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Au-GaAs(110) interface: Photoemission studies of the effects of temperature
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Detailed photoemission studies have been performed on the Au-GaAs(110) interface at room tem-

perature and after annealing at temperatures of up to 500 C. The data indicate the formation of a
Au-rich Au-Ga alloy in the form of medium-to-large-scale (bulklike) clusters with possible As inter-
mixing at room temperature. The degree of intermixing increases with annealing temperature, as
the clusters become thicker and more enriched in Ga. At 500'C the As evaporates, large portions of
the GaAs surface become uncovered, and evidence of a nearly pure metallic Ga phase is seen. The
Fermi-level pinning behavior has also been deduced from the photoemission data. %e observe pin-

ning at a barrier height of 0.7+0. 1 eV below the conduction-band minimum (CBM) for sma11 [-0.2
monolayer (ML)] coverages and at 0.85+0. 1 eV below the CBM for coverages greater than -0.3
ML on n-type GaAs(110) at room temperature. %'e suggest that the pinning at 0.7 eV is due to an
acceptor defect level and the pinning at 0.85 eV is due to a donor defect level which, due to depletion
of electrons from the defect level by the Au clusters, acts effectively to pin EF on n-type GaAs.
These levels are in agreement with those of the unified defect model. After heating of these films
we observe a reduction in the amount of pinning due to annealing of defects and exposure of large
portions of the surface. Pinning on p-type GaAs is observed at 0.5+0. 1 eV above the valence-band
maximum for a coverage of -0.2 ML at room temperature and is attributed to the same donor lev-

el. This pinning is also seen to decrease with increased annealing temperature.

I. INTRODUCTION

An understanding of the interactions between metal
overlayers and compound semiconductor surfaces is basic
to the fabrication of electronic devices, which utilize met-
al contacts to form active Schottky barriers as well as
ohmic contacts. Most contacts to semiconductor devices
are subjected to various heat treatments during process-
ing one reason for this is to promote firm metal adhesion
to the semiconductor. Recent developments in self-
aligned gate technology, which uses the metal overlayer as
a mask for ion implantation, require annealing at tem-
peratures of 800—850'C. ' The effects of annealing on
Au-GaAs devices are important not only as a necessary
processing step but also as a result of the often high tem-
peratures (-200'C) achieved during device operation.
These high temperatures lead to premature failure as a re-
sult of Au or a Au-rich alloy penetrating the active device
layer. s Such interdiffusion has been observed to cause a
decrease in the apparent Schottky-barrier height on n type-
GaAs from -0.9 V to -0.6 V, while at the same time
causing an increase in the ideality factor from —1.0 to
—1.2. * These values are based on I-V and C- V electri-
cal measurements, and as such are dependent upon the
particular model of the conduction mechanism used to in-

terpret the data. Madams et a/. ' have used a thermionic
field emission model to conclude that the barrier height
remains unchanged at -0.95 V after heating to 450'C
and that the Ga outmigration results in the formation of
an n+ region beneath the contact.

Only during the past few years have systematic at-
tempts been made to understand the effects of chemistry
on the electrical properties of the interface. Details of this

work may be found in the papers of Lindau et al. ,
"

Spicer et al. ,
' Brillson, ' and references therein. Inter-

mixing during the formation of Au-GaAs contacts at
room temperature on the cleaved GaAs(110) surface has
been demonstrated in earlier work. ' ' It was established
that both Ga and As move through the Au overlayer, even
for thicknesses as great as -200 A. Studies of high-
temperature annealing of Au-GaAs interfaces prepared on
chemically cleaned GaAs(100) and (111) wafer surfaces
have been made using a wide variety of experimental tech-
niques. Rutherford backscattering measurements have
demonstrated Ga outmigration to the surface' ' and
deep Au diffusion into the GaAs. ' Auger electron spec-
troscopy with Ar+-ion sputter depth profiling has shown
that Ga and much smaller amounts of As accumulate at
the surface with no Ga or As present in the bulk of the
film. ' ' Other techniques have demonstrated similar
behavior; these include scanning electron micros-
copy, ' ' ' transmission electron microscopy, ' secondary
ion mass spectrometry, He+-ion scattering, and x-ray
diffractometry. Studies using mass-spectrometer-
evolved gas analysis ' have shown directly that As is
released during heating. Intermixing of Si and Au has
also been reported on Au-Si structures. ' In addition,
studies have been made of Au alloy contacts to

27—29

In the present work we have performed detailed photo-
emission measurements of Au overlayers on GaAs(110) at
room temperature (RT). We have studied core-level line
shapes, binding-energy (Ett) shifts, and intensity varia-
tions to establish the nature of the chemical states result-
ing from surface interactions. We have also used the
same techniques to investigate both the details of the in-
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terdiffusion process and changes in the Schottky-barrier
height with increasing annealing temperatures. We find
that I- V and C- V measurements made on identically
prepared and similarly processed thick-layer device struc-
tures ' support the photoemission measurements and
lead to a mechanism for explaining the observed behavior
of the structures studied in this work as well as those
studied in the earlier work mentioned above.

G. EXPERIMENTAL

A. Sample preparation

All of the GaAs(110) surfaces were prepared by
cleavage in situ under ultrahigh vacuuming at a pressure of
less than 1&10 ' Torr, exposing a square 5/5 mm
cleavage face. A Te-doped n-type (n =8)&10' cm )

single-crystal sample was used for the low- and high-
coverage heating experiments and the room-temperature
illtravlolet photoemission spectroscopy (UPS) experi-
ments, and an undoped n-type (N~ =1X10' cm )

single-crystal sample was used for the room-temperature
soft x-ray photoemission spectroscopy (SXPS) experi-
ments. A Zn-doped p-type (p =2&(10' cm ) single-
crystal sample was used for room-temperature UPS and
low-coverage heating experiments. Au was deposited
from a bead on a tungsten filament; two quartz-crystal
thickness monitors (one near the evaporator, which was
used during the evaporation, and one which could be si-
tuated at the sample position) were used to calibrate and
control the evaporation rate. Exposures were made by
opening a shutter on the evaporator for times no greater
than -40 sec in order to minimize heating of the sample
due to radiation from the evaporator (measurements made
by placing a thermocouple at the sample position indicat-
ed a temperature increase of less than 10'C). The pres-
sure during evaporations was less than 2X10 ' Torr.
Au coverages were determined from the amount of Au in-
cident on the sample surface assuming unity sticking coef-
ficient with one monolayer (ML) defined to be one Au
atom per surface Ga and As atom (1 ML=8. 85X10'
atomsicmi). Using the bulk density of Au we find that 1

ML=1.5 A.
In the heating experiments the sample was heated by a

tungsten filament heater at the desired temperature for 10
to 15 min and then allowed to cool to room temperature
before measurements were taken. The base pressure dur-
ing sample heating was -2X10 ' Torr. All cleaves and
evaporations were performed with the sample at room
temperature.

B. Photoemission spectra

Photoemission energy distribution curves (EDC's) for
room-temperature and low-coverage (0.2 ML) heating ex-
periments on n- and p-type samples were obtained with a
monochromatized He discharge lamp source ' that pro-
vided photon energies of 21.2 eV for valence-band spectra
and 40.8 eV for Ga 3d core-level spectra. Room-
temperature and high-coverage (15 ML) heating data on
n-type samples were obtained using synchrotron radiation
froin the I-1 4' beam hne at the Stanford Synchrotron Ra-

diation Laboratory (SSRL). The room-temperature ex-
periments at SSRL were performed during parasitic (low
beam current) operation of the storage ring and the EDC
intensities were normalized to a signal from a photon flux
monitor mounted between the monochromator output
port and the sample chamber. The high-coverage heating
experiments were performed during dedicated (high beam
current) operation and the EDC intensities were normal-
ized to this beam current. These core-level and valence-
band studies required photon energies in the region from
100 to 130 eV which were provided by a grazing-incidence
grasshopper monochromator described by Brown et al.
Photoemitted electrons were energy analyzed using an
angle-integrated double-pass cylindrical mirror analyzer
(CMA) described by Pianetta et al.i

The resolution of the CMA was adjustable from 0.17 to
0.35 eV and the monochromator resolution ranged from
0.08 to 0.15 eV. The reproducibility of the measure-
ments allowed determination of relative core-level shifts
to an accuracy of +0.05 eV, while absolute values of
core-level energies were accurate to within +0.1 eV. The
position of the surface Fermi level (E~ ) was determined

from the EDC of a thick (& 100 A) Au film evaporated
in si'tu onto a stainless-steel substrate in electrical and
thermal contact with the semiconductor samples. Move-
ment of the semiconductor valence-band maximum
(VBM) relative to FF with increasing Au coverage or an-

S

nealing temperature was determined from movement of
the Ga and As 3d core levels and VBM edge relative to
their values on the clean surface. In this way EF could be

S

located to within —+0. 1 eV on the clean and covered sur-
faces. The escape depth of the photoemitted electrons was
—10 A for the UPS experiments and -5 A for the SXPS
experiments; thus, effects of the escape depth on the
band bending as measured by the core-level shifts are
small compared to the experimental resolution.

III. THE Au-GaAs INTERFACE
AT ROOM TEMPERATURE

In this section we present and discuss in detail photo-
emission data for the Au-GaAs interface at room tem-
perature. We find that the picture that emerges for the
behavior at room temperature provides an excellent back-
ground for understanding the somewhat more complex ef-
fects of heating which are presented and discussed in Sec.
IV.

