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Atomic interdiffusion at Au-GaAs interfaces studied with Al interlayers
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We have used soft-x-ray photoemission spectroscopy at Au/GaAs interfaces to determine the movement of Au,
Ga, and As atoms during the initial stages of Schottky-barrier formation. Studies of core-level features obtained with

a range of photon energies between 80 and 250 eV indicate that, at room temperature, Au atoms first diffuse into
GaAs, followed by the nonstoichiometric outdiffusion of Ga and As into Au overlayers. Thin Au overlayers on
GaAs promote a spatial distribution of dissociated Ga and As which depends on the overlayer thickness, These
microscopic phenomena result in a local charge redistribution which determines the electronic properties of the
macroscopic Au/GaAs junction. We discuss the application of Al atoms at the intimate metal-semiconductor
interface either as immobile markers to establish the absolute motion of interface species on an atomic scale or as
indicators of the overall interface motion.

I. INTRODUCTION

The movement of metal and semiconductor atoms
near their interface is of growing significance in
the understanding of Schottky-barrier formation, .
A variety of experiments with ultrahigh-vacuum
(UHV)-cleaved surfaces of Si,"III-V, ' " and II-VI
(Refs. 11-14) compound semiconductors all show
that the Fermi level within the surface space-
charge region moves to its ultimate Schottky-bar-
.rier position within the first few A or less of met
al overlayer coverage. lt is also known that ex-
tensive interdiffusion can take place between met-
al and semiconductor, even at room tempera-
ture.""Such interdiffusion is particularly pro-
nounced for relatively unreactive systems such as
Au on GaAs, """"where no reacted interface lay-
er forms'~'"" to retard atomic transport. " In

turn, the atomic redistribution can result in elec-
trically active sites within the semiconductor,
which play a role in Schottky-barrier formation.
These phenomena emphasize the importance of de-
termining changes in atomic position and bonding
near metal-semiconductor interfaces.

In this paper, we present results of soft x-ray
photoemission spectroscopy (SXPS) studies of Au-
GaAs interdiffusion during the initial stages of
Schottky-barrier formation. In particular, we
identify the movements of Au, Ga, and As atoms
near the Au-GaAs interface with the dramatic
electronic changes' ~ ~ ~ induced by the first
few monolayers of Au on UHV-cleaved GaAs sur-
faces. %e have employed a novel approach to
characterize absolute atomic movement. This
method employs SXPS to monitor metal and semi-
conductor atom movement relative to interlayer
Al atoms adsorbed on the free-surface layer of the

semiconductor prior to depositing the Au metal
contact. " The interlayer Al atoms permit diffu-
sion of semiconductor atoms into the metal to be
distinguished from diffusion of metal atoms into
the semiconductor if their position is fixed. Even
if large rearrangement of the initial Al-GaAs in-
terface were to occur, the relative movements of
semiconductor atoms relative to the Au contact
can be discerned. Such determination is achiev-
able even for displacements of only one or two lat-
tice spacings. The SXPS-marker technique has a
precision which is several orders of magnitude
greater than those of bulk metallurgical tech-
niques, thereby permitting analysis of diffusion
phenomena even at room temperature. An addi-
tional feature of this technique is that the chemi-
cal-bonding environment of all interface constitu-
ents can be monitored by SXPS.

Formation of islands by the metal contact layer
does not complicate this analysis. The exposed
semiconductor atoms between metal islands are
normalized by the corresponding surface concen-
tration of interlayer atoms also exposed. Only the
change of SXI'S intensities of semiconductor atoms
relative to interlayer atoms within any island con-
tributes to the measureme~t. Even this complica-
tion is absent for Au-GaAs interfaces, . where Au

appears to deposit uniformly with initial deposi-
tion '"

There are several unique advantages to studying
interdiffusion with synchrotron radiation. First,
the tunable light source permits one to select pho-
ton energies such that the kinetic energies of the
photoemitted electrons correspond to a minimum
in the electron scattering length. ' Thus, only
electrons photoemitted from the top few layer(s) of
the surface can successfully escape the solid, re-
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suiting in extreme surface sensitivity. By varying
the incident photon energy and thereby the escape
depth of photoemitted electrons, one can probe the
elemental composition on vs just below the metal-
lized semiconductor surface in a nondestructive
way. 3' Finally, the chemical shifts of core-level
features indicate changes in local chemical bond-
ing during various stages of interdiffusion.

