ¢, and relative volume
fractions, f, of all of the interfacial layer constituents are known a priori. The dielectric

function of SiO, was calculated"? using the BEMA, and by considering that SiO, is a
mixture of a-Si, and Si0,".
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In order to model the evolution of the interface during annealing, we use a power
law to describe the reduction of both the protrusions and the chemical transition layer with
the powers p and g respectively are taken to be p=g=0.5 which implies a diffusion model
and is justified below.

The minimization of the error function (eqn.(4)) for the sets of experimental data for
the non-annealed wafer at ¢ =72° and 75° gives the average distance between the centers
of protrusions D = 44+4 A, initial radius of the protrusions R° = 9.8+0.3 A and initial
thickness of suboxide, SiO, L,, = 3.4+0.2 A. These results are in agreement with the
interface geometry sensitive TEM study of the SiO,-Si, which shows that distances between
protrusions at non-annealed interface are distributed in the range 40-50 A and heights are
9-15 A%, Also, photoelectron spectroscopy revealed a chemical transition layer with a
thickness of 2.4-4 A%,

A simulation of the kinetic dependencies, 8A,(T,,, t.), With p=g=0.5 yields close
agreement (dashed lines in Figure 6) with the experimental plots of 8A,(t,)-
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Figure 8. The dependence of the effective interface thickness on annealing time at a
number of annealing temperatures.

Figure 8 displays the decrease of the extent of the interface, L, i.e. effective
thickness from eqn.(6) with a minimum thickness of about 3 A realized at the highest
anneal temperatures. The interface effective refractive index vs t,, at several T,, is shown
in Figure 9.

Initially both the index and thickness of the interface layer decrease due to the shrinking
of the silicon protrusions. This is followed by the slower decrease of the SiO, transition
layer which becomes dominant after considerable reduction of the height of the protrusions.
The sharp increase in the index seen in Figure 9 for the 1100°C annealed sample is
indicative of the index returning quickly to the SiO value as the fraction of the Si as
protrusions in the interface layer rapidly goes to zero. The same effect would occur for
the other anneal temperatures but more slowly. A slower rise in index is seen for the
1050°C annealed sample after 10 min and the time is too short to see the rise for the lower
temperature anneals. The overall shape of the results in Figure 9 is typical of and dictated
by the BEMA model used to interpret the data.

The results show two distinct modes for the evolution of the Si-Si0, interface upon
annealing. The low temperature mode corresponds to a reduction in the suboxide and
protrusions. The coefficients, p and g that scale this evolution yield an excellent fit to the
data when a value of 0.5 is used in modelling. This suggests that Si atom diffusion is
operative for the smoothening reaction and inward trace oxidant diffusion for the suboxide
disappearance. At high temperatures these reactions occur but the dominant mode is
viscous relaxation of the oxide overlayer. These model dependent assertions are consistent
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Figure 9. The dependency of the effective interface refractive index on annealing time at
a number of annealing temperatures.

with other studies and are shown to be accessible by the novel ellipsometric technique
herein described.
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OBSERVATION OF THIN SiOz FILMS USING IR-RAS
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ABSTRACTS

Thin oxide films thinner than 200A on the common silicon wafers with rough back
surface were observed by IR-RAS (Infrared reflection absorption spectroscopy). The IR-
RAS spectra calculated using Grosse's oscillator model! fitted with the measured spectra
fairly well, but the peak of the resonance of transverse optical phonon polariton (TO
phonon) in the calculated spectra was rather sharper than that in the measured spectra. In
addition, the model calculation did not explain the dependence of the peak height of the
resonance of longitudinal optical phonon polariton (LO phonon) and the TO phonon on SiO2
film thickness and thermally oxidation temperature. However, the LO and TO phonon
calculated from a new model in which a thin crystal SiO layer existed between the
amorphous SiO2 and the silicon crystal showed same dependence on the film thickness and
the oxidation temperature as those of the measured spectra.

INTRODUCTION

Requests to the SiO2 films as the insulators of high density semiconductor devices
become diversified and strict. Flash memories need the gate insulator which has high
breakdown voltage and controlled leakage current, and DRAM capacitors need high
breakdown voltage and high dielectric constant for their insulation layers. To satisfy these
requests, we have to control electrical properties of SiO2 layers through oxidation processes.
However, the relations between oxidation process parameters and film qualities have not
been clarified systematically. The relations between process parameters and film qualities can
be understood only through the physics of the SiO2 layer and the oxidation process
mechanism. The physics of the SiO2 films shows the relations between the chemical
structure of the SiO5 layer and its electrical properties and the oxidation process mechanism
explains the relation between the chemical structure change in SiO2 films and process
parameters. First of all, therefore, we have to find out an observation method of the SiO2
chemical structure. In practice, measurement of electrical characteristics of the devices
fabricated using the SiO7 layers whose chemical structure has already analyzed is one of the
most effective method to probe the relation between the chemical structure and electrical
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properties of SiO2 films. Nondestructive and untouched analytical methods, which can
apply to SiO3 layers on the normal Si wafer, are preferable for this purpose. Many analytical
methods to the chemical structure of thin oxide films on the silicon substrate have already
reported such as XPS2-3, EELS4, IR-GIR5:6.7, etc.. From the above reason, however, we
chose the infrared reflection absorption spectroscopy (IR- RAS).

Grosse et al. observed the thin SiO> films on the silicon substrate using IR-RAS and
showed that the oscillator model explained IR-RAS spectra fairly welll. In the paper, they
assumed that the thermally grown SiOz layer was amorphous, which had an isotropic
uniform structure. However, Ourmard et al. insists that there is crystalline structure at the
Si-SiO3 interface8, moreover Lucovsky et al. reported that TO phonon peak of the thermally
grown SiO2 on the IR spectra shifted its position depending on the intrinsic stress in the
SiO3 layer induced by the oxidation process?. These discussions suggest that the thermally
grown SiO7 is not isotropic and uniform amorphous but anisotropic and nonuniform
condensed matter. Thus the oscillator model should be altered so as to include the stress
effects.

Our purposes in this paper are two: one is application of the IR- RAS measurement to
4-inch wafers, and another is the comparison of the dependence of IR peak height on the
oxide thickness and oxidation temperature between the spectra experimentally measured and
those calculated by the Grosse's oscillator model. If the structure of thermally grown SiO2
layers is not uniform and depends on the oxidation process, calculated IR spectra can not
follow the spectra change caused by the thickness of oxide layer or oxidation temperature.

EXPERIMENTAL

Silicon wafers used for this experiment were P-type, (100) surface, 10+1Q-cm, 4-
inch, and rough back wafers. After SC1 cleaning (NH4OH/H202, H2SO4/H202,
HCI1/H202), thin SiO films were formed on wafers by the thermal oxidation in a dry O
atmosphere or a plasma CVD. Thermal oxidation temperature was 800°C, 900°C, and
1000°C. A parallel electrode reactor was used for plasma CVD. Its operating condition was
as follows: gas condition was SiHg 8cc/min, NO2 400cc/min, and N2 105cc/min, pressure
was 1.0Torr, applied RF frequency was 200kHz, RF power was 35W, wafer stage
temperature was 350°C, and distance between two electrodes was 20mm. To avoid the
thermal oxide growth during the plasma CVD, the CVD films deposited on the native oxide
layer formed by the SC1 cleaning. In addition, we removed back side oxide of all wafers
before IR-RAS observation. This was because a little back side oxide influenced to the IR-
RAS spectra.

