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Low-energy photoelectron diffraction structure determination of GaSe-bilayer-passivated Si„111…
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The atomic structure of GaSe-bilayer-passivated Si~111! was determined using low-energy photoelectron
diffraction ~PED!. Scanned-energy and scanned-angle PED measurements were combined with multiple-
scattering calculations to investigate the specific bonding configuration and to test the applicability of these
techniques in an electron energy range where multiple and back scattering are important. Using tunable
synchrotron radiation to vary the electron wavelength for emission along the Ga-Si and Ga-Se bonds, we
determined the Ga site to be directly atop a surface Si atom with a bond length of 2.3560.02 Å. We find the

Ga-Se bond lies 65° from the surface normal towards@112̄#, with length 2.4460.01 Å. Diffraction stereo-
grams@variable-angle scattering at constant kinetic energy~KE!# for Ga 3d emission (KE5230 eV) show
threefold symmetric, forward-focusing peaks along Ga-Se bonds, indicating a single-domained bilayer. Se 3d
stereograms (KE5196 eV) show a sixfold ripple pattern due to scattering from the six in-plane Se next-
nearest neighbors. Multiple scattering analysis is required to explain the full diffraction pattern for this two-
layer thick film. Polar-angle scans at constant azimuth and kinetic energy were measured using conventional
laboratory x-ray sources for Ga 2p (KE5131 eV) and Se 2p (KE548 eV). The results, subjected to
multiple-scattering analysis, are consistent with the structure determined using synchrotron radiation. These
results demonstrate low-energy PED as an effective tool in structural determination.

DOI: 10.1103/PhysRevB.64.235314 PACS number~s!: 68.35.2p, 79.60.Dp, 79.60.Jv
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I. INTRODUCTION

Truncation of covalently-bonded crystals at a surface
troduces complexity into their atomic and electronic stru
tures through the creation of dangling bonds. This compl
ity often manifests itself in geometric reconstructions of t
near-surface region and in the appearance of surface
tronic states. Removal of surface reconstruction and mo
cation of surface properties can be achieved by introduc
extraneous atoms to the surface that passivate surface
gling bonds. The resultant fully coordinated low-energy s
face may serve as a stable, unreactive substrate for su
quent growth and processing. In this paper, we detail
structure of such a surface: GaSe-terminated Si~111!.

The ideal Si~111! surface would have a single danglin
bond per surface atom. This surface reconstructs into
complex 737 dimer-adatom-stacking fault reconstruction1

which eliminates about 60% of the dangling bonds. Elimin
tion of the reconstruction, plus passivation of the react
dangling bonds, may be achieved by adding an additio
valence electron per surface atom. This was first achie
with hydrogen saturation of the surface dangling bonds@Fig.
1~a!#,2 a technique which has since been improved throu
wet chemistry.3,4 Passivation and a 131 surface unit cell
may also be achieved by replacing the top Si layer with
@Fig. 1~b!#.5,6 The same total of 9 valence electrons in t
outermost Si bilayer may also be achieved by replacin
with a Ga-Se bilayer@Fig. 1~c!#. The resultant Si~111!:GaSe
structure, with Si-Ga bonds and surface Se lone-pair state
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a fully coordinated surface and bears strong resemblanc
Si~111!:As.7–10 This surface is highly stable and resistant
contamination.7,8,11,12Additional GaSe does not stick to th
bilayer at substrate temperatures above 525 °C.7 In angle re-
solved photoemission measurements, we have found
electronic structures of the lone pair states on the Si~111!:As
and Si~111!:GaSe surfaces are similar, while the bac
bonding states differ significantly. These results will
published elsewhere.10

The passivated Si~111!:GaSe surface serves as a mod
system for initiating binary-materials heteroepitaxy. T
GaSe bilayer structure is the building block of both bu
gallium-selenium crystal structures—layered GaSe and cu
Ga2Se3—although in the cubic form, 1/3 of the Ga sites a
empty. Layered GaSe has a lattice spacing 2.4% smaller
that of Si~111!, whereas Ga2Se3 is lattice matched to S
within 0.3%. Epitaxy of III-VI materials on silicon is attract
ing increasing interest due to many distinct structural, el
tronic and optical properties displayed by chalcogeni

