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Results of synchrotron-radiation photoemission, inverse-photoemission, and low-energy electron
diffraction studies of the Bi/GaAs(110) interface over the temperature range 20 to 300 K are
presented. At 300 K, the first Bi monolayer grows in zigzag chains along the [110]direction to form
an ordered (1X1) overlayer. This overlayer is semiconducting with a gap of 0.7 eV. Continued
deposition results in Bi island growth atop the initial monolayer (ML) and conversion from semi-

conducting to semimetallic character. Bi deposition at 50 K results in layer-by-layer growth with

no long-range order. Temperature- and coverage-dependent studies of band bending show sym-

metric behavior for n- and p-type GaAs(110) with matched bulk dopant concentrations. For 300-K
deposition, the Fermi level EF moves rapidly toward final positions 0.74 and 0.98 eV below the
conduction-band minimum for n- and p-type GaAs doped at 10" cm '. For 50-K deposition, the
bands remain nearly flat to coverages of 1-2 ML where EF moves rapidly toward midgap.
Significantly, both techniques also show that Fermi-level movement is thermally reversible, such
that the position of EF in the surface band gap depends on temperature. A small part of the EF
movement is due to nonequilibrium processes involving the creation of electron-hole pairs by the in-

cident photon or electron beam followed by the transport of the minority carriers to the surface re-

gion by the electric field in the depletion region. This surface voltage is most important at low tem-

perature, and studies which vary the incident photon flux by over 3 orders of magnitude establish
that the photovoltage has a small ( & 100 meV), but non-negligible, effect on the band bending mea-
sured under "normal" experimental conditions. Hence, equilibrium processes control coupling of
substrate and adsorbate-induced states in the GaAs band gap through the semiconductor depletion
region and they determine the temperature-dependent interface band bending.

I. INTRODUCTION

Ordered, nondisruptive overlayers provide an oppor-
tunity to correlate structural and electronic properties of
metal-semiconductor interfaces. To date, only Sb and Bi
are known to form such overlayers on GaAs(110). The
Sb/GaAs(110) system has been extensively studied, '

and even the recently discovered Bi overlayer has been
the subject of a number of investigations. ' These
studies have established that one monolayer (ML) of Bi
grown on GaAs(110) at 300 K forms an ordered (1X1)
overlayer consisting of Bi zigzag chains along the [110]
direction accompanied by an ordered array of vacancies
to relieve strain in the ordered Bi terraces (lattice
mismatch -4%). This Bi monolayer is semiconducting,
but further Bi deposition results in the formation of Bi is-
lands atop the first Bi layer, and the overlayer becomes
semimetallic. The experimental techniques used to date
to probe the interface include angle-integrated and
angle-resolved photoemission, ' scanning tunneling mi-
croscopy (STM), low-energy electron diffraction
(LEED), ' and angle-resolved inverse photoemis-
sion. '

The present study combines synchrotron-radiation
photoemission, angle-resolved inverse photoemission, and
LEED to examine the temperature-dependent evolution

of the Bi-GaAs(110) interface. We find that deposition of
Bi at 50 K fails to produce long-range order, but that the
interface is still abrupt and nondisrupted. Furthermore,
we see temperature-dependent band-bending evolution
that is symmetric at all temperatures for n- and p-type
GaAs when the bulk doping concentrations are matched.
These results are consistent with recent findings for
metal-GaAs interfaces. " We observe, for the first time
with both photoemission and inverse photoemission, that
the amount of band bending depends reversibly on tem-
perature for a semiconducting overlayer. Specifically, the
Fermi level ( EF ) is located —150 me V from the
conduction-band minimum (CBM) or valence-band max-
imum (VBM) for n and p-type -substrates when 1 ML of
Bi is deposited at 50 K. Warming results in EF move-
ment toward midgap, but cooling restores the surface
Fermi-level position to the 50-K position. This observa-
tion for a semiconducting overlayer is analogous to that
reported for a number of metal-GaAs(110). ' Aldao
et al. ' explained this temperature-, dopant-concen-
tration, and coverage-dependent movement of EF by em-

phasizing the coupling through the semiconductor de-
pletion region of semiconductor bulk states near the
CBM (or VBM) with adatom-induced gap states at the
surface. "