IR-RAS measurements have been carried out by means of Fourier transform
spectrometer (JEOL JIR-6500) and a mirror unit for RAS measurement (JEOL IR-RSC120).
Measurement condition was as follows: the angle of incidence on the sample was 80°, the
spectra were recorded at 8cm-! resolution, and scan time was 200. Only P-polarized light
was used. A calibration spectrum was obtained from each sample wafers after the oxide
layers were removed by the 5% HF solution.

We measured the thickness of oxide layers with the ellipsometer. Then the refractive
index of the oxide layers was fixed on 1.462.

MODEL CALUCULATIONS

For the dielectric function a model has been used which is based on oscillator terms of
the following structure

2
e(w)=(n+ik)2=e“+zg . Q, "
J of

2 .
) -—19,7.60
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Here Qoj, Qpj, Q1j are the resonant wavenumbers, the plasma wavenumber and the
damping wavenumber of the jth vibration mode. € is due to the electronic polarizability.
Table 1 shows the each resonant wavenumber Q of the oscillator mode of the thermally
grown SiOj;. These wavenumbers are obtained by Grosse et al.l as the optimal fit
parameters for the dielectric functions, which reproduced their experimental spectra of a
8400A SiO7 layer grown in 1050°C dry O2 atomsphere. However some differences,
particularly concerning to the peak height of the spectra, have still remained.

Table 1. Parameter of the dielectric functions of a quartz and a thermally grown oxidel.

Mode number - 1 - 2 3 4 Eoo
Thermally Qo - 445 - 800 1075 1190 2.4
grown SiOp Qp - 422 - 240 867 266
Q7T - 30 - 70 20 70
QuartzE1C Qo 393 449 698 789 1068 1162 2.36
Qp 278 421 99 299 894 164
Q1 6 6 11 12 9 20
QuartzENIC Qo 365 494 - 778 1073 - 2.38
Qp 301 450 - 270 911 -
Q7 3 6 - 11 8 -
Quartz glass Qo - 460 - 795 1090 1195 2.2
Qp - 374 - 308 808 293
Q1 - 18 - 70 22 95

Frequencies [cm'l]

The generalized Fresnel formula of the p-polarized light for a film (material 2) between
two half space (front half space material 1 and back half space material 3)are given by

cos(6N, )(% - c‘; o ) —isin(6N, )(& ~ &l cosar )
3

r= 1 &, Nzgle -
cos(N, )(& + M) —isin(8N, )(é’l + sz_sceﬁﬁ)
& 1 &, N,&,N,

r is the amplitude reflection. (o angle of incidence, 8 =(w/c)d=2nd/ A relative

thickness of the film, N, =w/€3 —g sin’ a: generalized index of refraction). Then the
reflectance R is given by

R=rr* 3)

Throughout the spectral region in the vicinity of &(@)=0, and for films thin

compared to the wavelength, the approximations cos(6N,)=1 and sin(6N,)= 6N, are
varied. Thus, eq.(2) become
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&, N, g, &N,

To calculate the spectra which are measured in our experiment, we need to know the
value of Ry, Tp, A, R’, R_;, and T.; which are shown in Fig. 1. Rpis the reflectance at the
thin films from air to air. Tpis the transmittance through the thin SiO layer from air into the
silicon substrate. A is the attenuation of intensity by the substrate for one path. R’is the
internal reflectance at the back side rough surface. R_j is the reflectance at the thin SiOy
layer from the silicon balk to the silicon balk. T; is the transmittance through the oxide film
from Si substrate to the air. Total reflectance which we measured is

Ry = Ry + ToA’R'T_| + T(A’R'PR_T_, + T, (A’R’*R_ T , +------

aT,T
Ry 1-aR,,

(a=AR")

Figure 1. Reflectances and transmittances at a thin SiO2 layer or the rough back surface of the silicon wafer
in our experiment.

It is very difficult to decide a theoretically. By comparing the total reflectance of the
bare Si wafer with that of the gold mirror, however, we can decide the value of a
experimentally. The total reflectance at the gold mirror can be regarded as 1 in the IR
frequency. Then the ratio of the IR-RAS spectra of the bare Si wafer, which was used for
the calibration sample to that of the gold mirror, becomes the function containing only one
variable a.

IR e _ + ATy _parel 3 _pare
—bare
IR 1-aR ...

Au—mirror

)
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("I" is the intensity of incident wave. Rg-pare, T0-bares R-1-bare» and T-j_pgre are
values of Rg, Tp, R-;, T-; at d=0)
Then, for example, a is 0.0866 at @=1254cm-! and 0.0814 at »=1060cm-1-

RESULTS AND DISCUSSION

Figure 2 shows the spectra of thermally grown SiO» layers (1000°C, 800°C) and a
plasma CVD SiO». Thickness of both films was 100A. Both of them have a downward
peak at about 1050cm-1 and an upward peak at about 1250cm-1. This downward peak at
about 1050cm-! is assigned as the resonance of the transverse optical phonon polariton (TO
phonon) and the upward peak at about 1250cm-! was assigned as the resonance of the
longitudinal optical phonon polariton (LO phonon)!:10,11 The LO and the TO phonon
signal of the plasma CVD oxide layer appeared at smaller wavenumber than those of the
thermally grown SiO2. This difference of peak frequency between the plasma CVD oxide
and the thermally grown oxide has been reported by Koller et al.ll, and agreed with their
result.

Figure 3 shows the measured spectra of a 100A SiO, grown in 1000°C dry O, and
two calculated spectra at d=100. The peak frequency of TO phonon was a little different
from the calculated spectra using € of the thermally grown oxide (TG ). The shape of the
LO phonon in the calculated spectra with the TG € agreed with that in the measured spectra
fairly well. However, the TO phonon peak in the spectra calculated from the TGQ was
sharper than that in the measured spectra. The peak frequency of the TO phonon calculated
from the TG Q is also somewhat different from that of the measured TO phonon.

Figure 4 shows the dependence of the peak height of the LO and TO phonon on film
thickness. Concerning to the LO phonon peak, the peak height calculated from the TG Q as
the function of film thickness increased more steeply than the measured peak height.
Moreover, the peak height of the TO phonon calculated from TG Q increased also more
steeply than that of the thermally grown oxide as film thickness becomes larger. Among the
measured spectra, the increase in the peaks hight of the LO and TO phonon with film
thickness became speep with the oxidation temperature rise.