FIG. 1. Atomic structures of the passivated Si~111! surface:~a!
Si~111!:H, ~b! Si~111!:As, ~c! Si~111!:GaSe. Each box in the dia
gram contains 9 valence electrons.
©2001 The American Physical Society14-1
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SHUANG MENG et al. PHYSICAL REVIEW B 64 235314
based semiconductors and their potential use
optoelectronic devices.13 Several groups have reporte
growth of layered GaSe on Si~111!.8,9,14–19

A full understanding of the properties and passivation
havior of the Si~111!:GaSe surface requires detailed know
edge of its structure. Previous experiments using x-ray sta
ing wave fluorescence~Ref. 9! and high-kinetic-energy
photoelectron diffraction~Ref. 7! are consistent with the
structure shown in Fig. 1~c!, reporting a Ga-Si distance o
2.3760.03 Å ~Ref. 9! and a Ga-Se bond angle of 64°~7!.
The x-ray measurements, however, were on air-expo
samples and appeared to support multiple orientations of
Ga-Se bond.8,9

In this paper, we present a low-energy photoelectron sp
troscopy and diffraction study of GaSe-bilayer passiva
Si~111!. High resolution core-level spectroscopy shows
Ga and Se atoms to occupy single environments, while
interface Si is found to be in a very bulklike environmen
Using scanned-energy photoelectron diffraction meas
ments, combined with multiple-scattering theoretical ana
sis, we determine that Ga resides 2.3560.02 Å above sur-
face Si atoms, while the Ga-Se bond parameters are betw
those of the two bulk crystal structures. This is consist
with both previous experimental results and with an unp
lished density-functional structural calculation.20 We also uti-
lized this ideal heteroepitaxial system to test photoelect
diffraction modeling for covalently-bonded surfaces w
multiple atomic species. At kinetic energies near 200 eV,
PED is dominated by forward focusing along the three Ga
bonds, while Se PED displays diffraction rings from in-pla
scattering.

II. EXPERIMENTAL AND THEORETICAL
CONFIGURATION

Photoelectron diffraction measurements were conduc
using both synchrotron@advanced light source~ALS! beam-
line 7.01# and laboratory~Seattle! sources.N-type Si~111!
substrates (r;1 V cm) were outgassed at 500 °C and th
flashed to 875 °C until a sharp 737 low-energy electron
diffraction ~LEED! pattern was observed. GaSe was sub
quently deposited at substrate temperatureTs5550 °C with a
GaSe Knudsen cell. The deposition time is not critical, sin
only a single GaSe bilayer sticks at this temperature. T
detailed sample preparation procedure has been repo
elsewhere.7 After deposition, samples were transported un
UHV conditions from the preparation chamber~base pres-
sure 7310211 Torr in Seattle and 2310210 at the ALS! to
the analysis chamber~base pressure 1310210 Torr!. Photo-
electron diffraction measurements were performed on
double rotating stage in the analysis chamber. At the s
chrotron, the angle between the incident photons and
tected electrons was fixed at 60° in the horizontal plane
the sample was rotated around the horizontal axis (u) and
the sample normal (f). The photons were polarized in th
horizontal plane. In Seattle, the angle between the incid
Mg Ka or Al Ka photons and the detected electrons w
fixed at 55° in the horizontal plane. The sample rota
around the vertical axis (u) and the sample normal (f). Data
23531
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are presented in crystal coordinates (f measured counter
clockwise from@112̄#, u measured from sample normal!.

Photoelectron diffraction~PED! probes local atomic
structure through variation of photoemitted electron inten
ties with wave vectorkW . This variation arises from interfer
ence between the portion of the electron wave traveling
rectly to the detector and the portion scattered by nea
atoms. At high kinetic energies (KE.500 eV), forward
scattering dominates, and the primary intensity variation
with emission direction. In this paper, we exploit the e
hanced back-scattering amplitude at lower kinetic energy
obtain information about the location of the GaSe bilay
relative to the Si substrate. Experiments varied the elec
wave vector’s magnitude and angle through the pho
energy and sample orientation, respectively.