An important point established in this paper is that
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part of the band bending measured with photoemission
and inverse photoemission is due to the measurement
technique itself. In particular, flux-dependent studies
demonstrate that EF moves toward the band extrema (to-
ward flat-band conditions) when the flux is increased.
This suggests that production of electron-hole pairs by
the incident particles (either electrons or photons) and
the subsequent transport of minority carriers to the sur-
face region moves the measured EF from its equilibrium
position. This nonequilibrium effect has been observed to
flatten the bands for Si(111) and at metal-Si(111) inter-
faces at low temperature. ' ' Here, we show that the in-
cident photons in synchrotron studies produce a surface
photovoltage (SPV), and experiments which vary the
incident-photon-flux intensity by more than 3 orders of
magnitude demonstrate that this surface-photovoltaic
effect is most pronounced at low temperature and low
coverage for Bi/GaAs(110). Significantly, this SPV effect
accounts for only a small part of the observed
temperature-dependent Fermi-level movement (65 meV
compared to a total of -400 meV band bending at 8=1
ML). Hence, the observed temperature- and dopant-
concentration-dependent band bending can be under-
stood to arise from a combination of the nonequilibrium
SPV and the equilibrium coupling of the substrate and
the adsorbate-induced surface states.

II. EXPERIMENTAL PROCEDURES

Synchrotron-radiation photoemission measurements
were performed at the Wisconsin Synchrotron Radiation
Center using the Minnesota-Argonne —Los Alamos
extended-range grasshopper monochromator and beam-
line. Core-level energy-distribution curves (EDC's) were
collected using a double-pass cylindrical mirror analyzer
in an ultrahigh-vacuum system described in detail else-
where. ' Overall instrumental resolution for Ga and As
3d core-level spectra was maintained at -200 and -250
meV, respectively. Photon energies of 40 and 65 eV for
Ga 3d and 58 and 90 eV for As 3d were used to vary the
probe depth (3 times the photoelectron mean free path)
from -10 to -20 A. Analysis of the EDC's was done
using a nonlinear-least-squares-minimization curve-fitting
routine. "

The samples were cleaved at 300 K at -5X10
Torr. The copper sample holders to which the GaAs
posts were mounted were then inserted into a copper
tank attached to the second stage of a closed-cycle He re-
frigerator. Thermal contact between the sample holder
and tank was provided by in situ Ga soldering. A
tungsten filament served as a heater to melt the Ga in a
recess designed to accommodate the copper sample hold-
ers. The sample holders were then soldered in place as
the sample cooled. This process is straightforward and
has the advantage of compromising neither the pressure
nor the base temperature. Sample temperature was mon-
itored with a Au-Fe/Chromel thermocouple attached to
the copper tank, with calibration experiments indicating
no difference between tank and sample temperatures. A
tungsten heater allowed establishment of stable tempera-
tures over the range 20 ~ T & 350 K.

The inverse-photoemission spectroscopy (IPES) experi-
ments were performed with an ultrahigh-vacuum spec-
trometer optimized for both ultraviolet- and x-ray-
photoemission studies. ' This system is also equipped
with four-grid LEED optics for surface structural char-
acterization. A highly collimated monoenergetic electron
beam was directed onto the sample surface from an elec-
tron gun having a (1 X 5)-mm planar BaQ cathode and
Pierce-type geometry. The emitted photons were
dispersed with a near-normal-incident grating monochro-
mator to be collected with a position-sensitive detector.
The combined energy resolution depended on photon en-

ergy and varied between 0.3 and 1.0 eV for photons with
energies between 10 and 40 eV. Electron-momentum
resolution for the k-resolved (KRIPES) experiments was
better than 0.1 A '. Angle-dependent studies were per-
formed by varying the angle between the incident elec-
tron beam and the sample surface normal between 0' and
45' while maintaining the angle between the incident elec-
tron beam and the outgoing photon beam at 60'.