These differences between the spectra calculated from the TG Q and the measured
spectra show obviously that Grosse's model is not perfect. In particular, to explain the
deference of the peak height change with oxidation temperature, every Q should be a
function of film thickness and oxidation temperature. Lucovsky et al. showed that the
average intrinsic stress in the SiO7 was a function of the film thickness and the oxidation
temperature. Thus Q is the function of the stress in the Si03. Lucovsky et al., moreover,
showed that the intrinsic stress in the SiO2 increased approximately linearly with the film
thickness to about 2004, in addition, the stress was almost saturated in the thicker oxide
than 5004 9.

Lucovsky's results suggest that the stress existed in the oxide part in the vicinity of
the Si-SiO3 interface and the thickness of such oxide part increased almost linearly. Thus
we calculated IR-RAS spectra assuming a quartz layer which relaxed the stress existed
between the crystal silicon and amorphous SiO2. Then we assumed the Q of quartz glass in
Table 1 as Q of amorphous oxide. In addition, we calculatred the dielectric function of the
quartz part £; as & =g, sin60°+¢,cos60°, taking account of the angle of the

criystallographic axis to the electric field12. The spectra at d=100 calculated from this new
model is also shown in Fig. 3. The peak frequencies of the LO and TO phonon is still
different from the measured spectra, but somewhat broader that the calculated spectra from
the TG Q. As shown in Fig.4, however, our new model explain the dependence of the LO
peak height on the film thickness and oxidation temperature. The TO phonon calculated
from the new model is complicated. In the new model, TO signal was divided two peaks:
1090cm-1 peak and 1070cm-! peak. Between the two peaks, peal height of the 1070cm-!
peak showed same dependence on the film thickness and the oxidation temperature as the
measured TO phonon.
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Figure 2. The IR-RAS spectra of the oxide films. Solid line is the spectra of the 1000°C thermally grown
oxide of 100A. Dotted line is the spectra of the 800°C thermally grown oxide of 100A. Dashed line is the
specta of the CVD oxide of 120A.
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Figure 3. IR-RAS signal of the LO and TO phonon. Solid line shows the spectra calculated using TG Q.
Dotted line shows the spectra calculated the new model (20% crystral SiO2). Dashed line shows the
measured spectra.
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Figure 4. The dependence of the peak height of the LO and TO phonon on the SiO2 film thickness and the
oxidation temperature. (a) shows the LO peak height. In this graph, the line showng the LO peak calculated
from TG Q and that from a new model including 20% crystal SiO2 overlap each other. (b) shows the TO
peak height.
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CONCLUSION

We observed thin SiO2 layers on the common silicon wafers by the IR-RAS method.
On the analysis of the spectra, the influence of the attenuation of IR intensity by the silicon
substrate and the IR scattering at the rough back surface of the Si wafers was eliminated by
comparing IR-RAS spectra between a bare silicon wafer and a gold mirror.

The IR-RAS spectra calculated using Grosse's oscillator model followed measured
spectra fairly well, but it did not explain the dependence of peak height of the LO and TO
phonon on the SiO3 film thickness and the oxidation temperature. By assuming that a thin
quartz layer grows between the amorphous SiO2 and the crystal silicon substrate relaxs the
stress in the SiO2 layer, however, we can explain the dependence of peak height of the LO
and TO phonon on the film thickness and the oxidation temperature.
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ABSTRACT

This study compares the optical characteristics of SiO thin films, grown by high
temperature dry thermal oxidation of crystalline Si, or deposited by low-temperature
remote plasma enhanced chemical vapor deposition (RPECVD), and subjected to rapid
thermal annealing (RTA). Infrared (IR) spectrophotometry is used to determine the
frequency of the Si-O-Si bond-stretching vibration for films of varying thickness, both
before and after RTA. The thickness dependence of the stretching frequency as a function
of distance from the SiO2/Si interface is determined from analysis of these measurements.
The resulting profiles combined with a previous study of the index of refraction, n, for
thermally grown SiO; films is used to estimate the variation of n as a function of the
distance from the SiOy/Si interface.

INTRODUCTION

The present trend in dielectric research is towards thinner films grown or deposited at
low-temperatures, < 850°C, and therefore below the traditional oxidation and or annealing
temperatures of 950°C or more. It would be desirable to utilize lower oxidation and
annealing temperatures, but at the same time maintain the SiO2 film and Si/SiO; interface
quality that are characteristic of oxide layers processed at the higher temperatures.
Previous studies have shown that the structural and optical properties of thermally grown
SiO2 films vary as a function of the film thickness, and as a function of processing
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temperatures, including both growth and post-oxidation annealing. 2 - 15 This study is a
continuation of the previous ones, focusing on the frequency of the Si-O-Si bond-stretching
vibration, vs, which provides a measure of the bond angle at the oxygen atom sites, and the
index of refraction, n, which provides information relative to the density, and the atomic
polarizabilities of the Si and O-atoms. The study has been expanded to include SiO; films
deposited by Remote Plasma-Enhanced Chemical-Vapor Deposition (RPECVD). The IR
optical properties were examined by etching the films back in 100 A increments, and
measuring the IR absorption spectrum at each thickness. A method of deconvolution 11
was applied to the thickness dependent data, initially to confirm the results of the earlier
studies, and then to provide a more continuous range of thicknesses for the SiO; films,
complementing the thickness-averaged values that were previously measured. In addition
to the IR measurements, the thickness dependence of the index of refraction was estimated
by combining the present IR studies with the results of previous research, ! which
demonstrated a scaling relationship between v and n.

EXPERIMENTAL PROCEDURES

The SiO; films were grown on device-quality p-type (100) oriented silicon wafers
with resistivities in the range of 10-30 Q-cm. The samples used for the IR spectroscopy
measurements were etched in a CP-4A solution to reduce scattering losses from the
unpolished backside of the wafers. The thermal oxidation runs were performed in a dry
oxygen (H20 < 1ppm) ambient at atmospheric pressure and at temperatures of 850°C and
950°C. The oxidation times were adjusted to give a final oxide thickness of approximately
1000 A at each of these temperatures. In addition, SiO films of approximately the same
thickness were deposited using RPECVD at 300°C. Half of the samples were then
subjected to a rapid thermal anneal (RTA) at 1100 °C for 100 seconds using an AG model
410 Heatpulse in an argon ambient to prevent any additional oxidation. Following this, all
samples were wet-chemically etched back in 100A increments using a buffered oxide etch
(BOE); this provided films ranging in thickness from approximately 900 At 100 A. IR
spectroscopy measurements, were then performed at each thickness between 1000 A and
100 A, using a Perkin Elmer 983 Spectrophotometer. The spectral peak frequency of the
dominant bond-stretching mode at ~1075 cm-1, vg, was determined from several averaged
spectra to an uncertainty of £lcm-l. We have previously shown that this frequency
provides a convenient measure of the Si-O-Si bond angle, 20, i.e., Vs = Vg sin 0, where v,
is a constant, determined from the properties of a thermally-relaxed oxide film. vg also
provides a convenient measure of the local, and the macroscopic strain in the SiO, film.*"

