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Low-energy electron diffraction, soft x-ray photoemission, cathodoluminescence (CL), and
Auger electron spectroscopies have been performed to investigate the geometric, chemical, and
electronic properties of GaAs (100) surfaces as a function of annealing temperature and surface
reconstruction. These measurements indicate gradual changes in surface geometry, composition,
deep level CL features, and Fermi-level (Ep) position with increasing temperature of surface
preparation. In contrast, it was observed that proncunced changes in the surface ionization
potential and work function between different surface reconstructions. For most of the
desorption temperatures and surface reconstructions, the secondary electron emission exhibits
characteristic double onsets, possibly due to the existence of differently reconstructed patches on
the surface. The implications of these variations in the surface chemical and electronic structure
of GaAs (100} surfaces on their metal contact properties. It was concluded that (a) unique
characterization of these surfaces requires measurements of geometric ordering, chemical
composition and bonding, and deep level emission in the band gap, and (b) the correlation of
the surface geometry with chemical and electronic surface and interface structure points to the

central role of surface preparation in achieving controlled Schottky barrier behavior.

I. INTRODUCTION

Schottky barriers continue to be a subject of intense re-
search efforts and significant scientific controversy.'™ A
new insight into the physical and chemical phenomena re-
sponsible for the electrostatic barrier formation was af-
forded by the use of molecular-beam epitaxy (MBE) as a
technique for the growth of both semiconductor substrates
and their metal contacts.*> This work established signifi-
cant Schottky barrier height variations as a function of
interface chemical composition and atomic ordering on
MBE-grown GaAs (100), a result which is in sharp con-
trast to the “universal pinning” behavior commonly re-
ported for contacts on the (110) cleavage face of melt-
grown GaAs.*® A complete understanding of this
discrepancy requires detailed electronic and structural in
situ characterization of clean GaAs surfaces."®

Here we present studies of decapped GaAs (100) with a
goal to establish the interdependence of surface geometric,
chemical, and electronic properties over a full range of
annealing temperatures (250-650°C} and surface recon-
structions. We have used high-resolution core level and
valence band soft x-ray photoemission spectroscopy
(SXPS) tc monitor surface chemistry and Fermi-level
(Er) movement, and cathodeluminescence spectroscopy
(CLS) to follow the energy distribution and relative emis-
sion intensities of surface and interface deep levels. Photo-
emission measurements indicate subtle but reproducible
changes in the Ga 3d and As 3d core-level features with
desorption temperature, in close agreement with previously
published results.” The relative intensity of these core-level
emissions, indicative of surface composition, changes by a
factor of two between the As-rich and Ga-rich reconstruc-
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tions, in accord with the previous work of Bachrach et at’
The surface Er position is typically ~0.6 eV above the
valence band maximum (E,) throughout the temperature
range of the c(8X2) reconstruction. This relative insensi-
tivity of the £y position to surface composition is corrob-
orated by the CL results which show only minor variations
in deep level (DL) emission at clean surfaces prepared
simiiarly.ﬁ’8 In contrast, we observe large (0.5-1.1 &V)
changes in the surface ionization potential and work func-
tion between different surface reconstructions. We also find
evidence of surface inhomogeneity in the appearance of
characteristic double onsets in secondary electron emission
from these thermally processed surfaces. Such inhomoge-
neity is likely due to the existence of surface patches with
different reconstructions.'® We conclude that surface elec-
tronic states of decapped GaAs (100) surfaces are highly
sensitive to surface bonding and composition, which can
also play a major role in the Schottky barrier evolution at
these surfaces.

. EXPERIMENTAL DESCRIPTION

High-resolution SXPS experiments were conducted at
the University of Wisconsin Aladdin storage ring using the
Grasshopper Mark II and 6 m torroidal grating (TGM)
monochromator and beamline. Valence-band spectra and
both the surface- and more bulk-sensitive Ga 34 and As 3d
energy distribution curves (EDCs) were acquired for clean
and metallized surfaces. These spectra were subsequently
analyzed using a least-squares line shape fitting routine in
order to separate chemistry-related and electrostatic
changes in core-level binding energies.!! Photoemission de-
termination of the surface ionization potential was carried
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Fi1G. 1. Surface-sensitive Ga 3d (a) and As 3d (b} core-level spectra of clean GaAs (100} surfaces as a function of desorption temperature and
reconstruction. Ga 3d spectra contain iwo surface-shifted components at the low (ss1) and high (ss2) high kinetic energy from the substrate (sub). As
3d presents a single surface-shifted component {ss). For desorption temperatures below ~ 4350 °C, adsorbed As produces a spectral component (ads) at

the low kinetic energy side of the spectrum.

