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Temperature-dependent Al/GaAs(110) interface formation and adatom energy references
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Synchrotron-radiation photoemission studies of the formation of Al/GaAs(110) interfaces have

been performed as a function of substrate temperature for 60~ T~ 300 K for n- and p-type doped
samples. The results show temperature-dependent changes in surface Fermi-level position, surface

morphology, and the distribution of released substrate atoms in the overlayer. Detailed examina-

tion shows a separation in energy of —1.0 eV for the Al 2p binding energy for n- and p-type GaAs
at low coverage. This equals the difFerence in band bending for the two substrates and demonstrates
that the adatom energy reference is an intrinsic level of the semiconductor, not the Fermi level.

Substrate band bending approaches its final value when EF becomes the energy reference for the

overlayer, and this occurs at the onset of metallic overlayer behavior. Temperature-dependent band

bending observed below —1 monolayer can be understood in terms of the coupling of an adsorbate

energy level to the semiconductor via steady-state tunneling and thermionic emission. The high-

coverage results at all temperatures are consistent with metallicity.

INTRODUCTION

The fundamental physical mechanism(s) and conse-
quences of Schottky-barrier formation have been studied
extensively for years. Photoemission has been one of the
techniques of choice to study the e6'ects of adatom depo-
sition on semiconductors because of its ability to corre-
late electrical properties (band bending) with physical and
chemical changes at the surface. ' Of the many metal-
GaAs interfaces examined, Al/GaAs has probably re-
ceived the most attention, in part because Al is a relative-
ly simple metal from a theoretical standpoint (no d
electrons), because Al-Ga exchange reactions occur at
the surface, ' and because of the importance of
Al„Ga& „As/GaAs heterojunctions. Most recently, ex-
periments that emphasized low-temperature Al deposi-
tion on GaAs(110) have given new insights into the im-
portance of metallicity in Fermi-level evolution.

This paper presents high-resolution synchrotron-
radiation photoemission investigations of Al/GaAs(110)
interfaces prepared by atom deposition on substrates held
at temperatures between 60 and 300 K. The goal was to
correlate changes in Al morphology and interface chem'
istry with Fermi-level movement. The morphology is
found to be highly dependent on temperature, while the
amount of substrate disruption is not considerably altered
by forming an interface at lower temperature. We find
that the Al 2p core-level position strongly depends on the
doping type and extent of band bending at low coverage
and temperature, indicating that the energy reference of
adsorbed Al atoms is the conduction-band minimum
(CBM) or an equivalent intrinsic energy level, not the
Fermi level. The low-temperature results show that EF
ultimately becomes the overlayer energy reference, but
only after the deposition of 5 —10 A of Al. At coverages
below the metallic limit, the temperature-dependent

band-bending behavior forces a reevaluation of existing
Schottky-barrier models and can be understood in terms
of the coupling of the adsorbate level with the substrate
via steady-state tunneling and thermionic-emission
currents. We discuss the results in terms of a recent
model of current flow between the bulk and surface of the
semiconductor. At higher coverage, the coupling of the
overlayer to the bulk semiconductor is enhanced by
charge delocalization, i.e., surface metallicity.

EXPERIMENT

The photoemission experiments were conducted at the
University of Wisconsin —Madison Synchrotron Radia-
tion Center, Stoughton, WI, using the Grasshopper Mark
II and Mark V monochromators and beamlines. A
double-pass cylindrical mirror analyzer mounted in an
ultrahigh-vacuum experimental chamber (operating pres-
sure -5X10 "Torr) was used to acquire photoelectron
core-level energy-distribution curves (EDC's). Samples
were connected to the second stage of a closed-cycle heli-
um refrigerator via a Cu braid. A resistive heater made it
possible to select sample temperatures between 60 and
300 K, as measured with a Si diode (accuracy +5 K).
The sample temperature was constant during data ac-
quisition, with no change when the sample was exposed
to the Al source.