A. Results

The photoemission data presented here were collected
during two separate experiments. In the first experiment
(UPS) we studied Au overlayers on n and p-typ-e
GaAs(110) surface (see Sec. IIA) using the He-discharge
lamp with monochromator to obtain photon energies of
21.2 eV for the valence-band region and 40.8 eV for the
Ga 31 core level. In the second experiment (SXPS) we
studied the n-type GaAs(110) surface using synchrotron
radiation to provide photon energies of 100 eV for the Ga
3d and As 3d core levels and 130 eV for the Au 4f core
levels.
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crease in the full width at half maximum (FWHM) of
-0. 1 eV for the 80-ML peak relative to the clean peak.
The peaks also exhibit a tail on the high-binding-energy
side that increases with Au coverage.

c. The As 3d core level. The As 31 core-level spectra,
sho~n in Fig. 3, were taken at the same photon energy as
the Ga 3d core levels. This allows both spectra to be tak-
en during the same energy scan of the CMA so that the
relative intensity ratios can be accurately compared from
one coverage to the next. The As 3d core level shows an
initial band-bending shift close to that of the Ga 3d one,
then remains relatively fixed in energy (see Sec. III A 1 b)
Close comparison of the core-level shapes shows a high-
binding-energy tail similar to that of the Ga 3d core level.

d. The Au 4f core levels The. Au 4f core-level spectra,
shown in Fig. 4, were taken with a photon energy of 130
eV. The upper curve shows the spectrum taken from a
thick (-200 A) Au film evaporated in situ onto a
stainless-steel substrate in electrical contact with the sam-

ple {the same film was used to locate EF). The peak in-

tensities increase monotonically with increasing Au cover-
age, and both the 4fszz and 4f7&2 components move con-
tinuously toward lower binding energy, approaching that
of pure bulk Au. A total shift of 0.37 eV was measured
as the Au coverage was increased from 0.33 to 80 ML.
There was no measurable change in the splitting of the
two spin-orbit components with increasing Au coverage.

2. Results deriued from EDC's

a. Peak shapes and intensities. Changes in the
linewidths of the core-level peaks can be important in
determining the presence of "chemically" shifted peaks, in
addition to the main substrate peak, which are often too
close in energy to be clearly resolved. The implications of
the linewidth changes described here are discussed in Sec.
IIIB1. As described previously in Sec. IIIA1b, the
width of the Ga 3d peak is observed to narrow monotoni-
cally as the Au coverage is increased from zero to 80 ML.
A more complex behavior can be observed in the As 3d
line shape, the details of which are shown in Fig. 5. The
FWHM decreases sharply after the first Au deposition of
0.33 ML, then gradually increases as the coverage is in-
creased to about 10 ML. The width then narrows again as
the coverage is increased from 10 to 80 ML. The Au 4f's
show a monotonic decrease in linewidth (similar to that of
the Ga 3d} as the Au coverage is increased.

The development of the intensities of the Ga 3d, As 3d,
and Au 4f peaks as a function of Au coverage is shown in
Fig. 6. The data points were determined from the total
areas under the As 3d, Ga 3d, and Au 4f&&2 plus 4f7&2
peaks at each Au coverage. Each point is normalized to
the area under the peak for the clean surface in the case of
Ga and As (left-hand scale) and to the area under the
lowest coverage (0.33 ML) peaks in the case of Au (right-
hand scale). The exponential curve is the expected result
for an abrupt, uniform Au overlayer, assuming a scatter-
ing length L (E) of 5 A and an angle P of 42.6' (the CMA
collection angle} between the sample surface normal and
the direction of the photoemitted electrons. The exponen-
tial attenuation is then given by

I(8)/I(clean) =exp I t8/[L (E)cosg—]J,
0 o

where 8 is in ML, L (E) is in A, and t =1.5 A/ML is the
thickness of 1 ML of Au as determined from the bulk Au
density.

It is evident that initially the As 3d and Ga 3d intensi-
ties decrease at the same rate and closely follow the ex-
ponential curve. For coverages above -3 ML, however,
the fAs/Ga] ratio increases monotonically. The ratio
I(8)/I(clean) for As reaches a minimum at 8.7 ML and
then increases at the higher coverages. The corresponding
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FIG. 4. Photoemission energy distribution curves of the Au
4f core levels taken with a photon energy of 130 eV and normal-
ized to the incident photon flux for increasing Au coverages.
The upper curve is the spectrum for a pure Au film evaporated
in situ onto a stainless-steel substrate.
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FIG. 5. Plot of the linemidth I,'F%HM) of the As 3d core lev-
el taken at a photon energy of 100 eV as a function of Au cover-
age on n-type GaAs{110).
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brium with the substrate, we assume that the band-
bending charge is fully screened.

The energy shifts of the Ga 3d and As 3d core levels
are plotted in Fig. 8. For n-type surfaces the position of
the maximum of the low-binding-energy component of
the 3d3/2 5/2 core-level peak was taken to be the 3d5&z po-
sition. The position of the Fermi level on the clean
cleaved surface was 1.43 eV above the valence-band max-
imum. Thus the quantity plotted along the vertical axis is
given by
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6 8 10 20
AU COVERAGE, 8 (ML.}

80
y =EF (clean) —EvaM(clean)

Xk, As 3d&&2 or Ga 3d&&&(

FIG. 6. Relative intensity profiles —I(8)/I(clean} for the Ga
3d and As 3d core levels and I(8}/I(0,33 Ml.}, axis on the
right, for the Au 4f core levels —as a function of average Au
coverage 8 in MI. for n-type GaAs(110}. The solid curve
represents the exponential decay of the Ga 31 and As 3d core-
level intensities expected for uniform growth of an abrupt Au
overlayer.
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FIG. 7. Au 4f7&2 binding energy relative to the Fermi level as
a function of' Au coverage on n-type GaAs(110}.

ratio for Ga continues to decrease for these coverages.
The ratio I(6))/I(0.33 ML) for the total Au 4fs~z 7~q

peaks increases continuously with increasing coverage,
with a plateau for 6~8&10ML.

b. Binding energy s-hifts and Fermi leuel pinn-ing The.
binding energies of the Ga 3d, As 3d, and Au 4f and 51
core levels as a function of increasing Au coverage can be
of much use in identifying the chemical nature of the
bonds produced at the interface. The measured Au 4f7&2
binding energy relative to EF is shown in Fig. 7. This
measured value can be compared directly with the binding
energies of the Au 4f's in various Au-Ga alloys or Au
clusters as long as the clusters are large enough to de-
fine a Fermi level, since charge in the metal can move to
screen the band-bending charge in the semiconductor.
For very low coverages (where the metal becomes atomic-
like) this screening may not be complete. The effects of
band bending have often been accounted for when deter-
mining semiconductor-core-level-to-VBM binding ener-
gies and even metal-overlayer-core-level-to-VBM energies
for low metal coverages. However, given the existence
of a metallic Fermi edge for the metal overlayer in equili-
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For the p-type sample (hv=40. 8 eV) the resolution was
not sufficient to resolve the 3d5&2 component, so the
shifts shown in Fig. 8 for p-type were determined from
the Ga 31 core-level peak centroids.

For n-type sample in the "band-bending region" (less

than 1 ML of Au), the Ga and As peaks move very much
together and show only very small changes in shape due
to chemical interaction (see Sec. IIIB1). Thus we can
conclude that the shift of the peak positions is due almost
completely to band bending, indicating a Schottky-barrier
height of -0.9 eV at 1 ML of Au coverage. At higher
coverages, there is a significant amount of shifting due to
chemical interactions, as evidenced by the difference in As
and Ga peak positions. At these high coverages the Ga
3d core level exhibits the narrowing and development of a
low-kinetic-energy tail described earlier in Sec. IIIA1 b.
The binding energy relative to the metallic Fermi level of
the Ga 3d5&& at 80 ML Au coverage is 18.66+0.1 eV, and
the binding energy of the Ga 31 centroid is 18.83+0.1 eV,
assuming full screening of the band-bending charge. The
corresponding values for no screening are 19.51 and 19.68
eV, respectively. The binding energies of the As 3dq~2
and 3ci3/t components, assuming full screening, are 40.8
and 41.3 eV, respectively.

For p-type surfaces the peak centroid is at —19.0 eV
below EF, implying a 315~2 binding energy of -18.8 eV,
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assuming full screening of the band-bending charge.
Since the effect of band bending on the core-level binding
energies for p-type surfaces is opposite to that for n-type
ones, the values for no screening would be reduced to
—18.1 and —17.9 eV, respectively. Thus the values of
Eii for metalhchke Ga at high coverage as measured on
n- and p-type surfaces are consistent only if nearly com-
plete screening of the interface charge is assumed.

B. Discussion

l. Intermixing

In order to identify various chemical and physical con-
figurations on the basis of the measured core-level binding
energies presented in the preceding section, it is necessary
to have accurate data of the same binding energies for
well-characterized samples of the various alloys and com-
pounds expected to be present. It is clearly impossible to
have reference measurements for all possible chemical
configurations of Au, Ga, and As in all possible solid (and
liquid) bulk and surface phases which may occur in the
system under study; we have attempted to investigate in
detail only the Au-Ga surface chemistry by following the
Au and Ga core-level Eir's as a function of two
variables —relative Au-Ga concentration and cluster size.
A compilation of the relevant data from the hterature is
presented in Fig. 9. The three surfaces depict the Au 51
splitting and the Au 4fz&z and Ga 315&& binding energies
as a function of Au (Ga) atomic concentration and cluster
size. It is evident that even over this limited two-
dimensional space the available data are restricted to the
vertical axis planes, i.e., to bulk alloys and pure Au clus-
ters. Such data are, however, useful in suggesting trends

Jl
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FIG. 9. Schematic diagram of experimentally determined
values for the Au 5d splitting at & v=21.2 eV and the Au 4f,~,
and Ga 3d5~2 binding energies relative to the, Fermi level as a
function of cluster size and relative Au-Ga concentration.
Values in parentheses represent estimates for which no known
data are available. Footnoted values are as follows: a, Refs. 45
and 40; b, Ref. 40; c, estimate based on XPS data of Ref. 46; d,
Refs. 47 and 48; e, Ref. 42; f, Ref. 49; g, Ref. 41; h, estimate
based on Cu 31data of Ref. 50; and i, Ref. 41.

to be expected for clusters of varying size and composi-
tion.

