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The evolution on interfaces formed at 300 K by the deposition of atoms of Ti, Pd, Ag, and Au on
cleaved GaP(110) has been studied using synchrotron-radiation photoemission. For Ti, Pd, and Au,
metal deposition induces immediate disruption of the substrate and atomic intermixing. In con-
trast, Ag deposition at 300 K onto GaP(110) leads to cluster formation, and there is no observable
surface disruption. Comparison of these results for atom condensation on GaP(110) to those for
GaAs(110) and InP(110) indicates that the Ga and P redistribution and the formation of reaction
products is indistinguishable, regardless of the particular semiconductor substrate.

INTRODUCTION

Contacts between metals and III-V compound semi-
conductors have been extensively studied with photo-
emission, especially for GaAs- and InP-based systems,'
and the results are complemented by insight gained with
a wide variety of other techniques.? However, relatively
few studies of metal/GaP interface formation have been
reported.>~® Such studies are of fundamental importance
in understanding the physical, chemical, and structural
properties of these junctions, and they provide guidelines
for the design of devices, multilayers, and composites.
Despite substantial progress, the mechanism behind
adatom-induced substrate disruption has been elusive,
and the understanding of this phenomenon, common for
a large class of metal/semiconductor systems, is crucial
in the studies of interface formation. Indeed, the condi-
tions of the surface established at low coverage are
reflected in subsequent growth and atom distribution.

In this paper, we report results of a detailed synchro-
tron radiation photoemission study of GaP(110)-based in-
terfaces involving Ti, Pd, Ag, and Au overlayers. These
representative metals were chosen in order to focus on in-
terfacial properties for systems which are expected to be
reactive (Ti), weakly reactive (Pd and Au), and nonreac-
tive (Ag). Here, we will examine adatom-induced disrup-
tion, the subsequent formation of interface reaction prod-
ucts, and segregation of the released semiconductor
atoms. We will compare the general trends for Ga and P
atoms for GaP(110) with results obtained under
equivalent conditions for these same metal overlayers
formed on GaAs(110) and InP(110). High-resolution
core-level and valence-band results indicate that there is
identical behavior for the Ga and P atoms for a particu-
lar metal overlayer once surface disruption has been ini-
tiated, regardless of the semiconductor.

EXPERIMENTAL

Soft-x-ray photoemission experiments were carried out
at the Aladdin electron storage ring at the Wisconsin
Synchrotron Radiation Center using the Grasshopper
Mark II monochromator and beamline. These measure-
ments emphasize core-level line-shape changes and core-
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level intensity variations as a function of the amount of
metal deposited. Photoelectrons from the Ga 3d and P
2p core levels and the valence bands were energy ana-
lyzed with a double-pass cylindrical mirror analyzer in a
vacuum system described in detail elsewhere.’ The in-
cident photon energies were chosen to give equal inelastic
mean free paths A for Ga 3d and P 2p photoelectrons
[Av=60 eV for Ga and 170 eV for P in the surface-
sensitive mode (A~4 A) compared to 40 and 145 eV for
the bulk-sensitive mode (A~6 A)]. Monochromator slits
and analyzer pass energies were chosen to give total ener-
gy resolution of ~250 meV for Ga and ~400 meV for P.

Posts of n-type GaP (S doped at 4X 107 cm™3) were
cleaved in situ to produce mirrorlike (110) surfaces. The
quality of the cleaves was checked visually and spectros-
copically with core-level and valence-band features to as-
sure high-quality surfaces before beginning the interface
studies. Adatoms were evaporated from resistively heat-
ed tungsten boats that had been thoroughly degassed so
that pressures below 2X 107 !° Torr could be maintained
during-evaporation. The source to sample distance was
~35 cm and the deposition rate was typically 1 A per
minute, as monitored with a calibrated quartz oscillator.
The amount of material deposited will be expressed in
angstroms in this paper. The conyersion to substrate-
equivalent monolayers is 0.60 ML/A for Ti, 0.71 ML/A
for Pd, 0.62 ML/A for Au, and 0.62 ML/A for Ag. This
assumes the deposition of one adatom per semiconduc-
tor-atom site on the GaP(110) surface where the planar
density is 9.52 X 10'* atoms/cm?. We do not mean, how-
ever, to imply epitaxial growth.