out using 22 eV incident photon energy and involved mea-
surement of the full EDC width, i.e., the energy separation
between the emission from the valence band edge and the
cnset of the secondary electron emission. The ion gauge
was left off, and the sample was biased — 7 V relative to
both the analyzer and the vacuum chamber during these
experiments. This procedure resulted in minimizing the
number of stray electrons which could otherwise affect the
low energy region of the secondary electron spectra.'’
Low-energy CL spectra from cooled (~ 180 K) GaAs
(100) surfaces 2nd interfaces were assessed in an ultrahigh
vacuum (UHV) spectrometer described in detail
elsewhere. !

The n-type (Si-doped to 7 X 10'® cm ~3) GaAs (100)
samples were grown by MBE on top of the chemically
etched GaAs (100) substrates supplied by Sumitomo
Electric. All specimens were capped with relatively thick
(> 1000 A) As protective coating before removal from the
MBE chamber, shipped under vacuum, and then stored in
a dry N, environment. Pristine surfaces were obtained in
cryo pump-equipped analytical chambers by in situ ther-
mal desorption of the As coating. The desorption was al-
ways carried out in several steps with increasing final tem-
peratures. Each cycle consisted of a nearly linear

J. Vae. Sci. Technol. B, Vol. 10, No. 4, Jui/Aug 1992

temperature ramp ( ~5-10°C/s), followed by quenching
to the measurement temperature. We evaluated the sur-
faces after each desorption by SXPS and low-energy elec-
tron diffraction (LEED) in terms of surface chemistry,
band bending, and surface ordering. To isclate possible
effects of the electron beam on these surfaces, separate runs
were carried out without using LEED. No significant dif-
ferences in the Ep position could be discerned between
these runs. CLS measurements were preceded by the de-
termination of the starting surface reconstruction and the
Auger electron spectroscopy (AES) verification of surface
cleanliness and composition.

. RESULTS AND DISCUSSION

A. Surface reconstruction, chemistry, and band
bending

In Fig. 1(a), we show representative Ga 34 spectra for
GaAs (100) clean surfaces as a function of As desorption
temperature. The spectra were taken at 8C eV incident
photon energy, with an estimated escape depth of ~35 A
These spectra were normalized to the same height and
decomposed into several spin-orbit doublets, each reflect-
ing a distinct local environment of Ga atoms in the sub-
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strate and at the vacuum interface. Line shape decomposi-
tion of these spectra indicates the presence of the substrate
Ga 3d component (sub) as well as of the two surface-
shifted components sst and ss2 at the higher and lower
binding energy side of the substrate feature, respectively.
Each of the components is represented by a Voigt
function'"'* with the Lorentzian width held constant at
155 meV and the Gaussian width allowed to vary as a
fitting parameter. Best fitting consistency was accom-
plished when the Gaussian widths of the substrate and
surface-shifted components were maintained equal.”!®
Thus determined Gaussian widths vary between 480 and
580 meV, lower linewidth typically corresponding to sur-
faces with sharp and well-defined LEED patterns. Relative
binding energies and intensities of the surface-shifted com-
ponents exhibit systematic variations with annealing tem-
perature; the relative kinetic energy of the ssl feature in-
creases from — 0.62+0.02 eV for the (1X1) surface
obtained by a 360 °C desorption, to — 0.54=£0.02 ¢V for
the (4<2)-c(8x2) surfaces obtained in the 500-58G°C
temperature range. Correspondingly, the ss2 relative ki-
netic energy changes from 0.45+0.02 to 0.40+0.02 eV
between those surface reconstructions.'®

Relative intensities of the surface-shifted components
also change significantly with desorption temperature; the
ss2 component is virtually absent at the As-terminated (2
X 4) surfaces, in contrast with the increased contribution
of the ssl feature at the same surface. For temperatures
between ~ 500 and 600 °C, corresponding to the more Ga-
rich {4X2)-c{8x2) surfaces, each component contributes
~99%-11% of the total Ga 3d emission. Finally, at tem-
peratures beyond ~ 600 °C, at the onset of surface decom-
position we observe a new component at the high kinetic
energy side of the spectrum (0.71 £0.02 ¢V relative to the
substrate) which overlaps with the ss2 component. This
component exhibits a reduced Gaussian width of ~280
meV (relative to 510 meV for the substrate and ssl com-
ponents) and a characteristic metallic line shape asymme-
try (@ = 0.09=+0.01 ).’6 This component can thus be asso-
ciated with Ga droplets which are known to form at
thermally decomposed surfaces.’