In the IPES studies, sample temperatures of -50 K
were achieved by attaching the sample to a copper cold
finger mounted on a copper braid secured to the second
stage of a closed-cycle He refrigerator. The temperature
was again monitored with a Au-Fe/Chromel thermocou-
ple mounted on the sample holder. The samples were
cleaved at 300 K and then attached to the cold finger at
pressures of —8 X 10 "Torr.

In both systems, Bi was evaporated from resistively
heated tungsten boats onto clean n-type (Si doped at
1 X 10' cm ) and p-type (Zn doped at 1 X 10' cm )

GaAs(110) surfaces prepared by in situ cleaving. Stable
evaporation rates monitored with calibrated quartz-
crystal microbalances located near the samples were es-
tablished prior to exposure to the Bi flux. The system
pressures did not exceed 4X10 ' Torr during deposi-
tion. Adatom exposures are expressed here in monolayer
(ML) units, with 1 ML or 8. 85X10' atoms/cm corre-
sponding to -3.15 A of Bi. Uniform coverages are not
necessarily implied.

III. RESULTS AND DISCUSSION

As noted above, the structural and electronic proper-
ties of the Bi/GaAs(110) interface formed at 300 K are
well documented. ' In the following we present the
salient features of the Bi/GaAs(110) interface formed at
both 50 and 300 K. We then discuss temperature-
dependent band bending to demonstrate the importance
of equilibrium and nonequilibrium processes in determin-
ing the electrical properties of the interface.

A. Interface structure

Figure 1 shows Ga 3d (left) and As 3d (right) core-level
energy-distribution curves (EDC s) following Bi deposi-
tion at 300 K. These spectra have been background sub-
tracted and normalized to constant height to emphasize
line-shape differences. The two components observed for
the clean surface correspond to emission from atoms in
the bulk (labeled 1) and atoms at the relaxed surface (la-
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1n[I(e)/I(0)], for Bi deposition at 300 and 50 K. At 50 K the
attenuation is exponential and indicates layer-by-layer Bi
growth. At 300 K the first monolayer grows uniformly, but sub-

sequent Bi deposition results in Bi-cluster formation atop this
layer, as evidenced by the slower attenuation rate after 1 ML.

as Bi—Ga surface bonding. At the highest coverages
(8=7 —10 ML), single-component fits of the Bi 5d EDC's
were unsatisfactory, as previously concluded, ' and it is
evident that emission from Bi bonded to Ga and As
atoms contributes to the dominant Bi-Bi emission. Final-
ly, we stress that all of the core-level EDC's suggest an
abrupt interface with no evidence of substrate disruption.

In Fig. 3 we show substrate core-level attenuation
curves for Bi/GaAs(110) interface formation at 300 and
50 K. Total emission intensities were normalized to the
total emission from the clean surface, [I(8)/I(0)], and
plotted on a logarithmic scale. For Bi deposition at 50 K
there is exponential attenuation (1/e length of —1 ML)
indicative of layer-by-layer Bi growth. Bi deposition at
300 K again shows exponential attenuation until —1 ML,
but slower attenuation at higher coverage. This is con-
sistent with Bi clustering in a Stranski-Krastanov growth
mode. ' "

