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Chemical bonding and electronic properties of SeS 2-treated GaAs „100…
Jingxi Sun,a) Dong Ju Seo,b) W. L. O’Brien,c) F. J. Himpsel,b) A. B. Ellis,d)

and T. F. Kuecha)
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SeS2-passivatedn-type GaAs~100! surfaces, formed by treatment of GaAs in SeS2:CS2 solution at
room temperature, were studied with high-resolution core-level photoemission spectroscopy excited
with synchrotron radiation source. The SeS2-treated surface consists of a chemically stratified
structure of several atomic layers thickness. Arsenic-based sulfides and selenides reside in the
outermost surface layer while gallium-based selenides are adjacent to the bulk GaAs substrate. The
shift of the surface Fermi level within the band gap was monitored during controlled thermal
annealing, allowing for the identification of the specific chemical entities responsible for the
reduction in surface band bending. Arsenic-based species are removed at low annealing temperature
with little shift of the Fermi level. Gallium-based selenides are shown to be associated with the
unpinning of the surface Fermi level. ©1999 American Institute of Physics.
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I. INTRODUCTION

Compound semiconductors, such as GaAs and InP,
widely used for high-speed semiconductor devices as we
other microelectronic and optoelectronic devices. M
III–V compound semiconductors, particularly GaAs, poss
a high density of midgap surface states that have slowed
development of many potential applications. The stable p
sivation of the GaAs surface continues to be a problem in
development of GaAs-based technology.

The passivation of a semiconductor is defined as
elimination or severe reduction in the chemical and electr
reactivity at either an interface/surface or throughout
bulk.1 The passivation of a semiconductor generally involv
the modification of the properties of ‘‘dangling’’ or reactiv
bonds. The passivation of the semiconductor by the remo
of midgap states is related to chemical changes within
material.1 The chemical bonding at the surface after passi
tion will determine the surface electronic properties.

There has been a great deal of research on the pas
tion of the surface and interface states in the GaAs-ba
structures. The approaches to GaAs surface passivatio
clude the epitaxial growth of heterostructures,2,3 plasma
treatment,4–6 and chemical treatment.7–9 These techniques
can reduce the density and impact of surface states on ce
device properties. The impact of a particular passivation p
cedure is often noted through enhanced photoluminesc
~PL! intensity from the passivated semiconductor. The
hanced PL intensity has been attributed to both a reductio
the surface state density and the reduced surface recom
tion velocity. The specific impact of the surface electron
structure remains of continuing interest.
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Chalcogen atoms~S, Se, and Te! have been found to be
useful passivating agents for GaAs surfaces.10,11 The treat-
ments of GaAs surfaces by sulfide-containing solutions h
been shown to produce a strong increase of the PL inten
in a variety of studies.12–14 Although this method improves
the surface electronic properties of GaAs~100!, the long-term
stability of these aqueous-based sulfide passivation te
niques is often very poor. Anodic sulfurized GaAs has be
shown to be more resilient to long-term degradation th
previous aqueous-based approaches.15,16 Other group VI ele-
ments, such as Se or Te, may provide a more stable pas
tion. Elemental Se can easily incorporate into the surf
giving rise to a Ga–Se phase.17 The most stable phase i
found to be Ga2Se3, which has a close lattice match to GaA
forming a layer with very little strain on the GaAs surface18

A lattice-matched passivating layer can reduce the densit
the midgap states attributable to surface structure disor
The Se-treated surfaces have been demonstrated to be
stable over time than S-treated surfaces.9 A stable Se-based
passivation layer can be produced on the GaAs~100! surface
by contact with a SeS2 solution.19–22 This treatment appear
to be very effective in forming Se-based species on Ga
surface and in improving the electronic properties throu
the formation of a thermally and chemically stable passiv
ing layer.2 As in many other cases of chemical-based surf
passivation, the underlying passivating mechanism of
SeS2-treated GaAs~100! surface still is not clearly under
stood. Knowledge of the surface reactions induced by
SeS2-based treatment, the chemical bonding at the trea
surfaces and the corresponding electronic properties is p
ently incomplete and is addressed in this study.

