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The dependence of Schottky barrier formation on surface and interface preparation offers several broad avenues for 
understanding electronic structure and charge transfer at metal/semiconductor junctions. Interface cathode- and photolumines- 

cence measurements reveal that electrically active deep levels form at III-V and II-VI compound semiconductor surfaces and 

metal interfaces which depend on temperature-dependent surface stoichiometry and reconstruction, chemical interaction, as well 

as surface misorientation and bulk crystal quality. These interface states are discrete and occur at multiple gap energies which can 

account for observed band bending. Characteristic trends in such deep level emission with interface processing provide guides for 

optimizing interface electronic behavior. Correspondingly, photoemission and internal photoemission spectroscopy measurements 

indicate self-consistent changes in barrier heights which may be heterogeneous and attributable to interface chemical reactions 

observed on a monolayer scale. These results highlight the multiple roles of atomic-scale structure in forming macroscopic 

electronic properties of compound semiconductor/ metal junctions. 

1. Introduction 

The understanding of interface electronic 
structure and charge transfer at metal/ semicon- 
ductor interfaces has continued to challenge 
solid-state researchers for several decades [1,2]. 
Since localized charge states were first proposed 
to account for the relative insensitivity of semi- 
conductor band bending to the bulk Fermi level 
difference between metal and semiconductor, re- 
searchers have proposed numerous physical mod- 
els for such interface states. In general, these 
physical constructs aim to account for the Fermi- 
level “pinning” in a narrow energy range within 
the semiconductor band gap. More recently, con- 
siderable evidence has emerged to show that band 
bending can vary considerably for a given semi- 
conductor - even for strongly “pinned” semicon- 
ductors such as GaAs [3-61. Thus, significant 
changes in GaAs Schottky barrier height are seen 

for (a> different metallizations on the same semi- 
conductor surface, (bl different surface prepara- 
tions for the same metal, and even (c) different 
methods of crystal growth for the same com- 
pound semiconductor. 

The next section aims to show that substantial 
changes in barrier heights are achievable for metal 
interfaces with GaAs, both on a macroscopic and 
on an atomic scale. A number of factors appear 
to contribute to the interface electronic proper- 
ties which are not intrinsic to the semiconductor 
or metal. Extrinsic features such as bulk crystal 
quality, interface chemical reaction and diffusion, 
as well as semiconductor surface morphology ap- 
pear to have substantial effects on the range of 
Fermi-level stabilization energies. These large 
changes indicate that “pinning” models of 
Schottky barrier formation are inadequate to de- 
scribe charge transfer at metal/ semiconductor 
interfaces in general. 
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Section 3 provides evidence for additional con- 
tributions due to chemical processing. These in- 
clude time- and temperature-dependent chemical 
reactions and suggest that contact inhomo- 
geneities contribute significantly to macroscopic 
electronic measurements. These observations 
point to chemical composition and surface-inter- 
face bonding as major factors which cause large 
barrier height changes. Section 4 introduces the 
low-energy cathodoluminescence spectroscopy 
(CLS) technique and its applications to semicon- 
ductor interfaces. Combined with SXPS, the CLS 
technique provides a means to detect deep levels 
at metal/semiconductor interfaces as well as to 
correlate them with interface chemistry and band 
bending. Section 5 describes the application of 
the low-energy CLS technique to metal/GaAs 
(100) interfaces. Multiple deep levels are evident 
in the band gap which depend both on the start- 
ing clean surface and on the particular metal. 
Section 6 demonstrates the presence of a correla- 
tion between the deep levels observed via CLS 
and the Fermi-level position measured by SXPS. 
Included in this section is a summary of reported 
Fermi-level stabilization energies/band bending 
for Al on GaAs surface prepared in different 
ways. The large range of energies possible for the 
same metal on the same semiconductor empha- 
sizes the importance of interface preparation and 
the need for models of Schottky barrier forma- 
tion which do not presume “pinning” in a narrow 
energy range. Section 7 addresses the advantages 
of deep-level measurements at metal/ semi- 
conductor interfaces in practical models and 
analysis of Schottky barrier formation. Section 8 
summarizes our results, namely that (i) discrete, 
process-dependent deep levels form a metal/ 
semiconductor junctions, (ii) these interface- 
specific states correlate with the Fermi-level sta- 
bilization and (iii) chemical bonding and compo- 
sition on an atomic scale play a major role in 
Schottky barrier formation. 