Other techniques of characteriiing metal-semi-
conductor interfaces have serious drawbacks. For
example, the depth resolution of Rutherford back-
scattering spectrometry is typically 150-300 A for
most solids, "with atomic information only recent-
ly having been obtained. Depth profiling with ion
bombardment and Auger electron spectroscopy can
achieve higher spatial resolution, e.g., 10-20 A.

under optimum conditions. 3' However, sputter
sectioning can produce mixing of species, ' prefer-
ential sputtering, 4' and possible triggering of phase
transitions4' caused by intermixing or enhanced
reaction rates at interfaces. Electron spectros-
copy studies are also undesirable for studying
atomic interdiffusion because the incident beam
can promote electromigration. 4'

Several previous studies have used markers to
study metal- semiconductor interdiffusion. These
include discontinuous W films evaporated on Si,~
inert gas bubbles produced by ion implantation, 4~ '
Si isotopes, 9' and metal bilayer films. ' How-
ever, these yielded results just on a macroscopic
scale. The application of SXPS is the only avail-
able method for resolving interdiffusion on a scale
of interatomic spacings.

We have used the highly localized bonding ob-
served for Al on UHV-cleaved GaAs in order to
mark the Au-GaAs interface. An exchange reac-
tion is believed to occur for Al on GaAs(110) in
which Al replaces Ga in the top semiconductor
layer. ~ '&' While the detailed Al bonding to the
GaAs surface is not central to the marker tech-
nique, a tight-binding calculation based on this ex-
change geometry yields valence-band, core-level,
and interface-dipole features in agreement with
experiment. '&" Because of the strong A1As bond-
ing as reflected in the bulk heat of formation (-2'I
kcal mole ') relative to GaAs bonding (-1'I
kcal mole '),"a relatively inert metal such as Au

on this surface can be expected to disrupt primari-
ly GaAs rather than AlAs bonds. Furthermore,
the low heat of formation within the Au-Al system
(-7 kcal mole ') (Ref. 57) suggests that any Au-Al
bonding at the interface is relatively weak. Au-Al
phase formation" is also unlikely since less than
one monolayer of Al atoms (already bonded to the
substrate) is available. However, variations in
local bonding occur for thin-film reactions, "and
care must be taken in all chemical analyses.

The Au-GaAs interface is of particular current
interest since large interdiffusion effects have
been reported for this interface but with conflict-
ing determinations of the primary diffusing spe-
cies. Using Rutherford backscattering spectrom-
etry of Au on epitaxially grown GaAs, Sinha and
Poate found that Ga diffuses to the free surface of
Au and that Au diffuses into GaAs upon annealing. "
Hiraki et al. used Auger electron spectroscopy
(AES) to determine preferential Ga diffusion to the
Au surface from GaAs cleaned in vacuum by Ar'
bombardment or flash heating. Similarly, Robin-
son's AES measurements coupled with sputter pro-
filing on (100) expitaxial GaAs indicate preferen-
tial Ga outdiffusion and Au indiffusion. " Magee
and Peng used transmission electron microscopy
(TEM) to determine the presence of AuGa crystal-
lizatization for Au on (100) GaAs single crystals
which were polished, etched, and annealed at high
temperature. " In contrast, x-ray photoemission
spectroscopy (XPS) measurements of Waldrop and
Grant showed only As present on Au films depos-
ited over Ar'-bombarded and annealed (100)
GaAs. " In addition, SXPS studies of Au on UHV-
cleaved (110) GaAs by Chye et al.3o and Lindau et
al.' suggest the outdiffusion of both Ga and As to
the free-metal surface in nearly stoichiometric
proportions. The lack of consistency between
these measurements suggests that chemical prep-
aration of the various Au-GaAs interfaces strong-
ly affects the results and that the bonding at the
microscopic interface plays a central role in the
process of interdiffusion. Clearly, the above re-
sults provide no unambiguous description of atom-
ic movements during the initial stages of Schottky-
barrier formation.

The use of interlayer atoms as markers to ana-
lyze absolute atomic motion is valid only if the in-
terlayer atoms (a) do not move away from inter-
face during the diffusion process and (b) do not
significantly perturb the diffusion process itself.
In this paper, we present the nondestructive SXPS
depth profile and thickness dependence for sub-
monolayers of Al deposited at Au/GaAs. Interpre-
tations of these data are given which suggest that
Au-Al-GaAs satisfy these criteria. However, con-
siderable information concerning the interdiffusion
process can be extracted from the SXPS results
presented here, regardless of the Al interlayer
atom stability. In addition, maoy of the vital con-
clusions concerning the absolute movement of the
major constituents will be shown to be valid even
if the interlayer atoms move below the surface.

In the next section, we describe the experiment-
al apparatus used to carry out SXPS measurements
on Au-GaAs interfaces. Section III contains ex-
perimental results which describe atomic move-
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ments during initial metal deposition on GaAs as
well as subsequent spatial distributions. Section
IV provides a discussion of these results and their
relation to the electronic properties of intimate
Au-GaAs interfaces. We highlight those results
which depend sensitively on the marker analysis.

