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Comparative study of Y and other transition metals on GaAs(110)
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Interface chemistry and Schottky-barrier formation of Y/GaAs interfaces are studied by high-
resolution photoemission (PES) and inverse-photoemission (IPES) spectroscopies and are compared
with results from other transition metals on cleaved GaAs surfaces. As with all other transition
metals studied so far, the interface chemistry is characterized by a heavily reacted layer, which in-

volves both Ga and As atoms. Ga diffuses into the overlayer, while As stays close to the interface,
in contrast to the inverse behavior found in many other transition-metal —GaAs systems. Contrary
to, e.g. , Ti or V, the PES and IPES spectra of Y overlayers show at low coverages no d-electron-
related filled or empty states in the band gap of GaAs. The direct involvement of rehybridized d-
electron states in the Fermi-level pinning, that has been proposed for several other transition metals,
can be ruled out at least for the Y/p-type-GaAs interface. Alternative mechanisms responsible for
the observed Schottky barrier are discussed. The variation of the barrier height with coverage indi-
cates an influence of the metallic properties of the overlayer on the final Fermi-level pinning posi-
tion. This applies especially for n-type GaAs, for which the final barrier height is not established

0
before the overlayer reaches a thickness of ) 10 A. The variation of the band bending with cover-

age suggests a change in the energetic distribution of acceptor states with increasing Y coverage.

I. INTRODUCTION

The characterization of the microscopic mechanisms
leading to the formation of Schottky barriers on III-V
compound semiconductors has always suffered from a
lack of sensitivity both at low metal coverages, for which
the density of interface states necessary for Fermi-level
pinning is only of the order of 10' cm, and at higher
coverages, for which the metal conduction band overlaps
the semiconductor valence band and part of the intrinsic
band gap. Consequently, photoemission spectroscopy
(PES) experiments were until recently not able to provide
spectroscopic evidence for these bandgap states and their
energetic distribution. Therefore, all models proposed for
the Schottky-barrier-formation mechanism are either
based on theoretical results, ' or on the interpretation of
indirect experiments. An example of the latter is the
variation of the Fermi-level pinning position within the
bandgap as a function of adsorbate coverage, which can
usually be fitted by one pair of effective donor and accep-
tor levels, but with a substantial ambiguity in their respec-
tive energy levels. Novel techniques ' will most likely
play an important role in direct spectroscopy of interface
states in the near future, but at present, only limited data
are available. Another approach was recently chosen by
Ludeke et al."' who studied transition metals on cleaved
III-V compound semiconductor surfaces with convention-
al PES techniques. These experiments were based on the
relatively large scattering cross-section of d electrons and
the fact that several transition metals have been identified
as deep traps in the bulk of both group-IV elemental and
III-V compound semiconductors. The latter aspect is of
substantial technological importance (e.g., Cr or V doping
of GaAs in the production of semi-insulating substrate

material), and has led to a large variety of theoretical' ''
and experimental'

' papers on that subject. Therefore,
it is well known that a transition metal impurity usually
substitutes a group-III atom (cation) in a III-V semicon-
ductor lattice, which causes a rehybridization of the d
electrons. The tetrahedral crystal field leads to a splitting
of the d band into bonding and empty or partly filled an-
tibonding and nonbonding levels. Depending on the ener-
getic position of these levels with respect to the intrinsic
band gap and on the charge state of the substitutional im-
purity, such a state can act as donor and/or acceptor.
Little is known so far about possible corrections for these
energy states as the impurity is moved to the surface or to
a metal-semiconductor interface, which reduces the sym-
metry of the problem. However, since the precision of
theoretically predicted impurity levels is of the order of
the bandgap itself, present theories are at best capable of
giving trends rather than predicting reliable absolute ener-
gy values. In addition, the reactivity of most of the tran-
sition metals suggests that not only substitutional cation
defects but also more complicated defect complexes are
created when evaporating transition metals on clean semi-
conductor surfaces. Hence, it appears necessary to study
several transition-metal —semiconductor interfaces indi-
vidually with the aim of establishing chemical trends for
their relevance in the Schottky-barrier-formation process.