Clean (110) surfaces were created by cleaving posts of
n type (Si-doped, n =1 X 10' cm ) and p-type (Zn
doped, p =2 X 10' cm ) GaAs. Cleave quality was as-
sessed visually and spectroscopically. Surfaces for which
Ez was more than -60 meV from the band edges were
rejected. Core-level line-shape decomposition was per-
formed with an IBM PC/RT microcomputer using a
nonlinear least-squares curve-fitting program. Alumi-
num was evaporated from resistively heated W baskets
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RESULTS AND DISCUSSION

Surface reactions and Al clustering

Figure 1 shows Ga 3d EDC's for representative deposi-
tions at 300 K (left) and 60 K (right). Results for inter-
mediate temperatures fall between these extremes. Line-
shape decomposition shows the familiar bulk and
surface-shifted components for the clean surface (labeled
1 and 2, respectively) where the latter is shifted —0.30 eV
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FIG. 1. Ga 3d core-level EDC's for representative Al deposi-
tions at 60 and 300 K showing the formation of new Ga features
(labeled 3) which grow in relative intensity. The energy position
of component 3 shifts gradually to lower binding energy at 60 K
but it is invariant at 300 K. This rejects differences in Ga coor-
dination in the evolving overlayer. Although different morpho-
logies are observed at 300 and 60 K, there is approximately the
same amount of substrate reaction. The gradual shift of the
surface-shifted component, labeled 2, at 60 K is likely due to
surface unrelaxation and Al—Ga bonding.

located -35 cm from the sample. Stable evaporation
rates of -0. 1 A/min ( —1 A/min) were set prior to expo-
sure to the Al atom fiux for coverages below (above) 0.5
A (pressure ~2X10 ' Torr). A quartz crystal micro-
balance was used to monitor the amount and rate of
deposition. Angstroms are used to express the amount of
Al deposited. For Al, 1.47 A corresponds to one mono-
layer (ML) of the GaAs(110) surface, namely 8.86X10'
atoms cm, but layer-by-layer growth is not implied.
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FIG. 2. Energy spacing between surface and bulk Ga 3d
core-level energies at 60 K (upward sloping curve) and 300 K
(Hat line) for n- and p-type substrates. Atom deposition at 60 K
induces a shift of the surface component to larger binding ener-

gy, and this trend increases with deposition until the surface is
0

covered at —3.5 A. Equivalent changes are not observed at 300
K.

and amounts to 34% of the total intensity at h v=65 eV
in our collection geometry. The branching ratio is 0.70
compared to the statistical value of 0.67. The clean-
surface EDC's measured at 60 K exhibit reduced (Gauss-
ian) broadening compared to those at 300 K, as expected.

As is well known, Al atom mobility on GaAs(110) is
relatively high at 300 K, widely separated clusters form
spontaneously, and substantial amounts of the surface
remain exposed. Hence, the Ga 3d EDC's of Fig. 1

show the persistence of the surface-shifted component
until —16 A. Where Al-GaAs reaction occurs, this sur-
face component disappears and a third component ap-
pears at lower binding energy. The large width of this
new structure indicates that Ga atoms released from the
substrate exist in a variety of chemical environments in
the developing overlayer.