The Ga 3d EDC's following Bi deposition at 50 K are
identical to those following 300-K deposition. This indi-
cat-s the formation of equivalent Bi—Ga bonds and the
loss of the Ga surface component at both temperatures.
However, for the As 3d EDC's a component on the low-
binding-energy side of the bulk emission persists to high
coverages at 50 K. Since Bi—As bonding produces a
feature in the As EDC's at the same energy as the bulk
As feature, we conclude that this additional feature at 50
K is due to As that is not bonded to Bi, but is influenced
by the presence of Bi at the interface. Furthermore, the
relative intensity of this component (-20% of the total
As emission at 8 ~ 1 ML) is less than would be expected
if none of the As atoms at the interface were bonded to
Bi. In contrast, the Bi—Ga bonding component is
—35% of the total Ga emission above 1 ML. This
demonstrates that Bi—As bonding at the interface is not
absent, but that half of the As surface atoms are bonded
to Bi. Further evidence for this hypothesis is provided by

the Bi 5d EDC's. Following deposition at 50 K, the Bi
spectra are fitted by two interface components of unequal
intensities. Since the As EDC's suggest that not all sur-
face As atoms are bonded to Bi, we conclude that the
lower-relative-intensity component in the Bi EDC's is
due to Bi—As bonding. From Fig. 2, the weaker com-
ponent is the Bi component at highest binding energy and
is due to emission from Bi bonded to As. Consequently,
the lower-binding-energy component of the two interface
Bi features is due to Bi bonded to Ga. This is in agree-
ment with the assignments made by Ludeke et al. based
on their results at 300 K. It suggests that there is a pre-
ferred binding site for Bi at the surface (Bi—Ga) but that
the thermal energy at 300 K is sufficient to overcome this
preference and distribute the Bi adatoms uniformly
among As and Ga bonding sites. At 50 K the available
thermal energy cannot distribute the Bi adatoms uni-

formly across the surface and, as a result, the Bi is prefer-
entially bonded to Ga.

In order to gain additional insight into the details of Bi
growth on GaAs(110), we investigated the Bi/GaAs(110)
interface using inverse photoemission and LEED. A
sharp (1X1) LEED pattern was observed for Bi cover-
ages 1 ML at 300 K. At higher coverages, extra
diffraction spots were observed along the [111]and [111]
directions. However, there is an absence of every sixth
LEED spot with periodicity in the [110]direction (Ref.
8). The missing diffraction spots along these directions
are due to misfit dislocations resulting from distortions
due to the differing Bi—Bi, Bi—Ga, and Bi—As bond
lengths. The periodicity of the missing diffraction spots
suggests a misfit dislocation every -24 A, in agreement
with STM results, which revealed stress-induced Bi-
island boundaries. This pattern persisted to coverages as
high as 50 A.

Representative KRIPES photon-distribution curves
(PDC's) for normal-incidence electrons for 0~ 8 ~ 10 ML
are shown in Fig. 4 together with photoemission
valence-band spectra. The KRIPES spectra were taken
with an incident energy of 16.25 eV. They have been nor-
malized to electron flux and spectral throughput of the
optical system. The photoemission spectra obtained with
a photon energy of 65 eV were normalized to constant
height. There is no unique normalization of the IPES
and PES spectra, and no relative-intensity information
between the two sets of spectra is intended. For —1 ML
Bi, a strong Bi-derived empty state (labeled 8 and
hatched) is observed 1.25 eV above EF. Another Bi-
derived state (labeled A) is observed -0.35 eV above EF
for coverages ) 1 ML. Increasing the Bi coverage results
in the appearance of two other Bi-derived states (labeled
C and D) at 2.7 and 3.7 eV above EF as well as filling in of
emission between features A and B. The results summa-
rized in Fig. 4 establish that 1 ML of Bi on GaAs(110) is
semiconducting with a band gap of 0.7 eV. At 2 ML the
overlayer becomes semimetallic and remains so to higher
coverage.