So far, detailed Schottky-barrier studies have been pub-
lished for Ti(3d 4s configuration), Pd(4d ' Ss ),
V(3d 4s ), and Mn(3d 4s ) on n- and p-type CsaAs, "'
with the latter two metals also reported on InP. ' In all
these systems d-electron-related emission was observed in
the intrinsic semiconductor band gap up to the Fermi lev-
el for coverages well below the formation of a metallic
overlayer. This finding provides strong evidence for the
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direct involvement of transition metal impurities in the
Schottky-barrier-formation mechanism and was recently
supported by inverse photoemission results for some of
these interfaces, which showed empty states in the
bandgap down to the Fermi level. ' ' All four transition
metals mentioned have more than three valence electrons,
which means that they can act—in principle —as donor
and acceptor states, since the neutral charge state at a sub-
stitutional cation site is 3 + . In the following, we present
PES and IPES (inverse PES) results of Y on GaAs, which
is particularly interesting, since the 4d'Ss configuration
of Y is not expected to produce a donor state at a substi-
tutional cation site, as all three valence electrons are in-
volved in the chemical bonding. The differences in chem-
istry and Fermi-level pinning are illustrated by comparing
these results with experiments of other transition-metal
interfaces.

valence band spectra. The energy resolution of the IPES
spectra is estimated to be 300 meV. The digitally record-
ed core-level spectra were decomposed into their respec-
tive spin-orbit-split components by means of a computer
routine described in detail elsewhere. In brief, the least-
square routine minimizes the difference between the actu-
al spectrum and a synthesized one, which is generated
from spin-orbit-split Lorentzian doublets broadened by a
Gaussian line shape, the latter accounting for instrumen-
tal broadening as well as for inhomogeneities in chemical
phase and band bending. The number of adjustable pa-
rameters is kept minimal by determining spin-orbit split-
ting and the intensity ratio between the spin-orbit-split
components from the spectra of the clean sample, and
keeping these constant for all coverages and chemically
shifted components.

A. Interface chemistry

II. PHOTOEMISSION AND INVERSE
PHOTOEMISSION EXPERIMENTS

All PES experiments were performed at the vuv ring of
the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (Upton, N.Y.). The 6-m
toroidal grating monochromator and the two-dimensional
(2D) display analyzer, which was used in an angle-
integrating mode, have been described elsewhere. '

Normal-emission IPES measurements were performed in
a special spectrometer using a grating monochromator
and multichannel detection of the photon spectrum.
GaAs single crystals with a Si (n-type) doping concentra-
tion of 2 X 10' cm, and Zn (p-type) doping of
(5—10)X 10' cm were preoriented and cut in bars of
3X3 mm cross section in the (110) cleavage plane. The
samples were cleaved in situ and tested for flatband condi-
tion; only cleaves with an initial band bending of less than
150 mV were used for further experiments. High-purity
Y was evaporated from Y ribbons, which were heated by
an electron-beam or direct resistive heating. After careful
outgasing of the sources, the system pressure could be
kept in the middle 10 ' Torr range during evaporation,
up from a base pressure of =10 ' Torr. Evaporation
rates were calibrated with a quartz-crystal monitor and
checked before and after each evaporation. , Rates were
adjusted between 10 and 5 X 10 A/sec, with the
higher ones used at coverages exceeding 1 A. All eva-
porations and measurements were carried out with the
cleaved sample held at room temperature. Coverages are
given in units of angstroms, with an equivalent monolayer
[defined as 8.85 X 10' atoms/cm, the atomic density of a
GaAs (110) layer] of Y, V, Ti, and Pd corresponding to a
thickness of 2.95, 1.26, 1.56, and 1.30 A, respectively.
Note that an equivalent monolayer (ML) of Y is up to two
times thicker than for the other transition metals dis-
cussed. Core-level spectra were taken in a surface-
sensitive mode by choosing appropriate photon energies to
achieve minimal electron escape depths ( (5A). The
bandpass of the analyzer was set to give an estimated
combined resolution of monochromator and analyzer of
&200 meV for core-level spectra, and &400 meV for

Figure 1 shows the evolution of the As 3d and Ga 3d
core levels as a function of Y coverage The. dots
represent the data after subtraction of a smooth back-
ground, while the solid lines show the fitted components.
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FIG. 1. PES spectra of the Ga 3d and As 3d core levels for
increasing Y coverage at a photon energy of 90 eV. The data
(dots) are decomposed into bulk, surface, and reacted com-
ponents. Their sum is represented by the line through the data
points. The attenuation of the core-level signals with coverage
is represented by scaling factors.



6330 SCHAFFLER, HUGHES, DRUBE, LUDEKE, AND HIMPSEL 35

I I I I

Y on n-type GaAs

tel

V)
Z'.