II. EXPERIMENTAL

The SXPS-marker experiments were carried out
on the 4' beam line of the Stanford Synchrotron
Radiation Laboratory (SSRL). The energy of syn-
chrotron radiation incident at the specimen sur-
face was selected using a double-focus "grass-
hopper" monochromator. 'o A VHV chamber (base
pressure 10 "Torr) was used in which semicon-
ductor crystals could be cleaved to expose visually
smooth surfaces. Single-crystal GaAs doped with
m=3.2 &10" Teem ' from Laser Diode, Inc. were
used in this experiment. Thicknesses of Au and Al
controllable to fractions of a monolayer were
evaporated from W wire sources on to the cleaved
GaAs(110) surfaces by rotating the crystal into or
out of the evaporant beam. A Sloan quartz-crystal
oscillator positioned next to the cleaved surface
monitored the thickness of deposited metal. Multi-
ple evaporators were separated by baffles and
mounted side by side, so that multilayer metal
films could be deposited sequentially in UHV.
During metal evaporation, the pressure rose to
-10 ' Torr or less. The ionization gauge was kept
off during the course of each SXPS experiment to
minimize any oxidation of GaAs (Ref. 61) and any
photoj. nduced band-bendj. ng eff ects.

Interdiffusion at Au-Al/GaAs(110) interfaces
were studied by monitoring the integrated intensi-
ties of the Ga3d, As 3d, Al 2p, and Au 4f core lev-
els as a function of Au and Al evaporated thick-
ness. For a given thickness of Au and Al on GaAs,
these core-level intensities were also monitored
as a function of photon energy from 80 to 250 eV.

III. RESULTS

Figure 1 illustrates Ga3d, As3d, and A12p core-
level spectra at by=130 eV for various metal ov-
erlayer thicknesses. For an Al thickness of 1 A

on GaAs(110) [0.67 A= & GaAs(110) surface mono-

layer], the Al 2p core level peaks at 51.4 eV (32
eV to higher binding energy relative to the As 3d
core-level peak) and exhibits asymmetric broaden-
ing toward higher binding energy. The Ga3d core
level exhibits a slight broadening and shift to low-
er binding energy. The As 3d core level displayed
no measurable shift. The features agree with pre-
vious measurements of Al on GaAs(110) in which
an exchange reaction is known to occur. ' '&'

For Al coverages on GaAs of more than a few A.,

the peak position of the Al 2P core level shifts to
0.7 eV lower binding energy, corresponding to
metallic Al."""The absence of this unreacted
feature of 1 A coverage in Fig. 1 indicates that all
Al atoms are reacted with the GaAs substrate and
that no island formation takes place. Such uniform
reacted overlayers also occur for Al on CdS(1010),
where only one chemically-shifted core-level fea-
ture appears with initial monolayer coverage as
well. "

With additional deposition of Au over the Al/
GaAs surface, the Al 2p peak exhibits no change in
shape and only a 0.4-eV shift to higher binding en-
ergy. This shift is expected since additional
charge is transferred from the already bonded Al
to the new Au overlayer. No further shift occurs
with increasing Au thickness. If Al-As bonds were
weakened by the presence of the Au overlayer, one
would expect an A12p peak shifted to lower binding
energy, as can be observed for several monolay-
ers of Al on GaAs(110).""" Likewise, any addi-
tional bonding of isolated Al atoms to Au would
also result in an A12P peak shift to lower binding
energy due to the weaker Al-Au bonding relative
to AlAs. Indeed, a shifted peak was observed in
separate studies of Au on GaAs covered with thick-
er layers of Al." Thus Fig. 1 demonstrates that
Au overlayers do not produce any simple dissocia-
tion of Al-As bonds at the Al/GaAs interface. We
discuss additional evidence in support of this con-
clusion in Sec. IV.

Figure 1 also shows that Au overlayers on Al/
GaAs cause dissociation and diffusion of Ga and As
atoms below the GaAs surface. Between 1 A Al and
8A Au+1 A Al in Fig. 1, the primary Ga3d peak
shifts 1 eV to lower binding energy, indicating the
formation of free Ga. Correspondingly, the As3d
peak exhibits a 0.7 eV splitting with increasing Au

thickness. The smaller peak component shifts to
higher binding energy, corresponding to free As,
and its intensity increases with increasing Au

thickness. This suggests that free As moves to-
ward the Au-vacuum interface and away from the
GaAs substrate. Note that the Al interlayer atoms
need not remain stationary for these conclusions
to be valid. Detailed evidence for such free Ga
and As migration will be presented later in this
text.