The overlayer formed at 60 K is much more uniform
than at 300 K because Al surface mobility is orders of
magnitude smaller. As a result, the rate of attenuation of
the surface component is faster at low temperature (com-
pare Ga EDC's at 3.5 A). Detailed analysis of the 60 K
results shows that the surface-shifted component moves
to higher binding energy as it decays. This movement is
summarized in Fig. 2 where we show the energy spacing
between the surface and bulk components as a function of
Al deposition at 60 and 300 K. Clearly, the surface-to-
bulk energy separation is independent of doping type.
This dependence on deposition temperature has not been
observed previously. The increasing surface-to-
bulk energy spacing cannot be explained in terms of
Doniach-Sunjic peak asymmetries because, as will be dis-
cussed below, Al does not become metallic until ~ 8 A
deposition (such asymmetry would broaden the EDC's to
the left and would complicate analysis). ' Likewise, it is
not due to inhomogeneous band bending because electro-
static effects would broaden the surface and bulk features
equally while the spacing between them would be con-
stant.
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We suggest that the shift of the surface feature reAects
surface unrelaxation and surface bonding of Al to Ga.
The latter has been predicted to occur prior to unrelaxa-
tion of the surface. "" Unfortunately, the pseudopo-
tential calculations were very sensitive to the bonding
geometry, yielding results for the amount of Al-Ga
charge transfer that are model dependent. Hence, energy
shifts cannot be estimated. The observed increase in
surface-to-bulk peak spacing supports the calculations of
Priester et al. that predicted Ga surface core-level shifts
to be 0.58 eV for the unrelaxed surface and 0.38 eV for
the relaxed surface. ' It is likely that some of the ob-
served surface component shift is due to Al—Ga bonding
since unrelaxation of the surface alone is not sufhcient to
explain shifts of up to —1 eV. We note that the calculat-
ed surface shifts for As difFer by only 0.03 eV for the re-
laxed and unrelaxed surfaces, and this is also in agree-
ment with the absence of any observable change in our
As 3d core levels. Moreover, Zhang et ah. have shown
that Al-Ga wave-function overlap is large for Al on a re-
laxed GaAs(110) surface, and this may also be consistent
with our results. In that case, the total energy of the sys-
tem would be reduced by -0.35 eV per surface atom, al-
lowing the Al-covered surface to unrelax. This suggests
that the increasing peak separation due to unrelaxation
and Al—Ga bonding competes with disruption of the
substrate via the Al-Ga exchange.

Analysis of the relative intensities for Ga component 3
(Fig. 1) suggests that the amount of released Ga is greater
for 60 K deposition than for 300 K at low coverages
(compare EDC's at 3.5 A), because differences in over-
layer morphology exist. Deposition onto cold substrates
produces a more uniform film than for 300 K deposition.
Consequently, a greater proportion of the surface is per-
turbed by adatoms. When the entire surface has been
covered, the total amount of substrate disruption is ex-
pected to be approximately the same. We note that the
position of component 3 relative to the bulk feature is not
the same at 60 and 300 K because released Ga atoms are
coordinated with Al difFerently in the two cases. In par-
ticular, Ga atoms released by reaction at low temperature
are kinetically trapped in the thin Al layer near the inter-
face as will be shown by the attenuation curves of Fig. 3.
In contrast, deposition of A1 at 300 K results in Ga atoms
residing in, and on, the growing Al clusters. ' The
different bonding configurations inferred from the Ga 3d
spectra are supported by analysis of the Al 2p core levels
which are narrower and more bulklike at 300 K than at
60 K for equivalent depositions.

Figure 3 provides quantitative information about the
attenuation of each of the Ga 3d spectral features by plot-
ting in[I(0)/I(0)] versus Al deposition, where I(0) is the
total emission from the clean surface and I(0) is the in-
tensity of each component (or the total) after the deposi-
tion of 0 A of Al. Comparison of the total Ga 3d emis-
sion shows much faster reduction at 60 K than at 300 K
because cluster formation at 300 K does not efFectively
cover the surface. For 300 K deposition, emission from

0
the surface component is still evident at 10—15 A at the
—5% level, indicating that the clusters have covered
most of the surface, but that some areas remain exposed.
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FIG. 3. Attenuation curves for the Ga 3d core-level intensi-
ties as a function of Al deposition at 300 and 60 K. Reduced
adatom surface mobility at low temperature inhibits three-
dimensional cluster formation, thereby leading to more uniform
coverage and faster substrate attenuation. Ga atoms released by
Al-substrate interaction are kinetically trapped near the inter-
face at 60 K but they can segregate at 300 K.

In contrast, the surface-shifted component is quenched
by -3.5 A at 60 K with a 1/e length of —1.4 A. The
signal from the disrupted feature increases until 3.5 A
with deposition at 60 K, and is then attenuated less
quickly than the bulk component (compare 1/e lengths of
4.5 and 3.2 A, respectively). The larger attenuation
length exhibited by the disrupted component reffects the
dissolution of Ga in the overlayer. In contrast, the corre-
sponding reaction-induced feature at 300 K exhibits a
plateau at high coverage. These results suggest that Ga
atoms released from the substrate are kinetically trapped
near the interface at 60 K but segregate to the surface
more readily at 300 K. While difFerenees in morphology
for 300 and 60 K deposition make quantitative compar-
isons dificult, the maximum emission from the released
component is approximately the same for both tempera-
tures, suggesting thai the total amount of substrate dis-
ruption is similar.