Below about 300 eV kinetic energy, the large scatter
cross section, combined with comparable scattering inten
in forward and backward directions, means that multip
scattering analysis is crucial to interpreting photoelect
diffraction measurements. We performed low-energy P
modeling using the codeMSCD,21 which applies the Rehr-
Albers separable representation of spherical-wa
propagators22 to a multiple-scattering cluster calculation
Calculations were carried out up to fourth order in Re
Albers expansion and to eighth order in multiple scatteri
Phase shifts~for electron waves scattering off atoms! were
calculated using theab initio EXAFS codeFEFF.23 Calcula-
tions were performed for a paraboloid cluster of 121 atom
representing a strained GaSe bilayer terminated Si~111! sur-
face with no reconstruction. The code is based on a sphe
local potential, but includes charge redistribution in the p
tially ionic bonds. The effect of the nonspherical covale
bonds in photoelectron diffraction is expected to be qu
small for the kinetic energies used here,24 which are at least
40 eV above the vacuum level.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Substrate modification

The effectiveness of GaSe bilayer passivation and
influence on the Si~111! substrate can be examined b
low-energy electron diffraction and surface sensitive pho
emission spectroscopy. The surface LEED pattern chan
from the characteristic Si(111)737 pattern to a post-growth
131 pattern with strong and sharp diffraction spots. Th
indicates a well-ordered structure that completely remo
the 737 reconstruction.

Surface sensitive Si 2p core-level photoemission, show
in Fig. 2 reveals all near-surface silicon atoms to be in
bulklike environment. The figure shows Si 2p spectra at two
photon energies, with electron escape depths of appr
mately 3.5 Å (hn5150 eV) and 5.5 Å (hn5250 eV),
and two angles. The two spectra athn5250 eV are normal-
ized to the total flux on the sample, all of which fell withi
the measurement area of the electron detector as the spo
increased with angle. The solid line is a fit to thehn
5150 eV data with a single-component, spin-orbit Voi
function ~spin-orbit splitting 50.607 eV, spin-orbit ratio
4-2
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50.506, Lorenztian FWHM50.13 eV, Gaussian FWHM
50.20 eV). At high polar angles, the peak shows a sli
broadening~to Gaussian FWHM 0.27 eV! and a shift of
about 30 meV to lower binding energy. Any component d
to the interface Si would be largest in this spectrum, as
bulk emission is attenuated by inelastic scattering. The s
and broadening could indicate a small surface shift to low
binding energy. The energy splitting between the bulk a
surface components can be determined to be no more
200 meV, less than the surface shift (;300 meV) observed
on the Si(111):GaA33A3 surface.25 By contrast, the
Si~111!:As system exhibits a 0.75 eV shifted component
the Si 2p spectra, due to charge transfer in the Si-As bon

Another possible contribution to the observed shift
lower binding energy at high angles is the surface photov
age effect. On these passivated samples with only a few
fect states in the energy gap, increased photon flux, and
resultant increase in electron-hole pair density near the
face, causes the bands to flatten. The light intensity
roughly four times higher at normal emission than at 7
For thesen-type samples, flatter bands means the core le
are then further from the Fermi energy~higher binding en-
ergy! for a smaller photon spot (u50°). Ga 3d and Se 3d
core-level spectra were also measured at the same ph
energies. Both spectra~not shown! show a single componen
within our resolution. In the range from 60° –85° emissi
~obtained by rotating the sample in the photon beam!, the Si,
Ga, and Se peaks all show a similar 20–30 meV shift
lower binding energy with increasing angle. This support
photovoltaic contribution to the observed shift with angle

B. Scanned energy photoelectron diffraction

The observed threefold symmetric, 131 LEED pattern
requires the Ga overlayer to reside in one of the three h
symmetry Si~111! bonding sites: top~above first layer Si!,

FIG. 2. Surface sensitive Si 2p photoemission spectra. Soli
line indicates the fitted spin-orbit Voigt function.
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H3 ~above fourth layer Si!, or T4 ~above second layer Si!
sites. The local structural environment exerts a strong in
ence on the Ga core-level intensity as a result of interfere
between direct and backscattered electron waves. Figu
shows the measured normal-emission Ga 3d photoelectron
intensity modulation versus photoelectron wave number. T
measurements were carried out at a succession of ph
energies between 156 and 532 eV, with the energy increm
chosen to correspond to a photoelectron wave vector in
ment of 0.1 Å21. Ga 3d core-level spectra were recorded
each energy and subsequently curve-fitted to extract inte
ties I (k). The intensity modulationx shown in Fig. 3 was
then obtained from the following expression:

x~k!5@ I ~k!2I 0~k!#/I 0~k!,

whereI 0(k) is a smooth background function obtained fro
a cubic-spline fit to the intensity functionI (k).

