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formed at room and low temperature

D. Mao and A. Kahn
Department ofElectrical Engineering, Princeton University, Princeton, New Jersey 08544-5263

L. Soonckindt
Laboratoire d'Etudes des Surfaces, Interfaces et Composants, Universite des Sciences et Techniques du Languedoc,

place Eug'ene Bataillon, 34060 Montpellier CEDEX, France
(Received 1 May 1989)

Ultraviolet photoemission spectroscopy, electron-energy-loss spectroscopy, Auger-electron spec-
troscopy, and x-ray photoemission spectroscopy were used to study the formation of Ag/GaSb(110)
interfaces at room and low temperature. Interfaces formed at room temperature show extensive Ag
clustering and some chemical redistribution due to interface disruption. A substantial reduction in
adatom surface mobility and clustering is observed at low temperature. The resulting changes in
surface Fermi-level (E+) movements, namely the overshoot of the EF position on p-type samples and
the delayed EF movement on n-type samples, confirm earlier trends found on low-temperature
GaAs. EF pinning is found to occur in a coverage range where metallicity appears in the overlayer.

I. INTRODUCTION

In order to discriminate experimentally between the
various Schottky-barrier models put forth during the past
decade, studies of interfaces formed on (110) vacuum-
cleaved low-temperature (LT 80 K) GaAs have recently
been performed. ' The goal for these LT depositions
was to measure the impact of a reduction in adatom clus-
tering and interface reaction on the Fermi-level (EF)
—pinning process, thereby allowing an easier identifi-
cation of the dominant pinning mechanisms. It was found
that the LT band bending as a function of metal coverage
was altered in a similar fashion at all the interfaces inves-
tigated. Quasisymmetric movements toward midgap are
generally observed on room-temperature (RT) n and p-
type GaAs. At LT the low-coverage EF movements are
highly asymmetric: rapid movement up in the gap on p-
type GaAs with less than 0.1 monolayer (ML), and
overshoot above the final pinning position; very little
movement down in the gap on n-type GaAs up to 1 —2
ML of metal, followed by a rapid transition to the near-
midgap pinning position.

This LT behavior was explained with the formation of
donorlike states induced by the bonding of isolated ada-
toms to the substrate. ' ' These states affect band bend-
ing only on p-type substrates and cause the rapid rise of
EF. The energy level of these states was found to corre-
late with the ionization energy of the adatom. ' ' The
adsorption of the metal atom also induces acceptor states
that are near or above the conduction-band minimum
and, as such, minimally affect band bending on n-type
substrates. Klepeis et al. ' recently calculated that the
energy gap between the donor and acceptor levels is of
the order of 1 eV. The exact position of these levels and
their energy difference depend, however, on the geometri-
cal details of the adsorption, which are still mostly un-

known. Lefebvre et al. ' and Klepeis et al. ' also calcu-
lated that, as the metal coverage increases, the adatom-
substrate dipoles shift these levels up or down depending
on the sign of the adatom-substrate charge transfer (to-
ward the valence band in the case of a weakly electroneg-
ative adatom). At higher coverage the proximity of these
dipoles leads to a depolarization of the adatom-substrate
bonds, and to the saturation of the shift. The overlap be-
tween wave functions of neighbor adatoms becomes non-
negligible and broadens the adsorbate-induced states. EF
moves down from the overshoot position on p-type sam-
ples and is forced down from the conduction band by the
shifted and broadened acceptor band on n-type samples.
We also note that the completion of band bending at the
semico'nductor surface has been correlated for several in-
terfaces with the onset of metallic character on the over-
layer, as seen from the appearance of a substantial densi-
ty of states at the Fermi level or from the broadening of
the d band in Au or Ag with photoemission spectrosco-
py. ' ' The principal achievement of these LT studies
was therefore to slow down adatom clustering and retard
the onset of metallicity in the overlayer, so that this se-
quence of events could be unraveled. Recent studies of
metal deposition on RT and LT InP have also invoked
the competition between defects and metal-induced gap
states (MIG's) in the pinning process. ' A major step for-
ward made during the past year was perhaps to realize
that both types of mechanisms may coexist with relative
strengths that depend on the specific interface and on the
conditions of interface formation.