For submonolayer coverages Chye et QI. ' concluded
that the Au on the surface was well dispersed and atomic-
like. This conclusion was based on the splitting and shape
of the Au 51 bands being more siinilar to those of atomic
Au than bulk Au metal. %hile this rules out the presence
of pure Au clusters, it does not rule out the possibility of
Au-Ga alloy clusters, since alloying would also cause a de-
crease in the Au 51 splitting relative to pure bulk Au (see
Fig. 9). One possibihty for distinguishing between these
two cases would be to observe the presence of a metallic-
like component in the Ga 3d core-level spectrum. Our
studies of the Ga 31 core-level spectrum using 40.8 eV
(see Sec. IIIA 1 b) and those of Skeath et al. ' using 30
eV show no evidence of such a state at submonolayer cov-
erage. However, using the higher photon energy of 100
eV with the correspondingly lower background, we are
able to observe subtle changes in line shape at the lower
coverages. A small tail on the low-kinetic-energy side of
the Ga 3d peak is noticeable at 0.33-ML coverage, but is
too weak to resolve into a distinct peak. In order to inves-
tigate this submonolayer-coverage region further„a second
cleave was made on the same sample. No change in line
shape was detectable for 0.07 ML, but the tail was clearly
seen at 0.7 ML. A similar tail is also seen on the As 31
peak. This suggests that the tail may be due to nonuni-
form pinning over the surface (see Sec. IV B2 a for a de-
tailed discussion of this effcx:t), which necessarily implies
that there be large distances between clusters. Conse-
quently, we interpret this as evidence for a nonuniform
distribution of Au over the surface at submonolayer cov-
erages.

Chye et al. ' also concluded that at the higher cover-
ages the Au forms compounds or alloys with the semicon-
ductor components. This result was based on the observa-
tion that the valence-band EDC's at hv=21 eV do not
resemble bulk Au. Our data for the valence band and
core levels support this general picture and, in addition,
allow us to more specifically identify the products of the
Au-GaAs intermixed phase. At low coverages, narrowing
of the As 31 peak may be due to the removal of the
surface-shifted peak over a portion of the surface. 5~ At
intermediate coverages (1 ML~eg 15 ML) the behavior
of the As 31 FWHM in Fig. 5 is suggestive of the pres-
ence of two As states —one from the substrate and another
from dissociated As (which may be intermixed or com-
pounded with Au). The data indicate that these states
would be close in energy position (-0.1 eV) and would
both be present for the intermediate-coverage range.
Above -20 ML the peak width begins to narrow, sug-
gesting that the substrate component is being covered by
the Au overlayer. This indicates that the overlayer is fair-
ly uniform (i.e., no appreciable uncovered portions of the
GaAs substrate). The 313&2 and 315&& binding energies of
41.3 and 40.8 eV can be compared to the work of Bahl
et a/. who measured the binding energies of the As core
levels for an elemental metallic As sample. They obtained
values of 42.1+O.l and 41.5+0.1 eV for the As 3di&2 and
As 3dq~2 binding energies respectively (Roberts et al.
obtained an average As 31 E~ of 41.2 eV). Our measured
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values (see Sec. IV A 2 a for more detailed measurements)
are 0.8 and 0.7 eV lower. This suggests that we do not
have pure bulk As metal (nor small clusters of As metal
which would have even higher binding energies), assuming
that metallic As would effectively screen the major por-
tion of the interface charge. One possibility may be an
As-Au interaction. For intermetallics this would result in
a higher binding energy than the bulk; however, this trend
may not be applicable to As, since elemental As has rela-
tively tight, almost covalent bonds. Arsenic is known to
exist in the crystalhne gray (a) metalhc state as well as
the crystalline yellow (y) and amorphous (P) states, and
has been considered to be a semiconductor by some work-
ers. This behavior is similar to that of phosphorous,
which also exists in a number of allotropic forms, includ-
ing white, yellow, red, black (crystalline semiconductor ),
and amorphous. Thus adding Au to elemental As will
tend to decrease the As core-level Eq, as observed in our
data. The results of calculations of the heats of reaction
of Au on GaAs for various Au-As compounds are
presented at the end of this section. A somewhat similar
trend in core-level Ea is seen for Pd on InP in which the
metallic In 4d core level moves toward lower binding en-

ergy as the Pd coverage is increased. This behavior,
though more difficult to understand than the As case,
may well be due to a similar mechanism. One final possi-
bility is that the peak is due to an elemental form of As
(perhaps semiconducting) with essentially no screening of
the interface charge. In this case we may have to add the
band-bending value of 0.85 eV to our measured Ea, re-
sulting in a value close to that of Bahl et a/. i However,
due to the large amount of metallic Au and Ga present at
these coverages it seems unlikely that the interface charge
would be so incompletely screened (see following discus-
Sloli).

In the higher-coverage region (8 ~ 15 ML) the Ga 3d,
Au 4f, and Au 51 spectra indicate the formation of a
Au-rich Au-Ga alloy of bulk or large-island morphology.
Our measured splitting of the Au 5d's at 21.2 eV is
-2.35 eV. A splitting of -2.4 eV is observed for pure
Au at 21 eV. ~ Our value for the splitting between the
two prominent peak maxima is -1.9 eV as compared to
—1.7 eV for pure Au. " Thus our valence-band data sup-
port the conclusion of Chye et a/. that the Au overlayer
structure is similar but not identical to that of pure bulk
Au. This splitting can be due to a bulklike Au-Ga alloy
or to clusters of more than several hundred atoms of pure
Au. For pure Au this splitting remains fairly constant
as large (bulklike) clusters decrease in size, and itself be-
gins to decrease only for clusters of fewer than -200
atoms (diameter -24 A}; however, the height of the low-
binding-energy ( —4.3 eV) peak is greater than that of the
higher- ( —6.2 eV) binding-energy peak for all cluster
sizes, including bulk Au. Since our data for 25X10'
atoms/cm show the opposite trend, we may conclude
that we are not observing pure Au in either bulk or cluster
form. Nicholson et a/. ' have measured the Au 5d bind-
ing energies at /iv=40. 8 eV for bulk Au-Ga alloys of
various compositions and have found that the Au 5d
splitting decreases from 3.2 to 1.3 eV in going from pure
bulk Au to a bulk Au&&Ga67 alloy. Hufner et a/. see a

decrease from 2.8 to 1.6 eV at /iv=1253. 6 eV. A similar
decrease in splitting is seen in the XPS data of van At-
tekum et a/. for a Au-Gaz compound. On the basis of
our measured 5d splitting we can thus conclude that we
are observing a Au-rich Au-Ga alloy.

The two possible morphologies of Au-Ga intermixing
just described —bulk or large clusters —are also consistent
with the measured Au 4f and Ga 3d core-level binding-
energy values. The Ga 3d5&2, 3d3&2, and weighted aver-
age binding energies are measured to be 18.27, 18.75, and
—18.5 eV for Ga&00 and 18.71, 19.04, and —18.8 eV for
Au90GaIO, respectively. ' Our measured values are 18.66
and 18.83 eV for the 315~2 and peak centroid binding en-

ergies using the total peak and assuming full screening of
the band-bending charge. Thus our data are consistent
with the formation of a bulklike Au90Ga&0 alloy (approxi-
mate composition) in which the metallic charge complete-
ly screens the semiconductor interface charge. The possi-
bility of partial screening, however, must also be con-
sidered. In this case our measured value of the Ga 3d
binding energy would be increased, and therefore may cor-
respond to a slightly more Au-rich alloy (see Fig. 9).
Another mechanism for giving an increased Ea is a de-
creased cluster size. It is well known from studies on
many different metals (see Refs. 61 and 62 and references
therein) that the d-electron binding energy increases as the
particle size decreases. These shifts are of the order of 1

eV. Thus both the Au 5d and Ga 3d spectra are also con-
sistent with the formation of medium-to-large-scale clus-
ters.

Our value for the Au 4f7&2 binding energy at 80 ML is
84.0 eV. This is equal to the value observed by others for
pure Au, ' although some have used a value of 83.8
eV. ' We also observe a distinct narrowing of the
linewidths of the two 4f components as the coverage is in-
creased; this effect has been observed for the growth of
metal clusters toward the bulk. ' It is also known that the
Au 4f binding energy increases with decreasing cluster
size (by 0.7 eV from bulk to 15-A-diameter clusters) (Ref.
42) and decreasing Au concentration in the Au-Ga alloy.
Thus our Au 4f data are also consistent with the two pos-
sible growth modes discussed above.

We thus conclude, on the basis of the Au 5d, Ga 3d,
and Au 4f core-level spectra, that the growth and inter-
mixing of the Au overlayer result in the formation of a
Au-rich Au-Ga alloy in the form of medium-to-large-
scale bulklike clusters. The growth of tightly packed
overlapping clusters of Au on an Al(100) substrate has
been observed by Egelhoff. ' The presence of large un-
covered portions of the GaAs substrate is unlikely, as in-
dicated by the narrowing of the As 3d and Ga 3d peaks;
however, the core-level emission from small uncovered re-
gions of the substrate ("pinholes"} may be masked by
thick islands due to the large off-normal (42.6') collection
angle of the CMA. The high-binding-energy tail on the
As 3d peak has been suggested as being due to a bulk As
contribution. ' Another possibility, which has been sug-
gested to explain a similar behavior of the P 2p core level
for various metals on InP(110) (Ref. 66) is that the gradu-
al growth of the high-kinetic-energy tail may be due to
the presence of a metal-anion compound of continuously
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varying composition. Such ail effect is partlclllal ly ap-
plicable to systems in which a low heat of formation of
the metal compound leads to a kinetically limited none-
quilibriurn reacted phase.