EXPERIMENTAL RESULTS

The results of the IR measurements described above are shown in Figs. 1-9. Figure 1
displays the frequency of the IR active Si-O bond stretching vibration, v, as a function of
the oxide thickness for films grown at 850°C. The as-measured curve of Fig. 1 yields a
thickness-averaged bond stretching frequency. The difference-curve illustrates how the IR
spectroscopic data can be analyzed to yield the average stretching frequency in 100A

100



layers by determining frequency differences between successive spectra of the etched-back
films, i.e., a(8) = a(t+3d) -a(t), where a is the absorbance, t is the remaining film thickness
and 8 is the amount of oxide removed by etching, ~100A per step. The dotted curve is a
deconvolution of the thickness-averaged values using the self-consistent deconvolution
method described in Ref. 11. Since the thickness dependent data reported in this paper are
all averages over the film thickness at which they were measured, to deconvolve the data
we divided the SiO» film into 50 A thick incremental layers and calculated the bond
stretching frequency for each individual layer by requiring that the average stretching
frequency for the first n layers is equal to the thickness-averaged value at n times 50A.
Figure 2 shows a similar analysis for films grown at 950°C. In Figs. 1 and 2, we have
established that the deconvolution methods of Ref. 11 is consistent with incremental
measurements of the IR bond-stretching frequency. The combination of these data show
that the bond stretching frequency decreases as the distance between the incremental layer
of oxide and the Si/SiO; interface decreases, indicating a highly strained SiOj region at
that interface.

In addition, films annealed at 1100°C have higher bond-stretching frequencies than
the as-grown films throughout any thickness range explored (compare data in Figs. 3 and
4, and 5 and 6). These data then indicate increased bulk relaxation in the annealed films
with respect to the films grown at the lower oxidation temperatures of 850°C and 950°C.
In all of the data presented below, we then present the IR data, and the analysis of that
data using the deconvolution procedure. Figs. 3 and 4 present data, respectively, for a
film grown at 850°C, and grown at 850°C, and then subjected to an 1100°C RTA for
100s.

Figs. 5 and 6 present similar data for a film grown at 950°C. The following
observations apply: i) prior to the RTA, the vibration frequencies were higher at all oxide
thicknesses in the film grown at 950°C; ii) after the RTA, the frequencies at every oxide
thickness in both films increased, with corresponding increases in the strain gradients as
the distance to the SiO,/Si interface decreased; and iii) the vibrational frequencies as a
function of film thickness in the films grown at 850°C and 950°C after RTA were about
the same. This means that an RTA at 1100°C relaxed film stress to the same degree.
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Figure 1. Bond stretching frequency as a function of SiO7 thickness for films grown at 850°C with no RTA.
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Figure 2. Bond stretching frequency as a function of SiO7 thickness for films grown at 950°C with no RTA.

1085
N — @ -AS MEASURED (850°C NO RTA)
E - -&- -DECONVOLVED (850°C NO RTA) v
S -
5 1079 | o ~*
Z PR
g Vol

.‘. -
g 1072 |+ ~* -
o ',0' -0
E - ’., - ‘
» -®

é 1066 F &_-%
: i
w

1060 1 1 1

0 287 575 863 1150
OXIDE THICKNESS (A)

Figure 3. Bond stretching frequency as a function of SiO2 thickness for films grown at 850°C with no RTA.
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STRETCHING FREQUENCY (cm)

1078

1075

1072

1069

1066

JPPEPSY T

RS A ¢
e
» ¢
” oo
“ ) - o
. -
’ e
# e
o o ®
.' — @ - AS MEASURED (950°C NO RTA)
- -o-- DECONVOLVED (950°C NO RTA)
1 1 1
300 600 900
OXIDE THICKNESS (A)

1200

Figure 5. Bond stretching frequency as a function of SiO2 thickness for films grown at 950°C with no RTA.

103



1085
o — @ - AS MEASURED (950°C RTA)
g - -# - - DECONCONVOLVED (950°C RTA)
~ X 4
5 1081 | P
.-0
Z -~
g o
r 4
K4 'y
é 1076 |- o .
0] 4 e~ %
Z R4 -
E ® e_~" e
1072 | o~
2 2
P
% g
1068 1 1 L
0 300 600 900 1200
OXIDE THICKNESS (A)

Figure 6. Bond stretching frequency as a function of SiO2 thickness for films grown at 950°C with an RTA.

The IR data in Fig. 7 are for a 1000A SiO» film deposited at 300°C by RPECVD.
Note that in RPECVD, the film is deposited onto the Si substrate, and the substrate is not
consumed to generate the oxide. The high levels of strain in thermally grown oxides in the
immediate vicinity of the SiO2/Si interface result from consumption of the Si to generate
the oxide,5 and reflect the molar volume mismatch between the Si substrate and the grown
oxide. The data in Fig. 7 indicate relatively small changes in vg as a function of oxide
thickness, ~1 to 2 cm-1 at most over a thickness range of 1000 A.

Since these variations of v fall within the same range as the experimental uncertainty, +1

cm-l, in the determination of Vg, we did not attempt to deconvolve these data. Figure 8

presents Vs as a function of film thickness for the RPECVD film after the RTA at 1100°C
for 100 s. The deconvolved profile is essentially the same as that of the thermal oxides
subjected to the same RTA. This is demonstrated in Fig. 9 which compares both
experimental data, and deconvolution profiles for the RPECVD film subjected to RTA, and
for the oxide film grown at 850°C, also subjected to RTA.
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Figure 7. Bond stretching frequency as a function of SiO7 thickness for plasma grown films with no RTA.
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Figure 8. Bond stretching frequency as a function of SiO7 thickness for plasma grown films with an RTA.
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Figure 9. Bond stretching frequency as a function of SiO2 thickness for plasma grown films and films
grown at 850°C both with an RTA.
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In addition, in a previous study, a relationship between vg and the index of refraction,
n was established 1

5 312
n“eff (1) _ Vs 2)
n2eff (2) ve (1)3/2

1)

The studies performed in Ref. 1 focused on how the stretching frequency and the index of
refraction varied as a function of growth temperature and oxygen pressure. The oxide in
this study was grown to about one-half of an ellipsometric period to obtain reliable values
for the refractive index. The uncertainties for index of refraction were £0.003. The studies
presented in Ref. 1 demonstrated that the index of refraction varied linearly with the
stretching frequency for thermally grown oxides over a temperature range from about 700
to 1100°C. For the restricted range of values of vs and n, explored in Ref. 1, this linear
variation is consistent with the result of the model calculation, i.e., Eqn. (1). From what
we have discussed above these measurements should now be interpreted as being
representative of thickness-averaged values of vs and n. For these measurements, the index
of refraction ranged from 1.465 to 1.48, and the average vibration frequency varied
between about 1080 cm! and 1065 cm1. This range of Vs is about the same as we find

for the variation of n with position from the SiO2/Si interface, see Figs. 1-6 and 8 and 9. If
we assume that the empirical relationship between vg and n presented in Ref. 1, and
validated in terms of a model calculation presented in that paper, applies to thickness-
dependent as well as thickness-averaged data, we can then calculate a variation of n with
position from the SiO2/Si interface from the IR data. This is correlation is shown in Table
1.