Z'

N

Ct:
O

As 3d
A~=90 eV

A

I I I I I

42 43 44 45 46 47
I I I

65 66 67 68 69

E„(eV)

FIG. 2. Change in the Ga 3d and As 3d core levels between a
0

coverage of 10 A, which is characteristic for a heavily interacted
interface, and a thick Y overlayer. The spectra are to scale and
show the much stronger attenuation of the As 3d component
compared to the Ga 3d signal. Note that only one sharp Ga

0
component remains at 35 A.

The line through the data points is actually the sum of the
fitted components and demonstrates the quality of the
fits. The spectra of the fresh cleave (labeled "clean" )

show the well-known decomposition into surface and bulk
components. The former, which accounts for about
30%%uo of the total core level emission under surface sensi-
tive conditions, results from the charge redistribution in
the topmost layer, a consequence of the relaxation of the
(110) surface. Up to a coverage of =0.3 A, the spectra
are basically only affected by band bending which is iden-
tical for both core levels. The spectra in Fig. 1 are from
an n-type sample, the band bending shift is therefore
directed toward higher kinetic energies. In addition, the
components are slightly broadened with coverage, which
is mainly due to inhomogeneities in band bending at sub-
monolayer coverages. For coverages beyond =0.3 A
chemically shifted components become noticeable, which
appear on the high kinetic energy side of both bulk com-
ponents. This additional component is clearly observed in
the Ga 3d spectra and becomes obvious when followed
from higher to lower coverages. The chemically shifted
component of the As 3d core level is not resolved for cov-
erages lower than a few angstroms, as it partly overlaps
the surface component, which appears, in contrast to the
Ga 3d signal, on the high kinetic energy side of the bulk
signal. The existence of a superimposed, chemically shift-
ed component is nevertheless noticeable from both the
broadening of what seems to be the As 3d surface com-
ponent, which is not observed to that extent in the Ga 3d
spectra, and from its absolute increase in integrated inten-
sity, which is not expected for a pure surface component.
With increasing coverage both core levels show increasing
signal from the reacted components, which steadily shift
to higher kinetic energies. For a coverage of about 5 A
(corresponding to =2 ML), the reacted components are of

comparable intensity to the bulk signals, but dominate the
spectra at 10 A, the largest coverage for which the bulk
components could be resolved. Beyond 10 A (see Fig. 2),
the As 3d signal is stronger attenuated than the Ga 3d
signal, the latter still being present at a coverage of 35 A.
At this value the As 3d signal is just noticeable.

Additional information on the chemical surrounding of
the reacted species can be derived from the lineshape of
these signals: At coverages ) 1 A, the reacted Ga 3d sig-
nal shows a pronounced asymmetry with a low-energy
tail, which is indicative of many-body effects in the
photoemission process, resulting from the dilution of Ga
atoms or small Ga clusters in a metal environment. "
Such asymmetries are well known from x-ray photoemis-
sion (XPS) spectra of metals, and can to a good approxi-
mation be described by the analytical line shape given by
Doniach and Sunjic (DS), which was used in our fits for
the chemically shifted Ga 3d component.

The shifted As 3d component, on the other hand,
shows only a minor, if any, asymmetry (compare the two
spectra at 10 A coverage in Fig. 1). This finding together
with the fact that the As 3d signal is more rapidly at-
tenuated with increasing coverage suggests that reacted
As atoms stay close to the interface in a predominately
covalent or ionic local bonding environment, while Ga
atoms diffuse into the growing Y film. Thus, the
electron-hole pair creation near the Fermi edge, which is
possible in a metallic environment and responsible for the
DS line shape, is strongly suppressed in the case of the
reacted As component, in sharp contrast to the core level
signals of Ga atoms (or of small Ga clusters) diluted in
the Y host.

Besides the different line shape of the reacted com-
ponents, the full width at half maximum (FWHM) is in
both cases very broad compared to the bulk signals. This
broadening indicates a variety of different local chemical
environments with slightly different binding energies,
which cannot be resolved in the spectra and consequently
appear as an increase of the Gaussian linewidth in our fit-
ting routine. Such a strongly interacted layer is typical
for the first few layers of transition metals on GaAs and
has also been observed for Pd, Ti, ' V, ' Mn, Fe,
and Cr. For all these cases one observes at higher cover-
ages, when the supply of semiconductor species is dif-
fusion limited, only one Ga 3d component, while one or
two relatively sharp reacted components of the As 3d lev-
el survive. This applies also for Y and is illustrated in
Fig. 2 for coverages of 10 and 35 A. The intensity scale
in Fig. 2 is identical for all four spectra and shows the
strong attenuation of the As 3d signal. This is not the
case for the other transition metals mentioned, which are
characterized by Ga staying close to the interface and As
diffusing into the growing film.