Interfaces between metals and several other compound
semiconductors should be investigated before full credi-
bility can be given to these concepts. The suggestion that
deep-level bulk defects present in liquid-encapsulated
Czochralski (LEC) -grown GaAs might play a role in the
EF pinning has underscored the importance of investigat-
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ing other semiconductor materials. We present here re-
sults concerning the Ag/GaSb(110) interface. GaSb in-
terfaces have received little attention in the past decade,
although the 0.72-eV gap of this semiconductor makes it
interesting for multiple apphcations in communication
and detection. GaSb has a small heat of formation (10
kcal/mol) and thus is susceptible to strong interface dis-
ruption upon metal deposition. This has been observed
with Au/GaSb (Ref. 21) and Ag/GaSb (Ref. 22). The
study of interfaces formed at LT should therefore be very
informative on the role of defects or other mechanisms in
the formation of the barrier. Our study involves mea-
surements of band bending with ultraviolet photoemis-
sion spectroscopy (UPS), and of interface reaction, chem-
ical composition, and morphology with Auger-electron
spectroscopy (AES), x-ray photoemission spectroscopy
(XPS), and electron-energy-loss spectroscopy (EELS).
The results are consistent with the general picture ob-
tained with other metals as well as Ag on GaAs (Refs. 2,
12, and 15): Ag grows in three-dimensional clusters on
RT GaSb (Volmer-Weber growth mode); deposition at
LT reduces surface mobility and clustering of Ag; the
low-coverage movement of E~ is different from the RT
case, and consistent with an adsorbate-induced —gap-state
model; final pinning of EF is delayed with respect to the
RT case, and correlates with the onset of metallic charac-
ter in the overlayer; the anal EF-pinning position is com-
patible with the charge-neutrality-level position calculat-
ed by Tersoff.

tacts were made by evaporating Au on p-type GaSb and
(Au, Sn) on n-type GaSb under vacuum conditions and
annealing at 260'C in a mixed hydrogen-nitrogen am-
bient. Cleaving, metal deposition, and measurements
were done at RT or LT (35 K). The evaporation of Ag
was done from a W basket at typical rates of 1 ML/min.
For GaSb, 1 ML represents 0.76X10+' atoms/cm and
has a nominal thickness of 1.3 A. Depositions of In were
also performed to verify the position of the Fermi level of
the system. AES measurements were done in the first-
derivative mode with a primary —electron-beam energy of
3 keV and a peak-to-peak modulation of 0.5 V. EELS
measurements were done in the second-derivative mode
with a primary —electron-beam energy of 150 eV and a
peak-to-peak modulation of 0.5 V. XPS measurements
were done with 151.4-eV photons produced by an x-ray
source equipped with a Zr anode. This photon energy
gives high surface sensitivity for Ga 3d and Sb 4d core-
level measurements. Finally, the UPS measurements
were done with a nonmonochromatized He lamp using
the He tt (40.8-eV) and He III (48.4-eV) lines for the
valence band and Ga 3d core level, respectively. The He
pressure in the chamber was in the 10 Torr range dur-
ing measurement. The electron-energy analyzer for all
the techniques mentioned above was a double-pass cylin-
drical mirror analyzer. The estimated resolution for the
UPS measurements was 0.15 eV.

III. RESULTS AND DISCUSSION

II. EXPERIMENTS A. Overlayer morphology and interface reaction

Measurements were performed on GaSb samples
cleaved in ultrahigh vacuum (10 ' Torr). Highly doped
(Te, n =1.1X10+' cm; Zn, p=2. 8X10+' cm ) and
moderately doped (Te, n =2.2 X 10+ ' cm; Zn,
p=1.8X10+' cm ) samples were used. Ohmic con-

The overlayer morphology and interface reactivity
were evaluated with AES, XPS, and EELS. The Sb
M4%4 5N4 5 and Ga 1.3M4 5M4 5 peaks are shown in Fig.
1 as a function of Ag coverage. The line shape of the Sb
peak is conserved up to high coverages, with a slight loss

)C&

Ag/GaSb (IIQ), RT

cleon

Ag /Golub ( IIP),LT

b MN

dN
E~E

dN

dE

8A
XP

32A

xIQ

I i I l&& I I

440 460 480 I060
KINETIC EhERGY (eV)

IIOQ
I I I&&

440 460 480 I060
KINETIC ENERGY ( eV)

IQQ

F&G. &. AES Sb 453-eV and Cia 1068-eV peaks as a function of Ag coverage on the RT and LT GaSb surface.