Several groups have assumed that low temperature
Al/GaAs interface formation is accompanied by the inhi-
bition of reaction and defect formation compared to 300
K deposition. The results of Fig. 3 indicate that dis-
ruption is not quenched and that the amount of reaction
is not afFected significantly when depositions are made at
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60 K. Recent studies by Aldao et al. ' for Ti/GaAs(110)
and Waddill et al. ' for Co/GaAs(110) have demonstrat-
ed rather unambiguously that equivalent surface disrup-
tion occurs for atom deposition at 60 and 300 K. %'e
conclude that thermal effects do not eliminate chemical
processes and the release of substrate atoms. At the same
time, however, temperature does modify the redistribu-
tion of released Ga and As atoms. Because difFusion is a
thermally activated process, kinetic trapping of the dis-
rupted substrate atoms near the interface is expected to
occur at low temperature. ' '

The onset of metallicity has attracted considerable at-
tention because wave-function delocalization at the sur-
face facilitates band-bending changes. To investigate this
effect, we have studied the Al 2p core-level development
on n and p--type GaAs(110) at 60 K. Representative
EDC's are shown in Fig. 4 for coverages above 0.2 A.
Band-bending effects, which were removed from the Cia
data in Fig. 1, have not been subtracted here to em-
phasize that the adatom energy reference changes with

/I
I j

l l

coverage. Two components are necessary to fit the spec-
tra, even at low coverage, but we find no compelling
reason to add a third as proposed in Refs. 4 and 17 to dis-
tinguish between isolated adsorbed Al atoms, Al-
substrate interactions, and unreacted Al which evolves to
the metal. Feature 1 corresponds to Al atoms which
have interacted with the substrate while peak 2 is due to
unreacted Al in configurations which evolve into metal. '

Spin-orbit split doublets composed of Voigt functions
were used to model the overlayer spectra. ' As a first ap-
proximation, we constrained the spin-orbit splitting,
branching ratio, and Lorentzian widths to values mea-
sured for thick Al films. ' The observed core-level
features are quite broad [—1 eV full width at half max-
imum (FWHM)] below -4 A deposition because
dispersed Al atoms exist in a variety of slightly ine-
quivalent bonding configurations. For coverages between
4 and 12 A, the FWHM narrows to its bulk value of 0.4
eV. (This contrasts with measurements made at 300 K,
where the FWHM of 0.5 eV below 4 A deposition indi-
cates greater tendency to form clusters than the corre-
sponding coverages at 60 K.) Both reacted and unreact-
ed Al atom contributions are present at 0.2 A. With in-
creasing deposition, the overall structure shifts to lower

n-typ

1/GaAs(110) 60 K

I 2p hv 115e

binding energy and is dominated by a component that
corresponds to bulklike Al. For the metallic component,
a Doniach-Sunjic line-shape asymmetry is necessary to
account for core-hole screening at high coverage. '
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FIG. 4. Al Zp core level EDC's as a function of 0 for deposi-
tion onto n- and p-type GaAs(110) at 60 K. The two com-
ponents (corresponding to Al atoms interacting with the sub-
strate and Al atoms forming Al clusters) shift to higher kinetic
energy with overlayer development, ultimately stabilizing when
the overlayer is metallic. For both n- and p-type GaAs, the en-
ergy zero is referenced to EF for metallic Al. The different
amounts of energy offset indicate that an intrinsic level of the
semiconductor is the appropriate reference in the regime when
EF is changing with band bending.

