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The distribution of atomic species across metal-III-V-compound-semiconductor interfaces has
been studied with Ar*-ion bombardment and x-ray photoemission complemented by synchrotron
radiation photoemission. Results for (Ti, Cr, Co, Au)/GaAs, (Co, Cr)/InP, and (Cr, Au)/InSb show
that room-temperature metal deposition induces substrate disruption. The details of reactions at
these interfaces then play a critical role in determining the distribution of semiconductor atoms in
the overlayers. Strong metal-anion reactions cause the expulsion of cations from regions where
there is compound formation, and there is a characteristic coverage at which this occurs. The result
is a cation-deficient region near the buried interface. Weak metal-anion reactions cause no such
long-range species redistribution, except for surface segregation. For Au-III-V interfaces, there is
an onset for anion surface segregation as a nearly pure Au layer decorated by semiconductor atoms
in supersaturation evolves from the Au-anion-cation mixture found at low coverage. The driving
force for atomic redistribution is the lowering in energy of the system, but this is restricted by kinet-
ics and diffusion at low temperature. Studies for Cr/GaAs show the effect of altering the tempera-
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ture and, hence, the amount of diffusion.

INTRODUCTION

The properties of interfaces formed by the vapor depo-
sition of metal adatoms at room temperature onto III-V
compound-semiconductor surfaces have been studied ex-
tensively. The development of experimental techniques
that allow interface investigations with atomic resolution
has rapidly advanced the understanding of Schottky bar-
rier formation, chemical reaction, and interdiffusion.!~'°
At the same time, our understanding of the processes and
the mechanisms of the interface formation is still far from
complete.

One of the most important problems encountered when
modeling metal-semiconductor junctions relates to the
distributions of the different species and the mechanisms
which control these distributions. In this paper we re-
port a systematic study of atomic distributions for
metal-III-V compound-semiconductor interfaces formed
at room temperature, with or without subsequent anneal-
ing. Our goals are to elucidate the factors which control
intermixing and to show how they change as an interface
evolves. These investigations have focused on the very
reactive Ti/GaAs, Cr/InP, Cr/InP, Cr/InSb, and
Co/InP interfaces; the mildly reactive Cr/GaAs inter-
face; the nonreactive but disruptive Au/GaAs and
Au/InSb interfaces; and the nonreactive, disruptive epit-
axial Co/GaAs interface. We have combined high-
resolution x-ray photoemission with Ar* ion bombard-
ment to demonstrate that the concentration profiles are
determined in large measure by the detailed chemical re-
actions between the deposited metal adatoms and the
released anions. We have used results from high-
resolution synchrotron radiation core-level photoemis-
sion studies to provide complementary information about
the onset of surface segregation.

Substrate disruption has been observed in all cases, and
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there is frequently surface segregation of one or both of
the semiconductor species. When strong metal-anion re-
action occurs, there is the expulsion of cations from the
region where compounds form. This results in the forma-
tion of a cation-deficient region near the interface. In
contrast, when the reactions are weak there is only limit-
ed intermixing at the interface, but no substantial redis-
tribution of semiconductor atoms. Au overlayers on
GaAs and InSb are important exceptions since there is
substrate disruption but minimal reaction and there is a
critical coverage above which anion segregation occurs.
These atomic redistributions reflect the tendency of the
system to minimize its total energy. They show how
minimum energy configurations change as the nominal
overlayer thickness varies. They also show the metasta-
bility with respect to temperature.

EXPERIMENTAL TECHNIQUES

The sputter depth profile measurements were done
with a differentially pumped Leybold-Heraeus Ar*
sputtering gun and a Surface Science Instruments SSX-
100-03 x-ray photoelectron spectrometer. Monochromat-
ic Al Ko radiation was used throughout, the x-ray spot
diameter was 1000 um, and the analyzer was operated at
a pass energy of 150 eV. Photoelectrons were collected at
an emission angle of 60° with respect to the surface nor-
mal with a half-angle of acceptance of 15°. The experi-
ments were performed in an ultrahigh vacuum system
having a base pressure of 5Xx 10~!! Torr. During the
sputtering measurements, the chamber pressure rose to
2% 1078 Torr and was maintained with a cryopump to
prevent Ar loading of the ion pumps. A complete
description of the experimental system can be found else-
where. ! 12