Feature B in Fig. 4 is the first Bi-derived feature ob-
served for deposition at 300 K. It is not discernible for
0~0.5 ML, but is prominent at -0.67 ML. Angle-
resolved photoemission results following deposition of 1



5964 G. D. %'ADDILL et al. 41

Bi/n-Ga As(lla) e=(ML)
IO

e~
CO

0)
C:

I I I I I I I I I I

-4 -2 EF 2 4

Energy Relative to EF {eV)

FIG. 4. Normal-incidence inverse-photoemission PDC's for
0—10 ML Bi on n-type GaAs(110) taken with E, = 16.25 eV and
photoemission EDC's taken with hv=65 eV. A pronounced
Bi-derived surface resonance (feature 8) appears 1.25 eV above
EF for 1 ML coverage. It is associated with Bi zigzag chains
and exhibits dispersion in k space corresponding to the [110]
direction. For e ~ 2 ML, Bi-derived features A, C, and D devel-

op as the overlayer converts from a semiconductor to a sem-
imetal.

ML Bi at room temperature showed the dispersion of
feature B along the Bi zigzag-chain-growth direction.
Feature B is therefore attributed to states resulting from
Bi chain growth with delocalization along the chains. No
dispersion was observed perpendicular to the chains, con-
sistent with little chain-chain bonding. In contrast, depo-
sition at 50 K produced emission near the energy of
feature B, but it was broader, it extended further into the
gap, and there was no dispersion in k space. We there-
fore envision the surface as disordered with what would
likely be frustrated chain growth together with dispersed
Bi atoms and aggregates. LEED results show that depo-
sition at 50 K produced no long-range order. However,
warming to 300 K provided thermal activation and facili-
tated chain growth. For the overlayer warmed to 300 K,
we found behavior analogous to that for deposition at 300
K, namely a p(1 X 1) LEED pattern, band dispersion, and
sharpening of the emission related to feature 8. These
observations are consistent with the photoemission re-
sults which established that Bi deposition at 50 K result-
ed in Bi bonding preferentially to Ga. While there is still
some Bi—As bonding at the interface, it is inhibited and
chain growth is not extensive.

The photoemission, inverse-photoemission, and LEED
results establish that an abrupt Bi/GaAs(110) interface is
formed at both 50 and 300 K. Growth of the Bi mono-
layer occurs in zigzag chains along the [110] direction
with long-range p(1X1) order at 300 K, but no long-
range order at 50 K. Differences may be due to the
preference for Bi bonding to Ga, which is overcome at
300 K by the extra thermal energy which distributes the
Bi adatoms uniformly between As and Ga binding sites.
Once this occurs, there is an energy gain associated with
Bi delocalization and chain formation. At 50 K, subse-
quent Bi growth occurs in a layer-by-layer fashion while
Bi clusters form atop the monolayer at 300 K.

B. Band bending and temperature cycling

In the last three years, temperature-dependent band
bending at metal-semiconductor interfaces has been the
subject of considerable study. " ' ' Initially, it was
observed that metal deposition on n- and p-type sub-
strates at 300 K resulted in rapid and nearly symmetric
movement of EF toward midgap with the final Ez posi-
tion achieved by 1 —2 ML. At low temperatures (ranging
from 50 to 200 K) the situation was initially found to be
not so simple. For n-type substrates the substrate bands
remained nearly flat to coverages between 1 and 2 ML.
Above this threshold, EF moved rapidly toward the final

pinning position near midgap. For p-type substrates at
low temperature, EF moved more rapidly into the gap
than at 300 K, often overshooting the final position ob-
served at 1-2 ML. This low-temperature asymmetry was
attributed to the formation of donor levels in the gap by
isolated adatoms at low temperature. Overlayer metalli-
zation was believed to account for the high-coverage be-
havior when EF moved into the gap for n-type GaAs and
returned from the overshoot position for p-type GaAs.
The overshoot for p-type substrates at low temperature
was attributed to increasing dipole interaction between
adatoms as the coverage increased from submonolayer to
the metallization limit.