2. Schottky barrier changes 

In contrast to the Fermi-level “pinning” com- 
monly assumed for Schottky barrier formation, 

most semiconductors exhibit rather wide ranges 
of band bending with different metals. Even the 
GaAs/metal junction, which was believed to ex- 
hibit only a 0.2 eV variation near mid-gap, has 
now been found to yield a much wider range of 
band bending as a result of atomic-scale process- 
ing. Representative examples include: (a) the use 
of monolayer amounts of a reactive metal (e.g., 
Al) on a II-VI compound (e.g., CdS) to turn a 
rectifying contact into an injecting contact [3]; (b) 
the use of Si or Ge interlayers to alter the barrier 
heights of metal on GaAs over more than half the 
band gap 141; (c) the use of orientation and an- 
nealing to modify the diode barriers of Sc,Err_, 
As/ GaAs(100) lattice-matched interfaces by over 
0.4 eV [5]. Such examples demonstrate that mi- 
croscopic chemical structure affects macroscopic 
electronic structure and, indeed, large barrier 
height changes take place which depend on 
specifics of interface preparation such as growth 
method, metallization, and chemical interlayers. 

Surface science techniques provide correla- 
tions between these barrier height changes and 
metal-semiconductor features on an atomic scale. 
Our group’s results have emphasized the role of 
both metallization and processing. Over the past 
few years, we have used soft X-ray photoemission 
spectroscopy (SXPS) in order to investigate the 
initial stages of Schottky barrier formation at 
metal/ III-V compound semiconductor junc- 
tions. Because of the extremely high surface sen- 
sitivity of this technique, it is possible to follow 
and correlate the electronic and chemical struc- 
ture of such interfaces as they are built up, mono- 
layer by atomic monolayer. Our group has found 
a qualitative difference in the barrier formation 
of metals deposited on GaAs(lOO) surfaces grown 
by molecular beam epitaxy (MBE) versus ultra- 
high vacuum (UHV) cleaved GaAs(ll0) grown 
from the melt [6]. These MBE-grown (100) sur- 
faces exhibit a wide (0.6-0.7 eV) range of Fermi- 
level (E,) stabilization in the GaAs band gap 
versus 0.2-0.3 eV for the cleaved (100) surface. 
Indeed, it is possible to expand this range of E, 
stabilization by processing the melt-grown (100) 
surfaces with the same procedures, e.g., thermal 
decapping of an As protective layer under UHV 
conditions, used for preparing the MBE GaAs 
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[7]. SXPS measurements also reveal an expanded 
range of band bending with variation in surface 
morphology [8,9]. The same metal - Al - on 
GaAs produces a 0.6 eV range of E, stabilization 
as a function of surface misorientation direction 
and angle [8]. Here the band bending and inter- 
face state densities increase with increasing active 
atomic site density, inclusive of misoriented axis 
and angle [9]. 

3. Barrier and interface state changes with 
chemical processing 

Macroscopic, internal photoemission measure- 
ments confirm the wide range of band bending 
revealed by SXPS measurements. This relatively 
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Fig. 1. Room-temperature internal photoemission spectra for 

Au (upper) and Al (lower) diodes with GaAs(100) surfaces. 

These two metals exhibit a pronounced difference in macro- 
scopic electrical behavior. The Al diode behavior can be 

modeled by a two-barrier junction. See ref. [ll]. 

well-defined barrier measurement exhibits clear 
differences between metals, e.g., 0.41 eV for Al, 
0.93 eV for Cu, and 1.01 eV for Au following 
evaporation on GaAs(100) in UHV [lo]. Signifi- 
cantly, the Al-GaAs(100) diodes exhibit internal 
photoemission features characteristic of multiple 
barriers. Fig. 1 shows the square-root depen- 
dence of internal photoemission current as a 
function of photon wavelength for Au(upper) ver- 
sus Ahlower)-GaAs diodes [ll]. In both cases, 
the barrier is determined by the onset of the 
quadratic fit. Not only do these two metals on 
GaAs differ substantially in terms of barrier 
height, but they differ in terms of homogeneity as 
well. The particular Al-GaAs diode shown ex- 
hibits features characteristic of two barriers, one 
at 0.46 eV and the other at 0.71 eV. In general, 
the A1-GaAs(100) diodes exhibit Z-V character- 
istics corresponding to a low barrier of 0.37 + 0.05 
eV and a high barrier of 0.72 + 0.04 eV. In con- 
trast, the Au-GaAs(100) diodes are homoge- 
neous, with a barrier of 1.01 + 0.02 eV. 