Table 1. Deconvolved stretching frequencies of 850°C sample with a rapid thermal anneal and estimated
index of refraction data.

Oxide Thickness (A) Index of refraction (632.8 nm) IR stretching frequency gcm'll
(£0.003) 1)
1000 1.464 1079.39
900 1.464 1079.01
800 1.465 1078.55
700 1.466 1077.99
600 1.467 1077.31
500 1.468 1076.51
400 1.469 1075.55
300 1471 1074.42
200 1473 1073.08
100 1.475 1071.51
DISCUSSION

As can be seen from the data in Figs. 1 and 2, the stretching frequencies obtained by
deconvolving the thickness-averaged data are in very good agreement with the stretching
frequencies for the 100 A layers obtained by analyzing the differences in IR frequencies
between successive spectra for films of different thicknesses. The same method of
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deconvolution has previously been used to obtain stress profiles for the SiO; films 11 and
we infer that it can be used for any thickness-averaged property, even though IR
spectroscopy is the only experimental technique which allows us to readily confirm the
validity of the deconvolution method by a direct difference measurement. It should be
noted that, the deconvolution of the stress data, obtained by measuring wafer deformation
by optical techniques, is consistent with strain profiles that have been generated from the
deconvolved IR data. As a continuation of this work we have used this deconvolution
method to obtain additional vibrational frequency profiles, as well as predicted variations
of the index of refraction based on the measured stretching frequency and index of
refraction in Ref. 1.

For the as-grown thermal oxides, and the etched-back thermal and RPECVD oxides
subjected to a RTA, there is a relatively steep gradient in v in the vicinity of the SiO2/Si
interface. Coupled with the data presented in Ref. 1, this predicts an increase in the index
of refraction, n, in the same region. In both cases, the increase in n, and the decrease in vg,
is due to increased compressive strain in the oxide in the vicinity of the SiO2/Si interface.
In Ref. 15 it was shown that when SiO; films are etched-back the BOE has a tendency to
enlarge pores and voids on the surface of the oxide and lower the overall index of
refraction. Since the films on which n was measured were not etched back, this has not
affected the results shown here.

We have used equation (1) relating v and n, along with the IR data, determined from
the studies presented in this paper, to estimate the variation of the index of refraction with
film thickness.] We have then compared this estimated variation of n as a function of
distance from the SiO2/Si interface with calculations of n, as a function of stress and film
thickness, and with recent ellipsometric measurements. 13 - 15 In Ref. 13 a first order
compressibility relationship calculating the index of refraction based on a stress gradient in
the film, shown here by Eqn. (2), was developed.

An
n=ng+—*o 2)
Ac

The profile and the magnitude of the increase of the index of refraction is comparable with
the estimated values we found from our data. In Ref. 13 there was an increase of
approximately 0.96 percent in n at the vicinity of the SiO2/Si interface as compared to the
value calculated at 10004 for a film grown at 900°C. From our data presented in Table 1,
we calculated a 0.75 percent increase, at 1004, in the index of refraction from that which
was calculated at 1000A. However, experimental results of index of refraction
measurements made by ellipsometry found an increase of 14 percent, at 100A, from that
which was measured at 1000A.14 This difference between calculated and/or estimated
values of index of refraction and actual ellipsometric measurements identifies a need for
additional studies.

CONCLUSIONS

In conclusion, we have studied the IR frequency, vs, as a function of distance from the
Si02/Si interface. These measurements indicated considerable strain gradients in: i) as-
grown oxides; ii) both as-grown oxide and RPECVD oxides subjected to high temperature
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RTA, 1100°C at 100s; but iii) no evidence for significant strain gradients in as-deposited
RPECVD films. Moreover, the variation of vs with distance from the SiO,/Si interface
was essentially the same in thermal and RPECVD oxides subjected to high temperature
RTA'’s. These properties were examined by incrementally etching back the SiO3 films and
performing IR spectroscopy measurements at each thickness. The thickness-averaged
values measured were then deconvolved to provide continuous values of the frequency of
the dominant bond stretching mode for thin layers of SiOj, as a function of the distance
from the SiO2/Si interface. We have experimentally verified the deconvolution method by
comparing it to determination of the bond stretching frequency obtained from difference
measurements using IR spectra from successively etched back films. Finally, we have
estimated the variation of n with position relative to the SiO2/Si interface from the
experimentally determined variation of vs. We have found that the changes in n estimated
in this way are much smaller than what has been measured using ellipsometryl4 but are
similar to what has been predicted in Ref 13.
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TEM INVESTIGATIONS OF THE OXIDATION KINETICS OF AMORPHOUS
SILICON FILMS

Manfred Reiche

Max-Planck-Institut fiir Mikrostrukturphysik
Weinberg 2
D - 0 4050 Halle/S., Germany

INTRODUCTION

Stacked layers of polycrystalline silicon (polysilicon) are widely applied to VLSI-pro-
cessing, such as dynamic RAM’s, EPROM s, etc. In these structures, the polysilicon layers
are isolated from each other by thin oxide (SiO) films. In general, the oxide is thermally
grown on the bottom polysilicon layer.

The kinetics of the oxidation of thin polysilicion layers has been investigated under
different conditions such as oxidation temperature and time, respectively, doping, and at-
mosphere (Saraswat and Singh, 1982; Sze,1985; Deal, 1988; Wang et al., 1991). All the
investigations show that the oxidation kinetics is complex, differing from that of single-
crystalline silicon. It was assumed that there is an intergranular oxidation at the grain
boundaries of the polysilicon layer. In addition, the oxidation at grain boundaries is also
the reason of the higher roughness of the interface making it delicate to produce ultra-thin
oxide layers on polysilicon. On the other hand, applying amorphous deposited silicon
layers (a-Si) instead of polycrystalline deposited ones results in more homogeneous SiOy
films even at thicknesses lower than 20 nm. Furthermore, their interface roughness is much
lower, yielding better values of the breakdown characteristics (Hendriks and Mavero,
1991). Both the homogeneity and the electrical properties of the oxide films refer to dif-
ferences in the oxidation process of polycrystalline and amorphous silicon films.

The present paper deals with the oxidation of a-Si thin films. Differences are discussed
as to polycrystalline deposited ones, especially with respect to the oxidation kinetics.

EXPERIMENTAL

P- (boron-doped) and n-type (phosphorus-doped) wafers (diameter 4 in., {100} and
{111} orientation, respectively) were applied. Oxide and silicon layers were prepared on
them by the following procedures:

1) A 100 nm thick SiO, layer was produced by oxidation at 960°C (dry oxygen; 3%

HCI was added).
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2) Silicon layers having thicknesses of 300 to 400 nm were prepared on it by LPCVD.
Amorphous, semicrystalline, and crystalline layers were obtained by varying the
deposition temperature between 560 and 625°C.

