
PHYSICAL REVIEW B VOLUME 52, NUMBER 4 15 JULY 1995-II

Structural determination of the S-passivated InP(100)-(1 X 1) surface
by dynamical low-energy electron-diffraction analysis
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We have determined the optimum geometry of the S-passivated InP(100)-(1 X 1) surface by dynamical
low-energy electron-diffraction analysis. S atoms bond to In by occupying the bridge site that continues
the zinc-blende stacking sequence of the substrate. Other potential high-symmetry adsorption sites
(atop, antibridge, and hollow) can be clearly ruled out. The overlayer-substrate interlayer spacing is
found to be 1.445+0.033 A, and the topmost substrate interlayer spacing is found to be 1.465+0.035 A.

0
Both values are close to the bulk interlayer spacing of 1.468 A. We also have investigated the S coverage
within the framework of the average t-matrix approximation, and our results favor a full monolayer.
However, the coverage could be as low as 0.77 monolayer when the uncertainty is taken into account.
The optimum geometry of the S-passivated surface is consistent with sp -hybridized S and In forming
predominantly covalent bonds, which has important implications with regard to the passivation mecha-
nism.

I. INTRODUCTION

III-V compound semiconductors are recognized pri-
marily for their potential applications in high-speed elec-
tronic and long-wavelength optical circuitry. ' However,
the high surface state density and the high surface recom-
bination velocity of these materials have hampered the
development of III-V devices. ' Consequently, there is
considerable interest in obtaining suitable techniques for
treating the surface of the semiconductor, prior to subse-
quent processing, so that the surface states shift from the
band gap and into the valence and conduction bands.
This can be accomplished by chemically passivating the
semiconductor surface.

In the case of InP(100), the surface is passivated
effectively by reaction with inorganic sulfides. " Iyer,
Chang, and Lile have shown that the electrical proper-
ties of metal-insulator-semiconductor field-effect transis-
tors fabricated from InP(100) can be greatly enhanced by
pretreating the semiconductor surface in a heated aque-
ous solution of (NH4)2S, and subliming excess S in vacu-
um prior to growing SiOz. However, the amount of S at
the surface spanned a wide range, which resulted in some
variation in the measured electrical properties of the final
product.

Recently, Tao et al. advanced the process of pretreat-
ing InP(100) with aqueous (NH~)zS by first heating the
solution under intense illumination from white light, and
then rinsing the sample with deionized water. Samples
prepared in this manner exhibited a (1 X 1) low-energy
electron-difFraction (LEED) pattern upon introduction
into vacuum, in the absence of further treatment. Based
on their x-ray photoelectron spectroscopy (XPS) results,
Tao et al. concluded that the surface was passivated by
approximately a full monolayer of S atoms that formed
robust covalent bonds exclusively to In. As a further tes-
tament to the remarkable stability of the S-passivated
surface, the samples still exhibited a (1X1) LEED pat-

tern after exposure to the atmosphere for several days.
Later studies " have shown that illumination is not re-
quired to form a well-passivated surface, with XPS re-
sults again suggesting a S coverage of —1 monolayer.

In spite of the significant number of studies on S pas-
sivation of InP(100), a precise description of the resultant
surface geometry has not yet emerged. Tao et al. pro-
posed, without direct evidence, that the S atoms resided
in bridge sites corresponding to P vacancies. Shortly
thereafter, Lu et al. found support for this model in
their E-polarization-dependent study of the x-ray-
absorption near-edge structure (XANES) of the sulfur K
edge, from which they estimated an In-S-In bond angle of
100 . Further work by Lu using x-ray photoelectron
difFraction (XPD) indicated that this bond angle fell
within the range of 100'—110'. While these studies pro-
vide information with regard to the resultant structure,
along with some insight into the passivation mechanism,
the surface geometry still remains ambiguous as only
low-precision estimates for the In-S-In bond angle have
been reported. In this paper, we present a complete and
quantitative description of the optimum geometry of the
S-passivated InP(100)-(1 X 1) surface, which we have
determined by dynamical LEED analysis.

II. KXPKRIMKNTAL PROCKDURKS

The experiments were carried out in a diffusion-

pumped, p-metal-shielded, ultrahigh-vacuum (UHV)
chamber with a base pressure of less than 1X10 ' torr.
The UHV chamber is equipped with a four-grid retarding
field analyzer for LEED and a hemispherical electron en-

ergy analyzer for Auger electron spectroscopy (AES).
The substrate was an undoped epilayer ( -2 pm in thick-
ness) grown on an InP(100) wafer by chemical beam epi-
taxy. The sample was prepared (as described previous-
ly' '") by first etching the substrate in 5% HF for 1 min,
and then treating it for 20 min in an aqueous solution of
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(NH4)zS, which was held at 340 K. After passivating the
surface, the sample was thoroughly rinsed in running and
static deionized water, dried with He, and introduced
into the UHV chamber by a remove transfer arm housed
in a turbopumped loadlock chamber. The pressure in the
UHV chamber increased to -5X10 ' torr after the
sample transfer. In agreement with the work of Tao
et al. , the observation of a (1 X 1) LEED pattern did not
require further treatment. The sample cleanliness was
verified by AES, which showed a trace of C contamina-
tion (0 was not observed) in addition to S, In, and P. An-
nealing to 570 K for -20 min (which has been shown not
to destabilize the surface' ) was found to remove the C
contamination as well as improve the quality of the
LEED pattern.