Line-shape decompositions of the Ga 3d and P 2p
core-level energy distribution curves (EDC’s) were done
with a nonlinear least-squares minimization routine'® on
an IBM PC-RT. The convolution of Gaussian and
Doniach-Sunjic (DS) functions was used to fit the experi-
mental spectra. Up to three spin-orbit pairs were intro-
duced to account for contributions from atoms in distin-
guishable chemical environments. These correspond to
the substrate, the surface, and the reaction products. De-
tails of the data-analysis procedure can be found in Ref.
11. In general, our fits were obtained by fixing the
Lorentzian width, the branching ratio, and the spin-orbit
splitting of all the components of a single atomic species
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for all coverages at the values determined for the cleaved
substrate. However, the Gaussian widths of the adatom-
induced features were allowed to vary to account for
changes in local bonding. These constraints increased
our confidence in the reliability of the fits.

The initial Fermi-level surface position varies consider-
ably from cleave to cleave. This variation appears to be
correlated with the quality of the cleave and indicates
that the position of the Fermi level at the cleaved (110)
surface is dominated by extrinsic rather than intrinsic
surface states. Chiaradia et al.® recently reported that
Fermi-level stabilization due to extrinsic surface states
occurs over a wide range of positions, most likely because
of the cleave-induced defects. In the present study, this
uncertainty in initial Fermi-level position has comprom-
ised measurements of substrate band bending as a func-
tion of metal deposition and hence, we will focus on in-
terface reaction, morphology, and atom distribution in
this paper.

RESULTS

Clean GaP(110) surfaces

The bottom-most Ga 3d and P 2p EDC’s of Fig. 1 are
for the clean GaP(110) surface. Line-shape analysis re-
veals two components corresponding to bulk atoms (com-
ponent 1) and surface-shifted atoms (component 2), as ex-
pected by analogy to previous studies of (110) surfaces of
III-V compound semiconductors.!?”* From the intensi-

ty ratio of the surface and bulk components, we estimate

the probe depth 3A to be ~12 A at a photon energy of 60
eV for Ga 3d and 170 eV for P 2p. (Spectra with lower
surface sensitivity 3A~18 A at hv=40 eV for Ga 3d and
145 eV for P 2p complement the spectra shown here.)
The surface components appear at 0.34+0.03 eV for Ga
3d and —0.4110.03 eV for P 2p relative to the bulk com-
ponents. This is in good agreement with the predictions
of Priester et al.'* for GaP(110) and the values recently
reported by McLean and Ludeke.” Comparison to analo-
gous results for GaAs(110) shows the Ga component to
be shifted slightly more for GaP(110) (0.28 eV for GaAs
compared to 0.34 for GaP) and results for InP(110) indi-
cate a less-shifted P 2p surface component [at —0.30 eV
compared to —0.41 for GaP(110)]. These chemical
shifts, which probe changes of the electrostatic potential
may be understood in a first approximation as a charge
transfer between atoms having different electronegativi-
ties. Monch has concluded that GaP(110) has the largest
experimental and theoretical charge transfer of the III-V
compound semiconductors,'> and this explains the larger
observed chemical shift for GaP(110) compared to
InP(110) and GaAs(110).

For cleaved GaP(110), the Ga 3d emission could best
be fit for hv=60 eV with a spin-orbit splitting of 0.44 eV,
a branching ratio of 0.70, a Gaussian width of 0.42 eV,
and a Lorentzian width of 0.15 eV. For P 2p at hv=170
eV, the spin-orbit splitting was 0.86 eV, the branching ra-
tio was 0.50, the Gaussian width was 0.63 eV, and
Lorentzian width was 0.15 eV. These parameters were
then used in analysis of the spectra acquired during inter-
face formation.
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Ti/GaP(110)

The Ti/GaP(110) interface is representative of a highly
reactive interface, and Fig. 1 summarizes the evolving Ga
3d and P 2p core-level spectra as a function of Ti deposi-
tion. These spectra have been background subtracted
and normalized to the same height to emphasize line-
shape changes. The binding energies are referenced to
the position of the substrate bulk component. Quantita-
tive information about intensity variations for the various
features identified in Fig. 1 is given through the attenua-
tion curves of Fig. 2. These were determined by measur-
ing the total integrated core-level emission after deposi-
tion of © A of metal with normalization to the emission
for the clean GaP(110) surface, namely In[I(©)/I(0)].