Synchrotron radiation photoemission experiments were
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done at the Aladdin facility at the Wisconsin Synchro-
tron Radiation Center. The overall experimental energy
resolution was optimized for core-level studies of reacting
or disrupting interfaces. Core-level intensities were mea-
sured as a function of metal coverage to determine the
rate at which each species was attenuated by the over-
layer, using procedures described in detail elsewhere.!®
Exponential attenuation with a 1/e length equal to the
photoelectron mean free path would indicate layer by lay-
er growth whereas more complex behavior would indi-
cate disruption, reaction, or segregation. In this paper,
we include attenuation results only for Co/InP(110),
Cr/GaAs(110), and Au/GaAs(110) to provide insight
into the morphology of the overlayer and the distribution
of atoms across the interface for these representative sys-
tems.

GaAs(100) and InSb(111) wafers (Si-doped, n-type at
10'"® cm~? and Cd-doped, p-type at 10" cm 3, respective-
ly) that were oriented to within 0.5° were cleaned with
standard etching procedures before insertion into the
vacuum chamber. Ar™ sputtering and annealing (500°C
for 30 min for GaAs, 350°C for 40 min for InSb) pro-
duced reconstructed ¢ (8X2) and (2 X 1) surfaces, respec-
tively. GaAs(llO) and InP(110) surfaces (Si-doped, n-
type at 10'® cm 3 and Sn-doped, n-type at 4 10! cm~?,
respectively) were obtained by cleaving single crystal bars
in situ to obtain high-quality, mirrorlike surfaces. The
metals Ti, Cr, Co, and Au were evaporated from resis-
tively heated W boats at pressures below 2 10~ '° Torr.
The amount of metal deposited was monitored with
Inficon quartz-crystal oscillators adjacent to the samples.
The sample-to-source distance was ~30 cm and the typi-
cal evaporation rate was 1 A/min. For studies conducted
at high temperature, the wafers were heated from the
back with a W filament. The temperatures were deter-
mined with an infrared pyrometer with an absolute accu-
racy of +15°C and reproducibility of +5°C.

In these experiments we alternately sputtered with
3.5-keV Ar ions and measured the core-level x-ray pho-
toemission spectra for the metal and semiconductor
atoms. The sputter profiles were obtained by determining
the integrated core emission of the various elements as a
function of sputter time following s-shaped background
substraction. In the results presented here, the integrated
areas have been normalized to the data acquisition time
and are plotted versus time. Sputtering intervals were
typically 1-3 min and x-ray photoemission spectroscopy
(XPS) measurement of all of the core levels of interest
took 5-7 min.

Sputter profiling is not free of pitfalls related to the
destructive character of atom removal and the complex
morphologies of interfaces. First, inspection of all of
the results summarized in Figs. 1-4 shows that the ca-
tion intensities cross over those of the anions after pro-
longed sputtering and the substrate is reached. This
preferential anion sputtering and cation enrichment is a
well-known and unavoidable phenomenon for III-V semi-
conductors.'*!> Second, structure in the sputter profiles
is broadened by the relatively large mean-free paths of
the photoelectrons (15-20 A) and, therefore, the limited
depth resolution of the measurement. (We have mini-
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FIG. 1. Sputter depth profiles for 100- A Tl/GaAs(llO) 100-
A Co/InP(110), 70-A Cr/InP(110), and 110-A Cr/InSb(111).
The vertical axes correspond to the integrated core intensities
measured with XPS at an emission angle of 60° with respect to
the surface normal. The As and Ga intensities are corrected by
their cross section ratios as measured for the clean surface. The
valleylike structures in the cation concentration curves are a re-
sult of cation expulsion from the region where metal-anion com-
pound formation occurs.