B. Fermi-level pinning

The spectral decomposition of the Ga 3d and As 3d
core levels into bulk, surface and chemically shifted com-
ponents allows one to monitor the Schottky-barrier for-
mation by following the energetic position of the bulk
components as a function of coverage. The resulting shift
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FIG. 3. Variation of EF with respect to VBM as a function
of Y coverage. The core-level shifts of the Ga 3d as well as of
the As 3d bulk component are plotted. Note the pronounced
differences in Fermi-level shift between n-type and p-type sarn-

ples: While p-type GaAs becomes pinned at submonolayer cov-
erages, n-type GaAs shows changes in EF well into the metallic
regime of the overlayer. Final pinning positions of other transi-
tion metals on GaAs (Refs. 11 and 12) are indicated on the
right-hand side.

of the Fermi level at the interface with respect to the
valence-band maximum (VBM) is plotted in Fig. 3 for n

and p-doped samples. The data points represent the rela-
tive shifts of the bulk component and are aligned with
respect to the VBM, assuming flatband condition for the
clean cleaved p-type sample. This results in a starting
value of the Fermi-level 70 meV above VBM as calculated
from the doping of our p-type samples. The assumption
of flatband condition for the cleaved p-type sample is
based on experimental observations on many cleaves,
which for our samples showed that band bending was
more likely to occur on n-type material. Nevertheless, we
cannot completely rule out a small initial band bending on
the p-type sample, which would result in a systematic er-
ror in the plotted Fermi-level positions. From compar-
isons with other cleaves, we estimate this error in the ab-
solute energy values depicted in Fig. 3 to be less than 50
meV. The precision of the relative changes in the Fermi-
level position is limited by the differences between the
Ga 3d and As 3d —derived band bending. As Fig. 3
shows, these differences are smaller than 50 meV for all
coverages studied, even in the range beyond 1 A, where
the chemically shifted component complicates the Ga 3d
spectra. This demonstrates that our fitting procedure is
capable of separating the true bulk components with high
precision, even in the case of a strongly interacted inter-
face. Nevertheless, it has to be pointed out that the reac-
tion products limit the maximum coverage for which
the bulk component can be reliably extracted from the
spectra to (10 A (=3 ML). Similar limits have been
found for other transition metals, "' and appear to be
typical for reacted overlayers, which do not show any ten-
dency for clustering or island growth. The absence of
cluster growth is clearly demonstrated by the small effec-

tive electron escape depth: From the attenuation of the
Ga 3d and As 3d bulk components as a function of Y
coverage, we derive a escape depth of 3+0.5 A in surface
sensitive condition, which is comparable to the 2+0.5 A
found for Ti overlayers. "

The variation of the Fermi-level pinning position as a
function of Y coverages reveals a pronounced asymmetry
between n- and p-type samples: While the Fermi-level
shift for the p-type sample shows a relatively abrupt in-
crease to within 100 meV of the final value in the cover-
age range between 0.01 and 0.1 A, the n-type sample is
characterized by a gradual shift over the entire, experi-
mentally accessible coverage range. At 10 A both samples
reach the same pinning position in the band gap. Though
the Fermi-level shift on n-type GaAs does not show a
clear saturation behavior by then, we expect only minor
changes at higher coverages once a metallic overlayer is
formed, especially for the strongly reactive transition met-
als, which show no indication for clustering or island
growth, as mentioned before. The latter growth mode is
important for nonreactive systems like Ag on GaAs,
where changes in the pinning position have been observed
for coverages &20 ML. ' ' However, the delayed pin-
ning in such cases is attributed to lateral inhomogeneities
in coverage (and consequently in pinning) rather than to
intrinsic changes in the interface states. A similarly de-
layed onset of the pinning has recently been observed for
metals deposited at low temperatures.

Although there may be small additional changes in
Schottky-barrier height at higher coverages, which would
require other techniques to be detected, the values reached
within the coverage range accessible by PES experiments
already allow a comparison between different transition-
metal overlayers. For that purpose we marked on the
right-hand ordinate in Fig. 3 the Fermi-level pinning posi-
tions for several transition metals reached at comparable
coverages. These pinning positions, which are spread over
a range of about 300 meV within the bandgap, are dis-
cussed together with the apparent differences in interface
chemistry in Sec. III.