Annealing the Al diodes causes an increase in 
the low barrier and a growth of the low-barrier 
domains at the expense of the high-barrier do- 
mains. With time, these changes are observed 
even near room temperature. Furthermore, even 
the mechanical pressure associated with a wire 
contact to the diode overlayer induces electronic 
changes. These observations indicate the chemi- 
cal activity of the interface and its major effect on 
electronic properties. 

4. Low-energy cathodoluminesence 
at metal/semiconductor interfaces 

spectroscopy 

We used a combination of CLS and SXPS to 
evaluate the correlation of interface states and 
band bending with chemical and structural condi- 
tions. The CLS technique is illustrated schemati- 
cally in fig. 2 [12,13]. Here, incident electrons 
with energies of OS-5 keV produce a cascade of 
secondaries and electron-hole pairs within the 
top 100-1000 A, which recombine via band-to- 
band and deep-level transitions. By varying the 
incident energy, one can preferentially enhance 
emission near the top surface. Unlike most sur- 



670 L.J. Brillson et al. / Electronic structure of metal /semiconductor interfaces 

METAL SEMICONDUCTOR 
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Fig. 2. Schematic illustration of low-energy cathodolumines- 
cence spectroscopy (CLS) of metal/semiconductor interfaces. 
The incident electron beam can penetrate below the overlayer 
to the buried interface, creating electron-hole pairs which 
can recombine via band-to-band, deep-level, or new band 

structure transitions. See ref. [12]. 

face-sensitive techniques, CLS offers a means to 
probe electronic structure at a “buried” inter- 
face. CLS has already been successful in identify- 
ing (a> metal-induced interface states, i.e., differ- 
ent metals on InP(110) [14], (b) metal-induced 
state differences with crystal growth mode, i.e., 
Au on UHV-cleaved GaAs(ll0) grown from the 
melt versus Au on MBE-grown GaAs(100) [151, 
and (c) metal-induced states at vicinal surfaces, 
i.e., Al on stepped GaAs(100) versus misorienta- 
tion angle and direction [8,9]. These and other 
results demonstrate that metals induce discrete 
gap states which depend on the semiconductor, 
the metal, the mode of crystal growth, and the 
surface morphology. 

5. interface states and band bending at 
reconstructed GaAs(100) / metaljunctions 

From the results presented thus far, the bar- 
rier changes with chemical processing appear to 

be associated with either annealing or interface 
reactions. Annealing can deplete interface or 
subsurface As, it can anneal out native defects, 
and it is associated with the expanded range of 
barriers for both MBE and melt-grown GaAs. 
Interface reactions can “scavenge” excess As, 
they can produce interfacial layers with new di- 
electric properties, and they are evident for 
stepped surfaces, especially for reactive metals 
such as Al. It is therefore useful to examine the 
changes in interface state density and band bend- 
ing as a function of surface processing in order to 
discriminate among these possible contributions. 
The different reconstructions of the GaAstlOO) 
surface provide a good test bed for such studies, 
since it is possible to examine surfaces with the 
same reconstruction but different stoichiometries 
and vice versa. 

We prepared different reconstructions of 
GaAstlOO) using epitaxial films grown by MBE, 
moderately doped (n = 1 X 10” cm13 Si), and 
capped in-situ with a thick ( - 5000 A> As layer to 
inhibit contamination. These specimens were 
shipped under vacuum from IBM to our laborato- 
ries at the Xerox Webster Research Center and 
to the University of Wisconsin’s Sychrotron Radi- 
ation Center, where they were thermally des- 
orbed in UHV prior to analysis. Depending upon 
the temperature and rate of desorption as well as 
the ambient As backpressure within the UHV 
chamber, we obtained a variety of well-known 
reconstructions, including (1 x l), (2 x 4)-~(2 x XI, 

(4 x 2)-c(8 X 2), (4X 6), and a faceted surface 
reconstruction [16]. Surface stoichiometries based 
on SXPS As3d (hv = 100 eV) and Ga3d (hv = 80 
eV) core-level intensities ranged from As/Ga = 
1.5 to 0.7 for this set of reconstructions, respec- 
tively. 