mized this broadening by measuring photocurrents at 30°
take-off angle, reducing the effective probe depth by a
factor of 0.5). Third, extended sputtering can increase
surface roughness and alter the erosion rates. Finally,
since photoelectrons from core levels of different species
have different kinetic energies, the probed region varies
for each species. These effects make quantitative analysis
impossible and the intensity profiles should not be seen as
concentration profiles. On the other hand, they provide
direct and unambiguous qualitative information about
the species distributions normal to the surfaces and are
particularly useful for interfaces with reactive metals
where systematic behaviors are sought.
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FIG. 2. Sputter profiles of 100-A Cr/GaAs(100) interface at
room temperature and after annealing at 360 °C for 75 min. The
As LMM Auger peak was used because of the overlap of the Cr
3p and As 3d emission. The Ga and As intensities are normal-
ized to their cross section ratios. At room temperature, the
anion and cation concentrations decay smoothly from the sub-
strate into the overlayer. After annealing, a substantial number
of both As and Ga atoms are segregated to the surface. This in-
dicates that a large fraction of the anions and cations released
during interface formation at room temperature are weakly
bonded in the Cr matrix and are expelled when a more perfect
Cr layer can grow.
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FIG. 3. Species concentration curves across 70-A

Au/GaAs(110) and 70-A Au/InSb(110) interfaces analogous to
those of Fig. 1. Note the large anion surface segregation with
respect to the cations for Au/InSb.

50A Co/GaAs(110)

Co 2py,,

1 1

0 100 200 300
Sputter Time (min)

Photoemission Intensity (arb. units)

FIG. 4. Sputter profile for the epitaxial system 50-A
Co/GaAs(110). Except for a small amount of As segregation,
the distribution curves are smooth and structureless. This
demonstrates that epitaxy and substrate disruption are not mu-
tually exclusive provided that the conditions for epitaxy exist
and the disruption is not too severe. The Ga and As atoms are
trapped as impurities in the epitaxial Co film and their concen-
tration varies with distance from the buried interface or the sur-
face.
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RESULTS

In Figs. 1-4 we present sputter profiles for eight
metal-III-V semiconductor systems. The results are
grouped according to the reactivity of the deposited met-
al with the substrate anion, and they show similarities in
their sputter profiles.

To address the problem of substrate atom distributions
close to the buried interface, we emphasize the structures
in the concentration profiles of Figs. 1-4. Before doing
so, however, there are two important points that can be
made. First, most of the profiles of Figs. 1-4 provide
direct evidence of semiconductor atom segregation to the
metal surface because sputtering shows a rapid loss in
emission from the segregated atoms after light sputtering.
This can be seen, for example, for As in Ti/GaAs (Fig. 1);
In in Co/InP (Fig. 1); As in Cr/GaAs (Fig. 2); Ga, As,
and Sb for Au/GaAs and InSb (Fig. 3); and for As in
Co/GaAs (Fig. 4). This observation of segregation is
consistent with the conclusions of Ref. 16 where results
from the literature were analyzed for 28 interfaces. That
paper showed that the relative cohesive energies and
atomic sizes of semiconductors elements with respect to
those of the metal determine substrate element surface
segregation, assuming relatively weak chemical trapping.
Second, the results of Figs. 1-4 show that the number of
semiconductor atoms in the metal overlayer varies con-
siderably, from a small value for P in Co/InP to a much
higher value for Sb in Cr/InSb. The issue of solubility
has been quantitatively considered for Au/GaAs and
Co/GaAs and will not be dealt with here. (A concentra-
tion model was used in Refs. 17 and 18 to show that
anion and cation solubilities in metal overlayers grown by
evaporation at room temperature can be much larger
than the values extrapolated from high-temperature equi-
librium states.)

In Fig. 1 we show the sputter depth profiles for
the highly reactive 100- A Ti/GaAs(110), 100- A Co/
InP(110), 70-A Cr/InP(110), and 110-A Cr/InSb(111) sys-
tems. These concentration curves have a very interesting
common feature, namely, that the anion distributions in
the overlayer are smooth and almost structureless while
those of the cations exhibit a distinct valleylike structure
or a plateau. This valley reflects cation depletion near
the buried interface and a piling up in front of the
deficiency region.

For the clean, cleaved GaAs(110) surface, the ratio of
the integrated As 3d to Ga 3d intensity is ~ 1.24 as excit-
ed with a photon energy of 1486.6 eV. (This value is nev-
er reached when the interface is sputtered for the reasons
noted above.) The results of Fig. 1 show that the deposi-
tion of Ti followed by its removal by sputtering changes
this ratio, giving a maximum value of 2.7 in the region
near the buried interface and a value of only 0.95 beyond
this layer. Since As 3d and Ga 3d photoelectrons have
the same mean free path, these intensity variations reveal
changes in the atomic concentration within the probed
region (3A or ~60 A). To determine whether this valley-
like structure in the Ga concentration profile is a charac-
teristic of the interface at the initial stages of formation
and is independent of further metal deposition, we under-

