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Preface to the Second Edition

A number of new experimental innovations have been added in over 50 new
chapters. I thank each of the innovators for their contributions which are
acknowledged in the text. I very much appreciated the graphical work of Dr. Ana
Stevanovic who skillfully converted hand drawings to computer graphics. I also
deeply appreciate the assistance of Dr. Zhen Zhang in assembling the new and
former material to produce a well-organized second edition. And finally, I wish to
thank Dr. Winfried Heichler and his son Jan Heichler for important high-resolution
optical scanning of the first edition, allowing its fusion with new material in the
second edition. I also thank the Department of Chemistry at the University of
Virginia for financial support of the graphics effort. And finally, as in the first
edition, I thank my loving and caring wife, Kerin Yates, for her continued support
and constructive criticism of the new book.

Virginia John T. Yates Jr.



Preface to the First Edition

The modern era of surface science, developed in the last 30 years, features hundreds
of new physical and chemical measurement methods such as low-energy electron
diffraction and Auger electron spectroscopy, which form a vital foundation for the
field. These measurement methods constitute the basis for a number of books used
by beginning students as their introduction to experimental research.

This book is not about this particular experimental core of the field. Instead, it is
about those practical laboratory methods used throughout the field, but seldom
communicated coherently in writing and drawings to beginning students. These
practical methods of design, construction, and measurement also form their own
foundation for making possible significant research. They constitute a gold mine of
clever ideas and “tricks of the trade” about how to use basic materials and com-
ponents effectively for research and measurement in surface science.
Approximately 250 practical methods are described in the book in enough detail
that one could design a new experimental device from the book alone.

This book will be useful to beginning research workers in surface science as well
as to those who work with similar methods in fields such as semiconductor tech-
nology, materials science, and physical electronics.

The contents of the book have been selected from unpublished information
supplied by more than 100 workers in the field as well as from the literature, dating
back to the mid-1960s. 1 have attempted to communicate the core ideas from
published and unpublished accounts of research in easy-to-comprehend pictorial
form, believing that pictures are the most effective mode for communication of
information of this type. Thus, the reader can learn much just by looking at the
pictures. The text associated with each drawing gives more details. In many cases,
the text and its citations indicate the originators and subsequent contributors to the
innovation, but in other cases the origin of the key ideas is unknown, making
accurate historical citations impossible.

There are some topics that have not been addressed in the book, primarily
because they are currently highly specialized and fast-moving activities that are best
learned by advanced research students who have previously mastered some of the
topics covered in this book. Untreated topics include many details of the scanning
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tunneling microscope (STM), complex molecular beam techniques, and complex
laser-based measurements.

Updated information on United States and international suppliers of materials
and components used in surface science research is featured at the end of the book.
Here the reader will find a guide to product sources as well as addresses and other
communications information for all companies mentioned in the text footnotes as
well as many other company listings. I thank Dr. Jun Yoshinobu and Dr. Joachim
Ahner for help with these compilations.

I very much appreciate the involvement of many friends and colleagues who
have contributed to this book by sending me accounts of their innovative methods.
This includes many of my own students and postdoctoral who have developed
some of the experimental methods described here. I also thank the publishers of the
Journal of Vacuum Science and Technology for permission to use many published
contributions dating back to 1964. These were organized for me by Professor
Michael Bozack and Mr. Kenneth W. Bryant at Auburn University, to whom I am
greatly indebted, and were invaluable in writing a portion of this book. I thank Dr.
Fred Dylla and Mrs. Maria Taylor for their encouragement during work with AIP
and with Springer-Verlag as the book progressed. Mrs. Marge Augenstein and Mrs.
Mary Beth Merenick supplied accurate assistance in organizing the collection and
verification of information for the book at the University of Pittsburgh, and in
checking the accuracy of the citations. Ms. Hana Novak took my hand-drawn
mechanical drawings and skillfully converted them to computer graphics. The book
would not have been produced without the financial assistance of the Alexander
von Humboldt Stiftung, which made possible my stay in the Department of Physics,
Philipps University, Marburg, Germany. I am indebted also to the University of
Pittsburgh for a coincident sabbatical leave to write the book. I wish to thank my
many German friends for their hospitality, particularly Dr. Heinz J. Jaensch and
Professor Dieter Fick for their friendship during my seven months in Marburg.
I also thank my parents, Mr. and Mrs. J. Thomas Yates, Sr., for their hospitality in
Hagerstown, Maryland, during the completion of the book. And finally, and most
importantly, I thank my wife, Kerin, for all of her support. Without her under-
standing and constructive criticism, writing and illustrating the book would have
been impossible.

March 1997 John T. Yates, Jr.
R.K. Mellon Professor

Department of Chemistry

and Department of Physics and Astronomy

Director, Surface Science Center

University of Pittsburgh
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Vacuum System Technology



Chapter 1
Motion in Vacuum

1.1 Crystal Manipulator with Six Degrees of Motional
Freedom

This design [1] is shown in two parts to separate the azimuthal motion (Fig. 1.1)
device from the tilt motion device (Fig. 1.2). A central rod extends from a typical
X, ¥, z-plus rotary motion manipulator. The azimuthal and tilt motion (pushing and
pulling) devices are connected to the same central rod and are free to slide up and
down on this rod. The central rod is slotted to keep the crystal mount linking fittings
from rotating with respect to the rod. The two push-and-pull actuators permit the
central rod that passes through them to rotate in two ball-bearing (BB) mounts.
Azimuthal crystal motion is transmitted by the push-and-pull actuator, which,
through two coupled universal joints, turns the crystal mounting platform on its
own ball bearing mount behind. Tilt motion is transmitted by the push-and-pull
actuator, which tilts the crystal mounting platform about the axis of the hexagonal
nut shown in the Tilt Motion diagram. The degrees of freedom for motion at various
points are shown by double-headed arrows. This design does not result in a
decoupling of tilt motion from other degrees of freedom, which is a disadvantage in
some cases, but the design has been used for more than ten years with success.
A more recent design uses a circular slot to guide a pin in the crystal tilt mechanism
that eliminates the crystal translational motion associated with the tilt motion. It is
of interest to note that in this design, ordinary unlubricated ball bearings are used in
ultrahigh vacuum with success and without seizure or binding.

The crystal is mounted on electrical and thermal isolation standoffs on the crystal
mounting platform and may be heated by electron bombardment or by ohmic
heating. Various thermocouples may be connected to the crystal, and cooling to
about 40 K is achieved using a copper braid connected between the crystal
mounting assembly and a liquid He cryostat. Appropriate provisions are made to
shield the mounting assembly from emitted radiation generated during crystal
heating so that the desorption of impurities from the mounting is minimized.

© Springer International Publishing Switzerland 2015 3
J.T. Yates Jr., Experimental Innovations in Surface Science,
DOI 10.1007/978-3-319-17668-0_1
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Because of the complexity of the design of a device of this sort, it is recom-
mended that a working model first be constructed before final design parameters
are set.

Many other designs allowing cooled crystals to be azimuthally rotated in
ultrahigh vacuum have been published [2-12] and some are treated in this book.
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1.2 Rotation in Ultrahigh Vacuum

The provision for rotation of samples in ultrahigh vacuum (UHV) is centrally
import ant in most investigations, since the analytical facilities in most research
chambers are located on different azimuths from the center line of the vacuum
chamber. It is often desired to provide other motions, as well as heating and cooling
of the crystal, but this section is concerned only with axial rotation. Historically, the
problem was addressed in the first sixty inch cyclotron by Wilson [13], long before
ultrahigh vacuum was achieved in metal systems. It is of interest to note that the
differential pumping method employed by Wilson is still fundamentally important
to UHV technology.

Figure 1.3 shows the Wilson seal as currently used in ultrahigh vacuum to rotate
a long cylindrical cryostat on which the crystal is mounted using ceramic feed-
throughs [14]. Two Viton gaskets, with a hole cut smaller than the rotary seal tube,
are held in place in a brass housing that bolts onto a specially shaped lower Conflat
flange having an upward-facing conical section to push the Viton gasket upward as
shown. An assembly plate, below the upper Viton seal, also has an upward-directed
conical support section. These two Viton seals make a strained contact with the
polished-mirror-finished (600 grit) outer portion of the rotary seal, and provide the
vacuum tight joint. To prevent significant leakage through the lower Viton seal
gasket, the region between the two gaskets is differentially pumped with a rotary
pump or a small ion pump. The cryostat tube, welded to a mini-Conflat flange is
bolted to a mini-Conflat knife-edge sealing surface on top of the rotary seal. Two
stabilizer bearings prevent wobbling of the central components; these may be made
of phosphor bronze [14], Teflon, or they may even be ball bearings. Wires for
heating the sample electrically, and thermocouple wires conveniently thread down
the cryostat tube and exit from the bottom. As is obvious from the drawing, the
bottom Con-flat flange must be bolted on from below, meaning that a flanged
extension tube from the chamber flange must be employed under the device.
A handle added to the flange of the rotary seal (not shown) is helpful in applying
torque, and the upper section of the brass housing is divided into degrees of arc for
accurate angular positioning, using the pointer. Bakeout temperatures of 150 °C are
nondamaging to the Viton seals. For higher temperature bakeout, KALREZ per-
fluoro elastomer might be used [15]. The gaskets can most conveniently be made by
use of a homemade punching jig to accurately locate and cut the center hole to size
as well as to place the six radial holes through which pass the bolts clamping the
assembly plates down on the Viton. A pressure rise of about 1 x 107'° Torr was
observed on slow rotation.

The seal in Fig. 1.3 is designed for liquid nitrogen cooling, and in order to
achieve long cryogenic storage time, a 1-L storage Dewar with a hole in its bottom
was fabricated [16]. To make a liquid nitrogen seal each day with the cryostat tube,
a platform support for the Dewar is covered with some cotton wool that is saturated
with water; sufficient ice forms to make an excellent seal. Ice formation under the
support platform by condensation from the atmosphere is a problem that can be
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Fig. 1.3 Differentially pumped rotary seal—flat Viton gaskets

reduced by using a heater tape around the brass housing and possibly a fan to
evaporate liquid water runoff. The apparatus can be inefficiently used with the
gaseous discharge from a liquid He Dewar to achieve temperatures near 30 K, and
the momentary transfer of liquid He brings the temperature to 15 K [14, 16].
Another rotary seal based on this principle has been reported [17].

Figure 1.4 shows a second design for a rotary seal in which O-rings are
employed as the sealing elements, with one stage of differential pumping between
the O-rings [18]. A polished rotary-seal tube rotates against the slightly compressed
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Fig. 1.4 Differentially pumped rotary seal—Viton O-ring

Viton O-rings, which are held in place by tightening the flange on the compression
pieces, which are made of copper and which slide in between the outer wall and the
rotary seal. These two compression pieces contain a number of holes to provide a
pumping opportunity between the inside and outside of the cylindrical pieces. The
O-rings are lubricated with a trace of graphite powder. A different lubricant reported
to be satisfactory for Viton O-rings consists of a mixture of graphite powder and
Santovac 5 diffusion pump oil (a polyfluo-roether) [19]. Differential pumping with a
rotary pump or a small ion pump is used for the inner section holding the lower
compression piece. A Teflon spacer at the top supplies a bearing surface for the
rotary seal. Inside the rotary seal, a cryostat tube similar to that in Fig. 1.3 may be
inserted. A pressure rise of about 3 x 107! Torr was observed on rotation [18].
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Rotation using large differentially pumped seals is often employed to move
heavy instruments inside the vacuum system, with a large-diameter rotating plate
being moved through 360°. Auerbach [20] and his colleagues first reported the use
of spring-loaded Teflon seals in this role in ultrahigh vacuum systems. Ordinary
Teflon has a high thermal expansion coefficient, poor creep characteristics, and high
permeability in static systems, so that differential pumping is required, along with a
mechanical trick in which a spring is embedded inside the Teflon ring [21] to
compensate for creep. These seals can also be obtained with Teflon filled with
MoS2 lubricant particles for ultimate lubrication of an already lubricious material
[20]. However, the filled polymer has a higher gas permeability than pure Teflon. In
Fig. 1.5, a diagram of a double-stage differentially pumped Teflon seal is shown
[20]. The large-diameter rotating plate is centered with two ball bearings, which
have been split at the inner and outer races to prevent distortion and binding owing
to differences in expansion coefficient between the bearings and the stainless steel.
Beneath the ball bearings are three spring-loaded Teflon seals. The space between
the upper two seals is pumped with a rotary pump, while a small ion pump [11 L/s]
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pumps the space above the inner seal and the center seal. The system is baked to
200 °C, and the pressure rise upon rotation is less than 107" Torr and usually
unobservable. The pressure at the small ion pump is in the 10™® Torr range. The
estimated gas leakage under static conditions is 10~* Torr L/s [20]. Seals based on
this principle are now commercially available. Others have reported the use of this
type of seal for rotary manipulators [22-24].

Sometimes rapid rotation in ultrahigh vacuum is desired, where rather massive
components must turn in bearings. Figure 1.6 shows a magnetically driven rotation
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Fig. 1.6 Internal ball bearings
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device that drives an inner cylinder suspended in vacuum. Two vacuum ball
bearings are used at either end of the inner cylinder. These are ordinary ball
bearings that are unlubricated, and they contain large cross section ball races. These
bearings are routinely baked at 220 °C, and proved satisfactory for 18 months,
having undergone 5 x 10° rotations without any degradation in performance. The
evolution of gases is proportional to the rotation speed as shown in the lower part of
Fig. 1.6, and the rise in total pressure is about 2 x 10! mbar at 100 rpm. Most of
the gas evolution was due to H,O and H, liberation [25].

Other designs for achieving independent rotational motions around two axes are
described in the literature [26—28]. Reference [26] describes an electrical readout
for the angular motions accurate to 0.5° and based on motion of a wire-wound
potentiometer.

1.3 Crystal Positioning Using Capacitance

The ability to position a single crystal precisely can be useful in many measurement
procedures in ultrahigh vacuum. This is a problem when the positioning must be
done at accuracies beyond the capability of micrometer drives on manipulators.
Factors such as thermal expansion effects, backlash in precision screw drives, and
vibration interfere with accurate positioning methods.

The topic of capacitive positioning of a single crystal is treated in the context of
locating the crystal accurately in front of a mass spectrometer that is housed in an
apertured shield for accurate and reproducible temperature programmed desorption
measurements [29]. This connects to the topic on p. 259.

Figure 1.7a shows a glass shield [29, 30] mounted over a quadrupole mass
spectrometer ionization source. A Ta ring is rigidly supported near the aperture of
the shield and acts as the capacitive pickup terminal. The capacitance is of the order
of 0.1 pF for a 1-mm spacing between the Ta ring and the crystal. The capacitance
measuring circuit, to be described below, can measure capacitance changes in the
range of 0.1 %, meaning that the crystal can be positioned to 1 um reproducibility,
corresponding to an error in the measurement of the desorption rate from the crystal
of only about 0.05 %. Small tilting of the crystal will reduce this reproducibility,
and the demonstrated reproducibility of actual measurements was better than 1 %
[30].

Figure 1.7b shows a slight variation on the design. Here, an Ag ring is employed
as the capacitance pickup terminal, and it is fixed on the end of the glass shield as
shown. The Ag plate, (12 mm OD; 6 mm ID, 1 mm thick) is held in place by use of
3 Ta wires that are spotwelded to the plate and wound around three glass eyelets on
the shield. The Ag plate is connected through a Kapton-insulated and shielded lead
to a BNC connector that exits the vacuum system. To avoid static charging, the
glass shield is surrounded by a very thin grounded metal mesh [31]. An Aquadag
[32] (colloidal graphite) coating can also be used for this purpose, or a metal shield
like that shown on p. 260 may be used. The spacing employed between the crystal
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and the aperture is reported to be only 10 um in this design, and this maybe
reproduced to 1 pum [31].

The capacitance measuring circuit [30, 31] is shown in schematic block diagram
form in Fig. 1.7c. It is a phase-shifted bridge circuit, working at 20 kHz [30].
A sinusoidal signal (20 Vpp) is applied to the crystal and the capacitive pickup is
made to the ring aperture, since the crystal is often connected to unshielded leads
and electronics outside of the vacuum system. The detection system is used as a
simple lock-in amplifier.

1.4 UHYV Rotary Manipulator with Arcsec Resolution

In some cases, the use of a commercial crystal manipulator is inappropriate because
of the poor resolution and reproducibility inherent in these designs. For certain
cases, such as in X-ray standing wave spectroscopy (XSW), a high-precision rotary
stage is needed [33].

Figure 1.8a shows a side view of an ultrahigh vacuum system containing both a
coarse and a fine adjustment for rotating a single crystal about the horizontal axis.
The crystal holder is mounted on a platform such that its surface is in a plane that
contains the axis of the shaft that holds the crystal holder. This shaft, made of
precision-ground 304 stainless steel, rotates and translates inside of two
linear/rotary ball bearings that are mounted on the top flange. With a conventional
rotary feedthrough and rotary manipulator contacted to the shaft by a U-joint,
coarse sample manipulation in 7 arcsec increments can be achieved with a stepping
motor/speed reducer.

Figure 1.8b shows the principle of the high-precision rotary device, where the
shaft may be engaged by a lever, and where precise variations in the position of the
top of the shaft may be used to make azimuthal rotations to better than arcsec
accuracy and precision.

Figure 1.8c shows the detailed structure of the high-precision rotary device
coupled to the upper flange by a bellows. The rotary feedthrough drives an actu-
ating lever that pushes a pushrod and the lower clutch body against two springs.
When the force on the pushrod is released, the upper and lower clutch bodies grab
the shaft. The rotation of the shaft about its axis is determined by the setting of the
upper micrometer which is driven by a stepping motor. A weight is used to maintain
tension and contact between the upper micrometer and the movable flange, and
incremental motion of 0.88 arcsec is achieved with a lever arm of 292 mm length
and a micrometer displacement of 1.25 x 10~ mm [33].
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Fig. 1.8 Rotary motion—
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1.5 Solenoid Driven Linear Motion Device

A rapid linear motion inside an ultrahigh vacuum system may be achieved by using
a solenoid-power-driven actuator like that shown in Fig. 1.9. All moving parts are
inside the vacuum system, and the external solenoids do not require vacuum
encapsulation. The actuator is a barrel-shaped plunger made of high-purity iron
sized to make a loose fit inside the stainless steel tube. In this device a stroke of
3 cm was achieved. Each solenoid consists of 1400 turns of #24 magnet wire
wound on an aluminum spool and giving a dc resistance of 14 Q. Short electrical
pulses are used on either solenoid to move the actuator in or out; the current is then
turned off to prevent overheating or stray magnetic fields. In operation, the actuator
will tilt as shown in the drawing when it moves inward. Measurements made on the
actuator show that a torque of 500 g cm can be achieved at the internal pivot point.
The closing time was measured to be 50 ms. The original paper [34] also provides a
design for either an automatic or manual actuator circuit.

The solenoids are removed for system bakeout by releasing the lock ring on the
back end. A similar magnetically driven shutter assembly using a Nd Fe-B mag-
netic encapsulated slug and an external ceramic-ring magnet has also been
described [35].

1.6 An Inexpensive Linear Motion Device

A homemade linear motion device may be constructed quite easily from an inex-
pensive machinist’s device as shown in Fig. 1.10. The vise is made of high-grade
gray iron and the jaws as received from the manufacturer are precision ground for
squareness and parallelism to £0.0001 cm per cm. The hardened jaw pieces are
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removed from the vise and replaced with aluminum clamps that have an inner lip
machined in them to prevent the Conflat flanges from slipping through. These
clamps are mounted on the vise and then tightened around the flanges holding the
welded bellows. Machinist’s vises giving up to 7.5 cm linear travel are available
[36] at a cost of about $200-$300, and this device, while heavy, gives smooth and
repeatable translation. The precise position can be determined using a vernier
caliper between the clamps, or repeatable positions can be established by using
simple spacer bars. The overall price is about a quarter that of a comparable
commercial bellows manipulator [37].

1.7 Translating Auger Spectrometer

It is sometimes appropriate to move an Auger spectrometer or other large instru-
ment over a large distance. This may be done in a conventional fashion by using a
large-bellows translation device, which is both heavy and expensive. An alternate
method for achieving the same result is to employ internal linear ball bearings and
to translate with a small bellows-type linear translator. This requires that the
electrical connections to the instrument be flexible over rather long extension
distances.
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Figure 1.11 shows a design [38] for translating a cylindrical mirror analyzer
(CMA) Auger spectrometer over a 14-cm distance. This is done using a 1/2-in.-
diameter linear ball bearing [39] that slides on a polished stainless support rod at the
top, and is guided along a 1/4-in.-diameter rod-linear bearing assembly on the
bottom. The use of the smaller rod on the bottom allows the system to have a little
flexibility to prevent seizure due to slight misalignment. The first upper support
bushing is clamped with a stainless steel ring to the p-metal shield of the CMA
spectrometer using three set screws at 120° to each other. The second support
bearing is attached to a baseplate that rigidly supports the CMA by rods. The entire
assembly is mounted on an 8-in.-diameter Conflat flange. Translation is achieved
using a small linear translator, mounted on a small flange, which pushes and pulls
on the baseplate at a point close to the upper support rod to avoid torque on the
upper bushing during motion.

The flexible electrical connecting wires are looped to give the needed extension
and are made of Teflon-coated coaxial cable [40]. The coaxial cable is made UHV
compatible by stripping off the outer cover, leaving the cable shield, and contributes
no significant outgassing problem.

Another design for a translating Auger spectrometer may be found in [41]. In
this case, the miniature instrument (electron optics 30 mm diameter; 45 mm length)
is held on a single linear translator mounted on a 2 3/4-in.-diameter Conflat flange.
The resolution of this instrument is R = AE/E, = 1.5 % [41].
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1.8 Simple Multiple Motion Manipulator

The provision of various degrees of motional freedom for samples, apertures, etc.,
in ultrahigh vacuum systems is often accomplished with complex manipulators
such as that shown on p. 3. When complex motion is required and the measurement
of the position of the sample is not required, more simple devices are possible. In
Fig. 1.12, a device involving the combination of a port aligner and a linear trans-
lator is used to give multiple degrees of freedom for a rod. The port aligner allows
+10° motion within a solid cone, which is schematically shaded. The linear
translator permits motion back and forth within this solid cone [42].

1.9 Simple Device for Small Rotations in Ultrahigh
Vacuum—Grating Application

The rotation of gratings and other optical components through small angles in ultra
high vacuum for the purpose of alignment is not straightforward. This device
permits the adjustment of a grating through an angular range of less than 1° with
ease [43]. Adjustments in one direction or in two are possible, depending on the
structure used.

Figure 1.13a shows a side view of a device permitting one-dimensional rotation
about the x-axis. Two planar broad-leaf springs are connected to a base support, and
to a movable platform. A plane extrapolation of the two springs intercepts at the
origin, o, which is the center of the grating. Here the x-, y-, and z-axes are defined.
An adjustment rod is connected to the base support, and to an external adjustment
screw. Bellows, as shown, isolate the mounting system from the atmosphere.
Adjustment of the screw in the z-direction rotates the grating about the x-axis.
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The principle can be extended to rotation about two axes, as shown in the
schematic (Fig. 1.13b). Here, two sets of orthogonal leaf springs are used, and
screws for rotation of the adjustment rod operate in the z- and x-directions, leading
to grating rotation about the x- and z-axis.

Figure 1.13c shows the use of the two-axis device for optimization of the res-
olution of a UHV spectrometer. In this case, an angular resolution of less than 0.1°
was achieved for optimum spectrometer resolution adjustment [43].

1.10 Turntable Rotation in Ultrahigh Vacuum

Figure 1.14 shows a turntable for the rotation of heavy equipment in UHV with
high angular precision and repeatability, and without the need for coated or
lubricated bearings. Rotation is achieved using a rotary feedthrough to move the
axle of the turntable. The flat bottom of the turntable rests on three spheres made of
a metal carbide mounted in a V-groove. The spheres are of 10-mm diameter and the
three define the plane on which the turnable rotates. The mechanical stability is
excellent, and several tens of kilograms may be supported. In addition, friction
is low in ultrahigh vacuum. The danger of the spheres coming close to each other is
small, especially when forward and backward motion is used alternatively. The
system is uninfluenced by bakeouts at 200 °C [44].

1.11 Small Motions in UHV Systems Using Shape
Memory Effect Alloys

An unusual phenomenon present in certain alloys may be used to make small
motions in ultrahigh vacuum systems by the application of a small heating current
to a helix of the alloy material. The shape memory effect (SME) is so named
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because shape memory alloy (SMA) wire helixes can be made to change from the
“deformed” cold shape to the “preferred” hot shape reversibly. The restoring force.
is quite large and may be used to achieve small motions as illustrated in the two
examples shown here. There are numerous alloys that exhibit the SME, and a
favorite SMA for UHV applications is NiTi. This material is easily formed into the
hot shape and has a convenient transformation temperature. The shape change is
caused by a transformation from a martensitic to an austenitic phase, with the high
temperature austenitic material being produced at about 60 °C, while the reverse
transformation occurs at about 30 °C. Deformations producing less that 2 % local
strain in the martensitic state can be reversed by heating through the transformation
temperature. By setting the hot shape in a helical wire it is possible to get extensions
of several hundred percent without exceeding this strain limit.

Figure 1.15a shows a shutter arrangement made with a 0.45-mm-diameter NiTi
wire [45]. The hot shape of the left-hand helix was set by winding it on a cylindrical
mandrel and then heating to 500 °C for 1 h in a vacuum annealing oven to prevent
oxidation. The helix was then stretched between two stainless steel posts and pinch
clamped to each. The helix was therefore stretched from its preferred hot shape.
Upon heating with a current of 2.5 A, the left segment of the helix contracts to its
preferred hot shape, moving the attached shutter to the left in a period of less than
0.5 s. This operation stretches the right-hand cold helix beyond its plastic limit,
which means that it has little restoring force. Thus, the heating current can be turned
off after the shutter has moved to the left. To restore the shutter to its original
position, one heats the right-hand portion of the helix.

The effect of bakeouts at 215 °C on a severely stretched (300 %) helix was tested
over a 24-h period, and it was found that this treatment did not affect the hot shape
memory [45].

A second example in which the SME is used to open and close a clamp on a
manipulator is shown in Fig. 1.15b [46]. Here, the jaws of the clamp are opened
when the NiTi SMA wire is heated. The particular wire [47] used here is of small
diameter (0.15 mm) and has been treated in manufacture to exhibit a shorter length
at high temperature and a longer length at low temperature. For strong clamping,
four such wires were braided together and connected to a copper wire by a simple
overhand knot above the ceramic insulator tube, which passes through the back end
of the stationary upper jaw. The other end of the wire bundle is grounded through
the jaw. A restoring force to close the jaws when the heating current is off is
supplied by a spring mounted on a screw that is fixed in the upper jaw but that does
not touch the lower jaw. When the lower jaw opens, this spring is compressed.
Electrical heating to a wire temperature of 115 °C causes the jaws of the clamp to
open up by about 2 mm when 0.21 A is passed through the four wires in vacuum. If
the current is taken too high (0.23 A in vacuum), the annealing temperature will be
exceeded, and the SMA wires will lose their pulling ability. The reader is referred to
texts on the SME for more details [48, 49]. Also engineering studies of SME test
structures are described in [50].
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1.12 Rotary Shutter Device Driven by Magnetic Eddy
Current

The use of magnetic eddy currents in an ultrahigh vacuum system to drive a low
friction shutter is illustrated in Fig. 1.16. The eddy current magnet, shown without
its housing in the upper part of the Figure, drives the stepped copper rotor at
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Fig. 1.16 Eddy current rotor

300 rpm when ball bearings are used, and 60-Hz power is applied to the coil. The
copper disk is 0.8 mm in thickness. The stepped openings on the perimeter permit
the operator to vary the open duty cycle for evaporations through the openings from
an evaporation source mounted above the disk; operation near the perimeter gives
larger fractional transmission than with the substrate placed more toward the axis.

The lower end of the iron cylinder (5 cm dia. x 7.5 cm long) contains a semi-
circular piece of high-purity copper, 0.6 cm thick. It is wrapped with 150 turns of
#14 (1.6 mm dia.) magnet wire with Formvar insulation. This is housed in a
stainless steel can to prevent outgassing, and the can is welded shut using the
ceramic feedthrough for electrical contact to the coil inside.

The device works on the basis of the lag of the magnetic field at position b from
that at position a. This means that when the magnetic field is maximized during the
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cycle at a, the eddy currents centered at b will also be maximized. A force on the
volume element of the copper disk near a will be in the direction from a to b, and
the disk will move. One quarter cycle later, the magnetic field at b will interact with
the eddy currents centered at ¢ and the force is again in the direction from a to
b. During the next half cycle, both the magnetic field and eddy current directions
are reversed, again giving a force in the same direction. A mechanical brake is
employed to stop the rotation.

The shutter device is used to reduce the flux of evaporating material arriving at
the substrate by a precise geometrical method involving only the dimensions of the
transmission slots relative to the circumference of the sector disk. Thus, thick films
deposited near the outer edge of the disk are proportionately reduced to thinner
films deposited at a known radius under the disk. Measurements of the film
thickness deposited above the shutter can be converted to sector thicknesses below
the shutter [S1]. A similar device, driven conventionally, for extending the range of
a quartz microbalance has been described previously [52].

1.13 High-Speed Ultrahigh Vacuum Motor

A modified hysteresis-synchronous motor was designed to eliminate most of the
outgassing that occurs during motor operation [53]. There are two sources of gas
evolution in motors working in vacuum. The first is outgassing of the bearings. The
second is outgassing of the stator winding insulation owing to heating during
operation.

The design shown in Fig. 1.17 eliminates both of these effects to a high degree.
The bearings [54] in the motor [55] were lubricated with a dry lubricant. The stator
was isolated from the vacuum system and the rotor by a container sealed with two
O-ring seals at either end. This container is filled with nitrogen to 1 atm to facilitate
heat conduction away from the motor. Cooling coils that are brazed to the outside of
the isolation container maintain low temperatures at the motor.

The main modification in the motor involved increasing the gap between rotor
and stator to allow the isolation container wall (0.010 in. thick) to fit. This may be
done in two ways. Either the inside diameter of the stator is increased, in which case
the isolation container wall must be of magnetic stainless steel (this was done), or if
the outer diameter of the rotor is decreased, the isolation container wall between
rotor and stator must by made of nonmagnetic stainless steel.

Motors modified in this way have been working for more than one year at
200 Hz and exhibit a pressure rise of less than 1 x 10~ Torr [53].

To reduce the loss of gas still further, the motor housing could be filled with
nitrogen gas at about 1 Torr pressure, which is still adequate for heat transfer.
Alternatively, UHV sealants might be used to seal the motor [56].
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1.14 High-Speed Rotary Feedthrough for UHV Operation

A simple rotary feedthrough, suitable for high-speed rotation in an ultrahigh vac-
uum system, is shown in Fig. 1.18. The device uses a hysteresis motor, in which the
stator is externally mounted, for driving a shaft at speeds from 1200 to 15,000 rpm
[57]. The pressure rise during operation is less than 1 x 10° Torr, since the stator,
which generates gas on heating, is isolated from the vacuum system.

In the Figure, a shaft, held between two unlubricated bearings [58], is attached to
a rotor and both pieces are ground together to assure good dynamic balance. Two
spring washers eliminate axial play. The stator is held in place by plastic supports.
The torque delivered is limited by the motor size chosen [59] and by the gap
between stator and rotor, which is 1.5 mm here. After 1200 h of intermittent
operation, no need for bearing replacement was encountered.
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1.15 Self-lubricating Bearings in UHV

The use of boron nitride, BN, as a bearing lubricant has been demonstrated for light
loads in a combination rotary-translator bearing [60]. This is especially convenient
for magnetically driven shafts where only small forces may be applied.

Figure 1.19 shows an exploded view of the bearing assembly. The rotary and
translation shaft, made of stainless steel, is supported at some distance from the
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Fig. 1.19 Exploded view—self-lubricating translation-rotation bearing

bearing by V-blocks that can be moved into contact with the shaft, and these are not
shown here. The shaft is held by WC bearings (0.48 cm diameter) which them-
selves are held in a BN ball separator cylinder containing holes that accommodate
the WC balls. This BN ball separator provides continuous lubrication to the WC
balls and the rod, since BN is a dry lubricant. The balls are held in their place by a
type 6061 Al alloy retainer which slips over the top of the balls keeping them from
touching each other. An outer-bearing sleeve then slips over all of the components
and is stabilized by contact with the inside of the vacuum wall tubulation. The
bearing assembly is loosely retained between the magnetic drive mechanism and a
stop on its other end, not shown.

The system can be repeatedly baked at 275 °C. Since BN is hygroscopic, when
the chamber is open to atmosphere, the bearing is kept at 80—100 °C using heating
tape on the outside of the tubulation. No contamination of samples by BN has been
detected using various surface analysis methods.

1.16 Lubrication for Heavy Sliding Loads in Ultrahigh
Vacuum

The lubrication of metal/metal interfaces for sliding motion in ultrahigh vacuum is a
special problem related to the fact that practical surfaces that often slide together
with low friction in air will seize in vacuum because of the absence of adsorbed
molecular layers of water lubricant or other materials.

Figure 1.20a shows a test device used to evaluate the lifetime of a special coating
on stainless steel surfaces that was able to lubricate bearing surfaces successfully
for over 200,000 cycles. The comparable unlubricated surfaces failed after 1740
cycles [61].

A ballscrew that translates over spherical bearings in a race was installed, along
with a parallel identical partner ballscrew behind the device plane (not shown), in a
device which drove a 2-kg mass up and down in ultrahigh vacuum of the order of
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107'° Torr. The vacuum condition was achieved after a bakeout at 140 °C. The
motion drove the mass upward and downward 45 mm, at a speed of 2.25 mm/s. The
screws and nuts of the ballscrews are made of 440C stainless steel, finished using
electrochemical buffing to a roughness of about 0.1 pum, and then coated as
described below.

The ballscrew was coated with a TiC film, 1.5 pm in thickness, and with a
micro-Vickers hardness of about Hv 1100. An Ag coating of 0.3-um thickness was
then applied. The ball bearings mating to the ballscrew were also made of 440C
stainless steel, coated with an Ag film of 0.3-um thickness. The unlubricated sur-
face, used as a control, was not treated with either TiC or Ag.
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Figure 1.20b shows the wear track observed visually after 200,000 cycles. The
thin-film Ag coating is still retained on sections of the screw that did not undergo
contact with the balls. The TiC underlayer is visible in the contact regions and was
not worn through. Surprisingly, when the device was operated in air, the untreated
ballscrew performed well but the coated ballscrew did not move smoothly.

Plasma-coated Ag films on stainless steel screws for use in UHV have been
found to resist cold welding [62]. Also, ordinary Ag plating of either the bolt
threads or the nut threads of stainless steel bolts used internally or externally in
baked UHV systems is reported to be an excellent lubricant using coatings of
10-um thickness [63]. It has been found that coating metals such as Ta, Cu, Mo, and
stainless steel with an oxide film, by heating to redness in air, will provide pro-
tection against galling during motion in UHV [64].

A good review on tribology and lubrication in the vacuum environment in space
is found in [65].

1.17 Simple UHV Bearing for High-Speed Shafts

Steel ball bearings are often used unlubricated in ultrahigh vacuum. At high rota-
tional speeds, over time, these bearings tend to become sticky before final seizure.
The development shown in Fig. 1.21 uses polytetrafluoroethylene (PTFE or Teflon)
as a bearing material for continuous rotation at 10-1000 rpm. The bearing is
machined using sharp oil-free tools, and care is taken not to introduce metallic
particles into the PTFE. Cleaning is carried out in organic solvents, and traces of
metal and oil may be removed by use of hot nitric acid solution, followed by
soaking in distilled water.

The design has three essential components. The first is the use of relief slots
made by a small, round file at 90° intervals around the inside of the bearing.
Removal of about one-third of the contact area was found to be essential. The
second feature is the placing of pumping holes in the PTFE bearing, and more of
these can be supplied on the upper housing. The third feature of the design is the
use of an 0.25-0.50-mm-diameter wire squeezed between the bearing and the
housing as a friction point to prevent the bearing from rotating when torque is
supplied from the shaft.

Bakeout below 200 °C is appropriate, and temperatures above about 250 °C are
to be avoided. The bearing should be operated near room temperature and the
mechanical admission to the bearing surface of flakes of metal from thin film
deposition in the chamber should be avoided. Small partial pressures of fluorine and
chlorine were seen initially, and these decreased with time. Initial use also produced
small partial pressures of methane and carbon monoxide which soon disappeared.
The rotary bearing was used with a 400 rpm shaft for a million rotations without
any apparent degradation [66].
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1.18 Flange-Mounted UHV Variable Aperture

The need for an internal aperture that can be adjusted in ultrahigh vacuum exists
both in optical experiments and also in vacuum systems where variable pumping
speed control is desired. An inexpensive aperture device is shown in Fig. 1.22. It
consists of a variable iris aperture [67] that may be purchased as a component,
mounted inside a 2 3/4-in.-diameter Conflat flange. The aperture is mounted on an
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adapter ring that is tack welded into the flange to avoid distortion. The aperture is
fixed from rotation by mounting pins that fit into the adapter ring and through the
wall of the aperture housing. The aperture is tightened into place by a threaded ring
containing holes for a spanner wrench. The original Conflat flange has had an inside
slot milled around its inner circumference for the motion of the aperture control.
This is accomplished by a linear actuator coupled to the aperture control lever by a
Cu-Be strip (0.3 mm thick) that extends around the aperture housing inside the
milled slot. The aperture is degreased before use and relubricated with a tiny
amount of MoS, applied lightly with a cloth.

The iris opening ranges from 1 to 25 mm and can be reproduced to a precision of
2 % if one is careful to avoid backlash by moving always in the same direction for
final adjustment [68].

1.19 Linear Motion Platform (LMP)

A clever mechanical design to convert a linear screw motion into a linear platform
motion with reduced amplitude has been described by Dr. H.P. Rust and
Mr. L. Cramer [69]. The design is used as an approach mechanism for an STM tip
in a low-temperature instrument [70].
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The device shown in Fig. 1.23a, b is made entirely from a single piece of bronze,
which, after fabrication, is rigidly attached to a base plate also made of bronze. The
active LMP part is milled with three orthogonal slots in the form of a C, and then
6 “milled hinge” cavities are also produced as shown in Fig. 1.23b by dashed lines.
These milled hinge cavities have only a thin section of bronze remaining at the top
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of each cavity, giving excellent bending response through a few degrees. The LMP
is then rigidly attached to the two projecting flats from the baseplate, and a screw
motion, schematically shown as a thumbscrew, is added on the left.

The device works as follows. As the screw is moved up or down, the plate
section above it moves up or down, and we will assign a length of motion a as
shown in Fig. 1.23a. This motion is reduced at point b by virtue of the relative
length of the arms involved as the milled hinge is bent near the point b. The section
of the LMP device labeled c is rigidly connected to the outer plate section con-
taining the a and b motions, and there is therefore an equivalent ¢ motion as shown,
i.e., b = c. As section ¢ moves up, a milled hinge, midway between ¢ and ¢’ flexes
as a result of the forces it experiences. This causes a symmetrical distortion in the
bridged section c—c’ and leads to equal angular displacement on both ends of the
platform, which occurs as a result of distortions in the region of the pair of milled
hinges on each end of the platform. The small motion of the platform is sche-
matically indicated by d. Because of the symmetry, the motion of the platform up
and down will be in the normal direction without any tilting, which is the desired
result.

The function of the device can best be understood by remembering that the light
gray region, shown in Fig. 1.23b, and containing a, b, and ¢ and the symmetrically
similar regions, is rigid and undergoes identical angular distortion away from the
baseplate when the screw is advanced. The mechanical advantage is given by the
ratio of the lever arms, /; and /.

1.20 Vacuum Trolley Transport System

The transport of samples from one vacuum system to another, where different
preparation and measurement methods are used, is a common necessity in UHV
measurements, as only so many techniques may be used in a single vacuum
chamber. A trolley system can be used to make this transport, and the system shown
has the capacity to transport 4 samples at one time, dropping them off amongst
5 vacuum systems. Magnetic transfer is used to insert a sample holder into the
trolley system from the loading chamber at the third position from the left. A screw
advance mechanism moves the samples laterally in 4 special sample holders which
are designed as locking devices. The locking sample holders, shown schematically
on the trolley in the insert to Fig. 1.24, are used to hold the samples. Engagement of
each sample holder by the magnetic transfer device allows the sample holder to be
inserted and locked by rotation on centrally-located sample stages in each system.
While this device has maximum versatility for simple analysis at various locations,
heating of the samples inside the vacuum chambers will require reversible electrical
connections for both electrical heating power and thermocouples as described
elsewhere in this book [71].
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1.21 Thermally Compensated STM with Repeatable
Sample Positioning

Two problems common to most STM designs have to do with the thermal drift of
the relative position of the STM tip and the sample and the inability to replace a
sample in the same position so that the STM tip can return to the same image point.
Both of these problems have been solved by a design that addresses these issues
[72].

Figure 1.25a shows a side view of the STM design. Two piezotubes are mounted
on the same base. The inner tube (scan piezotube) is used for scanning the tip, while
the outer tube (translation piezotube) connects to the sample support assembly and
is used to support and translate this assembly. Both of these piezotubes are of
exactly the same length, so that thermal drifts are compensated in the z-direction;
their circular symmetry eliminates thermal drifts in the x, y-directions. The outer
translation piezotube is surrounded by a thermal shield, made of oxygen-free high
conductivity (OFHC) Cu to eliminate temperature gradients, which would defeat
the principle of having two identical-length piezotubes for compensation of thermal
drift effects. The outer tube is connected to the sample holder through a quartz
mounting assembly that consists of an outer quartz tube and a quartz or
metal/ceramic sample holder. The sample holder slides (by means of five spherical
bearing contacts) on two metallized quartz rails that are mounted inside the outer
quartz tube as shown in Fig. 1.25b. Operation of the translator piezodrive causes the
sample to jump toward the tip as a result of the friction and inertia effects in the
sample holder, and adjustment of the piezo activation waveform can be used to
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produce jumps from about 10* A to less than 5 A. By working in the kHz frequency
domain, translation rates up to 1 mm/s are possible.

The sample holder may be removed from the outer quartz tube containing the
rods and the sample may be transferred and heated in a furnace or in a load lock.
Upon return of the sample holder to the quartz rods, the design permits repositioning
to an accuracy of several thousand A, depending upon how much the sample is
bumped during transfer. This is accomplished by using gravity to align the sample
on the rails, which are tilted with respect to the horizontal plane. The repositioning
scheme, using gravity to set the sample on the rails in the same position, is based on
kinematic design principles that are well described elsewhere [73].

The details of the construction of the probe translator are shown in Fig. 1.25c.

The thermal drift experienced by this design is about 1 A/h.

A piezo-driven translator for the tip, which moves in the x, y-directions over
several millimeters by a stepping and gripping action, thereby eliminating
mechanical positioning devices, has been described as a modification of this device
[74].
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Chapter 2
Sample Transfer

2.1 Sample Transfer from High Pressure to Ultrahigh
Vacuum

The ability to transfer samples from high-pressure reaction conditions into ultrahigh
vacuum for surface analysis or for crystal preparation has its origin in the work of
the Somorjai group at Berkeley [1], who devised apparatus to do this for studies of
the kinetics of catalytic reactions on metal single crystal surfaces. Figure 2.1 shows
an early version of this scheme. A single crystal mounted on a flange is surrounded
by a movable reactor cup that seals the crystal into a small cavity capable of being
pressurized. The reactor cup is sealed under strong force by a drive rod that operates
inside a stainless steel welded bellows. Because of the strong sealing forces
involved, the body of the ultrahigh vacuum chamber, shown cross-hatched in
Fig. 2.1, is made of extra thick stainless steel to avoid significant distortion when
the sealing force is applied. The crystal can be heated electrically in the reactor cup
and its temperature measured with a thermocouple welded to the crystal edge. In
some cases the inside of the high-pressure chamber is coated with a gold film to
reduce wall reactivity. Gas circulation pumps cause mixing of the high-pressure gas
in order to mimic stirred flow conditions. The design shown in Fig. 2.1 would not
permit Auger analysis of the crystal surface because of its fixed geometry, but later
work permitted the crystal itself to be moved inside the ultrahigh vacuum system
after the reactor cup was retracted [2-5].

Figure 2.2 shows an alternate design that has been widely used [6]. The crystal is
mounted on a ceramic feedthrough at the end of a transfer tube housed inside a
welded stainless steel bellows. The bellows conveniently moves on an external
translation carriage containing two parallel stainless rods that accommodate linear
bearings connected to the outer flange (not shown) of the retraction device. When
retracted, the crystal sits in a reaction chamber which can be pressurized to about
two atmospheres. The reaction chamber is closed off by two all metal sealed valves,
one leading to the surface analysis/preparation chamber, and the second leading to
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the high-pressure chamber pumps. As in Fig. 2.1, the entire apparatus can be
brought into ultrahigh vacuum condition by means of bakeout. The crystal can be
translated into the analysis/surface preparation chamber where surface analysis and
gas dosing can be carried out under well-controlled conditions. In the high-pressure
reactor chamber, gas analysis is made by extraction of a small quantity of the gas
either into the sampling loop of a flame ionization gas chromatograph, or into the
mass spectrometer of the main ultrahigh vacuum chamber. For many analyses, the
gas chromatograph is superior in sensitivity and selectivity to the mass spectrom-
eter. Compared to the reactor cup design, the internal volume of the high-pressure
cell shown in Fig. 2.2 is large and wall effects may in principle be larger. For certain
reactions, the wall effect has been measured and found to be small [7]. Viton O-ring
sealing valves are likely to give poorer results because of absorption and liberation
of gases from the Viton. Often, wall cooling is necessary when the single crystal
operates at high pressure and at elevated temperature because of efficient heat
transport to the s through the dense gas. It may be necessary to cool the outer wall
of the reactor chamber in these cases. Such cooling is not easy to achieve in the
reactor cup design of Fig. 2.1. High-pressure chambers are often useful in chemical
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cleaning of crystals because of the high gas density achievable, let us say for
oxygen or hydrogen treatment of a metal single crystal. There is a danger with all
stainless steel reactor chambers when operated at high pressure with carbon mon-
oxide gas. The carbon monoxide will produce nickel and iron carbonyls from the
stainless walls that transfer their metal atoms to the hot metal surface (see pp. 89
and 505).

Another type of sample transfer device was marketed by Leybold-Heraeus and is
schematically shown in Fig. 2.3. A 2-cm-diameter polished stainless steel rod is
arranged to move laterally by sliding through a number of differentially pumped
O-ring seals that permit rod translation rapidly from a high-pressure reactor into the
ultrahigh vacuum system. Differential pumping occurs by means of a mechanical
pump in the first stage between the reactor cell and the ultrahigh vacuum system,
and high-pressure gases used in the reactor cell would be carried away here. The
second stage is pumped with a turbomolecular pump, and achieves a pressure of the
order of 107® mbar [8, 9]. This design was used by others [10, 11] with minor
modifications, and in the lower section of Fig. 2.3 can be seen the manner in which
a metal single crystal is mounted [10]. The high-pressure reactor is only a few cubic
centimeters in volume and was entirely made of stainless steel and gold-plated pan
bronze, except for Viton/Teflon seals. The small volume allows an enhanced sen-
sitivity for product gases evolved in catalytic reactions at high pressures [10, 11].
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Leaks due to poor O-ring lubrication or to scratching of the stainless rod is avoided
to some degree by providing Teflon liners, in the form of tubes which slide on the
rod between the O-rings [12].

A more recent type of arrangement for sample transfer between an ultrahigh
vacuum system and a high-pressure chamber is called the “rod-through-chamber”
geometry. As shown in Fig. 2.4, a single crystal is mounted on a long feedthrough
that contains a special conical shoulder that mates to a Teflon gasket when the
crystal has been advanced into the high-pressure chamber. The conical contour
shoulder is polished to a mirror finish, and acts like a plunger when closing the
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apparatus to isolate the two sections. This Teflon closure can seal against 1 atm
pressure with a leak rate less than 10~ Torr L/s. When the high-pressure chamber is
evacuated and the probe is withdrawn, a gate valve is closed to completely isolate
the ultrahigh vacuum system from the high-pressure chamber. While bakeout
temperature limits are not specified in the original paper [13], temperatures in the
150-200 °C range would not be expected to disturb the Teflon. This type of seal
requires that a rather large force be applied to the rod in order to make a gas tight
junction with the Teflon gasket.

In some cases, it is not appropriate to employ high forces along the rod to make a
metal-to-Teflon seal. Fig. 2.5 shows a method for making a high-force seal using
another approach, on a crystal holder that moves vertically and that is not so robust as
that shown in Fig. 2.4. Here the crystal is mounted on electrical leads that are cooled
in a reservoir containing liquid nitrogen supplied through a tube entering from the
left-hand side. The gas tight seal is again made by contact between a polished
stainless steel surface on the bottom of the plunger, which is of spherical contour
mating up with a square-edge Teflon gasket. The upper portion of the plunger is also
of spherical contour, and when the plunger is seated properly on the Teflon gasket,
tapered steel wedges are able to be brought in from the side to mate with the upper
spherical surface. This gives a strong downward force, making the lower
Teflon-stainless steel junction gas tight. The steel wedges are driven laterally by two
separate linear motion feedthroughs. They enter through heavy guide blocks to
provide strength needed to make the compression seal. In order to provide the
nonrigid character needed to accommodate the downward motion produced by the
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tapered wedges, the plunger assembly is coupled to the liquid nitrogen reservoir by
means of an internal bellows. This seal also has a leak rate less that 10~° Torr L/s [13].

A number of other designs for transferring samples between vacuum systems
have been devised and are discussed in [14—19].

A novel design for a continuous stirred flow reactor for use in studying surface
reaction kinetics at high pressure, but which cannot be used for placing the catalyst
surface in a position for surface analysis, is discussed in [20]. The criteria for
deter-mining that the reactor is behaving as a stirred flow reactor are given in [20].
Another catalytic reactor, which permits the measurement of the spatial distribution
of reactant and product gases, has been described in [21]. This reactor also does not
permit the analysis of the catalyst surface composition by electron spectroscopies.
In this design, by measuring the leak rate for the reactor through a capillary,
the temperature of the gas in the vicinity of the catalyst surface can be measured
[21, 22].



2.2 Novel Sample Transfer from UHV Chamber to External Cell 45

2.2 Novel Sample Transfer from UHV Chamber
to External Cell

A novel design of an ultrahigh vacuum system permitting the rotation of a
manipulator containing a single crystal sample to several analytical ports, while also
conveniently allowing sample access to an external cell, has been described [23]. In
Fig. 2.6a, an octagonal UHV chamber is shown in side view. The different ports on
the octagonal faces contain analytical capabilities of various sorts. The manipulator
is mounted on a doubly differentially pumped rotary seal on a 14-in.-diameter
flange (see p. 9 for one design), and its center line is 5 in. off center, allowing the
sample manipulator to be rotated through 360° on a 5-in. radius circle to face the
various analytical probes mounted on the octagonal faces of the chamber. The
bellows manipulator has 18 in. of motion in the vertical direction, and is attached to
a standard x, y, z-translating stage. The hollow tube holding the crystal may be
rotated through 360° also, allowing axial rotation of the sample, and this rotational
motion is achieved with a differentially pumped rotary seal at the top of the
translating stage (see pp. 7 and 8).

The unique access to an external chamber occurs by pushing the sample through
three spring-loaded Teflon seals [24] that are doubly differentially pumped and that
act as a sliding seal, as in the design shown on Fig. 2.3c. Accurate adjustment of the
position of the vertical manipulator with the x-y-stage allows this to be done without
strain. The Teflon seal section is separated from the large chamber above it with a
small gate valve. The external cell is located below the sliding seal section and has a
small volume. In various cells, high-pressure surface reactions, infrared reflection
absorption spectroscopy, and electrochemistry [25] maybe carried out, or if the cell
is removed, repairs to the exposed crystal and its mounting maybe made. This
permits insertion of new crystal samples into the UHV chamber without requiring
bakeout of the chamber, and the design is therefore a tremendous time saver.

The bottom portion of the feedthrough is polished to allow easy motion through
the spring-loaded Teflon seals and the achievement of a vacuum seal as shown in
Fig. 2.6b. When the sample has been translated back into the UHV chamber, the
gate valve may be closed to prevent outgassing from the external cell. A pressure of
2 atm in the external cell causes no measurable degradation of vacuum in the UHV
chamber (typical pressure = 2 x 107'* Torr).

2.3 UHYV Sample Transfer Device with Low-Temperature
Capability

The transfer of a sample from a manipulator in a preparation chamber to a
manipulator in an ultrahigh vacuum is a classic problem, and this has been dealt
with on pp. 52 and 54. However, when excellent cooling is required to temperatures
below about 100 K, special designs must be used to permit rapid heat transfer
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through a demountable joint. Various designs to do this are found starting on
p. 383. A particularly appealing design, because of its simplicity, is shown in
Fig. 2.7 [26].