CHEMICAL AND ELECTRONIC PROPERTIES OF THE. . . 5581

of resolution above 16 A at RT and 8 A at LT. No
significant peak broadening is observed. A 1.5-eV shift
toward higher energy occurs at RT above 4—8 A, indicat-
ing some disruption of the surface and modification of the
chemical environment of Sb. This is in agreement with
soft-x-ray photoemission results obtained by Walters

22et al. The XPS measurements also indicate interface
disruption. The large Ga-to-Sb peak ratio in Fig. 2 is due
to the fact that the 151.4-eV photon energy gives photo-
emission near the Cooper minimum for the Sb 4d core
level. Thus, sensitivity to Sb is reduced. The RT data
clearly show a perturbation of the Ga peak at high cover-
age: the peak shifts by 1.5 eV to higher binding energy
and its full width at half maximum (FWHM) increases
from 1.8 eV on clean GaSb to 3.0 eV with 64 A Ag. The
1.5-eV shift occurs long after saturation of the band
bending (see below) and is attributed to chemical effects.
The increase in the FWHM is presumably due to a distri-
bution of nonequivalent Ga species, from Ga in GaSb to
Ga diluted in or segregated on top of Ag. High-
resolution core-level photoemission experiments show
that, at high coverages, the Ga 3d peak shifts toward low
binding energy. GaSb is disrupted and free Ga is formed.
The shift toward high binding energy observed here ap-
pears therefore to be a spurious effect due perhaps to con-
tamination.

At LT the Sb AES peak shifts by less than 0.5 eV.
Very little shift or broadening is observed in the XPS
data below 8 A, the coverage at which the signal becomes
too small to be usable. Interface dissociation appears
therefore to be reduced at 35 K, although not completely
eliminated. The kinetically limited redistribution of
released species also attenuates the "fingerprint" of disso-
ciation in the photoemission spectrum.

The attenuation of the AES Ga and Sb peaks and of
the XPS Ga 3d peak as a function of Ag coverage is
shown in Fig. 3. Tlie relative rates of attenuation at RT
and LT agree well with the different electron-escape
depths involved in the measurements: 5 —6 A for the
128-eV XPS Ga 3d electrons, 8 —10 A for the 453-eV AES
Sb electrons, and 15—20 A for the 1068-eV AES Ga elec-
trons. As expected, the attenuation is more rapid at LT
than at RT, where the Volmer-Weber growth leaves
significant areas of the GaSb surface uncovered. In addi-
tion, the AES Ga and Sb signals are attenuated at the
same rate at RT, whereas the Sb signal is attenuated fas-
ter at LT. Clustering at RT produces a nonlaminar
growth in islands separated by uncovered areas of
stoichiometric GaSb. The signal from these bare areas
dominates because of the finite electron-escape depth
through the Ag islands. Thus, the attenuation of the sub-
strate signal rejects only an increase in the percentage of
the surface area covered with thick islands, and is the
same for Ga and Sb (Fig. 3). The electron energies of the
Ga and Sb AES peaks do not provide sufficient surface
sensitivity to pick up the differential rate of diffusion of
Ga and Sb through the Ag layer found with soft-x-ray
photoemission spectroscopy.

At LT the attenuation results from an increase in the
thickness of an homogeneous Ag layer, and the difference
between the escape depths of the Sb and Ga Auger elec-
trons through Ag yields the observed difference in the at-
tenuation rates (Fig. 3). The LT high-coverage attenua-
tion rates are comparable to the exponential decay ex-
pected for a completely laminar growth. A surprising re-
sult is the initial attenuation rate (below l A), which is
extremely fast at RT and LT, and corresponds to escape
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FIG. 2. XPS Sb 4d and Ga 3d spectra as a function of Ag coverage on the RT and LT CxaSb surface. The photon energy is 151 eV.
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FIG. 3. Attenuation of the normalized intensities of the AES Ga and Sb and XPS Ga peaks as a function of coverage on the RT
and LT GaSb surface.

depths of the order of 2 A. Such short escape depths
have been observed before with two-dimensional metal
layers. However, we demonstrate below that the RT Ag
layer follows a Volmer-Weber growth mode even at sub-
monolayer coverages, and therefore cannot warrant the
observed exponential decay. Surface chemical effects or
structural changes, on the other hand, could affect the
Auger-peak shapes.