Energy references

Perhaps the most striking aspect of the Al 2p core-level
EDC's of Fig. 4 is that feature 2 for 0.2 A Al on n-type
GaAs is shifted 1.65 eV to higher binding energy relative
to the energy of the equivalent peak at highest deposition,
as noted, while the corresponding shift for p-type GaAs is
only 0.65 eV. Significantly, the Al 2p features appear at
higher binding energy for n-type GaAs than for p-type
CxaAs at all coverages below 10 A, and the difFerence is
approximately the separation in core-level energies for n-

0
and p-type GaAs substrates below 1 A (discussed further
below). Adsorbate core-level positions have generally
been referenced to either the vacuum level or the sub-
strate Fermi level. The vacuum level is difficult to use be-
cause the adsorbate core-level position relative to the sub-
strate Fermi level will depend on the work function of the
substrate. Since the adsorbate perturbs the substrate
work function, considerable confusion generally results
unless the surface work function is monitored. Use
of the substrate Fermi level as the adatom energy refer-
ence is not possible in this case because the results of Fig.
4 would imply that the binding energy of isolated Al
atoms differs by —1 eV on virtually identical surfaces.
This is physically unreasonable and demonstrates that the
adatom bonding levels are tied to the substrate at low
coverage. Hence, the distinct evolution of the Al 2p
core-level energy positions exhibited on n- and p-type
GaAs is a consequence of surface electrostatics (band
bending).

If the energy levels of adsorbed Al atoms or Al clusters
are referenced to the semiconductor CBM, then the pho-
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EI3 =E, (E, —E~)—, (2)

where E, is the energy spacing between the core level and
the CBM and E, —EF is the difference between the CBM
and the Fermi level. The measured kinetic energy of
photoelectrons from adsorbed atoms is then

Ek = h v E, + (E—, E~ ) —Ip—, .

Equation (3) allows adatoms on n or p--type semiconduc-
tors to have the same E, with different apparent binding
energies, as observed.

When Al ts deposited onto GaAs(110), there are Al 2p
core-level shifts that result from Al-Al interaction (the
evolution from isolated atoms to clusters and ultimately
metallic Al) and from changes due to Fermi-level move-
ment in the band gap (band bending and Schottky barrier
formation). The convergence to bulklike bonding will, in
general, shift the core-level emission to higher kinetic en-
ergy. The effects of band bending will depend on the
doping type. Consideration of band bending in Fig. 5
yields the kinetic energy difference measured for the same
adatom or cluster on p- and n-type samples as

Eg Ek =(E, E—F) (E, —EF)„=—Es —b.E~ —b.E„—. —

(4)

toelectron kinetic energies can be determined from Fig.
5. ' ' In the center, we show the relevant energies for
the electron energy analyzer in contact with the n- or p-
type semiconductor. The dashed line corresponds to the
common Fermi level, and band bending is as sketched.
In general, the photoelectron kinetic energy is given by

Ek =Av —E~ —y, ,

where h v is the photon energy, Ez is the binding energy
referenced to Ez, and y, is the analyzer work function.
Energy levels can be referenced to the CBM of the n- or
p-type semiconductor rather than Ez by
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hE and EE„represent changes in band bending as
directly determined from analysis of the substrate core-
level energies. Again, the inexact equality reAects the ini-
tial position of E~ in the gap for clean surfaces. Clearly,
band bending reduces the kinetic energy difference for
photoelectrons from identical isolated adatoms measured
for n an-d p-type semiconductors. Note that Eq. (4) will
be valid until the overlayer starts to become metallic, at
which point the overlayer energy reference must switch
from the intrinsic semiconductor level to E~.

Experimentally, adatom deposition induces Fermi-level
movement and modification of the overlayer as clusters
grow and reaction continues. Surface modifications
should be nearly identical for any given coverage for
n- and p-type GaAs, and this is reAected by the line
shapes of Fig. 4. (The minor differences at 0.2 A deposi-
tion may be due to slightly inequivalent coverages. )

From Eq. (4), the difference in kinetic energies for the Al
2p core levels on n- and p-type substrates should follow
the difference in band bending measured from the GaAs
core levels as long as their energy reference is an intrinsic
level of the semiconductor.