The upper three curves in Fig. 3 correspond to theoret
multiple-scattering calculations for the bilayer structure w
Ga in theT4 , H3 and top site configurations, respective
The vertical Si-Ga plane spacings for these calculations w
taken from x-ray standing wave results for the Ga-Se bila
~top site, 2.37 Å) ~Ref. 9! and for Si(111):GaA3
3A3—R30° (T4 andH3 , 1.82 Å).26 The Ga-Se bond was
assumed in all cases to be that determined for the G
bilayer using high-energy photoelectron diffraction.7

The theoretical modeling predicts significant differenc
in the measured diffraction patterns for the three bond
configurations. The best agreement, as is apparent in Fi
is obtained for the configuration in which Ga sits direc
atop surface Si. Adjusting the Ga-Si interlayer separation

FIG. 3. Ga 3d intensity modulation versus photoelectron wa
number in scanned-energy PED along surface normal (u50°,f
50°). Thebottom curve shows experimental data; the upper th
curves are theoretical calculations for Ga residing above the se
layer Si (T4 site!, above the fourth layer Si (H3 site!, or above the
surface Si~top site!.
4-3
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SHUANG MENG et al. PHYSICAL REVIEW B 64 235314
the cases ofT4 and H3 configurations does not lead t
significant improvement in the fit.

In normal emission, the observed intensity oscillatio
with wave number arise primarily from interference betwe
direct ~unscattered! Ga emission and emission backscatte
from the underlying Si. The dominant feature of the data
an oscillation with period;1.3 Å21, corresponding to a
real-space path difference of;4.8 Å. This distance is mos
consistent with Ga in the top site, being approximately tw
the expected bond length. This result may be optimized
comparing theory and experiment as a function of Ga
bond length. Figure 4 shows the reliability factors of fit, or
factors, for the top site configuration, withR given by21

R5

(
i

~xci2xei!
2

(
i

~xci
2 1xei

2 !

,

wherexci andxei are calculated and experimentalx curves,
respectively. The inner potential was also fitted and then
to the best-fit value of 12 eV. This compares to a value
about 1462 eV obtained using normal-emission variab
photon energy valence band spectroscopy~locating the top of
the Si valence band atG in the third Brillouin zone!.10 In the
case of PED, the inner potential is given by the value of
potential between the atoms~referred to as the ‘‘muffin-tin
zero’’!; for photoemission, it is the potential step required
the perpendicular momentum to match known symme
points in the Si bulk band structure. TheR factors show a
symmetric parabola with minimum at 2.3560.02 Å. This
result is within the error bars of the Ga-Si bond length
2.37 Å deduced by XSWF,9 and of 2.36 Å obtained in a
DFT calculation of the Si~111!:GaSe structure.20 Figure 5
shows the structure deduced from both this measuremen
that described below using Se 3d emission.

Figure 6 shows a measurement of the Se 3d x function
versus electron wave vector along the Ga-Se bond direc

FIG. 4. Reliability factors of fit between the scanned-ene
PED experiment and the theory for top site configuration as a fu
tion of Ga-Si bond length. The solid line is a fitted parabola throu
the data points, with a minimum at 2.35 Å.
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(;64° from the surface normal!. The strong intensity modu
lation evident in the data is largely due to interference
tween direct Se emission and emission backscattered f
Ga along the Se-Ga bond. The inset in Fig. 6 shows thR
factors of fit between experiment and theory as a function
the assumed Ga-Se bond length. The theoretical calculat
were carried out using the same parameters as in the Ga
with the exception of the surface Debye temperature. The
3d data could be well fitted withTDebye5625 K, the value
for bulk Si, where as for the Se emission the best fit is
TDebye5425 K.