It is of interest to compare our observations to the pre-
dictions of bulk thermodynamics for the Au-GaAs sys-
tem. Such a model has been used to successfully predict
the reactivity (heat of reaction) of a number of metals on
GaSe and InP using known values of the heats of forma-
tion of metal-anion compounds and the alloying enthal-
pies of metal-cation alloys. We have made use of calcu-
lated values of the heats of formation of various Au-As
compounds, to calculate the heat of reaction (see Ap-
pendix A). We find that the interface is reactive for all
tabulated Au-As compounds (AuAs5 through Au5As)
when metal alloying at infinite dilution is included. The
interface is not reactive for any of the tabulated Au-As
compounds if alloying is not included. The lowest heats
of reaction correspond to formation of AuAs5 or AuAs2.
We find also that the Cu-GaAs interface is reactive for
CuiAs or Cu3As formation in both the infinite dilution
and equiatomic limits, while the Ag-GaAs interface is not
reactive for any of the tabulated compounds in either lim-
it.

2. Fermi-lese/ pinning

As discussed in the preceding section, it is clear that for
coverages greater than —1 ML both the As 3d and Ga 3d
core-level spectra contain contributions from more than
simply the undisturbed substrate. As a result the band
bending, as measured by the shifts of these core levels, can
only be followed with confidence for coverages &1 ML.
This is indicated in Fig. 8 by the dashed line dividing the
data into the "band-bending" region and the "intermix-
ing" region. For the band-bending region our measured
value of the Schottky-barrier height is 0.85+0.1 eV. At
0.33 ML Au coverage the shift of the As 3d gives a value
of 0.82 eV and that of the Ga 31 gives a value of 0.95.
Thus it is clear that even at this low coverage the effects
of intermixing are beginning to be seen. This value of the
barrier height can be compared with I- V and C- V mea-
surements of similarly prepared (UHV) thick diodes.
The values reported there were 0.92 eV for I- V and 0.99
eV for C- V measurements. Slightly lower (by -0.05 eV)
values were measured for Ag and Cu.

Based on the results of photoemission studies for a
large number of metal-GaAs interfaces, a model has been
proposed which attributes the observed pinning on n- and
p-type surfaces to defect-related states which are induced
by the deposition of an adatom (which may be either a
metal or oxygen). ' ' ' ' ' This model, known as the uni-
fied defect model (UDM), ' established an acceptor defect
level at 0.75 eV above the VBM and a donor level at 0.5
eV above the VBM. For most metals studied earlier the
pinning has been observed to occur at the acceptor level
for n-type surfaces and the donor level for p-type sur-
faces. ' Only Au, and more recently, Cu, Ag, and Pd
show pinning for n-type samples at this lower level.
This suggests that the mechanism for barrier height deter-
mination must involve a property of the metal atoms in

addition to the presence of the defect levels. It has been
suggested that for metals with large electron affinity a re-
moval of electrons from the defect levels by the metal
may allow for pinning of n-type GaAs at the donor lev-

1
7s*3o

IV. HEATING OF THE Au-GaAs INTERFACE

In the preceding section we have shown that deposition
of Au onto the clean GaAs(110) surface under UHV con-
ditions results in a barrier height of -0.9 eV. It is well
known, however, that the thermal processing which forms
a necessary step in many device fabrication procedures
leads to lowered barrier heights on chemically prepared,
oxide-covered wafer surfaces (see Sec. I). In this section
we present and discuss photoemission data on Au-GaAs
interfaces prepared and thermally processed in UHV. We
also discuss I- V and t"- V data on similarly prepared and
heat-treated structures. In this way we can isolate the
essential physical processes occurring at the interface
which lead to lowering of the Schottky-barrier height.

A. Results

1. Loiv coverage (0.2 MI)

We studied the effects of heating on 0.2-ML-thick Au
overlayers on both n- and p-type GaAs(110) surfaces us-

ing 21.2 and 40.8 eV light from a monochromatized He-
discharge lamp source (see Sec. II). This source is ideally
suited to studies in the low-coverage regime where the
substrate signal is strong and where the high cross section
for photoemission from the VB region at hv=21. 2 eV al-
lows for accurate and direct measurements of the move-
ment of EF . This movement is also observed in the shift

of the substrate Ga 3d core level which remains largely
unaffected by the low Au coverage. The photoemission
investigation presented in this section must be dis-
tinguished from other reported heat-treatment experi-
ments because we have studied a very thin (0.2 ML) Au
film on the clean surface. Therefore, the effects of inter-
diffusion of Ga into Au will be different from those ob-
served with very thick Au films (~2000 A) on oxide-
covered GaAs surfaces. The movement of EF will also

S

be somewhat different from that foi thicker Au films (see
Sec. IV A 2) due to the fact that EF for 0.2 ML of Au has

not yet stabilized at its final value.
The valence-band spectra for 0.2 ML of Au on

GaAs(110) are shown in Fig. 10 for n-type samples and in
Fig. 11 for p-type ones. The initial annealing of the clean
surface appears to remove the defects due to cleaving.
This causes EF to become less pinned on both n- and p-

type surfaces. This effect can be seen on the valence-band
EDC's ~here the structure at 5.0 eV belo~ EF for the

S

heated surface becomes sharper than that for the cleaved
clean surface. Deposition of 0.2 ML of Au on the surface
results in an additional peak at an energy of -4.5 eV
below EF due to emission from the Au 5d core levels.

The first heat treatment of the Au overlayer at 100'C
results in no noticeable change in the VH structure. After
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FIG. 10. Photoemission energy distribution curves of the
valence-band region for n-type GaAs(110) taken at room tem-

perature with a photon energy of 21.2 eV after heating to the in-

dicated temperatures. The 0.2-ML Au overlayer was deposited
on the clean surface at room temperature.

FIG. 12. Fermi-level pinning position for 0.2 ML Au on n-

and p-type GaAs(110) based on the valence-band (h v=21.2 eV)
and Ga 3d core-level (h v=40. 8 eV) peak maximum positions.

the 200'C anneal, however, there is a decrease in the Au--
related peak and a slight shift of the entire VB structure
toward higher binding energy. This shift, as followed by
the prominent valence-band peak at 6.75 eV below the
VBM, continues as the sample is heated to higher tem-
peratures.

The shift of the 6.75-eV valence-band peak, as well as
the shift of the Ga 3d core-level peak maximum, is plot-
ted in Fig. 12 for both n- and p-type surfaces. On n-type
GaAs the initial heating at 400'C of the clean surface
caused EF to move closer to the conduction-band

S

minimum (CBM) by about 0.2 eV. Deposition of 0.2 ML
of Au caused EF to drop by -0.5 eV. Heating to 100'C

and 200'C left EF essentially unchanged. After heating

to 300'C, EF moved upwards by -0.15 eV. After heat-

ing to 500'C, EF returned close to its position on the

clean surface. On p-type surfaces the movement of EF is

similar. An initial heating to 300'C of the clean surface
caused EF to drop. Deposition of 0.2 ML of Au caused

EF to move up by 0.5 eV. Heating of the Au-GaAs inter-

face resulted in EF movement towards its position on the
S

clean surface.

2. High couerage (15 ML)
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FIG. 11. Photoemission energy distribution curves of the
valence-band region for p-type GaAs(110} taken at room tem-
perature with a photon energy of 21.2 eV after heating to the in-
dicated temperatures. The 0.2-ML Au overlayer was deposited
on the clean surface at room temperature.

In this section we present photoemission results on the
heating of a relatively thick (15 ML) Au overlayer on
GaAs(110). These results can be more readily compared
to those on thick (-1000 A) devices since EF is stabi-

S

lized. Since intermixing becomes important at these cov-
erages, it is necessary to use a photon energy high enough
to monitor both the Ga 3d and As 3d as well as the Au
4f core levels in order to follow the effects of the interac-
tion. %e have thus used synchrotron radiation to provide
the required photon energies. During this experiment
only the n-type surface was studied (see Sec. II).

a. Energy distribution curves. Photoemission spectra
for the Ga 31 core level are shown in Fig. 13. The spec-
trum labeled "clean" was taken immediately after cleav-

ing. The sample was then heated to 500 C for 15 min and
then allowed to cool to room temperature before the next
spectrum was taken. This shows a slight movement of
EF by about 0.1 eV towards the conduction-band
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FIG. 13. Photoemission spectra of the Ga 3d core level taken
at room temperature with a photon energy of 100 eV after heat-
ing to various temperatures. The Au was deposited on the clean
surface at room temperature.

FIG. 14. Photoemission spectra of the As 3d core level taken
at room temperature with a photon energy of 100 eV after heat-
ing to various temperatures. T'he Au was deposited on the clean
surface at room temperature.

minimum, with no observable change in shape. This is
similar to the effect seen in the preceding section for clean
GRAs. The 15-Ml. Au layer was then deposited (at room
temperature) and a spectrum taken. Again we see the
large band-bending shift as well as the effects of Au inter-
mixing. The binding energy of the centroid of this Ga
peak is determined to be 18.90+0.1 eV and the binding
energy of the Ga 3ds&2 is 18.64 CV, assuming full screen-
ing as described for the room-temperature data in Sec.
IIIA2b After he.ating to 250'C the peak moves to
higher binding energy and returns to the peak shape of the
clean surface with no noticeable difference. After heating
to the highest temperature of 500'C, the peak has
developed a low-binding-energy shoulder suggestive of
metallic Ga. This structure is analyzed in further detail
in the next section.