To determine whether these Al/GaAs interfaces do, in
fact, evolve equivalently for n- and p-type GaAs, we mea-
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FIG. 5. A schematic of Al adatorn or cluster energy E, refer-
enced to the CBM of an n- and a p-type semiconductor with
band bending. The offset in kinetic energy for like numbers of
adsorbates on the two surfaces will be approximately equal to
the band gap minus the sum of the band bending for n- and p-
type surfaces, as observed in Fig. 4.
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FIG. 6. Top panel: Relative Al 2p core-level energies deter-
mined from the reacted and cluster components of Fig. 4 (la-
beled 1 and 2, respectively) as a function of deposition. For the
n- and p-type substrates, they converge to the same energy as
the overlayer becomes bulklike and EF becomes the energy
reference to EF. Bottom panel: Average energy separation be-
tween the two Al components (from top panel) and the
difference in band bending between n- and p-type GaAs at 60 K.
These results show that the energy reference for the overlayer at
low coverage is the CBM (or equivalent bulk semiconductor
state). EF is the reference at high coverage after completion of
band bending.
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sured the offset between components 1 and 2 of Fig. 4 rel-
ative to the metallic Al 2p kinetic energy at high cover-
age. Again, the energies were determined by line-shape
decomposition of the relatively broad Al 2p emission, and
the error is estimated to be +0. 1 eV. The results are
shown in the top panel of Fig. 6. At any coverage below
—10 A, the Al 2p peak positions are shifted to lower ki-
netic energy for n-type GaAs relative to p-type GaAs.
The energies for p-type GaAs increase with deposition,
converging to the final position by —10 A (the zero of
Fig. 6). Those for n-type CiaAs also shift but exhibit a
step with a midpoint at 10 A. The two components for
either type do not run exactly parallel because com-
ponent 2 is due to unreacted Al (with energy changes re-
lated to increasing Al-Al coordination) and component 1

corresponds to reacted Al atoms at the GaAs surface
(which evolve because of chemical modification). The
coverage-by-coverage separation between like com-
ponents for n- and p-type GaAs should be approximately
the same. Of course, both shift during interface evolution
because of band bending. As shown, this trend is ob-
served, and we conclude that the interfaces are evolving
along equivalent paths.

The difference in relative Al 2p kinetic energies for Al
deposition on n- and p-type GaAs at 60 K is shown in the
lower panel of Fig. 6 by a dashed line. This represents
the average separation between component 1 on n- and
p-type substrates and the same average separation for
component 2, namely Ef Ek plotted ve—rsus deposition.
For comparison, the solid line shows the band-bending
difference, Eg —AE —AE„, to be discussed in detail

0
below. The separation in Al 2p peaks is —1 eV at 0.2 A,
exhibits a step at 10 A, and is zero by —15 A. Similar
behavior is exhibited by the band-bending-difference
curve. The strong correlation in band-bending
differences and Al 2p kinetic energy differences shows
that Eq. (5) holds below —1 A. Again, this shows that
the adatom energy reference is the CBM (or any intrinsic
level of the semiconductor), not the Fermi energy. Above
1 A, the separation between the two curves reflects in-
creasing adatom-adatom interaction, and hence better
coupling to the substrate. It is important to note that
band-bending shifts approach their Gnal value only when
the Al energy reference is the substrate Fermi level, and
this corresponds to the onset of metallicity. For sub-
strate temperatures above 60 K, this occurs at lower cov-
erages, reflecting increased adatom mobility, cluster for-
mation, and earlier adatom wave-function delocalization.

When the CBM is the energy reference for the ad-
sorbed layer, the adatom binding energy can be refer-
enced to the spectrometer Fermi level by taking the mea-
sured band bending into account. This has been implicit-
ly adopted in several examinations of the Al/GaAs inter-
face at both low and room temperature. ' It should be
done cautiously, however, because simple subtraction of
the measured band bending neglects changes in the evolv-
ing character of the adatoms. The results shown in the
top panel of Fig. 6 demonstrate that the Al 2p binding en-
ergies change continuously with deposition, and the
difference curves drawn in the bottom panel indicate that
these binding energies track with changes in band bend-

0
ing below —10 A. This contrasts to the results of Refs. 4
and 17, and it suggests that binding energy shifts report-
ed between "atomic" and "cluster" coverage regimes
may simply reflect the continuously varying adatom-
adatom interaction with deposition.

Temperature-dependent Fermi-level movement
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FIG. 7. Fermi-level energy movement as a function of Al
coverage and substrate temperature. The left axis is used for
the n-type GaAs results and the right axis for p-type GaAs to
simplify comparison of barrier heights at difFerent temperatures.
The movement of the step indicates earlier metallicity for
higher temperature because of enhanced surface mobility. The
shift of EF into the gap as T increases for a fixed coverage on n-

type GaAs indicates the temperature-dependent coupling of sur-
face and bulk.