The ratio of the measurement temperature~300 K! to the
Debye temperature characterizes the distribution of ato
positions around their average values. Since photoemis
occurs on a time scale quite short relative to atomic vib
tions, both static disorder and increased vibrational am
tude may be simulated through a decreased Debye temp
ture. It is likely both play a role here. The Se ato
environment for this surface is very similar to that of As o
As-terminated Si~111!. Medium energy ion scattering

y
c-
h

FIG. 5. Schematic of the GaSe bilayer structure on Si~111! sub-
strate deduced from the Ga 3d and Se 3d scanned-energy PED
experiments.

FIG. 6. Se 3d intensity modulation versus photoelectron wa
number in scanned-energy PED along the Ga-Se bond direc
(u564°,f50°). Theinset showsR factors of fit between experi-
ment and theory as a function of Ga-Se bond length. The bes
value is 2.44 Å. Solid curve indicates the corresponding theoret
calculation using this bond length.
4-4
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FIG. 7. Stereographic projections of Ga 3d photoemission intensity~stereograms! from Si~111!:GaSe athn5246 eV (KE5226 eV).
~a! Experimental measured PED stereogram. Data were collected in a 140° azimuthal section and subsequently symmetrized.~b! Multiple-
scattering calculation of the PED stereogram~MS order54, RA order52!. ~c! Single-scattering calculation of the PED stereogram~MS
order51, RA order50!. Polar angles are labeled on the superimposed radial scales. The gray scale bar on the right indicates
variations.
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~MEIS! data for Si~111!:As show a similar enhanced dis
placement of As atoms from their equilibrium positions.27,28

The MEIS data have been interpreted both in terms of
enhanced vibrational amplitude (80% larger than expec
for bulk vibrations!27 and in terms of significant static diso
der (20% of the As atoms randomly located!.28 Temperature-
dependent x-ray standing wave results for Ga and As mo
layers on Si~111!29 show similarly enhanced vibrationa
amplitudes at room temperature that increase further w
temperature, indicating a major vibrational component to
displacements.

Reducing the effective Debye temperature does not af
the periodicity of the photoelectron diffraction modulatio
and hence not the fitted bond length. However, it does
prove the overall amplitude agreement between theory
experiment. The effect of disorder is strongest at high val
of k, and the decrease in quality of fit at higherk values is
likely due to the inadequacies of a simple harmonic mode
accounting for the local atomic displacements. Anoth
source of discrepancies between experiment and theory i
difficulty in accurately extracting thex function at higher
photon energies~high k), where the cross section for Se 3d
emission is about one twentieth that at the peak.

The best-fit to the data in Fig. 6 was obtained at a Ga
bond length of 2.4460.01 Å, corresponding to bond ang
of 65.3° from the surface normal~see Fig. 5!. This value is
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;1° larger than the value previously determined us
scanned-angle high energy XPD,7 but is within the error bars
of the previous measurement. It also compares well with
DFT result of 2.47 Å(63.9°),20 which implies that the an-
harmonic effects which typically lengthen effective bon
lengths relative toT50 are small. The solid line in Fig. 6
reflects the theoretical prediction using the best-fitted G
bond length.

C. Scanned angle photoelectron diffraction

1. Medium kinetic energy3d emission

In the previous section, we described variations in pho
emission intensity with electron wave vector magnitude
constant angle. Here, we obtain additional information ab
the local structural environment of the Ga and Se atoms
the bilayer by varying the direction of the photoelectr
wave vector at constant magnitude. Figures 7~a! and 8~a!
show measured stereographic projections of the Ga and
3d photoemission intensity at photon energyhn5246 eV
~Ga KE5230 eV, k57.77 Å21; Se KE5196 eV, k
57.17 Å21). For each projection, 1404 data points we
sampled in a 140° azimuthal section~polar angleu between
normal emission and 80°) and then symmetrized to prod
the 360 degree stereographic projection. The sampled po
were evenly distributed in solid angle. At each data po
intensity
FIG. 8. Stereographic projections of Se 3d photoemission intensity~stereograms! from Si~111!:GaSe athn5246 eV (KE5192 eV).~a!
Experimental measured PED stereogram. Data were collected in a 140° azimuthal section and subsequently symmetrized.~b! Multiple-
scattering calculation of the PED stereogram~MS order54, RA order52!. ~c! Single-scattering calculation of the PED stereogram~MS
order51, RA order50!. Polar angles are labeled on the superimposed radial scales. The gray scale bar on the right indicates
variations.
4-5
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SHUANG MENG et al. PHYSICAL REVIEW B 64 235314
intensities were recorded at the binding energy correspo
ing to the photoemission peak position, specifically, 20.0
below the Fermi level for Ga 3d and 54.5 eV for Se 3d, and
at a reference point on the low binding energy side of e
photoemission peak. The signal in Figs. 7~a! and 8~a! is the
difference between the peak and background intensity.