The As 3d core level is shown in Fig. 14. The general
behavior is similar to that of the Ga, except for two im-
portant differences. After the Au deposition the As 3d
peak becomes narrower and two distinct components are
seen. [These peaks are better resolved than those for a
similar coverage in the room-temperature experiment be-
cause of the higher CMA resolution used during the heat-
ing experiment (0.175 eV versus 0.35 CV).] We find a
splitting of 0.66 eV between the two spin-orbit com-
ponents and a peak height ratio of 1.32. The measured
binding energies relative to EF assuming full screening are
40.72, eV for the 3d,~, and 41.38 eV for the 3d„,. %e
also find that the peak shape after heating of the Au-
covered surface to 500 C is indistinguishable from that of
the Rs-clcRvcd clean surface, whtlc thc 250 C heat tt'cRt-
ment produced is a small tail at lower EI, that is not ob-
served in the spectrum of the clean surface. The Au 4f
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FIG. 15. Photoemission spectra of the Au 4f core levels tak-
en at room temperature with a photon energy of 130 eV im-
mediately after deposition {no heating of the Au, lower curve)
and after heating to 500'C (upper curve).

core levels for the as-deposited room-temperature surface
and the surface after heating to 500'C are shown in Fig.
15. The 4f7&2 binding energy for the as-deposited surface
is 83.95+0.1 eV and for the annealed surface is 84.45+0.1

eV.
Photoemission spectra of the VB region taken with a

photon energy of 120 eV are shown in Fig. 16. The shift
of the VBM to higher binding energy after heating of the
clean surface to 500'C is clearly seen in curves 1 and 2.
Heating of the Au-covered surface results in a decrease in
the Au 5d sphtting and a shift of both levels to higher
binding energy. After heating to 500'C we note the ap-
pearance of a Fermi edge as well as a small shoulder that
corresponds closely to the clean GaAs valence-band struc-
ture.
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to 250'C this ratio increases to 0.82 and after 500 C to
1.38.

The Ga 3d peak shows a significant shoulder on the
lower-binding-energy side after heating of the Au-covered
surface to 500 C. In order to investigate this peak further
we performed a curve fitting procedure on the peak using
two components with shape equal to that of the clean sur-
face [see Fig. 18(a)]. Using the clean peak shape to model
the shifted component is not completely satisfactory since
the clean peak contains a surface-shifted component
which would not be present for a disordered metallic
phase; therefore, we have also performed a curve fitting
using the Ga 3d peak for the 15-ML deposition at room
temperature to more accurately represent the disordered
metallic phase [Fig. 18(b)]. For the first curve fitting
[Fig. 18(a)] we find that the two peaks are shifted by 0.67
eV and the binding energy of the centroid of peak "8"is
18.89 eV relative to EF, assuming full screening from the
interface charge. This corresponds to a binding energy
for the Ga 31&&2 component of —18.7 eV. The ratio of
the area of peak 3 to that of the Ga 3d peak for 15 ML
of Au at room temperature is 2.7. The ratio of the sub-
strate component (peak A) area to that of the As 3d peak
for the same surface (15 ML Au heated to 500'C) is 0.80.
For the second curve fitting [Fig. 18(b)], we find a cen-
troid splitting between the two components of 0.55 eV.

FIG. 16. Photoemission spectra of the valence-band region
taken at room temperature with a photon energy of 120 eV after
heating to various temperatures. Each step in the surface treat-
ment is numbered in chronological order. The Au was deposited
on the clean surface at room temperature. Enlarged curves are
included for the clean surface heated to 500'C (multiplied by
3.2) and for the Au-covered surface heated to 500'C (multiplied

by 2.3).
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FIG. 17. Ga 3d/As 31 total peak core-level intensity ratio
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FIG. 18. Curve fitting of the Ga 3d peak for the GaAs{110)
surface with 15 ML Au heated to 500'C using the Ga 3d peak
from (a) the clean surface and (b) the surface with 15 MI Au at
room temperature to represent the shifted Ga component.
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FIG. 19. Fermi-level position for heating of 15 ML of Au on
n-type GaAS(110) as determined from the As 3d and Ga 3d
core-level shifts. The value for the 15-ML Au deposition at
room temperature is taken from the data of Fig. 8.

The binding energy of the Ga 3d&&2 component of peak 8
is 18.76 eV. The ratio of the area of peak 8 to that of the
total Ga 3d peak for 15 ML of Au at room temperature is
2.4. The ratio of the area of peak A to that of the As 3d
peak for the same surface is 0.83.

Because of the strong indication that the substrate sur-
face becomes largely uncovered after heating of the Au
overlayers, particularly at 500'C, it becomes possible to
consider following the band bending at the surface by ob-
serving shifts the now-exposed substrate core-level peaks
(the VBM remains obscured by emission from the Au Fer-
mi edge even after heat treatment, as seen in Fig. 16). It
should be noted that the presence of chemically shifted
peaks lying close to the energy position of the substrate
can give rise to a total peak with a shape very similar to
that of the substrate and that this makes it very difficult
to deconvolve the substrate peak to determine the band
bending. The movement of EF is shown in Fig. 19. We
find that E~ on the clean surface was initially pinned at
0.87 eV above the VBM and increased slightly to 1.0 eV
after heating. After the initial 15-ML Au deposition it
becomes impossible to determine the band bending from
the photoemission spectra since the substrate core levels
are completely covered. %e have thus assumed the ac-
cepted barrier height of -0.9 eV to locate Ez for this

S

coverage. After heating to 250'C we see an upward shift
of 0.08 eV, as measured by the As 3d peak, and a down-
ward shift by -0.14, as measured by the Ga 3d one.
After heating to 500'C the As peak shape becomes indis-
tinguishable from that of the clean peak and indicates an
EF position of 0.73 eV above the VBM. For the Ga 3d
peak at this temperature we obtain a value for EF of 0.77
eV above the VBM from the curve fitting of Fig. 18(a)
and 0.73 eV above the VBM from that of Fig. 18(b). This
latter value gives a barrier height of 070 eV.

B. Discussion

1. Intermixing

The effect of heating on the submonolayer (0.2 ML)
Au-covered surface can be explained as either a clustering

0

of the Au into relatively thick islands (& 10 A) or deep
diffusion of Au into the substrate. Both of these
behaviors would lead to the reduction in observed Au 5d
intensity, as seen in the spectra of Fig. 10. The clustering
effect may be the more plausible one given the strong
clustering seen for the higher coverage (15 ML) heating
experiment (see below).

The development of the Au overlayer with increasing
temperature for the 15-ML coverage shows a strong indi-
cation of Au clustering and increasing Ga concentration.
That is to say that a Au-rich (e.g. , Au90Ga~o) largely uni-
formly distributed bulklike layer is initially formed after
deposition of 15 ML of Au at room temperature, as seen
in the room-temperature experimental results presented
and discussed in Sec. III. This relatively low Ga concen-
tration is roughly consistent with the known low solid
solubility of Ga in Au at room temperature. The pres-
ence of a segregated As component on or near the surface
is evidenced by the large (1.7) As-to-Ga ratio for this cov-
erage at room temperature (see Fig. 17). After heating to
250'C there still remains some segregated As, as indicated
by the As-to-Ga ratio of 1.2, yet both the As the Ga peak
shapes show strong substrate contributions. This indi-
cates that large portions of the clean surface have become
exposed due to agglomeration of the Au. After heating to
500'C this As has been removed, (probably by evapora-
tion), the Au has formed clusters, and the metallic Ga
concentration has increased.

Loss of As is shown by the large decrease in As/Ga ra-
tio (from 1.2 to 0.7). Au clustering is indicated by the
shift of the Au 4f levels to -0.4 eV higher binding ener-

gy after heating. It is well known that relatively thin (-4
ML) extended surface layers can give bulkhke binding en-
ergies, whereas clusters must reach larger (-20 ML) di-
ameters before exhibiting bulk properties. Oberli et al.
have shown that Au clusters of —100 A diameter exhibit
4f7&2 binding energies greater by 0.12 eV than those of
the bulk, and clusters of 25 to 60 A diameter give a corre-
sponding shift of 0.2 eV. Since addition of Ga to pure Au
clusters also leads to an increase in the Au 4f binding en-

ergy (see Sec. III 8 1 and Fig. 9), our data are consistent
with the formation of Au-Ga alloy or compound clusters
after heating to 500'C. This conclusion is further sup-
ported by the behavior of the Au 5d levels. Both the de-
crease in splitting (see Fig. 9 and Ref. 41) and the shift of
both levels to higher binding energy ' are seen when the
Ga concentration is increased.

Additional evidence for this model of the Au-Ga mor-
phology can be obtained from the binding energy of the
deconvolved metallic Ga component after 500'C heating.
Using the approach described in Sec. III, we obtained a
Ga 3d&&2 E~ of 18.7 eV. Tigris corresponds closely to the
Ga 3d5&2 binding energy observed immediately after the
15-ML Au deposition at room temperature. The intensity
of the metallic Ga peak after heating is, however, -2.7
times the intensity of the RT value. Clusters with such an
increased Ga concentration would be expected to give a
binding energy in the range of —18.5—19.2 eV; thus, our
observed value is consistent with the formation of Au-Ga
alloy or compound clusters after heating, as described
above.
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2. Fermi-level pinning

a. Loiv coverage (0.2 ML). The data described in Sec.
IVA1 can be summarized as follows for an n-type
GaAs(110} surface.

The clean cleaved surface was initially pinned at a bar-
rier height of 0.2 eV.

Heating of the clean surface to 400'C reduces the mea-
sured barrier height to -0.1 eV.

The deposition of 0.2 ML Au at room temperature re-
sults in a measured barrier height of -0.7 eV that
remains relatively stable after annealing to 100 and 200'C.

Annealing to temperatures above 300'C results in a
reduction of the measured barrier height to -0.3 eV.

In the following discussion, the amount of pinning
refers to the extent to which the Fermi level has moved in

energy away from its value for the unpinned surface. The
initial decrease of pinning after heating of the clean
cleaved surface has been observed for both n and p--type

samples and in both the low- and high-coverage expen-
ments, and appears to be due to annealing of the defects
present on the as-cleaved surface. Monch et al. have
suggested that a deep acceptor due to Cr + impurities dif-
fuses out to the surface after heating to 800 K. Such a
level would not account for the observed change in pin-
ning position (which would require outdiffusion of a shal-
low donor for n-type surfaces and a shallow acceptor for
p-type surfaces).