Figure 1(b) shows the evolution of surface-sensitive As
3d core-level emission as the As cap is thermally desorbed
from the surface. The 250 °C desorption removes the top-
most oxidized portion of the As coating and produces a
well-resolved single-component As 3d core-level character-
istic of elemental As film atop the GaAs (100) substrate.
The 360 °C desorption results in a (1X1) surface whose
As 3d emission shows a substrate contribution (sub) and a
surface-shifted (ss) component at its high kinetic energy
side (0.47 =0.02 €V relative shift). In addition, the (1X1)
surface spectrum contains a third broad feature (ads) at its
low kinetic energy end. This feature arises from adsorbed
excess As on the surface, although comparison with the
250 °C spectrum reveals that it is significantly broader and
shifted tc lower kinetic energy relative to the “bulk” As
film on the same surface. The broadening is likely due to
the inequivalent bonding sites of adsorbed As atoms at the
surface. The kinetic energy shift may be due to the differ-
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FiG. 2. Total emission intensity ratios between the As 34 and Ga 3d core
levels assessed at 100 and 80 eV, respectively. The scale on the right-hand
side is corrected for the relative photoemission cross sections of the two
core levels, adopted from Ref. 22. The top of the figure shows typical
temperature ranges of our surface reconstructions.

ence in the As local bonding and/or change in surface
band bending.'®2!

As the desorption temperature is increased above
~400 °C, the adsorbed component contribution is removed
from the As 3d spectra. The surface-shifted component
remains present throughout this temperature range and
becomes more prominent as the surface As-content is re-
duced. Average relative kinetic energy shifts and total in-
tensity contributions of this component are 0.46+0.0Z eV
and ~ 13% for the {2X4), and 0.47+=0.02 eV and ~22%
for the (4x2) surface reconstruction, respectively. Fur-
thermore, we observed proncunced variations in the
Gaussian width of the As 34 line shape with desorption
temperature, in agreement with the similar changes in the
Ga 3d spectra. The linewidth reduction correlates well
with the sharpness of LEED pattern. This suggests that the
core level broadening can be associate¢ with the presence
of coexisting patches with different surface geometries.
Further evidence and possible causes of such surface in-
homogeneities will be discussed later in this article.

In Fig. 2, we show the ratio of the As 3d and Ga 3d total
emission intensities measured at 100 and 80 eV photen
energies, respectively. The two sets of data points were
obtained at samples prepared and studied several months
apart and show similar trends with the desorption temper-
ature; the As to Ga ratio starts at ~ 1.6 for the (1X1)
reconstruction, decreases gradually throughout the (2X4)
reconstruction temperature range, and stabilizes between
0.8 and 1.0 throughout most of the high temperature range
of the (4<2)-c(8X2) reconstruction. For desorption tem-
peratures beyond ~ 580 °C, this ratio is more difficult to
predict because of the possibility of As readsorption and/
or outdiffusion from the substrate to the free surface.” A
significant increase in the As background pressure during
these desorptions suggests that both of these processes may
be taking place at the onset of surface decomposition.
Morecover, when the As partial pressure remained high
{>1x10" 9 Torr} even between such desorptions, we ob-
served the (4 6) LEED pattern instead of the expected




19061 Vitomirov ef al: Reconsiructed GaAs (100) surfaces

{8 X2} reconstruction (see Fig. 2, top). These subtle vari-
ations provide an indication of the very complex relation-
ship between desorption temperature, surface reconstruc-
tion, and chemical composition of decapped MBE-GaAs
(100) surfaces, 91821