More recently, systematic studies of temperature-
dependent band bending for GaAs(110) with different
bulk doping concentrations, N, established that the asym-
metry was a manifestation of the different substrate dop-
ing concentrations used in the previous work. "
Specifically, nearly flat bands were observed on both-n
and p-type substrates following atom deposition at 60 K
onto substrates with doping concentrations of 1X10'
cm up to the metallization threshold. Symmetric EF
movement into the gap was then seen. For doping con-
centrations of —1 X 10' cm, E~ moved into the gap at
much lower coverages for both n and p-type -GaAs(110).
These results are consistent with those of earlier studies,
since they had examined p-type samples with Nz 10'
cm and n-type samples with ND near 10' cm . This
behavior, which cannot be explained by models that as-
sume donorlike character for isolated adatoms, was ob-
served for a wide range of different metal overlayers (in-
cluding very reactive Ti, moderately reactive Co, and
weakly reactive Ag). Hence, the results are largely in-
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dependent of the chemical or morphological structure at
the interface. We conclude that EF evolution is sym-
metric at all temperatures for n- and p-type substrates
with matched doping concentrations.

The following extends the generality of the above ob-
servations for metal-GaAs(110) interfaces to the
Bi/GaAs(110) interface for which 1 ML of Bi is semicon-
ducting but 2 ML is semimetallic. In Fig. 5 we show
the Fermi-level position as a function of coverage for
growth at 50 and 300 K on n an-d p-type GaAs(110) with
N~ =ND =1X10' cm . Clearly, symmetric Ez move-
ment is observed at both temperatures. At 300 K, EF
moves rapidly toward its final position 0.74 and 0.98 eV
below the CBM for n- and p-type GaAs, respectively. At
50 K, nearly Hat bands are observed until -2 ML, when

EF moves rapidly toward its final position. The 50-K re-
sults to not present the final Fermi-level position because
rapid substrate attenuation prohibited measurements at
high coverages (1/e attenuation length of 1 ML). The be-
havior shown in Fig. 5 is analogous to that reported for
metal-GaAs(110) interfaces and can be understood in
terms of the dynamic coupling model. ' This model re-
lates band-bending differences to the temperature and
dopant-concentration dependences of the coupling of
bulk states near the band extrema outside the depletion
region with adsorbate-induced surface gap states. The
temperature dependence arises from the thermal distribu-
tion of electrons (holes) in the conduction (valence) band,
and the dopant dependence arises from the depletion-
region width. For heavily doped samples the depletion
width is smaller for the same amount of band bending,
and surface-to-bulk coupling is facilitated, compared to
lightly doped samples. Coupling can be viewed as the
overlap of bulk and adatom-induced wave functions. In
the absence of such overlap there can be no net accumu-

lation of charge in the surface region and no band bend-
ing occurs. The dynamic coupling is strictly applicable in
the low-coverage regime before significant delocalization
of adatom-induced states at the surface produces a con-
tinuum of gap states. The results of Fig. 5 for
Bi/GaAs(110) can be understood in this manner.

One consequence of the dynamic coupling model is
that, in the absence of significant morphological or chem-
ical changes at the interface, EF movement should be re-
versible with temperature. In Fig. 6 we summarize re-
sults of temperature-cycling experiments for 1 ML Bi on
p-type GaAs (N„=1X10' cm ). In order to avoid
morphological changes, the Bi was deposited at 300 K to
produce an ordered semiconducting overlayer and the
samples were then cooled. Reheating to 300 K (not
shown) established that the Fermi-level movement was
completely reversible with temperature. For the photo-
emission results (circles), we plot relative binding-energy
shifts for the substrate core levels (solid circles) as well as
for the Bi overlayer (open circles). The core levels (both
substrate and overlayer) were all recorded at the same

photon energy (h v=65 eV), so that the only experimen-
tal parameter varied was the temperature. The energy
references are the core-level binding energies at 300 K.
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FIG. 5. Fermi-level movement as a function of Bi deposition
for n- and p-type GaAs(110) doped at 10"cm for 300 and 50-
K deposition. The step toward midgap for both n- and p-type
GaAs at 50 K near 2 ML is due to overlayer conversion from
semiconducting to semimetallic character and the consequent
presence of a continuum of states in the GaAs band gap (see
Fig. 4). The enhanced band bending at every coverage at 300 K
is a consequence of the improved surface-to-bulk coupling at
higher temperatures.