C. Valence-band studies

In addition to core-level studies, which give informa-
tion about the interface chemistry and the band bending,
we also performed valence band studies of filled and emp-
ty states to obtain further insight into the possible
Schottky-barrier formation processes. Figure 4 shows
valence band photoemission spectra of an n-GaAs sample
for several Y coverages at a photon energy of 90 eV. The
abscissa is scaled in energy relative to the Fermi level, i.e.,
the raw data in the left panel show the changes in valence
band emission including the band-bending shift. The in-
tensities for the different coverages are not to scale so as
to reveal details at low coverages. The raw data are com-
plemented by difference spectra on the right-hand side,
which depict the spectra at the indicated coverages after
subtraction of the clean spectrum. For this purpose, the
two respective spectra have been corrected by the band
bending shift derived from the substrate core-level signals
and aligned in intensity by scaling to the low-energy
feature in the valence band. The scaling works quite well
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FIG. 6. In contrast to Y, other transition metals show filled
and empty d-electron-related states in the band gap at coverages
well below the onset of metallic properties. Ti, V, and Pd data
are shown as examples. The plots combine photoemission and
inverse-photoemission spectra of clean samples (dashed) and

0
difference spectra at coverages of 0.2 A of the respective metal.

6, which depicts the additional filled and empty states in
the vicinity of the band gap induced by small amounts of
Ti, V, and Pd deposited on cleaved GaAs samples (solid
lines). The dashed curves show the valence and conduc-
tion bands as derived from PES and IPES experiments on
clean cleaves. The d-derived bandgap states extend in all
three cases up to the Fermi level, providing strong evi-
dence for their direct involvement in the pinning process.

III. DISCUSSION

The experimental results presented in the preceding sec-
tion reveal pronounced differences in the chemical and
electronic behavior of Y on GaAs with respect to other 3d
and 4d transition metals. As far as chemistry is con-
cerned, the predominant outdiffusion of Ga rather than
As into the metal overlayer has not been observed for the
3d and 4d transition metals studied so far. The line shape
of the reacted As 3d compound indicates a strong bond
between As and Y atoms, which is consistent with the
large electronegativity difference of the two species: Y
has, with a value of 1.2, the lowest electronegativity of
all 3d and 4d transition metals, which is substantially
lower than that of As (2.0) and also less than the value for

Ga(1.5). In contrast, the other transition metals that have
been studied (V, Ti, Cr, Mn, Fe, and Pd) have electronega-
tivities comparable to that of Ga. This suggests that the
interface reactions consist basically in the formation of
Y—As bonds, which releases Ga atoms from their lattice
sites. The reaction at this stage is not stoichiometric, as
can be seen in the inhomogeneous broadening of the react-
ed Ga and As core levels, and most likely affects several
atomic layers of the substrate. The observed shift of the
reacted As 3d component toward higher kinetic energy re-
sults from a charge transfer from Y atoms, as expected
from the large electronegativity difference. This effect be-
comes also visible in the shift of the As 4s derived
valence-band feature that has been mentioned above (see
Fig. 4). The Ga atoms released in the earlier stages of the
interface reaction diffuse into the Y overlayer, probably
forming an alloy, which becomes more and more Y rich
with increasing thickness of the overlayer, as the interact-
ed layer forms an effective barrier for further out dif-
fusion of Ga atoms. The final stage is reached when iso-
lated Ga atoms are surrounded by a local Y environment,
resulting in a Ga 3d spectrum consisting of only one
sharp peak (see Fig. 2).

The simplified description of the likely reactions at the
Y-GaAs interface is based on the observed changes in the
core-level spectra and the differences in electronegativity.
The use of electronegativity seems to be justified for the
present case, and is supported by recent experiments at the
interface between the 4f metal Yb and GaAs: Yb has a
comparable small electronegativity of 1.1, and shows a
similar reaction kinetic at the interface as Y, i.e., Ga dif-
fuses into the overlayer while As stays close to the inter-
face. On the other hand, care has to be taken when the
electronegativity differences between the reacting species
are small, as is the case with most other transition metals
on GaAs: Although a cation replacement reaction is the
most probable initial reaction for all of these interfaces, it
is at present not understood, why for those systems the ca-
tion stays close to the interface upon further metal deposi-
tion while the anion diffuses into the overlayer.