The valence band (VB) photoemission spectra {not
shown) undergo subtle but important changes with de-
sorption temperature and surface reconstruction, especially
in the energy range ~1 eV below the valence band maxi-
mum (£,).'%1%* These changes are caused by the presence
of surface states for As-rich surfaces,’® and the presence of
metallic states for nearly decomposed As-deficient sur-
faces. The same VB edge changes can present difficulties
when the VB edge extrapolation is used to determine Ep
position at GaAs (100) clean surfaces. We attempted to
eliminate this source of measurement error by selecting a
set of “optimal” VBs obtained from the ¢(8X2) surfaces
and using them to establish the reference (EE,) value of
0.62+0.05 eV. Then we followed rigid shifts in the sub-
strate component of the As 3d and Ga 34 core-level spectra
to extract processing-induced changes in band bending rel-
ative to these surfaces. Using this method we determined
(E—E,) of 062005 eV for desorption temperatures
500 °C<T'<620 °C and the (4 X2)-¢(8 X 2) reconstruction,
and 0.52£0.05 eV for the more As-rich (2X4) recon-
structions produced by 400 and 450 °C desorptions. For
temperatures beyond —~ 620 °C Ey tends to move closer to
the VB maximum, likely due to “pinning” by states pro-
duced by surface decomposition. These values of Ep stabi-
lization energy and its relative insensitivity to surface re-
construction are in excellent agreement with other recent
measurements on decapped GaAs (100) surfaces.”**

B. Work function dependence on surface
reconstruction

In contrast to the relative insensitivity of the £y position
toc surface reconstruction, we provide evidence for large
variations in both the surface ionization potential (7) and
the work function (®) with surface ordering. The surface
ionization potential and work function may be determined
from photoemission spectra using the following relation-
ship:

@ =1— (Ep—E)=hv—AEDC — (E;— E,)), (1)

where AEDC designates the full EDC width of the photo-
excited spectrum and Av designates the incident photon
energy. Hence, a narrow EDC corresponds to a high work
function and vice versa. Possible sources of error in SXPS
photoemission measurement of work function then include
error in the photon energy due to monochromator calibra-
tion and errors due to the secondary electron onset, VB
edge, and equilibrium ¥, determination using a metal
reference.'’ Neglecting the first contribution (which also
has no bearing on the relative changes in ® between sur-
face reconstructions), we estimate the overal! error in our
results to be ~ 100 meV.

Figure 3 displays the measured values of ® as a function
of surface desorption temperature and reconstruction.
Filled symbols represent measurements based on the
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FI1G. 3. GaAs (100) surface work function as function of desorption
temperature and corresponding surface reconstruction (solid triangles).
The contribution of the second emission onsets in Fig. 4 (open circles)
reduces the average work function variation between different surface
reconstructions.

“first” (low kinetic energy) onset in the secondary electron
emission spectra shown in Fig. 4. Empty symbols represent
measurementis based on the position of a shoulder on the
leading edge of some of these specira, which we will refer
to as the “second” (higher kinetic energy) onset in the
secondary electron spectra. This second onset appears con-
sistently ~0.8 eV relative to the first one for the c(8x2)
structure, but both the energy spacing and relative prom-
inence of these onsets change between surface reconstruc-
tions. We speculate that these onsets originate from two
types of surface domains with distinct values of the surface
ionization potential, conceivably those corresponding to
the As-dimer and Ga-dimer stabilized surface
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Fi16. 4. Secondary electron emission onset at Av = 22 eV and sample bias

of — 7 eV relative to the ground. Filled arrows indicate the estimated
position of the first and empty arrows of the second onset.
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reconstructions.'® Although a relative measure of the con-
centration of such domains can be in principle derived
from the EDC slopes corresponding to each onset, such
measurements are beyond the scope and precision of our
experiments.'® Significantly, the presence of surface inho-
mogeneities is also evidenced in the broadening of the As
3d and Ga 3d linewidths for the same transition tempera-
tures.