CLS spectra of the clean surfaces taken at 
T = 175 K exhibit only small differences between 
different reconstructions [171. However, depth- 
dependent spectra obtained with different inci- 
dent energies reveal substantial differences in 
spatial distribution of deep levels below the clean 
surfaces. For the clean c(8 x 2) (100) surface ob- 
tained at T = 575°C deep-level emission within 
the band gap is sensitive to probe depth, increas- 
ing with increasing surface sensitivity. For the 
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clean (1 X 1) (100) surface obtained at T = 35o”C, 
deep-level emission within the band gap is insen- 
sitive to probe depth, remaining constant as the 
energy of the incident electron probe was varied 
from 2.0 to 1.0 keV. These observations suggest 
that deep levels evident at the Ga-rich, ~(8 X 2) 
surface are localized within the top few nano- 
meters, whereas the deep levels at the As-rich, 
(1 x 1) surface are distributed more uniformly 
beneath the surface. 

Metals on these reconstructed surfaces induce 
additional deep-level features which depend both 
on the particular metal as well as the particular 
reconstruction. As shown in fig. 3, a 10 A deposit 
of Au on GaAs(100) (1 x 1) prepared at 350°C 
induces new deep-level emission at N 0.92 and 
N 1.17 eV, presumably involving transitions from 
the conduction band of this n-type material to 
acceptor levels at these energies below [17]. 
Nearly identical features are evident for Au on 
the GaAs(100) ~(8 X 2) surface prepared at 520°C. 
With annealing at 300 K for 10 min, these fea- 
tures remain constant or increase slightly in am- 
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Fig. 3. CLS spectra at 1 keV and T = 175 K of the changes in 
deep-level emission at a $ean GaAs(100) (Nd = 7 X lOI cm -“) 
(1 X 1) surface with 10 A Au and subsequent annealing. Au 
induces new emission at - 0.92 and - 1.17 eV, which persists 

with subsequent annealing. See refs. [16,17]. 
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Fig. 4. CLS spectra at 1 keV and T = 175 K of the changes in 
deep-level emission at a clean GaAs(100) (Nd = 7 X lOI6 cm -“) 
(1x1) surface with 10 A Al and subsequent annealing. Al 
induces new emission at - 0.8 eV, which is removed by 

subsequent annealing. See refs. [16,17]. 

plitude. Al on reconstructed GaAs(100) surfaces 
produces significantly different behavior. As 
shown in fig. 4, a 10 A deposit of Al on GaAs(100) 
(1 X 1) prepared at 350°C induces new deep-level 
emission at - 0.8 eV and, to a lesser extent, at 
0.95 eV 1171. Al on GaAs(100) reconstructed sur- 
faces prepared at higher temperatures show 
monotonic changes in such deep-level features. 
Comparison of the (1 x 1) (T = 35O”Q ~(8 x 2) 
CT = 575”C), and (4 X 6) CT = 620°C) (100) sur- 
faces in fig. 5 reveals a steady decrease in the 0.8 
eV peak feature, an increase in the 0.95 eV 
feature, and the emergence of a peak feature at 
1.2 eV with increasing temperature and decreas- 
ing As surface composition. This monotonic 
change in relative amplitude of these three deep- 
level emission peak features suggests that the 
relative Ga-to-As near-surface composition, 
rather than the detailed surface reconstruction, 
has a dominant role in forming the deep-level 
features. Furthermore, annealing these interfaces 
at 410°C for 10 min effectively removes the 
metal-induced emission at 0.8 eV, in contrast to 
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the annealing behavior of the Au interfaces. Thus, 
the metallization and processing of the GaAs 
surface has a major effect upon the deep levels 
created at the metal/ semiconductor interface. 
The nature of the deep-level transitions evident 
in these studies can be associated with CLS fea- 
tures uncovered under other interface conditions 
or with native defect levels reported for bulk 
GaAs. The 0.8 CV level can be associated with 
excess interface As observed for partially de- 
capped specimens 1151. The 0.95 eV level may be 
associated with the Fermi-level stabilization at 
0.55-0.6 eV above the valence band edge ob- 
served for Al on vicinal GaAs(100) [S] or Al on 
p-type GaAs(100) [18]. The 1.05 eV emission ap- 
pears to be bulk-related since it varies with growth 
technique. The 1.2 eV peak-emission feature may 
correspond either to a Vo;, acceptor or a GaAI 
acceptor [19]. Perhaps most significantly, it is 
evident that the interface electronic states are 
discrete, deep within the band gap, and with 
energies and spatial distributions which can be 
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Fig. 5. CLS difference curves between GaAs(100) surfaces 