In Fig. 7 we summarize the movement of EI; during Al
atom deposition for substrate temperatures from 60 to
300 K. Results for atom deposition at 60 and 300 K were
obtained for both n- and p-type samples, as shown. Be-
cause the energy gap is changing with temperature, we
reference the n-type data to the CBM on the left axis and
p-type data to the valence-band minimum (VBM) on the
right axis. Atom deposition at 100, 150, and 200 K onto
n-type GaAs produced band-bending changes intermedi-
ate between those obtained at 60 and 300 K. The values
plotted were obtained by averaging shifts observed for
surface and bulk sensitive spectra (kinetic energies of
-40 and —15 eV, respectively) for Ga 3d and As 3d core
levels.

The band-bending behavior of atoms adsorbed on p-
type GaAs at 60 and 300 K is qualitatively similar to that
observed by Stiles et a/. , Kelly et al. , and Cao et al. ,
although no overshoot of the EF position is observed at
low coverage. At 300 K, EF lies above the 60 K results

0
for coverages above 0.1 A and gradually shifts to 0.48 eV
above the VBM. Measurements at 60 K indicate that ini-
tial band bending occurs which places the Fermi level
0.36 eV from the VBM for 0=0.02 A. The Fermi level
does not change appreciably until 2 A coverage when it
rises to 0.46 eV above the VBM. Both 60 and 300 K re-
sults show that Ez eventually moves to -0.47 eV above
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the VBM when the metal coverage is suSciently large, in
agreement with Refs. 3—5. The discrepancies between
these results and those of others at low coverage can be
largely resolved by noting that EF movement is quite
temperature dependent, as indicated by the n-type data.
Furthermore, the recent results of Aldao et al. (dis-
cussed below) have shown that the sample doping con-
centration also affects the amount of band bending pro-
duced at low temperature and low coverage.

The results of Fig. 7 show that 0.02 A of Al on n-type
GaAs at 60 K induces band bending of 120 meV relative
to the initial position at 60 K, and EF moves rapidly to
its final position above 8 A (midstep at 10 A). This
abrupt change in band bending has been correlated with
the onset of metallicity in the overlayer. With increas-
ing temperature, the amount of band bending for a given
coverage increases until the final 300 K position is
reached, namely 0.70 eV below the CBM. Also, for
higher temperature, the step associated with metallicity
appears earlier. At 300 K, no inAection in E„movement
is observed. While these band-bending results are corre-
lated with the onset of metallicity in the overlayer at high
coverage, the n- and p-type GaAs results do not converge
to a common value. We suggest that the coupling be-
tween the overlayer and the substrate is not complete
within the coverage range that can be investigated with
photoemission.

Examination of the Al 2p core-level line shapes and en-
ergies (discussed above) showed that the FWHM of un-
reacted Al narrows substantially over the coverage re-
gime where rapid EF movement occurs. In particular,
narrowing occurs at lower coverage for higher tempera-
ture, in agreement with the coverage and temperature
dependence of the Fermi-level step in Fig. 7. These
changes in Al emission and the temperature-dependent
shifts of the band-bending step can be understood in
terms of Al atom surface mobility on GaAs(110). In par-
ticular, the onset of metallicity associated with cluster
formation is a function of thermally activated surface mo-
bility.

The fascinating low-coverage, low-temperature band-
bending behavior exhibited by n-type GaAs cannot be
understood in terms of a metallic overlayer. In particu-
lar, by assuming an activation energy of 0.3 eV for Al
surface diffusion on GaAs, it can be shown that surface
diffusion is negligible below -200 K. Adatoms that are
deposited onto cold GaAs surfaces will not readily ag-
glomerate into metallic clusters, and the overlayer mor-
phology will be approximately the same, regardless of
temperature. Submonolayer deposition then produces
isolated adatoms which induce distinct amounts of band
bending at different temperatures, as shown in Fig. 7.