The spectra of the Au 5d and 4f core levels exhi-
bit features characteristic of "atomiclike" Au dis-
persed in the GaAs surface, just as found in the
case of Au on GaAs(110) with no Al interlayer. "
Figure 2 illustrates valence-band spectra of
cleaved GaAs(110) with successive depositions of
Au and Al overlayers and hv= 130 eV. With 1 A Al

deposited, the valence-band spectrum exhibits ad-
ditional structure at 6 eV below the valence-band
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FIG. 1. Photoemission spectra of Ale, As3d, and Ga3d core levels at hv=130 eV for various Al and Au overlayer
coverages.

edge, corresponding to metal-induced interface
states and in agreement with previous work. " Be-
tween the cleaved and 1 A Al spectra, the extra-
polated valence-band edge shifts 0.4-0.5 eV to
higher energy, corresponding to an 0.4-0.5 eV in-
crease in surface work function. The same in-
crease in surface work function is measured by
contact potential difference and photoemission
methods elsewhere. ""Deposition of. 2 A Au pro-

duces two new' peak features at 11'?.6 and 119.3
eV, which correspond to Au5d levels. Their split-
ting is 1.7 eV, indicative of Au dispersed within
the substrate. ""The Au5d splitting increases
with additional Au deposition, reaching 2.1 eV at
8 A. Au. However, even with several monolayers
of Au deposited on Al/GaAs, the Au 5d splitting is
still less than the metallic Au splitting of 2.3 eV.
This phenomenon is possible only if there is
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FIG. 2. Photoemission spectra of cleaved GaAs{110)
valence band at hp=130 eV for various Al and Au over-
layer coverages. Shaded area in lA. Al spectrum cor-
responds to a metal-induced surface state. Arrows de-
note the valence-band edge in each spectrum.

strong intermingling of Au, Ga, and As over many
atomic layers. The presence of Al atoms, no
matter where they may be located, will not impact
this interpretation.

The Au4f core levels also show a characteristic
shift in binding energy between the dispersed and
metallic regimes. This is illustrated in Fig. 3 for
surface-sensitive spectra obtained with hp =165
eV. The Au4f core levels shift 0.4 eV to higher
kinetic energy as the surface becomes metallic,
again in agreement with results of Chye et al. for
dispersed Au in GaAs." However, the Ga and
As 3d core levels also shift rigidly to higher kinet-
ic energy by -0.4 eV with the first 8 A Au deposi-
tion. Since chemical shifts induced by the increas-
ingly metallic Au matrix at or within the GaAs
surface should be opposite for Ga and As, the rig-
id shif t of both suggests that band-bending and in-
terface-dipole effects" continue to change at Au

coverages well above one monolayer. " This con-
clusion is supported by the position of the valence-
band edge in Fig. 2, which continues to shift to
higher kinetic energy at least up to the first 4 A

of Au deposition. .
The presence of the anomalously low Au 5d level

splittings for Au coverages up to 8 A demonstrates
that the deposited Au does not form islands. Such
islands would exhibit metallic features at the low-
est Au coverages. " Furthermore, no island for-
mation is expected above this coverage since the
integrated Au4f peak intensity continues to in-
crease exponentially and the core levels exhibit no
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FIG. 4. Integrated peak-intensity ratios IG+~(130)/
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function of metal overlayer coverage. The inset il-
lustrates the initial interdiffusion process schematically,
assuming immobile Al at the interface. The initial de-
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diffusion than Ga and As outdiffusion. At higher cover-
ages, the diffusing interface species are identified
independently of possible subsurface Al motion.
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broadening characteristic of multiple chemical
shifts. Thus Volmer-Weber (simple islands) or
Stranski-Krastanov (islands on plane monolayers)
modes" of Au film growth appear unlikely.

The deposition of Au also changes the relative
Ga3d, As 3d, and A12p integrated peak intensities
IP,(hv), I&,(hv), and igJ(hv), respectively. Figure
4 illustrates the ratios Ios~ (130)/Iaaf'(130), Ias~(130)/
I„'v(130), and I o~,(130)/l„s",(130) as a function of met-
al overlayer coverage. Each peak height is nor-
malized with respect to incident photon flux with
the background subtracted. Both Io~,(130)/I„'vt(130)
and Ias[(130)/Ias~(130) decrease markedly (e.g. , by
22Vo and 28Vo, respectively) with initial Au deposi-
tion. Assuming an immobile Al marker, these de-
creases are consistent only with a diffusion of Au

atoms past the reacted Al interface layer into the
GaAs. The inset in Fig. 4 illustrates this process.