L

Ti/GaP(Il0)

P2p
hv=170eV

Photoemission Intensity (arb. units)
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FIG. 1. Ga 3d and P 2p core-level EDC’s for Ti/GaP(110)
for representative Ti depositions. The spectra have been back-
ground subtracted, normalized to the same height, and aligned
according to the substrate bulk component. Also shown are the
line-shape decompositions (dashed) representing the different
chemical bonding configurations. Component 1 reveals the sub-
strate bulk peak and component 2 reveals the surface-shifted
contribution. For Ga 3d, component 3 corresponds to dissoci-
ated atoms dissolved in the Ti matrix. Component 3 for P 2p is
a precursor reaction product and component 4 is a Ti-P reac-
tion product.
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In such attenuation curves, approximately layer-by-layer
metal growth is revealed by a straight line with 1/e decay
length corresponding to the photoelectron mean free path
through the overlayer.

Ga 3d line-shape analysis for Ti/GaP(110) indicates
that the surface component decreases rapidly and disap-
pears at coverages above ~2 A, suggesting a nearly
homogeneous coverage of the surface. Satisfactory line-
shape decomposition (as defined as statistically neutral re-
siduals when fits and raw data are compared'!) for depo-
sitions exceeding ~0.5 A required inclusion of a new Ga
component shift —0.50+0.03 eV, labeled 3 in Fig. 1.
This new peak provides direct evidence for new Ga bond-
ing configuration. It is not related to Ga aggregates be-
cause a shift of —0.9 eV would be expected for pure Ga.
Instead it corresponds to Ga atoms mixed with Ti at the
interface.!® Component 3, present at 0.5 A, the lowest
coverage studied, increases gradually in intensity, reaches
a maximum at 6 A, and then decays very slowly. At
higher coverages, it dominates the spectra but it shifts
steadily to lower relative binding energy. In the low-
coverage regime, component 3 is less well resolved and
contains contributions from atoms bonded in many
different interface chemical configurations, as evidenced
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FIG. 2. Normalized core-level emission intensities (attenua-
tion curves) showing changes in Ga 3d and P 2p content of the
probed region as a function of Ti coverage. For Ga the strong
reaction of Ti with the substrate is evident by the fast decay of
the substrate component at low coverages. For P the total at-
tenuation curve shows the behavior of the substrate, the transi-
tion region, and the phosphide reaction product.
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by the broad peak at 2 A. With increasing deposition,
the fitting required a Doniach-Sunjic asymmetry parame-
ter of 0.12, typical of metallic screening of core holes. !¢
Component 3 for all spectra for ©>2 A were fitted with
the DS line shape. For the highest coverage (20 A), its
resolved spin-orbit splitting indicates a well-defined Ga
environment, consistent with Ga and P dilution in Ti,
and it exhibits a final shift of 1.58 eV.

These results suggest that the Ga atoms are in environ-
ments that change progressively with Ti deposition, but
also that the range of Ga environments is relatively small.
Analogous behavior has been observed for Ti/GaAs in-
terfaces. It has generally been interpreted as progressive
dilution of Ga in a metal-rich matrix.!>1718

Inspection of the P 2p core-level results of Fig. 1 shows
that subangstrom Ti depositions result in broadening and
the loss of the surface component. This broadening was
caused by the formation of two distinct reaction prod-
ucts. One (labeled component 3 in Fig. 1) is represented
by a spin-orbit doublet shifted —0.87+0.03 eV. The
second component, labeled 4, appears at —0.40+0.03 eV
and is degenerate with the surface component at low cov-
erages. At low coverage, component 4 can be unambigu-
ously associated with a new feature because the surface
component for Ga (and therefore P) is negligible above
~2 A. Analogous results have been obtained for
Ti/InP(110) where the second reacted component was de-
generate with the bulk emission.!” Component 4 dom-
inates above ~4 A. The coverage range over which com-
ponent 3 appears suggests that it is due to P atoms in a
transition stage from the substrate to the formation of a
stable phosphide, analogous to the precursor or transition
region previously observed for Ti/Si and Ti/InP.!%20