Figure 2.7a shows the basic vacuum system with a sample preparation chamber
separated from the UHV chamber by a straight-through valve. The sample, initially
held at the end of a horizontal manipulator in the sample preparation chamber, can
be moved through the valve into the ultrahigh vacuum chamber, where it is
transferred to the vertically oriented manipulator. This is done by transfer of a
sample slide wedge, shown in Fig. 2.7b. This wedge is made of Mo and is highly
polished on its bottom contact surface to avoid cold welding when assembled. The
sample is attached to a flat pad (0.3 x 0.4 in.?) on the top, using spring clips, screws,
or welding. A long Mo screw, fixed in the sample slide wedge, and rounded on the
threaded end, is tightened by rotation of the transfer rod drawing the wedge shaped
surfaces on the slide and the base together. The base is also made of Mo to avoid
differential thermal expansion, and its upper surface facing out of the drawing is
also polished to receive the slide wedge contact surface. Two screws at the top and
bottom of the heating/cooling base act as stops for the sample slide wedge. With the
correct adjustment of dimensions, there is actually no sliding of the wedge against
the base contact surface; i.e., when the surfaces come together there is no room left
for any sliding.

The heating/cooling base is connected by three screws to a copper cooling
finger, which may be refrigerated with liquid He. A pancake radiation heater (see
p. 364) is attached by a Mo screw to the back of the base [27]. The pancake heater
is surrounded by a radiation shield for maximum efficiency in heating. The cutout
section of the base between the sample region and the copper block provides
sufficiently poor thermal contact when heating to allow a high temperature to be
reached, yet also sufficient thermal conduction for cooling the sample.

Transfer of the sample slide wedge is carried out using the inverted screwdriver,
which rotates the Mo screw, drawing the slide wedge to the base. Two retaining
pins help to align the sample slide wedge and then disengage when the screw is
tightened and the transfer rod is retracted. A clutch spring permits rotation of the
inverted screwdriver while the pins are engaged with the slide wedge.

The temperature range available was shown to be from 32 K to about 1270 K
using 100 W of indirect heating. It was found that Aquadag [28] was needed to
prevent galling of the contact surfaces other than the polished Mo wedge contact
surfaces. A disadvantage of this design is that attachment of a thermocouple to the
sample and transfer of the thermocouple is not provided.

Other transfer systems incorporating low-temperature capabilities for work at
cryogenic temperatures are given in [29, 30].
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2.4 Internal Cup High-Pressure Cell

Here is described the provision of an internal cup high-pressure cell that accom-
modates a sample mounted to move in a normal fashion to various analytical ports
in an ultrahigh vacuum chamber [31]. A schematic diagram of the apparatus is
shown in Fig. 2.8a, where a sample, mounted in a special cup, can rotate to various
analytical ports. One of its positions is opposite a reactor cup assembly that can be
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Fig. 2.8 Internal cup high-pressure cell. a Schematic of rotating sample + cup assembly.
b Schematic of high-pressure reaction cell
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moved laterally by hydraulic pressure. The sample cup is rigidly held by a retainer
assembly, connected to the reactor cup assembly, which prevents the application of
large forces to the manipulator shaft when the seal is made using hydraulic pressure.
Figure 2.8b shows an enlarged schematic view of the reactor cup assembly and its
hydraulic cylinder. When the sample has been rotated into its retainer assembly, the
reactor cup assembly is pressed against the sample cup, and an annealed Cu gasket
produces the seal at a mini-Conflat sealing surface. This operation is assisted by an
internally tapered guiding surface on the outer section of the reactor cup assembly.
This method of sealing allows repetitive use of the same annealed gasket. The
background pressure in the UHV system was found to rise into the low 10~ Torr
range when the cell was pressurized to 100-2500 Torr. The reactor cell (volume
45 cm’), could be evacuated through gas lines passing through the heavy stainless
steel reactor cup assembly, or more rapid evacuation could be achieved by opening
the pressurized cell inside the UHV system, causing a pressure surge that decreased
into the 10~° Torr range in 1-2 min. The original paper [31] contains a brief review
of other methods for building high-pressure cells.

A different design, permitting a single crystal catalyst sample to be moved into a
small reactor cup, sealed with a Viton O-ring, has been described previously [32—
34]. In this design also, the single crystal may be moved in an ordinary fashion to
various positions to face different analytical probes mounted radially in an ultrahigh
vacuum system. The design in [33] cleverly permits the reactor cup to be sealed off
from the UHV system when the sample is removed, preventing outgassing effects
from the inner walls from contaminating the UHV system.

2.5 High-Pressure Transfer Cell

A high-pressure transfer cell that is designed to have a small (30 cm®) volume and
provision for sample cooling is shown in Figs. 2.9a and b. Pressures as high as
15 bar are able to be sustained in the high-pressure cell. Sealing is accomplished by
a stainless steel/Teflon seat. Impurities on the crystal that might possibly come from
the Teflon under compression are eliminated in this design [35].

Figure 2.9a shows a schematic design for the transfer rod. The sample is elec-
trically mounted on Mo connector rods with W, Ta, or Mo wires. A thermocouple is
also welded to the sample. The transfer rod enters the chamber through differen-
tially pumped spring loaded Teflon seals (not shown) such as those mentioned on
pp. 6-11 [36]. These seals permit both translation and rotation of the sample when
it is in the UHV chamber. The transfer rod is self aligning as it enters the Teflon
sealing position. The compression of a spring permits the force on the Teflon seal to
be measured and reproduced at about 400 1b. Heating of the sample in vacuum to
1300 K is possible by resistive heating. Heating of the sample to about 700 K is
possible in 10 bar of H; if cooling is achieved by using flowing air rather than liquid
nitrogen. Cooling to about 130 K can be achieved with liquid nitrogen coolant. In
order to prevent extreme cooling of the transfer rod when liquid nitrogen is used, a
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U-shaped Cu tube is inserted inside the transfer rod wall so that it is held com-
pressively against the inner wall, and warm, dry air is continuously circulated
through this tube when liquid nitrogen is used. This prevents failure of the sliding
seal mechanism owing to cooling. Teflon spacers are inserted equidistantly inside
the transfer rod using a pusher rod with calibrated markings. The outside of the
transfer rod is polished to the correct rms roughness following the directions of the
spring-loaded Teflon seal manufacturer [36]. The inside of the transfer rod is
evacuated with a dual-stage mechanical pump when liquid nitrogen cooling is
employed. The outside of the rod is protected with a hypalon/nylon bellows [37]
and this bellows is purged continuously with nitrogen gas.

Figure 2.9b shows the transfer rod sealed into the high-pressure chamber. An
alignment insert, H, is brazed between the vacuum housing and the high-pressure
cell. It is made of a bakeable and UHV-compatible soft aluminized bronze [38] so
that it does not scratch or damage the transfer rod. The annular space between the
Teflon seat and the high-pressure chamber is of the order of 0.05 cm, and its length
is of the order of 2.5 cm. Thus, at high pressure, possible diffusion of impurities
from the Teflon to the sample is minimized by the long diffusion time. Calculations
of the diffusion time indicate that at 10 bar of gas pressure, diffusion times of
greater than 30 min are involved over the 6.5 cm distance from the Teflon to the
sample.

The high-pressure cell is directly attached to a gas handling manifold that serves
to introduce gases as well as to extract them for gas chromatographic analysis. In
addition, direct pumping of the high-pressure cell by a small turbopump may be
carried out.

Proof of the performance was made in two ways. First it was shown that a
pressure of 10 bar of H, led to an increase of pressure of only 1 x 10~ Torr in the
UHYV chamber. Secondly, storage of an atomically clean Cu crystal for up to 30 min
in the evacuated high-pressure cell does not lead to measurable contamination as
measured by XPS or TPD methods. Also, long reaction periods at high pressure
occur with constant reaction kinetics on a Cu single crystal surface [35].

2.6 Sample Transfer with Disconnect-I

2.6.1 Transfer in Standard UHV Systems

Often it may be desirable to transfer a sample from one chamber to another and to
disconnect the sample from the transfer device after transfer. In Fig. 2.10 one may
see that transfer from a reaction chamber to an ultrahigh vacuum chamber is
accomplished by use of a magnetic transfer rod, which is commercially available.
The sample, mounted on a ceramic sample holder ring at the end of the transfer rod,
sits between three tines on the fork at the end of the transfer arm. The hooks of the
tines lock into the sample holder ring by a slight twist, which may be accomplished
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with the transfer magnet. The electrical connecting pins are machined from 6-32
screws as shown in the central Figure, and these pins insert into homemade sockets
made if necessary from alloys designed for thermocouple connections, etc. It is
stated that the electrical connections do not have to be particularly tight and that
ordinary misalignments in the pins supply the friction level needed [39]. The
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ceramic in this case was cast from machinable ceramic [40] and fired in a hobbyist’s
ceramic kiln.

The sample is transferred to a manipulator that has a central translating rod used
to drive the tilt mechanism. This tilting action is carried out by moving the central
manipulator rod up and down, causing the base holding the sample to tilt backward
and forward as desired. A locking nut on this rod prevents overdriving the tilting
mechanism. In the bottom portion of Fig. 2.10, two types of samples are shown. On
the left, a metallic foil substrate is welded to the screwhead ends of the mounting
pins in the base. On the right, a single crystal of a metal is welded to a circular piece
of foil which is welded to the mounting pins. A circular hole in the backing foil will
permit electron bombardment of the back of the crystal. One might provide a
radiation shield between the emitter filament and the ceramic base to reduce heating
of the ceramic and outgassing.

The proper location of viewports for monitoring the sample transfer is recom-
mended, or else two persons may be needed to transfer the sample.

2.6.2 Transfer in STM Systems

The special considerations needed for the transfer of samples being used for scan-
ning tunneling microscopy (STM) studies as well as other more conventional surface
science studies have been reported by Sullivan and Kummel [41]. Here, a design
coupling the STM sample to a cold bath, electron beam heating, two degrees of
rotation, and electrical isolation, along with sample transfer are described, and a
review of other manipulator designs is given [41]. Noteworthy is a simple design for
transferring sample holders between forklike manipulators [42]. (See also p. 45.)

2.7 Sample Transfer with Disconnect-I11

A simple and inexpensive method to transfer a sample with disconnect [43] is
shown in Fig. 2.11. The sample is mounted on stainless steel or other metal posts
using Ta clamps that bolt into the base of the holder as shown. This assembly is
placed on a transfer screw rod in the the loadlock chamber, and then, after loadlock
chamber evacuation, the valve between chambers is opened and the sample
assembly is passed into the UHV chamber and plugged into the female banana plug
receptacles. These receptacles are mounted on a rod that is connected to the rotary
manipulator in the UHV chamber. Electrical power is supplied through Cu braid
(see p. 392) as shown. The sample transfer screw rod is then unscrewed and
withdrawn. The UHV banana plugs [44] tend to allow the sample to sag a little, and
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Transfer
Screw
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Sample
~/ | 5
———— Ta Clamp

Fig. 2.11 Sample transfer with disconnect

Manipulator

UHV Banana Plugs

if this is unacceptable, then a mechanical modification to the design near the banana
plugs can be added.

In cases where ohmic heating of the sample is inappropriate, it may be backed
with a section of a Si wafer (approximately 0.1 Q cm) for indirect resistive heating.

2.8 Vibration-Free Translatable Device

It is often necessary to perform a delicate translation under conditions where, after
adjustment, the translated device is vibrationally decoupled from the UHV system.
The example shown in Fig. 2.12 is used to make mechanical/thermal contact of a

Rotable Wobble Stick

Allen Wrench
Translation Screw

Cu Platform
Vibrating

Damping Stack Detector Head

Sample Holder

Fig. 2.12 Vibration-free translatable device
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detector head (consisting of a polymer pyroelectric foil material) to the back side of
a sample experiencing adsorption from a molecular beam, as for example in a
microcalorimeter as described in Chap. 163. The sample is held in an
electrically-isolated Mo sample holder and the movable detector head may be
adjusted on a Cu platform to make contact with the back of the sample, using an
Allen wrench to engage a translation screw. The Allen wrench can be rotated using
a rotatable wobble stick. The entire assembly is mounted on a vibration damping
stack which rests on a plate on the bottom of the chamber. Thus, when the trans-
lation has been achieved and the Allen wrench is disengaged, the detector and the
attached sample is free of vibration [45].

2.9 Mirror Port for Enhanced Sample Transfer

Often sample transfer from one manipulator to another must be achieved in a
loadlock chamber in order to pass the sample through a gate valve and on to another
chamber for study. The transfer process can be improved by having a mirror
mounted on an external viewport which gives a wide angle view throughout the
chamber when one looks through small viewports in the load lock chamber [46]
(Fig. 2.13).

2.10 UHYV Access Port

The entry into an ultrahigh vacuum chamber can often be achieved through a
flanged entry port that contains a standard copper gasket. For large ports that permit
access to the entire chamber, one wall of the system may be designed to be
reversibly removable without a need for gasket replacement [47].

The design for a removable wall for a rectangular access port is shown in
Fig. 2.14. The port contains spring-loaded Teflon [48] seals in separate wells. The
regions between the Teflon seals are differentially pumped to prevent small leakage
from influencing the vacuum conditions in the chamber. Thus, an ion pump is used
on the pumping region closest to the chamber, and a roughing pump is used on the
pumping region closest to the atmosphere. The access port is arranged, by means of
a recessed section, to be pulled down tightly against the mating surface, providing
some further sealing at the very inner section of the seal.
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Chapter 3
Electrical Connections

3.1 Tungsten Ribbon—Attachment to Power Leads

Heated tungsten ribbons are used in many experiments as radiation sources, metal
deposition sources, electron bombardment sources, and molecular cracking sources.
Most commonly, the ribbons are attached to heating leads by spot welding. This
method requires that the mounted power leads be removed from the vacuum system
for ribbon replacement, a time-consuming procedure. An alternative method for
ribbon attachment shown in Fig. 3.1 may be carried out inside the vacuum system
without welding [1].

A Ta feedthrough lead has a slot milled into it as shown in Fig. 3.1a. The length
of the slot is about 1.5 times the ribbon width, and the width of the slot is about 1.5
times the ribbon thickness. A small cap is machined from Ta, for example, as
shown in Fig. 3.1b. The inside diameter of the cap is larger than that of the
feedthrough lead by one thickness of the ribbon. The cap length is three to four
times that of the ribbon width, and the depth of the bore is 2.5 times the ribbon
width, leaving plenty of material in the slotted upper region. The cutout on the cap
is centered on the cap so as to allow the ribbon to pass as shown in Fig. 3.1c. The
end of the lead extends internally above the cutout by about 0.5 mm, as shown by
the dotted lines in Fig. 3.1c, preventing the cap from tilting when rotated.

To assemble the device, the ribbon is passed through the slot in the lead with the
cap in place, and extends about one-half the lead diameter beyond the cap. To
secure the ribbon, the cap is rotated one-half turn as shown, wrapping the ribbon
around the lead under the cap, and locking it in place.

This method will work on very thin W ribbon and has been extended to
0.010-mm-thick ribbon material, 1.2 mm wide; this particular mounting was done
on 1.5-mm-diameter Ta leads. To keep the ribbon straight after it has been used, it
is common to strain the two leads toward each other before making the second cap
attachment. The strain in the two supporting leads will place tension on the ribbon
and keep it straight.

© Springer International Publishing Switzerland 2015 61
J.T. Yates Jr., Experimental Innovations in Surface Science,
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(a) Slot to Accept  (b)

Screwdriver (c)
W Ribbon

Slot To Lock

Ta

Ribbon Filament Extension
Before Rotating Cap

Fig. 3.1 Tungsten ribbon—attachment to power leads

3.2 Wrap Connection—Tungsten to Tungsten

Tungsten is a brittle metal that is difficult to bend or wrap. In addition, tungsten is
also difficult to weld. The method shown in Fig. 3.2 involves a wrapping technique
that produces tungsten coils that fit onto tungsten wires tightly without welding.
Such coils can be used as a friction support or locator in high-temperature appli-
cations [2].

Splintering or breakage during fabrication of tungsten wire above about
0.25 mm diameter is a common occurrence owing to its inherent brittle character.
While this may be avoided by bending tungsten wire while it is being heated to
redness in a flame, heavy oxidation will occur and also intricate bends are difficult
to achieve before the tungsten cools. The method shown here prevents splintering
of 0.5-mm-diameter W wire when it is bent into a tight coil. Such coils maybe used
to make strong friction contacts to 0.5-mm W wire as will be shown.

A hand drill is mounted in a vise, and a core wire of W, 0.5 mm in diameter, is
held in the jaws of the chuck. The second piece of similar W wire to be wrapped is
also inserted into the chuck between the edges of the jaw pieces as shown so that it
will be prevented from slipping when the wrapping begins. About two revolutions
of the chuck are carried out, giving preliminary contact between the core wire and
the wrapping wire; the wrapping wire does not start out directed normally from the
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Fig. 3.2 Wrap connection—Tungsten to Tungsten. a Starting coil. b During winding. ¢ Final coil
—slightly bent in middle

axis of rotation. A wood-forming clamp is next placed on the wrapping wire coil,
and while under pressure, the coil is formed to the desired length. The friction
between the wood and the W will prevent fracture. The ends of the wrap wire coil
can now be cut to the desired length using tungsten carbide end nippers and
dressing on a grinding wheel if necessary.

The coil is removed from the core wire, and a slight bend is placed in the center
of the coil, using either two pairs of pliers or a knife blade inserted partially into the
coil. This slight bend allows the coil to be forced onto a 0.5 mm W wire and to
remain fixed owing to the strain induced in the coil as it is straightened by the inner
wire. The coil will not move at high temperature either during ohmic heating or
bakeout.
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(a) (c) Vise Clamps
W Wire

Cu or Al ST

(b) (d)

Fig. 3.3 Cold-formed wire connector

3.3 Cold-Formed Wire Connector

The fabrication of electrical connections that are conductive for both electricity and
heat may be carried out using silver soldering, welding, or screw-type connectors.
Another method, involving a press fit of a hard wire into a soft material such as Cu
or Al, is shown in Fig. 3.3. Here a vise is used to press the junction, and the various
stages of compression are illustrated. The last stage (d) involves deformation of the
soft metal and enclosure of the hard wire. The resistance of these junctions between
tungsten and copper is typically about 0.05 Q [3].

3.4 Ultrahigh Resistance Vacuum Feedthroughs

The measurement of the electrical conductivity of materials with a very high
resistance can be plagued by lower-resistance pathways to ground that interfere
with the electrical measurements. In particular, Al,O3 ceramic insulators exhibit
resistances of about 10'? Q, and these may deteriorate in their resistance with time
due to the adsorption of water on the alumina or to the deposition of thin metal films
on the vacuum side of the insulator surface. Such problems are termed electrical
leakage problems, and prevent measurements into the 10'® Q range, which are often
needed [4]. In some cases, using an enclosure containing drying agent on the
outside of the feedthrough will help, and the more complicated use of forepump
evacuation of this region will prevent water adsorption there. For the highest
resistivity feedthroughs, other methods must be employed, as shown in Fig. 3.4.
The Figure shows the construction principles of a doubly insulated and guarded
design that permits measurements down to the 10'® Q range. A special crystalline
sapphire-metal feedthrough [5] is employed, and this is brazed into an ordinary Cu
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Fig. 3.4 Ultrahigh resistance vacuum feedthrough

tubing feedthrough mounted on a flange by means of an alumina ceramic insulator.
The sapphire feedthrough contains a hollow tube. Into this tube is placed either a Ni
or Cu conductor wire, which is silver brazed under hydrogen into the hollow tube.
At the same time the brazing of the sapphire thimble and the flared Cu tubing is
carried out. Great care must be taken to avoid extreme thermal shocks at the
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sapphire. The assembly on the vacuum side is provided with a second shield as
shown, and also shielding of the outer air side of the feedthrough is carried out as
shown.

The impedance to ground of the sapphire insulator approached 10'® © when the
sapphire was thoroughly cleaned [4]. Spectroscopic grade alcohol, followed by
distilled water spraying through a fine glass nozzle, is recommended, followed by
blotting the excess water and drying in an oven.

3.5 Sliding Metal Electrical Contact

A need for a sliding electrical contact can occur when flexible coils of ceramic
bead-insulated wire are unsatisfactory, perhaps because of the formation of ceramic
dust as motion occurs. Figure 3.5 shows a sliding stainless steel rod that moves
through a Teflon bearing that is mounted inside a re-entrant stainless tube connected
to a vacuum linear drive of the bellows or magnetic type. Electrical contact to the
rod is made by a phosphor bronze spring contact rigidly mounted on a stainless
support assembly, and electrically isolated by ceramic insulator cylinders that
contain small bolts for holding the spring contact strip. The phosphor bronze spring
strip is electrically connected to an electrical feedthrough as shown. The holes
drilled in the Teflon-bearing should be about 5 % larger than the sliding rod to
allow for deformation of the Teflon as well as for its large thermal expansion
coefficient. The contact can pass a 2-A current. The stainless steel rod can be moved

Feedthrough \

Stainless Steel Support Assembly

Ceramic Sleeve

and Washer Phosphor Bronze

Spring Strip,
/ 0.4 mm
Vacuum

Linear <€—— § Y €—>»
Drive

} — ! Sliding
Stainless Steel
Rod

Teflon Bearing

Pumpout Port

Fig. 3.5 Sliding metal electrical contact



3.5 Sliding Metal Electrical Contact 67

in and out at 5 cm/s without difficulty, and cold welding in ultrahigh vacuum does
not occur [1]. The authors also report that a Ta wire spring may be used success-
fully against a Mo slider in a rotary device [6].

3.6 Low-Profile Electrical Lead Clamp

There is often a need for a band clamp arrangement to anchor electrical leads to a
manipulator rod or other structure. Often, narrow clearance spacing is available
around the rod so that the binding on the electrical leads to the rod must be achieved
in a limited annular space. Figure 3.6 illustrates one solution to this problem, using
half-hard Cu-Be spring stock. This material is formed as desired by using
steel-forming wires of the correct diameter to produce the rounded grooves in the
Cu-Be stock by hammering the forming wire into the stock with the forming jig as a
guide to fabrication. An extra channel is provided as an additional spring expansion
channel to give the band extra elasticity. The tabs at the end of the band are each
about 3—4 mm in length. To install, the ceramic insulated wires are placed into

Fold to Tighten \

Ceramic Insulated
Wire

Spring Expansion
Channel

/ Cu-Be Band - 0.2 mm thick
T

Forming Jig

Fig. 3.6 Band clamp for electrical leads
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position on the rod and temporarily anchored. Overlapping the Cu-Be tabs and
folding them into each other will result in a tension holding the band and the
ceramic insulated wires in place. The band will not soften or lose its spring quality
from —200 °C to bakeout temperatures [7].
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Chapter 4
Pumping and Trapping

4.1 Water Aspirator/Sorption Pump Combination
for Efficient UHV System Evacuation

On ion-pumped UHV systems, it is of course necessary to bring the system pressure
down from atmospheric to about 10”2 Torr before starting the ion pumps. This may
be done in several ways, including the use of zeolite sorption pumps that are cooled
to liquid nitrogen temperatures in order to physically adsorb all of the atmospheric
gases. Because of the large quantity of air that must be removed by the zeolite, the
process of reaching the limiting pressure sometimes exceeds 1 h. A method to
remove the majority of the atmospheric gas has been reported that is free from the
possibility of causing oil contamination [1]. The use of a rotary pump does not
exclude this possibility.

Figure 4.1 shows a schematic diagram of the use of a water aspirator for
removing the majority of the atmospheric gas. The aspirator is prevented from
admitting water to the system (equilibrium vapor pressure of water = 24 Torr at
25 °C) by interposing a liquid nitrogen trap. After this aspirator evacuation, which
takes about 1-2 min, the aspirator is isolated from the pumping system by closing
valves V; and V,. The sorption pump is then cooled with liquid nitrogen, and valve
V, is opened. It is observed that the pressure in the vacuum system is reduced to
about 5 x 10> Torr in only about 10 min, since the capacity of the zeolite is much
greater than the quantity of air that remains to be pumped after the aspirator
evacuation. Several hours of pumping with the zeolite trap used alone would be
required to go to this pressure range.

Following the initial pumpout of the system, valves V4 and V3 are closed, and
the bake-out processing of the system is carried out to reach UHV conditions, as
discussed on p. 83. This procedure allows the sorption pump to be cycled several
times without the need for warmup and vaporization of the sorbed gases.
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4.2 Ballast Pumping—Vibration Free

There are often situations in which the elimination of mechanical vibrations in an
ultrahigh vacuum system would require turning off the mechanical forepump. This
is feasible using the method to be described [2], since the gas load being pumped
from the system is very low if ultrahigh vacuum conditions exist there. The system
is fore-pumped by a large ballast volume of the order of 50 L, which is isolated
from the mechanical pump by a valve as shown in Fig. 4.2. The ballast will pump
for several days without significant degradation of the turbopump’s ability to
pump. It can be evacuated in minutes after several days’ operation where the
forepump has been turned off.

This arrangement is also useful for maintenance of the forepump, since it may be
disconnected from the ballast after the isolation valve is closed.

The same idea may be applied to diffusion pumps where large gas loads are not
being handled.

A variation on this idea is to back a turbopump with an ion pump over evenings
and the weekend. If the power should fail, problems with oil sucking back into the
system from the forepump will be avoided [3].

Turbopump
/ Thermocouple Gauge
50-L Ballast
/ Isolation Valve
‘/‘/ Qil Trap
Mechanical

/’ Forepump
Y

Fig. 4.2 Ballast pumping—vibration free
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4.3 The Use of Appendage Titanium Sublimation Pumps
for Pumping Low Gas Loads in Ultrahigh Vacuum

Getter films of active metals have been used for many years in ultrahigh vacuum
technology, especially in the days when work was carried out in glass vacuum
systems that were sealed off from dynamic pumping [4]. This method of pumping
chemically active gases is superior to all other methods insofar as secondary effects
are concerned. The principle of getter film pumping is the strong irreversible
chemisorption of chemically active gases by clean active metal surfaces. Simple
considerations of monolayer capacity indicate that 1 cm? of a getter surface will
pump of the order of 1-3 x 10> Torr L of an active gas. Film roughness factors of
2 or 3 will increase the gettering capacity accordingly.

One example of the use of a Ti sublimation pump (TSP) for pumping low flux
gases from a differentially pumped mass spectrometer is shown in Fig. 4.3. Here, a
thin film of Ti is deposited on the stainless steel wall of a cylindrical appendage
each morning before beginning work. The Ti film is kept at 77 K to maintain its
pumping efficiency to the highest level. A single Ti film will remain active all day
during use of the mass spectrometer at low gas loads. This particular apparatus also
contains a 60-L/s diode ion pump for maintenance of vacuum quality in the mass
spectrometer overnight when the titanium pump is not being used [5].

Careful studies, in which the Ti getter film pump has been compared with ion
pumping, show that regurgitation effects [6] involving methane liberation from the
ion pump are completely eliminated when the Ti pump is employed [5]. This may
be seen by looking at the thermal desorption spectra of methyl chloride from an
inert surface. The use of the TSP eliminates the CH,4 evolution originating in the ion
pump. However, wall displacement effects caused by molecules entering the mass
spectrometer region from the single crystal when it is heated in thermal desorption
experiments can still be detected. These displaced molecules were H,, CO, and H,O
in the particular experiments carried out [5].

The detailed behavior of the residual gases in a liquid nitrogen-cooled titanium
sublimation pumping system has been reported [7].

4.4 Pressure-Equalizing Device in Complex Systems

Often in systems such as those used in molecular beam research, it is undesirable
for large pressure differences to exist during either pumpdown or during vacuum
failure in one section of the apparatus. Large pressure differences, and the associ-
ated flow of gas, can damage fragile parts such as thin walls, skimmers, and orifices.

The device shown in Fig. 4.4 is designed to relieve large pressure differences
between sections of a vacuum system that are pumped in parallel [8]. Thin metal
pressure-release sheets are designed to open in either direction if a large pressure
difference occurs. The thin metal sheets are mounted inside flanges that accept
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4.5 Diode Ion Pump Performance in He Pumping

There is sometimes a need to fill a vacuum system with a high-pressure inert purge
gas, and then to recover ultrahigh vacuum. Diode ion pumps have only a limited
pumping speed for inert gases such as He, and their performance is of interest in
this application; triode ion pumps are designed to have good pumping speed for
inert gases at a small sacrifice in total pumping speed.

In Fig. 4.5, a series of pumping tests were performed on an ultrahigh vacuum
system that could be filled with high-purity He at 1 atm pressure. The He was
pumped out with a trapped mechanical pump to about 1 x 107> Torr, and then the
diode ion pump was employed. Figure 4.5 shows selected pumping performance
curves after the first He filling and the fifth. The performance degrades in successive
tests because of traces of water vapor admitted with the high-purity He and also
because of a drop in efficiency of the diode ion pump owing to the regurgitation
effect in which previously pumped gas is partially evolved in successive pumping
periods. Baking out (BO) the ion pump (IP) only for 4 h at 250 °C restores some of
the original pumping speed; baking out the ion pump plus the vacuum system
restores all of the original performance seen in the first test.

The behavior shown in Fig. 4.5 indicates that He can be pumped well by a diode
ion pump from ultrahigh vacuum systems made of stainless steel using highly
purified He as a purge gas, and that short bakeouts at 250 °C restore system
pumping performance. It was suspected that residual water in the He (1.9 ppm) was
partially responsible for degradation of the pumping behavior in successive tests

[9].

4.6 Vacuum Applications of Metal Foams

Copper [10], nickel [10] and aluminum [11] foams are commercially available and
may be used in a number of vacuum applications [12]. The foams are highly
porous, they are easily shaped and machined, and they have some inherent strength.
They also can be easily brazed or soldered.

Four vacuum applications of foamed metals are illustrated in Fig. 4.6. In panel
A, a plug of foamed Cu is used as a hydrocarbon trap between a forepump and a
vacuum system. The high surface area and the torturous pathways in the foam
impede hydrocarbon passage through the trap. In panel B, a zeolite trap is retained
between porous Cu plugs, and serves also as a hydrocarbon trap. The zeolite must
be baked out prior to becoming active and acts as a molecular sieve for hydrocarbon
molecules. Panel C shows a plug of Cu foam used as a conductance limiter under
molecular flow conditions. To adjust the conductance accurately, additional Cu
foam segments can be added as needed. Finally, in panel D, a cylindrical piece of
metal foam is used as a diffuser for injection of gases in random directions into a
vacuum system.



76 4 Pumping and Trapping

Bakeout Zone

|
|
|
|
|
|
|

To He Supply (99.999%)

T

Valve
90 L
_______________ ’ bebe / Bakeable Valve
pressure

/ Valve

Molecular
< Sjeve

Trap
17.7 C.FM. | ‘\

Mechanical PUM Q Valve

|

Pump (Diode)

1

1

| 500 L/s =2x10"""
1 Sputter - lon | Torr

1

1

1

I

10°¢ ;

| F T R |

107

Total Pressure (Torr)

10710 1 L L | L | I
0 20 40 60 80 100 120 140

lon Pumping Time (min)

Fig. 4.5 Test chamber and pumping behavior after He purge (1 atm)



4.6 Vacuum Applications of Metal Foams 77

(a) Metal Foam

Pump <€——— System

(b) Retaining Ring \ Zeolite Pellets

(©)  Use Additional
Segments for
Adjustment of
Final Conductance

A

Fig. 4.6 Vacuum applications of metal foams. a Foreline hydrocarbon trap. b Foreline zeolite
trap. ¢ Molecular flow conductance limiter. d Gas diffuser

Metal foam has a cellular internal structure. Low-density foam has cell diameters
in the range 0.5-1.5 pm, whereas high density foam has cell diameters from 9 to
40 um. Typical surface areas range from 0.025 to 0.038 m*/g. For low-density foam
the density is typically from 2 to 5.5 % of that of the parent metal. For high-density
foam, the density ranges from 20 to 60 % of the bulk metal. Low-density foam can
be compressed by up to a factor of 7.

Measurements of the conductance of 2.4 mm thick disks of 5 % density Cu
foams made by compression of 1.9 % density foam gave a conductance (for air?) of
3.2 L/s cm®.
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4.7 Cleaning of Ion Pumps by Chemical Etching

There are a number of companies that will take in used ion pumps for recondi-
tioning at a fraction of the cost of purchasing a new ion pump [13]. In cases where
the pump is a large one, this may be done by disassembly and cleaning or
replacement of the individual components. In the case of small ion pumps, it may
be necessary to open the pump casing to get at the inner components, and then to
reweld the reconditioned components back into the cleaned casing.

The reconditioning of a dirty ion pump can also be done by controlled chemical
etching procedures as described for two cases below.

Case A: Chemical Etching After Disassembly

The pump casing is separated from the Ti cathode assembly as shown in Fig. 4.7.
The surface region of the Ti containing implanted impurities is removed by etching
the assembly, containing electrode connectors and supports, in a water solution
containing 9 % HNOj;, 12 % HF(aq), and 0.4 % H,0, by weight. A 3-s dip,
followed by repeated rinsing in deionized water, should produce shiny Ti surfaces.
The pump casing is etched in a standard solution (Varian) containing 30 %

Remove Anode Assembly
for Acid Etch

Ti Cathode
Plates

Anode
(+5-6 keV)

Magnets

Casing -
Etch
Following
Anode
Removal

Fig. 4.7 Chemical cleaning—Ion pump
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HNOs(aq), and 3 % HF(aq) by volume. The carbon deposit must be removed
mechanically by fine abrasive paper; or, alternatively, it may float off with the Ti
film during etching. The pump elements are dried in warm air, assembled, and
pumped into a second ion pump while baking at 200 °C [14].

Case B: Chemical Etching Without Disassembly
In this situation, the fact that the acid attacks the Ti more readily than the
ceramic-metal seal is employed. First the pump is rinsed in deionized water. This is
reported [14] to seal the ceramic partially against the acid. A water solution of 30 %
HNOs(aq) and 3 % HF(aq) by volume is added and quickly rinsed away with
deionized water. The pump is dried by warm air and baked and pumped as in
Case A.

The original report indicates that the hydrogen background pressure from an
acid-cleaned pump will be somewhat higher than from one reassembled using new
elements [14].

4.8 An Efficient Liquid Nitrogen Trap

Liquid nitrogen traps are highly inefficient because of the discharge of liquid
nitrogen out of the trap when the trap is being refilled periodically. A design, shown
made of glass in Fig. 4.8, eliminates this problem [15], and reduces liquid nitrogen
consumption by severalfold, resulting in great economies over long periods of time.
The basic concept embodied in this small glass trap is transferable to large metal
traps.

The trap consists of an inner trap of conventional design, labeled the inner
chamber, surrounded by a second outer chamber, which is in turn surrounded by a
silvered Dewar flask. All of these are sealed together by glassblowing in this design.
A resistance temperature sensor is immersed in the second outer chamber.

When the trap is at a condition where refilling is to occur, all liquid nitrogen in
the Dewar has been lost, and the level of nitrogen in the outer chamber has dropped
to a level causing the sensor to turn on the liquid nitrogen supply, which is driven
by compressed nitrogen gas. Liquid nitrogen flows into the Dewar and spills into
the outer chamber through the lower hole; it then fills the outer chamber until the
sensor delivers a shutoff signal.

The avoidance of liquid nitrogen loss is attributed to the fact that the Dewar does
not contain liquid nitrogen at the time of filling, so that the burst of nitrogen gas at
the beginning of the fill sequence does not eject liquid nitrogen from the trap. In
addition, ice buildup does not occur at the inlet and outlet to the trap [15].
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Chapter 5
Bakeout

5.1 Bakeout of Metal Ultrahigh Vacuum Systems

The removal of adsorbed impurities from the walls of an ultrahigh, vacuum system
is carried out by heating the walls uniformly while pumping the system. Generally,
for stainless steel systems this is done in the temperature range 150-200 °C. For
preservation of effective ion pumping, bakeout into a turbopump is recommended
to avoid introducing a high gas load into the ion pump. Ion pumps have only a finite
capacity, and also suffer from regurgitation effects in which previously pumped gas
is evolved when another gas is being pumped-as would occur in an experiment in
which gas is admitted to the chamber.

Many methods are used to bake out metal systems. Heating tapes, IR radiation
heaters on the outside, clamp-on band heaters, glue-on rubberized heaters, and
internal light-bulb heaters have all been used. In order to lose as little heat as
possible, it is appropriate to surround the system with some sort of reflective
bakeout shield [1]. Figure 5.1 shows a schematic system in which aluminized
fiberglass [2] is used to shield the main system. The fiberglass tent is supported
internally by temporary metal supports. Radiative heaters are uniformly distributed
over the system inside the reflective shield, and for appendages such as the bellows
on the top, lightweight reflective metal cylinders may be used for radiation capture.
The system should be monitored over many positions with thermocouples to assure
uniform heating, and the wattage output of the various radiative heaters may be
varied to achieve uniformity. Experience in monitoring the pressure during bakeout
will supply information about the bakeout time needed to reach the ultimate low
pressure [3]. It is reported that external IR lamps bring the vacuum system to
bakeout temperatures much faster than other methods [1].

Quite nice tents made, of the aluminized fiberglass may be constructed, and a
convenient method for joining the sections is to use a poprivet device to make
excellent lap seams. The aluminum surface is placed on the inside of the tent. Even
nonaluminized fiber glass curtain material may be used by sandwiching aluminum
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foil between the layers. A small internal circulating fan inside the oven will lead to
improved temperature uniformity.

Experience indicates that clamp-on band heaters applied to metal flanges can
thermally shock the flanges to a point where a leak develops. In the event that these
heaters are used, a gradual increase in the applied voltage over time is recom-
mended. Internal lamp heaters, working inside the vacuum system, would seem to
be ideal for bakeout because of efficient radiation capture by the system walls, but if
breakage of the glass envelope occurs, the system will have to be completely
cleaned of glass slivers before continued use. Such slivers are very detrimental to
welded bellows and to the sealing surfaces of valves.

Turbopumps should be baked at the end of the bakeout period (for about 4 h).
Titanium sublimation pumps should be outgassed until the pressure reading reaches
a maximum; long outgassing at high temperature will oxidize the components near
the hot Ti. It has been found that cooling the room during measurements will cause
a substantial improvement in the limiting pressure under ultrahigh vacuum condi-
tions owing to the reduction in the outgassing rate from the system walls [4].
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Often it is appropriate to bake, out a new system, with all heat sensitive com-
ponents removed, to temperatures between 300 and 450 °C to remove impurities
left from chemical cleaning procedures.
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Chapter 6
Behavior of UHV Systems

6.1 Wall Passivation in Stainless Steel Ultrahigh
Vacuum Systems

To achieve the limiting pressure in an ultrahigh vacuum system, it is necessary to
reduce the rate of desorption of molecules from the stainless steel walls to the
lowest possible limit. These surface impurities originate from exposure of the walls
to impurities during opening and processing of the system. They also result from
the diffusion of impurities in the bulk of the stainless steel to the wall surface,
especially for the case of dissolved hydrogen [1].

Bakeout in the presence of traces of oxygen or water may result in further
oxidation of the walls, leading to some passivation. However, a more effective
technique involves the oxidative passivation of the stainless steel walls with a
strong gaseous oxidizing agent. The oxidation of the walls and the oxidizable
surface impurities is kinetically accelerated using a strong oxidizing molecule. In
Fig. 6.1, an energy level diagram (Gibbs free energy) is shown. It may be seen that
the nitric oxide molecule is more energetic than a mixture of O, and N, to which its
energy is referenced. The excess energy is 0.9 eV/NO at 300 K. This excess
chemical energy may be sufficient to allow the NO molecule to produce a rapid
surface oxidation process that proceeds only slowly over an activation barrier when
O, is the oxidizing agent. The oxidation process on the surface is schematically
shown as the formation of a chemisorbed O atom (O(a)), but the formation of CO,
or H,O from surface carbon or from surface hydrogen could also be the end result
of the oxidation process.

These ideas have been used to clean up the walls of an ultrahigh vacuum system
during bakeout, achieving lower base pressure [2]. The bakeout at 200 °C was
carried out in a background pressure of NO of 5 x 10~ mbar achieved by flowing
NO through the hot system. Initially, during the first phase of the treatment, high
levels of N,, H,O, and CO, are detected as the NO acts to oxidize the surface and
the oxidizable impurities. After 30-180 min, a continuous increase of the partial
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pressure of NO occurs, and the oxidation of the surface approaches completion.
This treatment is particularly good for reducing the displacement of surface
impurities from the walls during subsequent adsorption experiments. A simple
equilibrium thermodynamics calculation shows that the use of the energetic NO
molecule at 5 x 10~ mbar is equivalent to the use of O, gas for the same purpose at
a pressure of about 10° atm!
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6.2 Minimizing Wall Reactions in Ultrahigh Vacuum
Systems—Gas Dosers

The purity of gases used in surface science adsorption and surface reaction studies
is of paramount concern just as the production of ultrahigh vacuum is directed
toward the same end. Often gas dosers are employed to deliver pure gases to
surfaces, and for some gases, the displacement of adsorbed impurities, or the
reaction of the dosing gas with the internal surfaces of the gas dosing system itself
can be a problem. In the case of a surface reaction, it is sometimes possible to
passivate the internal surface of a gas doser to reduce the rate of the surface
reaction. Figure 6.2a shows a typical gas doser made mainly of stainless steel. The
construction of this doser and its calibration are discussed elsewhere (p. 421);
however, it may be seen that the conductance is controlled by a laser-drilled
aperture, and collimation of the exiting gas is achieved using a microcapillary array
made of glass. Both the internal metal surface and the internal surface of the
microcapillary array (which is many tens of cm?) provide reactive surface area that
can evolve impurities by displacement or reaction [3], Displacement processes,
such as the exchange of surface OH groups with OD groups in deuterated alcohols,
can often best be handled by overnight flushing of the doser with the isotopic gas.
In extreme cases of reaction with acid sites on the internal surfaces of the capillaries
[3], one must remove the glass microcapillary array from the doser [3, 4]. Reaction
processes with the stainless steel walls of the doser system can sometimes be
reduced in magnitude by passivation of the internal surfaces. This is vividly seen in
the behavior of the metal carbonyls, where decomposition of Fe(CO)s on the inner
stainless steel walls has been shown to produce CO(g), leaving iron on the wall [4].
The surface reaction was studied, and it was found that predosing the doser and its
stainless steel delivery system with high fluxes of molecular oxygen resulted in
significant reduction of the decomposition reaction, as judged by mass spectro-
metric studies of the gas exiting the doser, line-of-sight, into the mass spectrometer
[4]. The internal walls of the ultrahigh vacuum system were found to have little
effect on the metal carbonyl, probably because it was exposed to oxygen each day
[4]. For the experiments, it was found that the glass microcapillary usually
employed with this design of gas doser had to be removed because of deleterious
effects on Fe(CO)s.

Another solution to this problem is to make the doser system from materials
other than stainless steel [5]. Figure 6.2b shows such a system, in which the glass
tube doser contains a capillary for the control of the flow rate from the connecting
tube into the ultrahigh vacuum system through the Pyrex doser tube. The
high-pressure (several Torr) section beyond the Teflon-glass valve is made of PFA
(polyfluoroalkoxy) plastic and fittings are readily available commercially [6]. The
paper describing this system indicates that the capillary tube was produced by hand
and was drawn down to a fine diameter. This particular design was used for the
delivery of hydrazine (N,H,4). Thermometer tubing, made generally of lead glass,
has a ~100-150-um diameter capillary for sensitive thermometers (1 K/3.8 cm
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capillary length) and may be used if a lead glass to Pyrex glass graded seal is
employed. A Teflon doser for ultrahigh vacuum use also has been described [7], as
well as a heatable glass and Teflon doser for admission of organometallics of low
vapor pressure [8].

It is unfortunate that glass capillaries often clog up with traces of dust or grease
that are present within the vacuum system. A clever method to restore the capillary
to a clean, unblocked condition is shown in Fig. 6.2c [9]. Here, the capillary section
is surrounded on both ends of the capillary with pointed tungsten electrodes, easily
installed by the glassblower. When the capillary becomes blocked, micron pres-
sures are established on the high-pressure side of the capillary, and the vacuum-side
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electrode is electrically grounded. The application of a Tesla coil to the
high-pressure tungsten electrode produces an internal plasma discharge, and
the plasma usually cleans out the obstruction in the capillary within seconds. We
have found that this harsh internal treatment changes the conductance of the glass
capillary slightly, and recalibration after cleaning is suggested.

A third solution that has been used to minimize reactions inside a gas doser is to
dilute the reactant gas with an inert diluent such as He or Ar [10]. This may be done
in a gas handling line that is dynamically pumped, causing the gas mixture to be
replenished rapidly, and removing products of reaction [10]. This method also
permits small doses of the reactive gas to be quantitatively monitored since pressure
measurements of the mixture may be converted to partial pressure measurements of
the active gas. One must remember that the composition of the gas mixture will
change under dynamic pumping conditions owing to different rates of pumping for
the gas components [10].

Reports of the use of a Teflon coating for passivation of the stainless steel walls
of an ultrahigh vacuum system are available [11, 12]. Briefly, a weak acid priming
treatment was used to remove oxide films to promote adhesion of the Teflon.
A Teflon suspension [13] was painted on the walls and cured in the air for several
days. The coating was then baked in vacuum at 200 °C. Small parts were cured
using a heat gun before assembly. This coating was effective in preventing TiCl,
decomposition on the walls. However, the Teflon adsorbs water from the air when
the system is opened, and longer bakeout is required to get to a base pressure in the
mid 10° Torr range than would be required with an uncoated vacuum chamber
[12].
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Chapter 7
Mechanical Action on Samples

7.1 Simple UHV Crystal Cleaver

Often one of the best ways to produce an atomically clean surface is to expose an
inner cleavage plane by cleaving the crystal in ultrahigh vacuum. A simple
mechanical cleaver design is shown in Fig. 7.1a [1]. Here, a MgO single crystal is
mounted on a coolable manipulator inside a small rectangular compartment, held by
a screw that presses on an internal plate that distributes the screw pressure over the
side of the crystal. A portion of the crystal projects upward, ready for the cleaver
blade.

The cleaver is a spring-loaded tungsten carbide blade (25° cutter angle) that
slides in a stainless steel channel. Two springs are compressed by turning a pair of
screws prior to attaching the cleaver to the manipulator. The manipulator/cleaver
assembly is loaded into the vacuum system, and after system processing, the trigger
holding the blade back is released by moving the manipulator against the side of the
manipulator port. The blade cleaves the crystal, and caution should be exercised not
to allow the cleaved-off portion of the crystal to enter fragile apparatus as it bounces
around the chamber.

Using a closed cycle He cryocooler, this assembly can reach 44 K. Studies on
the freshly cleaved MgO(100) surface, involving Kr adsorption, are shown in
Fig. 7.1b, and the results are compared to MgO that has been cleaved outside the
vacuum system, transferred, and thermally processed. The sharp vertical step
indicating a 2D gas — 2D solid transformation, as studied by LEED, is charac-
teristic of the UHV-cleaved crystal; a less distinct transition is seen on the exter-
nally cleaved crystal because of defects produced by water adsorption that cannot
be removed by thermal processing. Indeed, after days of storage in UHV, the
UHV-cleaved crystal begins to yield an isotherm resembling that of the defective
crystal because of slow impurity adsorption.
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The authors report that the only disadvantage of this design is that only one
cleave can be achieved per loading into the vacuum system because of the necessity
to compress the springs outside the vacuum system.

A cleavage device for mica has been described that can be used in ultrahigh
vacuum [2].

7.2 Piezoelectric Fatigue Apparatus for UHV Operation

There is much interest in the role of adsorption on the rate of fatigue of metals
undergoing periodic stress conditions. Usually these measurements are performed
under cycle rates of about 1 Hz. Hydraulic cycling methods often impart noise to
the stress-strain measurement system. A piezoelectric drive mechanism, capable of
working at 100 Hz frequency in UHV, is described below [3].

Figure 7.2a shows a schematic drawing of the apparatus. The specimen, coupled
to an extensomer, is clamped between two grips that have serrated clamping sur-
faces to prevent misalignment during testing. A load cell is placed above the
moving grip and below the piezoelectric actuator. The translator used has a capacity
of 10 kN in compression, and 3.5 kN in tension [4]. It is capable of translation
through about 40 um over an applied voltage range of 0-1500 V. The load is
measured with a load cell having a range of 0—2000 N [5]. A strain of about 0.3 %
may be measured using an extensometer [6] in a gauge section of 5 mm, and the
specimen tested in this case was polycrystalline Ag. The control electronics are
described in [7]. Figure 7.2b shows a hysteresis curve measured for Ag in which the
stress and strain are measured during compression and expansion. The hysteresis
loop changes as the number of cycles increases, and is a measure of the specimen
fatigue. The data obtained with the piezodriver exhibits a better signal-to-noise ratio
than data taken with hydraulic devices.

The main disadvantage of the device is the small translation range of the driver.
The device must account for all of the translations taken up by the components
along the axis of the load. This limits the machine to small specimens, and for
high-strength materials, smaller gauge lengths and more narrow cross sections
would be needed to obtain sufficient strains for accurate measurement [3].

Another design, providing fatigue to a thin metal specimen in ultrahigh vacuum,
has been described [8]. It was found that clean Al(111) single crystals exhibited
changes in their ultraviolet photoelectron spectrum after 1000 fatigue cycles at
0.2 % strain. The involvement of chemisorbed species containing oxygen was
eliminated on the basis of the absence of O(2p) emission in the photoelectron
spectrum, and no explanation was given for this effect [8].
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Chapter 8
Gasket Seals

8.1 Gasket Seals for Ultrahigh Vacuum Systems

The primary ultrahigh vacuum flange design used universally is the stainless steel
Conflat sexless flange, which operates with two opposed knife edges that seal a
metallic gasket by deformation when the flange is tightened. A cross-sectional view
of the flange and a confined gasket is shown in Fig. 8.1.

In many cases where it may be difficult to seal the gasket by applying the
necessary torque to the flange bolts, or where tightening down to the maximum
force level is not desired, it is useful to use annealed copper gaskets. These maybe
purchased from the suppliers, but they can be made quite simply in the laboratory
beginning with a nonannealed gasket. The gasket is heated while rotating it around
its circumference in an oxygen-gas torch (cool flame) until dull red color is emitted
by the hot copper. The gasket is then quenched in water quickly, resulting in
softening to almost the softness of lead or tin. This gasket will deform in the seal
region with less torque on the bolts and also with less deformation of the flange
during tightening. Often, gaskets of this type are needed for spectroscopic windows
mounted in stainless steel flanges in order to prevent window cracking during
tightening owing to flange flexure.

The annealing process results in considerable oxidation of the copper gasket, and
this oxide layer must be removed before use. Two methods are available to do this.
In the first, the hot gasket, immediately after annealing, is dropped into methanol
instead of water. The methanol, a reducing agent, immediately strips off the oxide
from the hot metal, leaving a clean copper surface. Care should be exercised to
avoid damage if the methanol should ignite. The second method involves dropping
the cool gasket into an aqueous solution of citric acid. Here the citric acid forms a
soluble complex with the copper ions in the oxide film, and again clean copper
surfaces are produced.

Certain coatings are employed to prevent the oxidation of copper gaskets fol-
lowing relatively high temperature bakeouts. Heavy amounts of copper oxide can

© Springer International Publishing Switzerland 2015 99
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Fig. 8.1 Gasket designs. a Conflat flange + Cu gasket. b Gold wire—shear seal

fall into the vacuum system when the flange is opened, and also seizure of the
gasket in its recess in the stainless steel flanges can occur. Silver plating has been
used to prevent this effect [1]. A minimum 5-pum-thick silver film, made by plating,
is required. The silver will stand repeated bakeouts at 300-350 °C. Contamination
of the silver film by sulfur from either the gasket or from sulfur-containing lubri-
cants is to be avoided as this causes discoloration and peeling of the silver film.
Thus, bolt lubricants such as molybdenum disulfide cannot be used and graphite or
other lubricants must be employed.

Another useful copper gasket coating is titanium nitride, TiN [2]. Using reactive
magnetron sputtering from a Ti target in an N, + Ar mixture (20 % N»), films from
50 to 150 A were deposited on copper gaskets. In tests, ten flanges were baked at
550 °C in a vacuum of 107> Torr for up to 200 h, and were then tested for leak



8.1 Gasket Seals for Ultrahigh Vacuum Systems 101

tightness with a He leak detector, finding no leaks. The flanges could then be
disassembled without seizure. Without the TiN film, separation must be done with
jacking screws and copper is left on the sealing surfaces, requiring abrasives for
removal. A similar coating has also been prepared using diamondlike carbon
coatings prepared by RF discharge techniques in methane gas [3].