These ratios exhibit some increase with addi-
tional Au coverage. For 1 A Al on GaAs(110),
lo",(130)/I„'f(130) increases with respect to
Ia+(130)/I„I(130) with increasing Au coverage
This Ga/As nonstoichiometry is illustrated by the
lower curve of lo~, (130)/I„",(130) in Fig. 4. The Ga/
As nonstoichiometry for 8 AAu on 1 AAl on
GaAs(110) is 24% relative to the Al/GaAs surface
with no Au. A larger Ga3d versus As3d escape
depth accounts for only 111o of this increase with

8 A and at&.v=130 eV." %ith hv=80 eV, the es-
cape depth asymmetry is reversed, yet (as shown
in Fig. 5) the Ga/As nonstoichiometry is still at
least 9%%uo. These results indicate that both Ga and

As diffuse out of GaAs into the 8 A Au overlayer,

0 QKAu 2 4 6 8
DEPOSITED METAL OVERLAYER {A)

FIG. 5. Integrated peak-intensity ratios IG~(h v)*/
I~& (hv)* and I~+ {hv)*/I„&,(hv)* normalized to the 1 ~ Al
surface and as a function of metal. overlayer coverage
for hv = 80, 105, 130, 165, and 250 eV.

consistent with the free Ga and As ccrc-level fea-
tures shown in Fig. 1, arid that Ga diffuses faster
than As relative to a 1 A Al marker layer.

The increase in the Fig. 4 ratios coupled with
the core-electron chemical shifts discussed above
indicate that Ga and As must be present in the Au

overlayer even if 'Al were liberated upon Au depo-
sition. Thus at coverages above 2 A, the diffusion
of Au into the substrate GaAs and outdiffusion of
the substrate consitituents into the overlayer is al-
so deduced without assuming that the Al is an im-
mobile marker.

The initial diffusion of Au past the predeposited
Al into GaAs is evident for a wide range of incident
photon energies hv. For hv=80, 105, 130, 165,
and 250 eV, both Iom, (hv)*/I„'~(hv)s and I„",(hv)*/
I„'f(hv)* (the asterisk denotes normalization) to the
1 A Al surface decrease with initial Au deposition.
These effects are most pronounced for hv around
130 eV, where the scattering length of photoemit-
ted Ga 3d and As 3d electrons is near a minimum"
and therefore where surface sensitivity is highest.
Conversely, such effects are minimized for hv
=250 eV, where the escape depth is significantly
larger. Therefore the decrease of these ratios
with Au coverage for all hv in Fig. 5 cannot be due
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to variations of photoelectron cross sections, but
instead must be due to initial diffusion of Au into
the GaAs lattice.

The nonstoichiometric Ga versus As outdiffusion
in Figs. 4 and 5 is not characteristic of Au on
GaAs(110) with no Al interlayer. For coverages
above 0.7 A (-,

' GaAs monolayer), the Ga/As ratio
is enhanced by the presence of the Al interlayer. "
Below this coverage, the Ga-to-As nonstoichiome-
try is in fact reversed. This is interpreted in
terms of both "chemical trapping" of As and di-
pole-induced electromigration. '~ Nevertheless,
Au diffuses into GaAs —as evidenced by the initial
decrease of I~4, (hv)l&&f(hv) and IJ',",(hv)II„'f(hv) for-
initial Au deposition on all Al interlayer thickness-
es measured. "

We have also used the variable excitation energy
of the synchrotron source to probe the distribution
of Ga and As within the Au overlayer. Figure 6
and 7 illustrate variations of the Ga3d and As 3d
integrated peak intensities, respectively, as a
function of incident photon energy. These figures
illustrate the gradual changes in Io+, (Av) and

I~",(hv) with increasing metal coverage. Similarly,
only gradual changes occur for IP(hv) with in-
creasing Au coverage as shown in Fig. 8. Note
that monochromator transmission, escape depth,
and resolution factors are not factored into these
curves. The curves for cleaved GaAs(110) and
1 A Al in each figure show the reproducibiljty of
the integrated peak-intensity measurements for
two separate cleavages. Between cove rages of
1 A Al and 8 A Au+1 A Al, both Io~,(hv) and I„'~(hv)
exhibit relative increases in the range of 60-100
eV kinetic energy. These increased peak intensi-
ties in the energy range of highest surface sensi-
tivity are due to a preferential segregation of Ga
and As toward the free surface.

In contrast, P~, (hv) exhibits no substantial
changes with increasing metal coverage as seen in
Fig. 8. [The difference between I„'~(130) ~, I, „„and
I~)(130) ~4A „„is the only exception to the otherwise
regular curves. It does not correlate with the
variations in Fig. 4.

L
These curves confirm that

Al atoms do not move relative to the surface with
Au deposition. The 1 A Al curve exhibits virtually
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FIG. 6. Integrated peak intensities Iz~(hv) as a func-
tion of incident photon energy tv for various Al and Au

coverages on cleaved GaAs(110). Each curve is
normalized to IGM (80).