Figures 7~b! and 8~b! show the calculated projections fo
Ga and Se 3d photoemission intensities based on multip
scattering theory. The input clusters use the structural par
eters deduced in the previous section. The calculations w
carried out in fourth-order multiple-scattering~MS! and
second-order Rehr-Albers~RA! approximation.21,22 We
found the calculations reach excellent convergence at th
orders. Angular stepsizes were set at 1° in polar and
in azimuthal directions. Corresponding single-scatter
calculations are also included and shown in Figs. 7~c!
and 8~c!. These calculations were performed only keep
the first-order of MS and zeroth-order of RA, which
equivalent to a single-scattering model in point-scatter
approximation.22

The Ga 3d emission exhibits strong diffraction peak
along the three Ga-Se bonds, indicating forward focus
still dominates at this energy. Backscattering can also be
served in Fig. 7 along the surface normal. At this energy,
Ga-Si backscatteringx is near a maximum~see Fig. 3!. The
clear threefold symmetry, with no forward scattering alo
the @112# axes, confirms the existence of a single doma
The calculated Ga stereogram reproduces the main ex
mental features, confirming the deduced structure. A th
fold double line feature can be seen in both measured ste
gram image and the multiple-scattering calculation start
from the center and running radially toward the outer edge
is absent from the single-scattering calculation@Fig. 7~c!#
and, therefore, indicates a multiple-scattering effect.

The Se 3d emission displays no strong diffraction fe
tures, consistent with Se forming the top layer of the bila
structure~see Fig. 5!. A sixfold ripple pattern can be seen i
the experimental stereogram image. This ripple pattern ar
from scattering off the six in-plane Se next-nearest nei
bors. It is apparent from Fig. 8 that the single-scattering c
culation is not adequate in reproducing the experimental
age. Multiple-scattering calculations, however, do show
similar sixfold diffraction pattern, although there are mo
fine features, especially near the central region. The abs
of these fine features in the experimental stereogram ma
due to either static disorder or dynamic Debye-Waller
fects. Such effects impact the Se stereogram images m
than the Ga ones, due to the absence of strong diffrac
features in Se stereograms. A weak threefold enhancem
of intensity near 65° is present in both experimental a
calculated Se stereograms. This enhancement is du
backscattering from Ga nearest neighbors~see Fig. 6!.

2. Low kinetic energy2p emission

At lower kinetic energies (<150 eV), forward focusing
no longer dominates the diffraction pattern and backsca
ing is significantly enhanced. Structural information may
obtained through comparison of measured angular inten
23531
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variations with multiple scattering calculations. We have p
formed such low-energy scanned-angle PED measurem
of Ga and Se 2p core-level photoemission using a doub
anode~Mg/Al ! x-ray source. The results confirm both th
structural model in Fig. 5 and the applicability of multiple
scattering theory to a two-layer film. They also demonstr
the possibility of using a laboratory-based source to perfo
backscattering-based structural measurements.

Figure 9 shows the polar-angle intensity variation of G
2p 3/2 emission along three high symmetry azimuths. T
kinetic energy of the ejected photoelectrons is around 131
for these MgKa x rays (hn51253.6 eV). The measure
low-energy XPD patterns for Ga show rather complex fe
tures, in contrast to the high energy XPD pattern shown
Ref. 7. Low-energy XPD patterns generally contain mo
information than high energy ones, owing to enhanc
multiple-scattering and backscattering effects. Low ene
XPD has been widely used to extract adsorbate positions
substrates.26