D. M. HILL, F. XU, ZHANGDA LIN, AND J. H. WEAVER 38

took measurements with different Ti overlayer
thicknesses (>30 A) as well as for a reconstructed
GaAs(100) surface.!®? These results showed no change
except for an increase in separation between the Ga peak
and the vacuum surface. Analogous studies of the In
concentration profiles for Cr/InP(110) and Cr/InSb(111)
interfaces, as well as Ti/InP(110), showed similar valley-
like structures for In, indicating that the structure is not
unique to Ga.

Although the valleylike structure is common for reac-
tive metal overlayers, it is not always as pronounced as
for Ti/GaAs or Cr/InP. Indeed, the sputter profiles for
100-A Co/InP(110) showed it to be reduced to a plateau
and, further, that the ratio of In to P is smaller. For
Cr/InSb(111), we find intermediate behavior and a weak
minimum near the buried interface. The similarity in
cation depletion, but the variability in the amount of cat-
ion accumulation, suggests that these distributions reflect
a common expulsion mechanism with differences related
to the amount of surface segregation and interface solu-
bilities. These differences are then specific to the cations
and metals under study.

In order to determine whether these anion and cation
profiles are metastable with respect to temperature, we
formed 100-A Cr/GaAs(110) interfaces at room tempera-
ture and compared the profiles to those obtained for iden-
tical interfaces after annealing at 360°C for 75 min. The
results summarized in Fig. 2 show that the Cr-GaAs in-
teraction is relatively weak?' and does not produce the
Ga valley structure. Instead, there is a monotonic de-
crease in both Ga and As intensities away from the sub-
strate and this characteristic was important for these
temperature-dependent studies. As shown, annealing at
360 °C increases the Ga and As content of the surface and
the near-surface region, and the Ga and As profiles at the
buried interface become sharper. We conclude that sub-
stantial amounts of dissociated Ga and As atoms weakly
bonded to Cr exist in the intermixed region near the
buried interface as a consequence of room-temperature
substrate disruption. Heating increases the diffusion of
these impuritylike atoms and promotes their segregation
to the surface. The result is that the Cr layer becomes
more perfect and the free energy of the system is lowered.

To investigate the profiles for metal-III-V systems
where metal-cation reaction is favored over metal-anion
reaction (but is still very weak at room temperature), we
formed the Au/GaAs(110) and Au/InSb(110) interfaces.
The results shown in Fig. 3 indicate that the Ga and As
concentrations decay smoothly from the substrate into
the Au overlayer, that limited amounts of Ga and As are
dissolved in the Au matrix, and that both species segre-
gate to the free surface. These results for Au/GaAs
confirm our earlier studies'”??> and are consistent with
those reported by Spicer and co- workers 2

Finally, we have investigated the 50- A Co/GaAs inter-
face because earlier work showed bce Co to grow epitaxi-
ally. At the same time, those studies showed substrate
disruption at low coverage followed by segregation of As
to the surface and the dissolution of small amounts of Ga
and As. As shown in Fig. 4, our sputtering profiles again
find evidence for As surface segregation but there is no
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valleylike structure in the cation profile. These results
provide a baseline for comparison to systems where inter-
mixing is greater and reaction products form.