with and without 10 A Al overlayers. With increasing temper- 

ature of surface preparation, the 0.8, 0.95. and 1.2 eV peak 

features change monotonically. These appear to depend pri- 

marily on near-surface G-to-As stoichiometry rather than 

surface reconstruction. 
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Fig. 6. Room-temperature Fermi-level movement as a func- 

tion of Al deposition for three reconstruction5 of the 

GaAs(l00) (Nd = 7~ 10’h cm-j) surface. The Fermi level 

moves 0.12 eV closer to the valence band with increasing 

predeposition annealing temperature. See ref. [18]. 

related to specific surface composition, bulk crys- 
tal growth, or thermal treatment. 

6. Deep-level correlation with Fermi-level 
stabilization 

The interface states detected via CLS appear 
to influence the Fermi-level stabilization of the 
metal/ semiconductor interface. Fig. 6 illustrates 
how the Fermi-level position above the valence 
band moves as a function of Al deposition on the 
clean GaAs(100) surface for three different re- 
constructions - (2 X 41 at 7’= 45o”C, c(2 X 81 at 
T = 58(X, and a facetted (decomposed) surface 
at T = 620°C. With increasing temperature, the 
Fermi level for the metallized surface stabilizes 
closer to the valence band. Depending upon the 
method of establishing the valence-band edge 
from an extrapolation of the SXPS valence-band 
spectra, such differences in E,; stabilization cor- 
respond to band-bending changes of between 0.1 
and 0.2 eV. These E, stabilization energies arc 
consistent with the increasing emission strength 
of the lowest-lying deep levels with increasing 
temperature. 

These Fermi-level (E,) stabilization energies 
lie within a rather extended range of positions 
obtained by various researchers for Al on GaAs. 
Indeed, fig. 7 shows that, for the same metal on 
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Fig. 7. Fermi-level stabilization energies for Al/GaAs inter- 

faces as a function of growth and processing. Xerox/IBM 

results appear on the left, other groups’ results on the right. 

References and energy values appear in the text for each 

arrow. The wide variation in energy emphasizes the impor- 

tance of surface and interface preparation and the controlla- 
bility of the Schottky barrier formation. 

the same semiconductor, this range can extend 
from 0.46 to 1.2 eV above the valence-band edge, 
depending upon the composition, growth method, 
and doping. These E, stabilization energies for 
Al on the three GaAs(100) reconstructed surfaces 
described in fig. 5 appear at the lowest energies 
(0.46-0.58 eV> of those reported by the 
Xerox/IBM group [17]. We measured higher val- 
ues corresponding to the vicinal surfaces in refs. 
[8,9] (0.64-0.96 eV), the melt-grown and As-de- 
capped surface in ref. [7l (0.81 eV>, the (As-rich) 
decapped surfaces, measured by internal photoe- 
mission in fig. 1 (0.78-1.06 eV> [II], and the 
(1 X 1) As-decapped surfaces measured by SXPS 
(0.93-1.25 eV> [61. With the exception of our 
group’s 1.2 eV data point for Al on GaAs(100) 
(1 x 1) obtained by SXPS at 100 K [61, a range of 
Al-GaAs E, stabilization from 0.5 to 1.0 eV 
above the valence band has been confirmed by 

the photoemission and current-voltage measure- 
ments of other groups. These measurements in- 
clude “inert” surfaces prepared by deposition of 
metal clusters using Xe buffer layers on n-type 