FI~. 6. F~ s)tift for 1 ML Bi [p-type GaAsilloi] wit&

N„= 10"cm ' as a function of temperature and incident parti-
cle. The circles were obtained from analysis of the photoemis-
sion results and the triangles were derived from IPES results.
The shifts in EF were fully reversible with temperature. The
larger observed F+ shifts for the IPES experiments were due to
the greater incident flux since the incident particles produce
electron-hole pairs which can be separated within the depletion
region. Minority-carrier accumulation at the surface results in

nonequilibrium flattening of the bands.
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The substrate data represent an average of the Ga and As
3d shifts and are accurate to +20 meV. The results show
no change in binding energy (and, hence, EF position) be-
tween 200 and 300 K. Below 200 K, EF decreases linear-

ly by -300 meV at 20 K as the band bending is de-
creased and more nearly-flat-band conditions are estab-
lished. The shift for the Bi 5d core level lies along the
same curve since the Bi levels follow the substrate band
bending and are referenced to intrinsic semiconductor
levels rather than EF. In Fig. 6 we also show results for
EF movement deduced from inverse-photoemission spec-
tra. These were obtained by measuring the energy shift
of feature 8 (related to Bi-chain formation) of Fig. 4. The
results show qualitatively similar trends with the Fermi-
level position unchanged between 250 and 300 K and de-
creasing linearly by -430 meV at 60 K. This effect was
again fully reversible, and equivalent results were ob-
served on n-type substrates. Furthermore, the effect was
seen on more heavily doped substrates ( -10' cm ). In
this case, the total EF movement was not as large because
the depletion width was smaller and the barrier it
represents was more transparent (-250 meV for 1 ML
between 60 and 300 K).

It is interesting to note that the incident photon flux
was -2.5X10' cm sec ' in the photoemission experi-
ments, while the incident electron flux was approximately
3 orders of magnitude greater for the IPES experiments.
This suggests that some of the effect observed in Fig. 6
and in previous low-temperature studies" ' may be due
to incident-beam effects. Higher incident flux will result
in the production of more electron-hole pairs with the
minority carriers driven to the surface region by the fields
in the depletion region. This nonequilibrium process
tends to flatten the bands and is more important at low
temperatures. Such effects have been reported for Si(111)
clean surfaces as well as for metal overlayers on
St(111).""

In order to investigate this surface-voltage effect more
thoroughly, we performed synchrotron-radiation photo-
emission experiments for (1 ML Bi/[p-type GaAs(110)]
for photon fluxes varying from 2.5X10 to 2.5X10'
cm sec ', as well as with illumination from an external
lamp. Curves (a)-(c) in Fig. 7 are for photon fluxes of
2.5X10', 2.5X10", and 2.5X10' cm sec ', with
curve (c) corresponding to the photon flux used in obtain-
ing the data presented in Fig. 6. Again, the photon ener-

gy was held fixed at 65 eV. The flux was changed using
the monochromator slits and by inserting Al filters into
the beam path. Calibration experiments performed for
unpinned clean GaAs(110) surfaces established that these
procedures did not affect the measured binding-energy
positions due to any experimental artifact.