B. Electron-energy-loss spectroscopy of the interface

The RT and LT EELS spectra are shown in Fig. 4.
The clean GaSb spectra show the features identified by
van Laar et al. : valence-band —to —conduction-band
transitions at 2.8 and 5.4 eV, a surface-plasmon transition
at 9.6 eV, a bulk-plasmon transition at 14.8 eV, a
surface-exciton transition at 20 eV, Ga
3d —to —conduction-band transitions at 21.2 and 23 eV,
and a Sb 4d —to —conduction-band transition showing the
spin-orbit splitting at 33—34 eV. The surface exciton (SE)
corresponds to a transition between the Ga 3d core level
and the empty dangling bond of the Ga atom on the re-
laxed surface. As it involves a surface state, this transi-
tion is very sensitive to the quality of the surface, as well
as to any perturbation of the cation dangling bond by an
adsorbate. It provides a much more accurate measure
of surface effective coverage by the overlayer than does
AES or XPS at low coverages.

With RT deposition the magnitude of all the peaks
slowly decreases due to the buildup of the Ag layer that
screens the substrate from the interaction with the pri-
mary electron. Yet, the SE remains clearly visible with 4
A Ag (-3 ML). This attenuation rate is incompatible
with a Stranski-Krastanov growth mode, which should
eliminate the surface features with about 0.5 ML. It
rejects a three-dimensional growth and nucleation at

very low coverage. The strongest perturbation of the
spectrum is between 3 and 9 eV, where the main Ag loss
features appear. The Ag bulk plasmon (-4 eV) dom-
inates the spectrum beyond 8 A coverage.

With LT deposition the SE and surface-plasmon peaks
are attenuated much faster than features corresponding
to bulk transitions, indicating a modification of the elec-
tronic properties of the entire surface, over and beyond
the simple effects of increasing metal thickness. In par-
ticular, the SE disappears with only -0.5 A Ag ( ~0.39
ML), which, given the inaccuracy of the deposition pro-
cess, corresponds to slightly less than one Ag atom per
surface unit cell. We believe that the elimination of the
SE at such low coverage is an indication that Ag prefer-
entially adsorbs on the surface Ga. If Ag did adsorb ran-
domly on both surface species at low coverage, one
should observe either a slower decrease in the SE
strength versus coverage, or a shift of the SE peak toward
lower-energy losses. This shift would correspond to a
shift of the Ga dangling-bond energy into the gap due to
the Ag-induced unrelaxation of the surface. Adatom-
induced surface unrelaxation is to be expected because
the charge transfer between the surface cation and anion
unsaturated dangling bonds partially drives the clean-
surface relaxation. Unrelaxation has been observed with
Ag, 2 Al, or Sn (Ref. 4) on GaAs, and a preliminary
low-energy electron-diffraction (LEED) investigation sug-
gests that it is also the case for Ag/GaSb. Given that
the position of the empty Ga dangling bond on the re-
laxed GaSb surface is about 0.4 eV above the
conduction-band minimum, and that the gap is 0.81 eV
at 35 K, the shift should be at most 0.7—0.8 eV toward
lower-energy loss. This is not observed in the EELS data.
We believe therefore that the rapid elimination of the SE
peak is best explained by direct bonding between the Ag
adatom and the surface Ga. This is supported
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by a recent scanning-tunneling-microscopy study of
Au/GaAs(110), which indicates that Au adatoms occupy
the Ga site.

The 8-eV Ag peak also increases more rapidly than at
RT. It grows and saturates at high coverage, which
shows that it is a Ag-related loss and is unrelated to the
Ag-GaSb interaction. It also appears long before the Ag
bulk plasmon. Thus we attribute this peak to a more
atomiclike loss, such as the transition between the 4d lev-
el and an empty state in the atom. Its prominence at LT
might reAect an excitation cross section larger for ada-
toms spread in a two-dimensional layer. In conclusion,
and regardless of the details of the adsorption geometry,
the EELS results complete and confirm for the ultralow-
coverage regime ((0.5 ML) the results obtained from
AES and XPS at higher coverage. The LT low-coverage
Ag layer is two dimensional and presumably composed of
isolated adatoms or very small clusters (few adatoms), a
result which is crucial for the interpretation of the UPS
data.

C. UPS and Fermi-level movements

The valence-band electron-distribution curves (EDC's)
measured with 40.8-eV photons as a function of Ag depo-
sition are shown in Fig. 5. The clean-surface EDC's are
in good agreement with previously published data. ' The
peak at 12 eV below the valence-band maximum (E, )

corresponds to the Ga 3d core level excited by the He III
(48.4-eV) line, and is used to measure EF movements at
the GaSb surface.