(1.17 eV) and p-type (0.38 eV) GaAs [22], As-rich, 
n-type (0.93 eV> and p-type (0.6 eV) surfaces, 
Ga-rich, n-type (0.6-0.7 eV> and p-type (0.5 eV) 
surfaces [20,21], a (4 X 6) surface measured by 
I-V (0.7 eV> [21], a bulk-grown, etched surface 
(0.85 eV> [41, and, for comparison, a cleaved 
(llO), bulk-grown surface (0.8 eV) [23]. Observa- 
tions of both our group and others indicate that 
the higher-lying stabilization energies correspond 
to more As-rich surface conditions. Experiments 
are in progress to evaluate the electronic struc- 
ture associated with such process conditions. In 
general, the wide range of E, positions for 
Al/GaAs interfaces demonstrates the impor- 
tance of extrinsic effects such as atomic composi- 
tion and morphology. Furthermore, the changes 
in interface state distributions with surface prepa- 
ration evident in the CLS features shown in figs. 
3-5 suggest the importance of surface chemical 
composition and its sensitivity to atomic-scale 
processing in determining the band bending of 
the metal/ semiconductor interface. 

7. Deep-level/chemistry basis for Schottky 
barrier formation 

The changes in deep-level interface states in 
figs. 3-5 and the changes in Schottky barrier 
formation shown in figs. 6 and 7 demonstrate the 
importance of surface preparation in Schottky 
barrier formation. The influence of chemistry, 
surface morphology, and even bulk crystal growth 
on the subsequent interface properties indicates 
that several physical phenomena can contribute 
to interface state formation. This is consistent 
with the generally extended rather than abrupt 
nature of the metal-semiconductor contact [l]. 
For interfaces with reacted/interdiffused regions 
and/or point and extended defects and impuri- 
ties, the strength and nature of these chemical 
interactions dominate the junction electronic 
properties [1,241. The wide range of band bending 
evident even for GaAs junctions has a serious 
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implication for models of Schottky barrier forma- 
tion. Practical models of Schottky barrier forma- 
tion should, at a minimum, provide reasonable 
agreement with experiment measurements of 
well-characterized junctions. The wide range of 
band bending reported by several groups is not 
adequately described by “pinning” models, ex- 
trinsic [25] or intrinsic [26]. In addition, a useful 
model of Schottky barrier formation should pre- 
dict as well as rationalize barrier behavior, pro- 
viding tests of interface band bending versus elec- 
tronic structure. Ideally such a model would pre- 
dict macroscopic electronic properties on the ba- 
sis of features measurable on an atomic scale. 
Alternatively, atomic-scale features measured in- 
situ during semiconductor growth and processing 

might provide diagnostics for macroscopic devices 
prior to completing their fabrication. 

The correlation between deep levels observed 
via CLS and the changes in GaAs (and other 
semiconductor) band bending suggests a useful 
basis for describing and perhaps predicting 
band-bending properties. In this deep level/ 
chemistry picture, a wide range of band bending 
is possible, depending on the presence or absence 
of deep levels. The deep levels can arise from a 
variety of defects, impurities, complexes, precipi- 
tates, dislocations, or other near-surface chemical 
features. Depending upon the energies and den- 
sities of these deep levels, the E, stabilizes at 
different positions as deviations from a simple 
Schottky model of charge transfer. Such a physi- 
cal picture is in contrast to a “defect” model, for 
example, where a particular native defect (i.e, 
EL2) leads to a “pinning” for all adsorbates 
within the narrow range of energy levels of this 
defect [25]. Extraction of energies and densities 
of all deep levels, coupled with a self-consistent 
electrostatic analysis (for example, ref. [27]) could 
then provide a means to predict band bending 
from atomic-scale electronic measurements. Such 
an advance requires new sub-gap, transient opti- 
cal response measurements, optical detection 
and/or excitation of states throughout the band 
gap, and a theory describing such optical phe- 
nomena in terms of state densities and cross 
sections for charge capture and release in the 
near-surface region. Such deep-level measure- 

ments and optical emission theory are not yet 
available. 

8. Conclusions 

The CLS and SXPS results presented here 
demonstrate that discrete deep levels are present 
in the GaAs band gap which are sensitive to the 
specifics of semiconductor growth, interface 
chemistry, and subsequent processing. Likewise, 
numerous studies indicate that band bending at 
GaAs/metal interfaces can vary over a substan- 
tial range and is dependent on the detailed inter- 
face chemical conditions. Indeed a correlation is 
evident between the band bending observed via 
SXPS and the deep-level energies plus emission 
intensities extracted from CLS. This correlation 
suggests that deep levels controlled by interface 
preparation may provide a useful basis for under- 
standing and perhaps predicting Schottky barrier 
properties. 
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