Figure 2 shows the total and component-specific inten-
sities attenuation curves based on Ga 3d (top) and P 2p
(bottom) emission for Ti/GaP(110). Note that the hor-
izontal (deposition) scale for Ga is twice that for P. The
P 2p attenuation curve shows the reduction in substrate
components (components 1 and 2) with a 1/e length of
2.5 A, a value much smaller than the photoelectron mean
free path of 4 A and consistent with chemical conversion
of semiconductor atoms at the surface into atoms bonded
differently. For P, the first reacted or precursor com-
ponent, labeled 3, rises with increasing Ti deposition to a
maximum at ~2 A and is then attenuated with a relative-
ly gradual 1/e decay length of ~8 A. Component 4
reaches a maximum at ~4 A and then attenuates slowly.
The inflection for the substrate component reflects re-
duced Ti-induced disruption after an average of ~3 A,
consistent with kinetic constraints. From Fig. 2, it can be
seen that the total P signal after 20- A deposition is equal
to ~5% of the clean-surface value. In contrast, a simple
calculation based on the photoelectron mean free path
predicts that the signal would be reduced to this value by
3A or 12 A. We conclude that Ti-induced disruption of
the surface leads to atom rearrangement and rebonding,
with most of the P atoms being retained near the buried
interface.

Figure 2 also shows that the attenuation of the Ga 3d
substrate component is approximately exponential with a
1/e length of ~2.5 A (as for the P substrate since the two
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are coupled). In contrast, the Ga 3d total emission per-
sists at a much higher level than for P, with ~15% of the
clean-surface value after 35-A Ti deposition. This indi-
cates that Ga atoms that are disrupted from the substrate
segregate to the surface or near-surface region of the
thickening film. Such redistribution is consistent with
the observed sharpening of the Ga 3d emission (Fig. 1).
In turn, it demonstrates an apparent reduction in the
number of bonding configurations for outdiffused Ga in a
Ti matrix where the line shape is best described by a
Doniach-Sunjic form because of metallic screening.

These Ti/GaP resuits also show that there is no critical
Ti coverage below which interface reaction is suppressed.
The behavior at high coverage indicates approximately
uniform overlayer growth, despite substrate disruption
and Ga segregation. Similar conclusions can be drawn
from results for Ti/GaAs and Ti/InP,’>!"~20 a5 ex-
plained in the Discussion section.

Pd/GaP(110)

The results for Pd/GaP(110) exhibit quite different re-
action and evolution from that of Ti/GaP(110). As
shown on the right of Fig. 3, the deposition of 1 A of Pd
disrupts the substrate, reduces the intensity of the
surface-shifted component, and produces chemically
shifted features on the high-binding-energy side of the P
substrate component (labeled 3, shifted 0.36+0.03 eV
with Gaussian width 710 meV at 1-A Pd deposition).
The relative binding position energy of component 3
varies with deposition but stabilizes at 0.4610.03 eV after
4 A Pd (width ~630 meV). Such behavior generally indi-
cates that distinct bonding configurations form but that
they start off in a mixed state involving atoms released
from the dlsrupted substrate. The deposition of ~4 A of
Pd gives rise to a second P 2p component, labeled 4, shift-
ed 0.981£0.03 eV relative to the substrate. These two P
2p interface components dominate at higher coverage,
and the contribution from the substrate is small by ~ 10
A (photoelectron mean free path 4 A ).

The bottom portion of Fig. 4 shows the attenuation of
the total and specific P 2p features. The total P emission
first decreases rapidly, exhibits a plateau region, and de-
creases rather slowly (1/e length 45 A). The component-
specific attenuation curves show the increase in intensity
of the two Pd-induced components and their very slow,
but approximately parallel, reduction after ~10 A.

The results of Figs. 3 and 4 make it possible to describe
the progressive redistribution of P atoms across the inter-
facial region. Pd deposition initially induces disruption,
and the appearance and persistence of components 3 and
4 demonstrate that the atoms responsible for 3 and 4
outdiffuse to the surface and near-surface region. At high
coverages, component 3 would be associated with surface
segregated P atoms while component 4 corresponds to P
atoms intermixed with Pd near the surface. The parallel
attenuation of the two chemically shifted components
suggests that the region probed by photoemission
remains almost unchanged after ~20 A of Pd have been
deposited, with changes that reflect the progressive reten-
tion (dissolving) of P in the thickening Pd layer. There is
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certainly no evidence for the strong chemical trapping of
P that was apparent for Ti/GaP or Ti/InP."”