We focus first on the shape of the low-coverage Ag 4d
peak, which depends sensitively on the overlayer growth

mode (Fig. 5). The peak is characterized by a doublet re-
sulting from the hybridization between the 4d and Ss lev-
els. At RT this doublet is resolved above 1/8 A (-0.1

ML). The low-coverage LT peak is more atomiclike and
the doublet is resolved only above 2 A. The solid curves
in Fig. 6 show the FWHM of this peak as a function of
coverage at RT and LT. The RT FWHM is above 2.3 eV
at coverages as low as 0.06 A, and reaches 3.0 eV at the
highest coverage investigated. The LT FWHM, on the
other hand, is only 1.6 eV up to 0.5 A, then increases rap-
idly between 1 and 4 A to reach the RT value. These re-
sults can be simply understood in terms of difFerent
growth mechanisms at RT and LT. At RT the surface
mobility of Ag is quite large, and three-dimensional nu-
cleation occurs very early on (see EELS results in subsec-
tion B). The density of nucleation sites is unknown, and
so is, therefore, the statistical size of the clusters for a
given coverage. However, an upper bound of 10' cm
for the density of sites appears reasonable given that
these nucleation sites are probably defects or steps gen-
erated during cleavage and that a higher density of
charged defects would produce a large initial band bend-
ing. With this number, we can estimate that the average
number of atoms per cluster reaches at least 40 at 0.05
ML coverage. Thus, a sizable fraction of the Ag atoms
have a bulklike coordination at these coverages and the
Ag-Ag interaction broadens the 4d band. The FWHM
increases slowly as the band structure of the cluster de-
velops into the full Ag band structure. At LT, on the oth-
er hand, the low-coverage overlayer consists of isolated
Ag adatoms or very small clusters that produce the atom-
iclike 4d level and the small FWHM up to about 0.5 A.
Beyond this coverage, adatom proximity and coalescence
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of small clusters create a mostly bulklike environment
and drastically increase the FWHM. Hybridization of
the 4d and Ss levels takes place, as evidenced by the dou-
blet resolved beyond 2 A.

The dashed curves in Fig. 6 represent the FWHM for
Ag/GaAs. ' At low coverage they are -0.4 eV above
the Ag/GaSb curves. This difference is presumably due
to two factors. First, the temperature reached in the

present experiment is 35 K, as opposed to 80—90 K for
Ag/GaAs. Second, the level of interface disruption by
Ag is much larger on GaSb than on GaAs. Both effects
contribute to an increase in the effective density of nu-
cleation sites on GaSb, and therefore to a decrease in the
statistical size of the clusters. For Ay on RT GaAs the
FWHM reaches saturation around 2 A, whereas it is not
yet saturated at 8 A for Ag on RT GaSb. Thus, the RT
clusters are not as large on GaSb and might not become
metallic as early as on GaAs. '

Band-bending measurements were done on moderately
and highly doped GaSb samples. The former were non-
degenerate, except for the n type at LT. The latter were
degenerate at RT and LT (Table I). Figures 7 and 8 show
the EI; movements obtained from the shifts of the Ga 3d
peak. For simplicity, the valence-band maximum (E, ) at
RT and LT have been aligned. However, band-structure
calculations have shown that the LT E, should be about
50 meV below the RT E, . Two points should be made
concerning these measurements. First, measurements on

TABLE I. Bulk position of the Fermi level with respect to
the valence-band maximum at RT and LT. The GaSb band gap
is 0.72 eV at RT and 0.81 eV at LT.
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FIG. 6. Foll width at half maximum of the Ag 4d band in
Fig. 5 as a function of Ag coverage on RT and LT GaSb. The
dashed curves correspond to Ag on GaAs(110) (Ref. 15).

Doping (cm )

{at RT)

EF E, (eV)
at RT 0.71 0.77 0.07 —0.04

n

2.2X 10' 1.1X 10' 1.8X 10' 2.8X 10'

E —E, (ev)
at LT 0.84 0.91 0.01 —0.05



pROPFR TIES QF THECHEMICAL AAND ELECTRONIC 5585

7So

I eoo-
z 3M
Q

200

IOO'""

CIeaved Ga Sb + A o n type RT
~ n-type LT
o p type RT
~ p-type LT

Ec

700

- 600
- 500
- 400
— 300
- 200
— IOO

O

M
O
0

E =0-
V

p
'

p.02
I Ig I

0 2 p4 06oo4o~
CpyERAGE ~

I

IO

doped n- and&» e QaSbon the RT and LTtion of Ag cov gion of the Fermi level as a unc iFIG. 7. Surface position o e
samples.