A general relationship between the surface electro
properties and the chemical bonding at GaAs~100! surfaces
has not been established since this relationship may
unique to the chemical system employed. In order to deve
models of chemical-based passivation on the III–V semic
ductor surfaces, detailed measurements of the chem
© 1999 American Institute of Physics
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bonding and Fermi level position on the passivated surf
have been undertaken for III–V semiconductors.23–25 In this
article, the GaAs~100! surfaces passivated by SeS2, using
wet chemical techniques, have been studied in detail w
high-resolution, core-level photoemission spectroscopy
cited with synchrotron radiation source. Core-level spec
exhibiting predominantly either surface or bulk features ha
been obtained using the tunability of synchrotron radiat
source. These results reveal a rich surface-derived subs
ture that is due to changes in the near-surface chemical b
ing environment. The core-level shifts induced by surfa
Fermi level movements have been identified. A structu
layer model, which is indicative of the surface reactions le
ing to surface passivation, is proposed based on the ana
of the spectroscopic results. The correlation between
electronic properties of the GaAs surface and the chem
bonding on this surface will be presented.

II. EXPERIMENTAL PROCEDURES

The native oxide on the surface was initially remov
with HCl:H2O ~1:1! solution and blown dry with N2 gas. The
samples were subsequently dipped into a saturated solu
of SeS2 in CS2 for ;40 s. Any excess SeS2 on the surface
was removed by repeated CS2 rinsing. The above treatmen
was performed at room temperature. Samples prepared u
above described SeS2 treatment will be referred to as th
‘‘as-treated’’ samples. ‘‘HCl-cleaned-only’’ samples th
were not subsequently treated by SeS2 were used as a refer
ence. The effect of SeS2 treatment on the electronic prope
ties of the surface was investigated by PL. The PL meas
ments were carried out at 295 K using an argon ion lase
the source of excitation with an illumination power dens
of ;15 W/cm2. PL measurements were performed on bo
n- ~Si-doped ;531016 cm23) and p- ~C-doped ;5
31015 cm23) GaAs~100!. The photoemission experimen
were carried out at the Synchrotron Radiation Center~SRC!
of the University of Wisconsin-Madison. Si-dopedn-type
GaAs~100!, with a carrier density of 131018 cm23, was
used in photoemission studies. The samples were placed
vacuum desiccator for storage and transfer. The desicc
has been used in order to minimize the influence of surf
contamination, e.g., hydrocarbon from the air, on the sub
quent photoemission results. All samples were expose
the room ambient during mounting and transfer to the p
toemission chamber. Monochromatic light of different ph
ton energies was used to control the emitted electron kin
energy to enable the depth profiling. The photoelectr
were analyzed with a double pass cylindrical mirror elect
kinetic energy analyzer~CMA!. Kinetic energies~KE! of 40
and 300 eV, corresponding to photoelectron escape dept
;0.5 and 1.5 nm, were utilized. These specific values of
were used to measure the surface-sensitive and b
sensitive spectra, respectively. A clean GaAs~100! surface,
free of oxides, was obtained by thermal annealing up
600 °C in the photoemission chamber under ultrah
vacuum~UHV!. This thermal-cleaned surface was used a
reference for subsequent measurements. The Fermi leve
sition on the sample holder was determined relative to a
Downloaded 29 Dec 2006 to 128.104.198.71. Redistribution subject to AI
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erence sample of Ta foil that was cleaned by argon sputte
and thermal annealing. In order to investigate the nature
chemical bonding on the surface, the as-treated samples
annealed for;10 min in the photoemission chamber und
UHV at increasing temperatures. The sample tempera
during thermal annealing was measured by an optical pyr
etry.

III. RESULTS

The results will be divided along the two classes of me
surements obtained in this study. The results of the meas
ments used to determine the properties of the as-treated
face are presented in the first section. Results of ther
annealing experiment are then presented in order to de
mine the relationship between specific species on the sur
and the surface Fermi level position.

A. Studies of the as-treated surface

1. Photoluminescence study

Figure 1 shows the room-temperature PL spectra of
SeS2 as-treated and HCl-cleaned-only samples for bothn-
and p-GaAs(100). The SeS2 as-treated and HCl-cleaned
only samples are of same piece of GaAs. The PL inten
was increased by a factor of 2–5 after SeS2 treatment on
both n- andp-type samples. This PL intensity enhanceme
is repeatable. These spectra indicate that the SeS2 treatment
results in the flattening of the bands near the surface, du
the motion of the surface Fermi level position, or a reduct
in the surface recombination velocity.