Figure 3 also shows representative Ga 3d core-level
EDC’s taken with high-surface sensitivity at hv=60 eV
(A~4 A). Component 3 appears at —0.5610.03 eV dur-
ing the early stages of interface development and gradual-
ly sharpens with increased Pd deposition (Gaussian width
467 meV at 1 A versus 341 meV at 40 A). At high cover-
age, there is only a single distinct configuration as Ga is
dissolved in the Pd layer and, as for Ti, it was best fit
with a Doniach-Sunjic line shape with a ~0.10 because of
metallic screening of the core hole.

The results of Figs. 3 and 4 indicate that component 2,
which is initially due to surface-shifted atoms, can be ob-
served for Pd depositions as high as ~8 A. Since there is
no evidence for the exposure of large amounts of surface
region, we conclude that a new bonding configuration de-
velops with a binding energy that cannot be resolved

Ga 3d
hv=60eV

P2p

Pd/GaP (110)
hv=170 eV

Photoemission Intensity (arb. units)

L L /L 1 1 1 1 1
7/

2 | o -1 -2 2 | o -l -2

Relative Binding Energy (eV)

FIG. 3. Representative Ga 3d and P 2p EDC’s analogous to
those of Fig. 1. For Ga, component 1 corresponds to bulk
atoms, component 2 to surface atoms, and component 3 to Ga
atoms dissolved into the Pd overlayer. For P, components 3
and 4 reflect P atoms released into the Pd overlayer. The domi-
nance of component 3 at high coverages indicates that com-
ponent 3 represents surface-segregated atoms and component 4
atoms dissolved in the overlayer.



4026
Os - T T T n T T T 100
e,
. Pd/GaP(lI0) ea3d 1o
hy=60ev
AF -140

"

10
— s | L n !
e 10 20 30 40 §
X o
() <
= Qo
S e\ e T : : —r I :100 —
e P2p i
N hv=itoev 1%
At —140
‘\. Total 20
2+
10

Intermixed 4

A 1 L 1 A L |
10 20 30 40

Pd Deposition (R)

FIG. 4. Total and component-specific attenuation curves for
Pd/GaP(110). The substrate attenuation can be followed from
the Ga 3d signal along with the contribution from the transition
layer (component 2) presented in Fig. 3. The attenuation signal
of Ga is faster than that of P, showing that P outdiffuses into
the overlayer much more readily than Ga atoms.

from the surface-shifted component. Analogous results
have been found for the cations for Pd overlayer forma-
tion on GaAs, InP, and InSb.2! The intensity of this
component can be estimated by considering the rate at
which the surface component for P is lost during Pd
deposition, with the results shown in Fig. 4. As shown,
this component attenuates with a rate that is equal to the
'substrate. We associate it with a transition layer or inter-
face layer between the adatoms and the undisrupted sub-
strate. Increased deposition leads to the burial of this
layer by a region of intermixed Pd, P, and Ga atoms.
Comparison of the Ga and P results of Fig. 4 suggests
that the distribution of Ga atoms is simpler than that for
P because P atoms segregate and float during Pd over-
layer formation. These results are different from those
for Ti/GaP(110) because a stable Ti—P bonding
configuration forms and its growth leads to the ejection
of the Ga cations. The Ga and P results for Pd/GaP are
similar to those found for Pd/GaAs and Pd/InP.!%21:22

Ag/GaP(110) and Au/GaP(110)

The results for Au/GaP(110) indicate substantial Au-
induced substrate disruption, as seen by representative
Ga 3d and P 2p core-level EDC’s of Fig. 5. For Ga 3d,
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the substrate features are attenuated and a chemically
shifted component due to intermixed Ga in the Au over-
layer dominates by ~ 10 A (shifted —0.36%0.03 eV). For
coverages between 40 and 80 A of Au, the Ga feature
sharpens due to the convergence of the Ga local chemical
environment to a single configuration and the line shape
exhibits an asymmetry characteristic of metallic screen-
ing (asymmetry factor a=0.10).