1 do ed) show that theles (mostly highly ope
ndin

g Fpoassessme

oderatel and highly doped n-type
op o

fo db odsome m
hr to minimize t e i

to t e . d the large back-
the a

to the He lamp. Secon,
t hi h Ag coverage added to e

d th dt
groun

a 3d signal, ma e ea en
kb d4A

The
po

p o p y
d t corresponding

e the
a a

b the das e inh d 1' e to emphasizetherefore presented y
underlying uncertainty.

in
'

all cleaved surfaces:gin is found on aonz
e GaSb and—-30—70 meV on p-type a

type GaSb. Th'his band bending is in om
bl due to cleavage ddefects '

pis resuma y u
GaSb).to perturbations ys b the e a

s rapidly toward the
01 0

e osition, EF moves ra
ESb on t ' G'Sb

0.5-1A th'n "d
on n-type a

n aboutmoves ve
b 50 Vb 1

above 4 A ma es ek the precise e
tion difFicult.

een the RT and LT EF movements
1 similar to those foun wi

Sb EF
ar q h t y

T h RTb 1o 05A
on GaAs

then
1 1op o p

ith 0.03 A (similar to Ag/G.
moderately dope sam

GaAs),moves down by 0.2 eV with 0.

~c
Toa

600'

500

400E

Z 3000
E 2000

IOO

Ev=O

Cleaved GaSb+ Ag o n-type RT
Ec

-700
- 600

-300
O—200

- IOO

4
-O=Ev LLI

~'1 I

0.02
I I

. I 0.2 0.4 0.60.04 0.06 O. I

METAL COVERAGE (

IO

' . 7 for highly doped samples.FIG. 8. Same as Fig. 7 or



5586 D. MAO, A. KAHN, AND I.. SOONCKINDT

then remains approximately flat up to 0.5 —1.0 A. Poor
cleavage (possibly due to strain in the bulk) and shifts due
to exposure to the He lamp always produced a large ini-
tial band bending on the highly doped n-type samples.
The slow down in EI; movement versus coverage is there-
fore not as clear as on the moderately doped n-type sam-
ples. On RT n-type samples, on the other hand, EF
moves down by about 0.4—0.5 eV at the same coverage,
then slowly approaches the E, when the coverage in-
creases. On p-type samples, the LT El; movement is
characterized by an "overshoot" to a maximum position
-0.2 eV above E„ followed by a movement toward its
final pinning position.

We recalled in the Introduction that the differences be-
tween the RT and LT low-coverage band-bending data
have been interpreted for GaAs(110) interfaces in terms
of variations in overlayer morphology with temperature.
The reduction in adatom surface mobility at LT produces
overlayers consisting primarily of isolated atoms or very
small clusters at low coverage, and homogeneous layers
with little clustering at high coverage. The low-coverage
GaSb band-bending results are therefore consistent with
the model of donor states induced by the adsorption of
isolated Ag atoms on surface atoms, presumably Ga (see
EELS results in subsection B). These donor states are lo-
cated 0.2 —0.25 eV above E, . These states pull EI; above
E, on the LT p-type surface, but do not affect Ez on n-
type GaSb. The EF rise is steeper on the highly. doped
than on the moderately doped samples because the donor
level is fixed in the gap and the inititial Ez position on
the highly doped samples is lower with respect to E, .
Acceptor levels are in the upper part of the gap or above
the con-duction-band minimum and, depending on their
exact position, might produce the initial 0.2-eV drop of
E~. This initial drop may also result from surface effects
induced by the uv lamp.

When the coverage on the LT surface increases, several
effects come into play to modify the original adsorbate-
induced states. , First, the increasing number of polarized
adatom-substrate bonds creates a dipole layer that elec-
trostatically shifts the donor and acceptor levels. ' ' The
shift is toward E, for bonds with charge transfer from the
metal adatom to the substrate (weakly electronegative
adatom). Second, a diversification of surface bonding
sites is likely to occur with formation of Ag—Ga, Ag-
Sb, as well as Ag—Ag bonds. Finally, the overlap of ada-
tom wave functions takes place and leads to metallicity in
the overlayer. These three factors contribute to a shift
and broadening of the original donor and acceptor states,
leading to additional EF movement and, finally, pinning.
The measurements indicate very clearly that the pro-
nounced LT drop of EI; on n-type GaSb beyond 0.5 A
(Fig. 7) correlates with the abrupt increase in the Ag 4d
bandwidth (Fig. 6). For Ag/GaAs, Stiles et al. ' have
shown that this increase is related to the onset of metallic
character in the Ag layer, which occurs when the average
cluster or island reaches a critical size [the order of mag-
nitude is thought to be about 100 atoms (Ref. 32)]. We
believe that the same criterion can be applied here.