The other interesting aspect of the Y-GaAs system,
namely the electronic properties of the interface, differs
also substantially from the behavior found with other
transition-metal —GaAs interfaces: From the simple
counting of the valence electrons, mentioned in Sec. I, it is
clear that no d-electron-related filled states of Y atoms at
a substitutional cation site are expected to overlap the in-
trinsic bandgap region. This expectation is confirmed by
the PES experiments, which are consistent with the as-
sumption of a cation replacement reaction, but also reveal
that the filled d state is located several eV below EF.
Nevertheless, we observe a Schottky barrier of 0.68+0.05
eV on p-type, and of 0.73+0.05 eV on n-type GaAs, close
to the barrier heights found with V and Ti overlayers.
The latter two metals show a large density of filled and
empty, d-electron-related states at the Fermi level at cov-
erages long before the overlayer becomes metallic (see Fig.
6). This finding together with the known donor and ac-
ceptor properties of these metals in bulk samples led us to
the conclusion that the rehybridized d orbitals provide the
dominating mechanism for the observed Schottky-barrier
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formation. "' The same argument applies for Pd (Ref.
11) and to some extent also for Mn, ' but the lack of d-
electron-related band-gap emission in the present case of
Y rules out the involvement of d orbitals in the pinning
mechanism for p-type GaAs. The situation is not so clear
cut for n-type GaAs, which is characterized by a gradual
shift of the Fermi level toward the final pinning position:
About 40%%uo of the total band bending occurs in a coverage
range beyond 0.1 A, where chemical reactions and tailing
of the predominately d-like empty states into the intrinsic
bandgap become visible in the experiments. In contrast,
the Fermi level on p- GaAs lies within 100 meV of the fi-
nal pinning position already at a coverage of 0.1 A. This
pronounced asymmetry in Schottky-barrier formation
suggests different mechanisms being responsible for the
creation and energetic distribution of donor and acceptor
states at the Y-GaAs interface. The following discussion
will therefore treat the pinning on n- and p-type samples
separately.

The p-type GaAs-Y interface reaches its final pinning
position at very low coverages with only minute changes
in the regime of strong chemical reactions at the interface
and the eventual development of a metallic overlayer.
The results suggest that the energetic distribution of

O

donors created upon deposition of about 0.1 A Y is almost
unaffected by the subsequent interface chemistry and the
screening properties of a true metal overlayer. This im-
plies that either a high density of donors of the order of
10' cm has been created at 0.1-A coverage, or that the
same kind of donor states is also produced in the reaction
regime. In either case, it is expected that some 10' cm
donors are present at several-angstrom coverage, when the
overlayer becomes metallic. Otherwise, the metallic
screening properties would affect the final pinning posi-
tion according to recent theoretical results.

The experiments do not provide direct access to the ori-
gin of the donor states created upon Y deposition on p-
type GaAs: As the experiments lack any evidence for
filled gap states in the low coverage range, the Y-GaAs
interface resembles the situation found for most of the
simple, nontransition metals, where surface donor states
also escaped detection in photoemission experiments, ei-
ther because of the small density of those states or, more
likely, because of their small photoemission cross section.
Nevertheless, the observed interface chemistry and the
pinning behavior allow to select some potential mecha-
nisms, which will be briefly discussed in the following.

The reactivity of Y that is observed in the core-level
spectra and the local inhomogeneities inside the reacted
layer, which lead to a broadening of the reacted Ga 3d
and As 3d components, suggest that besides substitutional
cation impurities other kinds of defects, e.g., vacancies or
ternary complexes, are created during the first phase of Y
deposition. It is well known from calculations that filled
and empty electron levels associated with such defects can
be located within the intrinsic gap of GaAs, and therefore
can contribute to the Schottky-barrier formation. These
theoretical results were important for the formulation of
the so called "unified defect model" (UDM), which attri-
butes the Schottky-barrier formation to a universal pair of
GaAs-derived defects that are created during the first

steps of metal deposition: Ga and As vacancies, or AsG,
and Ga~, antisite defects have been named as candidates
for donor and acceptor states, respectively. ' Despite
recent modifications that reduce some of the early
shortcomings of the UDM, such as the prediction of two
different pinning levels for n- and p-type semiconductors,
the main problem remains the experimental identification
of the proposed defects. Moreover, the claimed universal-
ity of the model has been questioned by recent experi-
ments on the Ge-GaAs interface, '"' which revealed
Fermi-level pinning only in the case of an amorphous, but
not for an epitaxial Ge overlayer. This finding is hard
to reconcile with the UDM, as it appears unlikely that na-
tive GaAs defects should only be created at low-
temperature deposition of Ge, which leads to an amor-
phous overlayer, but not under epitaxial growth condi-
tions. The interpretation given in Ref. 40 attributes the
pinning behavior for the amorphous overlayer to Ga and
As dangling bonds at the interface that are not saturated
by Ge bonds because of local disorder in the amorphous
film. This mechanism is more satisfactory than one based
on intrinsic GaAs defects and might also b. 'important for
the present case of a heavily reacted overlayer.