The pinning at a barrier height of 0.7 eV after 0.2 ML
of Au deposition is close to that of the acceptor level ob-
served to cause pinning for a wide range of metals on
GaAs(110). However, given the existence of a pinning
level at -0.9 eV below the CBM (as discussed in Sec.
III 8 2), this suggests the possibility that if the number of
such levels is small enough, then pinning may occur at a
value intermediate between zero and 0.9 eV. After heat-
ing to temperatures above 300'C the barrier height is re-
duced to 0.3 eV. One possible explanation, combining this
idea with that of the previous paragraph, is that a portion
of the levels (at 0.9 eV below the CBM) which initially ac-
counts for the pinning at 0.7 eV is annealed out after heat-
ing to result in the lower intermediate barrier height of 0.3
eV. Another possible effect is that of nonuniform pinning
over the surface, particularly in cases where the distribu-
tion of Au over the surface is highly nonuniform and the
distance between Au clusters is large compared to the di-
ameter of the depletion boundary associated with a defect
level, e.g., for low coverages at room temperature and
for both low and high coverages after heating. This situa-
tion is reflected in photoemission data in the following
way. The VBM edge observed in the valence-band spec-
trum and used to locate the VBM (by linear extrapolation
of the straight, high-kinetic-energy edge) corresponds to
those regions of the surface for which the VBM is closest
to the Fermi level; the VBM for other regions (where the
pinning position is different) will occur at lower kinetic
energies and so will be masked by the valence-band struc-
ture. Thus, for n-type samples our measured VBM posi-
tion corresponds to the regions that are most pinned; re-
gions with less pinning (EF closer to the CBM, farther

from the VBM) will have a VBM at lower kinetic ener-

gies. This also results in a tailing of the Ga and As 3d
core levels to lower Ek if most of the surface is pinned at
the position indicated by the observed VBM. Conversely,
for p-type samples the observed VBM corresponds to the
least pinned portion of the surface; regions with more pin-
ning (EF farther above the VBM} will have a VBM at

S

lower Ek than the observed VBM edge.
Assuming the pinning at low coverage to be due to a

level at 0.7 eV below the CBM, the above results, taken
together with the observed decrease in Au 5d emission for
temperatures & 200'C, are consistent with the assignment
of this defect in the UDM to an acceptor related to miss-
ing As, which is induced by the Au atoms but does not
directly involve the Au atoins in the defect complex (see
Sec. IV 8 2 b for further discussion of this defect as it re-
lates to the higher coverage data). This type of defect
would be annealed out independently of the Au cluster
formation. A more detailed interpretation of the valence-
band data would suggest that the Au begins to cluster at
200'C, followed by annealing of the defects at or above
300'C. A very similar interpretation fits well for the p-
type data. Pinning after the initial Au deposition is at the
UDM donor level at 0.5 eV above the VBM and remains
there after heating to 100'C and 200'C. Above 300'C the
Fermi level moves back to -0.3 eV above the VBM.
Thus the decrease in barrier height occurs within the same
temperature range as for n-type sample and therefore sug-
gests that the donor and acceptor levels are annealed out
at similar temperatures.

b High co.verage (15 ML). The effect of heating on the
Schottky-barrier height for 15 ML of Au is less easy to
follow because of the presence of the thick Au layer ini-
tially and reacted As and Ga phases after heating. This is
indicated by the different values for the As and Ga shift
at 250'C. After heating at 500'C, however, we can be
reasonably confident that we are observing the Fermi-level
position as measured by the substrate core-level peak posi-
tions. This is due to the fact that, as discussed in Sec.
IV 8 1, after heating to 500'C, the reacted As has been re-
moved (presumably by evaporation) and only the substrate
peak is seen. We find that the curve-fitting procedure
described in Sec. IV A 2 a yields a "substrate" Ga 3d com-
ponent peak. The difference between the binding energy
of this peak and that of the As 3d peak is characteristic of
the clean substrate, thus supporting the conclusion that
the As 31 spectrum observed after heating to 500'C is
due entirely to the uncovered GaAs substrate. Identical
trends are seen in I Vmeasurements on thi-ck (-1000 A)
Au films on cleaved n-type GaAs(110) surfaces prepared
in UHV and annealed in a N2 environment. ' These mea-
surements show a barrier height decrease from 0.92 to
-0.8 V after heating to temperatures above 300 C.

The initial pinning after 15 ML of Au deposition may
be explained by a depletion of electrons from the donor
defect by the Au atoms ' ' (see Sec. III82). This is also
consistent with the arguments of Zur et a/. The step in
pinning from 0.7 to 0.9 eV at -0.3 ML has also been ob-
served by Chye et al. ' and suggests that perhaps a criti-
cal cluster size is necessary before pinning at the donor
level can occur. Also to be considered is the possibility of
Au antisite (Au replacing Ga) formation.
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After heating we observe evidence of strong clustering,
and the Ga and As 31 core-level shapes and binding ener-
gies indicate that we are seeing a clean (there may be
small amounts of surface Ga and/or Au in these regions)
GaAs surface in addition to metallic Ga from the Au-Ga
alloy clusters. This is particularly evident from the nar-
rowness of the As 3d peak. Thus, we are not sensitive to
the Fermi-level pinning position directly beneath the thick
clusters (particularly if the distance between clusters is
greater than the diameter of the depletion boundary, as
discussed in the preceding section). Therefore, we can say
that the pinning position of the clean surface has returned
to 0.7 eV, and so the pinning again becomes dominated by
the acceptor levels discussed above (no Au left to deplete
donors). The I- V measurements of Newman et al. ' are,
however, sensitive to the barrier height of thick Au layers
on cleaved GaAs(110) and they see a similar reduction
with heating, as mentioned above. They suggest that this
reduction may be due to Ga or Au-Ga alloy formation at
the interface, wlllch is colisistellt with our obsefvatloils
based on photoemission data. The argument that pinning
is due to the presence of Au antisite point defects is weak-
ened, due to the fact that, if this were the dominant pin-
ning mechanism, we would expect the pinning position to
remain at 0.5 eV above the VBM, since such defects
would be expected to increase in number with increasing
temperature as the solubility of Au in GaAs increases.

V. SUMMARY AND CONCLUSIONS

Detailed photoemission studies have been performed on
the Au-QaAs(110) interface at room temperature and
after annealing at temperatures up to 500'C. The spectra
of the core levels and valence-band region reveal that a
significant amount of intermixing takes place, even at
rooin temperature. The data indicate the formation of a
Au-rich Au-Ga alloy in the form of medium-to-large-
scale (bulklike) clusters with possible As intermixing. The
degree of intermixing increases with annealing tempera-
ture, as the clusters become thicker and more enriched in
Ga. At 500'C the As evaporates, large portions of the
GaAs surface become uncovered, and evidence of a nearly
pure metallic Ga phase is seen.

The Fermi-level pinning behavior has also been deduced
from the photoemission data. We observe pinning at a
barrier height of 0.7+0.1 eV for small (-0.2 ML) cover-
ages and 0.85+0.1 eV for coverages greater than -0.3
ML on n-type GaAs(110) at room temperature. We sug-
gest that the pinning at 0.7 eV is due to an acceptor defect
level and the pinning at 0.85 eV is due to a donor defect
level which, due to depletion of electrons from the defect
level by the Au clusters, acts effectively to pin EF on n

type GaAs. These levels are in agreement with those of
the unified defect model. After heating of these films we
observe a reduction in the amount of pinning due to an-
nealing of defects and exposure of large portions of the
surface. Pinning on p-type surfaces is observed at
0.5+0.1 eV above the VBM for a coverage of -0.2 ML at
room temperature and is attributed to the same donor lev-
el. This pinning is also seen to decrease with increased
annealing temperature.

APPENDIX: BULK THERMODYNAMIC
HEATS OF REACTION

hHR ' —(1/r)ddt—/ (M,B, ) (s/r)EH—I (AB),

where hH/ is a standard heat of formation.
(ii) For equiatomic metal alloy formation,

b HR
'

( I/r)AH~ ——(M,B,)+(s/r)~/ (AM)

—(s/r)bH/(AB) .

(iii) For infinite dilution of A in M,

AHR ' (1/r)~/——(M„B,)+(s/r)bH~)(A;M)

(s/r)AH/ —(AB),

(A2)

(A3)

(A4)

where ~„~(A;M) is the heat of solution of A in M for
the solid alloy at infinite dilution.

McGilp has presented values for the above quantities
for various metals on GaSe and InP, assuming formation
of the "most stable" selenide (and presumably phosphide)
phases. We present here values for the above quantities
for Au, Ag, and Cu on GaAs for a range of possible ar-
senide compounds. We also use two sets of values for
~/(AM) and ddI, O~(A;M). One set consists of the
values used by McGilp6 calculated using the theory of
Miedema et al. The other set is taken directly from the
tabulated results of calculations by Niessen and Miede-
ma and Niessen er al. Values for ddt (M„B,) are tak-
en from the calculated values of Niessen and Miedema
and Niessen et al. and the experimentally determined
values of Kubaschewski and Alcock and Wagman
et al. Values for b H/ ( AB) are taken from Ku-
baschewski and Alcock. All values of AHI and b,H„~
are expressed in units of eV/molecule, while values of
EH& are given in units of eV/atom. Data from the litera-
ture have been converted to these units using the follow-
ing values: 1'=6.242)&10 ' eV=239.0 calories and 1

mole= Xz ——6.022 & 10
In Tables I and II we present the heats of reaction cal-

culated as described above for Au and Ag, respectively, on
GaAs for various M„As, compound stoichiometries. In
Table III we present similar results for Cu on GaAs. For

It is of interest to be able to predict which metal semi-
conductor interfaces are likely to result in chemical reac-
tion. McGilp has used bulk thermodynamic data to
determine the heat of reaction, b,Ha, for a semiconductor
ArB~ reacting with a metal M to form a compound M„B,
and an alloy A„Mz, The starting point is the
stoichiometric equation

sxA&B&+(qrx+psy)M~qxM„B, +ps'„M~ . (Al)

%e note that this equation assumes that the semiconduc-
tor is completely consumed (i.e., equilibrium is reached)
and that only two phases are produced (three phases are
possible in general ' ').