As part of our investigations of interface formation, we
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FIG. 5. Substrate element core photoemission intensity at-
tenuation curves In[7(©)/1(0)] as a function of nominal metal
coverage, © for Co/InP(110), Cr/GaAs(110), and
Au/GaAs(110). Photon energies were chosen to give maximum
surface sensitivity (probed region 10-12 A). For Co/InP, the
In 4d intensity increases because of the expulsion of In atoms
from the region where Co-P compound formation occurs (from
Ref. 24). For Au/GaAs, the onset of As segregation reflects the
convergence of the overlayer to an elemental Au film (from Ref.
5). For Cr/GaA:s, there is no strong driving force for Cr-Ga or
Cr-As compound formation and the disrupted semiconductor
atoms are trapped in supersaturated solution (from Ref. 21).
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undertook synchrotron radiation photoemission studies
for Co/InP(110), Cr/GaAs(110), and Au/GaAs(110). In
Fig. 5 we show attentuation curves for the various core
levels, defined as In[I(©)/1(0)], where I(©) is the in-
tegrated intensity of a particular core level at a coverage
© and I(0) is the emission from that core for the clean
surface. Incident photon energies were chosen to give in-
elastic mean free paths of 4-5 A to maximize the surface
sensitivity. For Co/InP(110), the In 4d intensity de-
creases as the Co deposition increases until a critical cov-
erage of 1.6 A (see Ref. 4). It then increases steadily until
the nominal Co coverage reaches 7 A and, thereafter, at-
tenuates very slowly. Simultaneously, the P 2p signal
drops rapidly, excluding the possibility of cluster forma-
tion. These results indicate that there is a coverage at
which In surface segregation is triggered and In atoms
are driven to the vacuum surface. Such cation surface
segregation onsets have been observed for other sys-
tems.?* For Cr/GaAs(110), the Ga 3d and As 3d attenua-
tion curves are smooth and structureless with the rate of
Ga loss greatly exceeding that of As because of As sur-
face segregation (see Ref. 21). Surprisingly, for
Au/GaAs(110) there is an increase in the As intensity at
a nominal Au coverage of ~ 18 A (see Ref. 5). This rise
in intensity reflects an increase in As concentration on
the surface, analogous to that for In at the reactive
Co/InP(110) interface. Since Au does not react with Ga
or As to form compounds at room temperature, the phys-
ical mechanism that triggers this anion surface segrega-
tion differs somewhat from that for cation atoms in reac-
tive systems while still being related to free-energy
minimization, as will be discussed in the next section.

DISCUSSION

When metal atoms are deposited from the vapor phase
onto clean III-V semiconductor surfaces, they can chem-
isorb reactively or they can form small clusters or
patches. As a result, they change the overall energy
configuration of the near-surface bonds and can weaken
or break anion-cation covalent bonds. These released
atoms can diffuse into the overlayer to form compounds
or alloys with the metal adatoms, including solid solu-
tions. Disruption and direct reaction continues until the
reaction produce becomes a self-limiting diffusion barrier.
Thereafter, the metal nucleates, possibly incorporating
some semiconductor atoms or forcing their segregation to
its surface. Factors which control the concentration
profile include the extent of substrate disruption (and
thus the number of the released anions and cations), the
chemical reactivities of the metal with the anions or cat-
ions, the stability of the reaction products (if there are
any), and the semiconductor atom solubilities in the met-
al and in the reaction products.

To identify the tendencies for reaction for the inter-
faces under study here, we list in Table I the heats of
compound formation for metals and substrate anions, as
well as GaAs, InP, and InSb. These results indicate that
energetically stable Ti-As, Ti-P, Co-P, and Cr-P com-
pounds could form. No thermodynamical values are
available for Cr-Sb compounds, but recent results by Bos-
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TABLE I. Heats of compound formation in kJ/mol~! from the National Bureau of Standards Tables
of Chemical Thermodynamical Properties [J. Phys. Chem. Ref. Data 11 (Suppl. 2) (1982)].

GaAs —71 InP
TiAs —149.8 TiP
Co,As —39.7 Co,P
CoAs —40.6

CoAs, —61.5

C05A52 —79.5

Co;As, —81.2

C02A53 —97.5

—88.7 InSb —30.5
—282.8 TiSb —281.2
—188 CoSb —42

CoSb, —54
CoSb; —67
AuSb, —10.9
Auln —45.2
Auln, —75.3

cherini et al.”® suggest that Cr-Sb compounds may exist
at Cr/InSb interface, and the small heat of formation of
InSb (—30.5 kJ/mol) favors this. In contrast, Cr-As
compounds are less favorable than GaAs itself and the
Cr—As bond is expected to be weak. For the cations,
there is no indication that compounds would form and al-
loy formation is unlikely at room temperature (Au-Ga
and Au-In are the exceptions). One should be cautious,
however, because these thermodynamic values are for
bulk systems in equilibrium states—not for interface re-
actions far from equilibrium.

In the following, we will use this information, together
with the results from Figs. 1-5 and the literature, to de-
scribe the physical formation of metal-III-V semicon-
ductor interfaces.