3) The layers were doped with phosphorus by ion implantation using doses of 1-1015,
5-1015, and 1-1016 cm-2, respectively. Undoped films were regarded, too.

4) The silicon layers were oxidized in dry oxygen (3% HCI was added) at 960°C. In
order to measure the kinetics of the process, the oxidation time was varied between
5 and 100 minutes.

5) The grown oxide films were protected by additional polysilicon layers (thickness
400 nm). They were deposited by LPCVD at 625°C.

Plan-view and cross-sectional samples were prepared to be investigated in a high-vol-
tage transmission electron microscope (HVEM, accelerating voltage 1 MV). Film thickness
d and roughness Ad of the individual layers were measured directly from electron micro-
scope images on the basis of a computer-aided interpretation of TEM images. Film thick-
nesses, reported here, are mean values of 300 or more individual measurements. The error
of the thickness measurements was calculated to be lower than 7% (d > 50 nm), and 10 -
15% for d < 50 nm, respectively. The roughness Ad was defined to be the sum of the dif-
ferences of individual thickness measurements d; and the mean thickness d,,, divided by

the number of measurements n, i.e.

1 n
Ad==. E(di-dm) . m

i=1

The results of the measurements of d and Ad have been compared to spectroscopic el-
lipsometry for several samples. The differences between TEM and ellipsometric measure-
ments range from 0.8 to 10% (for the oxide film grown on the silicon layer). They were
strongly affected by the interface roughness. The differences were smallest for smooth in-
terfaces (amorphous deposited silicon layers), increasing, however, with increasing
roughness.

RESULTS
Crystallization Process of the Amorphous Silicon Layers

The amorphous silicon layers crystallize during thermal oxidation. This process
influences the oxidation. Therefore it is important to know the crystallization velocity and
the mechanism of the amorphous/crystalline phase transition.

TEM in situ experiments on plan-view and cross-sectional samples have been perfor-
med to analyze the crystallization process of a-Si layers used here (Reiche and Hopfe,
1990; Reiche, 1991). Comparisons have been made to furnace annealed samples, too. The
investigations proved that surface-induced crystallization is the dominating process. Here,
interfacial stresses are the main reason for nucleation. The crystallization starts at the inter-
face to the subjacent SiO, layer, i. e. on the side opposite to which the oxidation process
begins (Figure 1). Furthermore, a needle-like shape of the grains occurs (needle axes
<111>). Twins, which can frequently be observed in the grains, were generated during
further stages of growth (coalescence). Moreover, statistical measurements of the grain size
have shown that the crystallization of the films is characterized by a t1/2 dependence which
is independent of the doping and of the type of the subjacent layer (SiO; and Si3Ng4 layers,
respectively, were regarded).

110



Dynamics of the Oxidation

The oxidation kinetics of amorphous deposited silicon layers was studied for dry oxi-
dation at 960°C and for oxidation times up to 100 minutes. The results were compared to
polycrystalline layers.

Figure 2 shows typical TEM cross-sectional images of the oxidation sequences of
undoped and heavily doped silicon layers, respectively. Even after short times thin homo-
geneous SiOj layers have grown. Their thickness increases continuously with increasing
time. For instance, oxidation of an undoped a-Si layer for 5 minutes results in a thickness
of 13.2 nm of the oxide film. For medium-doped layers, the oxide thickness is nearly equal
(dox = 12.6nm), whereas higher values were measured for heavily doped a-Si layers (dox =
15.5 nm). The differences in the thickness of the oxide films grown on undoped and me-
dium-doped a-Si, on the one hand, and on heavily doped layers, on the other, increase with
increasing oxidation time. They amount to about 40 nm after an oxidation time of 100 mi-
nutes (see Fig. 3).

Figure 1. In situ crystallization of an amorphous, undoped Si layer deposited on a 100nm thick oxide film.

As deposited at 560°C (a), and after annealing at 690°C for 9 (b), 12 (c), and 60 minutes (d). Note that the
micrographs show the same object region.

The differences of the thicknesses of the grown oxide films induced by different do-
ping of the silicon layer are found to be most significant. On the other hand, there is no
strong influence of the deposition temperature on the Si layers for dox > 30 nm (assuming

an oxidation temperature of 960°C for these experiments). In other words, the oxidation
kinetics should not differ between amorphous and polycrystalline deposited silicon layers
after reaching oxide thicknesses of about 30 nm. The differences found for lower values of
dox, however, refer to different kinetics induced by different oxidation mechanisms. In
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contrast to the homogeneous oxide films grown on amorphous deposited Si, on poly-
crystalline deposited ones only SiO, islands are detected at the first stages (Fig. 4). It is
important to note that the lateral dimensions of the islands are up to 130 nm, i.e. they are
significantly larger than the mean grain size ( by more than a factor of 2). Moreover, first
continuous films occurring after oxidation of heavily doped Si layers at 960°C for about 5
minutes show thicknesses of more than 20% lower than for amorphous deposited silicon
(Fig. 3). In addition, there are great differences also in the roughnesses measured of the
interfaces. '

Figure 2. TEM cross-sectional images of undoped (a - d) and heavily doped silicon layers (e - f) after
oxidation times of 5 (a,e), 10 (b,f), 40 (c,g), and 100 minutes (d,h). Amorphous deposited layers are used.
SiO,-2 denotes the oxide film grown on the silicon layer Si-1.
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Figure 3. Dependence of the oxide thickness d,x (a,b) and the interface roughness Ad (c, d), resp., on the

oxidation time. (a,c) Amorphous deposited silicon layers. (b,d) Polycrystalline deposited layers.
Data for undoped (1), medium-doped (2) and heavily doped samples (3) are shown.

Besides the dependence of the oxidation kinetics on the doping of the Si layers and the
deposition temperature, also the influence has been investigated of additional postannealing
after ion implantation (drive-in annealing). The subsequent oxidation process was shown
not to vary (with respect to the thickness and the roughness of the grown SiOj film) by
applying amorphous deposited layers, whereas the use of polycrystalline deposited ones
effected an increasing roughness. This is not only true of furnace annealing but also of
RTA processes between 1000 and 1200°C. As it is proved by TEM analysis, the reason is
the full maintenance of the primary interface flatness by the formation of large grains du-
ring crystallization after drive-in annealing. Size distribution measurements of the grains
reveal only small deviations from the mean size. On the other hand, recrystallization of the
polycrystalline deposited layers during this process results in an increasing interface
roughness associated with a larger scattering of the grain sizes in the polycrystalline de-
posited silicon layer.