Another possible source of interface states is related to
the cation replacement reaction, which we identified as
the most likely initial reaction upon Y deposition. At
submonolayer coverages the released Ga atoms have to
stay at the surface, before a part of them can be succes-
sively incorporated into the growing Y film during fur-
ther Y deposition. The early Y-adsorption regime resem-
bles therefore models that have been proposed for low-
coverage Al-GaAs interfaces, where a corresponding
Al-Ga replacement reaction was assumed. As neither Al
nor Y at a cation site of the surface create intrinsic donor
states, it is conceivable that the observed band bending in
both cases is due to the replaced Ga atoms. This argu-
ment is supported by the fact that the Ga-GaAs interface
is also pinned. Unfortunately, no high-resolution band
bending studies are available for low Ga coverages ( (0.1

A), which would be necessary to test if a predominant
creation of donors at the Y-GaAs interface can be related
to an energetically favorable binding site of replaced Ga
atoms at the surface, as is suggested by energy-
minimization calculations. At higher coverages, howev-
er, the possible similarity between the Y-GaAs and the
Ga-GaAs interface is no longer expected. Ga (like other
column III atoms) clusters at room temperature, an effect
which is unlikely in the present case because of the rela-
tively small amount of Ga atoms released and its alloy
formation with the Y overlayer. Hence, the experimental
finding that Ga pins both n- and p-type GaAs at cover-
ages & 1 A (Ref. 43) does not rule out the possibility of a
predominant donor creation at submonolayer coverage.
Certainly, additional experiments of the Ga-GaAs inter-
face, preferentially performed at low temperatures in or-
der to suppress cluster formation, are necessary to sub-
stantiate the relevance of this pinning mechanism.

As mentioned above, the n-type GaAs- Y interface
behaves in a substantially different manner as far as
Schottky-barrier formation is concerned: Although we
observe band bending from the lowest Y coverage on, the
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final barrier height is not established before the overlayer
is truly metallic. The gradual shift of the Fermi level over
such a large coverage range has so far only been observed
for metal overlayers that form clusters or islands upon
room-temperature deposition. Such a growth mode defin-
itely does not apply to the Y-GaAs interface (compare
Sec. II B). A simple interpretation in terms of lateral in-
homogeneous band bending is therefore inadequate for the
present system, especially as p-type GaAs would be affect-
ed as well, which is obviously not the case. The n-type
GaAs-Y interface appears to be much more complicated
and most likely has several pinning mechanisms involved.
At low coverages donor as well as acceptor states are pro-
duced, since both n- and p-type substrates show band
bending from the smallest Y depositions on. Any of the
three mechanisms discussed above as sources for donor
creation can in principle also be associated with acceptor
production. However, it appears unlikely that the defect
mechanism of the UDM is applicable here, as it assumes
an acceptor level far down in the band gap, which does
not correspond to the shallow barrier on n-type GaAs
reached at low coverages. In order to fit the UDM to the
Y-GaAs interface, one has to assume that the density of
acceptors is too small to pin the Fermi level at low cover-
ages. This means that the rate for acceptor production
would have to be much smaller than the one for donors,
which is not supported by experiments on other systems
that have been described in terms of the UDM. The
second mechanism, namely the donor and acceptor prop-
erties of unsaturated dangling bonds at the interface, is
based on n-type GaAs-Ge interfaces only and needs con-
firmation on p-type substrates before its relevance for the
present interface can be judged. More experiments are
also necessary for the third proposed mechanism, which is
related to the role of released Ga atoms at the interface.
It is however worth noting that energy-minimization cal-
culations show several energetically favorable binding
sites of Ga atoms on the GaAs(110) surface, which differ
somewhat in binding energy. These sites affect also the
associated density of states in the bandgap, i.e., they can
have donor or acceptor properties. The energy difference
between two such sites would then determine the probabil-
ity of their occupation by released Ga atoms and might
account for a much smaller density of acceptors, which is
too low to pin the Fermi level at submonolayer coverages.
In addition, the simple acceptor state might be close to the
conduction band, accounting for the shallow barrier found
at low coverges at the n-type GaAs- Y interface.