The band bending produced for submonolayer deposi-
tion on n-type GaAs is not consistent with defect models
which consider the defects to have discrete energies.
Adatom deposition will induce EF movement only if the
adatom-induced states can accept or donate charge. By
considering these states to have discrete energies in the
band gap, calculations have shown that only —10'
defects/cm are necessary to pin EF at the defect ener-
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Several conclusions about the relevance of this ap-
proach to understanding the results of Fig. 7 can be
made. By 0.2 A of deposition, more than 10' states/cm
have been added to the surface. Since adatom deposition
induces band bending, these states must lie in the band
gap and be able to accept charge (n-type GaAs). Howev-
er, the adatom-induced states cannot be fully charged or
they would pin EF at the defect energy, and no tempera-
ture dependence would be observed. Were these defects
assumed to have a constant partial charge, the number of
them necessary to induce band bending would be greater,
but EF pinning should be completed within one decade of
coverage according to Zur et al. and Tang et al.
This is not observed in Fig. 7 where EF movement is in-
duced at the lowest coverage but does not converge to the
common final position over more than two decades of Al
deposition. This suggests that the average amount of
charge on an adatom-induced level is not constant with
increasing coverage.

The temperature-dependent submonolayer results
presented in Fig. 7 cannot be explained in terms of static
systems in which adatom-induced states in the gap pos-
sess a constant amount of charge. However, we have re-
cently proposed a charge exchange model which consid-
ers dynamic exchange between the states at the surface
and those in the bulk semiconductor. ' Ultralow depo-
sition produces states at the surface. The net transfer of
small amounts of charge to these levels induces band
bending with the formation of a depletion region. This is
reAected by the gradual band bending exhibited by each
of the n-type GaAs curves below 200 K and 2 A. Only at
higher coverage does the onset of metallic behavior alter
the detailed charge balance established in the submono-
layer regime.

A simple model of steady-state charge transfer from
the bulk to the surface has been developed which success-
fully describes the experimental results. In particular,
the equilibrium current Aowing through the junction can
be determined by considering tunneling through and
emission over the barrier. Since the net current must be
zero in equilibrium, the surface-to-bulk current must
match the bulk-to-surface current. Our model assumes
that each of these currents is constant for a given cover-
age, independent of sample temperature. For GaAs, tun-
neling through the barrier established by band bending is
the dominant current mechanism below 300 K for
X =10'7 cm

The tunneling current across the evolving barrier de-
pends on the charge carriers (their number and energy
distribution in the conduction band) and on the barrier
height and barrier width (which are related by the doping
concentration). We postulate that there is a minimal
current needed to establish band bending, and that
current plays the dominant role in controlling band bend-
ing at low temperature for highly doped GaAs. Between
60 and 300 K, increasing the sample temperature does
not significantly change the number of electrons in the
conduction band for n-type GaAs, but the average elec-
tron energy is increased. This facilitates tunneling and
leads to an increase in the steady-state current. There-
fore, the current necessary to maintain band bending at
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higher temperature can be sustained over a wider de-
pletion region and higher barrier height. However, to
keep the equilibrium current constant, the barrier height
and depletion width increases. Increased band bending
thus counteracts the effect of raising the temperature.
Detailed analysis of the model shows a nearly linear
dependence of the barrier height on T for constant cover-
age in the submonolayer regime. Confirmation of this
can be seen directly by inspection of Fig. 7.

CONCLUSIONS

This paper has shown that the surface morphology for
Al/GaAs(110) is temperature dependent, but that the
chemistry exhibited at low temperature and room tem-
perature is nearly the same. Adatoms deposited at low
temperature unrelax the surface, as shown by detailed
line-shape analysis, and the Ga surface core-level shifts
are consistent with surface unrelaxation and Al—Ga
bonding. Detailed investigation of the overlayer core-
level spectra have shown that the proper energy reference

for isolated adatoms is a bulk energy level of the solid,
not E~. Examination of E~ evolution as a function of
substrate temperatures shows changes which necessitate
a reevaluation of defect models. They are in agreement
with our charge-exchange model which emphasizes the
dynamics of charge exchange between the adatoms at the
surface and the substrate beyond the depletion region.
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