Ti/GaAs, Co/InP, Cr/InP, and Cr/InSb

Synchrotron-radiation photoemission studies for these
interface systems have shown that the metal adatoms
react strongly with the anions P, As, and Sb and the cat-
ions are dissolved in the overlayer with no well-defined
bonding configurations, consistent with the thermo-
dynamic information (Ruckman et al.,’® Ludeke and
Landgren,?” and Xu et al.'>' for Ti/GaAs; Kendelwicz
et al.®® and Xu et al.?* for Co/InP and Cr/InP; Boscher-
ini et al.® for Cr/InSb). As the amount of deposited
metal increases, the metal-anion nuclei increase in num-
ber and grow in size both laterally and vertically. Xu
et al.?* have shown through studies of Co/InP(110) that
there is a critical metal coverage at which the Co-P nuclei
reach sufficient concentration and size that the cations
are expelled from the compound regions. The resulting
cation surface segregation lowers the free energy of the
system. Reaction and segregation continue until the in-
termixed region serves as an effective buffer layer to ki-
netically limit atomic intermixing. At that stage, the cat-
ion expulsion is completed, the concentration of cations
on the surface region is high, and there is a region below
the surface where there is a paucity of cations. With sub-
sequent deposition, the expelled cations are ultimately
dissolved in the metal layer at a rate determined by none-
quilibrium solubilities. We propose that this mechanism
of cation expulsion is quite general for many highly reac-
tive systems and is responsible for the depletion regions
in the concentration profiles of Fig. 1. The synchrotron
radiation photoemission studies cited above and the
present sputter profiling results give complementary in-
formation about interface evolution.

The results for Ti/GaAs shown in Fig. 1 reflect this
atomic distribution for a system grown at room tempera-
ture. Heating of this interface enhances Ti-As reaction
and expands the region over which compound formation
occurs, resulting in the retreat of the buried interface.'?
There is also enhanced Ga expulsion from the region
where Ti-As forms and there is a promotion of Ga sur-
face segregation. Indeed, the Ga concentration close to
the buried interface is only a few atomic percent after an-
nealing at 365 °C for 2.5 h and the Ga density is very high
in the near-vacuum surface region. This distribution has
been confirmed by both in situ x-ray photoemission'? and
the x-ray diffraction measurements of Wada et al.?® Al-
though analogous annealing studies have not been report-
ed for the other systems shown in Fig. 1, we propose that
additional compound formation at the buried interface
would result in sharpening of the cation profiles and
greater segregation, provided ternary phase formation is
not favored.

Cr/GaAs

For the Cr/GaAs system, Weaver et al.?! and Willi-
ams et al.*® have demonstrated that Cr does not react
strongly with As to form a stable Cr-As compound at
room temperature because the Cr—As bonds are relative-
ly weak. During the early stages of formation of this sys-
tem, the metal adatoms and the dissociated anions and
cations intermix in the region close to the buried inter-
face. Since Cr-As compound formation is not as compel-
ling, there is much less cation expulsion. This is con-
sistent with the sputter profiles for the Cr/GaAs interface
grown 'at room temperature (top of Fig. 2). Sputter
profiles taken after annealing at 360° C for 75 min show
that heating promotes both Ga and As surface segrega-
tion, indicating that large amount of weakly bonded Ga
and As atoms exist in the intermixed region when the in-
terface is formed at room temperature. In this config-
uration, they present a high-energy, metastable state.
Annealing leads to a state of lower free energy by pro-
moting the formation of a purer form of Cr near the
buried interface and throughout much of the overlayer.

Co/GaAs and Co/InP

Xu et al.'"® and Prinz et al.’3! recently investigated the
growth and properties of Co evaporated on GaAs(110)
and (100) surfaces. They observed that an ordered film of
metallic bcc Co could be grown epitaxially, despite the
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fact that there is limited substrate disruption. Xu et al.'®
further reported that released As atoms do not form a
Co-As compound and that both Ga and As appeared in-
terstitially in the Co matrix. The present sputter profiles
summarized in Fig. 4 reveal a smooth distribution of Ga
and As in the overlayer and support the conclusions of
the earlier work. The presence of segregated As at the
surface is a consequence of the unfavorable bonding of
Co-As and the low solubility of As.