Normalizing to unit metal atom involved in compound
formation and setting p =q =1, we obtain the following
three limiting cases.

(i) For systems where alloying is energetically unfavor-
able the heat of reaction is given by (see McGilp )
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TABI.E I. Heats of reaction of Au with GaAs, including the formation of Au arsenides with various stoichiometries.

Metal
arsenide

Ga
GaAs

Au
AuAs
AuAs5
AuAs3
AuAsz
AuzAs
Au3As
Au5As

AHA (M„As, )

(eV mol ')

—0.48
—0.56
—0.58
—0.56
—0.59
—0.62
—0.62

hH) (GaM)
(eV mol ')

—0.46'

AH„](Ga;M)
(eV mol ')

aa„'"
(eV atom ')

037
3.68
1.96"
1.13
D. i3'
0.07
0.04'

aa,'4'

(eV atom ')

—0.09'
1.38'
0.58'
0.21'

—0.10'
—0.08'
—0.05'

aa,[5'

(eV atom ')

—0.63
—1.32
—1.04
—0.87
—0.37
—0.26'
—0.16'

AuAs
AuAsq
AQAS3

AUAsz

uzAs
AU3AS

AuqAs

—0.48"
—0.56"
—0.58
—0.56
—0.59
—0.62
—0.62b

—0.71 —0.78 0.37d

368
1.96"
113
O. i3'
0.07
0.04d

—0.34'
0.13'

—0.17'
—0.29'
—0.23'
—0.16'
—0.10'

—0.41
—0.22
—0.38
—0.43
—0.26
—0.19
—0.11'

'Reference 83.
Reference 68.

'Reference 67.
~Heat of reaction without alloy formation [Eq. (2)].
Heat of reaction, including formation of the equiatomic alloy GaM [Eq. (3)].
Heat of reaction, including alloying in the dilute limit [Eq. (4)].

TABLE II. Heats of reaction of Ag with GaAs, including the formation of Ag arsenides with various stoichiometries.

Metal
arsemde

Ga
GaAs

Ag
AgAs
AgAs&

AgAS3
AgAsz
AgzAs
Ag3As
Ag5As

hH) (M„As, )

(eV mol ')

—0.85'

—0.31
—0.37
—0.37
—0.37
—0.4i'
—0.46'
—0.44

~g {GaM)
(eVmol ')

—0.15'

hH ](Ga M)
(eV mol ')

—0.31'

~(3]
(eV atom ')

0.54
3.87'
2.17
1 32
0.22d

0.13"
0.08

ae„'4'
{eVatom ')

0.39'
3.12'
1.72'
1.02'
0.15'
0.08'
0.05'

aa„[5'
(eV atom ')

0.23'
2.32'
1.24'
0.70'
0.07'
0.03'
0.02'

AgAs
AgAs5
AgAs3
AgAsz
AgzAs
Ag3As
Ag5As

—0.31
—0.37
—0.37
—0.37
—0.41
—0.46
—0.44

—0.21 0.54
3 87'

1 ~ 32
0.22
0.13
0.08

0.33'
2.82'
1.54'
0.90'
0.12'
0.06'
0.04'

0.32'
2.77'

0.88'
0.11'
0.06'
0.04'

'Reference 83.
Reference 68.

'Reference 67.
Heat of reaction without alloy formation [Eq. (2)].
Heat of reaction, including formation of the equiatomic alloy GaM [Eq. (3)].
Heat of reaction, including alloying in the dilute limit [Eq. (4)].
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TABLE III. Heats of reaction of Cu with GaAs, including the formation of Cu arsenides with various stoichiometries.

Metal
arsenide

BHf (M,As, )

(eV mol ')
~f (GaM)
(eV mol ')

EH„](Ga;M)
(eV mol ')

sH„(3'

(eV atom ')
gH (4)

(eV atom ')
AHg '

(eV atom ')

Ga
GaAs

Cu
CuAs
CuAs5
CUAS3

CuAs2
CuqAs
Cu3As
Cu3AS
Cu~As

—0.85'

—0.48
—0.50
—0.54
—0.53
—0.69
—0.75
—0.12g
—0.75

0.37

2.00
1.17
0.08
0.03
0.24
0.02

0.16'
2.69'
1.37'
0.75'

—0.02'
—0.04'

0.17'
—0.02'

—0.13
1.24
0.50'
0.17'

—0.17
—0.13

0.08'
—0.08

—0.27"—0.48
—0.50
—0.54
—0.53
—0.69
—0.75
—0.12g
—0.75

—0.25CuAs
CUAs5

CuAS3
CuAs2
Cu2As
Cu3As
Cu3As
Cu&As

'Reference 83.
Reference 68.

'Reference 67.
"Heat of reaction without alloy formation [Eq. (2)].
Heat of reaction, including formation of the equiatomic alloy GaM [Eq. (3)].
Heat of reaction, including alloying in the dilute limit [Eq. (4)].

I'Reference 84.

0.37
3 74
2.00
1.17"
0.08
003
0.24
0.02

0.12'
2 49'
1.25'
0.67'

—0.04'
—0.05'

0.16'
—0.03'

0.10'
2.39'

0.63
—0.05
—0.06

0.15'
—0.03

Au we observe that reaction is unfavorable for all com-
pounds if alloying is not included, yet reaction is favor-
able for all compounds if alloying in the dilute liinit is in-
cluded. For equiatomic alloy formation, reaction is favor-
able for AuAs and the Au-rich arsenides. We note that
the Au-Ga-As ternary phase diagram predicts that AuGa2
is the most stable Au-containing contact to GaAs. In
contrast, Ag is not reactive for any of the tabulated com-
pounds in either alloy hmit. The results for Cu are simi-
lar to those for Au, although, for reactions with alloying;
Cu is somewhat less reactive than Au due to the lower
heats of formation and solution of Ga in Cu compared to
those of Ga in Au. We observe that the most favorable
reactions are those which include alloying in the dilute

limit. For Au the most favorable reactions are those
which include the formation of either AuAs2 or AuAs5.
For Cu the most favorable reactions are those for Cu3As
or Cu2As formation.

We reiterate here the major limitations of these
calculations —bulk values for the heats of formation are
used (thus neglecting surface energies), thermodynamic
equilibrium is assumed (no kinetics or activation energy
barriers are accounted for), and only two final phases are
considered. However, within these approximations gen-
eral trends are evident. The extent to which experimental
observations of reacted phases differ from those predicted
here provides a measure of the importance of these ef-
fects.

'Present address: Fairchild Semiconductor Corporation, 4001
Miranda Avenue, Palo Alto, CA 94304.

'Ohmic Contacts to Semiconductors, edited by B. Schwartz
(Electrochemical Society, New York, 1969).

~E. H. Rhoderick, Metal Semiconductor Contacts (Clarendon,
Oxford, 1978).

3N. Yokoyama, T. Ohnishi, K. Odani, H. Onodera, and M. Abe,
IEEE Trans. Electron Devices 29, 1541 (1982).

~T. Ohnishi, N. Yokoyama, H. Onodera, S. Suzuki, and A. Shi-
botomi, Appl. Phys. Lett. 43, 600 (1983).

5J. C. Irvin, D. J. Coleman, %'. A. Johnson, I. Tatsuguchi, D. R.
Kecker, and C. N. Dunn, Proc. IEEE 59, 1212 (1971).

J. C. Irvin, Proceedings of the 4th Biennial Cornell Electrical

Engineering Conference (Cornell University Press, Ithaca,
N.Y., 1973), pp. 287—298.

7G. E. Mahoney, Appl. Phys. Lett. 27, 613 (1975).
8A. K. Sinha and J. M. Poate, Appl. Phys. Lett. 23, 666 (1973).
A. K. Sinha and J. M. Poate, in Thin Films Interdiffusion-

and Reactions, edited by J. M. Poate, K. N. Tu, and J. %'.
Mayer (%'iley-Interscience, New York, 1978), p. 407.

'OC. J. Madams, D. V. Morgan, and M. J. Homes, Electron.
Lett. 11, 574 (1975).

"I.Lindau, P. %'. Chye, C. M. Garner, P. Pianetta, C. Y. Su,
and %.E. Spicer, J. Vac. Sci. Technol. 15, 1332 (1978).

~2%'. E. Spicer, I. Lindau, P. Skeath, C. Y. Su, and P. Chye, J
Vac. Sci. Technol. 16, 1422 (1979).



Au-GaAs{110) INTERFACE: PHOTOEMISSION STUDIES. . .

'3L. J. Brillson, Surf. Sci. Rep. 2, 123 (1982}.
'~P. %. Chye, I. Lindau, P. Pianetta, C. M. Garner, C. Y. Su,

and W. E. Spicer, Phys. Rev. 8 18, 5545 (1978).
'~L. Brillson, G. Margaritondo, N. G. Stoffel, R. S. Bauer, R. Z.

Bachrach, and G. Hansson, J. Vac. Sci. Technol. 17, 880
(1980).

'6C. J. Todd, G. %. B. Ashwell, J. D. Speight, and R. Hecking-
bottom, in Proceedings of the Conference on Metal
Semiconductor Contacts, Voi. 22 of Institute of Physics
Conference Series {IPPS,London, 1974},p. 171.

'7J. Gyulai, J. %'. Mayer, V. Rodriquez, A. Y. C. Yu, and H. J.
Gopen, J. Appl. Phys. 42, 3578 (1971).

8G. Y. Robinson, J. Vac. Sci. Technol. 13, 930 (1976).
Siu Leung, L. K. Wong, D. D. L. Chung, and A. G. Milnes, J.
Electrochem. Soc. 130, 462 (1983).

2 X.-F. Zeng and D. D. L. Chung, Thin Solid Films 93, 207
{1982).

~~K. Kumar, Jpn. J. Appl. Phys. 18, 713 (1979).
H. K. Kim, G. G. Sweeney, and T. M. S. Heng, in Proceedings

of the 5th International Symposium on GaAs, Vol. 24 of Insti
tute of Physics Conference Series {IPPS, London, 1975), p.
307.
T. Narusawa, N. Watanabe, K. L. I. Kobayashi, and H.
Nakashima, J. Vac. Sci. Technol. A 2, 538 (1984).
E. Kinsbron, P. K. Gallagher, and A. T. English, Solid-State
Electron. 22, 517 (1979}.