Experimental LEED intensity-energy [I(E)] curves
were acquired using the video-LEED technique. The
output of a charge-coupled-device camera was recorded
onto video tape as the incident beam energy was ramped
from 40 to 320 eV, at a rate of —1 eVs '. The curves
were extracted from the recording by digitizing the video
image with a computer-interfaced video processor, in-
tegrating the spot intensities, and subtracting the local
background around each spot. Normalization of the
curves to constant incident beam current was carried out
afterward. The sample was maintained at 245 K during
the experiment, and was oriented for normal incidence by
comparison of symmetry-equivalent curves. The time of
exposure to the incident electron beam was minimized as
this was found to degrade the LEED pattern. Equivalent
beam averaging, a procedure known to reduce the
inhuence of residual experimental errors, ' was conduct-
ed whenever possible. The final data set included the
(1,0), (0,1), (1,1), (2,0), (0,2), (2, 1), and (1,2) curves. For
reasons related to computational eKciency and accuracy,
the curves were truncated to some extent on the high-
energy side. The (2,2) and (3,0) curves were also mea-
sured, but were excluded from the analysis on the basis of
an unacceptable signal-to-noise ratio.

III. CQMPUTATIQNAI. PROCEDURES

sitivity of this R factor to spectral noise, ' both sets of
curves were smoothed twice with a three-point smooth-
ing algorithm' prior to the R-factor analysis.

Eight partial-wave phase shifts (1,„=7)were included
in the calculations. In the case of S, we utilized the phase
shifts of Demuth, Jepsen, and Marcus. ' As for In and P,
we employed the phase shifts of Wu, Puga, and Tong. '

The phase shifts were corrected for thermal effects by al-
lowing the S atoms to vibrate with a different amplitude
than the substrate atoms, whereas In and P were assumed
to have equal vibrational amplitudes. Within this frame-
work, the optimum root-mean-square vibrational ampli-
tude ((u )'~ ) at 245 K was determined to be 0.107 A
for S, and 0.062 A for In and P. The R-factor value
varied significantly with the treatment of thermal vibra-
tions, but only a slight dependence was observed with re-
gard to the final structure (changes in the optimum inter-
layer spacings spanned a range of less than 0.02 A over a
wide range of vibrational amplitudes). The real part of
the optical potential ( V,„)was assumed to be independent
of energy, and was initially set at —10 eV. During the
course of the R-factor analysis, this parameter was al-
lowed to shift rigidly in 1-eV steps in order to obtain the
best level of agreement. In the case of the optimum
geometry, V„was determined to be —7 eV. The imagi-
nary part of the optical potential ( V„) also was assumed
to be independent of energy, and optimization of this
quantity resulted in a final value of —4.2 eV.

In Fig. 1, we show a schematic representation of the
(1X1) surface of InP(100). Symmetry elements of this
surface include a square surface unit cell, but only a two-
fold rotational axis and two orthogonal mirror planes due
to the ABCD stacking sequence along [100] of the zinc-
blende lattice. One consequence of this stacking arrange-
ment is an ambiguity of 90 in the azimuthal orientation
of the crystal. In order to resolve this uncertainty, we
conducted the R-factor analysis for both possible orienta-
tions. In the case of the optimum geometry, we report
beam indices such that [01] in reciprocal space corre-
sponds to [011] in real space. Note that the presence of
steps does not introduce additional rotational domains,

Theoretical I(E) curves were calculated from 30 to 260
eV, for normal incidence, with the conventional LEED
package of Van Hove and Tong. ' After calculating
reAection and transmission matrices within the self-
consistent formalism, interlayer scattering was accom-
plished by layer doubling. Up to 43 symmetry-
nonequivalent beams were included in the plane-wave ex-
pansion of the wave field, which resulted in fully con-
verged spectra for interlayer spacings down to slightly
below 1 A. The possibility of random vacancy disorder
in the S overlayer was investigated within the framework
of the average r-matrix approximation (ATA). ' This
method is known to be computationally valid for LEED
energies on the basis of comparison to dynamical LEED
calculations using the more accurate, but also more com-
putationally demanding, coherent potential approxima-
tion (CPA). ' The fit between theoretical and experimen-
tal curves was determined quantitatively with the reliabil-
ity factor of Pendry (R~).' Because of the extreme sen-
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FIG. 1. Schematic of the In-terminated InP(100)-(1 X 1) sur-
face showing potential high-symmetry adsorption sites for S.
Light atoms correspond to In and dark atoms correspond to P.
Atoms are drawn increasingly larger toward the surface.
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since they must be two layers high in order to preserve
the proper chemical ordering on all terraces.