One of the early methods of sealing stainless steel flanges employed gold wire
gaskets [4]. For flat flanges without a knife edge or for a stepped seal used for
crushing a metal gasket, gold wire will make an excellent seal. The wire, of about
0.25-0.5 mm diameter, is made into a circular loop on a forming mandrel; then a
microtorch is used to butt weld the ends together when the loop is removed from the
mandrel. This process is best accomplished by gently clamping together the squared
off ends of the gold wire and slowly melting the gold so that surface tension causes
liquid gold flow to even out the diameter of the heated region. Too much heating
will result in separation of the gold wires with the formation of balls of gold on the
ends of each. Practice is, therefore, necessary. The wire once formed is placed
between two smooth flange faces, and the bolts are tightened, making an ultrahigh
vacuum seal. A stepped seal may also be used with either gold or copper, and here
the seal produces a shear seal within the gasket as shown in Fig. 8.1. In the case of
gold wire shear flanges, the wire must be butt-welded to fairly exact dimensions
using a mandrel of the same size as the male flange for accurately cutting the gold
wire to appropriate length. A nice description of the method to make custom copper
wire gaskets is given in [5].

The reuse of large Cu gaskets for many cycles has been described [6]. Here, a
“feeler gauge” such as that used to measure spark plug gaps is employed, and
successive seals with the original gasket are made by diminishing the
flange-to-flange clearance in a systematic manner.

8.2 Cryogenic Gasket Seals

Stainless steel Conflat flanges are guaranteed to be vacuum tight from 77 K up to
their normal bakeout temperature limits. However, there are special situations
where vacuum components made of different metals are to be joined by flanges, and
in these cases cooling to 77 K may disrupt the vacuum seal because of differences
in thermal expansion coefficients.

This problem has been solved for 18-mm-diameter junctions between stainless
steel flanges and aluminum Conflat 34 flanges using a gold wire seal (Fig. 8.2). In
this design, the mismatch in expansion/contraction occurs in a radial direction along
the sealing plane, and this stress can be absorbed by the plastic deformation of the
gold wire. The seal is maintained through many cycles as a result of the gold
ductility and its good adherence against stainless steel and aluminum surfaces [7].

A cross sectional drawing of the seal is shown in Fig. 8.2. The gold wire ring
was 1 mm in diameter, prepared by butt-welding. The screws were 4 mm diameter,
made of stainless steel which prevents the need for retorquing after a thermal cycle.
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The specially designed stainless steel flange has a precision entrance guide to
prevent damage to the aluminum knife edge and it is also machined to be very
smooth on its sealing surface. In the particular case shown here, the stainless steel,
exhibiting poor heat conduction, was needed to reduce the thermal conduction of
heat to the aluminum section therefore preserving liquid nitrogen which was housed
in the aluminum section.

8.3 Copper Gasket Removal Devices

There are three published methods that are directed toward easy removal of copper
gaskets from Conflat flanges after disassembly [8—10]. These methods are all
designed to prevent damage to the sharp sealing knife edges by tools being used to
pry up the gaskets. The first of these [8], shown in Fig. 8.3a, employs Conflat
flanges that have two opposed slots machined on the inside of the flange.
A screwdriver blade can be inserted into the slot and rotated to pop out the gasket
and the boundary of the slot prevents the blade from coming into contact with the
knife edge. The disadvantage of this design is that one must machine every flange
with the two slots [9]. A second design [9] (Fig. 8.3b), uses the leak-check groove
as a slot to control the motion of a specially wedge-shaped and hardened steel
blade, shown. The third design (Fig. 8.3c), shows a modified “parrot-nose” set of
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ignition pliers that can safely grip the gasket [10]. This design allows only upward
force on the gasket and also grips the gasket during removal to prevent it from
falling. In certain instances where there is insufficient clearance for the pliers on the
outside of the copper gasket, one must resort to a tool of the second design [9, 10].

8.4 Unconventional Compression Seals for Ultrahigh
Vacuum

Several unconventional compression seals have been designed for ultrahigh vac-
uum systems where flange mounting was inappropriate. These seals all have in
common the use of a material softer than stainless steel that is deformed under
pressure supplied by screwing down the re-entrant seal from the outside of the
vacuum system. This forms the vacuum seal, which is always on the inside of the
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vacuum system. Figure 8.4a is a seal involving oxygen-free high conductivity
(OFHC) copper that is deformed, at the edge of a hole drilled into the vacuum
system wall. A stainless steel bolt, with a hole drilled axially through its length, is
machined to present a hemispherical surface under the head. Copper tubing is spun
down on a lathe to closely fit over the bolt. The bolt is inserted from the vacuum
side of the hole and tightened with the nut from the outside. Such seals can be
cycled between 873 and 77 K many times, remaining He-leak tight. The seals may
be loosened and used repeatedly for five to ten times. Ultimately, the copper
becomes thin and hardened as a result of the mechanical deformation. New copper
fittings may be used to replace the original used fitting [11].

A second re-entrant bakeable all-metal vacuum seal is shown in Fig. 8.4b. Here a
conventional Conflat flange design is used for the sealing surface and the force to
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Fig. 8.4 Unconventional compression seals. a Hollow bolt seal. b Mini-Conflat seal. ¢ Gauge
tube seal
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produce the seal at the copper gasket is applied externally by means of jacking
screws. The assembled seal was designed to apply 2000 Ib/in. along the copper
gasket seal path. The seal is assembled from inside and initially tightened using the
threaded jack ring, which pushes down on a chrome plated thrust washer needed to
prevent distortion of the main sealing flange that contains the hole and also to
prevent galling of the jackbolts under torque. First torquing of ten bolts to 20 in. Ib
resulted in a leak tight seal. Further torquing to 40 in. 1b reached the plastic-flow
limited torque for the No. 8 stainless bolts. Disassembly and reassembly at 40 in. Ib
torque produced a He-leak-tight seal, which withstood baking to 250 °C [12].

A third design, solving a major vacuum problem for sealing thermocouple
gauges into ultrahigh vacuum systems, is shown in Fig. 8.4c. For most applications
under non-stringent vacuum conditions, thermocouple gauges are sealed at the pipe
thread joint by use of Teflon tape, vacuum cements, etc. This is unacceptable for
ultrahigh vacuum operation owing to the possibility of gas trapping in the pipe
thread or cement. The design shown in Fig. 8.1c uses the pipe thread to compress
either a Teflon or aluminum or OFHC copper gasket at the bottom of the tubulation.
The end of the stainless steel gauge stem must be smoothed with 600-grit paper,
using a removable plug inside the tubulation to prevent entry of debris. Similarly,
the sealing surface in the receptor hole must also be polished. This method permits
thermocouple gauges to be used on ultrahigh vacuum systems and to withstand
normal bakeout temperatures [13].
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Chapter 9
Leak Repairs and Detection

9.1 Coaxial Pumped He Leak Detection Probe

He-leak checking is commonly used, either in the shop with a portable leak
detector, or in the laboratory where a mass spectrometer inside the vacuum system
is used for detection. A common problem involves the detection of a small leak at
some point, where subsequent investigation will show that there is really no leak at
that point. This confusing result is caused by the diffusion through the atmosphere
of He from the suspect point to the real leak, which is some distance away. The
device shown in Fig. 9.1 eliminates this effect by sweeping He away from the test
point using a coaxial vacuum sleeve.

Figure 9.1 shows the device, and the reader is referred to the original publication
for construction and assembly instructions [1]. The He flow rate is adjusted to one
or two bubbles of He per second as determined by placing the probe under water
with the valve-controlled vacuum pump turned off. The rate of pumping should be
adjusted so that the sensitivity for He is not diminished by too rapid pumping.
A pump with a displacement of 5-10 L/min is satisfactory, with a throttle valve for
pumping speed adjustment.

Once a leak is noted, a second test should be performed to verify its general
location. This consists of placing a plastic bag around the suspected part, sealing the
bag with tape, and then filling the bag with He, and observing the leak again. Using
this coaxial probe and then using the bag verification test will eliminate carrying
non-leaking components to the shop for repair.

In the event that leak sealing compounds are used for temporary repairs, only
very small quantities of the sealer should be applied at the leak location, and a tag
should be placed on the affected component telling the location of the leak and the
date of temporary repair. The leak should be repaired correctly as soon as possible
after the temporary repair. The tag is a guide for the memory when the vacuum
system is ready to be disassembled.

© Springer International Publishing Switzerland 2015 107
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9.2 Temporary Leak Sealing of Welded Bellows

Welded bellows often develop small leaks at times when it is inconvenient to
interrupt the work going on in the vacuum system. These leaks are most likely
located on the inner welded seal of the bellows and are difficult to locate precisely.

For small leaks a temporary seal may often be established by using a leak sealer
diluted with a solvent to reduce its viscosity and then spraying tiny amounts of the
liquid onto the leak region. However, continued flexure of the seal after drying can
cause the leak to reappear. Therefore, a clever trick [2] was devised in order to
extend the lifetime of the bellows while a new one was being ordered. This involves
immobilizing the small section affected by the leak. This is done by squeezing
gently several 0.5-mm-thick stainless steel clips around the bellows region of
interest immediately after spraying the diluted sealant on the bellows, as shown in
Fig. 9.2. Since one leak in a bellows is generally a signal of more to come, this
procedure should not be employed as a long-term solution to the leaking bellows
problem.

A variety of liquid leak sealers are commercially available, and the reader is
referred to the catalogs or to the original reference for a description of a silicone
sealer [2].

9.3 Atmospheric Permeation—Viton O-Ring

Viton [3] seals are used in ultrahigh vacuum applications where deformable met-
alseals cannot be used. Viton seals may be baked out at 200 °C and after a 24 h
bake-out an outgassing rate of the order of 2 x 10~° Torr L/s cm” (nitrogen
equivalent) has been reported [4]. After bakeout, the main gas evolved was water.
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Bakeout eliminates hydrocarbons initially detected upon installation of a fresh
Viton seal [4].

A significant property of Viton seals is their ability to allow water from the
atmosphere to permeate slowly through the outgassed Viton into the ultrahigh
vacuum system, causing the partial pressure of water to rise for many days after
bakeout. Figure 9.3a shows an apparatus where atmospheric gas permeation
through a Viton O-ring was investigated [5]. A stainless steel vacuum system,
equipped with a mass spectrometer and trapped diffusion pumping facilities, con-
tained a test Viton O-ring [4]. The top of the vacuum chamber was baked at about
100 °C, while it was estimated that the section containing the O-ring was baked at
50 °C. A base pressure of about 5 x 10~° Torr was achieved after 3 days’ baking.
Following 2 days’ cooling, the mass spectrum of the residual gases in the chamber
was measured for an additional 30 days, as shown in the test schedule (Fig. 9.3b).

It was found that the major effect was a continuous rise in the partial pressure of
water during the 30-day period, with a decreasing rate after about 20 days.
Figure 9.3c, d schematically show these tests for conditions of low atmospheric
humidity and high atmospheric humidity. The rate of water permeation increases
for the humid conditions. There is no detectable amount of permeation of other
atmospheric gases such as N,, Ar, or CO, during the 30-day test, although some O,
permeation was reported [5].
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These results suggest that the best application for Viton seals in ultrahigh vac-
uum systems is in cases where exposure of the seal to the atmosphere does not
occur, i.e., where the seal is used internally for isolation of one part of the vacuum
system from another. This is the case with Viton sealed gate valves mounted
between sections of the vacuum system, where the seal is retained in vacuum during

the time when the valve is opened.

A number of studies of outgassing and permeation of vacuum materials have

been carried out [6-8].
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Chapter 10
Specialized UHV Systems

10.1 Aluminum Ultrahigh Vacuum System

There are advantages in using aluminum UHV systems. For proton synchrotrons,
the residual radioactivity produced in stainless systems may be reduced by one or
two orders of magnitude, 100 h after machine shutdown, by employing Al instead
of stainless steel. For electron synchrotron machines and electron storage rings,
aluminum is preferred because of good thermal conductivity, ease of manufacture
by extrusion, low residual radioactivity, nonmagnetic character, and low cost. The
design here is an all aluminum system made of two types of aluminum alloy;
aluminum flanges and gaskets are specially designed [1, 2]".

A special aluminum alloy, 2219-T87, is found to have the necessary mechanical
properties for making the sealing flanges and nut/bolt sets. As shown in Fig. 10.1,
the sealing surface consists of a circular slot on each flange that houses a Helicoflex
[3] O-ring containing an elastic spring core inside a pure aluminum sheath. The
fixed depth of the O-ring groove was adjusted to correspond to the specified
compression radius of the Helicoflex element—a 4.5-mm diameter Helicoflex
required two 1.5-mm deep grooves.

The chamber body was made of a 6063-T alloy, which could be welded by an
AC TIG welding process. Distortion after welding was negligible and remachining
was not necessary. The entire chamber, except the O-ring sealing surfaces, was
anodized to a 30-pm thickness. Bellows made of 6063-T6 alloy could be made by a
rolling process yielding 0.5 mm thick walls. The bellows are employed for align-
ment purposes, not for dynamic motion. They also compensate for thermal
expansion effects.

The O-rings were sealed by torquing the nut/bolt combinations, bringing the
aluminum flange surfaces together. The torque (per unit area of the O-ring) used for
tightening was between 140 and 215 kg/cm, with 200 kg/cm being normal.

'Which contains references to various papers on this subject.
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Following bakeout at 200 °C, the leak rate at the Helicoflex seals was measured
with a He leak detector. It is reported that the leak rate is less than 107! atm cm/s,
where the units on this number suggest that a leak rate per cm? of sealing surface
was calculated. The ultimate pressure in the system was 3 x 107'% Torr after
bakeout and the residual gases consisted mainly of H,, CO, and CO,. The 38-L
system was pumped by a 220-L/s turbopump and a 160-L/s sputter ion pump. It is
indicated that the practical upper bakeout temperature is limited to 170 °C by the
6063-T6 aluminum alloy.

A study of the outgassing rate of an aluminum vacuum system during bakeout is
given in [4].

10.2 Surface Electrochemistry Apparatus

The development of the field of electrochemistry from the viewpoint of surface
science has depended upon the experimental ability to prepare atomically clean
single crystal surfaces and then to transfer these surfaces to an electrochemical
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Fig. 10.2 Schematic of surface electrochemistry apparatus

environment for measurements of current versus voltage [5]. While a number of
designs have been provided for this transfer operation, the design schematically
shown in Fig. 10.2 is historically important and remains useful today.

A single crystal is mounted on a sample manipulator in the left-hand UHV
system, which contains various facilities for surface cleaning and surface charac-
terization. The sample, once cleaned and characterized, is unplugged in vacuum
from the sample manipulator (see pp. 89 and 93) and is captured on a bellows type
translator coming in from the right through an open gate valve. From here the
sample may be immersed into the electrolyte of the electrochemical cell by means
of moving the translator vertically and lowering the sample through the open gate
valve. Four types of pumps are utilized on the right-hand side of the apparatus: two
sorption pumps using zeolite pellets at 77 K; a cryogenic pump containing a
charcoal-covered surface cooled to 14 K by a Joule-Thomson refrigerator, which
lowers the pressure to about 10~ Torr; ionization pumps to bring the pressure down
to about 10”° Torr; and a titanium sublimation pump for final pumping and for
purification of Ar gas which is admitted to high pressure for the sample transfer to
the electrochemical cell.

The solution-handling subsystem must exclude dissolved contaminants. Liquids
are contained in deaerated (N, purged) Pyrex bottles. Air is the most difficult
impurity to exclude, and Teflon tubing sheathed in Teflon bellows is used under
inert gas purging conditions inside the annular space to exclude air diffusion
through the Teflon to the electrolyte. Glass vacuum valves rather than stopcocks are
used to avoid contact with the air. Teflon compression fittings are used to make
tubing interconnections. All parts are soaked in chromic acid cleaning solution until
needed, then rinsed with highly purified distilled water.
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Potential-dependent interfacial properties of the electrode-sample are measured
using a Pt electrode introduced through a 3-mm-diameter section of Teflon tubing.
A silver wire, coated with silver chloride, and immersed in a chloride solution is a
convenient reference electrode. By applying a potential between the Pt electrode
and the sample, and monitoring this potential against the silver chloride/silver
electrode, it is possible to plot out the current-voltage curves and to correlate with
the nature of the electrode introduced.

A comprehensive listing of other types of electrochemical cells which are
coupled to UHV systems is given in [6, 7], which also describe X-ray photoelectron
spectroscopy (XPS) studies of the corrosive oxidation of a Ni surface.
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Chapter 11
Grids

11.1 Hemispherical Grids—Formation and Piercing

Formed grids are employed in ion and electron optical devices. Often these grids must
be made of highly transparent woven stock, either of stainless steel or tungsten [1].

Woven grid material may be formed into a hemispherical shape using a mold or
mandrel, as shown in Fig. 11.1a. Here the grid material is stretched over the mandrel
and an annealed aluminum ring is slipped over the stretched grid, capturing it near
the base of the mandrel. A steel pressure ring is then seated on the aluminum ring and
pressure is applied causing the soft aluminum ring to distort into an L-shaped cross
section as shown. This also encases the grid material, fixing it in the aluminum [2].

Another method for attaching a stretched grid to a support ring is shown in
Fig. 11.1b. Here a mesh grid is stretched over a brass mandrel, and a stainless steel
plate is clamped in place to hold the grid on the mandrel. The plate is tack-welded
to the grid in about ten places and the clamps are released and the plate turned over.
The grid wires are trimmed and individually spot-welded [3]. A more complex
variation on this method is shown in Fig. 11.1c where the grid is captured between
two shaped rings, R, which are bolted inside a jig. Spot-welding takes place through
the holes, H, after the grid is stretched over the mandrel [4].

Grids must often be pierced in specific locations for the passage of hardware or
source beams through the grid. Figure 11.1d shows a nice way to do this job
accurately. The brass mandrel is punched with the location of the center of the hole.
A scribe is then used to scratch a circular shape on the mandrel locating the cutting
line on the grid. The grid is then stretched and spot welded, and the assembly is
immersed into aqueous NaCl solution (50 g/L). An electrode to a spot welder (S;) is
attached to the assembly, and a second electrode, S,, made of tungsten wire
(0.5 mm) is sharpened to a radius about twice the diameter of the mesh wires to be
cut. An electrical arc from the spot welder will cut the wires individually, usually
between adjacent wires perpendicularly crossing the wire to be cut. The salt water
prevents pitting on the brass mandrel by the electric arc [3].
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This stretching method will not make perfect hemispherical grids, since some
relaxation will occur upon removal from the mandrel. If more rigid grid material is
needed, the stretched grid may be electroplated on the mandrel [5] or it may be fired
in an oven. The electroplating stiffens the contact points between the meshes while
firing will stiffen the wire itself. In the case of firing, a brass mandrel cannot be
used, and release agents on the mandrel will be needed. Either Aquadag (colloidal
graphite) or MoS, will work as release agents.

11.2 Making Flat Mesh Grids of Large Size

Electroformed mesh [6], having up to 85 % transparency, may be conveniently used
as grid material in electron and ion optical applications. However, it is difficult to
construct flat grids of many centimeter dimensions, and irregularities in flatness will
influence the electrical field uniformity desired in front or between parallel grids.
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Figure 11.2 shows a convenient method [7] for using a Viton O-ring to produce
uniform stresses at the boundaries of electroformed grids, making them flat. The
lower plate has a special groove cut in it with the inner wall beveled 30° with
respect to the normal. When the sandwich involving the two plates, the grid, and the
O-ring is compressed by adjusting bolts around the perimeter, the motion of the
O-ring gradually pulls the mesh tight as the O-ring expands outward in the beveled
groove under pressure. This produces the desired flat grid.

11.3 Grid Fabrication Techniques—Conical Grid

The fabrication of a grid having a precise geometry is accomplished by using a
mandrel of the desired shape, and on p. 119, methods for making hemispherical
grids are shown. Here we describe the fabrication of a conical grid that is used as an
ion cage in a high-efficiency molecular beam ionization detector with a short ion-
ization region [8].

The conical cage, which was designed with specific ion optical properties, is
shown mounted on its lens plate in Fig. 11.3a. Four angled support wires are
welded to the plate and provide rigidity for the grid.

Figure 11.3b shows the metal mandrel, which has been fabricated to the desired
shape so that it can fit the lower electrode mount of a tabletop spot-welder. Ta wire
(0.1 mm diameter) is wound on the mandrel on a lathe, operated at slow speed or by
hand, and then the ends of the coil are fixed with tape or by a soluble glue dot. After
the four support wires are spot-welded to the grid on the mandrel, the grid assembly
may be removed by a short immersion in an ultrasonic bath. Following removal of
the grid from the mandrel, the angled support wires are welded to the lens plate,
using the mandrel for centering the grid assembly on the lens aperture [9].
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Chapter 12
Conductive Coatings

12.1 Deposition of Electrically Conductive SnO, Films

Many devices used in surface science research require the deposition of electrically
conductive films. These films are often used as the backing for phosphor screens in
LEED apparatus and other electron beam display techniques.

Figure 12.1 shows the method used in many laboratories for the deposition of
semiconducting SnO, films on Pyrex glass surfaces. A glass surface, appropriately
shielded on the inside and outside with Aquadag (colloidal graphite) [1] to prevent
unwanted deposition, is placed into a small furnace or glassblower’s annealing
oven. The oven is slowly brought to the annealing temperature of Pyrex, 550 °C.
A saturated solution of SnCl2 in isopropanol is made up and loaded into the
reservoir of an atomizer, as shown. Since we wish to deposit SnO,, the atomizer is
connected to a regulated oxygen tank, and oxygen gas is used to oxidize the tin
from Sn(Il) to Sn(IV) upon deposition of the SnCl, uniformly to the hot surface of
the glass. The spraying is carried out in short bursts, and the oven door is then
closed between bursts in order to rewarm the glass to the deposition temperature.
An experienced operator can judge the conductivity of the film from its color. Blue
and barely visible coatings possess approximately k() resistances between two
points a few centimeters apart, while yellow or brown coatings give less than 1 kQ
resistance.

Caution should be taken not to breath in during the film deposition with the
SnCl,, since pungent HCI gas is a major product of the pyrolysis chemistry leading
to SnO, deposition.

Following film deposition, the Aquadag can be removed using an abrasive
kitchen cleanser and a cotton swab in water, or by heating in a glass annealing oven
for long times, followed by washing.

The electrical contact to the conductive film can easily be made using a
glass-metal feedthrough fabricated by the glassblower. To the inner end of the metal
feedthrough, a small piece of platinum ribbon or wire is welded in such a manner
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that it makes good contact with the inner surface of the glass. The contact is made
permanent by applying either platinum bright or gold bright paint [2] with a small
camel’s hair brush, followed by firing in the oven to produce a shiny film of metal
which is both adherent and conductive. Alternate methods for making electrical
contacts through glass to a conductive SnO, film are described in [3].

The work function of SnO, films prepared in this way has been measured using a
retarding potential method for an incident electron beam. The coatings were found
to have a work function of 4.79 + 0.07 eV. Spatial variations in the work function
averaged =10 meV, and work function differences between samples were less than
100 meV [4].

The original scientific report of the use of SnO, films for producing conductive
glass may be found in [5]. Here also is a study of the resistivity of a number of these
films from 1.5 to 500 K.

Tin oxide films can be removed by “nascent hydrogen” produced near the film
surface by dipping a cotton swab first in HCI(aq) and then in powdered zinc dust.
This reactive mixture, when rubbed on the SnO, film, will efficiently remove it by a
reduction process. Thorough washing in H,O should then be carried out.
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Chapter 13
Phosphor Screens

13.1 Sedimentation Method for Depositing Phosphor
Screens

A number of methods involving electron beam measurements require the use of
phosphor screens that are uniform and adherent. The method described below is a
variant of techniques originally described for coating cathode ray tube screens and
field emission microscope screens [1-4]. The method may be used for either
glass-based phosphor screens, which are viewed by transmission from the back
side, or metal-based screens, which are viewed from the front side [5].

The essential requirements are to deposit a phosphor powder uniformly along
with a binder substrate that will be adherent during bakeout and use. All such
screens are sensitive to mechanical disturbance, including touching with the fingers.

For deposition of metal-based screens the underlying metal substrate must be
pickled after chemical cleaning to prepare its surface. Two pickle agents are
described for stainless steel substrates: (a) 30 volume % HNO5 + 3 volume % HF in
water—warming above room temperature will increase its rate of action and the
substrate should be immersed for 30-60 s; (b) 10 volume % HNO;3; + 2 volume %
HCI + 2 volume % HF in water-immerse screen for 5 min in an ultrasonic bath. One
pickle agent is described for aluminum substrates: 12 volume % HF—then rinse
with water and dip in 86 volume % HC1 for no longer than 60 s. If the aluminum
turns black during the HC1 dip, repeat the HF step followed by the HC1 step [5].

The clean and pickled substrate is then transferred to the 3-L sedimentation
chamber shown in Fig. 13.1, and is ready for application of the phosphor screen.

Two sedimentation solutions are prepared as described below:

Solution A This is an electrolyte solution that facilitates the gelation of the
phosphor particles with the silicate. 300-500 ml water + 1.8 g Ba
(NO3),.
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Suspension B 150-175 ml water + 0.18 g silica gel [6] + 3.2 g phosphor.
This suspension should be agitated in an ultrasonic bath or an
ultrasonicator (not the same thing).

After mixing thoroughly, transfer suspension B to a large Erlenmeyer flask and
dilute to 500 ml with water, using a wash bottle to make a complete transfer. Add
solution A and make a final volume of about 1 L. Shake vigorously and transfer
to the ultrasonic bath for continued agitation for 10 min. Pour the suspension into a
3—4-L beaker and rinse all material into the beaker. Dilute to about 3 L, and stir
rapidly for 5-10 min using a magnetic stirbar of 3-in. size. Turn off the stirrer and
allow the suspension to partially settle, during which time the large particles will
preferentially settle to the bottom. Decant the liquid into another 3-L beaker, being
careful to leave the large particles on the bottom undisturbed. Allow this second
suspension to settle for about 7 min and then carefully decant the solution into the
sedimentation chamber containing the substrate. This should be done carefully,
directing the suspension down the side of the sedimentation chamber using a large
funnel and avoiding bubbles. Cover the sedimentation chamber and allow it to sit for
5-12 h without agitation or vibration. Following sedimentation, the most difficult
task is to drain off the liquid without mechanically disturbing the screen. The drain
stopcock should be opened very slightly so that a very slow drip is achieved, making
the flow rate so small that about 6 or more hours are required to drain the liquid.
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The drained screen should be air dried in the sedimentation chamber for several
hours, keeping it covered to avoid dust. After drying, inspect for homogeneity.
A “ring” on the screen indicates a discontinuity owing to a change in the drip rate,
possibly due to a particle being trapped in the stopcock. Such discontinuities may
not be serious unless photometry is to be employed, where phosphor thickness must
be constant. Even without visible evidence of inhomogeneities, the phosphor
thickness will vary over the screen surface owing to the variable angle of inter-
ception of the settling particles by the curved screen. Following drying, the screen
should be baked in an oven at 80 °C for 30 min to remove additional water. Screens
treated in this manner are satisfactory for use in ultrahigh vacuum and show little or
no influence on the base pressure after a bakeout at 150 °C for 24 h [5].

For deposition of phosphor screens in glass vacuum envelopes, minor variations
of the procedure described above may be used. The sedimentation chamber may be
replaced by the envelope itself if the depth of the liquid suspension is sufficient.
Alternatively, the glass vacuum envelope can be immersed in a large sedimentation
vessel, and in either case the draining can be done by very, very slow tipping of the
envelope using a slowly driven motor that turns once in 24 h.

Screens prepared in this manner are approximately 10 um thick and well suited
for electron beam imaging. Thicker screens may be subject to electrostatic charging.

An unusual electrostatic deposition and adhesion method has been described by
Cetronio and Cross [7].

13.2 Dusting Method for Coating Phosphor Screens

Phosphor coating of screens for imaging electron beams may be achieved using a
technique developed years ago at AT & T Bell Laboratories [8] and described
briefly elsewhere [9]. This method has the advantage over the sedimentation
method of producing more uniform phosphor coatings, since it does not sense a
curved surface during the deposition procedure.

As shown in Fig. 13.2, a glass or metal substrate, cleaned with a strong hot
alkaline detergent, has a stopper made of cork or plastic (but not rubber) that seals
the hole for the electron gun or other source. A sticky uniform layer of phosphoric
acid, H3PO,, is deposited by the following procedure:

Clean about 100 glass balls (3-mm diameter) and the screen with ethanol and
acetone to degrease. Then from a solution consisting of 3 drops of H3PO, in 25 ml
of acetone, place 25 drops onto the screen substrate with the stopper in place. Place
the glass balls onto the screen substrate and roll them around as the acetone
evaporates. After 2-3 min, the acetone will have evaporated, and the phosphoric
acid will uniformly wet the substrate. If streaks are observed, repeat the process.
Then shake 1-2 cm® of phosphor powder onto the wet substrate and tap the screen
until the phosphor coats the entire surface. Invert the screen and tap to remove the
loose powder. Remove the stopper and using a gentle jet of nitrogen, blow off any
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remaining loose phosphor. The screen should be baked in air at 200 °C for 2 h and
it is then ready for use in ultrahigh vacuum.

Caution should be exercised to prevent breathing of phosphor or contact with the
skin.

A unique method for electrostatically depositing and adhering a phosphor screen
is described in [10].

Another unique method for depositing a phosphor powder on a flat, tin
oxide-coated plate is described in [11]. Here, a glass plate which has been chilled in
air below the dew point is coated with phosphor powder from an atomizer. The
phosphor uniformly adheres to the moist plate. Drying the plate in a dessicator
removes the water, and the phosphor adheres to the plate without any adhesive. The
adhesion is sufficiently strong to permit the use of the phosphor screen in any
position in a vacuum system, yet the coating can easily be removed by wiping
under water.
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Chapter 14
Thermionic Emitters

14.1 Thoriated Thermionic Emitters

Thermionic emitters are very widely used in surface science experiments as sources
of electrons. The emission of electrons in the absence of applied electric fields
follows the Richardson equation,

1/S = AT?e /KT

where /S is the electron current density, ¢ = the work function of the emitter, e is
the electronic charge, T is the temperature in K, and & is the Boltzmann constant.
For metals, A = 120 A/cm® K>,

Various coatings on thermionic emitters are used to reduce the work function,
permitting the thermionic emitter to operate at lower temperatures while delivering
the same current density as an unmodified emitter at higher temperatures. Some
aspects of the various coatings and their advantages and disadvantages in ultrahigh
vacuum systems are described by Redhead et al. [1]. For various reasons, ThO,
coatings on W or Ir surfaces exhibit the most favorable properties for use in
ultrahigh vacuum. While long-term operation in an oxygen ambient is not possible
with either metal, Ir will withstand short accidental exposure to oxygen without
burnout.

Figure 14.1a shows the simple experimental procedure that may be used for
coating a thermionic emitter with a layer of ThO, by cataphoretic deposition [2].
A suspension of 200 mesh ThO, powder (5 g) in a solution containing 0.075 g of
thorium nitrate in 100 ml of 95 % ethanol is used. This suspension is allowed to
stand for a few minutes so that the large ThO, particles settle to the bottom and are
removed from further considerations. The suspension is electrically deposited on
the filament at a negative potential of a few volts relative to the Pt anode. The
required current density depends on the shape of the surface being coated, and is
found by trial and error. It is best to electropolish tungsten substrates in NaOH
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solution (tungsten positive) and to rinse in water before beginning the ThO,
deposition. The white ThO, powder will form a very uniform deposit on the emitter
surface, and when fired in vacuum, this coating will be rather strongly adherent.
Coatings between 0.025 and 0.040 mm in thickness are satisfactory [2]. Firing in
vacuum to about 1800 K brightness temperature activates the thoria fully [2].
Reference [2] contains many interesting measured properties of ThO,.

The maximum current density that may be drawn from both clean W and ThO,
surfaces is shown in Fig. 14.1b. Since the average work function of W (about
4.5 eV) is reduced to about 3.0 eV by thoriation, a tremendous enhancement of
electron emission is achieved, as shown in Fig. 14.1b [1].
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One of the reasons for using thoriated thermionic emitters is to reduce the
operating temperature for electron emission to levels that involve negligible
evaporation of the metal. Figure 14.1c [1] shows the evaporation rate of W atoms
versus electron emission current density for both W and ThO,/W emitters. At the
higher emission current densities for pure W, significant evaporation of W will
occur over long experimental times, whereas ThO,/W emitters involve negligible
W evaporation rates.

It is important not to bombard the ThO, coating with electrons, which will
cause damage. Even using AC accelerating voltages is detrimental in degassing
ionization gauge grids, when the hot grid can be a thermionic emitter on the reverse
half-cycle [1].

It has been reported that ThO,-coated W filaments often emit unknown impu-
rities that can be contaminants in surface science experiments [3]. This was studied
for ThO,/W filaments contaminated by F [4], and significant transfer of F or
F-containing species to a clean single crystal of W was observed. Other halogen
impurities such as Cl are also likely to be present in ThO, coatings exposed to new
vacuum systems, since both HCI and HF are common pickling agents in cleaning
stainless steel [5]. These effects can be eliminated eventually by outgassing new
ThO,-coated emitters for long periods of time [4]. Such halogen contamination of
the grid surfaces of a Bayard-Alpert gauge renders the gauge useless for low
pressure measurements, since electron impact desorption from the halogen-covered
grid surface will supply spurious ion currents [6].

In addition to W wire thoriated by surface coatings of ThO,, it is also possible to
purchase W wire that contains alloyed Th at the 1-2 % level [7, 8]. This small
amount of thoria was originally added to decrease crystallite slippage in the
polycrystalline wire as it was formed by drawing through a die. These wires also
exhibit greatly enhanced thermionic emission, compared to pure W. Despite high
vacuum conditions, these emitters are readily poisoned [9]. This poisoning process
may be diminished by carburizing the wire in a hydrocarbon gas, such as acetylene
at temperatures near 1700 °C [8]. An outer layer of W,C, about one-tenth the wire
diameter in thickness is produced [8].

A thoriated Ir thermionic emitter has been reported to have high resistance
to exposure to air and to exhibit low Th evaporation rates at operating
temperatures [10].

Thorium carbide thermionic emitters exhibiting an effective work function of
about 3.3 eV have been produced and will emit about 10 Alem? at 2150 K [11].

14.2 Lanthanum Hexaboride Thermionic
Emitters—Deposition on Metals

The use of cataphoretic deposition of thorium oxide, ThO,, on thermionic emitter
metal surfaces for the purpose of reducing the work function has been described on
p- 133. A similar technique can be used to produce LaBg-coated metal emitters.
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Solid LaB6 thermionic emitters have been described on p. 137, but these are only
useful for well-defined geometries and are costly. Thus for small, disposable LaB¢
emitters, cataphoretic deposition on metal ribbons or filaments provides an excel-
lent route to useful thermionic emitters.

Five factors have been identified as being of importance in LaB¢ deposition.
They are:

1. The particle size and the relationship between particle weight and surface area.

2. The concentration of cations in the suspension holding the LaBg particles.

3. The ability of cations to adsorb onto the LaBg¢ surface, providing surface charge
to permit particle migration under electrolytic conditions.

4. The electrostatic potential gradient causing the particles to migrate.

5. The adherence of the particles to the metal cathode surface.

The most efficient deposition occurs with particles having a high surface charge and
migrating in a strong electrostatic field.

The present study [12] has been built on earlier methods [13, 14]. Re ribbons,
0.0025 x 0.76 x 12.7 mm® were used. These filaments were heated white hot in
vacuum to clean them before external cataphoretic deposition. A Ta anode was
used, and the current (0.2—1.0 mA) was adjusted to achieve optimum deposition of
LaB¢ in 30-300 s. For best results, 10 g of very finely divided LaB¢ was suspended
in 100 ml of methanol and about 0.05 g of NH4;NO; was added as the electrolyte,
dissolving this first in a small volume of methanol. These suspensions have a short
lifetime of the order of several weeks owing to hydrolysis of the LaBg, which
produces a white coating on the powder that interferes with adhesion to the cathode.
A Taribbon was used as an anode, and it was noted that the deposition occurs at the
Re ribbon edges owing to higher electric field strength there. In order to avoid this,
the geometry shown in Fig. 14.2 was used, with the Ta anode parallel to the
meniscus of the suspension, and the ribbon pulled almost out of the suspension to
reduce the tendency for deposition on the edges. A narrow gap between cathode
and anode is preferred to increase the electrostatic field. In addition, deposition
against the gravitational field leads to the selection of smaller LaBg particles which
adhere better than large particles. The LaBg thickness could be adjusted up to
0.5 mm, but little difference in performance was noted for various thicknesses.
Deposition on filaments can be done with a large anode and with the electrodes in a
vertical position, since the electric field at the cylindrical filament surface is uni-
form [12, 14].

Failure in the adhesion of LaBg to Re supports has been observed following
cataphoretic deposition. It was found that either boron or boric oxide impurity in the
LaBg was responsible for the adhesion loss, and a purification procedure was
described which produced LaB¢ with excellent adhesion properties on Re surfaces
[13].

LaB¢ may also be deposited on Ta foil or filament surfaces if the surface is
carburized first to produce a barrier layer of TaC that protects the underlying Ta
from attack by the LaBg at high temperatures [15].
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Fig. 14.2 LaBg(s) Cataphoretic deposition

14.3 Directly Heated Lanthanum Hexaboride
Thermionic Emitters

The work function of a tungsten thermionic emitter can be reduced significantly by
using a thoria coating (see p. 133). In addition, it is well known that LaB¢ coatings
on refractory metals such as W or Ta serve to produce a low work function
thermionic emitter of limited lifetime [16] (see p. 135), and LaBg-coated refractory
metal emitters are widely used when high electron current densities are desired at
low emitter temperatures [16]. The LaBg structure is also remarkably stable toward
damage by positive ion bombardment that may occur in some high-voltage devices
[16]. The degradation of LaBg occurs by means of B diffusion into the W or Ta
substrate, accompanied by La vaporization. This effect can be minimized by car-
burizing the substrate before coating with LaB¢. With rhenium as the base metal,
this degradation effect is minimized [17]. For bulk LaBg, the surface La atoms
vaporize slowly at high temperatures, and are replaced by La atoms from the bulk
[16]. Other authors have also investigated the properties of LaBg as a thermionic
emitter [18, 19].

Bulk LaB¢ may be used also as a thermionic emitter material. Questions about
the best mounting procedure to avoid stresses (owing to thermal expansion) and to
avoid degradation at the electrical contact points then come into play [17].
Figure 14.3a shows an unsuccessful mounting procedure for mounting a LaBg strip
between two connecting electrodes made of graphite. While the emitter gave
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copious emission at 1400 °C, it cracked upon cooling as a result of its high coef-
ficient of thermal expansion. To avoid this problem, rectangular and circular fila-
ments were constructed as shown in Fig. 14.3b. These structures survived
temperature cycling. The structure in Fig. 14.3b is mounted on graphite holders,
while that in Fig. 14.3c is mounted on Mo holders.

Figure 14.3d gives the temperature versus current for a LaBg strip, 1.6 x 3 mm?
in cross-sectional dimension. The points are experimental points, and the line is a
theoretical line calculated on the basis of the ohmic heating and the radiative losses
[17]. Figure 14.3e shows the thermionic electron emission of LaBg compared to Ta
and W emitters. Approximately four to five orders of magnitude difference in
current density is observed compared to the refractory metals.

As mentioned before, one is concerned with La evaporation from LaBg when it
is heated to sufficient temperature. However, one is also concerned about metal
evaporation effects when refractory metals are used as thermionic emitters, since
they must work at very high temperatures (see p. 133). Figure 14.3f shows a
comparison of the evaporation rate from LaBg compared to W and Ta, obtained
from published data, where the ordinate is in g cm s '. On this basis, a LaBg
cathode can last for several thousands of hours at current densities of 10—
20 A cm 2. Above 50 A cm ™2, the useful life may still be greater than 200 h [18].

A method for welding small LaBg shapes to Re wire for making compact
high-efficiency thermionic emitters has been described [20]. In addition, a method
for protecting a W filament from LaBg attack by interposing a layer of ThO, has
been described [21].

A method for mounting conical tipped LaBg cathodes for electron beam
instruments has been commercially developed. The cathode is mounted between
pyrolytic graphite blocks that are clamped between Mo/Re alloy support posts that
have a high modulus of elastically at high temperatures. The method is also used for
CeBg cathodes [22].

14.4 Thermionic Emitter Mounting

The provision of long-lived thermionic emitters for electron bombardment requires
special mounting and connection procedures. Figure 14.4a shows the essentials of
mounting a thermionic emitter for stability and also for ease of replacement [23].
A fixed alumina tube with two holes fits a spiral emitter, made from W/3%Re,
about 0.2 mm in diameter. The coil is wound uniformly around a mandrel in such a
fashion that its ends can be slipped into the holes in the alumina tube without
producing any strain on the coil. If this is not done, the coil will distort severely
upon first heating. The W/3%Re alloy is preferred over pure W because of its
tendency to not become so brittle during heating.

Friction connections are made with heavier Mo conductor wires by slipping in
0.1-0.2-mm-diameter filler pieces from the back side until a tight fit is achieved
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Fig. 14.4 Thermionic emitter mounting. a Open emitter. b Shielded emitter

between the emitter and the conductor wires. This method avoids welding and
allows the emitter coil to be disassembled for replacement with ease.

Connection to the Mo conductor wires is conveniently made with Cu braid, and
a soft Cu connector tube (annealed in a flame) that is crimped tight several times
around the braid and the Mo wire using pliers. The assembly should be arranged
such that the braid does not strain the Mo conductor wires by its weight or motion.

Figure 14.4b shows a similar device that utilizes a Mo electron repeller shield.
The alumina tube is flattened on two sides and is placed into a fitted channel at the
back of the Mo shield. The Mo shield will charge negatively during operation, but
for heavy electron bombardment heating, the crystal must be biased positively.

Macor ceramic supports are inappropriate for these purposes for two reasons.
The material degrades at high temperatures, and fluorine compounds are evolved at
high working temperatures [24].
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14.5 Indirectly Heated Cathodes for High-Temperature
Operation

Cathodes for electron guns and other devices are often coated with low-work-
function materials that permit higher current densities to be drawn than would be
possible with pure refractory metal cathodes such as W or Mo (see p. 133). Coated
cathodes are often heated to temperatures in excess of 2000 K for activation and
operation. Directly heated cathodes may be employed, but the requirement for an
emitter to be at equipotential over its surface rules out direct ohmic heating.
Thus, indirectly heated cathodes are often used. The design shown in Fig. 14.5a
uses an ohmically heated W filament to heat a Mo disk containing a work-function-
lowering material on its surface [25].

A self-supporting W filament (0.38-mm diameter), wound in a double helix on a
mandrel into a coil 9.5 mm in length, is used to heat a Mo disk cathode mounted on
the helix axis. The Mo disk is at the end of a cathode cylinder, 3.8 mm in diameter
and 10 mm long. Mounted on the outside of the Mo cathode cylinder are 3 (0.1-mm
thick) polished Ta radiation shields. These shields reduce the radiation transmitted
to the outer stainless steel support cylinder such that a measurable color temperature
for the stainless steel sleeve is not reached.

Figure 14.5b shows the W heater life behavior versus the heater current for
operation in ultrahigh vacuum. The temperatures associated with each point were
measured pyrometrically on the Mo cathode surface.

In the example shown here, only radiation heating of the Mo cathode was used.
However, this may be assisted by applying a positive potential to the cathode
relative to the filament, and drawing electron bombardment current to the cathode.
This method of heating is well suited for fast flashing of the cathode which is often
necessary during activation of the cathode coating (about 2500 K for ThO,).
Electron bombardment also involves lower W heater temperatures, and will not
shorten the heater lifetime.

14.6 Filament Power Supply Tester

Often it is necessary to be able to test a filament power supply without having a
filament operating in vacuum use in the test. This circuit diagram shows a dummy
filament which may be used in the test, without actually having to connect to a
filament for the power supply test. The power supply filament and anode connectors
are connected as shown. For DC operation, one has a choice of simulating
a ~2A-filament or a ~3—4 A filament. Switch S2 controls the current range desired.
For AC operation, switch Sla and S1b are open and the circuit utilizes the bridge
rectifier, BR66. The part of the circuit to the right of the dashed line simulates the
dummy filament thermionic emission using an NPN transistor, MJE 340. Filaments
requiring about 2A involve tungsten wire of the order of 0.125 mm diameter; 3-4 A
filaments involve tungsten wire of about 0.2 mm diameter [26] (Fig. 14.6).
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14.7 Bayard-Alpert Ionization Gauge with Corrections
for External Radiation and External Electron
Flux Effects

Many workers have noted that external electron sources in UHV systems cause
erratic readings in ionization gauges. In the case of ionization gauges in the vicinity
of synchrotron or other radiation sources, there are also effects due to external
radiation causing inaccurate gauge readings. In early work by Redhead [27], the
effects of soft-X-ray production leading to photoelectron generation inside the
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gauge itself were eliminated in various ways, resulting in new designs for gauges
with for instance two collector electrodes (the modulated ionization gauge), or to
gauges in which the ion collector was electrically and spatially isolated from the
ionization region (suppressor and extractor gauges). These modifications also led to
methods to compensate for positive errors caused by electron stimulated desorption
from adsorbed gases on the ionization gauge grid.

A normal ion gauge operating in the vicinity of an external thermionic emitter or
in a region containing high energy radiation will suffer major errors, caused by
things like external electron collection by the grid or the collector. Also
externally-produced photons interacting with the electrodes can cause X-ray pro-
duction, leading to photo-emission within the gauge, and giving spurious ion
current measurements. In the new gauge design shown in Fig. 14.7, measurements
of the current due to externally-produced electrons are made at the correcting
electrode in an auxilliary gauge which does not contain a thermionic emitter fila-
ment, and these measurements, applied to the current measurement from the normal
gauge, can be used to make corrections to the measured ion current and calculated
pressure. The details of this are dealt with in a recent paper [28], and background
information will be found in earlier papers [29-35].

Figure 14.7 shows the side view of the gauge design and its logic. Icg is the
collector current from the ion collector in the correcting electrode (CE) attachment,
and I¢ is the current from the normal gauge. The measurement of Icg., the external
electron current received by the grid (and hence available within the gauge structure
for ionization of gases), is also employed to make corrections to the measured ion
current in the normal gauge. Reference [28] gives a formula to measure a com-
pensated pressure in this gauge. Figure 14.7 shows the measurements of the
uncorrected gauge, BA-S4, compared to measurements of the corrected gauge,
BA-S4. Both gauges are subjected to a flux of externally-produced electrons which
enter the two gauges from the outside. The pressure measurements made with
NIG-2F are made for a gauge which does not see externally produced electrons.
The abscissa is a plot of the filament current causing thermionic emission in an
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external electron source and large emitted electron currents are produced as one
moves from 2 to 3 A. The indicated emission current in the ion gauge being tested
remains essentially constant at 3.97 mA. It is seen that without compensation, the
ion gauge suffers considerable negative errors when externally-generated electrons
are present. The compensation circuit also includes a method for measuring the
effect of external radiation on currents generated in coaxial cable, Icg, and Icy,.
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effects
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14.8 Replacing Filaments in Glass Bayard-Alpert Gauges

Filament replacement in a glass Bayard-Alpert ionization gauge is quite simple if a
glassblower will move the tubulation from the normal position to a position on the
bottom of the gauge where the filament attachment posts are located [36].
Figure 14.8 shows the location of the new port, and the position of the original
tubulation. The new tubulation is sealed to the outer envelope using Corning
No. 3320 glass as a grade to Pyrex, and the seal is made with an oxidizing flame,
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Fig. 14.8 Replacing filaments—Bayard-Alpert Gauges
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after thorough cleaning of the gauge with Alconox detergent. The gauge should be
annealed in the upright position before use.

Replacement filaments can be made of many materials, such as iridium, thoriated
iridium, thoriated tungsten, etc. (see p. 133). The use of 0.010-in. diameter W is
easiest. The bent filament is formed into a tight V-shape, and a hook is fabricated
from the filament wire by first twisting the apex region of the wire and then making
the hook as shown in Fig. 14.8. The hook is then inserted into a wire loop at the top
of the filament support rod. When softer filament materials such as iridium are used,
a tungsten hook made of 0.010-in. wire may be used for the upper support.
Hemostats are reported to be useful in the filament insertion procedure.

The lower attachment of the two ends of the filament to the filament attachment
posts can be made in three different ways:

1. Welding, using a tweezer spot welding assembly, and making small 0.002-in.
thick Ta tabs that will weld nicely to W and Ir filaments.

2. The filament post is filed round, and a 1/8-in.-diameter stainless steel barrel is
fabricated as shown in Fig. 14.8. The small tungsten locking coil fits onto the
filament post, and when the barrel is twisted in one direction, binding occurs.
Twisting oppositely results in breaking the junction. A 0.020-in. clearance is
needed when the tungsten locking coil is made of 0.010-in. W. The emitter
filament is held under an 0-80 screw head placed in a tapped hole on the
opposite end of the barrel, using a jam nut as shown.

3. The W filament may just be wrapped several times around the two support
posts.

The gauge calibration seems to be well maintained after refabrication [36].
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Chapter 15
Shielding

15.1 Magnetic Shielding in Ultrahigh Vacuum

It is common to employ magnetic shields inside ultrahigh vacuum systems for the
elimination in electron spectrometers of stray magnetic fields caused by the Earth or
by magnets associated with ion pumps or other devices near the vacuum system.
A number of formulas have been presented for the calculation of the efficiency of a
magnetic shield [1-3]. These formulas do not consider deviations from pure
cylindrical geometry caused by lips, caps, and pumpout ports. The calculation
method studied here is able to approximate the nonideal conditions caused by
deviations from perfect cylindrical geometry [4].

A computer code, JASON [5], has been used. This code solves the linear Poisson
equation. The Earth’s magnetic field is of the order of 500 mG. It is desired in this
particular example to reduce the magnetic field to less than 1.0 mG inside the shield
shown in Fig. 15.1. The following constraints exist in this design as well as in
designs to be made in other ultrahigh vacuum systems: (1) A small number of
shield layers should be employed to reduce the additional surface area and out-
gassing which occurs from these surfaces; (2) Holes must be cut into the shield for
pumping by the ultrahigh vacuum system. The pumping speed through a hole for
atmospheric gases is about 11 L/cm? s; (3) The sample must be moved into the
magnetically shielded spectrometer along the Z axis of the cylindrical shield.

The optimum shield material thickness, ¢, is

t<3a/2u (15.1)

where a is the inner radius of the cylinder and u is the permeability of the
magnetic shielding material. If the value of t needed, based on (15.1), is larger than
the thickness of available material, two concentric shells may be used in shielding,
at the expense of introducing more surface area.

© Springer International Publishing Switzerland 2015 149
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Fig. 15.1 Magnetic Shielding in UHV

Because the JASON program rotates a two-dimensional array about a cylinder
axis, Z, it is geometrically impossible to specify three-dimensional holes along the
shield perimeter. Instead, in a first-approximation method, a gap along the perimeter
is used to model the desired hole size where the open area in the gap is equivalent to
the hole area. This gap has the permeability of vacuum in the simulations. A second
approximation method uses a gap with three times the pumping hole area, con-
taining a magnetic shielding alloy that is two-thirds made of the shielding material,
and one-third made of vacuum, i.e., specifying a “hole alloy.” The actual hole
configuration consists of radial holes of 3-cm-diameter, placed 6 cm apart around
the ends of the two outer shields, as shown in Fig. 15.1.

The material chosen is a high permeability material, ad-mu 80 [6]. Its thickness,
t,is 0.25 mm. The Figure shows a cross section through the optimized shield made
of three concentric cylinders that contain pumpout ports as shown, as well as the
axial sample insertion region. Approximation (1) gives approximately a 1000-fold
attenuation of the Earth’s field; approximation (2) gives approximately a 10,000-
fold attenuation, both measured along the Z-direction at the center of the spec-
trometer. To make a rough comparison with actual measurements, the attenuation
of an AC magnetic field, naturally present in the spectrometer room, was measured.
Attenuation factors in the range 1900(X), 640(Y), and > 3600(Z) were measured in
general agreement with the calculations.

It should be remembered that mechanically straining magnetic shielding made of
mu metal will reduce its effectiveness. The effectiveness of annealing magnetic
shielding is dealt with in [7].
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15.2 Electrical Isolation of UHV Components

It is sometimes necessary to isolate electrically one ultrahigh vacuum component
from another. This may be done using a conventional ceramic electrical isolator,
connecting the two components with Conflat flanges on either side of the ceramic
isolator. This arrangement requires linear space, and also, small lateral forces on the
ceramic isolator may cause it to crack. A novel solution to this problem is presented
in Fig. 15.2 [8].