The results of Fig. 7 show that there was no depen-
dence on the synchrotron photon flux for T ~ 200 K, thus
establishing that the surface-photovoltaic (SPV) effect is
not important at these temperatures for this dopant con-
centration and coverage. At lower temperatures, howev-
er, flux dependences were more apparent. Specifically,
the total EF movement between 20 and 300 K is 282 meV
at 2.5 X 10' cm sec ', 250 meV at 2. 5 X 10"
cm sec ', and 225 meV at 2. 5 X 10' cm sec

Measurements at 20 K with a photon flux of 2.5X10
cm sec ' (the large square in Fig. 7 that overlaps the
smaller solid square) establish that further reduction of
the photon flux no longer moves EF. We conclude that
the SPV can be neglected for fluxes below 10'
cm sec '. We also show the effect of illuminating the
sample with an external lamp while collecting data with a
photon flux of 2. 5X10' cm sec '. The lamp has no
effect at 300 K, but the bands were flattened significantly
at lower temperature, indicating that saturation SPV had
not been achieved using only the synchrotron photon
flux. The amount of band flattening observed at low tem-
peratures with the lamp is less than that observed in the
IPES experiments where the incident electron flux is rela-
tively high. This shows that nonequilibrium processes
are more important in interpreting the IPES results.

The results of this study indicate that part, but not all,
of the low-coverage temperature-dependent band-bending
effects presented in Fig. 5 can be attributed to a surface
voltage established by the photon (or electron) Aux.
From Fig. 7, the band bending for 1 ML Bi on p-type
GaAs(110) with no SPV deviates from that measured
with normal photon fluxes by only 65 meV at 50 K. This
indicates that the SPV effect must be considered when
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FIG. 7. EF shift for 1 ML Bi [p-type GaAs(110)] with

N& =10"cm ' as a function of both temperature and photon
flux. At 300 K there is no variation in EF with photon flux, but
increasing flux tends to flatten the bands as the temperature is
decreased. While important, this surface-photovoltaic effect is
small even at 20 K, where decreasing the flux by 3 orders of
magnitude from normal experimental values ( —10"
photonscm sec ') increases the measured band bending by
only -60 meV. These results show that the SPV effect is more
important at low temperatures, but that it represents only a
small correction to the temperature-dependent band-bending re-
sults of Fig. 5.
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measuring band bending at low temperatures. It also
shows rather conclusively that most of the temperature-
dependent movement of the Fermi level measured to date
results from equilibrium processes that determine the
coupling of the bulk and surface states through the semi-
conductor depletion region. These processes have been
described in greater detail in Refs. 11—13.

IV. CONCLUSIONS

We have presented synchrotron-photoemission,
inverse-photoemission, and LEED results characterizing
the Bi/GaAs(110) interface in the temperature range
20—300 K. At 300 K our results are consistent with a
number of other studies ' that establish Bi-monolayer
growth in chains along the [110]direction and the for-
mation of an ordered (1 X 1) overlayer without substrate
disruption. Subsequent Bi deposition results in three-
dimensional Bi-island growth atop the first monolayer.
The Bi overlayer is semiconducting with a gap of 0.7 eV
for 8 &1 ML, but becomes semimetallic after -2 ML.
For deposition at 50 K, Bi grows in a layer-by-layer mode
with no substrate disruption, but also with no long-range
order. Temperature-dependent band-bending results for
the semiconducting, ordered monolayer in which there is
one-dimensional delocalization show symmetric EF
movement for n- and p-type substrates with matched
dopant concentrations. " ' We also report, for the first
time, reversible temperature EF movement observed with
both synchrotron-radiation photoemission and inverse

photoemission, i.e., using photons and electrons as the
probe. The results suggest that technique-related none-
quilibrium processes such as the production of electron-
hole pairs and the transport of minority carriers to the
surface region are important in interpreting these results.
Careful studies of the variation in band bending with
changing photon Aux establish that the surface photovol-
tage contributes in a non-negligible fashion to the results
reported to date, but that it cannot account for all the ob-
served temperature dependence. Instead, we conclude
that equilibrium processes related to the coupling of the
substrate to the surface through the depletion region out-
lined in Refs. 11—13 are primarily responsible for the ob-
served temperature- and dopant-concentration-dependent
effects on band bending. Our results establish that great
care must be exercised to isolate the effects of equilibrium
processes when studying Schottky-barrier formation at
low temperatures and add further insight into the role of
the parameters that determine band bending.
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