Interface Roughness

Increasing the oxidation time increases not only the thickness of the growing SiO;
film but also varies their roughness, which is defined by eq. (1). Therefore, analogous to
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Figure 4. Oxidation of a polycrystalline deposited layer for short times (5 minutes) does not result in a
closed SiO; film (cf. Fig. 2 for the same oxidation of an amorphous deposited Si layer).

the dependence of dox, the doping of the silicon layer is the most important factor influ-
encing the roughness of the interface to the oxide film (Fig. 3). Applying heavily doped Si-
layers causes the interfacial roughness Ad to continuously increase with increasing oxide
thickness. This correlation is described by

Ad~0.1-dyy, [nm] . 2)

On the other hand, Ad is nearly constant or increases only slightly by oxidation of
undoped and medium-doped a-Si layers, respectively (Fig. 3b). For instance, for the oxi-
dation of undoped silicon layers, Ad values of about 3 nm were measured for oxide thick-
nesses up to 100nm. They are about 5 times smaller than those observed for oxide layers
grown on heavily doped a-Si (here a value of Ad = 14.9 nm was measured for dox =
100nm). An analogous correlation between Ad and dox as a function of the doping was also
proved for oxide films grown on polycrystalline deposited Si (Fig. 3). There are, however,
higher absolute values of Ad even for medium- and undoped layers, respectively. The dif-
ferences are larger by a factor of 5 especially for very thin oxide films (thicknesses smaller
than 20 nm). In addition, increasing the oxidation time results in a slight decrease of Ad
which is probably caused by the transition to the diffusion-controlled oxidation and the re-
duction of stress (Carim and Sinclair, 1987).

Furthermore, there also is a correlation between Ad and the grain size in the crystal-
lized silicon films. The experiments revealed that

Ad~028 - Dg;- 12 [nm] 3)

where Ds;j denotes the grain diameter. There is no anaologous correlation for polycrystal-
line deposited silicon.

DISCUSSION AND CONCLUSIONS

The investigations have proved a nearly linear dependence between the thickness of
the oxide layer and the oxidation time (cf. Fig. 3). This is observed not only for the oxi-
dation of amorphous deposited silicon layers but also for polycrystalline deposited ones.
Based on this result, the oxidation kinetics is described by applying the model of Deal and
Grove (1965), which was evolved for the oxidation of single-crystalline material. In this
model, for the linear growth region (i.e. short times) the dependence of dox on the oxi-

dation time t is given by
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-B.
dox_A t+7) “

where B/A denotes the linear rate constant, and t a time constant. For the calculations,

values of B/A of 7.2-10-2 umhr! (for {100} oriented Si) and 1.0-10-1 gmhr-1 (for {111}
oriented Si), resp., were used, which were given by Sze (1985) for dry oxidation (O3 -
3%HCI mixtures). An initial value of dox = 1.5 um (native oxide) was also assumed. Hence
it follows that the oxidation rate of undoped and medium-doped silicon layers is higher
than for {100} oriented Si. For oxide thicknesses of more than 15 nm, however, the oxi-
dation rate is equivalent to {111} oriented material. This is fulfilled for amorphous and
polycrystalline deposited layers. Furthermore, at a characteristic time A%?/4B = 24 min.,
corresponding to dox = 42.8 nm, the oxidation changes from the linear region into the pa-
rabolic one.

Of heavily doped silicon layers the oxidation is faster than of undoped and medium-
doped ones, respectively. By modifying B/A, the experimental data can be fitted to the
model of Deal and Grove, too. From the calculations it follows that the correlation is best

for B/A = 1.3:10"1 umhr! and for the thickness of 2 um of the native oxide (Fig. 5). This
correlation ensues, however, only for oxidation times up to about 30 minutes. At prolonged
times, the transition into the parabolic growth region causes oxide thicknesses lower than
expected from the linear growth model. This is true of the oxidation of both amorphous
and polycrystalline deposited layers. On the other hand, at very short oxidation times (t <
10 min), the linear growth model can also be applied to the polycrystalline layers, whereas
the higher oxidation rate of amorphous deposited layers, however, results in deviations
from the calculated thickness (Fig. 5). They are caused by the different oxidation mecha-
nisms of both types of layers even at the first stages. It can be assumed that atomic proces-
ses of incorporating oxygen into the amorphous silicon and on the anisotropic, crystalline
silicon surface are most important (breaking of Si-Si bonds and the formation of Si-O-Si

d [nm]

100 |

JAY
u}

10 M e

1 10 100
t [min]

Figure 5. The experimental data are fitted to the model of Deal and Grove (1965) by applying B/A =

1.3-10-1 #mhr-1 (linear growth region). Data for amorphous (A) and polycrystalline deposited silicon layers
(), both heavily doped with phosphorus.
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bonds). They are different as long as the crystallization front, starting simultaneously at the
opposite interface of the a-Si layer, crosses the oxidation front. In addition, as it is shown
by HREM, effects of dopant segregation or the influence of stresses discussed e.g. by
Wang et al. (1991) can be avoided (oxide layers grown at 960°C should almost be free of
stress (cf. e.g. Claeys et al., 1988a)).

Furthermore, the enhancement effect of doping on oxidation is generally known also
of polycrystalline layers. There are, however, differences in the influence of this effect on
the present investigations, which is referred to in the literature. They show that doping the
silicon layers strongly varies the influence of this effect on the oxidation. While ion im-
plantation was used for the present investigations, the literature mostly anoted doping from
POCI3 sources. For instance, Claeys et al. (1988b) reported B/A variations of more than 1

order of magnitude by increasing the phosphorus concentration from 1 to 5.1020 cm-3. On
the other hand, the medium-doped samples described here have the same B/A as the un-
doped ones; the phosphorus concentration calculated from the implantation dose is, how-

ever, 9-1020cm-3. Moreover, the value of 1.3-10-1 gmhr-1 of the linear rate constant found
for the heavily doped samples (i.e. a phosphorus concentration of 4-1021cm-3) is more than
one order of magnitude lower than that extrapolated from the data of Claeys et al. (1988b).
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III. DEPOSITION AND PROPERTIES OF SiO2

INTRODUCTION

H. Z. Massoud
Dept. of Electrical Engineering
Duke University, Durham, NC 27706

S. 1. Raider
IBM T. J. Watson Research Center
Yorktown Heights, NY 10598

In this chapter, there are seven papers covering the deposition and
properties of silicon dioxide layers. The chapter starts with a review of the
thermal and X-ray production of point defects in vitreous SiO2 by Galeener.
In this invited paper, the three main spin-active defect centers observed in
vitreous SiO3 are reviewed. These are the E' electron center, the nonbridging
oxygen hole center (NBOHC), and the peroxyl radical oxygen hole center
(PROHC). Defect generation is examined as a result of thermal and
mechanical shock, particle irradiation, neutron bombardment, and above-
band-gap electromagnetic radiation, especially X- and y-irradiation. A model
involving creation, activation, annihilation, and deactivation is found to fit the
highly nonlinear defect concentration vs. dose curves for electron spin
resonance and luminescence. Photon energy studies reveal that electrons
ejected by photoabsorbed X-rays cause the spin-active defects.

Paramagnetic defects in a-quartz as characterized in detail by electron
paramagnetic resonance spectroscopy are reviewed by Weil, McEachern, and
Mombourquette. The discussion covers intrinsic or impurity-free defects and
extrinsic defects. The dominant intrinsic defect is the E'} center, an O-
vacancy of special importance in the fields of glasses and MOS devices. The
vast majority of point defects in o-quartz are extrinsic impurity-related
defects, with the primary E centers being the E'2(H), E'2(Li), and E'4(H)
single oxygen vacancies. This paper concludes with a discussion of recent

work on generating powder/glass EPR lineshapes from the single-crystal
parameters.
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The remaining four papers in this chapter deal with the processing
conditions and properties of SiO2 layers deposited either by plasma-assisted or
non-plasma-assisted chemical vapor deposition.