Polyimide film (Type H), known as Kapton [9], is used. The film thickness is
0.127 mm. Two polyimide washers are cut with punches that have a clearance of
0.0127 mm. Sleeves, made by rolling up the polyimide film, with 2-mm overlap,
are prepared and cemented with a fast-setting epoxy cement. This is best done using
bolt-clearance holes drilled in a polyethylene block to hold the tubes during glue
setting.

Two copper gaskets are sandwiched together around a polyimide spacer ring that
is glued between the gaskets using a Dow Corning No. 997 silicone varnish [10].
The varnish is applied, the gaskets are placed on either side of the polyimide spacer,
and the assembly is heated at 95 °C for 2 h in an oven for curing while being
clamped under pressure. The polyimide spacer protrudes slightly beyond the inner
and outer edges of the copper gaskets.

As shown in Fig. 15.2, the polyimide washers fit under stainless steel washers.
The polyimide washers mechanically and electrically separate the stainless washers
and bolt heads from the flange surface. The polyimide sleeves electrically separate
the bolts from the bolt holes. The polyimide spacer ring between the copper gaskets
separates the flanges from each other electrically.

Thermal shock tests between 260 and 10 °C resulted in no vacuum leak
development. The devices do not add gas load to a vacuum system, and the UHV
background mass spectrum did not change as a result of 10 of these devices being
installed on the same system. The electrical resistance is greater than 10'' Q, and
electrical breakdown of the assembly did not occur below 17 kV. Breakdown does
not result in failure of the vacuum integrity of the seals.
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Chapter 16
Single Crystal Fabrication/Orientation

16.1 Making Small Au Single Crystals from Au Wire
for STM and Other Studies

The production of small spherical single crystals from Au wire provides a conve-
nient way of doing STM experiments on the various single crystal plane facets
which are exposed on the surface [1]. A procedure outlined below has been
employed in a number of STM studies on Au(111) and other crystal planes [2-10].

Low purity Au wire of 0.3 mm diameter was employed. The wire is first cleaned
in piranha solution (3:1 mixture of concentrated H,SO,4 with 30 % H,0,) to remove
organic impurities and then in boiling concentrated HNO5 to remove transition
metals for about 20 min. The impurities from the bulk of the wire are removed by a
“zone refining” procedure like that used in the semiconductor industry. The wire is
clamped in a ceramic tweezer with the tweezer face horizontal and the wire hanging
down. Use a 3 cm portion of the wire. Then bring a tiny hydrogen flame slowly
from the lowest end of the wire and start melting it. Due to surface tension effects,
the Au melts into a bead. Do this slowly, and as soon as the bead size is about the
size of the wire diameter, remove the flame and allow the Au to crystallize. Then
reheat, remelt and move the melting front (readily visible) upwards away from the
bead. The impurities get stuck at the melting front and you then swipe them
upwards from the bead to the junction between the bead and the wire. The impu-
rities also segregate to the Au surface in this process.

After two or three cycles of this melting and sweeping procedure, repeat the
cleaning procedure (boiling in HNO; and aqua regia—a mixture of concentrated
HNOj; and HCI1 which will dissolve Au) to dissolve a portion of the bead. The
surface of the Au bead and the interface region between the bead and wire, con-
taining zone-migrated impurities, will dissolve removing the impurities segregated
there and the etched bead will appear non-specular. Then repeat the whole proce-
dure several times and finally grow the bead to the desired size less than 1 mm in
diameter. Facets will appear on the bead. If you inspect a facet and see a single

© Springer International Publishing Switzerland 2015 155
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Fig. 16.1 Making small Au single crystal

visible particle, then the surface is not going to be STM clean. The single crystal
bead is conveniently mounted by its Au wire tail, spot welding to a Ta foil support.
The <111> facets will be several hundred pm in size. These facets feature zero
miscut angles since they are natural facets. The (111) terrace width can be as large
as several pm in the center of a facet. The edges of the facet approach the curved
surface of the bead providing a variety of vicinal Au(111) surfaces, where
single-atom steps form a superlattice.

This preparation should be done in a dust-free environment. Normally after
installation in the STM the Au surface will need to be ion bombarded with Ar* and
then annealed in vacuum to present a clean surface (Fig. 16.1).

16.2 Single Crystal Orientation, Grinding, and Polishing

The preparation of oriented single crystal surfaces by X-ray diffraction followed by
grinding and polishing to a high degree of smoothness and flatness is of central
importance in surface science experiments, and there is a long interconnected
history of developments in this field [11-19]. At the present time, using the best
methods, an orientational accuracy of +0.05° [5, 8] and a flatness of one-twentieth
the wavelength of sodium light [15] have been reported.

A brief history of the developments over almost 50 years follows. In 1949,
Walker et al. [11] described a cylindrical crystal holder that contained a crystal
holder platform that could be tilted so that the crystal could be crystallographically
oriented in a mounting attached to an X-ray diffraction apparatus. The holder then
could be transferred to cutting, grinding, and polishing apparatus without disturbing
the crystal alignment. The cylindrical crystal holder is remarkably similar to a holder
now marketed commercially as the Bond Barrell Holder [20]. In 1961, Bond [12]
described a jig that held a cylindrical crystal holder for grinding an oriented crystal
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on a flat grinding plate, called a lapping plate, containing an abrasive powder.
Bond’s holder was attached to a hardened steel ring that made contact with the
lapping plate and provided a reference plane for the mechanical grinding and pol-
ishing processes. Bennett and Wilson [13], who used a grinding/polishing jig of
different design, were not interested in accurate crystal orientation, but showed that
lapping of hard crystals on soft metal plates containing embedded abrasive particles
could result in surface flatness of the order of one-eighth the wavelength of sodium
light. Butz et al. [15] described a goniometer-jig combination that was used for both
orientation and lapping of crystals to an accuracy of 0.25° and to a flatness of
one-twentieth the wavelength of sodium light. Berger et al. [17] described a
goniometer-jig combination that possessed 2° of crystal tilt freedom, plus transla-
tional and azimuthal orientation freedom. They ground and polished a W crystal on a
glass lap, with 15 ym A1,03, 5 pm Al,O3, and 6-um and 3-pm diamond abrasive
paste. An interesting feature of this work was the production of a W crystal disk with
five desired facet-planes, which were convenient for plane-to-plane comparisons.
The accuracy of orienting and polishing single crystals has been brought to a very
high level by Linke and Poelsema [18], who showed by He diffraction methods that
Pt(1ll) crystals oriented and polished as described previously [17] exhibited a mean
terrace width of 3000 A and an orientational error of +0.05°. The reader is referred to
the original papers for detailed designs of the goniometer-jig combinations.

Figure 16.2a shows a Bond Barrel Holder [20] mounted in a simple grinding-
polishing jig made of hardened steel [21]. The Pt crystal on the holder platform has
been crystallographically oriented using Laue X-ray diffraction, where the Bond
Barrel Holder was held in a mount that fitted onto an optical rail that was part of the
Laue apparatus. Typically, moving the Bond Barrel Holder from one mount to
another can be done with an error of less than 0.1°. The single crystal was ground
using a 600 grit abrasive paper mounted on a rotary wheel grinding and polishing
machine. The weight of the Bond Barrel Holder forces the crystal onto the abrasive
paper. The hardened steel jig is not appreciably affected by this process as should be
determined periodically using a micrometer to measure its thickness around its
circumference. When the crystal is flat, a series of polishing steps with smaller and
smaller abrasive particles is performed as shown in Fig. 16.2b. It is extremely
important to remove, by scrupulous washing and rinsing away from all parts of the
apparatus, the abrasive from each step, or scratches owing to inadvertent abrasive
particles will ruin the next steps in polishing with finer abrasive. The polishing cloth
should of course be changed each time as the abrasive particle size is reduced.

Figure 16.2c shows a measurement made by the observation of interference
fringes with an optical flat touching the finished crystal [21]. It was found, in
duplicate experiments, that the surface was not flat, but instead had a curved profile
with a typical radius from 4 to 2 m near the center, and a slope of from 0.05° to
0.08° at the edges. The limiting slope corresponds to one atomic step for about
every 1000 Pt atoms measured horizontally, and for many experiments this is
unimportant. Figure 16.2a shows a hypothesis about the origin of the slightly
curved figure of the crystal, where slight buckling of the flexible abrasive paper is
postulated to produce a wave that tends to round the crystal slightly. A small misfit
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between the Bond Barrel Holder and the hardened steel jig can also result in a
curved crystal [22].

Grinding and polishing to make highly flat surfaces can be carried out most
effectively using rigid soft metal laps that are very flat and contain embedded
abrasive particles [13, 15, 17]. Such an arrangement is shown in Fig. 16.2d. A set of
laps, containing different particle size abrasive grains, is required, and
cross-contamination with other abrasive grain sizes is to be avoided. Brass and tin
are favorite lap materials. Grinding and polishing on laps has produced crystal
surfaces flat to one-twentieth the wavelength of sodium light or about 250 A/cm,
which corresponds to only one atomic step for about 4 x 10° Pt atoms, measured
horizontally [15]. At this level of step density resulting from departures from pla-
narity, the step density owing to misalignment will be the dominant factor, being
about 2 orders of magnitude greater for a misalignment of 0.05°. A polishing jig
giving an accuracy of 0.02° in the orientation of a silicon single crystal has been
reported [23]. A method, involving the observation of a single Bragg reflection with
a diffractometer, and employing a crystal holder that can be rotated about its axis,
has been described, and the reported accuracy is better than 0.003° [24].

Combined mechanical and electrochemical polishing techniques are often used
and a description of one method for polishing copper single crystals and alloys is
given in [25] and [26].
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A special holder for the grinding polishing jig, shown here, has been developed
which allows the device to be used in an automatic grinding-polishing wheel device
as is often employed to prepare metallurgical samples [27]. The holder uses ball
bearings inside a ring which make contact with the outside of the hardened steel shell
which makes contact with the polishing cloth and wheel. This ring-ball bearing
apparatus allows the jig to rotate, while applying downward and lateral force which
causes the polishing jig to translate and oscillate across the rotating wheel. Using this
jig, a spherical surface with 3.4 m radius was generated near the center of the crystal,
with surfaces fitting larger radii being produced near the crystal edge.

16.3 A Simple Goniometer for Cutting Single Crystals

A clever method for cutting single crystal boules along any plane involves a
goniometer of very simple design, as shown in Fig. 16.3 [28]. Here, a single crystal
boule is fastened into a holder with a crystal bond compound, using a plastic screw
that will not deform the crystal when tightened against its outer surface. The holder
is placed into a special wedge-shaped device with shoulders cut at angle a with
respect to the upper surface. This wedge-shaped device can rotate inside a tilted
cylinder with an upper surface inclined at angle a with respect to the base of the
device. When the two wedges are rotated relative to each other, the tilt angle of the
crystal, o, will change.

The crystal is aligned by Laue back-reflection X-ray diffraction by manipulating
the wedged device. A rotation of 180° will result in swinging the crystal axis by a,
as shown in Fig. 16.3. Thus, if the saw cuts in a plane parallel to the baseplate of the
goniometer, the crystal may be cut at any angle over the range a. An engraved
angular scale is provided in two places as shown. The rotations are not simply
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Fig. 16.3 Simple crystal cutting goniometer
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related to the angles measured on the Greninger chart, used for X-ray diffraction
measurements, but the original paper gives a method to achieve the conversion
using a small programmable calculator [28].

16.4 Ion Beam Polishing of Crystals to Subnanometer
Roughness

Crystalline substrates can be polished to near atomic perfection by sputtering under
glancing incidence conditions [29-31] as shown in Fig. 16.4. If the glancing
incidence angle is chosen such that the surface normal component of the incident
beam kinetic energy is sufficiently low to ensure that the beam is reflected with unit
probability from atomically flat, defect-free terraces, sputtering only occurs at ad-
atom and step edge sites [30, 31]. Even at those defect sites, little damage to the
subsurface regions appears to occur. The smoothing technique can be combined
with annealing of the substrate, either simultaneously or after bombardment. By
monitoring the width and peak position of the angular distribution of the scattered
ion beam during sputtering, an indication of the surface quality and the change with
time is conveniently obtained. A narrow, near specularly scattered beam indicates a
low density of defects, on an atomic scale, over the length of the glancing incidence
trajectory at least.
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Fig. 16.4 Ion-beam polishing of crystals to subnanometer roughness
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16.5 Crystal Optical Alignment

The alignment of highly reflective single crystals by using simple optical methods is
commonly employed for the setting of vernier adjustments. In addition to the
optical methods, electron beams can also be used for crystal alignment, as shown on
pp- 253 and 255.

Figure 16.5a shows a very simple crystal alignment method [32], using only a
flashlight in a darkened room. An image of the pupil of the eye is reflected off of
the crystal and back into the eye. In addition, the image is also reflected from the
window to the eye. When the crystal surface is parallel to the window surface, the
two reflected images of the pupil will coincide.

Figure 16.5b shows the same method used outside the vacuum system to align a
crystal in its tilt angle so that the normal of the crystal is parallel to the manipulator
mounting flange face [32]. The manipulator is held in a carefully made holder that
is square. The image of the eye, illuminated by a flashlight filament, is reflected
from the crystal and passes back by a pointer. If the center of the image of the pupil
is coincident to the pointer when the pointer is translated along the table, then the
crystal normal is parallel to the tabletop and therefore to the manipulator reference
flange face.
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Fig. 16.5 Crystal optical alignment. a Crystal alignment by eye. b Crystal alignment by eye on
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Figure 16.5c shows the use of a He/Ne laser for crystal alignment. The laser is
moved until its reflection from the window is aligned so that the laser beam returns
to the laser as an aligned beam coincident with the incident beam. The crystal is
then manipulated in the vacuum system until the reflection of the laser beam from
the crystal is also coincident. In this case, then, the normal to the crystal and the
normal to the window will be parallel. The accuracy of the laser alignment pro-
cedure will increase as the optical path is increased, and the accuracy of coalign-
ment can easily be made to be 0.1°, or better. A partially reflecting glass slide may
be used to deflect a fraction of the two reflected laser beams to a card located off the
laser axis. The slight divergence of the laser ultimately limits the accuracy of the
alignment procedures.

It should be pointed out that the establishment of laboratory coordinates inside
an ultrahigh vacuum system, where reference is made to flange alignments, maybe
in error because of machining errors and welding errors made in the fabrication of
the chamber, as well as to distortion of the chamber which occurs both on welding
and due to the atmospheric pressure.

16.6 Measurement of the Angles of Incidence in a LEED
Experiment

It is often necessary to determine the angle of incidence of an electron beam in a
low energy electron diffraction (LEED) apparatus relative to the crystal being
studied. This can be done qualitatively using settings on the crystal manipulator
goniometers or by simple measurements of the LEED beam pattern on the screen.
However, for accurate work, it should be possible to use all or almost all of the
LEED beam positions to do this with high accuracy, exceeding the accuracy of the
average goniometer, which has an uncertain relationship to the crystal connected to
it. The method to be described [33] outperforms earlier methods involving the use
of an internal graduated circle and vernier [34], laser calibration of the manipulator
outside of the vacuum system, or measurement of the 0, 0 beam position using a
Faraday cup on a vernier circle.

Figure 16.6 shows a LEED screen with its axial electron gun, and the definition
of the laboratory directions, x;, y;, and z;.. Similar angles relative to a crystallo-
graphic direction on the crystal are given by x,, y., and z.. The azimuthal angle is V.
The polar angle is given by ®. The angle ¢ is the measured angle between the 0, 0
beam and an h, k beam.

By examination of a LEED photograph containing multiple LEED beams and
making a series of angular measurements using a transparent angular scale made
from circular graph paper, it is possible to map out many angles which permit the
accurate determination of ® and W. The computer program for doing this is
available from the authors [33], and accuracies of the order of 0.1° are achieved
owing to the use of multiple angular measurements.
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Fig. 16.6 Measuring angle of incidence in LEED

16.7 Measurement of Angle of Incidence of an Electron
Beam on a Single Crystal

A simple method for measuring the angle of incidence of an electron beam on a
single crystal that involves only the measurement of the collected current is
described in Fig. 16.6.

When an electron beam of fixed kinetic energy is received by a single crystal, the
reflectivity of the electrons will fall off as the angle of incidence is changed. By
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differentiating the collected current with angle, plots that are symmetrical about the
normal will be obtained, provided the plane of the angular scan is perpendicular to a
mirror plane of the crystal. This behavior is a consequence of the band structure of
the crystal, and the more free-electron-like a band is, the higher the electron cou-
pling probability is to this band. Inside the band gap region the reflectivity of
electrons with low energies can reach values close to unity.

The apparatus shown in Fig. 16.7a shows the electron gun and the electrical
circuit used for differentiating the collected current at the crystal. The measurements
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were taken in the 'XWK mirror plane of the Cu(100) crystal, perpendicular to
another 'XWK mirror plane. The angle of incidence was varied by rotating the
electron gun around the crystal. The data shown in Fig. 16.7b clearly show
the symmetry with respect to the normal incidence angle for two electron energies.
The symmetry indicates the absence of external magnetic fields and the absence of
stray electrical fields. It is estimated that the position of the normal can be estimated to
+0.5°, although the features in the wings differ in their maxima in the two directions
by several degrees. The procedure can be used to determine the azimuthal orientation
of the crystal by scanning the azimuthal angle. For off-normal angles of incidence,
extrema should be observed when crossing a mirror plane of the crystal [35].
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Chapter 17
Tip Fabrication

17.1 Fabrication of Metal Tips Using Zone
Electropolishing

Metal tips are required in field electron and field ion microscopy, as well as in
scanning tunneling microscopy. One method for preparing such tips is to use zone
electropolishing while viewing the process under an optical microscope [1-3].

Figure 17.1 shows the setup employed for both wire samples and for irregular
specimens such as thin films stripped from their substrates or slivers of metal cut
from a sheet. The electrolyte is held on a loop by surface tension, and its volume
can be adjusted upward by transfer from a wet glass rod or downward by absorption
by a piece of tissue paper. This loop can be moved laterally using an x, y,
z micromanipulator as shown, and the specimen to be electropolished is attached
mechanically and conductively to a specimen holder. For a wire specimen, selected
regions of the tip may be electropolished by lateral motion of the loop to the desired
region as shown in Fig. 17.1, inset A. Very sharp tips may be produced by first
electropolishing a neck behind the tip apex and then reducing the necked-down
region to a sharp point in an electrolyte film of about 0.2-mm thickness. Additional
sharpening can be achieved by quick thrusts of the electrolyte film onto and away
from the tip.

Irregular specimens can be shaped as shown in Fig. 17.1, inset B. Here, working
on the sides of the sample, etching is achieved to bring the sample to a tip shape
prior to sharpening the tip as shown in Fig. 17.1, inset A.

Either AC or DC electropolishing can be used. In addition, instead of using a
micromanipulator, the lateral stage motion of the specimen holder or the stage of
the microscope can be used with the sample being held rigidly in place.

The microscope magnification is either x150 or x600 with a long working dis-
tance objective. Note the protective coverglass for the objective to prevent etching
of the glass lens by droplets of electrolyte produced during electropolishing.

© Springer International Publishing Switzerland 2015 167
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Fig. 17.1 Etching Field Ion Microscopy Tips

Special considerations in tip construction apply for tips to be used under elec-
trolytes, where Faradaic currents may damage the tip. This damage problem may be
eliminated by the use of Apiezon wax to shield the tip shank [4].

An excellent review on methods for sharpening STM tips is given in [5].

The use of AC waveform control in shaping tips for field ion microscopy has
been described [6, 7]. Electrochemical etching of Ag tips has recently been
described, using electronic control of the tip movement out of the electrolyte [8, 9].

A review comparing the instrumental characteristics of various STM [10].

17.2 Etching STM Tips Reproducibly

A simple apparatus [11] for making a number of STM tips while automatically
replenishing the electrolyte is shown in Fig. 17.2. Section (a) shows a three-hole
electrolyte support in which thin films of the electrolyte are held by surface tension
effects. The central hole of 3-mm diameter is connected to smaller 2-mm diameter
supply and withdrawal reservoirs in a 1-mm-thick Cu plate. Section (b) shows the
beveled end of a (1-mm outside diameter, 0.45-mm inside diameter) supply tube for
fresh electrolyte being fed into the supply reservoir. A similar tube is used to
withdraw electrolyte from the other reservoir. The wire to be etched enters the
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Fig. 17.2 Etching STM Tips Reproducibly

central hole, and projects below the bottom of the electrolyte film. This permits the
etched tip to fall away under gravity when the etching is complete, and it is believed
that as the lower tip falls away the local strain is likely to produce an atomic
asperity [12] for STM imaging. Section (c) shows the application of AC current to
the etching apparatus, and the profile of a tip just being started. The thin neck below
the desired tip location is useful for making a detachable handle with which to hold
the tip, and which can be broken off later.

The flow rate of electrolyte and the configuration of the meniscus can be
adjusted by changing the level of electrolyte storage beakers on labjack platforms
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that connect to the supply and withdrawal reservoirs. Tubing 30 cm in length is
approximately correct. For an electrolyte solution of KOH(aq), 4 wt%, a flow rate
of about 1 ml/h is correct for an etching current of 20 mA. A slightly concave upper
and lower surface in the etching cell is preferable, achieved by fine height
adjustments of the two beakers. Tips have had a wire diameter as small as 0.08 mm.
Many tips can be produced in succession by this method. It is helpful to use a wax
pencil to outline the three-hole device on both sides to prevent wetting and elec-
trolyte creep across the horizontal surfaces. Another design for tip etching is shown
on page 258 as well as others in [12, 13]. The use of Apiezon wax for protection of
tip shanks used in electrolytes from Faradaic current effects is discussed in [13].
A general review of the performance of various STM instruments is given in [14],
and a review of tip-making for field ion microscopy tips is given in [15]. An Auger
spectroscopy study of the surface composition of etched tungsten tips is given in
[16]. It was found that a 10-nm layer of tungsten oxide is mostly removed by
heating to about 1800 K. The tungsten oxide film from an electrochemically etched
W tip can also be removed by treatment in concentrated HF(aq) [17].

17.3 STM Tip Flasher

An Omicron STM tip carrier has been converted to a thermal tip flasher. In the
design shown in Fig. 17.3, a Ta sheet, 0.125 mm thick, is fabricated with a key hole
slot. This sheet, mounted by three holes which correspond in position to the holes in
the tip carrier body, is electrically isolated from the supporting bolts by use of
concentric ceramic tubes. The sheet is slightly bent as shown to be able to make
contact with the tip at some point when the tip is magnetically attracted to a
permanent magnet. Current is passed between the Ta sheet and the bottom of the
carrier. Nominal flashing conditions are: 7 A x 3.5 V for 10 s, and outgassing
causing <5 x 107'° mbar pressure rise is reported [18]. A similar device was
recently described [19].

17.4 Reverse Bias Method for Sharp Tip Etching

Many methods have been devised for making sharp tungsten tips for STM and other
applications, and some of these are described in Sects. 17.1-17.3. It has been
discovered that tip blunting can occur during the last stages of tip etching [20]. The
method described here eliminates this blunting effect by control of the electro-
chemical potential during the moments just after tip separation in the etching
solution.

Figure 17.4a shows a typical etching apparatus for making tungsten tips. Using
2 M KOH (aq) as electrolyte, suspended in a lens shaped droplet in an Ir loop, the
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tip is roughly etched to a point where the thinning of the neck is readily visible. The
etching is then continued more slowly in a fine etching process with 0.1 M KOH
(aq) solution until gravity separates the parts. At this point the etching potential is
changed from V,; to V, as shown in Fig. 17.4b. If the power supply is a normal dc
supply, the applied potential can be dropped to zero at the moment of separation,
but it has been observed that there is still a natural electrical potential which exists
between the surface and the tip and the Ir ring, of order 0.5 V, and that charge will
still flow at currents in the 107'—10"® A range. This natural current causes blunting
of the tip. Using a power supply designed to apply the reverse potential from that
used for V, the blunting effect can be eliminated. The reverse bias is applied within
500 ns of the separation time by electronic detection of the moment of separation
which triggers the application of the reverse bias. Figure 17.4c shows the measured
tip radii versus post etching time at the natural potential compared to experiments
where V, is applied as a reverse bias, eliminating etching. Figure 17.4d shows an
electron micrograph of a tip etched with the reverse bias method, where a 4 nm
radius is achieved. The blunting is thought to be due to the recession of the tip,
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during the post-separation etching, and the radius will be dependent on the cone
angle achieved. A schematic of the blunting is shown for times increasing from 1 to
5 in Fig. 17.4e after the separation.



17.5 Sharpening Single Crystal Metal Tips by Ion Bombardment 173

17.5 Sharpening Single Crystal Metal Tips by Ion
Bombardment

Both tungsten and molybdenum single crystal wires can be sharpened into tips by
using axial sputtering. The data shown here are for Mo(110) tips [21], but similar
results are reported for W(111)-oriented wires [22], except in that work the ion
beam direction was from behind the tip, producing very sharp pyramidal shapes.

The Mo(110) crystal wire is mounted such that the axis of the wire is parallel to
the ion beam, as shown in Fig. 17.5a. In addition, because of variation in ion current
density across the ion beam, the tip should be centered in the beam to achieve
symmetrical sputter etching. The ion beam in this case is 350 pm in diameter. It is
found that Xe* ions are more effective in making less roughened tips; Ar" at low
kinetic energies can produce very sharp asperities also. High-energy Ar* sputtering
produces increased surface roughness compared to Xe™.

lon Beam, 350 um dija.
(a) P

Ta Sheets

\ Single Crystal

Mo or W Wire

Support

(b) 110 110

» A

Xe*, Ar?,
3kV, 0.5kV,
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200 nm
| s |

Fig. 17.5 Sharpening tips by ion bombardment. a Apparatus. b Tip profiles by TEM
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The profiles of tips produced both by 3 kV Xe* and 0.5 kV Ar* sputtering are
shown in Fig. 17.5b. It is estimated that the central asperity on the Ar* sputtered tip
has a base diameter of about 10 A.

Ion sputtering for sharpening field electron and field ion tips has been described
[22, 23].

Polycrystalline wires cannot be shaped so well by this technique because of the
presence of grain boundaries from which preferential sputter etching occurs [23].
However, single crystal tungsten tips have been ion milled to a point that is sharp
on the atomic scale [24, 25].

A recent example of the use of a focused ion beam of Ga™ ions for ion milling W
and Pt/Ir tips is given in [26], which also summarizes much other work in this area.

Copper wires of 30-50 um diameter have been ion etched into sharp tips, and the
dynamics of the process have been studied [27].
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Chapter 18
Spot-Welding

18.1 Spot-Welding Difficult Junctions

Many metal/metal junctions to be spot-welded are difficult to fabricate as a result of
failure to understand the nature of the spot-welding process. A spot-weld is made
when an electrical spark causes two surfaces in contact to fuse together as a result of
the high local heating. Ideally, the surfaces to be welded should make only a point
contact in order to focus the local heating at a single point. Thus, as shown in
Fig. 18.1a, two cylindrical wires, placed orthogonally to each other, will theoreti-
cally contact each other only at one point, leading to efficient welding. In contrast,
two wires oriented parallel to each other will contact along a line, making a broad
contact and leading to a weak weld.

Figure 18.1b shows a way to weld a thermocouple or other wire to a metal single
crystal. The crystal is placed on a rigid, clean, smooth surface that is a noncon-
ductor. A single spot welding electrode presses the wire against the back of the
crystal, and a second electrode also presses on the back of the crystal to make
electrical continuity.

Often it is found that the welding leads stick to the weld when it is completed.
This may be due to welding electrodes that have not been smoothed with emery
paper before welding, or the application of too much power to make the weld.
Sometimes sticking may be prevented by coating the welding electrode with carbon
black from a match or candle flame, as shown in Fig. 18.1c.

Oxidation during the spot weld is often a problem owing to local heating. This
may be prevented by welding under a droplet of methanol (Fig. 18.1d), which acts
as a shield from the air and is also a reducing agent in the presence of the hot metal
at the weld point.

In cases where a good weld is difficult to make, a sandwich weld is sometimes
used as an intermediate material between two refractory metals. Tantalum and
platinum foil are often good for this, as shown in Fig. 18.1e [1]. It is also reported
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that changing the welding tip polarity sometimes helps in making a difficult weld,
although the reasons for this are not understood [2].

It is very important to only try to weld metals when the surfaces have been
freshly cleaned. Thus, W and Mo are cleaned by electropolishing in NaOH(aq)
solution, about 1 M in concentration. The surface to be welded is positive during
electropolishing, or in some cases AC electropolishing may be used.

Figure 18.1f shows a clever way to electropolish the metal and then to use the
elec-tropolish solution as a protective boundary from air oxidation. Here, a Mo
single crystal is to be welded to a Mo wire at the crystal edge. The NaOH(aq)
solution in a droplet is placed on the crystal, and electropolishing of the edge is
carried out using a Mo wire electrode in series with a light bulb and a transformer.
The light bulb supplies a protective load if a short circuit to the crystal occurs. Once
the electropolishing is complete, the droplet of solution is left in place, and the
spot-weld of a We/Re thermocouple in this case is made under the electrolyte [3].
After spot-welding, the droplet of electrolyte is pipetted away, and the assembly is
washed well with distilled water. It was noted that lower power was needed to make
effective spot-welds in this manner [3].
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It is important to make many practice spot-welds before assembling the desired
object. With practice, a careful welder can make ten successful practice welds in
series, therefore almost guaranteeing that the eleventh will be good. Adjustments of
the power per weld, the pressure used at the weld, and the composition of the
welding tips must be made to achieve a good weld. Once the proper conditions are
found, a single weld is all that is needed, and in fact multiple welds at the same
point can result in metal work hardening and weakening and should be avoided.
Metals with very high thermal conductivity (Al, Ag, Cu) are difficult to weld, and
slotted crystals of those metals are often used where the slot accommodates a
refractory heating/support wire [4]. It is reported that a Pt sandwich will facilitate
refractory metal spot-welds to Cu [2].
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Chapter 19
Mechanical Procedures

19.1 Stretching Thin Metal Foils to a Wrinkle-Free
Condition

In some cases, the provision of wrinkle-free metal foil for windows may be needed.
A very simple method, related to the differential thermal expansion of metal and
Pyrex glass, may be employed to achieve this objective [1].

Figure 19.1a shows a short cylinder of fused quartz or Pyrex glass ground flat on
its end, mounted on top of the wavy foil. The thin foil is supported on its bottom by
a horizontal substrate such as a lapped flat plate of aluminum, coated with a
fluorocarbon dry lubricant [2]. The foil is attached to the plate at the edges with an
adhesive tape to prevent curling. An epoxy adhesive (Torr seal [3]) is applied to the
lower edge of the glass tube and the tube is placed on the wrinkled foil. The
assembly is heated in an oven for several hours at about 60 °C, and then allowed to
slowly cool in the oven overnight. When the assembly is heated, the areal expan-
sion of the metal foil exceeds that of the glass cylinder due to the thermal expansion
coefficient differences. The light weight glass cylinder does not impede the foil
expansion, and wrinkling does not occur in the center of the glass form. Upon
cooling, the foil contracts more than the glass, resulting in a uniformly stretched foil
as shown in Fig. 19.1b. This technique can be used for stretching foil over an
aperture that cannot be heated; the glass form is larger than the aperture, and the
aperture is attached by cement to the foil, previously stretched as shown. A simple
consideration of the strain effects in the circumferential and the radial directions
indicates that for the circular geometry of the glass cylinder, the strain in both
directions is equal, meaning that no shear stress takes place on cooling. This leads
to a uniform tension and a flattening of the foil [1]. HAVAR foil (0.005 mm thick)
[4], aluminum foil (0.025 mm thick) and Mylar foil (0.025 mm thick) have all been
stretched flat in this manner.
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19.2 Making Micron-Size Holes for Supersonic Nozzles

Two methods are outlined for producing micron-sized holes in the ends of tubes to

be used as supersonic jet sources in vacuum [5].

19.2.1 Method I—Fig. 19.2a

A tube of the appropriate length and inner and outer diameter is made with only one
end open. An inner rod, which fits into the tube, is made with its length just slightly
longer than the inside dimension of the tube. This rod is sharpened on one end, and
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a cap is machined on its upper end. By varying the cone angle of the sharpened tip,
the hole size can be controlled. The sharpened rod is then punched with a hammer
until the cap is tightly in contact with the upper tube edge. This should produce a
cone-shaped indentation in the end of the tube as shown. The outer surface of the
tube is then sanded down carefully until a hole just begins to appear. A microscope
is used to judge the hole size using both reflected and transmitted light [6].
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19.2.2 Method II—Fig. 19.2b

A tube of the appropriate length and inner and outer diameter is made with only one
end open. The closed end is cut down with a conical surface on a lathe until a tiny
hole appears on the end. A punch die with the same cone angle as the tube end is
made. The punch die is then hammered on top of the tube end to close down the
hole until the desired size is obtained. A microscope is used to monitor the changes
in the hole size using both reflected and transmitted light [7].

Fig. 19.3 Straightening and braiding wires. a Stretching a wire to straighten. b Making uniform
braided wire
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19.3 Straightening and Braiding Wires

It is often advisable to work with very straight segments of wire, for example, in
placing wires along the outside of a manipulator shaft (see p. 67), where bends
might interfere with the linear construction or where a tight fit through tubulations
is needed. Figure 19.3a shows a method which works for nonrefractory metal wires
such as-Cu, Ni, Ag, and stainless steel [8]. The end of the wire is rigidly clamped in
a vise, and with a pair of pliers, the wire is stretched only a fraction of a percent.
The elastic limit should not be exceeded, and one can feel the give in the wire as
stretching occurs below the elastic limit. It is wise to have prepared a place to store
the straightened wire and a storage tube is recommended for this. After straight-
ening, many wires become work hardened so that further straightening by this
method will not work unless the wire is annealed.

Thin refractory wire will not straighten by this method, and another method must
be used [8]. Lay the wire on a paper tablet and stroke the wire with a round tool at
right angles to the wire axis, keeping the arch upward by rotating the wire during
straightening. A pair of smooth jaw pliers will hold the wire in the desired position.
Work on only a few inches at a time.

Braided wire may be conveniently produced in a uniform bundle by placing the
wires together and holding one end in a vise. A hand-cranked drill is chucked to the
other end of the wire bundle and turned slowly to make a uniform braid, as shown
in Fig. 19.3b.
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Chapter 20
Electrons

20.1 Electron Gun Design and Behavior

Many descriptions of the design and properties of electron guns are presented in the
literature [1-5] and it is not the purpose of this treatment to summarize this prac-
tically important field. Instead, an ordinary electron gun [6] is described to give the
reader a beginning picture of this technology [7].

Figure 20.1a shows a drawing of the arrangement of elements in an electron gun
like those used in LEED and other surface science probes. It consists of a therm-
ionic emitter filament or ribbon, usually coated with a material that lowers the work
function, yielding higher operating currents at lower filament temperatures. For this
directly heated tungsten cathode, either thoriated tungsten, or ThO,, or LaBg
coatings can be used, as discussed on pp. 206 and 210. Some electron guns, such as
the widely used Varian Model 981-2125, have the thermionic emitter mounted off
axis to avoid line-of-sight exposure to the crystal reducing the possibility of con-
tamination as well as reducing light output. The thermionic cathode is housed in a
Wehnelt cylinder that surrounds it except for the beam extraction aperture. The
Wehnelt cylinder can be biased either positively or negatively, and is usually kept
near the potential of the cathode. This may be done by placing a resistor between
the cathode and the Wehnelt, which results in self-biasing of the Wehnelt; a typical
value of 570 kQ will produce a small negative bias of the cylinder relative to the
cathode and will maintain beam focus over a several hundred volt range. The
electron beam is extracted by the first lens, G;, which then focuses the initially
divergent beam. This lens forms an image of either the emitter or the aperture of the
Wehnelt cylinder, depending on geometrical factors and the potentials applied. The
focal length is of the order of 10-30 cm. The drift tube, the lens G3, and the exit
aperture form an Einzel lens that focuses the beam. The beam diameter is typically
about 1 mm, and this can be reduced by decreasing the first two aperture sizes
(0.4-mm apertures in guns working at 100 eV energy typically deliver 1 pA cur-
rent). For 0.1-pA beam currents, a minimum beam size of 0.2 mm and a divergence
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of 0.2° are possible. Changing the bias on the Wehnelt cylinder with respect to the
cathode drastically affects the beam current and its stability.

Figure 20.1b shows an experimental plot of the electron beam width for the
electron gun in Fig. 20.1a, ¢ shows the beam divergence versus electron energy.
These properties were measured with the multiple Faraday cup assembly and
procedure shown on p. 198.

Modeling of the behavior of an electron gun with cylindrical symmetry such as
this one can be carried out using an electrostatic computer program that is readily
available [8].

High-quality electron guns for high-resolution LEED measurements have been
described and often involve field emission electron sources [9, 10].

A high-resolution low-energy electron source involving a pair of 127° cylin-
drical selectors and delivering 3 x 10™® A with 30-meV resolution has been
described [11].
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A simple technique for precise regulation of the emission current from an
electron gun has been published. It uses the returning ground current which is
matched to a reference current. The difference is optically coupled to control the
filament to Wehnelt cylinder potential allowing beam currents of 0.1 pA to be
regulated to 1 % [12].

A pulsed electron gun with picosecond pulses has recently been described. The
pulse is generated by a pulsed laser that produces photoemitted electrons [13].

20.2 Low-Energy Electron Gun for Broad-Beam
Irradiation

Electron sources for irradiation of cm? area surfaces often employ stray electrons
that originate from thermionic emitters in mass spectrometers and ionization gau-
ges, or from bare filaments some distance from the target. While this is often
satisfactory, without adequate modeling of the distribution of electrons originating
from these sources, one may be dealing with non-uniform current densities on the
surface being irradiated. Extended electron beams are employed in cases where
surface analysis over a broad target area is to be done following damage to the
surface by electron bombardment.

A simple electron gun [14] designed to give a uniform current density across an
extended surface is shown in Fig. 20.2a. The gun contains a thoriated tungsten
filament (0.019-cm diameter) (see p. 206) which is hidden from line-of-sight to the
target by an L-shaped shield. Electrons are accelerated through a mesh grid (80 %
transparency) and then decelerated on the way to the target. The SIMION elec-
trostatic lens and analysis program [15] was used to model the behavior of the
electron gun as a function of various potentials, and Fig. 20.2b shows some electron
trajectories calculated for various electron energies. A fairly uniform flux in the
vertical plane is observed for electron energies above 2 eV.

Because of end effects on the thoriated emitter [16], to achieve a uniform current
density laterally, it would be wise to employ a gun width that is perhaps two times
larger than the target width, as was done here.

The current collected by the mesh grid and the target is shown in Fig. 20.2c.
Currents at the crystal in the 2-20 pA range are measured for electron energies in
the 2-31 eV range. Even at the lowest electron energies, about 1 in 5 electrons
emitted are collected by the target for mesh potentials above 10 V.
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20.3 Low-Energy Electron Gun for Broad-Beam
Irradiation—Cylindrical Symmetry

The electron gun described here provides a broad, cylindrically symmetric electron
beam, as opposed to a simpler gun described on p. 290, which has only planar
symmetry. Low-energy electron beams produced by guns of these designs are used
to cause surface chemical reactions by controlled electron beam damage, where the
entire surface of a macroscopic sample is to be irradiated with uniform current
density. Since electron-induced surface reaction is expected to happen at low
electron energies, special design provisions must be made for delivery of high
current densities at low energies.
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Figure 20.3a shows a cylindrical gun design [17]. A BaO-coated disk cathode
[18] is mounted inside a cylindrical repeller electrode. An anode plate with a
2-mm-diameter, 4-mm-long cylindrical hole is located close to the emitter disk.
Four cylindrical lenses are used to focus the electron beam, and these are stacked
between ceramic spacers [19]. A single positioning ring at the end of the stack holds
the assembly together, and the assembly is housed inside a metal tube housing. To
minimize work function differences along the gun, the inside of the lens is gold
plated.

Figure 20.3b shows calculated electron trajectories for different electrode
potentials. At the top, an anode at high positive potential withdraws electrons from
the cathode, and the trajectories are shaped by the four lenses set for potentials from
+30 V to 0 V as shown. This focuses the beam on the crystal at ground potential.

Figure 20.3c shows the electrostatic potential in the cathode region in a
three-dimensional plot for electrons. The geometry and potential of the repeller and
anode create a steep potential drop for electrons. The shape of the potential is
designed to increase the lateral momentum of the electrons in order to achieve a
broad electron beam. The broad beam exhibits very uniform current density as may
been seen from the trajectory spacings in Fig. 20.3b.

In the simulations, it was found that the emission is very sensitive to the exact
position of the cathode disk relative to the repeller cap and the anode opening.

Figure 20.3d shows the performance of the gun for various electron beam
energies. At an electron energy of 10 eV, a current of 7 pA is obtained at the crystal,
comparable to the performance of the gun shown on p. 293. The optimized anode
and repeller potential are shown for various electron energies in Fig. 20.3e.

20.4 Electron Energy Analyzers

It is not the purpose of this book to discuss the details of the various forms of
electron energy analyzers that are used for the analysis of surface phenomena.
Instead, a practical guide to the selection, construction, and use of electron energy
analyzers is available [20]. In addition, an extensive bibliography dealing with the
various design analyzers is also presented in [20].

Six types of electron energy analyzers are described in [20], and these
constitute the most widely used instruments. The analyzers are briefly categorized
below.

Figure 20.4a—Time-of-Flight Analyzers

These analyzers are used primarily for ion detection owing to the extremely high
velocity of electrons. However, time-of-flight methods have also been used for
rapid pulsed sources of slow electrons. Electrons are allowed to drift in a field-free
region, and their arrival at a microchannel plate detector is recorded by a suitable
waveform digitizer. MicroChannel plate systems can provide gains of 10°~107 and
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pulse widths of 1 ns. Drift-tube lengths of a few meters are employed, and in such
long tubes magnetic field effects may be significant.

Figure 20.4b—Retarding Grid Analyzers

Here, the source is located at the center of two hemispherical grids and a spherical
collector. The source and the inner grid are grounded to make a field-free inter-
vening region. The outer grid, biased at—Vyk, retards the electrons, and the collector
is biased positive relative to ground to collect all electrons that pass the retarding
grid. The energy resolution is estimated from the assumption that the source is
spherical, of radius 7 = a, and that the radius of the collector is » = b. A schematic of
the transmission of the device versus kinetic energy is shown when the retarding
grid is set at Vi. The energy resolution, 4E, at Vy is given by the equation in
Fig. 20.4b.

Figure 20.4c—Tandem Reflection-Transmission Analyzer

This type of analyzer allows bandpass filtering of the energy distribution of elec-
trons emitted from the source. The first grid system is a low-pass filter. Electrons
having energies greater than eVggr can overcome the retarding field and are col-
lected on the ellipsoidal collector. Lower-energy electrons are reflected and focused
through a grounded aperture, and thence to a retarding grid analyzer something like
that shown in Fig. 20.4b. The two-dimensional image detector makes possible the
simultaneous detection of the energy and the emission angle of the electrons
received in the band pass of the two analyzers, as shown in the transmission
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diagram for the tandem analyzers. Analyzers of 100-meV resolution and large
angular acceptance have been constructed.

Figure 20.4d—Plane Mirror Deflection Analyzer

This represents the most elementary type of the deflection analyzers. Electrons,
constrained to a certain angular range by the apertures, enter from the left into a
region of width = & in which field-free conditions exist. From there, they enter a
second region of width = d, where a constant electric field exists, which field is
produced by making the upper plate negative. Here, the electrons travel in parabolic
paths in the uniform field. Electrons having a specific energy arrive at the exit slits
on the right and are measured below the lower grounded plate.

Figure 20.4e—Cylindrical Mirror Deflection Analyzer

Here principles similar to those used in the plane mirror analyzer apply. However,
because of the cylindrical symmetry, a wide solid angle of acceptance exists,
leading to high throughput and sensitivity. The cylindrical geometry is also con-
venient for the placement of the electron gun on axis, and has made this geometry
popular for Auger electron spectroscopy (AES).

Figure 20.4f—Cylindrical Deflector Analyzer

This type of analyzer is widely used in high-resolution electron energy loss spec-
troscopy (HREELS). The optimum angle between the entrance and exit slits is
0 = 127°. Analyzers of this type are particularly useful for measuring the angular
distribution of electrons emitted from a surface.

Figure 20.4g¢—Spherical Deflection Analyzer

This type of analyzer is widely used in photoelectron spectroscopy. The optimum

angle between the entrance and exit slits of the analyzer is 6 = 180°.
Improvements in the resolution and throughput of these analyzers can be

achieved by preretarding the incident electrons prior to entry into the analyzer [20].

20.5 Electron Spectrometer Calibration Using Graphite

The accurate location of the Fermi level (Eg, sample) is often an important
requirement for the calibration of electron spectrometers. Often in ultraviolet
photoelec-tron spectroscopy (UPS) the Fermi level can be determined by measuring
the Fermi edge feature of a clean metal surface. However, if UPS is not available,
the precise calibration of the Fermi edge position often cannot be carried out.
A method to do this, using the secondary electron emission from electron impact
excitation, X-ray photons, or UV photons on a graphite reference sample is
described below [21].

Figure 20.5 shows the secondary electron emission region of a sample of
graphite (highly oriented pyrolytic graphite, or HOPG) and a sample of Aquadag
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(colloidal graphite) [22] that have been excited by He I (21.22 eV) radiation. In
addition, the upper energy photoelectrons in the vicinity of the Fermi edge are also
shown from a cleaned Ta sample in electrical contact with the graphite samples.
The fact that the upper energy measured is at 21.22 eV indicates that the spec-
trometer energy scale is properly calibrated in this measurement. It can be seen in
the secondary electron emission region that there is a distinct emission feature
centered above the Fermi level at 7.57 = 0.03 eV and superimposed on the broad
secondary emission tail. This feature is related to electronic excitation of the a state
present in the conduction band of the graphite. This state arises from the a electrons
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in the C—C bonds in the graphite lattice and has been well studied previously
[23, 24]. The energy of the ¢ peak from graphite is independent of the energy of the
exciting radiation or electrons and hence can be used to locate the Fermi level
accurately when it is otherwise not accessible.

The behavior of the a state is independent of the annealing temperature of the
Aquadag over the range 230-750 °C and is independent of air exposure. Also, the
energy is invariant with the angle of emission. From the low-energy cutoff in the
secondary electron spectrum, the sample or electron analyzer work function can be
determined [21].

20.6 Measurement of Electron Beam Angular Divergence

The response of an instrument measuring an electron diffraction beam is determined
by many factors. Included are the source extension (or the angular divergence of the
electron beam), the beam width, and the electron energy distribution. The most
difficult factor to measure is the angular divergence of the beam, and this factor has
generally been measured by the elimination of other parameters.

The method to be described can measure both the beam width and the angular
divergence of the beam. Figure 20.6 shows a schematic view of the apparatus [25].
A stationary electron gun is directed toward a set of three Faraday cups that are
translated by an electrically driven bellows. The Faraday cup detectors are located
at different distances along the electron beam, and each 2-mm-diameter hole is
half-covered with a razor blade acting as a knife edge. The current to each Faraday
cup is measured as the assembly is translated across the beam. Thus, the shape of
the electron beam is measured at three z-positions, and this permits the divergence
to be obtained by comparing the full width at half maximum (FWHM) at each of
the three cup positions. Placing one of the Faraday cups at the distance of the
sample in normal use allows the beam character to be measured at the sample
position. The loss of current through secondary electron emission is minimized by
using Faraday cups that are at least three times as deep as their 2 mm apertures, and
losses of a few percent are found in the 50-600-eV region [26]. The cups are not
biased, and coaxial cables are used inside and outside the vacuum system to
minimize noise.

An AC method may be used to make measurements of the first derivative of the
collected current versus translation position. A small sinusoidal modulation is
applied to one pair of deflection plates to provide a slight motion of the beam
perpendicular to the knife edge on the collector. A lock-in amplifier measures the
derivative signal as a function of translation position (measured electrically) and an
accurate beam profile is plotted out with improved stability and noise compared to
using the DC method. No mechanical instability was observed in measuring
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50-600-eV beams having a typical FWHM of 0.1 mm. A beam divergence of
less than 0.1° may be measured, and typical electron guns exhibit divergences of
about 0.2°.

The application of information obtained by the above method to actual LEED
instruments is described in an excellent review article [27].

For the approximate measurement of electron and ion beam (>400 eV) dimen-
sions, a phosphor screen may be used. A nice method to measure the beam
dimensions involves the use of a small stainless steel plate with a precise grid
overlay attached by welding. A grid that has 0.2 x 0.2 mm? openings, photoli-
thographically etched, is ideal. A grid thickness of 0.025 mm is appropriate [28].
The phosphor, mixed with ethanol, is applied to the screen, and excess phosphor is
removed from the outer surface of the grid overlay. When dry, the phosphor will
adhere only inside the grid spacings, and the known dimensions of the grid provide
a direct calibration scale for the electron beam [29].



200 20 Electrons

20.7 Measuring Anisotropy of Electrical Conductivity
of a Single Crystal—Four Point Probe

The bulk electrical conductivity of single crystal semiconductor materials is of
importance in understanding their behavior in devices such as photocells. A four-
point probe can be employed for the measurement at 300 K in air as schematically
indicated in Fig. 20.7a [30]. Here four spring-loaded SiC tips are pressed into the
crystal to make good contact with the bulk. The contact breaks the surface of the

(a)

4-Point Probe

1mm SiC+0.1mm Tips (Spring Loaded)

<001> TiO, Single Crystal (1x1x0.1)cm®

<110>

(b)

270

Fig. 20.7 Measuring anisotropy of electrical conductivity of a single crystal—four point probe.
a Four point probe. b Anisotropy in conductivity of TiO,(110). The radius observed is
proportional to the electrical conductivity of the single crystal in the measured direction
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TiO,. The force on each tip was equivalent to 100 g. The SiC contact points are
located at the corners of a 1 mm square and are 0.1 mm in diameter. Current is
passed through two non-diagonal tips and the potential drop is measured through
the other two tips. From this information, the electrical conductivity is measured at
the angle of the probe with respect to the <001> crystal axis. The calculation
method of Yamashita [31] was employed. This method takes into account the finite
width and thickness of the crystal. The four-point probe is rotated in a systematic
manner and a new conductivity is measured at each azimuth. Figure 20.7b shows a
directional conductivity measurement for TiO, measured on the well studied <110>
face [30].

20.8 Spot Photometer for LEED Intensity Measurements

The measurement of LEED beam intensities using a spot photometer may be
carried out in the absence of a Faraday cup or electronic image-enhancing display
method. The use of a uniform phosphor screen makes these measurements satis-
factory for many purposes.

The construction of a spot photometer is shown in Fig. 20.8. The detector is
equipped for synchronous detection, eliminating interference from background
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Fig. 20.8 Spot photometer for LEED intensity measurements
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light. A lens focuses the light from a LEED beam on a photodiode that is mounted
behind an aperture placed in a thin reflective metal screen. The LEED pattern can be
observed visually through a port using the reflective screen and the spot photometer
is moved laterally for measurement of individual beams. A photodiode mounted
behind the aperture integrates the light received from a selected beam plus the
surrounding background. The diffraction pattern is modulated at 100 Hz by
applying a chopping voltage to the suppressor grid of the order of V. + 8, which is
sufficient to suppress the LEED pattern [32].

At a spacing of 30 cm from the LEED screen, the photodiode sees a circular area
of about 5.4-mm diameter, about five times the average diameter of a diffraction
spot in the apparatus. The photodiode is a low-noise planar-diffused silicon sensor
photodiode [33]. The reader may see examples of the use of this apparatus in
[34, 35].

Newer methods involving vidicon detectors are widely employed for the study
of LEED patterns and intensities on phosphor screens. It is possible to employ a
bandpass optical filter to remove stray light from high temperature filaments and
emission from a hot sample. For a P11 phosphor, with a narrow band of emission at
459 nm, an interference filter with a central wavelength of 460 nm and a bandwidth
of 50 nm is excellent for removal of the stray light, permitting more accurate
measurement of LEED intensities on a background that is closely similar to the dark
current of the vidicon [36].

20.9 Modified Faraday Cup for Electron Current
Measurement

Faraday cups are employed for the collection of electrons in collimated beams. One
problem is that specularly reflected electrons from the bottom of the Faraday cup
may be reemitted, causing the measured collected current to be diminished. Various
methods for the suppression of specularly reflected and secondary electron emission
are employed, and one principle employed is to make the Faraday cup depth a
number of times the aperture width. But even this design criterion does not prevent
the reflection of specular electrons from the bottom of the cup. Surfaces are known
to have high reflectivities for low-energy electrons of a few eV energy.