Comparison of the results for Co/GaAs in Fig. 4 to
those for Co/InP in Fig. 1 emphasizes the importance of
interface reaction in determining the ultimate concentra-
tion profiles in the overlayer. For both interfaces, there is
good lattice matching with bcc Co (~0.18% for GaAs
and 3.9% for InP). However, the heats of formation for
Co-P compounds favor a high degree of chemical reac-
tivity while those for Co-As are much weaker. As a re-
sult, Co-P nuclei form readily and reaction expands both
laterally and vertically with increasing Co coverage. For
Co/GaAs, the disruption may be quite inhomogeneous
across the surface in such a way that domains of epitaxial
Co can grow directly on GaAs.

Au/GaAs and Au/InSb

A large number of Au/GaAs interface studies have
been reported, and those by Spicer and co-workers,? Xu
et al.'’, Grioni et al.,’ and Anderson et al.’? are particu-
larly relevant to the present paper. It is generally agreed
that Au adatoms induce disruption of the substrate but
do not form Au islands or compounds at room tempera-
ture. Instead, there are high concentrations of Ga and
As atoms in this intermixed region and these semicon-
ductor atoms are essentially in a metastable, supersa-
turated solution. Substrate disruption is completely by
coverages of 10-15 A. The synchrotron-radiation at-
tenuation curves for Ga and As shown in Fig. 5 reveal a
very surprising increase in the As intensity at Au cover-
ages of ~18 A. This onset of anion surface segregation is
of interest here because the interface reactions are
different from those discussed above. In particular, the
onset of As segregation toward the surface cannot be due
to expulsion from a reacting Au-Ga alloy region as was
the case when In was expelled from Co-P regions. In-
stead, we suggest that it is the formation of increasingly
pure Au aggregates that expels the As to the surface.
The observation is analogous to that found in Fig. 2
where annealing was needed to expel Ga and As from su-
persaturated solution in Cr. These expelled As atoms
float on the Au film because of their low solubility in pure
Au of a critical dimension. This is reflected in the at-
tenuation curves, the magnitude of the segregated As,
and the absence of a valley structure in the As distribu-
tion profile of Fig. 3. Since Au—Ga bonding is more
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favorable, there is a greater chance of nuclei of Au-Ga or
a higher solubility in Au. Hence, there is weaker expul-
sion and a much lower concentration of segregated Ga.
Analogous behavior can be seen for Au/InSb(110) al-
though there is greater substrate disruption and an even
higher Sb concentration on the Au surface.

Support for this anion segregation onset model comes
from a photoemission study of Ruckman et al.>3 of the
binary Au/Ge system where a similar rise in the attenua-
tion curves for Ge was observed at a nominal Au cover-
age of 15-20 A. In this case it is obvious that Ge expul-
sion toward the free surface cannot be caused by the for-
mation of a Au-Ge phase. Instead, those results can be
interpreted in terms of the energy lowering of the interior
of the film as purer Au forms and Ge is driven to the sur-
face. It appears that a Au film of high purity decorated
by a skin with a high concentration of semiconductor
atoms is thermodynamically favored over the supersa-
turated solution or any compound at room temperature.
This is no longer the case, of course, when Au-Ga com-
pouad formation is made possible by thermal process-
ing.

In this paper we have sought a unified mechanism that
describes the observations of a wide variety of experi-
ments, including the present sputter profiles and syn-
chrotron radiation photoemission measurements. For
transition-metal-III-V compound-semiconductor sys-
tems, the metal-anion chemical reactions and the proper-
ties of those reaction products are very important in un-
derstanding the atomic distribution. We have demon-
strated that cation atoms can be expelled from the
metal-anion compound region as it evolves from a collec-
tion of small nuclei into a phase with appreciable dimen-
sion. An analogous behavior is observed for noble-
metal-III-V compound-semiconductor systems but it is
the evolution of Au nuclei that is critical since they are
the lowest-energy configuration. We have also shown
that the onset of surface segregation, the extent of the
cation-deficient region, and the amount of the expelled
cation atoms depend on many other factors, including the
amount of compound formation, the number of dissociat-
ed cations, and the solubilities of cation atoms in the
compound regions.
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A great many important contributions have come from the ap-
plication of the tools of surface science for interface research,

including those listed in Refs. 2—10. Others would, of course,
include scanning tunneling microscopy, LEED, medium-
energy ion scattering, and Rutherford backscattering. Refer-
ences 2—-10 emphasize photoemission of the sort that will be
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