This process is modified by clustering at RT. In partic-

ular, the adsorbate-induced states are modified by adatom
interaction. In general terms, the energy difference be-
tween donor and acceptor levels is reduced' ' and the
levels are broadened by the overlap of adatom wave func-
tions at much smaller coverages than at LT. The EF
overshoot seen at LT is by-passed because the overlayer
never consists of isolated adatoms. In the limit of large
clusters, these levels become part of a quasicontinuum of
(metallic) states. Thus, local band bending underneath
and around the clusters corresponds to pinning by a met-
al rather than by discrete adsorption-induced states.

Both RT and LT Anal EI; positions are found at or
below E„. Although these are dificult to establish pre-
cisely for reasons mentioned above, we are confident that
EI; is not pinned more than 30—50 meV above E, . This
is incompatible with the position inferred from I-V mea-
surements on thick Ag/(n-type GaSb) diodes by Walters
et al. They find a barrier height of 0.33—0.35 eV for
vacuum-cleaved surfaces which, given the 0.72-eV band
gap, places E~ at about midgap. However, the ideality
factors of these diodes were consistently equal to or
larger than 2, casting serious doubts on the determination
of the exact barrier height. Better ideality factors of the
order of 1.2 were obtained for Al on molecular-beam-
epitaxy (MBE) -grown GaSb(100) by Poole et al. , indi-
cating that the quality of the bulk material might be in
question for the ideality of the dipole. They also found
higher barriers (-0.55 eV) than for Al on vacuum-
cleaved GaSb (0.39—0.40 eV, n =2). The 0.55-eV bar-
riers correspond to E~ 0.17 eV above E, . The final E~
position found in the preserit work is very close to that
found by Chye et al. for A u/(n-t ype GaSb) with photo-
emission spectroscopy. ' Pinning at E, was attributed in
this case to metal-induced defects. This position, howev-
er, is also very close to the charge-neutrality level at 70
meV above E„,as calculated by Tersoff. Given the sim-
plicity of the theoretical model and the uncertainty of our
measurements, we conclude that the observed pinning
position is not incompatible with Tersoff's prediction.

Defects are present at the Ag/GaSb interface, if only
as a result of the interface dissociation illustrated by the
AES or photoemission results presented above or by
Walters et al. , and the density of defects is presumably
smaller at LT than at RT. Thus, the low-coverage part of
the E+ movement on p-type GaSb cannot be explained
with defects. In particular, if defects are responsible for
the LT overshoot, a different kind of defect would have
to be involved at RT. We will assume that this is not the
case, although no formal proof can be given at this point.
Furthermore, defects are expected to appear in sizable
density at coverages far below those where final E~ pin-

0
ning occurs. The critical thickness of 2—4 A at which
final pinning occurs is about the same for all the metals
deposited on LT GaAs, regardless of interface reactivity.
We believe that it relates much more directly to the cov-
erage necessary to complete the first layer or two of the
overlayer, thus bringing adatoms in close proximity and
delocalizing the gap states, than to the eventual forma-
tion of interface defects. We cannot rule out the role of
defects in modulating the final E~ positions, but they do
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not appear to play the dominant role in the pinning pro-
cess.

broaden into bands. Ez pinning is slightly below E, and
correlates with the onset of metallicity in the overlayer.

IV. CONCLUSIONS ACKNOWLEDGMENTS

In conclusion, we have confirmed that overlayer mor-
phology plays a fundamental role in the initial stages of
surface band bending and that the trend in EF move-
ments observed with interfaces formed on LT GaAs also
applies to GaSb. Our low-coverage band-bending results
are well explained with a model of Ag-induced gap states,
which involves a donor level 0.2—0.25 eV above E, . The
acceptor level is near or above the conduction-band
minimum. As the overlayer grows, these states are shift-
ed down by the overlayer-substrate dipole effect and
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