To avoid this problem, a stainless steel cone was inserted in the cup [37], as
shown in Fig. 20.9a. The specularly reflected electrons from this conical surface
maintain their forward component of velocity along the optical axis of the
cup. These electrons have no velocity component along the optical axis toward
the aperture. Thus this design is the electron optical equivalent of a light trap. The
design invalidates the principle that the depth of the cup should be large compared
to the aperture.
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The energy distribution of the collected electrons (107'" A) versus retarding
potential is shown in Figs. 20.9b, ¢ for the unmodified Faraday cup and the Faraday
cup containing the inner conical surface. It is seen that the ratio I/V can be increased
by a factor of 2 from 2.5 to 5 when the cup contains the conical insert. At the
same time, AE increased from 1.2 to 1.6 eV. No explanation for the existence of
the plateau extending into the loss region by about 8 eV was presented in the
paper [37].
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Fig. 20.10 HREELS-discrimination between single and multiple electron scattering events.
a EELS and AES measurements of Al,O3;/Al(111) at three different levels of oxidation.
b Correlation between the EELS intensities and the Al,O5 thickness



20.10 HREELS-Discrimination Between Single ... 205

20.10 HREELS-Discrimination Between Single
and Multiple Electron Scattering Events

High resolution electron energy loss spectroscopy (HREELS) is widely used to
study the vibrational spectrum of adsorbed molecules and the phonon spectrum of
thin films. In addition to the excitation of fundamental vibrational modes
(v=0—v=1),itis possible to excite more complex modes such as overtones and
combination losses. These processes differ in the number of vibrational quanta
excited or the number of scattering events the electron undergoes. In fundamental
and overtone loss processes, a single electron excites a single mode; in the case of
multiple electron energy loss processes, an electron undergoes two or more scat-
tering events. Combination loss processes often fall into the category where the
electron undergoes multiple scattering.

The multiple scattering events (here double scattering) should scale as the square
of the thickness of the film being investigated, whereas fundamental modes should
be linearly dependent on the thickness. This is demonstrated in the case of an Al,O;
film on an Al(111) substrate, as shown in Fig. 20.10a. Here the three low frequency
modes, vy, V,, and v3 are fundamental phonon modes of the oxide which involve
single electron scattering. The higher frequency modes involve multiple scattering.
As the thickness of the Al,O3 film grows, as evidenced by the Auger spectra, the
relative intensity of the multiple loss modes increases non-linearly with respect to
the single scattering modes, as may be seen by the changing magnification scale
(from 6666x to 200x) needed to maintain the appearance of similar spectra for the
three film thicknesses. In Fig. 20.10b, plots of intensity versus the thickness, d, or
the thickness squared, d*, are shown. In Fig. 20.10b(b), the multiple scattering
modes scale in their later stage of development with d?, whereas in Fig. 20.10b(a),
the single scattering modes scale with d. This may also be seen in Fig. 20.10b(c)
where the ratio of intensities of the multiple to single scattering modes increases as
film thickness increases. The drop off of intensity seen in all three figures for thin
films is due to imperfections of the film thickness measurement using Auger
spectroscopy [38].

20.11 Rejuvenation of Cu/Be Electron Multipliers

The deposition of thin films onto electron multipler surfaces occurs after long use,
particularly in vacuum systems having a background of oil vapors or in systems that
have been used for reactive gases, such as fluorine [39]. A simple rejuvention
method has been reported for Cu/Be dynodes exposed to fluorine to the extent that
the multiplier gain had dropped to 1/300 of its original gain. Complete rejuvenation
back to the original gain was observed [39].

For the particular case here, it was decided to expose the dynodes to a plasma
discharge in hydrogen to remove the fluorine, and then to expose them to a plasma
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Fig. 20.11 Rejuvenation of Cu/Be electron multipliers

discharge in oxygen to reoxidize the dynode surfaces. This was done, of course, by
removing the multiplier and treating it in a separate metal vacuum system. In
Fig. 20.11, a sequence of rejuvenation steps is carried out, in which neighboring
dynodes are used as anode/cathode combinations, working up the multiplier chain.
For hydrogen plasma generation, a pressure of about 1 Torr of H, was used, under
flow conditions, with a 350 V DC power supply connected through 5000 Q
between adjacent dynodes. A Tesla coil was used to initiate the plasma, and the
pressure was increased in the range 1-5 Torr until about 30 mA of current passed.
Hydrogen plasma treatment was carried out for 2 min. After this, for O, plasma
generation, about 10 mA of current was used for 1 min. The multiplier anode was
not treated.

A cleaning and oxidation treatment, designed to avoid copper oxide formation
on the dynode structures and to place beryllium oxide films on the dynodes, has
been described [40]. Here, oxidation in water vapor at pressures up to 5 x 10”2 Torr
was carried out in cycles in an RF-heated furnace at 625 °C. Beryllium oxide
exhibits a higher secondary electron yield than copper oxide [40].

20.12 Geiger-Miiller Counter for Inverse Photoemission

Inverse photoemission involves the emission of ultraviolet photons from a surface
when the surface is excited by electron impact. This method samples the empty
density of states of the surface and near surface regions of a solid. The intensity of
photon emission is measured as a function of incident electron energy.
A Geiger-Miiller counter, with windows passing ultraviolet light, is used for the
measurements [41, 42].
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Fig. 20.12 Geiger-miiller counter for inverse Photoemission

Figure 20.12 shows the counter, which consists of two parts, the housing unit
and the insertion unit. The housing unit is mounted on a 2 3/4-in. Conflat flange.
A conical ring presses either CaF, or SrF, windows [43] onto the housing con-
taining a Viton O-ring. The inner surface of the ring is beveled at 45° to minimize
photon emission from this surface by stray electrons. The window has a diameter of
20 mm and a thickness of 2 mm.

The insertion unit is mounted inside the housing unit, and can be removed for
bakeout. It too is sealed with a Viton O-ring at the 2 3/4-in. flange. Both the inner
wall of the insertion unit and the counting wire (1.5-mm diameter) are polished. The
counting wire is electrically isolated from the apparatus by a Macor insulator, which
is glued to the outer flange and to the counting wire with vacuum cement [44]. The
active length of the counting wire is 40 mm and its end is located 10 mm from the
window. The glue joint is made with the counter wire accurately centered in the
insertion unit. The port serves to evacuate the counter as well as being an inlet for
Ar background gas.

The counter is assembled with the help of a He leak detector to assure tight
sealing between the housing unit and the entrance window with minimum force on
the front-end bolts. After installation, the assembled unit is pumped overnight, then
opened and a few crystals of iodine are dropped in. After pumping again for 30 min,
Ar is introduced to a pressure of 100-200 mbar, and the counter is valved off.

Typical operating voltages are 400-500 volts. All pulses should be of identical
height (about 0.2 V). Occasionally the counter is pumped again and refilled with Ar.
Repeated fillings with Ar may also help if the counter does not work initially.
Deterioration of the counter performance (requiring a steady increase in voltage)
usually indicates insufficient vacuum conditions.
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Chapter 21
Ions

21.1 Ion Sputter Gun with Low Gas Emission

Normal ion guns operate in an ambient pressure of the gas to be used for sputtering.
This pressure needed to generate a satisfactory ion bombardment current is nor-
mally in the 107107 Torr range [1]. Improved ion gun designs involve a direct
feed of the inert gas into the ionization region, and these designs normally involve
an ambient pressure in the 10° Torr range. However, any rise in the pressure in the
main chamber during the cleaning process is detrimental, since it is known that gas
release from the chamber walls, from the ionization pump (if left on) and from the
sublimation pump is caused by an increase in the pressure of even an inert gas. This
undesirable gas evolution depends upon the previous history of the vacuum system
and influences the time required to pump down to the base pressure after ion
sputtering.

The design shown in Fig. 21.1a involves direct injection of the sputtering gas
into the ion gun and direct pumping from the ion gun into a turbopump. The gas
beam inside the ion gun is created by a multicapillary array collimator (see p. 421
for gas doser designs employing this collimation principle). The angular distribu-
tion of sputter gas molecules exiting from the array may be calculated [2, 3]. The
sputtering gas is injected into the ion gun through transparent Ta grids that are
welded over windows cut into the walls of the outer shield of the ionization gun.
A multicapillary array of 13-mm diameter and 3-mm thickness is used, with 10-um
diameter capillaries. Control of the gas pressure is achieved with a leak valve, as
shown in Fig. 21.1b. Two gate valves are used to isolate the main chamber from the
turbopump after sputtering when an ion pump is used for maintenance of UHV.
Normally the 360-L/s turbopump is used to pump the main chamber in parallel to
an ion pump and a Ti sublimation pump (not shown) [4].

While an 1Q 10/35 ion gun is shown in the example here, many ion gun designs
will work with this modification.

© Springer International Publishing Switzerland 2015 211
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21.2 Alternate Ion Bombardment Sources

Ion bombardment of elemental crystal surfaces is widely used for removing both
surface and bulk impurities. In the case of bulk impurities, cleaning by sputtering is
often accomplished at elevated temperatures, permitting bulk impurities to diffuse
to the surface for removal. Normally an ion gun is employed for this and guns
giving both focused beams and more diffuse beams are available. Admission of Ar
gas directly to the ionization region of the ion gun will reduce the gas load in the
vacuum system and hence reduce contamination effects during and after sputtering
(see pp. 87-91).

Alternately, very simple ion bombardment sources have been reported, and two
examples of these are illustrated here. In Fig. 21.2a, an open ion gauge is used as a
source of Ar* ions [5]. The vacuum system is filled with Ar gas to about 1073 Torr,
permitting ample gas density within the ionization region of the gauge for
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W Emitter
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Fig. 21.2 Two alternate ion bombardment sources. a lon gauge sputter source. b Reflector sputter
source
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producing an ion current which is collected at the sample biased at —600 V. It is
reported that for an electron emission current of 10 mA, ion currents of 10-15 pA
are collected at the crystal, depending on the negative bias. The gauge becomes
inaccurate for pressure readings under these conditions. In addition, sputtered metal
from the elements of the gauge will soon coat the insulator, which isolates the
central collector electrode, causing leakage currents that disable the gauge as a
pressure-measuring device. A shield below the grid structure preventing metal
deposition on the collector insulator has been used to prevent these effects. The
gauge is normally cleaned extensively by electron bombardment of the grid before
use as an ion source, keeping the sample positioned elsewhere without its electrical
bias.

Ion bombardment sources made without the use of carefully designed ion
extraction optics have the capability of delivering impurity metal to the sample from
sputtering processes inside and around the gauge components. Therefore, one
should be very certain in controlled, and high-sensitivity Auger studies, that these
contamination effects do not occur. For the design shown here, with the dimensions
and mounting geometry indicated in Fig. 21.2a, Pt and Cu crystals were success-
fully cleaned and comparisons with a conventional ion gun showed that no dif-
ferences in the surface preparation could be detected by Auger spectroscopy and
other surface characterization methods [5].

Figure 21.2b shows an even simpler ion bombardment source. A tungsten fila-
ment is mounted on two tungsten feedthrough wires between a curved anode and the
sample. Electron emission current of the order of 18 pA is collected by the curved
anode at a bias potential of +500 V, and at an Ar pressure of about 5 x 10> Torr, an
Ar* current density of about 20 pA/cm? is collected by the sample at ground
potential. At 3 x 10~* Torr Ar pressure, ion current densities of 50-60 pA/cm? are
reported. The ion source should be scrupulously cleaned by heating the emitter for a
long time to remove desorbing gases, and also by electron bombarding the curved
anode extensively to remove adsorbed gases that might undergo electron stimulated
desorption during use of the source for sputtering. Again, with this device, special
care should be taken to eliminate the possibility of metal deposition from extraneous
sources, although the report [6] indicates that this effect is not observed on a GaAs
wafer sample.

A more complex ion gun source made from a Bayard-Alpert gauge is described
on p. 214.

21.3 Ion Gun Based on Bayard-Alpert Gauge

A more complex ion gun than that described on p. 211 and 213 is presented here
[7]. A Bayard-Alpert gauge is modified in two ways: first, by removal of the top
part of the cylindrical grid cage for addition of the ion extraction electrodes; and
second, by the addition of a metal shield around the gauge body and the thermionic
emitter.
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Figure 21.3a shows a schematic of the gun design and the electrical components.
A tantalum cylindrical shield to repel electrons is mounted around the gauge body
and its electrical potential is maintained at the same potential as the positive end of
the thermionic emitter filament. An extractor lens shaped with a waist withdraws
ions from the region enclosed by the grid and these pass into an accelerator region,
and thence into a cylindrical lens and a quadrupole lens, where the ions are ejected
into vacuum and to the target. The flange holding the ion gun is equipped with
radial feedthroughs about its outer edge for supplying potentials to the ion gun
elements.

The extractor lens accelerates mainly off-axis ions to an on-axis focal point, and
its potential can be as high as =200 V. The divergence of the ion beam is controlled
by the bore of the accelerator electrode, and the final focusing is done by the lens.
Since all potentials in the gun, except for the lenses, are referenced to the primary
energy, the extraction of ions is independent of the final beam energy. At low
energies, the ions are of high energy when they arrive at the lens, and are decel-
erated there, while being focused. This leads to high currents at low ion energies.
The quadrupole lens consists of four plates at 90° to each other symmetrically
placed around the gun axis, but its use is not described in the original article [7].
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The spatial distribution of the ions may be adjusted as shown in Fig. 21.3b.
Either a sharply peaked ion beam with high current density at the center may be
produced, or alternatively, a flat-topped beam profile may be produced by adjusting
the acceleration and lens voltages.

In Fig. 21.3c, the current and current density are plotted for a pressure of
1 x 10~* Torr Ar pressure. Current densities between 0.1 and 120 pA/cm?® are
obtained at various ion energies. The current collected near 1 keV energy is limited
by space charge effects in the extractor region. The collector in these cases was
located 4 cm from the end of the gun.

Figure 21.3d shows the energy distribution measured with a retarding field
analyzer and showing that at 1.2 keV, an ion beam halfwidth of 1.6 eV may be
obtained using an extractor voltage of about —30 V. The ion beam was also mass
analyzed, and at an electron energy of 70 eV, a 1:10 ratio of Ar'" to Ar" was
measured.

An earlier version of this design for an ion gun has been published [8].

21.4 Sputter Ion Gun—Cold Cathode

A cold cathode ion gun, useful for sputter deposition, can be made, as shown in
Fig. 21.4 [9]. The gun is useful for sputter deposition from any conducting target
material. The ion gun was first described in [10], and this is a modification of that
design. The gun is capable of producing an ion beam of 1-mA current at a kKinetic
energy of 2-6 keV, impinging on an area 5-10 mm in diameter. There is no
filament, and the gun can be operated for hundreds of hours without maintenance.
Currents in excess of 1 mA cause tip heating which shortens the tip life. Sputter
deposition rates of 1-4 A/s can be obtained.

The beam gas is admitted from a pumped gas handling system through two
ceramic insulator nipples and through a metal frit particle filter into a Conflat
flange-mounted electrical feedthrough passing a 1/4-in. tube that is connected via
Swagelok connectors to a hollow tube made of 1/16-in.-diameter tungsten or tung-
sten carbide alloy. This needle is 0.625-in. long and has an orifice of 0.05-0.075-mm
diameter. It is called a wire bonding tool [11]. The high electrical field at the tip
ionizes the gas as it passes through the tip, resulting in a plasma cone that extends to
the target. The diameter of the cone depends on the orifice diameter, supply gas
pressure, and target distance. A 2.5 Torr beam of gas in the gun, combined with a
tip-target distance of 6 mm and a 0.050-mm-diameter orifice produces a beam crater
diameter of 7-10 mm.

A principal difficulty is keeping particles out of the tip. The tip may be
unplugged by passing a 0.003-in.-diameter W wire from the back end. This wire
may be made from larger stock by electrolytic etching in NaOH (aq) solution. Final
cleaning of the tip is done in an ultrasonic bath with acetone.

The beam current and stability depend on the pressure of gas entering the gun.
Stable operation is obtained when the chamber pressure is in the 5 x 107 to
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3 x 1072 Torr range. If the supply pressure is too low, arcing will occur in the
high-voltage nipples on the gas supply line. If the pressure is too high, or the orifice
diameter is too large, a glow discharge will occur in the chamber with little apparent
localization. The beam current increases with supply gas pressure up to the point of
glow discharge initiation. The high-voltage power supply should be current limited
to prevent more than 5-10 mA of current from flowing during such an event.

Another design of a cold cathode sputtering source for metal deposition maybe
found in [12].

21.5 Broad Ion Sources—Improved Stability with Oxygen

Broad-beam ion sources are employed for many purposes including sputter depo-
sition, etching, etc. Figure 21.5 schematically shows a typical conventional source,
which illustrates the basic principles of more complex sources [13, 14]. The
cylindrical chamber contains a cylindrical anode and an axially positioned cathode.
Gas for ionization is admitted from the rear of the source. A magnetic field, sup-
plied by either an electromagnetic winding or a permanent magnet, is aligned
axially, and the magnetic field diverges slightly as one approaches the front of the
source. The purpose of the magnetic field is to cause the electrons emitted from the
cathode to have a spiral path length sufficiently long such that each will cause a gas
phase ionization event before reaching the anode. The source has two grids on its

Accelerator Grid

Screen Grid

Cathode
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Gas \\ —
Inlet \ oy
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Fig. 21.5 Ion source—axial magnetic field
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front side—a screen grid and an accelerator grid. The discharge chamber is nor-
mally operated under low-pressure conditions where the mean free path of an
electron for ionization is much longer than the apparatus dimensions. The plasma
potential is usually within a few volts of the anode potential, and the primary
electrons emitted from the cathode therefore have energies close to the potential
difference between cathode and anode [13, 14].

When Kaufman sources [13, 14] are used with inert gases or reactive gases at
low power levels, they operate for long times without failure. However, at high
pressures with reactive gases like O,, the ion source lifetime is shortened. This is
due to failure of the refractory cathode (such as W or Ta), or to buildup of an
insulating oxide layer on the anode. Such an insulating layer on the anode reduces
the discharge current until it is no longer possible to support a discharge [15]. This
lifetime problem can be reduced significantly by using thorium oxide coated Ir
cathodes (see p. 133) instead of the more standard bare refractory filaments. For
electron emission current densities of 0.2 A/cm?, the thoriated filament lifetime is
1000 h or longer [16]. As the emission current density is increased, the lifetime
decreases as the square of the current density. Multiple filaments, used in series, can
extend the lifetime by reducing the current density at each filament [15].

To avoid the buildup of an insulating layer on the anode, it may be
sputter-coated with a 1-um-thick film of IrO,, which is a conductive metallic oxide.
Because this oxide cannot be oxidized further, operation in an intense plasma will
not form an insulating layer, as with many anode metal materials. The source,
containing both a thoria-coated Ir filament and an IrO,-coated anode has been
operated at 100-W discharge power for about 50 h without degradation of
source performance. With an uncoated stainless steel anode, failure occurred in
30 min [15].

Other possibilities exist for using this idea. The anode may be coated with other
con-ductive metal oxides such as those from Ru or Re [17, 18]. Alternatively, the
anode could be made from the oxide by chemical vapor deposition. Finally, the
anode could be made from solid Ir, since an insulating oxide layer will result from
its oxidation by the atomic O and other active oxygen species produced in the
source [15].

Steinbruchel [19, 20] has studied the emission of both neutral and ionized
species produced from a Kaufman-type ion source operating with fluoro- and
chlorocarbon species, as well as Ar, Ne, O,, N,, and BCl;. This work involved a
line-of-sight quadrupole mass spectrometer as the detector.

Ensinger [21] has written an excellent review of a broad range of ion source
designs for many purposes.
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21.6 Focusing of Low-Energy Ions by Magnetic Field

There is some interest in producing surface chemical reactions with low-energy ions
impinging on the surface. In order to do this effectively, ion current densities at very
low energies must be maintained at sufficient levels to carry out surface reactions in
a reasonable time. A method is described in which the efficiency of collection of a
beam of ions with a diameter of about 7 mm is markedly enhanced with an axial
magnetic field [22].

The ions are generated by a Colutron GD-2 ion beam source, and ions are
produced with an energy spread of as low as £0.1 eV. The ions are extracted,
focused by an Einzel lens, and mass-filtered with a Wien filter. These ions are
directed at an aperture plate of 12-mm thickness containing a 7-mm-diameter hole,
as shown in Fig. 21.6a. A tungsten grid (90 % transparency) is placed across the
aperture plate. The gap between the grid and the sample to be bombarded is kept
between 2 and 5 cm and the ions are decelerated here. The difference between the
beam potential and the positively biased sample defines the ion energy at the sample
surface. A 2000 G Co-Sm permanent magnet (4-cm diameter) is placed behind the
sample at a distance of about 0.5 cm. This magnet can be electrically biased, and
sometimes a magnet potential of +200 V above that of the sample has been found to
increase the measured ion current collected by the sample. This effect may be due to
the collection of secondary electrons from the grid. The 0.5-cm gap is varied during
ion collection to maximize the collected ion current at the sample. The magnet can
also be removed when surface analytical methods influenced by external magnetic
fields are employed. Obviously the sample must be nonmagnetic.

Figure 21.6b shows the effect of magnetic focusing on an Ar" ion beam incident
on a Pt sample. A dramatic increase in the collected current below an ion energy of
10 eV is noted, where the initial ion current at 1000 eV is 400 nA. The ion beam
energy spread at the sample is about £0.5 eV. The paper [22] describing this work
contains an analysis of the effect of the cyclotron motion of the ions in the magnetic
field on their divergence. This method is simple and cost effective compared to
electrostatic focusing methods when a small ion beam spot diameter is not a critical
concern.

21.7 Low Energy Ion Gun—Construction
and Performance

The conversion of a conventional high energy ion gun into a low energy gun can be
carried out, preserving the ion current capability as well as the spatial and the
energy resolution capability [23]. Several low energy ion guns have been described
in Sects. 21.1-21.6 of this book, but all requizre the construction of new ion optics.
This design uses existing ion optics and electronic control capabilities of a com-
mercial ion gun. It can be used where it is desired to use low energy ions as reactive
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species without significant sputter damage at the target. The chemistry measured
will be that of the neutral, ion because of efficient ion neutralization at surfaces.
Figure 21.7a shows a schematic of the original and modified ion guns.
Essentially, the conversion to the low ion energy regime is achieved by biasing the
entire ion gun to about —5 kV. This is achieved by the use of ceramic standoffs to
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isolate the outer case of the ion gun at its 2% in. Conflat flange, and then to float the
gun at high negative potential. Great care should be used to prevent laboratory
workers from making accidental contact with the lethal retarding voltages on the
electrically isolated ion gun. This can be done by covering everything at high
potential with a plexiglass shield.

Figure 21.7b shows the potential energy surface experienced by a positive ion
under conditions when it is desired to deliver the ion to a surface with 10 eV of
kinetic energy. Most of the loss of ion energy occurs near the exit of the ion gun,
but small additional retardation occurs near the front of the sample as shown. In this
particular simulation [24], the sample and the walls of the vacuum are at ground.

The measured beam energy spread as a function of ion energy is shown in
Fig. 21.7c. About 2 eV change in halfwidth of the ion beam is seen over the energy
range 10-50 eV.
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By moving the sample across the ion beam, an approximate estimate of the beam
profile could be made. Using the % FI potential shown, the F2 % potential is varied.
For F2 from 77.8 to 91.1 %, total beam widths from 3—4 mm are observed. As F2 is
raised to 96.3 % the beam width degrades to 89 mm. In addition the maximum ion
current received by the sample decreases at high values of F2. Ion beam profiles are
shown in Fig. 21.7d.

21.8 Measuring Ion Beam Dimensions

The size of ion beams used in research can be measured easily [25] by using the fact
that ion-irradiated Gd,(M0Q,);, called GMO, becomes passivated toward attack by
dilute hydrofluoric acid, HF(aq). This passivation occurs for the c-surfaces (001
plane) of GMO crystals, when irradiated with 1-2 keV He*, Ne*, and Ar".

The GMO crystal is polished down to a surface finish achieved with 1-um
alumina abrasive and then may be irradiated with the ion beam as shown in
Fig. 21.8. Following irradiation, the crystal is removed and etched with 1 % HF(aq).
The area exposed to the ion beam is almost unaffected by the HF, whereas the
surrounding areas are etched away. The imaging of the ion beam is reported to have
l-um lateral resolution, and to be much more sensitive than the competitive tech-
nique in which a Ta;O5 anodic film on Ta is bombarded until metallic Ta is
exposed. The authors warn that the technique is an integrating technique, and the
pattern will therefore reflect any wandering of the ion beam during the irradiation
period. The technique is quite useful for grazing incidence ion beams.

Three more accurate methods for measuring ion beam sizes and the divergence of
an ion beam are given in [26]. Here, a HgCdTe substrate covered with a photoresist
is used in one method, or movable collectors are used in the latter two methods.
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21.9 Beam Position Monitor—Charged Particles

The alignment of a beam of ions or electrons may be facilitated by the use of a
segmented aperture device [27] shown in Fig. 21.9. A simple bridge circuit is used,
with a current measuring device to monitor the imbalance in collected current
between opposing segments of the aperture. Only one of the two bridges is shown
in the Figure. Several of these monitors may be placed along the beam axis, and any
ions or electrons scattered by the edges of the apertures are removed by other
apertures further down the beam axis. The variable shunt around the monitor allows
the fraction of the collected current going to the current monitor to be adjusted.

k.

IT

To
Top - Bottom
Bridge Circuit

Charged /

Particle Beam

~~___ Right - Left
Bridge Circuit

Fig. 21.9 Beam position monitor—charged particles
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Varying the value of the resistance, R, over a wide range has little effect on the
meter deflection, but R should be kept as small as possible to avoid charge buildup
on the segments that could cause beam aberrations.

21.10 Pulse-Counting LEED/ESDIAD Analyzer—Using
MicroChannel Plate Detection

There are many advantages in pulse counting during the measurement of either
electron diffraction or ion angular distribution patterns produced by electron beam
excitation of surfaces (ESDIAD). Pulse counting affords the maximum sensitivity to
particle measurement, assuming)each pulse is counted. The digitized information
arising from pulse counting allows easy handling in computer analysis and error
analysis. But most importantly, the high sensitivity of pulse counting techniques
allows one to work with electron beams having low intensities, thereby minimizing
damage to the surface layer during measurement [28, 29].

Figure 21.10a shows a LEED/ESDIAD apparatus [30] that uses four grids in
front of a pair of microchannel plate (MCP) amplifiers [31]. Charged particles (and,
in some cases, excited neutral particles) are transmitted through the grid system to
the microchannel plate amplifiers, where each particle exciting the microchannel
plate produces a cascade of electrons that exit the back of the second microchannel
plate and are accelerated into a two-dimensional resistive anode detector [32]. This
pulse of about 10° or 10° electrons expands radially from the point of impact and is
collected at the four corners of the resistive anode. Since the local intensity of
expanding charge decreases as 1/r, the pulse height arriving at the four corners can
be used to calculate the coordinates of the point of impact (the centroid). The pulses
at the four corners are capacitively coupled into four preamplifiers, A-D. These
amplified pulses then travel into the position computer [33]. The position computer
then generates a pair of pulses which are proportional to the x- and y-coordinates of
the impact point on the resistive anode. The x- and y-pulses are then sent to a pair of
analog-to-digital converters that form the input to either a multichannel analyzer [34]
or to a computer. A three-dimensional display of the collected angular distribution of
the electron or ion or excited neutral pattern is then displayed. It is important to point
out that the excitation of the crystal surface by the electron beam will produce a
background due to soft X-rays, and this must be subtracted from the measured
patterns [35, 36]. The ultimate spatial resolution of the apparatus is about 0.3°.
Typical electron beam currents of the order of 1 x 107 A are employed over time
periods of the order of 100 s. Damage to even the most electron-beam-sensitive
surface species is generally less than 1 %. The positive ion patterns viewed in this
apparatus may be compressed by applying a positive potential, V,, to the crystal.

Examples of both typical LEED patterns and ESDIAD patterns are shown in
Fig. 21.10b, ¢ for the case Cu(110) and CO chemisorbed on Cu(110) [37]. An
earlier example of this technology applied to LEED measurements alone can be
found in [38].
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Earlier examples of the use of microchannel plate amplification for ESDIAD or
LEED measurements involved the production of images on phosphor screens and
either photographic [39-42] or video camera [43—47] data acquisition. The video
camera method is efficient in the sense that a single video camera can be used on
multiple systems.

An alternate high-resolution position detector is the wedge-and-strip anode
[40, 41] that captures the electron pulses on a conductive sheet containing accu-
rately shaped wedge and strip conductive regions. The spatial resolution of these
devices exceeds the inherent resolution limitations of the microchannel plate
amplifiers [40, 41].

A LEED analyzer built along the principle of the MCP/resistive anode combi-
nation has been reported by others [46, 48, 49]. In addition, a gated movable
channeltron detector, coupled with a chopped electron beam, has been used to
reduce background effects [50].
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The counting efficiency for ions on a MCP detector has been carefully measured
using a field evaporation apparatus [51]. It was found that the application of a
positive bias on the front surface of the channel plate did not increase the
capture/counting efficiency much above that expected from the fractional area of
open channels present on the plate. It was, however, argued by others that a small
positive potential (20 V) facilitated capture of secondary electrons and hence
enhanced the counting efficiency [52], and this effect was verified in a careful paper
in which the absolute detection efficiencies for He", H*, and O™ ions was directly
measured using a Faraday cup to compare with the count rate. Ion detection effi-
ciencies ranged from 18 to 63 % in the energy range 250-5000 eV [53]. These
workers also measured the detection efficiency as a function of incident angle,
finding that an incident angle of about 10° yielded maximum efficiency, with the
efficiency falling 24 % in the range 20—40° off the channel axis direction [53].

The basic physical properties of straight through MCP arrays, chevron MCP arrays,
and curved channel MCP arrays are discussed in some detail in [54].

Field penetration effects from one region of the LEED apparatus to another can
be prevented in most cases by using neighboring grids at the same bias potential to
screen elements at high potential (such as the front of the MCP) from the interior of
the grid system [55].

The hemispherical grid analyzer may be used as a retarding field energy analyzer
for either electrons or ions. For these measurements, the retarding potential ramp is
applied to a central grid along with a small sinusoidal modulating voltage, and
lock-in detection is applied to the transmitted current. This has been discussed in
detail in [56].

A planar grid ESDIAD apparatus has been used to monitor the angular distribution
of ions emitted from an insulator surface as a result of excimer laser pulses [57].

21.11 Time-of-Flight Measurements for Ions Generated
in ESDIAD

Section 21.10 describes the design and use of an ESDIAD apparatus in which
positive ions, produced in electron stimulated desorption (ESD), are imaged spa-
tially as they are ejected from surface species. These measurements are used to
determine the chemical bond directions in adsorbed species on single crystal sur-
faces [29] and the dynamical behavior of the molecules as they undergo low fre-
quency motions on their binding sites [58].

Detailed information about desorbing ions can be obtained if their momentum is
also measured, using a pulsed electron beam, and measuring the flight time between
the crystal and the detector. The flight time will directly yield the ion velocity,
except that it is safest to measure changes in flight times with various accelerating
potentials to derive the ion energy and mass (i.e. the momentum). An apparatus [59]
to measure the time-of-flight (TOF) of desorbing ions is shown in Fig. 21.11a. The
apparatus is capable of measuring the desorbing direction and the flight time for
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each ion comprising the ESDIAD pattern. Time resolution is in the picosecond
range and data acquisition up to 100 kHz is achievable. This enables the decon-
volution of the spatial distribution and the momentum of each ion. The reader is
referred to [59] for details of the electronics shown in Fig. 21.11a.

Figure 21.11b shows the time sequences for various pulses. Initiated by a trigger
signal, an electron gun ejects an electron pulse of variable time width down to 5 ns.
Positive ions A and B arrive at the MCPs at different times. The flight time of an ion
is recorded along with the x and y coordinates of its arrival at the MCP. A drawing
of the hemispherical analyzer and the pulsed electron and ion beams is shown in
Fig. 21.11c. The ions, after being amplified and converted to electrons in the MCPs,
are counted by the resistive anode (RA) which yields the coordinates of ion arrival
there. For the adsorption of the benzoate ion, oriented normally on Cu(110) by
adsorption through the COO group, three hydrogenic ion beams are shown in
Fig. 21.11e corresponding to the 3-, 4-, and 5- positions on the phenyl ring. By
using the TOF method, the two H" ions corresponding to the 3- and 5- C-H bonds
are measured at 60° to the normal. Using a deuterium label at the 4-position, a D*
beam is observed at the 4-position which produces a normally-oriented beam
[60, 61]. The D* ion has a longer TOF due to its heavier mass as shown in
Fig. 21.11d. The separate ion angles are plotted in Fig. 21.11f as contour diagrams.
The difference in yield of H* and D" is due to several factors related to the departing
speed of the ion which strongly controls its neutralization and to smaller differences
in the rate of the neutralization of the departing ions originating from different
positions on the phenyl ring [61].

21.12 TIon Detection with Kinetic Energy and Mass
Resolution Using a Hemispherical Energy Analyzer

In photon or electron stimulated desorption one may require both mass analysis of
the ions as well as energy resolution. This problem was first addressed by Feulner
[62, 63], using a simple retarding field analyzer coupled to a microchannel plate
(MCP) assembly and readout by a multichannel analyzer (MCA), as shown in
Fig. 21.12a. The macrostructure of the ion peaks yields the masses of the ions in
each peak; the microstructure (peak shape) yields the energy distribution as sche-
matically indicated in the spectrum shown.

A more elaborate analyzer can be made from a hemispherical electron energy
analyzer as shown in Fig. 21.12b. If “single punch (pulsed) light” is not available,
an electrostatic gate is placed in front of the entrance aperture to the hemispherical
analyzer. It is a pair of deflection plates placed inside a screening box. A symmetric
square wave is applied to these deflection plates in order to modulate the trans-
mitted ion beam. The signals from the 5 channeltron multipliers—used for
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increased sensitivity—are fed into multi-page, multi-channel scalars that are syn-
chronized with the modulation of the ions. In this manner, 2D fields are obtained
with the axes “kinetic energy” and “flight time”. From this information the kinetic
energy distributions of the individual ions can be extracted [62].

21.13 Time-of-Flight Detection for Laser-Ionized Neutrals

The detection of neutral atoms and molecules that have been generated from sur-
faces using scattering, electron- and photon-stimulated desorption, and ion-induced
desorption 1is facilitated by tunable nanosecond pulsed lasers. Laser excitation
permits particle detection with quantum state specificity using laser-induced fluo-
rescence (LIF) or resonance-enhanced multiphoton ionization (REMPI) methods.
The REMPI technique has proven to be more popular because of the high sensi-
tivity of the ion detection technique and the ability to image ion angular distribu-
tions analogous to the ESDIAD technique (see p. 225).

The apparatus shown in Fig. 21.13 was designed to detect laser-ionized neutral
atoms and molecules that have undergone electron stimulated desorption from a
single crystal surface [64, 65]. It is based on the design developed by N. Winograd
et al. [66] for the detection of neutral atoms desorbed by ion bombardment. The
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Fig. 21.13 Time-of-flight detection for laser-ionized neutrals
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pulsed electron gun shown in the Figure therefore can be replaced by a pulsed ion
gun or a pulsed laser, and the detection scheme is the same. The principle is as
follows. Neutral products that leave the surface as a result of excitation by the
pulsed source must travel a specified distance before they enter the ionizing laser
beam, which is directed parallel to the crystal surface. The laser generated ions are
then accelerated into the chevron electron multichannel plate array (CEMA)
detector [67]. The output of the detector is coupled to a phosphor screen. Provided
that the laser is focused in a sheet-like fashion, the visual display on the phosphor
screen provides angular resolved patterns of the desorbed neutrals, as in the
ESDIAD method, but now with full internal quantum state resolution [65, 66]. The
integrated signal can be detected with a gated integrator or the two-dimensional
image can be digitized using a charge-coupled device (CCD) camera.

By pulsing the electron beam rapidly (1 ps), the velocities of the neutrals can be
measured by the time delay between the pulses of the electron gun and the laser.
Desorbed ions can be a problem, but they can be swept away prior to the laser pulse
by an applied potential to the first grid and/or the crystal. It is also possible to
discriminate against unwanted signals by pulsing the applied voltage on one of the
multichannel plates. Recently several groups have oriented the detection assembly
90° to the surface normal, so that the spread in velocities is obtained simultaneously
with the angular distribution [68].
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Chapter 22
Photons (UV)

22.1 Hollow Cathode Resonance Lamp for He(II)
(40.8 ¢V) Photoemission

The use of vacuum ultraviolet sources for valence band photoemission studies of the
surfaces of solids is widespread, and many such studies are made on synchrotron
sources. Small laboratory vacuum UV sources predated synchrotron sources, and are
still widely used. A high-intensity source delivering both He(I) and He(II) radiation,
depending upon the discharge conditions, is shown schematically in Fig. 22.1a [1].
He gas is admitted to a differentially pumped region containing a hollow cathode,
and is pumped away continuously by a trapped forepump. A second stage of dif-
ferential pumping occurs closer to the ultrahigh vacuum chamber using a diffusion
pump that is backed by the same forepump. The forepump (rated at 500 L/min)
speed was measured to be 100-200 L/min at the lamp and 30—70 L/min at the back
of the diffusion pump for typical operation [2]. The forepump was trapped with a
water-cooled Cu trap and a zeolite trap. An 8-cm-diameter port at the lamp leading to
the liquid nitrogen trap before the diffusion pump was used [1], as an aid to improve
pumping speed over that originally used [2]. This large port was made from a
straight-through valve. This permits the lamp to be isolated from the UHV system.

Figure 22.1b shows the details of the He lamp. A high-voltage UHV feed through
holds a hollow cathode cylinder made of 0.5 mm Ta sheet. This cathode, 2 cm in
diameter and 4-6 cm in length, is held inside a glass tube in a location in which a
stainless steel capillary (2.3-mm internal diameter) picks up radiation at a distance of
1-1.5 cm from the end of the cathode. The glass discharge region can be removed for
cleaning. A needle valve admits He into the side of a Conflat flange that mates to the
flange holding the first stainless capillary tube. Below the first capillary is the region
pumped by the forepump, region A-B. A second capillary, mounted between B and
C, directs the radiation to a third capillary which enters the UHV chamber. The He
pressure in the system with the lamp operating is approximately 1 x 10™® Torr.
Contaminant gases are measured to be below 10™'° Torr, although such gases will be
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highly directed as a beam to the sample by the capillaries, and one should be alert to
the possible build up of surface contamination.

The performance of the lamp for both He(I) (21.2 eV) and He(II) (40.8 eV), and
for 48.4 eV radiation, is shown in Fig. 22.1c, where an evaporated Au film was
studied, using a double-pass CMA electron spectrometer for measurement of the
photoelectron spectrum at a constant resolution of 0.2 eV. The pressure of He in the
discharge was about 1 Torr for optimum He(I) intensity and 0.1-0.2 Torr for
40.8 eV and 48.4 eV photons. This lamp has improved He(II) intensity compared to
earlier lamps utilizing a microwave discharge [3].

22.2 He() and He(I) Ultraviolet Resonance Source

A laboratory source of vacuum ultraviolet radiation useful for photoelectron
spectroscopy in an ultrahigh vacuum chamber is described [4]. The source is based
on the principle of the charged particle oscillator [5-8]. The production of maxi-
mum He(I) (21.22 eV) and He(Il) (40.81 eV) radiation occurs at a discharge



22.2  He(I) and He(Il) Ultraviolet Resonance Source 237
Stainless Steel

(a) WarerCooHng\ End Plates \ Ceramic
9 g O O O O O O O i/
© VO O © O O O ©
Ceramic \ Groundex 3/16-in.-dia. == 1in.

Cathode W Anodes
1st Diffusion  lon Gauge Gate Valve
(b) Pump
Kovar-Glass Seal
Bypass
Valve \
Target
o —> e/

Glass UHV Chamber
Capillary
Thermo-
couple lon
Gauge Gauge

2nd
Diffusion Pump

Fig. 22.2 He(I) and He(Il) UV source. a Cold cathode discharge UV source. b Differential
pumping system

pressure of He of about 8 x 10> Torr. By means of two stages of differential
pumping in the source, the pressure in the main UHV chamber can be maintained at
2 x 107" Torr during operation.

Figure 22.2a shows the UV source. It consists of a grounded outer cathode
cylinder made of 304 stainless steel. Two 3/16-in.-diameter tungsten rods serve as
the anode, and they are supported and separated from the outer cathode by
machinable ceramic fittings. The W rods can expand and slide in loosely fitting
holes in the ceramic as the lamp heats during operation. The ceramic also contains
larger holes for conductance of He. The anode potential of 0 to +5 kV is supplied
through a high-voltage feedthrough at the rear of the source. Grounded stainless
steel end plates cover the inner side of the ceramic fittings to reflect electrons
traveling in the axial direction back into the source volume. Photons emerge
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through a 0.1-in.-diameter exit aperture between the anodes at the front of the
lamp. An aperture with a diameter less than one-third the inner diameter of the
cathode allows sampling of the radiation without allowing electrons to escape [9].
The gas used here was 99.9995 % He, which flows through an activated charcoal
trap at 77 K and a variable leak valve. A 0 to +5 kV DC power supply (0.500 mA)
is connected through a variable resistance ballast set at 16 kQ. This prevents current
surges during initiation of the discharge whose resistance varies from infinity
(before activation) to several kQ during operation.

The pumping system in the lamp consists of two stages of differential pumping,
followed by a third stage in the UHV chamber. The first stage, across a 1.5-mm-i.d.
Pyrex capillary, 3 cm long, is pumped by a chilled water-trapped 325-L/s oil
diffusion pump. This stage can be eliminated by opening a bypass valve between
entrance region and the first stage of diffusion pumping. The second stage is also
across a similar capillary and is pumped by a liquid-nitrogen-trapped 325-L/s oil
diffusion pump. The third stage of pumping across the exit capillary (2.5 mm i.d,
22.86 cm long) is pumped by the UHV system pumps, which consist of a 450-L/s
turbopump and a 500-L/s ion pump. A gate valve is used to isolate the source from
the UHV system. The original paper shows plots of photoelectron intensity from a
Au surface versus pressure [4].

Under optimal operating conditions, the He(I)/He(I) intensity ratio produces a
10/1 ratio of photoelectrons from the two spectral lines from the Au surface.

22.3 Photochemistry on Surfaces Using an Ultraviolet
Lamp

Although ultraviolet induced photochemistry research has been carried out for more
than 60 years in homogeneous phase, detailed studies of photochemical processes
on well-defined single crystal surfaces are much more recent. Because ultraviolet
lamps emit more photons over an extended exposure time than most laboratory
lasers, these lamps are often used for inducing photochemical processes on sur-
faces. Both intensity measurements and photon energy range selection using filters
are conveniently carried out, permitting good measurements of cross sections
versus photon energy for surface process induced photolytically.

Figure 22.3a shows an ultrahigh vacuum chamber [10] set up so that a single
crystal may be irradiated with ultraviolet light from a high-pressure Hg arc source
[11]. The single crystal is located in front of an aperture that leads to a quadrupole
mass spectrometer in a differentially pumped section, permitting the direct mea-
surement of photodesorbed species. In addition, the mass spectrometer maybe used
also for thermal desorption studies after ultraviolet irradiation to access the changes
that have occurred due to irradiation of an adsorbed layer. The ultraviolet light
passes through a 10-cm distilled water filter that filters out infrared radiation.
A 200-mm f/1 quartz condensing lens focuses the light onto the crystal through a
UV-grade sapphire window. Interference filters (Oriel Corporation) centered on the
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intense lines of the mercury arc are often used to produce narrowband radiation and
have a transmission of from 15 to 50 % at the center of the band with a full width at
half maximum (FWHM) of 10 nm, except for the 237-nm filter, which has a
FWHM of 20 nm. One must be careful in using these filters for long irradiation
times, since the transmission band center can shift up to 2 nm when extensive
irradiation occurs.

The apparatus contains a quartz flat partial reflector used to measure continu-
ously the light intensity. The quartz flat reflects roughly 10 % of the light, and this is
directed to a neutral density filter (1 % transmission) and then into a blackened
housing which holds a calibrated photodiode [12]. The calibration of the photo-
diode relative to an absolute thermopile detector can be done externally on an
optical bench, with the thermopile being placed in the same position as would be
occupied by the crystal. Such measurements have found that the intensity of UV
radiation from the arc source is not uniform, and it is interesting to map out the
intensity pattern which gives a view of the arc location in the source in the most
intense region of emission.

A commercially available UV quartz prism polarizer may be placed into the
beam if either s- or p-polarized radiation is desired (see p. 240).

By combining the photoirradiation experiments at various photon energies with
analysis of the surface before and after irradiation (using thermal desorption in this
case) it was possible to observe two major separate photochemical processes for
molecular oxygen chemisorbed on Pd(111)-desorption of O, and dissociation to
produce chemisorbed O. The cross sections for these two processes are plotted
versus photon energy in Fig. 22.3b, giving an idea of the random errors inherent in
this type of measurement [10]. These cross sections were also measured in another
laboratory using laser-induced photochemistry and the results were in agreement to
within a factor of 2-3 [13].

A photoreactor for studies of powders and single crystals has been described
in [14]. This device can operate at high or low gas pressures.

22.4 Use of Polarized Ultraviolet Light for Photochemistry

The use of polarized UV radiation to induce photochemical processes on surface is
of importance because of the ability to use this information to obtain information
about the mechanism of the electronic processes responsible for photoactivation of
the surface [15, 16]. The photochemical activation of chemisorbed molecular O, is
a model system, discussed briefly on p. 238, and here we show how polarized
radiation may be used for studies of the same system.

Figure 22.4a shows the configuration of the photochemical system [17].
Ultraviolet light, originating from a lamp source, may be polarized by using a
UV-grade quartz prism polarizer, directing either p- or s-polarized radiation to the
single crystal surface. The single crystal may be used as a “calorimeter” to measure
the thermal energy deposited from the radiation incident on its surface. This
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absorbed energy will vary in accordance with Fresnel’s laws and the optical con-
stants of the crystal absorber. Figure 22.4b shows a calorimetric experiment in
which polarized broad band radiation having 0.23 W/cm? power density is allowed
to warm the crystal from 79 K. For an incidence angle of 60°, one can see that the
p-polarized radiation is more efficiently absorbed than the s-polarized radiation, as
indicated by the relative increases in temperature. The measured difference in
absorptivity is in fair agreement with the optical constants considering the errors
inherent in this type of experiment [17].

Figure 22.4c shows the comparative effect of s- and p-polarized radiation on a
molecular O, layer on Pd(111) as studied by thermal desorption following various
periods of irradiation. The o;- and a,-molecular oxygen states desorb by phot-
ostimulation, and also photochemically dissociate to produce a thermal desorption
feature labeled P,. It may be seen that p-polarized radiation is more efficient in
causing these desorption and dissociation processes than is s-polarized radiation
[17]. This is consistent with a process in which electronic excitation of the metal by
ultraviolet light is responsible for the surface photochemical processes, but more
detailed studies would be needed to prove this.

22.5 Photoreduction of Ag on Doped TiO,—Making
Enhanced Photoactivity Visible

While many chemical methods may be used to witness photoactivity and its
enhancement on semiconductors, the production of clusters of Ag by photoreduction
of Ag* ions in solution to produce Ag® clusters is novel in its ability to statistically
witness the reaction, using AFM to measure the cluster density and size [18-21].

As shown in Fig. 22.5a, slices of a TiO,(110) crystal, glued to a microscope
slide, are immersed in a 0.1 M AgNOs(aq) solution. Exposure to about 10"’
photons/cm? causes photo-produced electrons in the TiO, to reduce Ag* ions to
Ag® atoms which cluster together to produce AFM-visible deposits. Figure 22.5b
shows an AFM image of the undoped TiO, compared to the doped TiO, and the
enhanced density of silver clusters clearly indicates that doping was effective in
enhancing the frequency of Ag" reduction events. The volume of the Ag clusters
produced allows an estimate of the quantum yield for the process, and Fig. 22.5¢
shows a plot, versus photon energy, of the quantum yield which falls in the 1 %
range. In the case shown, doping was done by treating the TiO,(110) crystal in
NH;(g) at 1 atm and 870 K for 5 min. Initial heating and cooling of the crystal to
870 K was achieved in Ar(g) at 1 atm.

Figure 22.5d shows the N(1s) XPS spectrum achieved after doping. Spectrum a
corresponds to the removal of about 5 A of the surface by sputtering in order to
achieve a clean surface after handling in air and NH;. After the removal of 60 A of
material, two N(1s) features are observed. It was shown that the 399.6 eV feature,
due probably to N-H type species, is active for doping, giving a photon threshold
energy at about 2.4 eV which is 0.6 eV below the bandgap of rutile TiO, [21].
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22.6 Reducing Radiation Damage in Raman Spectroscopy
of Solids

A serious problem often encountered in measuring the Raman spectrum of a solid is
the effect of the high power laser on damaging the sample [22]. A standard
approach to eliminating or minimizing the effect is to rotate the sample while it is
under study, thereby distributing the excitation over the sample and reducing the
local heating effect [23]. The method reported here is able to do this with a static
sample. Such sample holders are often more convenient when studying high area
solids which cannot be rotated because of other types of measurements which must
be made under static conditions [24].

The unique feature of the mounting procedure is the use of a tungsten mesh grid
to hold the powdered sample. This mesh is photoetched in 0.025 mm thick tungsten
foil and contains regular square openings of 0.22 x 0.22 mm? area. The squares are
bonded by tungsten borders of 0.038 mm width. The powder is mechanically
pressed as described by Ballinger [25]. This method of holding powdered samples
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has been widely used in IR spectroscopy as discussed elsewhere in this book. The
grid is held in a square frame with a 1.4 x 1.4 cm® opening and consists (for
strength) of a front frame made of stainless steel (1.5 mm thick) and a rear Cu
(OFHC) frame for maximum thermal conductivity, which is brazed to Ni leads. Six
bolts and nuts clamp the frame to the grid. The sample is mounted in a Pyrex
Raman cell with provisions for cooling with liquid nitrogen.

The arrangement was compared to a conventional rotating Raman sample holder,
using an OMARS 89 triple-monochromator spectrometer (Dilor, Lille, France)
equipped with a thermoelectrically cooled CCD camera (Princeton Instruments).
A test was carried out with a WO,/ZrO, catalyst. The Raman spectrum was recorded
with a rotating holder as shown in Fig. 22.6b, using three laser power levels from a
488-nm Ar" ion laser (Spectra Physics, Type 2020). Since the spectrum does not
change during irradiation at any level, the rotating sample holder is able to prevent
radiation damage. In Fig. 22.6c, radiation damage is not seen for the mesh-supported
sample until the power is increased above 90 mW, where a new band at 1015 nm
appears. An Os3(CO),,/Si0O, was studied also, and the cryogenically-cooled sample
was stable to 24 mW power. These studies show that non-rotating cryogenically
cooled powdered samples held in a grid may be stabilized against laser damage, but
that the rotating sample method is superior for reducing damage [24].
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22.7 Lyman-o Lamp Calibration Using a Chemical
Actinometer

The measurement of the light flux from vacuum UV lamps is important in a number
of areas of photochemistry such as astrochemistry and atmospheric chemistry.
Different methods are used to calibrate such lamps including photoelectron gen-
eration, photoionization of gases, and photodecomposition of gases [26—31]. There
are only a few reports of the use of chemical actinometry for the calibration of
Lyman-a lamps [29-36] (which operate at 10.2 eV). The results of a variety of
calibrations of these lamps are tabulated in [37] and show typical light fluxes
measured over a 47 year history. It can be seen that the various Lyman-o lamps
used in the past have been shown by various methods to deliver approximately
10" photons s~' cm™ over a range of approximately 10-fold.

A chemical actinometer successfully used recently for the calibration involves
the photodecomposition of N,O and the use of transmission IR spectroscopy to
measure the N,O destruction as well as the production NO and NO, [37]. N,O
decomposes when illuminated by Lyman-a radiation according to the reactions
(22.1)—(22.4):

N,O +hv — N, + 0 (22.1)
N,O 4 hv — NO + N (22.2)
150 + 14N,0 — 15N, + 150, (22.3)
150 + 1/4/N,0 — NO (22.4)

The quartz Lyman-o lamp was mounted with a Viton O-ring onto a stainless
steel Conflat flange containing a MgF, window. The lamp was supplied with a
continuous flow of a 10 % H,/90 % Ar mixture at 1 Torr pressure and was excited
by a 60 W microwave supply. The MgF, effectively cuts off radiation at wave-
lengths above 1100 A, thereby removing Ar emission [38]. The vacuum UV
radiation passes into a bakeable high vacuum stainless steel transmission IR cell
(Volume = 1.9 L) equipped with turbopumping, Baratron capacitance manometer
pressure gauges, and a mass spectrometer, and having a base pressure of about
1 x 107® Torr as shown in Fig. 22.7a. For the lamp calibration, between 1 and
10 Torr of N,O was admitted to the cell and the lamp was turned on and stabilized.
The IR spectrum for N,O and the products during photolysis is shown in Fig. 22.7b.
The rate of consumption of N,O was measured by following the integrated
absorbance (at 2 cm ! resolution) at two strong fundamental frequencies, v, and vs,
where the IR beam travelled transversely through the cell. Separate pressure versus
integrated absorbance curves were measured for N,O at these frequencies, and the
consumption of N,O, calculated in Torr s ! was determined. Figure 22.7¢ shows a
sample of the N,O depletion curves where about 10 % consumption of N,O was
measured, yielding linear plots. It may be seen that the values of dP/dt, measured
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from v; and v3, are in excellent agreement, with less than 1 % difference. The flux
of the Lyman-a light was estimated using a measured efficiency from the literature
[39] of 0.69 £+ 0.02 photons/N,O. One should not employ pressure changes in
estimating the light flux as heating effects were found to confuse such measure-
ments. It is interesting to recognize that in the pressure region from 1 to 10 Torr, all
Lyman-a radiation is absorbed in the first few cm from the MgF, window and the
assumption of fast mixing of the gas was found to hold. In addition, a slight
pressure dependence of the photodecomposition kinetics was found and attributed
to wall effects which become more significant at low pressure [37].