FIG. 7. Integrated peak intensities I~(kv) as a func-
tion of incident photon energy hv for various Al and Au

coverages on cleaved GaAs(110). Each curve is
normalized to I~@(80).
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identical &gf(hI ) variations for two separate cleav-
ages, again demonstrating the reproducibility of
these measurements.

The &~~,{hv) and I~(hv) data in Figs. 6 and 7 pro-
vide information on, the distribution of Ga relative
to As within the surface layers. A measure of this
relative distribution is the fo~,(hv)/&a~{hv) ratio for
each surface, which cancels out any (small) differ-
ences in the geometry of data collection from sur-
face to surface. Furthermore, to compensate for
the different energy dependences of the 6aM and
As 3d photoelectron cross sections, we have nor-
malized a given surface's P~',(») and fa~{hI ) with
respect to a reference surface. 'Here we choose
the 1 A Al/GaAs surface rather than the cleaved
GaAs surface to account for any final-state effects
of the Al layer on the Ga3d and As 3d cross sec-
tions. Figure 9 illustrates the normalized A(»)
= [4.(»)/fo".(») l,„~)/t&~. (»)&/&~.{»)I i~~i l «r
the various metal overlayers on cleaved GaAs(110).
By definition, R(hv) is a straight line for the
1 A Al surface.

R(hv) shouM also be relatively insensitive to
changes in Ga and As environment with increasing
metal coverage which could alter the escape prob-
ability for Ga versus As photoelectrons. Between

FIG. 9. Normalized ratio of integrated peak intensities
&(»)= Kp,(»)/&o, (h~)~ m~i ]/ (IA, (»)/IA, (hv)~ 1~AI1 as a
function of incident photon energy hv for various Al and
Au coverages on cleaved GaAs(110). Top scale gives
the kinetic energy of photoemitted Ga M and As M
electrons for a given photon energy.

kinetic energies of 50 and 500 eV, changes in elec-
tron scattering length with material are Ignite

small. " jLikewise the partial photoionization cross
sections of the Ga and As 3d core levels are quite
similar and vary smoothly ln this enex'gy region.
As a result, changes in chemical environment are
expected to affect &em, (») and &„",(») in the same
way. Furthermore, any (small) differences be-
tween Ga and As are minimized by taking their
rat10

All varlatlons ill R(kv) ln Flg. 9 aI'e thel'efoz'e

due to the different spatial distribution of Ga and
As below the surface. Their relative contribution
to the GaM and As3d photoemission changes as the
escape depth varies with photoelectron kinetic en-
ergy. 5 Ga and As were distributed uniformly
within the Au overlayer, one would expect these
curves to be horizontal lines. The scale above
Fig. 9 provides the kinetic energies of GaM and
As 3d electrons fox a given hp. Since the minimum
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inthe electron escapedepth for GaAs (Refs. 35 and
70) lies at 50-80 eV, core-level intensities repre-
sent increasing contributions from the bulk with
increasing kinetic energy above this range and de-
creasing energy belom it

Relative to the 1 A Al curve, the It(hv) curves
exhibit only gradual changes at 2 A Au and 4 A Au

overlayers. For 8 A Au coverage, however, R(hv)
exhibits a well-defined maximum at hp = 105-3.30
eV corresponding to the most surface-sensitive
kinetic energies. This establishes that more Ga
than As resides on or near the Au-vacuum inter-
face independent of the presence of the Al inter-
layer. Furthermore, this spatial nonstoic hiometry
occurs only after 4-8 A thicknesses of Au are de-
posited.

The 1 A Al and cleaved surfaces exhibit no strong
differences, although the R(80) increase with 1 A

Al deposition may correspond to slightly more Ga
than As on the Al/GaAs surface since the Ga3d
photoelectrons have a slightly shorter escape depth
than As 3d photoeleetrons at h p= 80 eV. Likewise,
the R(250) decrease with 1 A Al deposition may re-
sult from the slightly longer escape depth of Ga3d
vs As 3d photoeleetrons at hp= 250 eV. This is
consistent mith the measured exchange reac-
t on 10~ 52~ 53

The variation in A(hv) with increasing Au cover-
age in Fig. 9 suggests that the spatial distribution
of Ga and As is a function of the Au overlayer
thickness. Thus, depth profiling experiments
which measure elemental composition as surface
layers are sputtered away, ~' mill very likely per-
turb the thermodynamic equilibrium of an element-
al distribution on this atomic scale. This fact
serves to enhance the utility of the SXPS-marker
technique for nondestructive depth profiling.