Au-induced changes in the P 2p line shape are not as
easily distinguished, but consistent line-shape analysis
makes it possible to resolve two components, as shown at
the right of Fig. 5. Component 3 appears at ~0.5 A at
0.38+0.03 eV and component 4 appears at ~4 A at
0.55+0.03 eV higher binding energy than component 3.
They dominate after ~10-A deposition, and their per-
sistence at high coverage indicates P atom segregation to
the surface and near-surface regions. We associate com-
ponent 3 with segregated P on the surface and com-
ponent 4 with atoms within the Au overlayer (inter-

mixed). Their different Au coordination then makes
Ga 3d Au/GaP(llO) P2p
hv=60eV hv =170 eV

Photoemission Intensity (arb. units)

;10-1-2'2104-2
Relative Binding Energy (eV)

FIG. 5. Core-emission spectra of Ga 3d and P 2p for the
Au/GaP(110) interface, similar to those of Figs. 1 and 3. For
Ga, component 3 corresponds to Ga atoms dissolved in the
overlayer. For P, components 3 and 4 correspond to P atoms
segregated to the surface and dissolved in the overlayer, respec-
tively.
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them distinguishable, as was the case for P in Pd/GaP or
Pd overlayer growth on InP(110), GaAs(110), and
InSb(110).2! The expulsion of P to the Au surface is con-
sistent with the small heats of formation calculated for
Au—P bonds.?

Inspection of the valence-band spectra for Au/
GaP(110) reveals that the characteristic splitting of the
Au 5d band gradually increases from a value typical for
dispersed atoms but does not reach the bulk value by 40-
A deposition. This, together with the Ga 3d and P 2p
core-level line shapes, indicates that Au adatoms do not
aggregate to form large three-dimensional clusters at low
coverage. The high coverage Au valence-band features
suggest the presence of Ga and P atoms in the probed
surface and near-surface region. This is confirmed from
the total attenuation curves for Ga and P, as summarized
in Fig. 6. Hence, the effect of Au condensation is the dis-
ruption of Ga and P atoms from the substrate such that
these atoms partly dissolve in the Au matrix and partly
segregate to the Au surface. As the overlayer thickens,
the segregated atoms continue to float on the surface, and
their presence is readily detected in the core-level and
valence-band photoemission spectra. These results are
very similar to those obtained for Au deposition onto
GaAs(110) and InP(110) (Refs. 24-30), as well as for
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FIG. 6. Summary of attenuation curves for the total surface-
sensitive Ga 3d and P 2p emission showing that Ga is dissolved
the greatest in Pd and the least for Ti. For P, the trend is re-
versed with the greatest expulsion being observed for Pd over-
layers and the least for Ti because of reaction with Ti to form a
stable phosphide.
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Si(111) (Refs. 31-34), and Ge(111) (Ref. 35).

Silver vapor deposition onto GaP(110) at 300 K gives
rise to only slight line-shape changes i in the Ga 3d and P
2p core-level EDC’s (depositions to 80 A, not shown). In-
tensity analysis shows that the ratio I /I, decreased
very slowly with Ag deposition for both Ga 3d and P 2p,
with almost no change at low coverage. Valence-band
spectra show the distinctive Ag Fermi-level step, and the
5d band resembles that of bulk Ag after the deposition of
~2 A. As shown in Fig. 6, the total Ga and P attenua-
tion is very slow. We conclude that Ag grows in a three-
dimensional cluster mode on GaP(110) and that no
detectable substrate disruption occurs. The inert behav-
ior of Ag toward reaction with covalent semiconductor
surfaces and its tendency to spontaneously cluster at 300

K have been reported for almost all interfaces stud-
jed.22:36—41

DISCUSSION

The total attenuation curves for Ti, Pd, Ag, and Au
deposition onto GaP(110) are summarized in Fig. 6 based
on surface-sensitive spectra. For Ti, there is evidence for
phosphide formation and the expulsion of the cation Ga.
For Pd and Au, there is no evidence for the formation of
stable M phosphides and, as a result, P is expelled to the
surface. These trends agree well with the heats of forma-
tion of P with Ti, Pd, and Au.2> The heat of formation is
largest for Ti, suggesting the formation of a stable phos-
phide. The Ga 3d emission for Pd indicates that Ga is in-
termixed in the metallic overlayer, as evidenced by the
much faster attenuation for Pd overlayers than for Ti or
Au. For Au, substrate disruption results in the intermix-
ing of both Ga and P as well as partial segregation,
without the formation of Au-Ga or Au-P phases. For
Ag, the results are typical of clustering, and there is no
evidence for reaction. This is also consistent with the cal-
culated heats of formation and solution for Ag since
there are no favorable Ag-P or Ag-Ga compounds.?>*?