22.8 Pulsed Vacuum UV Light Source

Photochemistry studies are being extended to higher and higher photon energies
because of scientific interest in processes involving deep ionization in molecules, in
solids and on surfaces. A source of radiation of this energy range can be UV lamps,
such as the Lyman-o lamp (10.2 eV), and various other gas lamps excited by
radiofrequency radiation (see Sect. 22.7). Another source of such radiation is syn-
chrotron radiation which extends far into the X-ray region, and which is commonly
monochromatized for use in photoelectron spectroscopy. A laser plasma light source
is another source of Vacuum UV (VUV) or Extreme UV (EUV) light. In the example
shown here, a Ta plasma is generated by a 1064 nm pulsed laser and light is
monochromatized by toroidal gratings in the vacuum spectrometer for the range 4—
108 nm (310-11.5 eV). The apparatus is more than 3 m in length and is pumped by
turbomolecular pumps (TMP) as well as Ti sublimation pumps (TSP) as shown.
As shown in the data below the spectra in Fig. 22.8¢c, 10° to 10® photons per
pulse are generated which over the duty cycle yields 5 x 107 to 5 x 10° photons/s
averaged over a long time period [40]. This is a far smaller number of photons than
can be generated by a gas discharge lamp such as a Lyman-a lamp, where over the
whole spectrum in the region of 10.2 eV, about 10" photons/s are generated [37].

22.9 Grazing Incidence X-Ray Photoemission
Spectroscopy (GIXPS): Enhanced Surface Sensitivity

GIXPS was first described by Henke [41] and has seen limited use. The technique is
based upon the angle-dependent X-ray penetration depth at small incidence angles
(measured from grazing angle). X-rays that impinge on a flat surface at ~1 keV at
sufficiently small angles undergo total external reflections and their penetration
depth is strongly attenuated. This means that the photoelectron yield contains an
increased contribution from the surface of the solid. As the angle of the X-rays
increases, increased contributions from deeper layers are observed. Therefore, depth
dependent XPS analysis is possible. The theory behind GIXPS is given in [42].
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Figure 22.9a shows a laboratory design for making GIXPS measurements, using
a small X-ray source. The X-ray source may be rotated in angle of incidence and the
center of rotation is the analysis position on the sample. The microchannel plate
amplifier is used to measure the reflected X-ray radiation. A double pass cylindrical
mirror electron analyzer is used. Normalized sample spectra for oxidized and
unoxidized GaAs(100) are shown in Fig. 22.9b, and it may be seen that at higher
angles (66 mR) the relative contribution from the bulk—derived As’(3d) feature
(binding energy = 41 eV) is enhanced compared to As>* and As>* which come from
the surface oxide film and overlap near a binding energy = 45 eV [42]. A patent has
been issued [43].

Figure 22.9¢c shows a schematic for the performance of GIXPS using synchro-
tron excitation. Here, the sample is rotated in the X-ray beam, maintaining the
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origin of photoelectrons at a constant position with respect to the cylindrical mirror
electron analyzer. This work has been focused on measuring the thickness and
chemistry of ultrathin gate oxide films on Si [44].
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Chapter 23
Kinetics of Adsorption/Adsorbate
Coverages

23.1 Absolute Adsorption Uptake Measurements
from a Calibrated Effusive Molecular Beam

The measurement of the kinetics of adsorption and the absolute saturation coverage
of an adsorbate on a single crystal is basic to our understanding of surface chem-
istry. While relative surface coverages, compared to the saturation coverage, are
fairly easy to measure using various surface spectroscopies, the measurement of the
absolute coverage and the absolute sticking coefficient are more difficult. One of the
absolute methods employed in some cases involves the use of nuclear activation of
the adsorbed layer, where absolute counting of nuclear disintegration events after
activation may be used with high accuracy [1]. Unfortunately, not all adsorbates are
amenable to this method.

Figure 23.1a shows an apparatus that is capable of measuring both the absolute
sticking coefficient and the absolute surface coverage during an adsorption experi-
ment. The method is a version of the King and Wells method, developed in 1972 [2].
A multicapillary doser, with an absolutely known flux of effusing molecules in a
known angular distribution (see p. 421) is incident on a single crystal of known size,
located at a known distance from the doser. A quadrupole mass spectrometer,
shielded from direct line of sight from the crystal and doser, measures the random
flux of gas in the vacuum system as a function of the exposure of the crystal to the
incident beam. A shutter can be rotated to intercept the beam, shielding the crystal
from the direct flux, and converting all of the incident beam into a random flux by
reflection from its surface. In order to make an uptake measurement, the crystal is
cleaned, brought to adsorption temperature, and positioned behind the shutter. Gas is
admitted, as shown in Fig. 23.1b, and the system pressure rises quickly to a sharp
point where the rate of rise decreases significantly. At time #;, the shutter is opened,
and gas begins to be adsorbed on the crystal, causing the random flux of gas to
decrease. Region A of the uptake curve represents the first phase of adsorption, and
the horizontal trace indicates that the sticking coefficient is constant (and probably
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unity) in this region. Following adsorption to point 7,, it is observed that the random
flux begins to rise in region B as the sticking coefficient decreases below its value in
region A. At the end of the experiment, the random flux has asymptotically risen to
the dashed line, which indicates that, at the sensitivity level of this experiment, the
uptake is complete. Placing the shutter into the beam causes little effect at point 7,
since the complete reflection of incident molecules by the inert shutter is identical in
magnitude to the reflection of incident molecules by the saturated crystal. The area of
region A and region B may be used to compute the final absolute coverage at #, [3].
There are three issues that contribute to the uncertainty of this measurement:

1. The nonhorizontal character of the dashed line against which the integrals are
measured. This error is probably due to slow pumping by the vacuum system
walls, which decreases as the exposure is increased. The empirical solution to
this problem is to treat the dashed limiting line as a baseline; it is designated P.,.

2. The adsorption of gas from the random flux. A small correction can be made for
this effect, which typically amounts to 1 % in the region from #, to #,. This initial
coverage is designated N(?)inigial-

3. The low accuracy of determining the saturation point, #,. Here, Auger spec-
troscopy was employed to show that for long exposures beyond #,, the rise in
adsorbate coverage was 6 % as shown in Fig. 23.1c for the example chosen here.

The equation that governs the adsorption is

N ) = N+ (F +F,) - [ S(0)t 231

where N(f),1 = the total coverage at saturation; F' = the beam flux; F, = the random
flux; and S(¢) = the sticking coefficient. S(f) = [Peq — P(0)]/fP.q and f = the fraction of
the beam intercepted by the crystal. The value N(f),o is then increased to account
for the small correction mentioned above in issue 3.

A variation on this technique uses a diffuse source of adsorbate from an
uncalibrated leak valve and a collimated detector used to measure the rate of
adsorbate reflection from the surface during adsorption [4].

23.2 Measurement of Absolute Sticking Coefficient
at Desorption Temperature

Conventional measurement techniques measure the net sticking probability, which
is related to the difference between the absolute rate of adsorption, r,, and the
absolute rate of desorption, r,, according to (23.2).

Snet = (ra — Ta)/z (23.2)

Here z = the impingement rate for the incident gas.
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It is often desired to measure the absolute sticking coefficient, s,;,, Which is

given by (23.3).
Sabs = Ta/Z (23.3)

The absolute sticking coefficient is equal to the net sticking coefficient only
when the rate of desorption is zero, so in order to achieve this condition, con-
ventional sticking coefficient measurements are made at temperatures below the
desorption temperature.

Substituting (23.2) into (23.3) gives (23.4).

Sabs = Snet + ¥a/Z (23.4)

Equation (23.4) yields

Sabs = 1}izrgo Snet(2) (23.5)

Normally, a plot of s,,; versus 1/z at constant temperature will give an intercept of
Sqas and slope r,. Figure 23.2 shows a three-dimensional plot with the linear
extrapolation of the family of curves (black points) to the limit of 1/z = 0, yielding
the white points which form a trace of the absolute sticking probability in the limit
of very high impingement rate, z. Here the symbol ML = monolayer.

The data shown in the Figure are taken at 400 K, whereas the desorption tem-
perature for CO in this case is in the range 350-550 K [5]. The method works well
when r, < z, or correspondingly, when 1/r; > 1/z.

An alternate method, particularly useful for irreversible dissociative chemi-
sorption, has been described by Xia et al. [6].
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Chapter 24
Mass Spectrometry

24.1 Shielded Quadrupole Mass Spectrometers—
Temperature-Programmed Desorption

One of the most widely used and versatile techniques for the study of adsorbed
species on single crystal surfaces is temperature-programmed desorption (TPD),
often called thermal desorption spectroscopy (TDS). The method extends back to
the early work of Taylor and Langmuir, 60 years ago, who studied the desorption of
Cs from polycrystalline tungsten filaments [1]. The method was extended to other
adsorbates on polycrystalline surfaces by Becker and Hartman [2], Ehrlich [3],
and by Redhead [4]. A review of the early work can be found in [5].
Temperature-programmed desorption is now used extensively for studies on single
crystal surfaces of metals, semiconductors, and insulators. A comprehensive review
of ten methods for analyzing TPD data, and an evaluation of each was recently
written by de Jong and Niemantsverdriet [6].

The collection of TPD data has progressed from the early use of ionization
gauges to the almost universal employment of quadrupole mass spectrometers
(QMS) for the detection of desorbing gases. Using the mass spectrometer in the
multiplex mode, one can simultaneously measure the evolution of various gas
products as the temperature of the crystal is raised. This can also be extended to the
study of isotopic mixing between labeled adsorbates, as was first demonstrated for
adsorbed CO desorbing from polycrystalline W [7]. Large differences in the
desorption kinetics from different single crystal faces was first demonstrated for H,
desorbing from W(100), W(111), and W(110) by the combined works of various
authors [8-12].

The early work with single crystals employed unshielded mass spectrometers
that sampled the random flux of desorbing gases originating from the front of the
crystal, from the electrical support leads to the crystal, and from the back of the
crystal disk. These effects could be eliminated to various degrees by using a dif-
ferentially pumped and shielded mass spectrometer that preferentially collected
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desorbing gas only from the front of the crystal. The enhanced sensitivity to
desorbing gas as a result of the shield is related to the fact that the shield retains gas
molecules for an average time period of t = V/S, where V = volume and
S = pumping speed, both relating to the shield region itself. Values of t = 50
—100 ms are common, permitting each trapped molecule to pass through the ion
source many times before being pumped away. The apertured shield is selective for
desorption from the front of the crystal, but it is not measuring significant
desorption for molecules making a single pass, compared to the contribution from
trapped molecules within the shield which make multiple passes through the ion-
ization source. The value of t must be kept below the characteristic time for the
desorption process measured, which is usually of the order of seconds for tem-
perature scan rates of a few K/s.

Figure 24.1a shows a glass shield that was just slipped over the ionization source
of a mass spectrometer. Pumping occurs from the annular space at the rear of the
shield [13]. Variations on this design (Fig. 24.1b) involve a metal shield with
pumping holes present on the side of the shield behind the ionization source. For
N»>(g) at 300 K, a 1-cm? aperture will provide a pumping speed, S = 11 L/s, where
the total pumping aperture area considered should also include the area of the
entrance aperture. Figure 24.1c shows a quadrupole mass spectrometer mounted in
an apertured shield and differentially pumped by a dedicated pump [14], which may
be either an ion pump, a titanium sublimation pump (TSP) [15], or a turbopump.
The reader is referred to p. 72 for a discussion of the relative merits of an ion pump
and a TSP in this application.

The ionization source of the quadrupole mass spectrometer contains a thermionic
emitter producing electron emission at mA currents. A fraction of these electrons
escape from the axial aperture and may be collected by the crystal, causing electron
beam damage of the adsorbate. Stray currents of the order of 10 pA are often
observed. These effects may be eliminated by either biasing the crystal at a negative
potential to retard the collection of electrons, or by using a separately negatively
biased aperture, as shown in Fig. 24.1d [16]. The effect of electron beam damage
from stray electrons in the absence of these precautions can be profound in alter-
ating the chemistry on the crystal surface.

Figure 24.1d also shows a helpful device useful for reproducibly locating the
crystal at a fixed distance from the aperture [16]. A Ta contact with a gently
rounded end is connected to the electrically isolated aperture, and the connection to
the bias potential is opened. An ohmmeter, working on the MQ scale, is connected
between the Ta contact and ground. The crystal is slowly advanced to the Ta
contact until MQ resistance is measured as a result of very light contact. This allows
one to calibrate the horizontal micrometer drive for the crystal at a fixed point in the
apparatus. The micrometer drive is then retracted by a measured amount, and
knowing the position of the Ta contact allows one to calculate the position of the
crystal relative to the aperture.

The fractional interception of desorbing gas from the crystal will depend on the
distance between the crystal and the aperture and also on the angular distribution of
the desorbing gas, expressed as cos"d. For a crystal of 3.5 mm radius, and an
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aperture of 0.8 mm radius, the relative collected signal for various values of n is
shown in Fig. 24.1e. It is noted that only small losses are observed in the first 1-mm
crystal-aperture distance, and also that an error in distance will make a smaller
effect in the first 1-mm range compared to errors at larger ranges [17].

A critical review of the advantages and disadvantages of using a shielded mass
spectrometer for temperature programmed desorption studies has been given by
Schlichting and Menzel [18]. A shielded mass spectrometer such as that shown in
Fig. 24.1a will have a constant pumping speed determined by the geometry of the
aperture and the opening at the rear, whereas the pumping speed of a vacuum
system used with an unshielded mass spectrometer will be variable. Also effects due
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to non-Boltzmann energy distributions and noncosine angular distributions in the
desorbing flux will be reduced by the shield, which is primarily sensing molecules
scattered from its inner walls. These effects can be totally eliminated by internally
blocking the ionization source from the sample by means of a shutter [18]. The
disadvantages are the dependence of the detected signal on the distance from the
crystal to the aperture (Fig. 24.1e), and the contribution of readsorption on the
crystal during the TPD measurement because of gas readmission from the shielded
mass spectrometer through the sampling aperture. By considering these factors, the
dynamic range of the TPD coverage and kinetic measurement technique has been
extended from monolayer detection down four or five orders of magnitude [18].

For the desorption of complex molecules, or mixtures of species, it is important
to employ multiplex methods in which various mass peaks are rapidly monitored in
sequence many times during the desorption process. A recent development involves
monitoring the complete mass spectrum consecutively for many cycles during the
evolution of thermal desorption products [19, 20].

A comparison between the sensitivity of a mass spectrometer in measuring gas
pulses and also in measuring steady-state pressures, compared with a nude ioni-
zation gauge, has been published [21]. This paper shows that for eight different
gases, the ionization gauge signal and the mass spectrometer signal are linear with
the gas pulse size over six orders of magnitude for pulses ranging from 10" to
107 atm cm’®. The authors were surprised at the high sensitivity of the
Bayard-Alpert gauge in these measurements [21].

24.2 Enhanced Signal-to-Noise in Quadrupole Mass
Spectrometers

The quadrupole mass spectrometer is widely used in surface science for residual gas
analysis as well as for the study of desorbing species from surfaces. Thermal
desorption, and electron- and photon-induced desorption (including laser-induced
desorption) have been widely studied. For most quadrupole mass spectrometers, a
channeltron multiplier is employed for detection of the mass-separated ions.
A method is described here for improvement of the signal-to-noise ratio of a
channeltron detector; and in addition, the behavior of a channeltron detector is also
described [22].

An electron multiplier has a low inherent noise, leading to a dark current. In the
case of a channeltron multiplier mounted behind quadrupole rods with line of sight
to the ionization source, there are additional background effects that increase as the
electron emission current increases and also as the pressure in the mass spec-
trometer is increased. While these effects are not fully understood [22], they are
thought to be due to soft X-rays and UV photons produced in the ion source, and
also to excited neutral species, both of which pass down through the quadrupole
rods without deflection. The use of an off-axis ion multiplier enables one to
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eliminate these effects to a large degree, and the modification described here
accomplishes this while not causing unacceptable reduction of the ion collection
efficiency.

Figure 24.2a shows the off-axis channeltron detector located beneath the
quadrupole rods. Between the exit region of the quadrupole rods and the chan-
neltron entrance are two ion deflection plates, designed to steer ions into the
channeltron. The channeltron is located 10 mm off axis. A multiplier shield plate,
8 mm in diameter, is mounted 2 mm in front of the channeltron entrance cone.
A deflector plate, with a 45° angle to the shield plate, is mounted on the axis of the
quadrupole, and a second deflector plate is mounted in a direction perpendicular to
the shield plate, and 15 mm from the quadrupole axis. The distance between these
deflector plates and the exit aperture of the quadrupole lens is 2 mm. The 45°
deflector plate may be biased by an isolated lead, which is separately shielded. The
entire structure is housed in a shield can to prevent both photons and charged
particles from entering the channeltron.

Figure 24.2b shows the performance of the channeltron for various applied
multiplier voltages, and also for various positive deflector plate voltages. The large
enhancement of output current for a slight increase of multiplier voltage is evident
from the three curves; in addition, a large effect of the positive deflector plate is also
seen, with maximum transmission of ions being observed at +10 V plate bias.

Figure 24.2c shows the behavior of the dark current versus electron emission
current in the ionization source of the mass spectrometer. A slope of 1.3 in this log—
log plot indicates that slight nonlinearities exist as the filament temperature is raised
in the ionization source to produce a larger electron emission current. A 100-fold
improvement in the dark current is observed for the off-axis detector.

Figure 24.2d shows the behavior of the dark current as a function of Ar pressure
in the mass spectrometer, with data taken at 1 mA emission current. The dark
current rises as the 1.1 power of the pressure in both of these measurements. The off
axis detector reduced the dark current here by a factor of 140.

The performance of the mass spectrometer with the two configurations of the
chan-neltron detector can be summarized in (24.1) and (24.2) below:

For on — axis detector : [; = 3.5 - P"! . [! (24.1)
For off — axis detector : [; = 0.0025 - P! . [} (24.2)

where I; = measured ion current; P = Ar pressure; and I, = electron emission
current.

An ion current of the order of 107'® A can be detected with the off-axis
channeltron.

Earlier improvements in the detection efficiency of quadrupole mass spectrom-
eters are described in [23]. The regeneration of Ag-Mg and Cu-Be dynode multi-
pliers by heating to 300 °C in oxygen gas at 1 atm has been described [24].
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24.3 Elimination of Spurious Electron Emission
from a Quadrupole Mass Spectrometer

Electrons emitted from the ion source of a mass spectrometer can be a source of error
in measurements when the electrons strike and damage a sample in front of the mass
spectrometer. For an enclosed mass spectrometer, with an aperture, placing a neg-
ative bias on the aperture will repel electrons and prevent this effect (see p. 259). The
effect of spurious electron emission may also be eliminated by biasing the sample
negative to repel electrons. A third method involves the use of a floating grid
surrounding the mass spectrometer ion source, which is automatically brought to the
potential of the thermionic emitter (usually =70 V in a mass spectrometer). This
occurs as a result of the charging of the isolated grid by the emitted electrons [25].

Figures 24.3a—c show the steps in rebuilding a mass spectrometer ionizer to
provide the floating grid. In Fig. 24.3a, an inner grid cap is placed over the existing
inner grid cage. In Fig. 24.3b, the existing electron repeller grid cage is placed on
the ion source. Inside the repeller grid is the thermionic emitter assembly, not
shown in the drawing. Finally, in Fig. 24.3c, the floating grid, consisting of a
cylindrical grid cage capped with a planar grid, is installed. The floating grid is
electrically isolated by means of a ceramic ring that can be bolted to the mass
spectrometer housing by means of three standoff bolts as shown.

The floating grid at negative potential is capable of extracting positive ions from
the ionizing region inside the inner grid. This is the reason for the addition of the
inner grid cap on the ionizing region, which acts as a shield to prevent positive ion
extraction.

The floating grid collects electron current so that the electron emission current to
the inner grid cage is somewhat reduced. Thus, in the UTI mass spectrometer, the
filament protect circuit must be deactivated, since it will trip when it senses too little
current at the inner grid. With the floating grid design, spurious emitted electron
currents are reduced from about 10 pA to less than 1 nA [25].

A large O signal and a large F* signal may be observed in the mass spec-
trometer operating with the floating grid (the latter especially if fluorinated mole-
cules are introduced to the chamber deliberately). These signals probably originate
from electron stimulated desorption effects from the ceramic ring and from the grid
material itself [25]. Fluorine, a well-known surface contaminant in UHV systems,
with a very high cross section for electron-stimulated desorption as a positive ion, is
often seen when contaminated surfaces are electron bombarded [26].

24.4 'Ta Mass Spectrometer Filament

Many mass spectrometers use either W, thoriated W, or thoriated Ir thermionic
emitters as described on p. 133. The use of Ta as an emitter offers some advantages
[27] as described below.
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Ta is much more ductile than W at room temperature and can be wound and
welded easily compared to W. Ta wire (0.006-in. diameter) is wound around a rod
(typically 0.040-in. diameter) to form a coil before being installed into the mass

spectrometer as shown in Fig. 24.4.

A Ta emitter has a built-in property that is sometimes useful. Ta has a suffi-
ciently high vapor pressure that at filament operating temperature there is a
detectable signal from '®'Ta, the most abundant isotope. This signal for the '3!Ta*>
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ion, observed at M/q = 90.5, may be used as a mass spectrometer calibration point,
and interference from other ions in this region will be absent. The lifetime of the Ta
filament will be years despite its slow evaporation during use.

24.5 Modulated QMS Ion Source for Enhanced Sensitivity

The enhancement of the sensitivity of a QMS for TPD measurements is important if
the TPD signal is low. For example, when a differentially-pumped shield is used
where incident molecules which strike the shield walls are adsorbed, the mass
spectrometer signal can be dramatically reduced. The circuit to be described here
modulates the ion signal in the ion source region and then uses lock-in detection of
the multiplier signal for enhancement of signal/noise. The mass spectrometer is
operated at a single mass. Normally the signal from the multiplier is converted
through a current-to-voltage converter and is then amplified and digitized. The
software periodically corrects for baseline offsets in the electronics by switching the
ion source off and then measuring the signal in the absence of ions. The circuit
shown in Fig. 24.5a is able to take advantage of this capability. In one application
the ions are extracted from the source by running it at about +3 V, and is then
switched off by decreasing the source voltage to about —4 V. The frequency is
selectable from 7.5 Hz to 1 kHz. The ICM 7555 timing chip generates a
TTL-compatible square wave. The square wave from the timing chip does not have
a 50 % duty cycle, and is therefore sent to a D-type flipflop circuit, with a square
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wave output at 50 % of the timing chip frequency. The 100 kQ variable resistor is
used to vary the frequency. When the disable switch is manually closed the ion
source is not modulated and the QMS operates normally.

The advantage of measuring the modulated QMS signal is illustrated in
Fig. 24.5b. Here a fraction of a ML of iodine from Pt(111) is being monitored by
thermal desorption at a temperature sweep rate of 0.1 K/s. In (a), the unmodulated
signal is shown and is very noisy. A smoothing routine is applied to this signal as
shown in (b), and two desorption peaks are barely resolved. In (c), the modulated
signal is shown with good resolution of two desorption processes. By enhancing the
speed of the temperature ramp, further improvements in signal intensity will be
found, but the resolution of overlapping peaks will begin to degrade [28]. Of
course, the method may also be used to enhance the mass spectrometer sensitivity
in other types of measurements.
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24.6 Line-of-Sight Mass Spectrometry for Thermal
Desorption

A mass spectrometer may be used for line-of-sight detection if all arriving mole-
cules from the background are removed. By placing the mass spectrometer behind
apertures which connect to baffle surfaces at 77 K, many gases may be sampled in
this manner. Any molecule with an approximate desorption enthalpy of
> 18 kJ mol ! will be pumped at 77 K, and this includes molecules such as water,
ethene and almost all higher molecular weight organic and inorganic compounds.
Molecules such as H,, O,, N,, CO, Ar and CO, will not be pumped at 77 K.

Figure 24.6 shows a schematic of the cryo-shield [29-31]. The mass spec-
trometer should have its shield removed to prevent internal reflection from warm
walls. Liquid N fills the tank from a reentrant tube which leads to the outside. Two
cylindrical shields, heat stationed on the cryo-reservoir are cooled by conduction.
An entrance aperture, N, admits a beam of molecules originating from the crystal
surface during a desorption experiment. All molecules originating from outside the
focal area will hit a cold surface and be retained. For a gas being admitted from the
focal area at a pressure of 10™® mbar, the pressure in the mass spectrometer ioni-
zation volume will be about 10" mbar at a sample-to-ionization volume distance
of ~30 cm. A mass spectrometer with a multiplier operating at 10° amplification
factor typically has a sensitivity of better than 10 '* mbar. The exit aperture, M,
does not have to be maintained at 77 K, since molecules reflected from its surface
will reach the cooled inner cylindrical shield surrounding the mass spectrometer and
be captured. To eliminate the influence of background gas produced in the mass
spectrometer, chopping of the desorbing gas may be carried out.

This method of beam measurement eliminates desorption from the crystal sup-
port assembly and may be used to measure accurate thermal desorption spectra
[31-34]. It may also be used to measure the sticking probability [29-32, 34];

Line of Sight Aperture M

Focal Area Diameter dy

Diameter dg lonization Violume
Aperture N Quadrupole

Sample Diameter dy Electron Multiplier

— Cryo-Pump —

< >4 >

In Iy

Not to Scale

Fig. 24.6 Line-of-sight mass spectrometry for thermal desorption
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surface reactions can be measured either isothermally or during heating [30, 31, 34,
35]; and radical desorption may be directly measured [30].

The upper pressure limit for the apparatus is about 10~* mbar, where mean free path
considerations will disrupt the trajectories of molecules coming from the crystal.

24.7 Mass Spectrometer Calibration by Molecular
Decomposition

Many factors make it difficult to control the partial pressures of two or more gases
in a pumped vacuum system and to know the absolute ratios of partial pressures,
much less the absolute partial pressures themselves. The factors that prevent such
calibrations have to do with fundamental issues such as the pumping speed, for
individual gases, the relative differences in sticking coefficients on the chamber
walls for different molecules, and the absence of absolute knowledge of gas fluxes
from calibrated dosers, etc. One way to overcome some of these difficulties is to
utilize the thermal decomposition of molecules, containing known stoichiometric
ratios of the elements, and to measure the relative signals from the gaseous
decomposition products under dynamic pumping conditions [36].

Figure 24.7 shows a general arrangement that maybe utilized for these mea-
surements. A molecular beam consisting of the pure compound is directed at a
heated surface that is known to decompose the compound, producing only gaseous
products. A mass spectrometer samples the desorbing gas products and yields
signals of the mass spectrometer cracking products and parent ions of the product
molecules from the decomposition.

The absolute mass spectrometer sensitivity, f3,, is defined as

By = KT /S, (24.3)

Here we define #, as a proportionality constant such that P, = 7./, and is often
called the mass spectrometer sensitivity, converting an ion signal into a partial
pressure. The quantity 7, contains factors such as the ionization probability of the
molecule, the transmission probability of the ions through the mass spectrometer,
and the electron multiplier gain, which is generally considered to have a M '?
dependence, where M = molecular mass.

On this basis, the ratio f./8, will be the relative mass spectrometer sensitivity for
the two species, x and y.

If we can generate the two species in a known stoichiometric ratio by decom-
position of a molecule on a hot surface, and if we know the pumping speeds for the
two molecules from their molecular weights (scaling as M /), then the relative
sensitivities f,/f, can be determined. It is of course important to measure changes in
I, above the background and to consider that a particular mass spectrometric ion
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Fig. 24.7 Mass spectrometer calibration by molecular decomposition

may contain contributions from the cracking of more than one type of molecule. It
is also important to remember that this method assumes that the angular distribution
of all of the product molecules from the molecular decomposition is the same, and
probably of cosine form if surface equi-librium is achieved before release of the
product molecules.

The method has been used for two molecules to determine the relative sensitivies
for four gases as diagrammed below:

H,CO — H, +CO (24.4)
4DCOOH — D, + 2HD + H; + other products (24.5)

In the case of the isotopicallylabeled formic acid, an equilibrium mixture of the
three hydrogen isotopes will be produced, since possible kinetic isotope effects
changing this ratio are likely to be small at the high surface temperature of the
decomposition.
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For the vacuum system used in [36], in which a UTI-100C mass spectrometer

was employed, the following relative sensitivities were determined:

Buz : Bup : Pos: Beo = 1.00: 0.80: 0.63: 0.98 (24.6)
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Chapter 25
Temperature-Programmed
Desorption/Reaction

25.1 Thermal Desorption—Angular Resolved

The measurement of the angular distribution of molecules desorbing from single
crystal surfaces provides information on the dynamics of the desorption process.
For desorption from completely equilibrated surface species, a cosine distribution is
expected. However, often a noncosine distribution is observed, and this may be
related to processes such as atom recombination at a point on a repulsive
adsorbate-surface potential energy curve in the region of the transition state.
A simple apparatus to measure the angular distribution is shown in Fig. 25.1a [1].

A collimator is used to select particles desorbing at a certain angle, ®, with
respect to the surface normal. The crystal is of rectangular geometry
(10 mm x 10 mm % 1 mm), and the apertures have dimensions @; = 1.5 mm x 6 mm;
a, = az = 30-mm diameter; a, = 6 mm x 10 mm). The length of the collimator is
100 mm and the distance to the crystal is 23 mm in these measurements. The
acceptance angle outside and inside the collimator is 2.1°, and a region on the crystal
measuring 3 x 9 mm? will be sampled in the normal direction; at 70°, a 9 x 9 mm?
region will be sampled. An angular distribution of form cos"® will give a signal
proportional to cos™ @.

The collimator is internally pumped by means of a Ti getter film which is
deposited by evaporation from a Ti wire source, and this will act as a very fast
internal pump for the collimator (see p. 72).

The ionization gauge is located off-axis so that only a random flux of gas,
thermally equilibrated with the walls of the chamber containing the gauge and ion
pump, will be measured. The ionization gauge was thermostatted by means of a
water bath, and the ion pump was operated with a stabilized DC power supply to
reduce fluctuations in pumping speed. It was found that a pulse of H, into the
ionization gauge chamber resulted in a short period decrease in the background
signal, so for measurements of H,, a continuous minute constant flux of H, was
added. No difficulties of this kind were observed with CO.

© Springer International Publishing Switzerland 2015 273
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Figure 25.1b shows typical desorption spectra for H, from Ni(111) that has been
saturated with H,. The angular distributions of both H, and CO from Ni(111) are
shown in Fig. 25.1c. It can be seen that CO desorbs in the two azimuths measured
with a cos® distribution, whereas H, has a sharper distribution, described as cos"0,
where n = 4.6 or 4.8.

25.2 Magic-Angle Thermal Desorption Mass Spectroscopy

The thermal desorption of species from surfaces is widely used throughout the field
of surface science for studies of adsorbates on metal foils and single crystal surfaces
(see p. 273). Often an unshielded mass spectrometer is used for detection of the
desorbing particles and it will generally measure the density of gas produced in a
random flux within the vacuum chamber. More modern methods involve the use of
apertured mass spectrometers that are differentially pumped within the surrounding
shield (see p. 72). The aperture is often close-coupled to the crystal surface along
the surface normal in order to collect the majority of the desorbing gas evolved
from the region of the crystal viewed by the aperture. Under these conditions of
efficient collection, considerations of the angular distribution of the desorbing gas
are of second-order importance.

However, when the apertured mass spectrometer is located far from the crystal
surface, considerations of the angular distribution of the desorbing gases become
very important, especially if measurements are made of the relative signal from
different gases desorbing simultaneously (and sampled by multiplex methods).
Thus, gases are known to desorb with angular distributions approximated by cos"®
where © is the angle from the normal. Here n can have a value of unity, or values
running to about 20 in extreme cases. If the value of n differs significantly for two
species desorbing simultaneously, then errors in estimating the relative signal
intensities will occur, and these errors can approach 400 % for collection along the
normal direction when the mass spectrometer is distant from the crystal. Pauls and
Campbell [2] have considered this problem and have found that there is a magic
angle for the mass spectrometer location that will minimize the error in comparing
desorption signals with n varying over the range 1-9. Figure 25.2a shows the
geometry of the mass spectrometer collection optics, where r is the crystal radius,
and d is the distance to the aperture. The polar angle ® is shown. Figure 25.2b
shows the magic angle, which minimizes the error in the relative magnitude of the
desorption signals having varying angular distribution, where an integration over
the emitting surface of the crystal has been carried out. The function shown varies
as the value of the ratio d/r varies. For typical values of d/r from 2 to 5, the magic
angle varies from 42° to 34°, and at large values of d/r, the optimal angle of
®,, = 34° is found. The variations in the signal for the range of n considered is only
about 26 % at ®@,,, = 42°.

It should be mentioned that the mass spectrometer detection behavior may vary
between two limits. For very fast pumping within the shield, only a single pass of
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the desorbing species occurs through the ionizing optics, and considerations of the
molecular velocities of the gas molecules would be necessary in measuring relative
fluxes [3]. For very slow pumping in the shield, which is the normal method of
operating the shielded mass spectrometer at high sensitivity (see p. 259), the
desorbing particles will probably acquire the temperature of the ionizing source and
then these considerations of molecular velocity will be unneeded. The detector
signal is then truly proportional to the flux entering the aperture [2].

These considerations also apply to the measurement of any particle desorption
technique, for example sputtering of neutral species from surfaces [4].
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25.3 High-Temperature Thermal Desorption
Spectroscopy

The extension of thermal desorption spectroscopy into temperature regions well
over 2000 K involves the use of electron bombardment heating rather than ohmic
heating. Electron bombardment heating introduces experimental complications into
the method, which have been overcome as shown below [5].

The experimental difficulties introduced by electron bombardment heating are
listed below:

1. The accelerating potential for electrons must be in the kV region. If the crystal is
grounded, and the emitter is biased negatively, then spurious desorption may
occur from regions other than the crystal that are also at ground potential.
Therefore, biasing the crystal positive is the preferred mode. This requires that
the thermocouple be measured using a high-voltage isolation amplifier, and the
amplifier must be able to handle short high-voltage common mode signals if
shorting occurs between the sample/thermocouple assembly and grounded
regions of the support assembly. A suitable high-voltage precision isolation
amplifier is commercially available [6].

2. Because of radiative heating of the emitter filament by the incandescent crystal,
causing enhanced thermionic emission, the heating current to the emitter must
be controlled by a computer working in feedback style. The LabVIEW computer
(see p. 351) and program are ideal for this, but another program was used in the
work described here.

3. The mechanical mounting of the spiral emitter filament is critical. It must be
rather close to the back of the crystal, and it should be mounted in a strain-free
condition prior to first heating. Even then, distortion of the filament may occur,
and because of its brittle character after heating, readjustment of its position by
bending the W is impossible. However, if the filament is mounted on ductile Ta
posts, they may be slightly adjusted by bending after the filament is embrittled,
moving the filament to the correct position. Spiral W emitters, wound to
specified dimensions, are commercially available [7].

4. The thermocouple wires, because of their small radius of curvature, will con-
centrate the electric field lines to themselves, and will undergo electron bom-
bardment with a higher current density than the flat crystal, causing excess local
heating. This may be avoided by mounting the thermocouple close to the top of
the crystal, and placing the emitter closer to the bottom as shown in Fig. 25.3a.

The desorption of Pt from a W(211) crystal is shown in Fig. 25.3b, where a
quadrupole mass spectrometer, working in the line-of-sight mode was employed for
detection [5].
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25.4 Automated Temperature Programmed Desorption
(TPD) Apparatus

A computer-controlled system allowing acquisition of large data sets automatically
is shown [8]. The system has a single crystal, mounted off-center, a molecular beam
doser at position 1 and a shielded quadrupole mass spectrometer at position 2. The
crystal is moved, after automated cleaning by heating, to the doser, where for a
specified time it is dosed with gas. It is then moved to the mass spectrometer
(QMS) position for the measurement of the TPD spectrum as the sample temper-
ature is automatically programmed upwards. In between each separate adsorption
experiment, the mass spectrometer is recalibrated against the steady small back-
ground pressure of the gas being continuously dosed to compensate for drifts in the
multiplier gain.

Figure 25.4a shows a schematic of the apparatus. Two stepper motors (type
Nema 23, 1 A current rating) are used to rotate the sample and to translate the
sample as shown by the arrows on the drawing. The motors operate on an open loop



254 Automated Temperature Programmed Desorption (TPD) Apparatus 279

(@) @ & .

Boam Doser Eﬂ'L@\f Single Crystal Disk
@ RO Cool Sample
N o L -
o
/) = i

Shielded OMS

s ()
1S chuay

- OGS N O TR
— woonames swo
e

(b)

Stappor p.umAr.d
El{=]- d
(d) =«

/
Q\

\ E
:
snnD';' Gos ine

rg““‘"’r 100 200 300 <00 500 600 TOQ 800

T(K)

QMS Signal

,..
()
§

LI I

g

Integrated TPD Intensity

o

0 10 20 30 40 50 6 70 80
Exposure-Molecules cri? x 10™

Fig. 25.4 Automated temperature programmed desorption. a Two position-automated TPD

apparatus. b Schematic of control system. ¢ Automated TPD program. d Typical TPD. e Integrated
desorption yield

control system without position feedback to the computer. Figure 25.4b shows the
main function blocks for control. Through the DAQ board, the computer controls
the power supply that feeds the heating current to the crystal. It also reads the
amplified output of the thermocouple attached to the crystal. The stepper motors are
driven by two motor control boards (Motion Group, model MS2.0). The motors
provide an angular resolution of 1.8° translating into an angular resolution of 0.045°
inside the vacuum system. The resolution of the micrometer giving linear motion to
the crystal is in the pum range.

The timing of separate steps is shown in Fig. 25.4c. Dosing of the sample to
different doses of gas is accomplished in the constant-gas flow by adjusting the time
of exposure. QMS calibration is then performed with the crystal in a null position.
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TPD is next carried out with the crystal at position 2 in front of the shielded QMS.
After the upward temperature ramp, the crystal is cooled before continuing the
cycle. Figure 25.4d shows a stack of typical TPD measurements made, where the
exposure is automatically increased by a factor of 2" in each step. Figure 25.4e
shows that the coverage increases linearly with exposure, to great accuracy. This
means that the adsorption process is governed by the production of a mobile
precursor species.

The automatic method is highly accurate since it does not involve human
intervention.

25.5 Scanning Kinetic Spectroscopy—A Survey Method
for Investigation of Surface Reaction Processes

Multiple reaction pathways are available to a polyatomic molecule interacting with
a solid surface. It is often useful, in a survey experiment, to delineate the temper-
ature regions where various reaction steps are either active or inactive. The scan-
ning kinetic spectroscopy (SKS) method [9] permits this to be done efficiently in
many cases [10, 11].

Figure 25.5a shows an SKS apparatus for the study of a molecule’s decompo-
sition routes on a single crystal surface. The cleaned single crystal is first covered
with a monolayer of the adsorbate to be studied at a temperature below the dis-
sociation temperature of any of the bonds in the molecule. At this point, the crystal
is rotated into a beam of the molecules originating from a collimated beam doser, as
described on p. 421. Initially, the incident beam is reflected off of the saturated
monolayer on the crystal, providing a reference signal in the mass spectrometer
which is located behind an apertured shield (see p. 259) and is differentially
pumped (see p. 72). The crystal is then programmed upward in temperature, and the
mass spectrometer records, in the multiplex mode, all of the relevant mass peaks
related to consumption of the parent reactant molecule and to liberation of product
molecules, as shown schematically in the bottom section of Fig. 25.5a.

Figure 25.5b shows a typical set of SKS measurements, made in multiplex
mode, which characterizes the temperatures where the various elementary steps
occur. The steps themselves are shown in Fig. 25.5c. Here, the reaction of the
methanol molecule on Ni(111) is investigated.

Let us follow the processes observed in Fig. 25.5b and outlined in Fig. 25.5c. In
this example, the isotopically labeled molecule, CD;OH, is being employed as the
reactant at a known flux onto the crystal. The covered crystal is rotated into the
CD5OH beam at the double-headed arrow on the left. In the top panel of Fig. 25.5b,
at temperatures below 187 K, CD3OH merely reflects off of the monolayer of
CD;OH previously adsorbed, and a flat line for mass 33 is observed in this region.
Upon beginning the temperature program, a-CD;OH is first observed to desorb,
originating from undissociated methanol molecules. At the dashed line, 290 K, a
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B-CD3;OH feature is sharply evolved. The B-process is due to an elementary step
involving the recombination of adsorbed H (from CD;O-H bond scission) with
adsorbed methoxy, CD;O0. It is informative to note that when the isotopic molecule,
CD;OD, is monitored at mass 36, the -process is also observed, and the D atom
involved here can only come from the breaking of a C—D bond in adsorbed CD;0.
This probably occurs by the production of adsorbed formaldehyde, CH,O (a),
shown (Fig. 25.5¢) in process A, where the isotopic composition is not written for
any of the molecules in Fig. 25.5c. When mass 4 is monitored in Fig. 25.5b, D, is
observed to desorb at 330 K, opening up sites on the surface. When mass 28 is
monitored in Fig. 25.5b, CO is observed to desorb at 420 K, also opening up sites.

Three processes labeled y are also indicated on the top SKS spectrum. The
process v; for adsorbed CH30 formation by O-H bond scission is not defined, since
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a volatile product is not liberated from this process, but O—H bond scission must
begin below 290 K since the B-recombination process begins at 290 K. The process
v, and y3 involve the consumption of the reactant molecule since the reflected flux
of reactant falls below the reference line in this temperature region. These con-
sumption processes are closely correlated with the D, and CO desorption processes,
shown near the bottom of Fig. 25.5b, which open Ni sites for adsorption and
reaction processes.

The SKS method is a fast survey method, giving one a partial view of the
characteristic temperatures for various adsorption, desorption, and surface disso-
ciation processes. It has been effectively used with intentional poisoning of the
surface by added species, and with intentional addition of known reactants to the
surface [9]. It has been successfully used to observe deuterium kinetic isotope
effects that give insight into the rate-controlling steps in surface reactions involving
the hydrogen moiety [9, 11]. The original concept of temperature scanning while
making reaction kinetic measurements on single crystal surfaces was first presented
in 1981 by Goschnick and Grunze [12]. The SKS method also resembles the
familiar temperature-programmed reaction spectroscopy (TPRS) [13, 14] (see
p. 282), but SKS has added advantages of working like a flow reactor where fresh
reactant is continuously supplied during the measurements.

The ability to rapidly scan many mass peaks and to record the time behavior of
selected mass peaks has been a familiar subject for a number of years. Recently, a
fast multimass measurement method has been introduced that permits up to 15 mass
spectra of 50 amu width to be recorded per second, using a quadrupole mass
spectrometer [15]. Another variation on this method scans up to 100 complete mass
spectra per thermal desorption experiment. Enhanced signal-to-noise is achieved by
integrating each of the mass peaks rather than by measurement of the peak height
only [16].

There are many other mass-spectrometer based methods used for the study of
surface reactions in which transient surface species may be detected. Among these
is laser induced desorption, in which a Fourier transform mass spectrometer is often
used [17]. Here, the laser may be used to desorb surface species without extensive
thermally induced fragmentation.

25.6 Temperature-Programmed Reaction Spectroscopy
(TPRS)

This method extends the basic concepts of temperature-programmed desorption
(TPD) (see p. 259) to examine complex surface reactions. Multiple mass channels
are monitored simultaneously during programmed heating. The method has been
widely used to unravel the kinetic steps in both decomposition and synthesis
reactions on single crystal surfaces. The method also resembles scanning kinetic
spectroscopy (SKS) described on p. 280.
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An example of the use of TPRS is given here [18]. The interaction of ethylene
glycol, (CHA®0H),, with fractional monolayers of chemisorbed 80 on Ag(110) has
been studied. First, up to 200 mass peaks are scanned to survey the products. Then,
using methods which scan 10 mass peaks in a multiplex mode in 20 ms, the
temperature dependence of evolution of a variety of products was measured as
shown in Fig. 25.6a. The two cross-hatched desorption processes occur in surface
reaction limited processes and contain no 180, and are the end result of the oxi-
dative dehydrogenation of the ethylene glycol. The five remaining product peaks
are indicative of reactions involving the chemisorbed '*0.

The desorption of H3*O at 255 K occurs as a result of the direct reaction of O—H
bonds of the two O—H groups of the ethylene glycol with adsorbed 0, as illus-
trated in Fig. 25.6b. The desorption together of HA*0 and CH®O with a peak
temperature of 300 K is indicative of a surface reaction controlled by C—H bond
scission in the CH, groups of the 1,2 ethanedioxy species as shown in Fig. 25.6c.
The simultaneous evolution of H, and C'°0'™0 at 415 K is indicative of the
decomposition of adsorbed formate, HC1800, on the surface. Similar reactions
were observed in separate experiments with adsorbed formate, and are illustrated in
Fig. 25.6d.

There are other possible mechanisms that might participate in the surface
reactions, and these were eliminated by using D substitution for H in the CH,
groups of the ethylene diol and looking to see whether a primary kinetic isotope
effect was seen, in which the scission of the C-D bond occurs at a significantly
higher temperature than the C—H bond in the unlabeled molecule. This isotope
effect was observed, pointing to C—H bond scission as being a key elementary step
in the surface chemistry.

Two reviews on TPRS have been written [14, 19].
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Chapter 26
Gas Chromatography—Enhanced
Sensitivity

26.1 Gas Chromatography—Sensitivity Enhancement

The sampling of gases for gas chromatography analysis suffers from the fact that
gas expansion in the sampling lines invariably causes loss of analytical sensitivity.
This behavior may be reversed by using a high-pressure pulse of the carrier gas to
compress the low-pressure gas sample into the sample loop, where it is then swept
into the gas chromatograph. A factor of 20 or more sensitivity enhancement may be
achieved. The application shown here involves sampling a high-pressure reactor
being used to study the kinetics of a catalytic reaction over a single crystal.'

As shown in Fig. 26.1a, the reactor volume to be sampled is connected by valve
V, to a length of capillary tubing containing an aliquot volume. The tube is then
connected via a tee to a gas chromatography sampling valve. Gas from the reactor is
expanded into the aliquot volume and the thin tubing (V5 open) and its pressure is
read with a low-volume pressure gauge. The valve V, to the pump is closed and
valve V; is opened to the high pressure of the carrier gas regulator (about 800 Torr).
Valve V, is then opened, and the carrier gas acts as a piston, compressing the
sample gas into the sample loop located on the sampling valve. The contents of the
sample loop are then injected into the gas chromatograph, as shown in Fig. 26.1b.
In the case shown here, the sampling volume is the aliquot volume plus the volume
of the thin tubing, valve, and sampling loop. By keeping valve V5 closed during
sampling, the sampling volume is just the aliquot volume. It was shown that two
consecutive analyses using this method differed by less than 4 %.

"Personally contributed by Professor C.T. Campbell, Department of Chemistry, University of
Washington, Seattle, WA 98195. See also [1].
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Chapter 27
Work Function, Tunneling Spectroscopy
and Ellipsometry

27.1 Work Function Changes Using Retarding Diode
Method

The use of a retarding diode method for measuring work function changes upon
adsorption is one of the oldest and simplest methods for measurement in surface
science. The literature related to this method is mostly from the 1960s or 1970s
[1-6]. Other methods for measuring work function changes are described elsewhere
in Sects. 27.2-27.6.

In Fig. 27.1a is shown a thermionic emitter housed in an ultrahigh vacuum
system and facing a sample whose work function change, 49, is to be measured as a
result of adsorption or desorption. The emission current collected by the sample as a
function of the applied voltage, U, is given by

I(U) = AT? exp[—e(U + ¢)/kT] (27.1)

where A is a constant (proportional to the cathode area), T is the absolute emitter
temperature, k is the Boltzmann constant, and ¢ is the sample work function, and
e is the electronic charge. Equation (27.1) applies only for the initial section of the
retarding potential curve where space charge effects are absent [4].

In Fig. 27.1b, a plot of the collected current versus the retarding potential, U, is
shown for a sample which has undergone a work function change, 4¢. The dif-
ference in the retarding potential measured at constant current on the linear sections
of the curves is equivalent to the work function change, assuming that the emitter
work function has not changed and that the emitter temperature remains constant.
This difference measurement is made where the two “linear” portions of the curve
are exactly parallel.

In practice, the resistance, R,, of the emitter is kept constant using a Wheatstone
bridge, and if the dimensions of the emitter filament have not changed due to
oxidation of the material of which it is made or to sublimation of the emitter, the

© Springer International Publishing Switzerland 2015 289
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temperature will also be constant. The temperature of the cathode emitter will be
sensitive to the heat loss through the leads to the emitter, and thermostating these at
constant temperature with a water cooling jacket will remove this variable.

There are several factors that can affect the measurements using this simple
device. One possible problem is the emission of impurity gases from the hot emitter
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filament, which will influence the work function of the sample. Second is the effect
of the hot filament on the residual gases in the vacuum system (for example, H,
dissociation) making them reactive with the sample. This effect can be eliminated
by turning off the emitter during gas admission. The method will not work well at
pressures above about 10™* Torr, since otherwise the cathode might be cooled by
heat conduction through the gas. Finally, the effect of electron bombardment and
radiation on the surface layer on the sample must be understood when using this
method.

The retarding diode method has been employed in a conventional LEED
apparatus with continuous derivative measurement of the work function change
during adsorption. A sensitivity of about 5 meV was obtained, using the lock-in
amplifier method for making continuous measurements of the changing work
function [7]. Reference [7] also summarizes background papers in this area.

27.2 Work Function Measurements Using an Electron
Gun

One of the simplest methods to measure the work function change during
adsorption on a metal single crystal is to employ a retarding potential method, using
an ordinary electron gun and an interposed grid or aperture. Figure 27.2a shows a
simple device first used for the study of hydrogen, nitrogen and xenon adsorption
on tungsten surfaces [8—10]. An electron gun of ordinary design supplies current to
the crystal through an aperture made of coiled tungsten in this case. The coiled
tungsten is also used as an electron emitter for thermally cleaning the tungsten
crystal at 2500 K. The crystal is welded to a thin wire support which may be cooled
with liquid nitrogen. By using 25 eV electrons, and retarding between the aperture
and the crystal surface, I-V plots are obtained, and from the shift in electrical
potential of the knee region, the work function change may be deduced as gases are
adsorbed on the crystal. The reproducibility of duplicate measurements is
about £20 meV.

Figure 27.2b shows the linear work function change versus coverage for H,
adsorption on W(100). The linearity versus measured coverage (using thermal
desorption spectroscopy) suggests that depolarization effects between neighbor H
atoms are small in this case [8]. Figure 27.2¢ shows measurements of the adsorption
of N, on W(110) at 123 K. Here, the work function change is nonlinear with
coverage, and this indicates that depolarization effects exist between the adsorbed
molecular N, molecules [9]. The plot shown in Fig. 27.2c is a fit to the immobile
Topping model, and the N, polarizability may be obtained from this fit [9, 11].

The use of an electron gun in a display LEED apparatus for retarding potential
measurements of work function changes has been described [12].
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27.3 Work Function and Electron Reflection Coefficient
Measurements with the Shelton Diode

The use of the Shelton diode [13, 14] to measure the work-function difference
between two surfaces, an emitter and a collector, has been employed to determine
the difference in work function between two crystal planes of tungsten. In addition,
the work-function change during adsorption of a gas on the collector, and the
energy-dependent reflection coefficient for electrons incident normally on the col-
lector surface, can be measured with this device [15].