IV. DISCUSSION

The SXPS spectra demonstrate that microscopic
diffusion measurements can effectively be made
even at room temperature. The variations of
core-level intensity mith Pg p and overlayer thick-
ness reveal that both Au indiffusion and Ga and

As outdiffusion take place at Au/GaAs interfaces.
The SXPS evidence for free Ga and As coupled
with the nonstoichiometrie outdiffusion demon-
strates that Ga and As diffuse through the Au over-
layer as atoms and not as molecular species.
Likewise. , the diffusion of Au past the Al with

multilayer Au overlayers shows that the "atomic-
like" Au spectral features correspond to Au dis-
persal in the GaAs lattice. There is no way for
these Au atoms to diffuse past the A1. interlayer
and remain dispersed "on" but not "in" the GaAs
surface.

The use of interlayer atoms to characterize

atomic interdiffusion through the establishment of
an immobile marker layer is valid only when there
is supporting evidence that the marker itself does
not move. In the ease of Al submonolayers at
Au/GaAs (110) interface, the SXPS data is con-
sistent with a stationary Al layer. First, the
Al 2p core level does not shift to lower binding

energy with Au deposition, as would be expected
if Al mere to dissociate and drift into the Au over-
layer. Indeed, for Al eoverages above 1 A, such
a chemically shifted peak does appear in the Al 2p

spectrum with Au deposition. " This second peak
corresponds to diffusion into the Au of the Al in
excess of the Al bonded to the GaAs substrate.
Thus the SXPS technique provides a positive cheek
for dissociated Al bonded metallically within the
Au overlayer. If, on the other hand, - the Al moved

into the GRAs substrate substltutionally, the Al 2p
core level should shift substantially to higher
binding energy due to the higher bonding coordina-
tion. " The 0.4-eV shift in Fig. 1 (Al 2p peak rela-
tive to Ga and As 3d peaks) can easily be accounted
for by the presence of the Au overlayer alone.
Furthermore, diffusion of Al into the GaAs sub-
strate would produce an increase in Io3~ (130)/
I„'~ (130) and I'„" (130)/I'„', (130)—exactly opposite to
the changes observed. On this basis, we ean rule
out simple substitutional indiffusion of Al as mell.

A second possible method of Al motion involves
diffusion of both Al and As into the Au overlayer
and covalent bonding between them. In this case
the A1As bonding and thereby the characteristic
Al 2p core-level shift might be preserved. How-

ever, AlAs diffusion into the Au as moleeules is
quite unlikely. Likewise, several factors argue
a,gainst di.ssociation of both Al and As at the in-
terface, diffusion into the Au as atoms, and re-
combination near the Au film's surface. Both
processes require at least as much As as Al near
the Au surface since all the Al is strongly bonded.
Yet as Fig. 4 shows, I„",(130)/I'„~~(130) actually de-
creases. Moreover, the As 3d core-level spectra
in Fig. 1 indicates that much of this As is not

strongly bonded.
Another possibility involves a dissociation of

only a fraction of the chemisorbed Al and a re-
bonding to but a fraction of the diffused As. In
this ease, we can estimate an upper limit for any
dissociated Al. The 28%%uo decrease of IM(130)/
IA~(130) in Fig. 4, of which only &-', I3„',(130) repre-
sents strongly bonded As, indicates that less than
half of this decrease can be accounted for by pos-
sible Al dissociation. Similar measurements for
a variety of submonolayer Al coverages with 20-A
thick Au overlayers on GaAs(110) establish that
&20%%u&& of the I'„',(130)/I'J(130) decrease might be
due to Al dissociation. " In some eases, this frae-
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tion corresponds to, at most, a few percent of a
monolayer.

Last of all, these interdiffusion results are con-
firmed by using Ti marker layers. " The same
qualitative features of Fig. 4 are observed with

Ti substituted for-Al. Here again interdiffusion
can be monitored because the marker atoms bond

strongly with only one of the two interface media.
On the other hand, a eutectic may form with

Ga, As, and Al in the now Au overlayer. In such
an instance, outdiffusion of the substrate atoms
would be expected. In this case, the Au would

have substantially diffused as atoms into the GaAs
substrate past the initially deposited Al layer.
Therefore, the details available in these SXPS
experiments provide a microscopic description of
the diffusing interface species even if the inter-
layer does not remain immobile.

Several models have been proposed for the
Au/GaAs interdiffusion and its relationto Schottky-
barrier formation. The results of this study are in
agreement with several experimental studies. At

elevated temperatures for example, Magee and

Peng observed intermixing of Au and GaAs and

the formation of AuGa compounds with transmis-
sion electron microscopy (TEM) after a 550 'C an-
neal. " Likewise, Sinha and Poate found both Au

indiffusion and Ga outdiffusion for interfaces an-
nealed at 250 'C or higher. "Robinson drew similar
conclusions based on sputter profiling with AES
on interfaces annealed at 372 'e." Hiraki et at.
observed Ga and As on Au/GaAs surfaces at room
temperature but could not characterize any dif-
fusion into GaAs. " Sputter profiles using AES
reveal an excess of Ga near the surface of thick
Au films on GaAs at room temperature. ""The
SXPS-marker results suggest that Waldrop and
Grant's XPS measurements showing only As pres-
ent on Au/GaAs films" are not representative of
the initial diffusion process. Nevertheless, for
Al marker layers of —,'-monolayer coverage or
less, As diffusion exceeds Ga diffusion into the
Au overlayer. " The Ga excess observed by vari-
ous methods at surfaces of thick Au films on GaAs

may be due to As sublimation (especially for the
annealed interfaces), " interface contamination, '4

and nonstoichiometry introduced during sputter
cleaning" of the GaAs surface. "