Lucovsky, Ma, Yasuda, and Habermehl describe the properties of SiO»
deposited at low temperatures in the 200-300°C range by a PECVD process
that allows the separate control of the interface formation and oxide deposition
processes. This technique includes the oxidation by remotely generated O
atoms, following an RCA clean that concludes with a rinse in dilute HF, and
deposition of an oxide or a multilayer dielectric (NO or ONO) by remote
plasma-enhanced CVD.

The dependence of the physical, optical, and electric properties of
deposited SiO2 on the deposition conditions at low temperatures (<120°C) in a
distributed electron cyclotron resonance (DECR) plasma-enhanced chemical
vapor deposition (PECVD) is presented by Agius et al. They report that high-
density films with near-SiO2 stoichiometry and low hydrogen concentration
were obtained by optimal choice of pressure, microwave power, total glass
flow, and oxygen-to silane flow ratio.

In the study of Chakravarthy, Levy, and Grow, SiO2 layers were
deposited in the 375-475°C range using diethylsilane (DES) by low-pressure
chemical vapor deposition (LPCVD). The deposition rate was found to follow
an Arrhenius behavior with an activation energy of 10 Kcal/mole, increased at
higher pressures, and varied with the DES flow rate and O2/DES ratio. The
oxide thus grown has a density of 2.2 g/cm3, IR spectra peaks at 1060, 810, and
440 cm-1, a refraction index of 1.46, and an etch rate of 900 A/min at 25°C.
These properties allow its use as an intermetal dielectric or as a top-layer
passivation coating.

The electrical characteristics of these low-temperature deposited
oxides generally indicate that there is room for improvement in the
concentration of interface traps, leakage current, process window,
reproducibility, and reliability. They also indicate the great potential
of these depositions technologies for incorporation into future
standard manufacturing practices.
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THERMAL AND X—-RAY PRODUCTION OF POINT

DEFECTS IN VITREOUS SiO,

Frank L. Galeener

Department of Physics
Colorado State University
Fort Collins, CO 80523

INTRODUCTION

In this review, I will outline our recent work on the thermal and x—ray production
of spin active point defects in vitreous (v—) SiO,. Experimental details and more
extensive comments on the nature of the defects and the relevant work of others will be
found in Refs. 1—15.

There are three main spin active defect centers seen at room temperature in pure
v—S8i0,: the E’ electron center, the nonbridging oxygen hole center (NBOHC) and the
peroxyl radical oxygen hole center (PROHC). The nominal structures for these point
defects are shown in Fig. 1. The E’ electron spin resonance (ESR) signal is due to the
unpaired spin of an electron trapped on a Si atom that is bonded to only three oxygen
atoms.! The Hyy or NBOHC signal is due to a hole on an oxygen atom singly bonded to
Si.2 The Hp or PROHC signal is due to a hole on an oxygen atom singly bonded to 0.3
Many aspects of these and other defects in v—SiO, are discussed by Griscom*~¢ and in
references given by him.

Each structure shown in Fig. 1 represents the "spin activated" form of the defect,
i.e., the structure has an unpaired S = 1/2 spin which is seen in our ESR experiment.
Upon trapping or untrapping of an appropriate charge, such structures may continue to
exist but exhibit no net spin; they are then said to be "deactivated,” and are not seen in
ESR. Upon much more energetic rearrangements of local structure the proper SiO, bonds
may be reestablished and the defect is said to be "annihilated," or "recombined" into the
network.

When an undefected piece of SiO, network is permanently broken, e.g., as a result
of thermal agitation or irradiation, the resultant defect is said to have been created. If this
newly created defect has no unpaired spin, it will nor be seen in ESR. By "activation" we
mean the subsequent untrapping or trapping of an appropriate charge which produces an
unpaired spin and renders the structure observable by ESR. We assume that "activation"
requires relatively little energy, perhaps less than 1 eV, and therefore probably corresponds
to a minor change in the geometry of the structure.

The Physics and Chemistry of SiO, and the Si-SiO, Interface 2
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Figure 1. Schematic repreeentatlon of the spin active defect structures in v—SiO,. Each ¢ rei)resents the
unpaired spin of a charge trapped in the orbital shown. These structures have been assigned!>> to the E’
(a), Hy, (b) and Hp, (c) ESR lines.

The spin—inactive form of the defect is sometimes referred to as the "precursor” of
the structure that exhibits ESR.4~® Thus the "precursor" of the E’ defect is said to be a
structure like that in Fig 1(a) but having no unpaired spin.

In the context of our experiments involving radiation induced defects we refer to the
spin—inactive form as the "preexisting form" of the defect, or more simply the
"preexisting" defect. We use this language to distinguish between two kinds of sources
(or precursors) of spins that are observed after irradiation. When the spin—active defect
was made by breaking the bonds in an undefected piece of network (as source, or
precursor), we say the ESR observed defect has been "created" (from the undefected
network). When the observed spin—active defect is made merely by radiation induced
transfer of an appropriate charge, we say it was "activated" from a "preexisting" (form of
the) defect.

At the present time we therefore distinguish four processes: (1) "creation" of a
spin—active defect from an undefected network, and its converse (2) "annihilation" or
"recombination” then (3) "activation" of a spin—active defect from its spin—inactive
preexisting form or precursor, and its converse (4) "deactivation."”

A sample of v—SiO, quenched from the melt at normal rates shows no ESR signals
at room temperature. Defects are seen by ESR only after exposure to various additional
disturbances, including thermal shock, mechanical shock, particle irradiation, neutron
bombardment and above band gap electromagnetic radiation. Our research is aimed at a
better understanding of the mechanisms of generation of spin active defects in SiO, under
X— and +y—irradiation (as well as electron bombardment) for samples with different
thermal histories and trace impurity concentrations.

X—RAY DOSE DEPENDENCE

Figure 2, taken from Ref. 7, exhibits the monotonic increase of E’ and Hy spin
signal strength S with X —ray exposure time t in otherwise high purity "wet" Suprasil—1,
which contains large amounts of hydroxyl impurity, [OH] ~ 1200 ppm. Figure 3, also
from Ref. 7, shows the increase of S versus t for E' and Hy, spin signals in high purity
"dry" Suprasil—W1, in which there is very little of the normally ubiquitous hydroxyl,
[OH] < 2 ppm. The samples were annealed to structural equilibrium at temperatures of
1350, 1000 and 700°C, then rapidly air quenched to room temperature, hence they have
the indicated fictive temperatures Tg = T,. The 3 mm X 6 mm X 1 mm samples were
irradiated at room temperature from one flat side by the X —rays from a Cu—target tube,
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X-Ray Dose, 