These results can best be viewed in the context of
equivalent experiments with the more extensively studied
M/GaAs(110) and M/InP(110) interfaces where M
denotes Ti, Pd, Ag, and Au and where other adatoms
have been examined as well. If we compare the behavior
of the anion and cation, we find the following important
trends.

Ti adatom deposition onto cleaved surfaces of each of
these semiconductors leads to Ti-anion bond formation,
and the same is true for other highly reactive adatoms.
The result of this process is the nucleation of reacted
clusters and expulsion of the cation as the reacted clus-
ters grow, a process which appears even for clusters of
very small dimension. For Ti/InP, reaction is particular-
ly strong, and In atoms are expelled and segregate to the
surface because of its very low solubility in either TiP or
Ti. (The low-coverage onset of the expulsion process was
recently reported for Co/InP interfaces.*’) For Ti/GaAs
and Ti/GaP, Ga atoms released from the substrate are
also expelled from the Ti-anion cluster, as reflected by de-
tailed temperature-dependent and sputter-profiling exper-
iments for metal overlayers on GaAs, but Ga is also ob-
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served to intermix in the growing metal overlayer.** This
intermixing reflects the greater Ga solubility or tendency
to form bonds compared to In.

Comparison of the atomic distributions for
(Pd,Au)-III-V compound semiconductor interfaces with
those for more reactive metals (e.g., Ti, Cr, Co, and Fe)
shows the common behavior of adatom-induced substrate
disruption and the release of substrate atoms. The reac-
tive metals form stable compounds with the anions, ex-
pelling the cation. For Pd and Au, the adatoms do not
form strong bonding configurations and the released
semiconductor atoms are distributed through surface and
near-surface segregation. This cation segregation is regu-
lated by kinetics and the nonequilibrium trapping of Ga,
In, and P atoms in the Pd or Au film.

In a recent study of the Au/InP interface, Waddill
et al., were able to study the kinetics of interface forma-
tion by comparing Au adatom deposition of 300 and 60
K.3° Significant differences in interface morphology were
found for Au deposition at 300 K and resulted in a thick
Au overlayer containing intermixed In and P, analogous
to that discussed here for Au/GaP. The same amount of
substrate disruption was observed at 60 K, but surface
segregation was almost completely inhibited. This fur-
ther demonstrates that the kinetics controlling diffusion
of the cation and anion in the growing metal overlayer
control atom distribution in the thickening overlayer.

Ag adatom deposition onto cleaved surfaces of GaP
leads to no apparent disruption and the formation of
clusters. Similar results have been obtained for room-
temperature deposition of Ag/GaAs interfaces, where
only a weak interaction with substrate was noted.>’ %
For Ag/InP, Ag interacts slightly with the substrate and
the results show some In intermixed at intermediate cov-
erages.’® In all cases, these clusters quickly assume me-
tallic character, but cover the surface rather ineffectively
with long 1/e decay lengths. However, recent low-
temperature studies of Ag/GaAs demonstrated a more
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nearly layer-by-layer growth consistent with reduced Ag
adatom surface mobility and the inhibition of Ag cluster
formation.’*~*! These results showed evidence of an in-
terface component that was assigned to a distinct inter-
face state. The results at 300 K could also contain such
features, although none were apparently observed. Such
low-temperature results indicate the possibility of altering
the interface morphology by limiting the kinetics at the
interface.

Finally, these results indicate that, once disruption
occurs, the behavior of Ga and P atoms released from the
semiconductor are the same, regardless of whether the
semiconductor is GaP, InP, or GaAs. It should then be
clear that the deposition process itself leads to limited re-
action or disruption, but that the solubility or reactivity
of the released atoms in the overlayer then controls their
redistribution. Likewise, the effects that would be ob-
served at higher or lower temperature would also be
analogous, with annealing providing the energy needed
for mass transport and continued reaction and cooling
providing a kinetic barrier against either reaction or
segregation.
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