The interdiffusion effects reported here deter-
mine the electronic changes observed at the mi-
croscopic Au/GaAs interface. In particular, these
include the metal-induced surface states, "the
movement of the Fermi level with respect to the
band edges, ' "and the interface dipole formation"
with the first few monolayers of metal deposited.
In turn, these effects at microscopic coverages
determine the Schottky-barrier height of the mac-

roscopic junction.
The movement of Au into GaAs during the initial

stage of interdiffusion is strong evidence that Au

within the GaAs lattice is electrically active and

plays a central role in forming the Schottky bar-
rier of this relatively unreactive" "interface.
The initial Au diffusion into GaAs is consistent
with its relatively high diffusion coefficient ex-
trapolated to room temperature. " The subse-
quent Ga and As outdiffusion at higher Au cov-
erages suggests that these electronic charges take
place via Au association with Ga and/or As va-
cancies. In fact, Sokolov and Shilshiyanu attrib-
ute the high diffusion coefficient during the initial
stages of Au/GaAs diffusion to interstitial Au fill-
ing surface vacancies in semiconductor layers
near the surface. " The rates of diffusion for Au,
Ga, and As in GaAs are several orders of magni-
tude larger than the diffusion coefficients calcu-
lated at room temperature. " Moreover, the in-
terdiffusion occurs well below the eutectic tem-
peratures of any possible alloys. "" Neverthe-
less, Au does dissociate both Ga and As at the
GaAs interface and promotes free Ga and As move-
ment through the metal. Such phenomena suggest
a different mode of diffusion for these species
at room versus elevated temperatures.

The SXPS-marker measurements are in accord
with Rutherford backscattering '"and AES sput-
ter-profile observations of both Au and Ga inter-
diffusion. Capacitance-voltage (C-V) and current-
voltage (I-V) measurements of the Au-GaAs barrier
height also confirm the presence of charged traps
and an n' layer near the GaAs surface. ""These
interdiffusion results are contrary to the conclu-
sions of Madams et al."and Guha et al."who at-
tribute the Schottky-barrier height and its de-
crease with annealing to Ga diffusion and vacancy
formation alone. Kmple Ga (As) vacancies cannot
account for the donor (acceptor) level pinning at-
tributed to metals on n-type GaAs (Ref. 88) since
As vacancies are donors and Ga vacancies are
acceptors in GaAs." Instead, complexes such as
antisite defects"" or Au impurities at GaAs de-
fect sites must account for the electrical behavior.
Evidence for the latter derives from measure-
ments of the electrical activity of Au in GaAs.
Hiesinger' detected a deep acceptor level at 0.4
eV above the valence-band edge E„(l eV below the
conduction-band edge E,) as well as a shallow ac-
ceptor level 0.05 eV above E„via Hall-effect mea-
surements of Au-doped GaAs. The deep level lies
close to the position of the Fermi level at the
macroscopic Au-GaAs junction (0.9 eV below E,)."
Borrego et al. inferred from C-V measurements
that Au on GaAs produced deep donors 0.9-1.2 eV
below E, within the GaAs band gap." The forma-
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tion of such electrically active impurity levels due
to Au atoms in GaAs is not inconsistent with the
narrow range of Schottky-barrier heights reported
for metals on GaAs." Hjalmarson et al. have re-
cently shown that the energies of deep levels are
determined primarily by the host atoms surround-
ing the impurity and not the impurity itself. "

In conclusion, we have monitored the atomic
motion of Au, Ga, and As during the initial stages
of interdiffusion at the microscopic Au/GaAs(110)
interface in the presence of a submonolayer con-
centration of Al at the interface, which does not
substantially affect" the diffusion process. We
have established that Au diffusing into the GaAs
lattice with initial deposition must be associated
with the observed electronic charges induced by
the metal as well as with the Schottky-barrier

formation. We have also described the spatial re-
distribution of Ga and As atoms near the micro-
scopic Au/GaAs interface in a nondestructive way
and at room temperature. These results demon-
strate that SXPS-marker measurements are a
powerful new technique for probling metal-semi-
conductor interfaces.
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