Figure 27.3a shows the schematic arrangement used [15]. Two single crystals of
different crystallographic orientation are mounted by wires and a tungsten spring in
support rings. These crystals face a movable septum containing a small aperture.
Either crystal may be heated by electron bombardment to a temperature where
thermionic emission occurs, and a feedback stabilized controller is used to maintain
emitter and crystal temperature constant, using the current collected from the crystal
emitter by the septum for regulation of the temperature of the spiral tungsten emitter
located behind the emitter crystal. The entire assembly is placed in an axial mag-
netic field of 3600 G, causing the emitted electrons to travel in tight spiral paths
from the emitter to the collector crystal. The movable septum permits sampling of
different regions of the emitter and collector. The collector crystal current is plotted
against the retarding potential applied between emitter and collector, and a typical
retarding potential plot, as shown in Fig. 27.3b, may be measured. The collected
current follows the equation

I = Iyexp[—e(Vg + A) /KT (27.2)

where I, is the emitted current from the emitter, Vy is the retarding potential
applied, and A¢ is the difference in work function between the collector and the
emitter, and e is the electronic charge. Thus as the work function of the collector
changes, the retarding potential plot (Fig. 27.3b) will shift. The shift of the “knee”
in the plot is a measure of the work-function change of the collector, and may be
used as a measure of the adsorption of a gas on the collector, the emitter remaining
clean at its high operating temperature. The device shown in Fig. 27.3a measures
collected currents of the order of 0.01 pA and to avoid problems with leakage
currents, the terminals to each crystal are shielded from evaporating metal films by
the hat-shaped shields shown on each feedthrough. The device is symmetric, so that
it may be operated with either crystal acting as the emitter, but such a symmetrical
arrangement is of course unnecessary if one is interested in only one crystal. In
contrast to similar devices [13, 14] that used ohmic heating of the emitter, this
device does not have a potential drop across the emitter region sampled by
the aperture and should therefore perform better by having less uncertainty of the
electrical potential distribution in the sampled emitter region.

By varying the electron energy and measuring the collected current, curves like
those shown in Fig. 27.3c may be generated. These curves are related to the
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effective electron reflection coefficient in the plateau region and have to do with
band structure and other possible effects at the collector.

The accuracy of work-function measurements made with this device is of the
order of £20 meV over many months of operation with tungsten crystals.
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27.4 Improved Piezoelectric Drive Kelvin Probe

The Kelvin-Zisman vibrating capacitor method for measuring changes in the work
function of a surface is widely used in surface science studies. The principles of this
method are well described in the literature [16, 17] and will not be discussed in
detail here. Basically, a reference electrode is caused to oscillate at audio frequency
and the electrical potential of the reference electrode is adjusted to yield a null
signal in the capacitance circuit. As the work function of the sample changes due to
adsorption or to changes in temperature, the potential applied to the reference
electrode is adjusted to maintain a null signal in the AC circuit. The change in the
applied potential is equal to the change in the work function or surface potential of
the sample. It is of course important to know that the reference electrode is not
changing its work function during the measurements, and inert electrodes such as
Au or SnQO, films are often used. The vibrational motion of the reference electrode
is commonly produced by mechanical excitation of the resonant frequency of the
device, by an electromagnetic driving mechanism, or by the use of a piezocrystal
oscillator.

The design shown in Fig. 27.4a involves the use of a piezoceramic foil actuator
[18]. This avoids the interaction of stray magnetic fields from an electromagnet
driver with the sample, which could cause problems if the sample is magnetic. In
addition, the measured signal is taken from the reference electrode, not the sample,
avoiding complications owing to the connection of the sample to both the heating
circuit and the thermocouple circuit. The device described in Fig. 27.4a is a
modification of the piezoelectric Kelvin probe built by Besocke and Berger
[19, 20]. The device was used to study magnetic materials and yielded an accuracy
of +1 meV [21]. This compares to a reported sensitivity of better than 0.1 meV in
the original device built by Besocke and Berger [19]. The reader is referred to the
original paper [18] for dimensional details of the Kelvin probe shown in Fig. 27.4a.
The reference electrode is an L-shaped piece of gold, connected by a tungsten wire
to a quartz rod and thence to a shield plate. This assembly is actuated by a piez-
oceramic foil [22], containing vapor deposited Ag contacts on both surfaces, and
glued using UHV leak sealer to a tungsten reed, 20 mm x 4 mm X 0.1 mm thick.
The signal from the Au reference electrode is measured through a very thin wire
connected to a support ceramic before exiting the apparatus. The stable resonance
frequency of the reed is about 130 Hz, the amplitude of vibration is about 0.1 mm,
and the AC driving voltage is about 1.0 V. The spacing between the reference
electrode and the sample is about 0.5 mm.

Before operating, the piezoceramic foil is polarized by a DC voltage pulse above
300 V. The polarization remains as long as the piezoceramic is not heated
significantly.

Figure 27.4b shows a block diagram of the self-compensating feedback circuit
which allows a continuous measurement of the work function change. It is esti-
mated that the drift is about 1 meV/h and the noise is about £0.5 meV. The response
time constant of the system is less than 10 s. The variable DC power supply
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supplies a variable compensating voltage, V,. The authors note that electron
emission from thermionic sources can disturb the electrical isolation of the sample
and the reference electrode [18].
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Figure 27.4c shows a record of the increase in the work function of a poly-
crystalline Ni sample as it cools through the Curie temperature, Tc.

Excellent reviews and analysis of the effects of stray capacitance [23, 24] and
noise [25] on the performance of the Kelvin probe have been published. Kelvin
probes, driven by an electromagnetic voice coil and possessing superior noise
levels, have been described [26, 27].

The Kelvin probe has been used in dynamic measurements of the desorption of
one desorbing surface species from a single crystal surface [28]. The method was
shown to give superior resolution of overlapping desorption processes compared to
temperature programmed desorption into a large chamber with gas monitoring by a
quadrupole mass spectrometer [28]. Also, the dynamic work function change
method can be used over a wider range of dT/dt than the mass spectrometer method
[28].

For more complicated surface phenomena in which surface decomposition of a
molecule may occur without product desorption, the use of the Kelvin probe for
observing work-function changes associated with decomposition has proven helpful
[29]. The Kelvin probe may also be used to measure work-function changes on
semiconductor surfaces when adsorption occurs [30].

27.5 Improved Electromagnetic Drive Kelvin Probe

In comparison to the piezodriven Kelvin probe shown on p. 295, an
electromagnet-driven device is described here with somewhat different features.

In the design shown in Fig. 27.5a, great attention has been paid to the elimi-
nation of stray capacitances [31]. This is accomplished by electrical adjustments of
a potential applied to the electrical shielding as described in the original paper [31].
The reference electrode is a grid of 80 % transparent stainless steel mesh, stretched
across a 3—4-mm-diameter Mo ring, and coated with SnO, (see p. 123) to produce
an inert surface of constant work function during gas adsorption. The spacing
between the reference electrode and the sample is 0.3—0.5 mm. The transparent grid
electrode is used in order to allow the sample to have almost full access to gas
during adsorption rather than having partial blocking by a solid electrode. The
frequency of the device is about 160 Hz, but it is advantageous to operate at higher
frequencies, so that an overtone frequency of 1150 Hz was used. Working at such
high frequencies has the effect of removing disturbances owing to low frequency
noise, caused by effects such as bumping the apparatus. Because the resonant
overtone frequency is sharp (<0.5 Hz) a quartz oscillator was used for stability. The
amplitude of the vibration is about 0.1 mm. The response time constant was
measured by applying a sudden potential to the sample, and was 20 ms.

The Kelvin probe is constructed using a light stainless steel tube to connect the
reference electrode to the holder. A lightweight mu metal platelet was welded onto
the tube in the position of the electromagnet, and the assembly was clamped in a
stainless steel holder, electrically isolated by ceramic insulators from the
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electromagnet mounting. The electromagnet is made of soft iron and is wrapped
with a few turns of aluminum winding wire, which has an anodized oxide insulating
surface film for isolation. All electrical measurements are made from the isolated
reference electrode assembly, using rigid partially screened conductor wires that are
free of microphonics, and that are connected to vacuum feed throughs. Figure 27.5b
shows a measure of the noise and long term stability of the device.

The quality of the measurements made with this apparatus permit one to study
the time derivative of the work-function change on the sample as adsorbate surface
coverage changes. Assuming that the work function is linearly proportional to
coverage, the thermal desorption spectrum obtained with the mass spectrometer
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should agree with that obtained from the derivative of the work function. It was
found that an improvement in the resolution of the thermal desorption spectroscopy
could be achieved by using the Kelvin probe, compared to the mass spectrometer
detector of desorbing gas. However, the two kinetic curves do not agree because of
the nonlinear behavior of work function with coverage. Figure 27.5¢ shows data for
the thermal desorption of CO from Ru(001) measured both ways [31].

Reference [31] gives an excellent review of the development of the vibrating
capacitor method for work-function measurements.

An excellent analysis of the effect of stray capacitance on Kelvin probe mea-
surement is given in [32], and the effect of noise on Kelvin probe measurements is
given in [33]. Reference [34] gives a new design for a Kelvin probe involving a
voice coil driver. Reference [35] gives design and performance features for a Kelvin
probe with a reproducibility of 1 meV over long periods of time. In addition,
methods for measuring the work-function change during ohmic heating of a metal
crystal are described [35].

27.6 Kelvin Probe—High Temperature Flow Reactor

The vibrating Kelvin probe has been described on pp. 295-299. Both mechanical
and electromechanical activation of the motion of the reference electrode have been
employed. For electromechanical activation, a piezoceramic actuator is often used,
but because the upper temperature limitation is near 415 K for these actuators, they
are not generally useful for high-temperature studies.

Figure 27.6 shows a method for using a piezoceramic actuator [36] to drive a
Kelvin probe at some distance from a high-temperature sample [37]. The device,
with a balanced quartz tube lever of 180-mm length, has the actuator on one end
and the Au Kelvin probe electrode on the other. The quartz tube (2-mm diameter)
lever arm is balanced on sapphire rods, as shown in the drawing. The actuator is
coupled to the quartz tube lever with a light weight stainless steel spring. This
refinement avoids the addition of a large mass to the actuator, and the resonant
frequency of the device is close to that of the free actuator (in this case, 325 Hz).

The apparatus is used to study chemical reactions on a single crystal sample
placed under the Kelvin probe. This sample may be heated in flowing gas while the
work function is being measured. The large distance between the hot sample and
the actuator avoids heating of the actuator. In addition, the large separation distance
prevents electromagnetic pickup in the work function measurement from the pi-
ezodrive unit. A sampling tube permits the gas composition to be measured in the
vicinity of the sample, and this provides a measurement of the local rather than the
incident gas composition.

The resolution of the probe was estimated to be better than 5 meV, using known
applied potentials on the sample for calibration. It is believed that improvements in
the electrical measurement methods will lead to substantially lower noise and
higher resolution [37].



300 27 Work Function, Tunneling Spectroscopy and Ellipsometry

Gas Sampler  Au Balanced .
Tube to Mass Reference Glass Tube Quartz ?era;mfc
Spectrometer Electrode Tube nsulator
< —jl Gas
T ﬁ Inlet

'\ \ \ L Piezoceramic

Actuator

Heated R i
Sample + Crar:qsﬁ ing s Top Grounded Cu Shield
Thermocouple Qnehor e View

Sapphire W

Rods

: Spiral Spring
Balance Point Joint

Fig. 27.6 Kelvin probe—high-temperature flow reactorhigh-temperature flow reactor

27.7 Scanning Tunneling Spectroscopy (STS)—
Compensation for Density of States of the Tip

Many examples if the use of I/V measurements for probing the local density of
electronic states (LDOS) of adsorbed atoms and molecules are now present in the
literature. Similarly, for alloy metal surfaces, STM-STS measurements are often
used for studying the individual metal atoms, either in the surface or the subsurface
layers of the metal. A common difficulty with these measurements is that the I-V
and dI/dV measurements versus V contain a contribution from the LDOS of the tip
atoms which is mixed in. In the method to be described here, a subtraction of STS
spectra is made in order to cancel out the LDOS contribution from the tip.

Figure 27.7a shows a schematic alloy of composition A,B,. The STM, through a
number of averaged scans across an identical region, provides first a dI/dV scan of
atom A, which contains, also the tip contribution. A similar number of scans across
atom B provides a second dI/dV scan, also containing the tip contribution. By
subtracting A—B, the tip contribution is cancelled out, and the difference spectrum
represents the change in dI/dV when one moves from atom A to atom B. These
differences are able to be handled more easily by theory than the convoluted spectra
from which the difference spectrum is derived [38].
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One example shown in Fig. 27.7b concerns the Cu-Pd alloy, where STM can
distinguish surface Cu atoms, surface Pd atoms, and subsurface Pd atoms. The data,
when subtracted give a difference spectrum for the two types of Pd. Here the Cu
spectrum has been used as a subtraction spectrum, removing the tip contribution.
The difference spectrum therefore represents the difference between Pd and Cu. It is
seen that at about —0.4 V, both types of Pd atoms exhibit a slightly lower LDOS
than Cu atoms. Consequently, charge transfer takes place from Pd to Cu atoms, just
the opposite from a prediction based on the higher work function of Pd (5.12 eV)
versus Cu (4.65 eV) [39].
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27.8 Ellipsometry as a Tool for Studying Adsorption

Ellipsometry has been used for years to study adsorption on surfaces, especially in
the study of oxide films grown on metals. There are few comparisons of adsorption
measurements with other surface measurements, especially under ultrahigh vacuum
conditions for model systems with well-understood behavior.

The ellipsometer is an automatic null system with a polarizer-compensator-
sample-analyzer (PCSA) configuration as shown in Fig. 27.8a. Here, two ellips-
ometry parameters are measured: “phase shift” A, and “amplitude reflectance ratio”
v, which are components of the optical constant of the surface. The relative change
in A, 0A, measured versus the clean substrate is used as a measure of the amount of
adsorption. This is due to the fact that JA is much more sensitive than Jy for a
physisorbed film thinner than a few 10s of nm [40]. The apparatus shown also
contains XLEED, which is a sensitive low energy electron diffraction method using
a low current electron beam with microchannel plate amplification of the diffraction
pattern. XLEED eliminates the problem of electron stimulated desorption (ESD).
Measurement of the coverage behavior of Xe is achieved by measuring the intensity
of the diffracted Ag(10) beam [41, 43].

Figure 27.8b shows a comparison of Ellipsometry and XLEED for the mea-
surement to the adsorption of Xe on both Ag(111) and Ag(100). At a constant
pressure of Xe of 1.1 x 107> Pa, the temperature of the crystal was slowly lowered
from 82 to 56 K. The broken line shows the behavior of the ellipsometry mea-
surement of JA, versus T, where equilibrium is maintained at all temperatures. The
initial increase is due to the adsorption of 1 ML of Xe, followed by a second
increase due to the formation of a second layer. The solid line shows the XLEED
behavior of the [10] beam. The two experimental methods compare two crystals,
but even in this case, it may be seen that the condensation temperature for the
second layer is identical to 0.1 K. The slight difference in condensation temperature
for the monolayer, measured by the two techniques, is not due to differences
between the techniques, but is due to slight differences in the polarization of Xe on
the two Ag surfaces, leading to a difference of 0.2—0.4 K in the position of the step
corresponding to monolayer completion.
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Chapter 28
Radioactive Adsorbates

28.1 Radiotracer Techniques for Surface Studies

The high sensitivity of radiochemical methods suggests that these methods would
have utility in studies of chemisorption and reaction on single crystal surfaces. This
description of the use of a silicon surface barrier detector for the measurement of
'4C in chemisorbed layers on Pt(111) represents one of the few attempts to make
measurements of this type [1]. Earlier studies using a Geiger-Miiller counter were
also successful [2, 3].

The surface barrier detector [4] is a large area diode consisting of a depleted slice
of n-type Si mounted in an insulator ring as shown in Fig. 28.1a. The front and back
surfaces are metallized. The thickness of the Au front surface coating is optimized
for low energy B counting (158 keV) from '*C. Also, the depth of the depletion
region (300 um) is chosen to optimize the detection of the p-electrons from '*C,
which have a range of about 150 um in Si. Free charge carriers produced by the -
emission are separated by an applied electric bias (50 V). Integration of the current
induced between the front and back electrodes yields an output pulse that is pro-
portional to the ionizing energy. Either B-spectra may be collected or a ratemeter
may be used to count the level of radioactive material, using the appropriate dis-
criminator settings to eliminate noise.

The detector, ~20-mm in diameter, is mounted on a rotary feedthrough that
allows it to be positioned in front of the Pt crystal at a distance of 5-10 mm, as
shown in Fig. 28.1b. In the opposite orientation, background counting may be done.
When a bias is applied to the detector, the temperature must be maintained between
—30 °C and +30 °C. This is done by using a flexible Cu braid (see p. 392) that is
anchored on a copper block maintained at the desired temperature. To avoid con-
tributions from detector noise, the lower discriminator was set at 35 keV, and this
resulted in rejection of about 40 % of the '*C B-signal as determined in separate
calibrations. The counting efficiency was determined as 2.9 + 0.3 % for the
geometry and discriminator settings used here.

© Springer International Publishing Switzerland 2015 305
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Table 28.1 Partial listing of  [5o¢0pe Enmax (keV) Half life (years)
radioisotopes useful for "
D . C 158 5720
surface studies using a barrier =
detector [1] Na 544 2.6
Al 1160 740,000
325i 210 710
S 167 0.24
3¢y 714 300,000
137¢s 510 30

Figure 28.1c shows the correlation between the measured count rate and the
Auger intensity from carbon deposited as "*C—C¢Hg on the Pt (111) crystal. The
linear correlation between the two measurements indicates that both are measuring
the carbon coverage as expected.

The sensitivity of the '*C counting method depends upon many factors such as
geometry, detector parameters, and the specific activity of the carbon-containing
compounds used. While many hydrocarbons and other molecules may be obtained
with activities up to 64 mCi/mmol, a nominal value of 10 mCi/mmol is more
common. Assuming a detection efficiency of 3 %, and a background signal of 3
counts/min, the detection sensitivities for 20-min counting, at nominal labeling
levels, are 1 x 10" (23 % standard deviation), 5 x 10" (10 % standard deviation),
and 1 x 10" (4 % standard deviation) molecules/cm>. Thus, coverages of 1 % of a
monolayer may be determined accurately. It is found that repeated adsorption
experiments lead to increasing background radioactivity during measurements over
a day; pumping overnight restores the background to a low level.

A second example of the use of this method for the study of hydrocarbon
chemistry on Pt(111) can be found in [5].

The use of radioactive adsorbates is not limited to those labeled with '*C as may
be seen in Table 28.1.
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Chapter 29
Thin Film Deposition

29.1 Thin Film Deposition to Absolute Surface Coverages

The ability to evaporate clean thin films and to achieve desired surface coverages
that are absolutely known is of fundamental importance in many areas of surface
science research. Fortunately, quartz thickness monitors (QTM) are commercially
available that have sensitivities of the order of a nominal thickness of 1 A of
deposited material. With appropriate use, these monitors can be used to monitor,
absolutely, the deposition of thin films on substrates of interest.

Figure 29.1a shows a successful arrangement for producing absolute coverages of
metal on a single crystal [1]. In the case of this work, the metal deposited was Pt and
the substrate was atomically clean Mo(110). The metal deposition source consists of
a tungsten hairpin filament, mounted on degassing loops (see pp. 407 and 437),
which is shielded by a metal shield containing a 15-mm-diameter hole near the
source. A thermostated QTM is able to be moved quickly between three positions—
1, 2, and 3. When the QTM is in position 1, the Pt source is completely shielded, so
that metal does not escape into the vacuum chamber. Position 1 is used for through
outgassing of the source. When the QTM is moved to position 2, the QTM collects
evaporated metal and radiation from the hot source. Thermostatting with circulating
water from a temperature-regulated source maintains the QTM temperature constant
to £0.5 K, and this condition is necessary for absolute accuracy of the QTM. When
the QTM is rotated to position 3, the crystal receives the metal vapor and the QTM is
out of line-of-sight with the metal source. Stable operation of the metal source can be
achieved by monitoring the current and voltage drop across the source and making
the product of these constant. In practice, the source is stable over hours of operation
without sophisticated wattage regulation. The relative flux at the crystal and the
QTM is determined from the distances by the ratio, dZQTM/df,yml.

Figure 29.1b shows the duty cycle described above as monitored by the QTM. In
position 1, no Pt is received either by the QTM or the crystal. In position 2, the
mass of the deposited platinum on the QTM rises linearly with time. In position 3,

© Springer International Publishing Switzerland 2015 309
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Pt is deposited on the Mo(110) substrate and the QTM again does not show any
change in mass. Finally, in position 2 for the second time, the QTM again receives
Pt, to check that the rate of evaporation has not changed significantly during
deposition. The two slopes in position 2 agree to within 0.4 %.

Following each deposition cycle, the Mo(110) crystal was rotated to the CMA
Auger spectrometer position for measurement of the Pt(NW) intensity, which is a
secondary measure of the extent of Pt deposition. It can be seen in Fig. 29.1c that
the Pt Auger signal grows linearly in at least three branches of different slope. The
break points, located analytically, correspond to the completion of a monolayer of
Pt and the start of the formation of a second layer of Pt as growth proceeds by a
layer-by-layer mechanism. It is interesting to note that the three labeled break points
correspond well, in absolute Pt coverage as measured with the QTM, with the
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number of Pt atoms in a close-packed Pt(111) layer which has a coverage of
1.504 x 10" Pt/cm®. The location of the break points were used to calculate
the average attenuation length for 64 eV Pt(NVYV) electrons, using the bulk
(111) interplane spacing for Pt of 2.47 A. These experiments gave an average
attenuation length of 4.1 £ 0.3 A, in close agreement with calculated values for this
quantity [1, 2].

Even with the care taken in this experiment, a propagation of systematic and
random errors results in a £16 % error estimate in the absolute coverages measured.

The use of quartz microbalance measurements stretch back to the pioneering
work of Sauerbrey [3], Slutsky and Wade [4], and to Kasemo and Tornqvist [5],
who showed the usefulness and sensitivity of these devices for adsorption and thin
film studies. A good review of the history of the development of the quartz
microbalance may be found in [6]. A paper concerned with improvement in the
accuracy of the quartz microbalance to allow the measurement of the acoustic
impedence ratio of the film to the crystal, using two non-harmonically related
resonant modes is given in [7].

A method to compensate for the effects of temperature changes owing to radiation
heating is described in [8, 9]. Here, a thermocouple pair measures the difference
between the temperature of the quartz crystal detector and a matched reference
detector in the vacuum system. A heater, driven by a feedback circuit working off the
thermocouple pair adjusts the reference crystal temperature to within 0.1 K. An
accuracy of thickness measurement of at least 0.01 nm is estimated [8, 9].

A description of the calibration of a quartz microbalance against an electrostatic
balance is given in [10]. The probable error of the microbalance was found to be
0.6 %, compared to the theoretical expectation.

A description of the use of a quartz microbalance at cryogenic temperatures is
given in [11-13].

A description of the use of a quartz microbalance for the calibration of an Auger
spectrometer used to measure oxygen chemisorption on Ni is found in [14, 15].

Recent advances in improving the sensitivity and accuracy of the QTM tech-
nology depend upon improved temperature stability (£0.03 K) over several hours.
In addition temperature stabilization of the electronics were investigated, as well as
grounding effects. A frequency stability of 1:10° (0.06 Hz) over 0.5 h. was
achieved, equivalent to a mass resolution of 2 % of an atomic monolayer of O over
0.5 h. It was reported that irreversible uptake of oxygen into the bulk of the quartz
crystal on its rear face may be a factor causing error [16].

29.2 Gold Evaporation Source

The evaporation of Au is sometime difficult because Au droplets on a W wire have
a tendency to detach. A neat trick to prevent this is to produce a notched W wire
support [17] which is more readily wet by the Au than a wire without the Vee
shape. Apparently gravity and surface tension effects combine to hold the Au
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droplet in the notch region. In Fig. 29.2a, the evaporation source is shown. It
consists of a W wire [18] with the notch, welded between two Ta degassing loops.
These loops can be independently degassed at higher temperatures than employed
for the Au evaporation and eliminate outgassing effects, as described in Sect. 38.1.
Current and voltage measurements (Fig. 29.2b) are made as shown, allowing one to
measure the watts expended and to keep this quantity constant throughout the
evaporation. Measuring the voltage drop across the active W evaporation filament is
superior to measurements made across the entire device, since one wishes to control
the resistance and temperature of the active evaporation element. Figure 29.2c
shows a series of Au deposition rate measurements made over several months. The
reproducibly is better than 20 %, and allows Au to be deposited far down into the
submonolayer range at a slow rate. The thickness measurements for the Au film are
made by measuring the Auger attenuation of the substrate, which in this case is a
TiO,(110) single crystal [19].
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29.3 Ionization Gauge Measurement of Film Evaporation
Rate

A convenient and inexpensive secondary standard for the measurement of the rate
of metal evaporation may be established using a pair of ionization gauges with
matched geometry. The flux of metal atoms through one gauge is measured by an
increase in ion current owing to the metal atom steady state gas density during
evaporation. A second gauge is used to make a small correction for the presence of
residual gases produced during evaporation. The calibration of the ion gauge is
made against a quartz thickness monitor (QTM) [20] (see p. 309).

Figure 29.3a shows the design of the apparatus, where a translatable QTM is
located line-of-sight to a metal evaporation source that contains two separate
sources housed in a shield. It is desired to evaporate known coverages of metal onto
the crystal, and the QTM is located very near the crystal location. After outgassing
of the source, the crystal is moved to a line-of-sight position and measurements of
the mass received by the QTM are made. Simultaneously, measurements of the
difference between the two ionization gauge readings are integrated versus time,
and this difference is related to the metal vapor steady state gas density inside the
ionization gauge assembly, which is located line-of-sight between the source and
the crystal and the QTM.

Figure 29.3b shows a cross calibration obtained for Sn evaporation. The linear
correlation over a wide Sn thickness range indicates that both measurement
methods are behaving as expected. However, the sensitivity of the ion gauge is high
compared to the commercial QTM, so that small film thicknesses can be measured
with the ionization gauge conveniently.

The dual-ionization gauge arrangement could also be calibrated against other
thickness standards such as RHEED intensity measurements made during
layer-by-layer growth [21].

29.4 Reusable Quartz Crystals for Film Thickness
Measurement

Quartz crystals used in thin film measurement are able to hold only so much
deposited material before becoming unusable. Typical thickness limitations are
approximately 105 A of metal deposit. The thin films can sometimes be etched
away to recover the clean quartz oscillator, but strong chemical etchants will often
destroy the metallic electrodes that activate the crystal, requiring redeposition of the
electrodes [22].

A simple solution has been found to allow thin film overlayers on quartz crystals
to be removed without harming the electrodes [23]. A photoresist coating is
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deposited on the clean quartz crystal before use. Later, using acetone as a solvent
for the photoresist, the thin film to be removed is stripped away by dissolving the
underlying photoresist layer as shown in Fig. 29.4. It was found that a photoresist
layer of at least 3000 A thickness is needed to permit stripping of all overlayer
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deposits cleanly. This loads the quartz crystal only to about 1 % of its mass
capacity. The photoresist [24] is deposited using a spin-coating method, baked at
120 °C for 20 min, and then patterned to cover the area on the crystal used for
deposition. The photoresist coatings made in this manner can be stored in air but
should not be baked at temperatures approaching 200 °C because this makes the
photoresist insoluble in acetone.
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29.5 Hybrid Thin Film Deposition Processes—Stable
and Metastable Films

The deposition of thin films with desirable chemical and physical properties is
widely used for the production of electronic materials, tribological coatings, and
optical coatings. The processes used may be divided into those that produce ther-
modynamically stable compound films and those that produce metastable materials.
It is beyond the scope of this book to describe the wide range of film deposition
methods and materials that have been deposited in thin film form. Books and
reviews are widely available. Below, a short description of the some of the hybrid
film deposition methods is given [25], and figures schematically describing each
method are shown. Figure 29.5a—d illustrate ion bombardment from an external
plasma. Figure 29.5e illustrates the use of ions extracted from a plasma near the
substrate, and this method is now used widely in plasma assisted vapor deposition
processes.

Figure 29.5a—Ion Beam Deposition: Ions are extracted from the source where
they are produced by plasma excitation of the appropriate gas. The method has the
advantage that the energy of deposition of the ions can be controlled rather than
working with a mixture of ions, neutrals, and excited neutrals.

Figure 29.5b—Ion Beam Sputter Deposition: Ions are produced in an ion source
by a plasma. These are used as a means for sputttering a target, and collection
occurs on the substrate.

Figure 29.5c—Dual Beam Sputtering: Two ion beams are used. One sputters a
target; the second bombards the growing film on the substrate.

Figure 29.5d—Ion Bombardment Evaporation: Material is evaporated thermally
using electron beam or ohmic heating. The growing film is bombarded by ions
extracted from an ion source.

Figure 29.5e—Reactive Sputtering with Dissociable Reactive Gas: Metals are
sputter-deposited in a reactive gas such as silane to produce metal silicide films.

Many variations on the schematic methods shown in Fig. 29.5a—e are employed
and a wide variety of preparation methods are described in the literature [26, 27].

29.6 Sputter-Coating Inner Walls of Tubes

The need to coat the inside of a metal or insulator tube with a metal film can be met
by both electrochemical and chemical vapor deposition methods. It is also possible
to deposit pure metal films inside a tube using a special sputtering procedure
described here [28].

As shown in Fig. 29.6, a conical metal target, placed on the axis of a polished
steel tube to be coated, is exposed to a beam of ions that are directed down the tube.
The conical metal target is moved along the tube toward the ion source by an
electrical drive mechanism. In the particular case studied here, the inner diameter of
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the tube was 6 mm, and a conical Ag target of 5 mm diameter was employed.
The target was pushed through the tube at a rate of 0.05 mm/s, while a 2 keV Ar*

beam was incident. A sputter yield of about 7 Ag/Ar* was measured for a 60°
incidence angle.
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Fig. 29.6 Sputter-coating inner walls of tubes

The conical target was chosen so that the maximum sputter yield could be
achieved using a 60° angle of incidence for the ions on the target surface. This
optimum Ar" incidence angle for Ag sputter deposition was determined experi-
mentally using a separate apparatus that permitted the collection of the Ag metal
sputter deposit and its measurement by chemical analysis.

To determine that the Ag film deposited was uniform in thickness, the tube was
cut along its axis in four sections. Visual inspection showed that a complete Ag film
was deposited along the tube length, and sputter-depth profile measurements
showed that depth of the film was uniform to within about 10 %.

Experiments with Pt deposition on Ta tubes were also carried out and subsequent
mechanical embrittlement tests showed that the Pt deposit was very effective in
preventing hydrogen-induced embrittlement of the Ta tubes.
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Chapter 30
Infrared Spectroscopy

30.1 Infrared Reflection Absorption Spectrometer

The use of infrared reflection-absorption spectroscopy (IRAS) has grown in
popularity since the publication of the classic papers by Greenler on this subject.
While the first IRAS measurements in ultrahigh vacuum were made with grating
spectrometers [1-3] the measurement technique has been revolutionized by Fourier
transform (FTIR) spectrometers, which possess greatly enhanced signal-to-noise
capabilities at high spectral resolution [4]. Various technical methods have been
used to improve the performance of FTIR spectrometers operating as IRAS
instruments [5—11]. The field has been well reviewed [12, 13].

The instrument shown in Fig. 30.1a, b has special characteristics which are
designed to improve the performance beyond that of conventional single beam
IRAS instruments. A collimated IR beam from the FTIR spectrometer is reflected
into an external optical bench by a flat mirror. The beam is split into two parts by a
right-angled aluminized beam splitter (made from a 90° glass prism) in the external
optical bench. One beam enters the IRAS cell containing the crystal, and the second
beam enters the reference cell, which is at ultrahigh vacuum. The beam splitter is
able to be moved laterally by a micrometer drive, a novel feature which allows the
ratio of the two beam intensities to be accurately and reproducibly adjusted. Both
beams are focused with KBr lenses. A beam collector, which is identical to the
beam splitter, collects both infrared beams from the IRAS cell and the reference cell
and reflects them onto the focussing mirror to the mercury cadmium telluride
(MCT) detector. Two electrically driven shutters in the infrared beams enable the
detection of these beams independently. For study of adsorbates on metal single
crystals, the use of a p-polarizer in the incident beam, as shown, will improve the
spectroscopic signal-to-noise ratio, since the polarization selection rule is strongly
obeyed in this case, and s-polarized light is ineffective in detecting the adsorbate.

The collection of infrared spectra is interfered with by the presence of H,O and
CO; in the atmosphere within the optical path outside the ultrahigh vacuum system.

© Springer International Publishing Switzerland 2015 321
J.T. Yates Jr., Experimental Innovations in Surface Science,
DOI 10.1007/978-3-319-17668-0_30



322 30 Infrared Spectroscopy

(a)

FTIR Spectromeler

_ Comner Cube
. Mirrors

W N il Scm
\ b | /\ - Optical Chamber

+ Irig W -

o, | T1 fop A Single _ [——3— UHV | Shutrer
k= it / Crystal 1 AF'. la
e | “ Source (/ =t o
K&r — r
/ il _.\‘]He.'rer.'-un T T i
H Beam i
4 Spiter A o

- Pump

Double Teflon
Rotary Seal

Level 1 - IRAS
(Ciption - High
Prassure (RAS)

Polarizer

(c)

Matal - Seal Gate Valve

Level 2 - LEED
0.5% Sputter Gun

T Single-Beam Mode '

4

— Double-Beam Mode
¥
=, il

Level 3 - XPS,
~ Auger, OMS,
Doser

3000 2500 2000 1500 1000 l B '
Wavenumber (em’) v - o e

Fig. 30.1 Infrared reflection-absorption spectroscopy—IRAS. a IRAS-FTIR spectrometer for
surface studies (N,-Purged)—top view. b Vacuum system—side view. ¢ Comparison of two data
acquisition methods in IRAS (6 h after baseline)

The “double-beam” arrangement shown here reduces this contribution significantly.
As an example, if a H,O band is 5 % of the total transmission, a 1 % drift of the
H,O partial pressure will yield, in a direct ratio measurement, a 0.05 % H,O
absorption band which would be greater in intensity than many weak surface
species’ absorption bands. Therefore, the optical path is purged extensively with
very dry nitrogen gas from boil off of a liquid nitrogen dewar. With the
double-beam method, small variations in the purged gas background spectrum can
be reduced as shown next.

In single-beam measurements, if the background spectrum signal is Sy and the
adsorbate spectrum signal is Sy, then the desired adsorbate spectrum is log(S§,/Sy),
which includes any possible changes during the time period between the mea-
surements of Sy and S;. By the double beam method, we record the background
absorbance spectrum as log(S¢/Ry) and the adsorbate absorbance spectrum as log
(S1/Ry). Then the difference absorbance spectrum is obtained by subtracting the
background absorbance spectrum from the adsorbate absorbance spectrum,

log(S1/R;) — log(So/Ro) = 1og(S1/So)(Ro/Ry) (30.1)

In (30.1), the term Ro/R; produces a cancellation of all changes in environment
during the period of taking the two spectra. This could include drifts of composition
of the purging gas, drifts in the source and detector, etc. In doing measurements on
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the crystal in the optical cell with a high pressure of gas also present, the spectral
contribution from the gas phase can be canceled almost completely.

As shown in Fig. 30.1b, the single crystal is moved by a long throw manipulator
from the surface analytical positions in the ultrahigh vacuum chamber (Level 2 and
Level 3) up into the IRAS cell (Level 1). The crystal can be rotated through 360° by
means of a doubly differentially pumped Teflon rotary seal (see p. 6) for precise and
reproducible angular orientation to the IR beam, which typically has an angle of
incidence of about 86°. The windows of the IR cell can be made of single crystal
CaF, mounted in Conflat flanges [4] or can be made of KBr single crystals mounted
by means of a differentially pumped double Viton seal assembly (see p. 521). The
small optical chamber is sealed by a metal-seal gate valve that does not have the
problem of Viton O-ring outgassing under compression nor the problem of per-
meation. For a sealed-off static cell, this is important. For high pressure experi-
ments, the composition and pressure of the gas phase may be determined by
spectroscopic measurements through the reference cell for infrared active gases.

Figure 30.1c shows a comparison of operation of the IRAS apparatus in single
beam mode and in double-beam mode. The optical path is purged with dry nitrogen.
After 6 h, a severe intensity drift in atmospheric H,O (about 0.4 % T) and atmo-
spheric CO, (about 0.2 % T) can be seen in the spectrum obtained by the single
beam method. In the spectrum obtained by the double-beam method, this effect is
eliminated. The comparison on Fig. 30.1c shows the ability of the double-beam
method to eliminate background effects owing to slow drifts during long periods.
For 900 scans for both S and R infrared measurements, a noise level of about
1 x 10~* absorbance unit may be routinely obtained. The amount of light delivered
to the detector is significant in determining the noise level. Therefore, large single
crystals of the order of 15 mm diameter are favored in this work.

A FTIR spectrometer mounted on a precision optical mount has been employed
for IRAS measurements in which the path length between the spectrometer and the
external detector has been minimized by using only KBr lenses for focusing the
radiation [14]. Both the spectrometer and the detector are coupled to the UHV
chamber by small bellows, permitting each unit to be independently adjusted with
precision XYZ optical mountings.

Recently, an instrument designed to measure the mass of adsorbate on a thin film
in addition to the infrared spectrum has been described [15]. The working tem-
perature range of the quartz crystal oscillator (see p. 309) used for adsorbate mass
measurements is 80-350 K [15].

The instrument shown in Fig. 30.1 is described in detail in [16].

30.2 IRAS Measurements at High Pressure

The IRAS apparatus described on p. 321 has the special capability if working at
elevated pressures. At these pressures, electron spectroscopies fail because of the
reduction of the mean free path of electrons to lengths comparable to or less than
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the electron traveling distances inside the apparatus. Fortunately, no such limita-
tions exist for optical techniques, assuming the gas phase at high density is optically
transparent in the required spectral regions.

An example is shown of the study of N, adsorption on the Ni(111) surface.
Figure 30.2a shows that as the N, pressure is raised over 4 orders of magnitude from
1 x107®t0 2.9 x 10~* mbar, the equilibrium coverage of chemisorbed N, at a crystal
temperature of 89 K increases as indicated by the increase in the absorbance of the
chemisorbed N,. Data of this sort were collected as a function of crystal temperature
in the range 89-115 K, and the results are shown in Fig. 30.2b, where the vertical
scale is the integrated IRAS absorbance. It is clear that as the temperature is
increased, higher pressures of N, must be employed to produce a given integrated
absorbance for the chemisorbed Nj. If one assumes that the integrated absorbance is
proportional to surface coverage (an approximation of unknown accuracy) then the
“isoabsorbance” plots versus reciprocal absolute temperature can be made, as shown
in Fig. 30.2¢c, and from the slope of these plots the enthalpy of adsorption may be
deduced at particular integrated absorbances. The inset to Fig. 30.2c shows this plot,
indicating that the enthalpy of adsorption is almost constant, or rises very slightly
with increasing absorbance (or coverage within the approximation used above).

Work of this type, in which an initially clean single crystal is exposed to high
pressures of a gas, must be carefully done with highly purified gas in order to avoid
contamination. For the example of about 10~ mbar of gas, impurity levels of only
10 ppm will give sufficient impurity partial pressure that in about 1000 s of
exposure, one monolayer of impurity could be adsorbed if the impurity has a
sticking coefficient of unity over its coverage range in the presence of the dominant
gas. Effects of this type can often be discovered by examining the reversibility of
the spectral changes, or by desorption of the dominant adsorbate, followed by
readsorption. The purification of gases is discussed on pp. 505-514.

The slight changes in the vibrational spectrum of the chemisorbed N, are
thought to be due to various island structures that develop at various equilibrium
coverages. The fact that so little shift occurs in the N-N stretching mode (a 24 cm ™
range) suggests that the electronic character of the chemisorbed Nj is not strongly
affected by changes in coverage, and suggests that the approximation that integrated
absorbance is proportional to coverage may be valid [17].

30.3 Internal Reflection IR Spectroscopy—Silicon

The use of infrared spectroscopy to probe the vibrational spectrum of adsorbates on
semiconductor surfaces has opened up a wide range of new physical understanding
of surface species structure and dynamics. In contrast to the reflection IR method
used on metallic surfaces (see p. 321), it is most appropriate to use internal
reflection IR spectroscopy for semiconductor surfaces. This permits the IR beam to
make many reflections at the interface, increasing the signal-to-noise ratio
significantly.
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Figure 30.3a shows the geometrical arrangement used for holding a silicon
single crystal on a manipulator and for making connections for electrical heating
[18]. Here, Ta clips are attached to the top of the U-shaped crystal and the crystal
may be heated by the passage of current. Conductive cooling to the clips causes a
temperature gradient across the crystal (100 K at 1000 K), but in the portion probed
by the IR beam, only a small gradient is observed. The edges of the crystal are
beveled and polished for admittance of the focused IR beam. The vector diagram
for p- and s-polarization is also shown in Fig. 30.3a. Oxidation of the top surface
deactivates this surface for adsorption.
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Figure 30.3b shows the UHV system and the associated optical system for use in
the FTIR internal reflection measurements [19]. The U-shaped silicon crystal is
mounted on a manipulator and may be rotated to an Auger spectrometer or to a
LEED apparatus. In its position for internal reflection spectroscopy, the focused IR
beam from the FTIR spectrometer passes through a CsI IR window (see p. 521) and
enters the silicon sample at the proper incident angle. After many internal reflec-
tions, the exiting radiation passes through another CsI window and is focused by a
mirror through a polarizer and onto the detector.

For silicon, the absorption of infrared light below about 1450 cm™' prevents
transmission with typical sample lengths of 3-5 cm.

Excellent reviews of this field, giving many other optical arrangements for doing
IR surface spectroscopy on semiconductors, are available [20-25].

30.4 Internal Reflection IR Spectroscopy—Gallium
Arsenide

The use of internal reflection IR spectroscopy for silicon single crystals has been
discussed on p. 324. Different problems exist when the same measurement tech-
nique is applied to gallium arsenide. In order to permit IR transmission through
GaAs, the carrier concentration needs to be kept below about 10"%/cm’ [26, 27].
GaAs with this level of carriers is commercially obtainable from one supplier,
which produces 1 Q-cm material [27]. Normally, wafer GaAs is sold with con-
ductivities of about 10° Q cm (semi-insulating), or about 1072 Q cm. While the
semi-insulating material would be satisfactory for IR measurements, it cannot be
conveniently heated by resistive heating; alternatively, the highly doped material
can be heated electrically, but its resistance is so low that large currents are needed
and temperature nonuniformities are produced [26]. This material is also opaque in
the infrared [26].

The mounting of 1 Q-cm material for internal reflection infrared spectroscopy is
shown in Fig. 30.4. The infrared beam enters and exits through polished beveled
edges. Heating current flows perpendicular to the IR beam direction, using Ta
mounting clips on the top and bottom of the crystal. A thermocouple is conve-
niently glued to the crystal using a refractory cement, used also for thermocouple
attachment to other semiconductor crystals such as SiC [28]. Welding the ther-
mocouple first to a Ta foil square (1.2 mm X% 1.2 mm) and then gluing this to the
GaAs provides good agreement between the thermocouple and pyrometry [26]. The
advantages of this mounting arrangement are that either surface can be studied, or if
both are studied together a two-fold improvement in the signal strength in the FTIR
measurement is obtained. The two sides of the crystal, if terminated by the same
element, exhibit orthogonal orientation of the dangling bonds. Thus, using s- and p-
polarized IR radiation, one can probe the adsorbate orientation [26]. A disadvantage
of working with the 1 Q-cm material is that the resistance becomes too great for
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electrical heating when the sample is cooled to 120 K. This problem can be alle-
viated by warming the sample slightly with a projector lamp (see p. 371) [26].

30.5 Infrared Spectroscopy—Continuous Pumping
of Detector Dewar

InSb and HgCdTe infrared detectors are used in the mid-IR range (4000-500 cm ")
for the study of adsorbed species on surfaces. The detector element is mounted on
the end of a small metal Dewar which is kept filled with liquid nitrogen during
operation, as shown in Fig. 30.5. The Dewar is often pumped on a separate vacuum
system and then sealed with a Viton-sealed valve. In addition, the detector window
is often sealed with a Viton O-ring. Thus, over time, slow permeation, outgassing,
and leakage can be expected (see p. 108), and the condensation of water and other
materials may occur on the detector surface, causing interference with infrared
measurements. These problems can be prevented by using a small appendage ion
pump to continuously pump the detector [29].

The IR detector is connected to a metal bellows-sealed valve and thence to a tee
as shown in Fig. 30.5. One branch of the tee is connected to the ion pump via a
1.5-cm-diameter bellows that extends up to about a 30-cm length as it makes the
transition from the detector to the ion pump. The second branch is temporarily
connected to an oil diffusion pump (liquid nitrogen trapped) for preliminary
pumping of the Dewar and the appendage pump.
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Initially the entire system is pumped out by the diffusion pump. The valve on the
detector is then closed and the ion pump (not operating) and the metal tubing are
baked out with heating tape. When the pressure is low enough that the ion pump
can be operated, the valve to the diffusion pump is closed and the diffusion pump is
removed from the vacuum system. The heating is discontinued and when the line is
cooled, the valve to the detector is opened. Under these conditions, the IR detector
will be continuously pumped and condensation effects will be eliminated on the
detector. It is wise to place a conical shield just below the top of the Dewar entrance
to prevent liquid nitrogen from accidentally pouring over the detector window and
the vacuum seal for the amplifier wires, since these vacuum seals may be broken by
such accidental cooling [30].

30.6 Rapid IR Spectrometer Purge After Cell
Transfer—Using Rubber Sleeves

Infrared spectrometers require that the optical path length be free of absorbing
atmospheric gases. Both CO, and H,O vapors must be removed by using either
N, (g) or specially-dried and CO,-scrubbed compressed air. Some IR spectrometers
have a sample compartment which is separately purged from the spectrometer
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source and detector compartments. The sample compartment is usually rather large
to admit large IR cells. It usually contains a sample compartment lid which is
opened and closed as the cell is transferred in and out. The cell and its connecting
tubing and wiring will cause problems with compartment sealing, requiring cutting
of the lid and unsatisfactory sealing with tape, etc. In Fig. 30.6a, an arrangement for
a portable cell is shown in which custom-cut rubber purge gas sleeves are arranged
to slide into the sample compartment under slight compression, thereby making a
gas tight seal with the inner walls of the sample compartment and the inserted IR
cell. The seals are held on the cell window flanges with band clamps. With this
arrangement, the IR spectrometer remains purged always, and the small volume
within the rubber sleeves is separately purged with great rapidity. Figure 30.6b
shows a comparison of the purge rate for the sleeves, compared to the entire
spectrometer, for CO, and H,O. It is seen that the small-volume rubber sleeves are
purged about 25 times more rapidly than the entire spectrometer sample compart-
ment. In addition, complex gas-tight seals involving the compartment lid are
avoided, and the lid may be removed permanently. Soft rubber sleeves may be
obtained in several sizes from the plumbing department of a local hardware store,
where they are sold as flexible couplings for sewer systems. To cut the length to fit,
a mandrel is used on a lathe, and a smooth cut suitable for purge gas sealing at the
wall is produced with a sharp blade. This apparatus was produced in [31].
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Chapter 31
Calorimetric Heats of Adsorption—Single
Crystals

31.1 Measurement of the Calorimetric Heat of Adsorption
on Ultrathin Metal Single Crystals

There are many methods for measuring the energy required for desorption of a
molecule from a single crystal surface using either isosteric heat measurements
under equilibrium conditions, or using desorption kinetic methods. The interpre-
tation of the isosteric measurements requires perfect reversibility in adsorption and
desorption, a condition not met when compound formation or dissolution of the
adsorbate in the crystal occurs. The interpretation of the kinetic measurements are
beset with difficulties having to do with the inability to write the desorption rate
laws that apply with accuracy. The calorimetric method avoids these difficulties by
directly measuring the heat evolved upon adsorption and by using only the first law
of thermodynamics.

In order to employ a calorimetric device, the heat capacity of the calorimeter
must be made very small in order for a measurable temperature rise to be produced.
This has been cleverly done, using single crystal films of metals which are only
2000 A in thickness [1], using apparatus as shown in Fig. 31.1. These films are
grown epitaxially on an alkali halide crystal surface, and the continuous metal film
is then lifted off of the salt crystal as it dissolves in water. The metal crystal film is
transferred and attached to a ring, made of the same metal, and may be placed at the
focus of a pulsed molecular beam of the adsorbate. The thin crystal may be cleaned
in UHV by ion bombardment and by heating in vacuum or in reactive gases used
for cleaning. Standard surface analysis and LEED studies are routinely performed
on the thin crystal after cleaning. As the gas pulses arrive and are adsorbed on a
2-mm-diameter spot, the temperature of the thin crystal rises, and the pulsed
emission of infrared radiation is measured from the rear of the crystal by focusing
the radiation on a mercury cadmium telluride detector held at liquid nitrogen
temperature. Temperature rises on the crystal per pulse are below 0.1 K for
chemisorbing gases, where each pulse delivers about 0.01 mL of chemisorbed
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Fig. 31.1 Calorimetric adsorption heat—ultrathin metal films

species to the surface. The emissivity of the backside of the crystal is significantly
enhanced by initially coating it with amorphous carbon from a candle flame. For
calibration, a pulsed laser beam of known energy per pulse is used, and its
reflectivity at near normal incidence is measured. The temporal character of the
laser beam is matched to that of the pulsed molecular beam in the calibration
measurements. The energy losses after each pulse are found to be due to radiation
losses only.

In addition to the errors in measuring the small pulses of heat, errors in the
coverage measurement (and the sticking coefficient) currently limit this method [1].
The sticking coefficient and absolute coverage are measured using the method of
King and Wells [2], which measures the intensity of the reflected gas from the
crystal during each pulse. A gold flag is employed in these measurements.
A stagnation detector (see p. 429), which is a Bayard-Alpert gauge with a small
aperture, is employed for measurements of the absolute beam flux, as discussed on
p. 314.

31.2 Improved Adsorption Calorimeter for Single
Crystals at 100-350 K

The pioneering development of single crystal adsorption calorimetry (SCAC) by
the King group as documented in Sect. 31.1 has been markedly improved. A new
heat detector principle has been developed by the Campbell group, and the latest
stage of development is shown here [3]. A metal-coated pyroelectric polymer
ribbon (uniaxially oriented B-polyvinylidene fluoride, B-PVDF) of 9 pm thickness
and 4 mm width is employed as the detector, and electrical contact is made with the
front and back surfaces using Al film contacts. These films, with Al coatings, are
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available from Goodfellow. The PVDF detector is bent into an arch and gently
pressed to the back of the crystal which has been thermally cleaned in UHV before
contact. Pulses of adsorbent gas molecules, arriving at 0.5 Hz, cause temperature
bursts due to the evolution of the adsorption energy. The transient rise of crystal
temperature causes part of the PVDF detector to change its degree of polarization,
releasing an electrical charge through an electronic circuit. The ease of using the
PVDF detector compared to others allows the crystal to be cleaned at high tem-
peratures and also allows calorimeter operation below 300 K. This permits a wide
range of heat-of-adsorption experiments to be performed on thicker (~75 pum)
single crystals than previously possible.

The latest advances in the technique are sketched in Fig. 31.2A-D. It has been
found that noise, caused possibly by electrical leakage at the PVDF edges, can be
reduced by etching the Al film coating away from the ribbon edge. Figure 31.2 A
shows this: (a) indicates the aluminized PVDF film; (b) shows masking of the Al
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film on front and back faces of the ribbon with nail polish; (c) shows the
electrochemically-etched ribbon with preservation of Al only under the nail polish
covering; (d) shows the final assembly with the removal of the nail polish with
methanol.

Figure 31.2B shows a schematic of the assembly for holding the bent PVDF
detector and for making electrical contact to both faces. A copper bar of thickness ¢,
of the order of a few mm, is used to define the width of the arch and the projection
of the arch. For contact with the crystal, the arch is compressed reproducibly by
0.5-1 mm.

Figure 31.2C shows a schematic of the design to compress the arch of the PVDF
detector against the back of the sample. Self-aligning conical holders are driven into
contact, and care in design prevents appreciable bending of the thin crystal sample.