25L. Braicovich, C. M. Garner, P. R. Skeath, C. Y. Su, P. %.
Chye, I. Lindau, and W. E. Spicer, Phys. Rev. B 20, 5131
(1979).
I. Abbati, L. Braicovich, A. Franciosi, I. Lindau, P. Skeath, C.
Y. Su, and W. E. Spicer, J. Vac. Sci. Technol. 17, 930 (1980).

~7S. Guha, B. M. Arora, and V. P. Salvi, Solid-State Electron.
20, 431 {1977).

28L. Y. Zee and Z. A. Munir, J. Mater. Sci. 10, 1929 (1975).
2 D. C. Miller, J. Electrochem. Soc. 127, 467 (1980).
3 N. Newman, T. Kendelewicz, D. Thompson, S. H. Pan, S. J.

Eglash, and %. E. Spicer, Solid-State Electron. {to be pub-

lished}.
'N. Newman, W. G. Petro, T. Kendelewicz, S. H. Pan, S. J.

Eglash, and W. E. Spicer, J. Appl. Phys. 57, 1247 (1985).
2P. Pianetta, I. Lindau, and %. E. Spicer, in ASTM Special

Technical Publication 643: Quantitatiue Surface Analysis of
Materials, edited by N. S. McIntyre (American Society for
Testing and Materials, Philadelphia, 1978), p. 105.
K. Yu, Ph.D. thesis, Stanford University, 1976.

~J. N. Miller, Ph.D. thesis, Stanford University, 1979.
35S. Doniach, I. Lindau, W. E. Spicer, and H. %'inick, J. Vac.

Sci. Technol. 12, 1123 (1975).
F. C. Brown, R. Z. Bachrach, and N. Lien, Nucl. Instrum.
Methods 152, 73 (1978).
B.B.Pate, Ph.D. thesis, Stanford University, 1984.

8I. Lindau and %. E. Spicer, J. Electron Spectrosc. Rel.
Phenom. 3, 409 (1974).

39P. R. Skeath, Ph.D. thesis, Stanford University, 1982.
~S.-T. Lee, G. Apai, M. G. Mason, R. Benbow, and Z. Hurych,

Phys. Rev. 8 23, 505 (1981).
~'J. A. Nicholson, J. D. Riley, R. C. G. Leckey, J. G. Jenkin, J.

Liesegang, and J. Azoulay, Phys. Rev. 8 18, 2561 (1978).
~2L. Oberli, R. Monot, H. J. Mathieu, D. Landolt, and J. Buttet,

Surf. Sci. 106, 301 (1981).
43A. Zur„T. C. McGill, and D. L. Smith, Phys. Rev. B 28, 2060

(1983).
~R. R. Daniels, A. D. Katnani, T.-X. Zhao, G. Margaritondo,

and A. Zunger, Phys. Rev. Lett. 49, 895 (1982).

45D. E. Eastman and %'. D. Grobman, Phys. Rev. Lett. 28,
1327 (1972).

~6S. Hufner, J. H. Wernick, and K. %. %'est, Solid State Com-
mun. 10, 1013 (1972); P. M. T. M. van Attekum, G. K.
Wertheim, G. Crecelius, and J. H. %ernick, Phys. Rev. B 22,
3998 (1980).

~7I. Lindau, P. Pianetta, K. Y. Yu, and %'. E. Spicer, Phys. Rev.
B 13, 492 (1976).

"8F. R. McFeely, S. Kowalczyk, L. Ley, R. A. Pollack, and D.
A. Shirley, Phys. Rev. B 7, 5228 (1973).

~9R. E. %'atson, J. Hudis, and M. Perlman, Phys. Rev. B 4,
4139 (1971).

50%. F. Egelhoff, Jr. and G. G. Tibbets, Phys. Rev. B 19, 5028
(1979).

'P. Skeath, C. Y. Su, I. Hino, I. Lindau, and W. E. Spicer,
Appl. Phys. Lett. 29, 349 (1981).

52D. E. Eastman, T.-C. Chiang, P. Heimann, and F. J. Himpsel,
Phys. Rev. Lett. 45, 656 (1980).

5 M. K. Bahl, R. O. Woodall, R. L. Watson, and K, J. Irgolic, J.
Chem. Phys. 64, 1210 (1976).

54E. D. Roberts, P. %'eightman, and C. E. Johnson, J. Phys. C
8, 1301 (1975).

55D. D. %'agman, W. H. Evans, V. B. Parker, I. Halow, S. M.
Bailey, and R. H. Schumm, Natl. Bur. Stand. (U.S.) Technical
Note 270-S {U.S. GPO, Washington, D.C., 1968).
G. Leonhardt, A. Berndtsson, J. Hedman, M. Klasson, R.
Nilsson, and C. Nordling, Phys. Status Solidi 60, 241 {1973).

57M. Taniguchi, S. Suga, M. Seki, H. Sakamoto, H. Kanzaki, Y.
Akahama, S. Terada, S. Endo, and S. Narita, Solid State
Commun. 45, 59 (1983).

5 J. Brunner, M. Thuler, S. Veprek, and R. Wild, J. Phys.
Chem, Solids 40, 967 (1979).

~9T. Kendelewicz, W. G. Petro, I. Lindau, and %. E. Spicer, J.
Vac. Sci. Technol. A 2, 542 (1984).
P. %'. Chye, I. Lindau, P. Pianetta, C. M. Garner, and %. E.
Spicer, Phys. Rev. B 17, 2682 (1978).

6'T. T. P. Cheung, Surf. Sci. 127, L129 (1983).
6 Y. Takasu, R. Unwin, B. Tesche, A. M. Bradshaw, and M.

Grunze, Surf. Sci. 77, 219 (1978).
63G. Johansson, J. Hedman, A. Berndtsson, M. Klasson, and R.

Nilsson, J. Electron Spectrosc. Rel. Phenom. 2, 295 (1973).
~W. F. Egelhoff, Jr., J. Vac. Sci. Technol. 20, 668 (1982).

%. F. Egelhoff, Jr., Appl. Surf. Sci. 11/12, 761 (1982).
6 T. Kendelewicz (unpublished).
67J. F. McGilp, J. Phys. C 17, 2249 (1984).
6 A. K. Niessen and A. R. Miedema, Phillips Research Labora-

tories, Report, 1982 (unpublished).
69A. K. Niessen, F. R. de Boer, R. Boom, P. F. de Chatel, W. C.

M. Mattens, and A. R. Miedema, CALPHAD: Comput.
Coupling Phase Diagrams Thermochem (to be published).

70%'. E. Spicer, I. Lindau, P. Skeath, C. Y. Su, and P. Chye,
Phys. Rev. Lett. 44, 420 (1980).

'%'. E. Spicer, I. Lindau, P. Skeath, and C. Y. Su, J. Vac. Sci.
Technol. 17, 1019 (1980).

72%'. E. Spicer, S. Eglash, I. Lindau, C. Y. Su, and P. Skeath,
Thin Solid Films 89, 447 (1982).

73S. H. Pan, T. Kendelewicz, %. G. Petro, M. D. %illiams, I.
Lindau, and W. E. Spicer, in Materials Research Society Sym-
posia Proceedings, Vol. 2S of Thin Films and Interfaces II,
edited by J. E. E. Baglin, D. R. Campbell, and W. K. Chu
(Elsevier, New York, 1984), p. 335.

74T. Kendelewicz, %. G. Petro, S. H. Pan, M. D. Williams, I.
Lindau, and W. E. Spicer, Appl. Phys Lett. 44, 113 (1984}.

75W. E. Spicer, S. Pan, D. Mo, N. Newman, P. Mahowald, T.



PETRO, KENDELE%'ICZ, LINDAU, AND SPICER 34

Kendelewicz, and S. Eglash, J. Vac. Sci. Technol. 8 2, 476
(1984).

76C. J. Cooke and %. Hume-Rothery, J. Less-Common Met. 10,
42 (1966)~

77%'. Monch, H. J. Clemens, S. Gorlich„R. Enninghorst, and H.
Gant, J. Vac. Sci. Technol. 19, 525 (1981).

78J. M. %oodall, G. D. Pettit, T. N. Jackson, C. Lanza, K. L.
Kavanaugh, and J. W. Mayer, Phys. Rev. Lett. 51, 1783
(1983).

79T. Kendelewicz, %'. G. Petro, M. D. Williams, S. H. Pan, I.
Lindau, and %. E. Spicer, in Materials Research Society Sym-
posia Proceedings, Vol. 25 of Thin Films and Interfaces II,
edited by J. E. E. Baglin, D. R. Campbell, and %. K. Chu
(Elsevier, New York, 1984), p. 323.

800. Kubaschewski and E. L. Evans, Metal Physics and Physical
Metallurgy (Pergamon, New York, 1967).

8'C. H. P. Lupis, Chemical Thermodynamics of Materials
(North-Holland, New York, 1983).

82A. R. Miedema, P. F. de Chatel, and F. R. de Boer, Physica 8
100, 1 (1980).

830. Kubaschewski and C. B. Alcock, Metallurgical Thermo-
chemistry (Pergamon, Oxford, 1979).

8~D. D. %'agman, %. H. Evans, V. B. Parker, R. H. Schumm, I
Halow, S. M. Bailey, K. L. Churney, and R. L. Nuttall, J.
Phys. Chem. Ref. Data 11, Suppl. 2, 1 (1982).

85R. S. Williams, J. R. Lince, T. C. Tsai, and J. H. Pugh, in Ma-
terials Research Society Symposia Proceedings, 1986 (Materi-
als Research Society, Pittsburgh„Pennsylvania, in press).