The bulk lattice parameters of the epilayer were chosen
to be the same as those of bulk InP(100), i.e., the bulk in-
terlayer spacing was taken to be db„&„=1.468 A and the
dimensions of the surface unit cell were taken to be
~a, ~

=~a2~=4. 1S2 A. Attempts to distort the bulk por-
tion of the epilayer away from these values, while con-
serving either the bond lengths or the bond angles, al-
ways resulted in a degraded R-factor value.
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IV. RESULTS AND DISCUSSIGN

The analysis was carried out in two stages. Initially,
we sought to identify the proper binding site for the S
adatoms. The high-symmetry sites that we tested include
the bridge site, the atop site, the antibridge site, and the
hollow site, which are shown schematically in Fig. 1. In
all cases, we assumed that the substrate was terminated
by a plane of In atoms, as only S-In bonds were detected
by XPS in similar solution-based passivation studies. ' ' '

After determining in the proper binding site, we then op-
timized all structural and nonstructural parameters as
well as the S coverage. Since previous studies indicated a
coverage of approximately a full monolayer, ' we initial-
ly assumed that the density of atoms in the S overlayer
equaled the density of atoms in each substrate layer.

For each adsorption-site model, we allowed the
overlayer-substrate interlayer spacing (do, ) and the top-
most substrate interlayer spacing (d, 2) to vary in an in-

dependent manner. The former parameter was incre-
0

mented in steps of 0.05 A, and the latter parameter was
incremented in steps of 0.1 A. Since the di6'erent adsorp-
tion sites imply quite di6'erent values for do&, we conduct-
ed our structural search in a manner that was appropri-
ate for the model under consideration. More specifically,
do& was allowed to span the range of 1.1 —2.0 A for both
the bridge-site model and the antibridge-site model,
2.0—2.8 A for the atop-site model, and 1.0—1.6 A for the
hollow-site model. In the case of the atop-site model, the
lower limit was chosen to yield a S-In bond length consid-
erably smaller than the sum of covalent radii in order to
account for the formation of a double bond. As for the
possible relaxation of the substrate, di2 was allowed to
span the range of 1.168—II. 768 A.

Figure 2 compares selected best-fit theoretical I(E)
curves for the various adsorption-site models to those ob-
tained experimentally. Visual inspection of the curves
shows that the bridge-site model clearly yields the best
level of agreement. The R-factor results also support this
conclusion. After the initial crude search, the minimum
E.-factor values were found to be R~ =0.40 for the
bridge-site model, 0.73 for the atop-site model, 0.76 for
the antibridge-site model, and 0.81 for the hollow-site
model. The R-factor value for the bridge-site model is
suKciently lower than those for the other models to ex-
clude the remaining models from further consideration.
However, in the case of the hollow-site model there is
sufricient room for the S atoms to sink lower into the sub-
strate than allowed here. An investigation of this possibil-
ity would entail treating the S overlayer and the In plane

100 200
Energy (eV)

pt.

300

I I i
I

I I I i
I

I I i

low

ge

top

100 200
Energy (eV)

xpt.
i i

300

FIG. 2. Comparison between selected best-fit theoretical
I(E) curves for the various adsorption-site models (after the ini-

tial crude search) and those obtained experimentally.

directly beneath as a composite layer. At the present
time, we do not believe that this computationally inten-
sive step is warranted as the R-factor value remained
high and practically invariant over the entire range of do&

that we considered. This indicates that there is no evi-
dence for the well-known phenomenon of multiple coin-
cidences, ' which suggests that the hollow site is not a vi-

able adsorption site for the S atoms. Furthermore, ad-
sorption at the hollow site is highly unlikely due to the
directional bonding character of the substrate.

Since the R-factor value for the bridge-site model still
left room for improvement, we refined the structure fur-
ther by independently varying do& and d&2 on a 0.02-A
grid in the vicinity of the best-fit geometry of the first
stage of the analysis. In addition, we allowed the S cover-
age to decrease in steps of 0.1 monolayer in the lattice-gas
sense in order to investigate the possibility of vacancy
disorder. Furthermore, we repeatedly reoptimized the
nonstructural parameters during the refinement pro-
cedure to avoid being mislead by correlations with other
parameters. Figure 3 compares theoretical I(E) curves
for the optimum geometry to those obtained experimen-
tally. Although some minor discrepancies still exist,
visual inspection of the curves shows a good overall ac-
count of both the peak positions and the relative intensi-
ties. This assessment is conIIirmed by an acceptable
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FIG. 3. Comparison between theoretical I(E) curves for the
optimum geometry and those obtained experimentally. The
upper curves correspond to the theoretical results.

minimum R-factor value of R&=0.26, which is some-
what higher than the values of less than 0.20 typically ex-
pected for simple metal surfaces, but comparable to those
reported for many combinations of atomic adsorbates on
metals.