Figure 31.2D shows a series of three experimental measurements of the heat
evolution during the adsorption of cyclohexene on Pt(111). Pulses of gas, involving
1.1 % of a monolayer are incident. As the coverage increases for the chemisorbed
cyclohexene, the heat of adsorption per pulse drops due to site blocking as well as
other effects. At 0.25 mL, the monolayer is complete and second layer adsorption,
with a constant heat of adsorption, takes place. The raw calorimetry data are shown
in the inset, and repeated experiments show a pulse-to-pulse standard deviation of
about 1.3 kJ/mol. The thermal energy released per pulse is 0.24 pJ which corre-
sponds to a temperature rise in the adsorption spot on the crystal of ~7-8 mK. The
detector temperature rises in each pulse by 0.3 mK. The use of a pulsed He—Ne
laser on the crystal allows a calibration of the PVDF detector to give energy
liberated at the crystal surface. The improvements shown here have yielded a ~ 40
fold improvement in the pulse-pulse standard deviation over earlier PVDF detec-
tors. The paper [3] describes future developments to further enhance detection
sensitivity.
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Chapter 32
Surface Debye Temperature

32.1 Measuring the Surface Debye Temperature
of a Single Crystal

The Debye temperature of a bulk solid is a measure of the stiffness of the bonds
within the crystal and is related to the Debye characteristic frequency, vp. This
frequency corresponds to the highest allowed vibrational mode in the crystal in the
distribution of frequencies following a mode frequency distribution function with a
magnitude which is proportional to the square of the mode frequency. The Debye
temperature is @p = hvp/k, where k is Boltzmann’s constant.

The Debye-Waller factor, 2M, is connected to the Debye temperature through
(32.1), and determines the intensity of scattering of an electron beam incident on the
crystal through (32.2).

2M = 24m, (E cos® o + V())T/mak(@D)2 (32.1)

where m, = mass of the atoms in the crystal, m, = mass of the electron, a = the angle
of incidence, V = the inner potential, and E is electron energy.
For an electron beam incident on a crystal, in the kinematic approximation,

I=Ie ™M (32.2)

where I is the incident intensity and [ is the diffracted intensity.

Figure 32.1a shows a four-grid LEED apparatus with a movable Faraday cup to
intercept a selected diffraction beam [1]. The crystal surface in inclined by angle a
from the incident beam, and the diffracted 0,0 beam is being collected in the
drawing. As the crystal cools, the intensity of the diffracted beam increases as a
result of the decrease in the vibrational motion of the atoms in the region of the
solid surface being sampled by the incident electrons. As the energy of the incident
electron beam is decreased in successive experiments, a lower sampling depth is
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involved in the diffraction process, and the measured Debye temperature decreases
as a result of the looser binding of the crystal atoms near to the surface.
Figure 32.1b shows a Debye-Waller plot of In(I — I;)/Iy versus temperature for
various values of AK, the perpendicular component of the momentum transfer
between the electron and the metal atoms in the crystal. Here, I is a background
scattering contribution which can either be measured in the vicinity of the 0,0 beam,
or treated parametrically as a variable. In this case, for low angles of incidence, one
can only measure an effective perpendicular Debye temperature as 4K is varied [2].

Figure 32.1c shows typical behavior of the Debye temperature measurements for
three angles of incidence on a Rh(111) crystal as a function of 4K. It may be seen
that all of the measurements show that as 4K increases, and the depth of sampling
of the crystal by the electron beam increases, the measured value of @p, increases to
a plateau at @p = 370 K, which is characteristic of the bulk of the crystal. The lower
limit of @p is near 200 K, and is characteristic of the surface metal atoms.

These measurements were made with a LEED apparatus mounted between two
pairs of Helmholtz coils to cancel the earth’s magnetic field. The values of the
diffracted beam intensity were measured as the crystal slowly cooled to avoid the
serious influence of the magnetic field associated with the electrical heating current.
The Faraday cup aperture subtended an angle of 4.6 x 107> steradians, and was
large enough to collect the entire beam, 1.
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Chapter 33
Friction and Fracture

33.1 UHYV Tribometer for Measuring the Coefficient
of Friction

Many technologies depend upon knowledge of the coefficient of friction between a
surface and a probe that slides across the surface. Since the coefficient of friction
u = FJF,, where F; is the shear force, and F, is the normal force, a device that
simultaneously measures both components of force during sliding is needed. In
addition, such a device should be able to be applied to surfaces that are initially
atomically clean, followed by studies on the surface which has a known coverage of
lubricant. These research demands have resulted in the development of the UHV
tribometer [1].

Figure 33.1a shows a schematic picture of the tribometer. A single crystal is
mounted on two support wires that connect to a rigid frame. Behind the crystal is a
coiled thermionic emitter used for heating the crystal to achieve a condition of
atomic cleanliness.

The frame surrounding the sample is connected by means of two L-shaped
Cu/Be alloy springs (0.006-in. thick by 0.25-in. wide) and each arm of the L is 0.5
in. in length. Glued to each of these springs are strain gauges (see p. 343) thermally
matched to the Cu/Be alloy. A total of eight strain gauges are employed, connected
to two Wheatstone bridges (normal; shear).

Measurements are made by bringing the sample in contact with the slider (also a
single crystal) which is mounted on a manipulator which can be translated at
constant speed, under an applied normal load. Figure 33.1b shows the displacement
components, d, produced by applying a normal load to the sample, and it can be
seen that both normal displacements and shear displacements are sensed by the
strain gauges. However, for a normal force applied, the shear displacements
counterbalance, and are not measured by the Wheatstone bridges. In the same way,
for shear forces the normal displacement is counterbalanced and not measured by
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the bridges. This arrangement therefore permits the coefficient of friction to be
continuously measured during the sliding experiment.

It has been found on single crystal metal surfaces that a single monolayer of a
low molecular weight molecule is effective in reducing the coefficient of friction.
Three frictional regimes of increasing coverage of ethanol on an interface, a
S-covered Ni(100) crystal surface, have been observed. Below a monolayer,

sticking is observed; near a monolayer, stick-slip motion is observed; and above a
monolayer, slip motion is observed [1].

Another tribometer design [2] is shown on p. 343.
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33.2 Pin-on-Disk Measurement—UHYV

The measurement of the coefficient of friction (see p. 341) is of importance in
understanding lubrication. To do this without the influence of adsorption processes
from the atmosphere, tribometers operating in ultrahigh vacuum have been devised.
The device shown here has the ability to make friction coefficient measurements, as
well as measuring the electrical resistivity of the interface between the pin and the
disk. In addition, Auger spectroscopy measurements of the surface composition of
the wear track can be made, using a scanning instrument [2].

Figure 33.2a shows an exploded view of the tribometer. The disk sample is
mounted on a rotary platform that may be turned in UHV by an external motor.
A pin sample bent in the form of a loop maybe pressed onto the disk sample by
means of a spring tensioner that attaches to a cantilever beam. The cantilever beam
is free to move in the z-direction on bearings in a trunnion that can be moved in the
z-direction. Electrical contact is made to the pin for current and voltage measure-
ments. Two brushes (Cu/Be alloy) make electrical contact with a commutator
electrically connected to the sample; one of these is used for current, I, measure-
ments, and the second for voltage, V, measurements. The lateral force, F, is mea-
sured by two semiconductor strain gauges [3] that are accurately and squarely
mounted on a thinned section of the cantilever beam, using strain gauge cement [4].
The normal force, N, is adjusted by means of a screw adjuster on the spring
tensioner. Figure 33.2b shows the vector forces and the electrical measurement
method employed as the disk sample rotates. The entire pin-on-disk apparatus may
be moved inside the vacuum system by means of internal x-, y-, and z-bearings; and
rotary motion is provided by a rotary manipulator shaft.

The apparatus has been used to measure the effect of atmospheric gases on
contact electrical alloys under wear conditions [5, 6].

33.3 UHYV Fracture Stage for Surface Analysis After
Fracture

The analysis of fracture surfaces is a significant feature of materials science, where
often the weakening of a solid can be related to the accumulation of impurities at an
internal interface. It is desirable to carry out the fracture and the surface analysis
without exposure to the atmosphere to avoid surface contamination of the fresh
fracture surface. Figure 33.3a shows an ultrahigh vacuum apparatus designed for this
purpose. A specimen to be fractured is clamped in the jaws of a fracture stage which
had been previously calibrated with a spring of known force constant. To measure
the load under tension, a load cell (Fig. 33.3b) was used on a lower flange as shown,
connected to the lower jaw by a stiff rod. This permits the force at the specimen to be
measured as a function of the displacement, which is automatically measured at the
stepper motor on top. To assure that the load cell does not experience a pressure
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differential due to atmospheric pressure on the outside, it is capped with a Conflat
flange which has a machined recess which is evacuated into the UHV system. Thus
both the upper and lower diaphragms are uninfluenced by gas pressure. The load cell
recorded force at 1 s intervals as the linear drive ran at a constant speed of 4 steps per
second (2.5 x 107® ms ™), giving force/displacement curves as shown in Fig. 33.3c.
It is noted in the comparison that atmosphere influences the force/displacement
curve. More force is required for fracture in the air, compared to fracture in UHV.
After fracture the freshly exposed surfaces are subjected to surface analysis by
vacuum transfer to a TOF-SIMS spectrometer [7, 8].



References 345

(a) Stopper

Motor

Viewpart M
Fracture in Alr
251 /
/ Linear e )
y <« Orive s Wooble Stick \
. ' o A
=
£
L 151
— Fracture in UHV
[ | w
= 10|
UHY ¢/ Specimen /
g to be Transfered 5
= : After Fracture for
Elctronic - Surface Analysis
Feedthrough I
[ Ex o }
\ { 1 0.00 0.04 0.08 0.12
i +*—— Load Cal Displacement (mm)
L1
(b) Load String

__— Nut and Studding

Prep Chamber Conflat Flange
<1~ Matching Flange

1 Load Cell

— Viton "O" Ring

+|' — Closing Flange

\ = Nut and Studding

AP=0
Across Load Cell

Fig. 33.3 UHV fracture stage for surface analysis after fracture. a UHV fracture device. b Load
cell for accurate operation in UHV. ¢ Force/displacement plots for polyester resin

References

1. AJ. Gellman, J. Vac. Sci. Technol. A10, 180 (1992)

. T.G. McDonald, D.E. Peebles, L.E. Pope, H.C. Peebles, Rev. Sci. Instrum. 58, 593 (1987)

. P-doped U configuration, 350 ©, 130 gauge factor, obtained from Kulite Semiconductor
Products, Inc., 1 Willow Tree Road, Leonia, NJ 07605

. M-Bond 610 Epoxy Adhesive

. L.E. Pope, D.E. Peebles, J. Vac. Sci. Technol. A4, 1659 (1986)

. L.E. Pope, D.E. Peebles, Electrical Contacts-1986 (IEEE, New York, 1986), p. 65

. A.R. Wood, N. Benedetto, N. Hooker, E. Scullion, P.A. Smith, J.F. Watts, Surf. Interface Anal.
40, 1409 (2008)

8. A.R. Wood, M.-L. Abel, P.A. Smith, J.F. Watts, J. Adhes. Sci. Technol. 23, 689 (2009)

[SSIN S

NN A



Part IV
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Chapter 34
Heating Samples

34.1 Electronic Temperature Programmer—Metal
Crystals

The accurate and reproducible programming of the temperature of metal single
crystals is used for studies of temperature-programmed desorption (see Chap. 25, p.
273) as well as in many other applications. A review of the literature in this area to
1984 may be found in [1].

Figure 34.1a shows a block diagram of a temperature programmer design that
has been thoroughly tested in many applications [1]. An input signal from the
thermocouple, welded to a metal crystal, is fed into a thermocouple amplifier [2].
The input amplifier adds gain and offset to this signal, and delivers a O to +10 V
signal to the process controller. The thermocouple amplifier protects the single
crystal from being destroyed in the case of an open thermocouple circuit, which
drives the output of the amplifier to a high positive level. An electronic thermo-
couple reference junction eliminates the need for an external reference and is
routinely checked against a reference junction maintained at 77.3 or 273.2 K and
connected temporarily to the input for calibration.

The ramp generator is programmed by the laboratory worker, as shown sche-
matically in Fig. 34.1a. A more detailed block diagram of the ramp generator is
shown in Fig. 34.1b. A fixed frequency oscillator drives the divider circuit that
feeds a 12-bit binary counter. The 12-bit binary word is the input to a
digital-to-analog converter, which with scaling and offset, delivers a 1-5-V signal to
the process controller set point. The start point input presets the counter to a binary
count specified by the operator. The end point input determines the temperature at
which the ramp stops and holds constant temperature.

The power driver delivers up to 50 A with a burden voltage of 4 V. In addition,
the crystal may be isolated and a DC voltage may be applied. A commercial 5-V
DC supply was used, with a current regulator added to the output with appropriate
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scaling and isolation to permit the process controller to control the power output.
An input of 1-5-V DC produces a 0-50-A DC output.

The process controller [3] (Fig. 34.1a), was selected as the primary control
device for the following reasons: (1) the ability to program the readouts in arbitrary
units; (2) accuracy (+0.05 %, full scale); (3) speed (updates 3 times/s); (4) digital
input of tuning parameters.

An illustration of the performance of the programmer is shown in Fig. 34.1c.
The programmer tuning constants were adjusted to produce the linear temperature
versus time performance from about 95-520 K as shown. The temperature stability
at 272 K is shown, where fluctuations of only +0.35 K were observed. Scan rates
from about 2-8 K/s may be programmed into the controller.

In order to achieve optimum performance, appropriate values of the process
controller constants (gain, rate, and integral time) need to be established. These
three control constants are dependent on sample properties such as mass and
resistivity and on the sample-mounting configuration. Initially the rate and integral
time can be set to zero while an optimum gain is being established. An optimum
gain value is one which minimizes oscillations in the sample temperature, both
during the heating ramp and while the crystal is being maintained at constant
temperature, and the optimum gain may differ slightly for the two operating con-
ditions. It is also necessary to optimize the gain such that the difference between the
ramp voltage and the measured thermocouple voltage is minimized during the
heating ramp. The other control constants can then be adjusted to fine tune the
operation of the controller. Tuning of the integral time is essential, particularly
when trying to avoid an overshoot at the end of temperature ramp.

Another electronic controller, designed to correspond to the system’s thermal
response and capable of programming at 20 K/s without overshoot, has been
described [4].

34.2 Temperature Programming of Metal
and Semiconductor Crystals

Almost all of the studies of adsorption, desorption, and reactivity at surfaces involve
control of the temperature of the surface as well as control of temperature pro-
gramming. A traditional solution involves specialized controlling units, one of which
is mentioned on p. 349. These controllers provide a technically simple but rigid
solution for the temperature control. An alternative solution employs an acquisition
board in a personal computer controlled by a program written in any programming
language. This method provides great flexibility and can be used for any type of
temperature sensor and any desired temperature program. A graphical programming
language, LabVIEW [5], is especially appropriate for these tasks. It has a powerful
graphical interface, a large library of subroutines for data acquisition, and a variety of
mathematical operations. An example of a virtual instrument created by LabVIEW
for temperature measurement and control of a silicon crystal is described below.
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Figure 34.2a shows a block diagram of the measurement setup for a silicon
crystal having a room temperature resistivity up to 100 Q cm. The crystal tem-
perature is measured by a thermocouple that has a known relationship to the true
temperature (measured by pyrometer) as a function of temperature. A cold junction
compensator [6] is used to establish, electronically, a reference voltage corre-
sponding to the ice temperature, 273.2 K. The signal is fed to a separating amplifier
and amplified by 50-100 times, which minimizes the noise level received at the
acquisition board. A second purpose of the separating amplifier is the rejection of
the DC offset caused by the potential applied to the crystal for heating. The
acquisition board can only handle 10-20 V offsets, which would be normal for
metal crystals because of their higher conductivity compared to a semiconductor
crystal. The signal from the separating amplifier is fed to the acquisition board [7],
which has an analog input/output with a maximum input and output voltage of
10 V. Two DC power supplies are needed, one to power the separating amplifier
(x5 V) and a heating supply (60 W, 120 V, and a maximum current of 50 A).

Figure 34.2b shows a block diagram of the LabVIEW controlling program that
controls the heating power supply according to a predetermined program. A sample
of a complex heating/cooling program and the result is shown in Fig. 34.2c. This
program provides the desired heating ramp from —200 up to 850 °C, and then
cooling by various ramp functions, as shown on the front panel readout in
Fig. 34.2c. The lower right-hand side of the front panel readout shows the actual
program achieved compared to that desired.

Figure 34.2d shows a detailed view of the linearity of the heating ramp and the
error that was measured. Here, P = 3 K/s, the linear ramp function. The lower
difference plot shows the accuracy of this particular ramp and all of the data points
fell in a 1.5 K noise range up to about 1000 K, where the mechanical contact (see
p- 356) between the thermocouple and the Si crystal began to fail.

The ability to control the isothermal temperature of the crystal for long periods
of time is also excellent, with better than 1 K temperature constancy and error
spread. There is often an initial overshoot of the order of several K as one ramps up
to a desired temperature, and this can be minimized by adjusting the proportional
integrating differentiating (PID) parameters in the program, Fig. 34.2b.

The advantages of the LabVIEW approach to temperature programming are
listed below:

1. Flexibility—the temperature profile can be changed as desired and nonlinear
programs are possible. Any type of temperature sensor with a non-linear output
can be used (see p. 405). Any type of correction for errors, such as the error in a
thermocouple because of inefficient thermal contact (see p. 356), can be made.

2. High speed.

3. Universal interface—the acquisition board with multiple inputs and outputs cou-
pled to the LabVIEW program, can be used for computer control of other instru-
ments (e.g., a mass spectrometer). However, the interface cannot be used at the
same time with another acquisition board driven by a program working in DOS.

4. Convenient graphical programming with a large library of subroutines.



34.2 Temperature Programming of Metal and Semiconductor Crystals 353

(a) S (b) { |

Data Acquisition Board

Analog Input Analog Output

j" - {Thermocouple Voltage) ‘ (Cantral of Power Sugply Oufput)

Coid Junction
Compansator [

= [ Low Frequency
Heating | Filtaring
Power Supply L
¥ Y
Temperature
Calculation r —

. PID Control
Dasired — 1
Temperafure
Profil

(c) Annealing Parmeters. Tuning Params
MK mE e e
Lo R
KAl REs SEA
T ) e
W
L=

Scan Timing
Scan Mute 1] Cyete Fragusey Wz
Lo (2]
Marmtar of Soana Ra Cycle Fraquancy (i)
L L =) L]

N-m
Control Manesl [WEBE
[ ]
Ml mow s s
Power Mete (00

Tempesaturs [C]

& 10 70 30 40 % 60 70 80 B 10

(d) swo—————————————

B=3Ks
1000 - Fiysal = 106 cm 1
L 4
E 800 1
e
& 600}
g
E
}1’ 400 ¢
Desired
| - Measured
200 |
ol O I L
50 100 150 200 250 300 350 400
Tima [s]
& T T T 7
5 .
- * -
b ot e e * e U
= '’
= AT TR o T T A
< ...: A4 "-?%. e,y
« T
.
.
I I I |
50 100 150 200 250 300 350 400

Time [s]

Fig. 34.2 Temperature programming of metal and semiconductor crystals. a Block diagram—
resistive heating control. b Block diagram—LabVIEW controller logic. ¢ Control parameters for
temperature program. d Linearity and error in heating ramp



354 34 Heating Samples

34.3 Mounting Nonweldable Crystals for Resistive
Heating and Cooling

Crystals such as Ag, Al, Au, and Cu possess very high thermal conductivity and
cannot easily be spot-welded to other metals because of the lack of melting at the
low temperatures achieved at the junction during welding. The mounting of such
crystals to heating/cooling wires requires a special method that will provide good
mechanical, thermal, and electrical contact over many cycles of heating and cool-
ing, and a design for this is shown in Fig. 34.3.

The crystal holder is fabricated out of OFHC copper, sapphire, and tungsten.
These materials all possess optimum thermal conductivity properties below 100 K.

Stranded Cu Wire,

/ 2-mm dia.

Sapphire Electrical
Insulator Disk

Polished OFHC
Copper Rods

Crystal

Ta Screws

W Wire, j

0.38-mm dia.

Fig. 34.3 Mounting nonweldable crystals for resistive heating and cooling
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Figure 34.3 shows a scheme to mount such crystals. A slot is carefully cut into
two opposite edges of the crystal. The slot makes a tight sliding fit for the tungsten
wire heating lead, and the crystal should not be distorted to make this fit.

The tungsten heating/cooling leads are fabricated with a pair of U-loops that
remove the effects of linear expansion that otherwise would push the wire from the
slot. Thus, the crystal, incorrectly mounted as shown in the right-hand insert, is
subject to variation in the cooling and electrical contact as the wire is heated and
cooled owing to bowing of the wire in the slot. The looped wires on the other hand
undergo thermal expansion effects which are almost counterbalanced on either arm
of the U-loops.

Make the assembly as follows using gloved fingers:

1. Mount the preshaped W wire (0.38-mm diameter) on the lower set of Ta screws
and tighten.

2. Fix the preshaped upper W wire on the right hand screw and do not tighten the
screw.

3. Fix the crystal with its thermocouple (hole-mounted—details not shown) on the
lower wire.

4. Rotate the upper wire counter clockwise until it fits into the slot and then tighten
both screws carefully.

This mounting procedure produces a stable junction over many cycles that
permits cooling of the crystal to about 32 K when liquid He is used in the reservoir
intended for liquid nitrogen [8].

34.4 Strain-Free Single Crystal Mounting Azimuthal
Motion

In certain applications, single crystals must be mounted in such a manner that
during heating and cooling they are free from strain owing to expansion and
contraction effects in the metal to which they are welded. This is particularly true in
atom scattering experiments, where tilting of the crystal can cause significant
problems.

The design shown in Fig. 34.4 eliminates this problem by allowing the con-
duction leads welded to the crystal to freely expand and contract [9]. This is
facilitated by having one end of each lead free to slide. The square cross-section Ir
rods (0.7 x 0.7 mm?) are welded to Ta pads on the right-hand side, but are free to
slide inside of sapphire bearing supports on the other end. The sapphire support
bearings are held in place by Ta foils welded to the Ta support plates. Ta conductor
leads (about 30-A capacity) are connected in pairs to the Ta support plates on the
left, and current passes through these and the support plates to the Ir rods and thence
through the crystal.
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Fig. 34.4 Strain free single crystal mounting—azimuthal motion

With a Ru crystal, temperatures above 1600 K may be reached, and cooling to
95 or 50 K was achieved using liquid nitrogen or liquid helium, respectively. The
Ru crystal was spot welded to the square Ir rods through a Ta sandwich foil.

34.5 Heating Silicon Crystals and Temperature
Measurements

One of the most difficult tasks in the laboratory is uniformly heating silicon single
crystals by resistive heating and measuring the temperature of the crystal. A variety
of methods of making electrical contact to silicon crystals have been devised that
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involve attachment to metal springs [10, 11] or elastic metal sheets [12, 13]. These
contact methods often result in the formation of hot spots at certain regions of contact
and can lead to nonuniform heating. Ta and Mo are used in these applications, since
other metals can lead to metal contamination of the silicon crystal, either through
metal diffusion through the bulk (Ni; Fe) or by transport by vaporization.

The attachment of thermocouples is also a difficult task owing to metal diffusion
or metal vaporization. Here, too, Ta-protective envelopes must be used, as in the
design of Bozack et al. [13], which employed Ta-protected W26 %Re/W5 %Re
thermocouples inserted into slots cut into the crystal edge [13]. We have found that
chromel-alumel (type K) thermocouples are unsatisfactory owing to the high vapor
pressure of Ni (1075—1074 Torr at 1450-1500 K) [14]. A few atomic percent of Ni
produces, on Si(100), the well-known split-off dimer defects [15]. Thus, W26 %
Re/WS5 %Re thermocouples, shielded by Ta, have been used successfully in our
own work.

Adhesive thermocouple contacts, such as zirconia-based Ultratem (Aremco),
have been found to diffuse through Si above 1100 K. A Ta thermocouple tab
contact, joined by a layer of Ge that alloys with both Ta and Si was proposed [11],
but adhesion was lost on heating to high temperatures [16].

Figure 34.5a shows a design [17] that addresses the clamping of Si crystals to
provide rather uniform electrical contact and temperature distribution. A Ta sheet
(20 x 9 x 0.125 mm?) is bent as shown in the diagram to form a bracket shape,
which is then welded to a W rod (2-mm dia.), using a copper plate as an alignment
jig, producing the structure shown in Fig. 34.5a(d). Four slips of Si wafer material
are prepared (4.5 x 8.5 x 0.4 mm’) and used to sandwich a Si wafer slice
(23 x 8 x 0.4 mm>) as shown in Fig. 34.5a(e). The entire sandwich structure is
compressed by a flat U-shaped Ta spring that is wedged into the slot between the
top Si slip and the top of the bracket, Fig. 34.5a(f). The fully assembled mounting is
shown in Fig. 34.5a(g).

Figure 34.5b shows a method for attaching a W26 %Re/W5 %Re thermocouple
(0.08-mm dia.) to the crystal by a U-shaped clip design [17]. To prevent direct
contact of the ther-mocouple material to the crystal, it is shielded with a Ta tube
(0.19-mm inner dia., 0.06-mm wall thickness, 5-mm length). The prewelded ther-
mocouple is inserted into the Ta tube at the end, which has been previously cut off
at an angle [Fig. 34.5b(a, b)], and the tube is flattened [Fig. 34.5b(b)], and formed
into a bracket shape that tightly clips over the crystal edge [Fig. 34.5b(c)]. The
thermocouple exits from the angled end and is bent upward as shown in Fig. 34.5b
(c). The thermocouple voltage is converted to temperature using a calibration
method similar to that of Smentkowski et al. [18], as discussed on p. 405. A cold
junction compensator is used for the reference junction at 273 K.

Two designs for thermocouple attachment to Si crystals have been compared
using a calibrated optical pyrometer. Figure 34.5c shows the two designs where the
slotted crystal design from Bozack et al. [13] and the design shown here [17] are
compared. The deviation for the slotted design is from 50 to 150 K, whereas the
deviation of the U-shaped clip design is from 50 to 90 K over the same temperature
range.
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The uniformity of heating of the Si crystal with this mounting design is found to
be 15 K at 1400 K, as measured by an optical pyrometer. At temperatures above
about 1100 K, temperature oscillations are sometimes observed with the U-shaped
clip thermocouple.

Great care must be exercised in making the mount and the thermocouple clip. All
Ta parts must be boiled in concentrated HCI solution to remove Ni contaminants
[15]. All tools should be made of plastic to avoid metal contamination, and fabri-
cation should be done under clean conditions without contact to metals other than
cleaned Ta. In addition, Mo parts, which are more springy, may be substituted for Ta
parts, although the HCI cleaning procedure followed by STM studies has not been
done for crystals with Mo/Si contacts, as has been done for W/Ta contacts [15].

The use of interferometry for measuring the temperature changes in semicon-
ductor crystals has been reported [19]. Here, both temperature dependent changes in
the refractive index and in the thickness of the crystal wafer cause the optical path
in the wafer to change in comparison to A/2n, where 4 = the laser radiation
wavelength, and n = the refractive index. Temperature changes as small as 0.2 K
have been detected, but one must start at some known temperature in order to make
temperature measurements at other temperatures.

34.6 Avoiding Extraneous Electrical Effects Owing
to Heating Crystals

Single crystals of metals may be heated in several ways for studies at constant
temperatures. Unfortunately the presence of large AC or DC currents used for
heating and the concomitant presence of stray electric and magnetic fields will be a
severe disturbance to measurements involving electron currents to or from the
crystal. A general method used to avoid this problem involves pulsing the heating
current and making current measurements from the crystal during the time when the
heating pulse is off.

Figure 34.6a shows a typical mounting for a metal single crystal on a manipu-
lator using ohmic heating for the crystal. Large-diameter (1.0-1.5 mm) tungsten
support leads are connected to current and cooling leads on the manipulator and
conduct current to a pair of tungsten wires (0.3-mm diameter) welded to the back of
the crystal. Tungsten is preferred to tantalum because of its higher coefficient of
thermal conductivity at low temperatures. In this configuration the crystal is heated
by thermal conduction from the hot wires rather than by ohmic heating of the
crystal itself, and at incandescence, it will be seen that the parallel wires are
comparatively bright in the region between the crystal and the support leads. The
uniformity of welding to the crystal and the support leads can be judged by the
relative brightness of the four intermediate regions. Poor welds will yield higher
brightness and will possibly cause premature burnout. The thermocouple welded to
the crystal edge is used to measure the crystal temperature.
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Fig. 34.6 Avoiding extraneous electrical effects owing to heating crystals. a. Interrupted ohmic
heating. b Interrupted electron bombardment heating

Figure 34.6b shows a typical arrangement for heating by electron bombardment.
The tungsten coil emitter located about 3—5 mm behind the crystal is kept at ground
potential, and the crystal is biased positively (several hundred volts to 2 kV) (see
p. 361). Thermionically emitted electrons are used for heating the crystal and any
crystal can easily be melted accidentally with this method. In addition to electron
bombardment heating, it is also possible to use radiation heating to achieve crystal
temperatures approaching 1000 K. The upper temperature limits for radiation
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heating depend upon the magnitude of the heat leakage to the support wires through
the thinner wires welded to the crystal.

Three circuits for interrupted heating of single crystals have been reported in the
literature [20-22]. For ohmic heating, at 1000 K, the temperature controller [20]
required a duty cycle of 2/3. The switching rate was approximately 0.3 Hz, and the
temperature regulation was +15 K. Better control would be possible at higher
switching rates [20]. For electron bombardment heating, a second circuit has been
published in which a mechanical relay is used [21]. Here, bounce within the relay
limits the time period for data acquisition to about 40 ms at 10 Hz. It is necessary to
switch both the filament heater current and the bias voltage and since the power
supplies are slow to recover from the switching, dummy loads are used in the off
cycle. A difficulty reported for switching large currents and high voltages is that
transients are produced that disturb electronic measuring equipment being used.
Proper shielding of the elements of the circuit and the use of shielded cables
eliminates these effects. A third circuit, which has shown favorable utilization in
conjunction with LEED, Auger, and HREELS measurements is reported in [22].

The circuits shown in [20, 22] employ older electronic components, and the user
should consult with an electronic specialist for designing similar circuits using
modern components.

34.7 Electron Bombardment Crystal Heating

Electron bombardment heating of a metal crystal can often be used to bring the
crystal to higher temperature than can be done conveniently by ohmic heating.
Thus, for the highly refractory metals such as W, Ta, Mo, and Re, all of which
require very high temperatures to remove impurities, electron bombardment is often
used (see also p. 363.)

A typical design for electron bombardment heating, adapted from [23], is shown
in Fig. 34.7. The crystal is supported on a manipulator by one or more welded wires
that connect to a stub on the end of the manipulator. This stub is electrically isolated
from the manipulator shaft by a high-voltage ceramic spacer that will work at
positive bias potentials of several kilovolts. The high-voltage connection to the stub
is provided by a well-insulated wire that passes through a ceramic sheath, and this
sheathed wire is firmly attached to the manipulator shaft by means of a ceramic
support designed to hold it tightly, and in isolation from the rotary manipulator
shaft or any other grounded parts.

The very simple electron bombardment gun is made of a stainless steel tube with
an aperture cap placed over the open end, and a custom made ceramic base to hold
the heavy filament leads. Filament current is supplied through copper braid that is
connected to the ceramic support, and thence to flexible power leads that connect to
feedthroughs on the manipulator flange. The electron gun is mechanically con-
nected to the ceramic support by a rod, as shown.
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The filament for the electron gun can be made of pure W wire, or thoriated W
wire (see p. 133). Emission currents of 10-50 mA with a positive bias of 1 kV on
the crystal will supply 10-50 W, usually enough for heating to the desired tem-
perature, depending on the thermal conductivity of the welded leads to the crystal
and the radiation loss at the desired crystal temperature. For gentle heating, only
radiation heating from the filament can be used, and in this case a non-thoriated W
filament would be preferable. While the winding of W filaments is easily done,
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professionally wound filaments of uniform shape may be purchased [24]. A very
compact and tightly wound W filament can be obtained from a slide projector
quartz-halogen lamp, and the quartz envelope can be cut off by a glassblower,
leaving an accurately mounted W filament attached to the quartz base. The filament
should not be removed from the lamp base as it will be difficult to reweld it to the
leads without strain and subsequent distortion upon heating.

It is emphasized that the coiled W filament (typically wire diameter = 0.2 or
0.3 mm) should be welded to its supporting leads under conditions where there is
no strain left in the coil after the second weld. Strain will result in extreme filament
distortion upon heating to incandescence.

The temperature of the crystal can be measured with an optical pyrometer for
adjustment (see p. 409). However, usually a thermocouple is employed for this, and
one must remember that the thermocouple will also be biased at kilovolts when the
crystal bias is on. Since these voltages are lethal, proper care must be taken in the
insulation of the thermocouple leads, and in the isolation of the readout device
connected to these leads.

One might consider reversing the bias and making the electron gun operate at a
negative bias of a kilovolt or so, and grounding the crystal. This is not advised,
since then electron bombardment will occur broadly to all regions at ground
potential in the vicinity of the crystal, resulting in excessive outgassing and damage
to devices and screens.

Even simplier electron guns may be constructed, the simplest being just an
emitter filament supported a few mm from the back of the crystal.

34.8 Indirect Sample Heating

The use of indirect heating of samples is especially important for materials that are
nonconductive and therefore cannot be heated by ohmic heating. However, indirect
heating of conductor materials is also a favored method of heating, since excellent
control of temperature can be achieved by indirect heating methods. Both heating
by radiation and heating by electron bombardment are termed indirect heating,
since neither method depends on the electrical resistance of the sample, as does
direct ohmic heating.

Figure 34.8a shows a typical method for indirectly heating a sample using a
button heater [25] that is supplied commercially [26]. The sample is held onto the
top surface of the Mo cylindrical shell that surrounds the W heater wire. The W
heater is immersed (potted) in an aluminum oxide powder. In the case shown here,
the sample is held in place by means of a Mo sleeve that fits snugly over the Mo
cylinder and has a lip that grips the front surface of the sample. This arrangement
may be used up to about 1500 K without damage to the heater assembly. Since the
heater wire is noninductively wound, electron spectroscopic measurements may be
made with heating power on [25].
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Figure 34.8b shows another arrangement that maybe used at temperatures above
1500 K, but which also is useful at lower temperatures [27]. A Mo cylindrical can is
polished flat on its top surface, and the sample is placed in contact with the upper
surface. In the case shown here, a single crystal of diamond is held by two tungsten
or tungsten alloy wires by means of parallel slots in two opposing edges. The wires
are spot-welded to the edges of the can and tightly bind the diamond to the polished
top of the can. Inside the can is a flat W pancake spiral made by winding a W wire
onto a mandrel into a watch spring configuration as a tight coil. No aluminum oxide
potting powder is present, so that the Mo can is heated only by radiation from the W
spiral, or by radiation plus electron bombardment if more power is needed.
A reflective radiation shield behind the Mo can assists in increasing the efficiency of
heating the Mo support by the incandescent filament. A more complex electron
bombardment heating device involving a shielded thermionic emitter has been
reported [28].

The performance of the heating assembly in Fig. 34.8b has been measured for a
diamond single crystal [27], and the results are shown in Fig. 34.8c, d. In Fig. 34.8c
the temperatures of two thermocouples, buried in laser-drilled holes in the edge of
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the diamond crystal, are shown for static heating experiments, where the assembly
is brought to steady temperature in ultrahigh vacuum. The two thermocouples differ
by only 8 K in these experiments, indicating that the true temperature of the
diamond is being measured. However, at a diamond temperature of 1400 K, the
difference between the Mo support temperature and the diamond temperature
amounts to 140 K. This difference decreases at lower temperatures. Since diamond
is an excellent thermal conductor, it is likely that heat transfer from the Mo surface
to the diamond back surface is the limiting factor in these experiments. Similar
temperature differences between the temperature of a heated supporting surface and
a contacting sample have been measured by others at about 10> Torr pressure. The
sample was contacted to the supporting surface using a silver paint that worked up
to 1073 K, where a 22 K temperature difference was measured [29].

Figure 34.8d shows the difference between the heating behavior of the diamond
crystal and the Mo support can under conditions of temperature programming at a
rate of 1.3 K/s. At a diamond temperature of 1150 K, a difference of temperature
between the Mo support and the diamond of 225 K was noted (compared to only
90 K under static conditions as shown in Fig. 34.8c). The Mo can cools faster than
the diamond when the heating is interrupted, as would be expected for cooling
controlled by thermal conduction from the assembly.

The maximum filament heating power used to heat the diamond may be reduced
by employing a mixture of radiation heating combined with electron bombardment
heating. Thus, for example, a positive bias of 250 V produces thermionic heating of
12 W at a diamond temperature of 1273 K, whereas 47 W of filament heating power
was needed under conditions of zero bias to achieve the same temperature.

A successful variation of this method, involving ohmic heating of the support
assembly [29] is shown in Fig. 34.8e. Here, a polished Ta block of the same size as
a TiO, single crystal is heated by means of W wires which pass through the body of
the Ta. The temperature of the crystal is measured with an embedded thermocouple
cemented [30-32] into a diagonal slot in the crystal corner, and programming of the
heating power is controlled by this thermocouple which acts to supply a feedback
signal. Somewhat similar methods for heating and cooling alkali halide crystals,
and using an In metal film as a heat transfer medium have been reported [33].

34.9 Indirect Heating of Compound Semiconductors

A variety of indirect heating methods for semiconductors which cannot be heated
by electrical conduction have been discussed on p. 363. GaAs is a special material
because of its fragile mechanical properties and because many samples are of the
incorrect conductivity for direct resistive heating (see p. 327). The method shown
here is especially good for this type of material [34].

As shown in Fig. 34.9 the GaAs crystal is bonded to a sapphire plate using an
indium film bond. The sapphire plate is coated on its back with a thin Ta film that is
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used for resistive heating. A thermocouple is attached to the Ta film for the mea-
surement of the temperature.

The indium film is applied conservatively so as to not cause a short circuit
between the Ta clip leads that support the sapphire plate on 0.75-mm Ta support
leads. The indium film application may be easily done by using the Ta film resistor
to raise the sapphire temperature above the melting point of In (157 °C). The Ta
resistor film requires 1.5-2 A at 8-10 V to heat the unit to about 900 K. The GaAs
sample is grounded by using a Ta spring contact that is welded to a Ta clip.

The disadvantages of this technique are that the In reacts slowly with GaAs,
causing failure after long heating. This effect can be minimized by using only small
amount of In. In addition, at high temperatures, the In has a significant vapor
pressure (1077 Torr at 833 K; 107° Torr at 895 K).

34.10 Heating Design—Insulator Crystals

A mounting design for electrically nonconducting crystals must provide a method
for uniformly heating the crystal. When ohmic heating is to be used, various
methods of placing the crystal on a heatable metal substrate have been described in
other sections.

A method for making intimate contact between an insulator crystal and a metal
[35] is shown in Fig. 34.10. The method involves first making a sputtered film of
the metal on the back of the crystal, as shown in Fig. 34.10a. In the case of a MgO
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crystal described here, about 1 um of Ni was sputter deposited in a period of
30 min. This film provides an intimate contact to the back of the crystal while
permitting the electrodeposition of a thicker metal film. Figure 34.10b shows the
crystal with the sputter-deposited Ni film and with a Ni heating wire lying across
the back. This assembly is placed into a vessel (Fig. 34.10c), and a thick coating of
Ni is electrodeposited, making good contact with the underlying sputter-deposited
Ni film as well as holding the heating wire in place. Between steps A and B, the
cement used is removed and the crystal is placed on a new glass slide (No. 2) to
remove the extraneous Ni film deposited on slide No. 1, which would also be
electroplated.

The cement used in this procedure to mask the crystal edges is a commercial
UHV leak sealer, Vacseal [36], and is acetone soluble. It is important to electroplate
the thick Ni film without stress, and special procedures for doing this must be
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followed. A nickel sulfamate plating solution (1 L volume) was employed con-
taining nickel sulfamate (600 g/L), nickel bromide (45 g/L), boric acid (2 g/L),
saccharin (0.5 g/L), and a surfactant X-100 (2 drops). The bath temperature is 40 °C,
and its pH is 4.0 + 0.1, which can be adjusted using sodium hydroxide solution. The
approximate current density is 3.4 A/dm>. The use of six to eight electrolytic grade
Ni anodes [37] is important, only one of which is shown in Fig. 34.10c. Before use
the electrolytic bath should be treated with 30 g of activated charcoal, filtered, and
then plated onto a dummy anode for 2 h. Deposition rates on the back of the insulator
crystal are typically 50 um/h. The bath should be stirred with a magnetic stirring bar
and final attachment of the Ni heating wire takes place as shown in Fig. 34.10d. To
check on the stress in the Ni film being deposited, a thin strip of Cu
(1 x 10 x 0.05 cm®) is used to receive the Ni film as a test. After plating for 30 min,
the test strip should bend 1.5-2 mm toward the copper backside after the protective
coating of lacquer is removed, indicating that the Ni film adheres well and is
under slight compressive stress. The thermal expansion coefficient of the Ni,
133 x 107° K™!, should match that of the crystal, as in the case of MgO
(13.5 x 107° K™1). For a MgO crystal the Ni film could be cycled in vacuum many
times to 1073 K without failure.

34.11 Cement Mounting—Semiconductor Crystals

A number of methods for mounting semiconductor crystals in ways where they can
be electrically heated and cooled are discussed throughout this chapter beginning on
p- 349. In the case of crystals which cannot be heated by electrical conduction,
either because of unfavorable conductivity or because of unfavorable shape, it is
possible to use a refractory cement that holds the crystal to a tungsten disk that is
heated through welded contacts to refractory metal heating wires [38, 39].

In Fig. 34.11, an irregularly shaped SiC crystal has been cemented to a W disk
using Aremco Ultratem 516 cement, which has a ZrO, base [40]. The W disk has
previously been welded to a pair of Ta heating wires that pass current from the
heavy W (1.5-mm-diameter) support leads. The cement is made electrically con-
ductive by mixing with the appropriate amount of powdered graphite. This permits
the electron spectroscopies to be used without sample charging.

A chromel-alumel thermocouple is connected to the back side of the SiC crystal
by means of an alloy solder (90 % Au/10 % Ta) that anchors a tiny Ta tab to the
crystal. The connection to the SiC crystal must be done in a preparative vacuum
chamber to avoid gross oxidation of the crystal during induction heating.

Measurements with AES and XPS indicate that no migration of the ceramic
cement occurs to the front of the SiC crystal up to 1400 K. The cement is adequate
for mounting light crystals, but it is by no means robust.

At 1000 K, the temperature indicated by the thermocouple may be about 100 K
too high compared to the true SiC temperature. The temperature range from 85 to
1400 K was employed, and minimal outgassing occurs at 1400 K [38].
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34.12 Low-Stress Mount for Fragile Semiconductor
Crystals

A system for mounting thin semiconductor crystals in an ultrahigh vacuum system
for heating and cooling is described [41]. The method avoids stresses on the heated
crystals, allowing them to remain flat at high temperatures. The method also allows
a thermocouple to be mounted between two semiconductor samples, as shown in
Fig. 34.12.

Two L-shaped copper electrical conductor bars are attached to coolable electrical
feedthroughs that are in contact with a refrigerated Dewar tube. The Cu conductors
are separated and aligned by a Macor spacer. On the front of the L-shaped con-
ductor bars are tapped holes accommodating 0-80 stainless steel machine screws
that have had their threads removed under their heads to avoid snagging on the
semiconductor wafer samples. Chromel wire springs (0.016-in.-diameter wire,
formed around an 0.0625-in.-diameter rod with 38 turns/in.) provide compression
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force in the sandwich structure to be fabricated. A sandwich structure, consisting of
two identical semiconductor samples, is placed between Ta clips (which have
elongated holes allowing expansion to occur). Thermocouple wires are welded to
the 0.005-in.-thick Ta foil that is sandwiched between the semiconductor samples.
A hole drilled in the back semiconductor sample allows the thermocouple to extend
back to its terminals on the manipulator feedthrough. The entire sandwich structure
is compressed by turning and locking the nuts on the stainless steel machine screws.
For two 0.014-in.-thick Ge samples, the compression in the chromel springs is
typically 0.1 in.
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This arrangement heats samples of Ge up to their melting point (1211 K) with
virtually no temperature gradient across the samples. The thermocouple readings
are within 2 K of pyrometer readings. By cooling the Dewar with liquid nitrogen,
temperatures near 200 K are reached. The chromel springs lose their ability to
compress the sample when long annealing near 1273 K is carried out.

The reader is warned that the stainless steel and type K thermocouple material
used in this configuration is likely not to work for Si, which must be heated to much
higher temperatures for cleaning. Both stainless steel and type K alloys will transfer
Ni impurities to Si, giving unsatisfactory modifications of the Si surface structure
and its surface properties (see p. 548).

34.13 Radiation Heating of Crystals Through Glass
Windows

Single crystals may be heated by radiation from hot filaments mounted internally in
the ultrahigh vacuum system, and this method possesses the best efficiency of
coupling the radiant source (usually a hot W wire) to the crystal. For special cases,
however, it may be preferable to employ radiation heating from external tungsten
halogen lamp sources, which typically have maximum power limits in the 250-
1000-W range. Usually the maximum temperature that can be reached with an
external lamp is insufficient for cleaning the crystal and electron bombardment or
ohmic heating methods must be employed for initial cleaning.

A very early use of external radiation heating for programming the temperature
of semiconductor crystals can be found in the work of Palmberg and Peria [42]. In
Fig. 34.13a, their glass ultrahigh vacuum apparatus is shown. A track allows the
translation of the crystal, using a magnetic device, from location to location in the
linear vacuum system. Shown is a 200-W halogen lamp inside a spherical reflector
(silvered glass flask section). Figure 34.13b shows a variation on the design of
Fig. 34.13a, where a commercial 750-W lamp (operating at reduced power) is
housed in an ellipsoidal reflector, which has reflective aluminum focusing surfaces
behind and in front of the lamp [43]. This arrangement permitted crystal temper-
atures near 1000 K to be achieved using the lamp alone, and cooling of the
hemispherical glass surface was necessary to prevent damage to it by the
lamp. A nonlinear heating rate was observed. The crystal was mounted on a
0.25-mm-diameter W support wire, which minimized cooling by conduction to the
liquid-nitrogen-cooled support lead. A tungsten thermionic emitter is shown behind
the crystal and this is used for electron bombardment cleaning at 2500 K, assisted
by magnetic collimation. Figure 34.13c shows a lens arrangement for focusing light
from a 900-W lamp [44]. The single-glass double-convex lens, f/1.32, has a
magnification of unity. Lenses of this type are used as condenser lenses in pho-
tographic enlargers. The window is Pyrex glass with 95 % transmission in the near
infrared, where the spectral radiancy is greatest for tungsten. A silicon crystal could
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be raised to 900 K with this arrangement. The temperature program using the lamp
in Fig. 34.13c is shown in Fig. 34.13d, and the reproducibility over a period of
several days is within +5 K.

34.14 Pyrolytic Graphite Heating Element for UHV

Heavy power deposition in an ultrahigh vacuum system can be achieved using
electron bombardment, with the inherent possibility of burning out the emitter
filament. The resistive heater described below avoids this problem.

The heater shown in Fig. 34.14a was constructed of chemical-vapor-deposited
(CVD) pyrolytic graphite, which is highly anisotropic in its electrical conductivity
[45]. The heater is fabricated from a slab of the graphite so that the current flow is in
the C direction, which has a resistivity about 10° times higher than in the A or B
directions. The width of the device in the C direction is governed by the thickness
of the pyrolytic graphite supplied by the manufacturer [46], which is about 25 mm.
The slab is cleaved along the A/B direction into slices 4-5 mm in thickness.
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Resistive sections are separated from each other using a band saw or preferably a
diamond saw wheel. Care must be taken not to fracture the graphite during sawing.

The heater is mounted on threaded Mo connection rods, as shown in Fig. 34.14a.
These rods are not heated too much since the thermal conductivity along the
C-direction is small compared to the other directions. When the temperature in the
central region is in the 2000 K range £30 K, typical power dissipation is about
2.0 kW for 155 V applied with 13.5-A current.

Figure 34.14b shows the heater used as in insertion device inside of a block to be
heated to about 1200 K. The pyrolytic graphite heater was mounted in a rectangular
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hole and was insulated from the metal by an alumina spacer. Electrical contact was
made with a tungsten foil spring attached to the bottom of the heater as shown.

Although the heater is mechanically fragile, once in operation it may be
repeatedly cycled in temperature without damage. The authors report that this
design is compatible with ultrahigh vacuum.

The resistivity of the pyrolytic graphite heater was measured versus temperature,
as shown in Fig. 34.14c. Relatively poor agreement was obtained compared to the
manufacturer’s specifications. This level of variation is typical for CVD pyrolytic
graphite measured in the C-direction.

34.15 Heater—Paint-on Type

A simple resistance heater which can be painted on an insulating surface [47] may
be useful in indirectly heating components in an ultrahigh vacuum system (as
shown in Fig. 34.15). A thin layer of Aquadag [48], which is a colloidal graphite
suspension, is painted onto a roughened quartz surface and outgassed for 0.5 h by
baking in an oven at 300 °C, which is reported to be satisfactory for complete
outgassing [48]. The graphite layer can then be smoothed with fine abrasive paper.
Contact to the graphite layer is made using Ni or Pt strips, 0.1 mm thick, which are
sandwiched between the graphite layer and a second quartz plate that is clamped to
the first to assure good contact.

For a 27-mm-diameter plate, typical room temperature resistances are about
15 Q. With a variable transformer, up to 20-V maximum, the heater could be used
continuously for long periods at temperatures of 500 °C, and operation at higher
temperatures may be possible. The application of these ideas to heating irregularly
shaped surfaces is possible.

—— Pt or Ni Contacts
Clamp —._ S T

Aquadag -
Quartz
Flates \ e Upper Plate
Clamp

Fig. 34.15 Heater—paint-on type
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34.16 Mounting High-Temperature Tungsten Filaments

The proper mounting of tungsten filaments so that operation at high temperatures
does not melt or vaporize the filament mount is sometimes a problem in instrument
design. A useful method of doing this without using complex screwing or clamping
arrangements is shown in Fig. 34.16. A Mo rod, threaded to fit into an electrical
mount, is drilled with an axial hole somewhat larger in diameter than the tungsten
wire. The drilling process should be done slowly (1000 rpm) to avoid splitting the
Mo rod [49]. The ends of the tungsten wire are then coiled by winding around a
mandrel, followed by stretching, such that the helix formed makes a tight sliding fit
into the hole in the Mo rod.

34.17 Rotatable Single Crystal

A cylindrical single crystal exposes different single crystal planes at different angles
around its perimeter. Thus experiments which sample small areas may be carried
out at different azimuthal angles, sampling different single crystal facets as well as
at different atomic step geometries and densities on vicinal planes. The crystal
geometry shown in Fig. 34.17a features a crystal shell with inside diameter of
14 mm and outside diameter of 20 mm, and involves a crystal length of 14 mm. The
crystal is clamped to the bottom of a cryogenic reservoir containing liquid N,
which with long cooling times can bring the crystal down to 89 K. The crystal may
be heated for cleaning to above 900 K by radiation from the encased tungsten
filament or by electron bombardment. Cooling occurs at an initial rate of
~45 K min~"', with the lowest temperature being achieved in about 60 min cooling
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time. The crystal may be programmed upwards in temperature at 1 K s~' and

thermal desorption is measured by an apertured and differentially-pumped mass
spectrometer through a skimmer which is 6 mm wide and 1 mm high. Desorption
spectra are obtained with an azimuthal angular resolution of 2°. The crystal is dosed
by a molecular beam which produces a stripe on the crystal which is 6 mm wide and
0.3 mm high [50].

An example of the use of this approach involves measurements of the sticking
coefficient of H, on the crystal at various positions involving different atomic step
densities. Figure 34.17b shows this measurement, plotted versus the inverse dis-
tance between atomic steps which depends on the azimuthal angle setting of the
crystal compared to the axis of the H, molecular beam. The sticking coefficient rises
as the step density increases [50].
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34.18 Radiation-Heated Evaporator

Tungsten lamps are excellent clean radiation sources for the interior of UHV sys-
tems. They may be of the quartz-halogen or quartz-Xenon type where the added gas
prevents W evaporation on the inner surface of the quartz envelope. UHV com-
patibility is related to having only quartz and metal exposed to the vacuum system.
Such bulbs are used in home lighting systems, auto headlamps, and projector lamps.
They have the advantage of being able to operate at high power without filament
burnout or W evaporation into the vacuum system. Also, there is no thermionic
electron emission. Gases in the bulb will not escape into the vacuum system. These
bulbs have been used also for passing focused radiation through windows for
heating of samples in UHV (see Sect. 34.13).

A particular use of a lamp for heating an evaporant is shown in Fig. 34.18. An Al
or Cu body, containing a glass vial with the evaporant, is heated from behind with a
lamp encased in the body as shown. The lamp is carefully shielded by aluminum
metal shields to prevent radiation heating of an insulating PTFE support or other
parts of the support assembly. Thermocouple wires may be attached to the evap-
orator, but electrical pin contacts to thermocouple wires should be shielded from
radiation to prevent heating of junctions which will supply spurious voltages. The
design shown has been used up to 300 °C [51].
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