Whatever the acceptor-creating mechanisms at low cov-
erages are, the delayed formation of the Schottky barrier
suggests that other mechanisms contribute in the interac-
tion regime. From the low-coverages IPES spectra, we
can exclude that empty d-derived states associated most
likely with a cation replacement reaction provide a source
for acceptors, since such states appear several eV in the
conduction band. With increasing coverage, however, the
overlayer gradually develops metallic band structure,
which is characterized by tailing of the empty states to-
ward the Fermi level. Although such a tailing does not
become obvious in the IPES spectra at Y coverages below
2 A, an earlier onset of a gradual overlap between the

metal density of states and the semiconductor band gap
appears plausible: A small density of states would most
likely escape experimental detection, as the scattering
cross section for d-like states at an electron energy of 15.3
eV used in the IPES measurements is much smaller than
the one in the PES experiments, which were performed at
a photon energy of 90 eV. Another problem is the disap-
pearance of a pronounced surface resonance in the IPES
spectra, which affects the conduction band onset of the
clean spectrum. This leads to the negative peak in the
difference spectra of Fig. 5, which could easily disguise an
early tailing of the empty d states into the intrinsic band
gap.

The gradual development of metal-derived states, which
move downward with increasing coverage, could provide a
source for acceptorlike density of states that changes its
energetic position with increasing overlayer thickness.
Such a mechanism appears interesting, especially in con-
nection with a class of models, which are based on metal-
induced gap states (MIGS) as a potential source for
Fermi-level pinning. ' Such models are usually calculat-
ed for abrupt interfaces between semiconductors and me-
tallic overlayers, but it is clear that the metal band struc-
ture develops gradually under experimental conditions.
Nevertheless, it appears impossible, to extract such an ef-
fect in a quantitative way from our experiments, since we
cannot entirely rule out the generation of localized accep-
tor states at lower energies in the interaction regime,
which could as well account for the observed gradual shift
of the Fermi level. Hence, lacking an experimental tech-
nique that provides information about the exact distribu-
tion of acceptor and donor states in the band gap as a
function of coverage, we can only speculate about the po-
tential influence of MIGS. However, it should be pointed
out that even if MIGS play a role in pinning the Fermi
level at the n-type GaAs-Y interface, their efficiency is
obviously very limited and their effect can easily be over-
ruled by a high density of localized interface states: This
is observed for the p-type GaAs-Y interface as well as for
the transition metals in Fig. 6, which all show pinning
close to the saturation value at very low coverages.

In summary, we have studied the Y-GaAs interface,
which shows several unusual features as compared to oth-
er transition-metal —GaAs systems. Though the interface
is heavily reacted, like with other 3d and 4d metals, the
small electronegativity of Y compared to Ga and As leads
to a strong bond between As and Y and drives substituted
Ga atoms into the growing metal film. In contrast, other
transition metals studied recently reveal a more complex
interface chemistry, which is most likely also started by
Ga substitution, but subsequently results in outdiffusion
of As into the overlayer.

Besides the interface chemistry, the most remarkable
finding is the Schottky-barrier formation, especially the
pronounced differences between n- and p-type GaAs: p-
type GaAs is characterized by Fermi-level pinning at sub-
monolayer coverages, while the Schottky-barrier forma-
tion on n-type GaAs extends into a coverage range where
the overlayer becomes metallic. This means that at low
coverages mainly donor states are created at the interface,
while the density or the initial energetic distribution of ac-
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ceptor states is not sufficient to pin the Fermi level at its
final position. The origin of the surface donors is not un-
derstood yet, but we can rule out that rehybridized d elec-
trons, which most likely provide donor states in several
other transition-metal —CxaAs systems, are involved in the
Fermi-level pinning at the Y—p-type-GaAs interface.
Empty d-derived states might play a role as acceptor
states in the intermediate coverage regime, but this effect,
if it exists, results from the properties of the Y overlayer
and not from the empty levels associated with a simple
substitutional defect.

The results of the Y-GaAs interface show that we are
still far from understanding the basic, microscopic mecha-
nisms that lead to the formation of a Schottky barrier.
The future development in this field will strongly depend

on new spectroscopic methods, which hopefully allow a
positive identification of the interface states created at
submonolayer coverages, and on the ability for a reason-
able description of the intermediate coverage range be-
tween interface creation and metallic screening.
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