The work function variations in Fig. 3 (filled symbols)
follow the same general trend reported for both decapped
MBE-grown?'?* and in situ prepared GaAs (100)
surfaces.'**>?6 The work function decreases throughout
the {1x1) recomstruction temperature range, reaches a
local minimum of 3.85 eV at ~450°C, and then rises
abruptly to a maximum value of ~4.5 ¢V at 500 °C. For
desorption temperatures above 500 °C, the work function
decreases to its absolute minimum of ~3.55 eV at 600°C
and finally reaches its measured absolute maximum of
~4.6 eV upon the 620 °C desorption. The maximum value
of the work function after the 500 °C desorption appears
lower than its values at either end of the desorption tem-
perature range, which differs from the results of Massies ef
ai®® and from the recently obtained results by other re-
search teams.?"?* This discrepancy may be due to the fact
that we used larger temperature increments and possibly
missed the absolute maximum in the work function ex-
pected to appear for the ¢(2Xx8) reconstruction.'>?® In-
deed, in our UHYV system excess As is very efficiently re-
moved from the surface by thermal desorptions, and the
As-rich reconstructions are thereby inherently unstable.
This agrees with our inability to produce either the ¢{4
X4} or the ¢(2x8) LEED patterns commonly observed
in MBE-growth systems.>> Detailed comparison between
the results of different groups is hence frustrated by the
high sensitivity of “real’” surfaces to their preparation con-
ditions. Furthermore, measurement techniques can alsc in-
troduce significant differences between the surface work
function measured by different groups.?’ For example, the
amplitude of work function variation is ~1.1 eV for our
surfaces, which is larger than 0.3-0.8 eV reported by other
groups.u"“‘zs’26 This discrepancy may be the result of an
averaging of the surface work function by Kelvin probe
and retarding beam techniques. Indeed, taking a weighted
average of the energies corresponding to both first and
second onsets in Fig. 3, one can obtain close consistency
between ours and Kelvin probe work function
measurements. >

Since the Ej position changes by <100 meV with struc-
ture of these surfaces, it is evident that most of the @
variation is due to the change in the electron affinity. This
change is most pronounced between the As-dimer termi-
nated (2 X4) and the Ga-rich ¢{8}2) reconstruction and
hence points to the central role of the surface dipole in the
ionization potential variations. 10,12,26 Furthermore, the dra-
matic ~0.9 eV change in ¢ over the 500-600 °C desorp-
tion temperature range suggests that even for a specific
(4%2)-c(8x2) LEED pattern, the surface may contain
inhomogeneities providing for gradual changes in work
function between distinct surface reconstructions.
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FIG. 5. Surface-sensitive 1 keV CL spectra from GaAs (100) surfaces
show subtle changes in energies and intensities of DL features between
different clean surface reconstructions.

C. CL measurements of DL

Figure 5 shows surface-sensitive 1 keV CL spectra ob-
tained for four commonly observed surface reconstructions
of decapped GaAs (100) surfaces. The DL emission ex-
tends between the 0.8 and 1.3 eV photon energy and is
relatively weak compared to the near-band gap (NBG)
transition at 1.47 eV. Comparison between CL spectra ex-
cited with 1, 1.5, and 2 keV incident electron energies re-
veals a relative enhancement of DL emission with decreas-
ing electron energy, indicative of its near-surface origin.*
The DL features show subtle changes in energy and inten-
sity between the (1 X 1), (2X4), and {4 X2)-¢(8X2) sur-
face structures. They indicate a small emission enhance-
ment in the 0.8-1.1 eV range for the most As-rich (1 X 1)
surface, which disappears for the (2X4) and (4X2)-¢(8
% 2) surface reconstructions. Finally, incipient surface de-
composition at 620 °C strongly enhances the emission band
centered at ~0.95 eV, while reducing the emission in the
1.2-1.3 eV range relative to the (4X2)-c(8X2) surface.

These subtle but significant differences in the
reconstruction-dependent DL emission correlate well with
the Fermi-level position at these surfaces. Relative stability
of the £ position over the temperature range correspond-
ing to the (2X4) and (4X2)-¢c{8X2) surface structures is
in agreement with the observed lack of major DL changes
between these reconstructions. Alternatively, the addi-
tional bandgap features introduced at both the As-rich and
the Ga-rich end of the surface composition range correlate
well with the £ movement toward the valence band max-
imum observed under similar conditions.?*

V. CONCLUSIONS

This work demonstrates unequivocally that chemical,
structural, and electronic properties of decapped GaAs
(100} surfaces vary systematically with surface reconstruc-
tion and desorption temperature. Surface reconstruction is
found to depend sensitively on both the desorption temper-
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ature and processing conditions, among which the As
background pressure seems particularly important. Syn-
chrotron radiation photoemission measurements indicate
gradual and systematic changes in core level and valence
band emission with desorption temperature and surface
reconstruction. Surface chemical composition and work
function vary predictably with desorption temperature and
surface reconstruction. Core-level features and spectral
structure at the onset of secondary electron emission indi-
cate the presence in varying degrees of surface inhomoge-
neities throughout the range of desorption temperatures.
The chemical and electronic complexity of decapped GaAs
(100) surfaces clearly indicates that a multitechnigue ap-
proach, involving core level and valence band photoemis-
sion, band gap luminescence, and LEED spectroscopy, is
necessary for their unique characterization.
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