Figure 4 shows plots of R& as a function of the inter-
layer spacing of interest, with all other parameters 6xed
at their optimum values. From the position of the A-
factor minimum in each plot, we deduce an optimum
geometry of d0, =1.445 A and d&2=1.465 A for the S-
passivated surface. In order to estimate the uncertainty

in each of these quantities, we used the formula of Pen-
dr�' to determine the standard deviation
[b,R =R;„(8V„/b,E)', where hE is the total energy
range in common between experiment and theory]. Us-
ing a value of 1255 eV for hE, this formula yields an un-
certainty of +0.033 A for d0& and an uncertainty of
+0.035 A for d &2. Since db„&k fell within the range of ac-
ceptable values for both dp, and d ]p we chose not to con-
sider the possible relaxation of deeper interlayer spacings.

As for the S coverage, Fig. 5 shows that the R-factor
results clearly favor a full monolayer as initially suggest-
ed by Tao et al. However, the coverage could be as low
as 0.77 monolayer when the uncertainty is taken into ac-
count. Note that these values do not take into considera-
tion the possibility of S as a substitutional impurity in the
subsurface region. S is a common n-type dopant in III-V
compound semiconductors, and previous studies have
suggested a small concentration of S in at least the third
atomic layer. ' In principle, the effect of subsurface S on
the I (E) curves could be modeled using the ATA
method. But in this case an investigation of substitution-
al disorder by LEED would be unreliable due to the fact
that the phase shifts of S and P are very similar, as they
differ by only 1 in atomic number.

A value of d0& =1.445 A for a S atom residing in the
bridge site (which can be viewed as a continuation of the
zinc-blende lattice) corresponds to an In-Si-In bond angle
of 110.3'. This value is very close to the tetrahedral
bond angle of 109.6, which suggests that bond forma-
tion involves the interaction of sp -hybridized orbitals on
both S and In, and that the bonds are predominantly co-
valent in nature. As a further indication of covalent
bonding, the S-In bond length found here (2.529 A) is
comparable to the bulk In-P bond length (2.543 A). This
would be expected in the covalent limit, since the co-
valent radii of S and P differ by only 0.02 A.

The formation of two covalent S-In bonds per In atom,
as implied by the bridge adsorption site, would saturate
the dangling bonds on In. Experimental evidence for a
bulklike environment around the In atoms in the topmost
substrate plane comes from the fact that d &2 is essentially
unrelaxed. As for the remaining electrons on S, they
would occupy the two sp -hybridized orbitals directed
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away from the surface. A first-principles calculation by
Ohno ' for a monolayer of S atoms on Ga-terminated
CxaAs(100) shows that this bonding configuration leads to
a remarkably low density of states in the midgap region.
Therefore the role of S in passivating the surface can be
explained by the formation of covalent bridge bonds in
conjunction with a low density of vacancy defects.

The results of our study confirm the model of Tao
et al. , and are in general agreement with the previously
mentioned XPD and XANES results. However, the de-
tails of the structure di8'er significantly. In the case of
the XPD study, only a broad range of possible In-S-In
bond angles has been reported so a quantitative compar-
ison is not justified, although the largest value from that
investigation is equal to the bond angle determined here.
As for the XANES study, an estimated In-S-In bond an-
gle of 100' implies a value of 1.742 A for doi which is in-
consistent with our result even when the uncertainty in
doi is taken into account. The recent first-principles cal-
culation of Jin et al. also favors a much smaller dis-
tance for do& than indicated by XANES. However, the
results of that calculation predict that the lowest-energy
structure for the S-passivated surface should correspond
to an asymmetric buckled-dimer model, with an average
reduction in

deal by 0.37 A an average lateral displace-
ment of 0.45 A off the bridge site along [011], and a

0
reduction in d&2 by 0.07 A. In order to explain the ab-
sence of double periodicity in the experimental LEED
pattern, Jin et al. have suggested a random distribution
of S dimers. It is not clear, though, whether this sugges-
tion is valid as only the total energy of the perfectly or-
dered surface has been calculated. Moreover, we would
have expected our analysis to have favored a much small-
er value for do, than determined here if randomly distri-
buted dimers had been present, even with the S atoms
held fixed at the bridge position. This is due to the fact
that I(E) curves calculated for normal incidence are
rather insensitive to small lateral displacements, since
momentum transfer is primarily towards the surface nor-
mal. '
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