The solid lines in Fig. 9 are multiple-scattering calcul
tions based on an unpolarized light source, a 3° dete
half-angle, and the structure model in Fig. 5. Theoreticax
functions were extracted using fitted cubic spline functio
as the smooth backgroundI 0(k). It is crucial to use a con-
sistent method of extractingx @determiningI 0(k)# for both
experimental data and theoretical calculations to achieve
isfactory agreement between the two. The agreement
tween theory and experiment seen in Fig. 9 provides a str

FIG. 9. Ga 2p (KE5131 eV) photoelectron intensity modula
tions vs polar angle along three high symmetry azimuths: 0°, 3

and 60°, corresponding to@112̄#, @101̄#, and @21̄1̄# azimuths, re-
spectively.
4-6
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confirmation of the structure model in Fig. 5. In particula
the angular positions of the diffraction features are well
produced, while the intensities less so. This likely reflects
averaging over static and dynamic disorder in the exp
ment, which affects multiple scattering paths involving se
eral atoms more than those with only one or two scatter
events.

Figure 10 shows experimental and theoretical results
low-energy ~48 eV! Se 2p 3/2 emission as a function o
polar angle for the same three azimuths, using AlKa x rays
(hn51486.6 eV, binding energy;1438 eV). The in-
creased noise in the data compared to the correspondin
2p pattern is due primarily to the rapidly rising backgrou
of inelastically scattered electrons at these low energies.
emission angles larger than about 45°, the inelastic ba
ground contributes more counts than does the Se 2p peak.
The calculated diffraction curves satisfactorily reproduce
main data features using one fitting parameter, the inner
tential, which is the difference between electron kinetic e
ergies inside and outside the crystal. Generally, sm
changes in the inner potential do not make significant diff
ences in calculated photoelectron diffraction patterns. Ho
ever, this is no longer the case for the Se 2p data, where
the inner potential is a significant fraction of the electr
kinetic energy. Using this strong sensitivity of the Se 2p
diffraction modulations, we determined the inner potentia
be 1361 eV. This value is larger than that found wit
higher energy electrons~see Fig. 3!, which may reflect a

FIG. 10. Photoemission intensity modulations of Se 2p (KE
548 eV) core level on Si~111!:GaSe along three high symmetr

azimuths. 0°, 30°, and 60° correspond to@112̄#, @101̄#, and@21̄1̄#
azimuths, respectively.
23531
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different effective muffin tin zero for these lower energ
electrons that are more sensitive to the nonspherical pa
the crystal potential. The lowerk values probe larger dis
tances from the atomic centers, since the relevant param
is the productkr.

IV. SUMMARY

GaSe bilayer passivated Si~111! demonstrates a new
mechanism of Si surface passivation by a III-VI compoun
Ga forms the lower half of the bilayer bonding to Si, where
Se forms the upper half of the bilayer, exposing a lone-p
state on the surface. The resulting fully saturated surf
resembles Si~111!:As.

We have applied low-energy photoelectron diffraction
various modes~scanned-energy PED, scanned-angle P
and stereogram! and with various x-ray sources~synchrotron
and conventional laboratory x-ray source! to the GaSe bi-
layer passivated Si~111! system to probe the atomic bondin
configuration between Ga and Si. We determined Ga
directly atop of Si, as opposed toH3 andT4 configurations.
The bilayer has a single domain and the Ga-Si bond len
has been determined to be 2.35 Å, consistent with DFT
culations. Surface sensitive Si 2p core-level spectra show
near-surface silicon atoms to be in a bulklike environme
with surface shift no more than 200 meV.

The different types of PED measurement provide us
variety of views toward the system under consideration a
each holds its own merit. In particular, scanned-energy P
is effective in probing the bond length and bonding geome
between overlayer and substrate, whereas the diffraction
reogram gives a more complete view of the structural en
ronment surrounding the emitting atom. Low-ener
scanned-angle PED of deep core-level emission can be
fectively carried out using conventional laboratory x-r
source setup. The results, although often more subtle
intricate, provide equivalent information about the interfa
structure between the overlayer and substrate. In all of
above processes, sophisticated multiple-scattering mode
is critical in drawing reliable conclusions from the expe
mental measurement. We also find that the modeling s
ware ~FEFF and MSCD! developed and tested primarily fo
metallic systems works well for this covalently bonde
surface.
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