2. Core-level photoemission intensity ratios and
stoichiometry

The surface chemistry and stoichiometry of the a
treated surface were systematically studied by measuring
relative peak intensity ratios between As 3d, Ga 3d, Se 3d,
and S 2p core-level photoemission spectra. The changes
photoemission peak intensity ratios between the different

FIG. 1. Photoluminescence response from the SeS2 as-treated~solid! and
HCl-cleaned-only~dash! GaAs surfaces. The photoluminescence intens
was increased after SeS2 treatment for bothn- andp-GaAs~100!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ements with excitation wavelength were used to deduce
in-depth elemental composition resulting from the SeS2 treat-
ment.

The peak intensity ratios were evaluated from spec
taken at a low instrumental resolution in order to achiev
higher measurement signal. Diffraction effects in the m
sured intensities should be small due to the angularly in
grated spectra taken with the CMA. Both surface-sensi
and bulk-sensitive measurements were performed by var
the incident photon energy. The atomic concentration ra
can be approximately determined from the photoemiss
peak intensity ratio using corrections for both photoioniz
tion cross section and the transmission function of the sp
trometer. The atomic concentration ratio is given by

Ci

Cj
5

I i

I j
3

s j

s i
3

Tj

Ti
, ~1!

whereCi is the atomic concentration,I i is the intensity of the
core-level photoemission peak,s i is the photoionization
cross section,Ti is the transmission function of the spectrom
eter for the specifici th component. Therefore, a homog
neous distribution of thei th component over the probin
depth is assumed. In present case, this assumption is
quite true, as discussed in the layer structure model be
Therefore, the resulting concentration should only be ta
as qualitative guide. The relationship

Ti}S Ekinetic

Epass
D 21

~2!

is used, as previously reported,26 whereEkinetic is the kinetic
energy of photoelectrons,Epassis the pass energy of the spe
trometer.

Table I presents the atomic concentration ratios ca
lated for both surface-sensitive and bulk-sensitive meas
ments from both the SeS2 as-treated and HCl-cleaned-on
surfaces. An increase was seen in the As-to-Ga atomic
centration ratio for the as-treated surface with respect to
HCl-cleaned-only surface for both bulk-sensitive a
surface-sensitive measurements. The Se-to-S atomic con
tration ratio for the bulk-sensitive measurement is subs
tially larger than that for the surface-sensitive measurem
These results indicate that the surface composition cha
in depth.

TABLE I. Atomic concentration ratios of As-to-Ga, Ga-to-Se, and Se-to
for SeS2 as-treated and HCl-cleaned-only GaAs~100! surfaces. Kinetic en-
ergies~KE! of 40 and 300 eV, corresponding photoelectron escape dep
;0.5 and 1.5 nm, were utilized. These specific values of KE were use
measure the surface-sensitive and bulk-sensitive spectra, respectively.

SeS2 as-treated GaAs~100!

As/Ga Ga/Se Se/S

Surface-sensitive 2.560.1 1.960.1 1.360.1
Bulk-sensitive 1.960.1 3.760.1 1.760.1

HCl-cleaned-only GaAs~100!

Surface-sensitive 0.960.1 ¯ ¯

Bulk-sensitive 1.060.1 ¯ ¯
Downloaded 29 Dec 2006 to 128.104.198.71. Redistribution subject to AI
he

a
a
-
-

e
g
s
n
-
c-

ot
w.
n

-
e-

n-
e

en-
n-
t.
es

3. Core-level studies

In order to further study the surface chemistry of t
as-treated surface, Ga 3d, As 3d, Se 3d, and S 2p core-level
photoemission spectra were measured individually with h
instrumental resolution from both the as-treated and th
mally annealed surface. The combined energy resolution
less than 0.2 eV. The results from the as-treated surface
presented in this section. Spectral deconvolution was p
formed on the measured photoemission spectra using a s
tral synthesis approach. The spectral line shape was s
lated by a suitable combination of two single line shap
possessing a Gaussian broadening function. The spin-o
splitting, branching ratio, and Gaussian width were assum
to be the same for all components of a given core lev
During fitting process, variable parameters were energy
sitions and peak areas, with Gaussian width, spin-orbit sp
ting, and branching ratio treated as fixed parameters.
confidence level for the fitting results of energy position a
peak areas is 95%. On physical grounds, the spin-orbit s
ting, Gaussian width, and branching ratio do not change
preciably for different components of the same structure27

The branching ratio is always close to the theoretical val
of 2/3 for the 3d core level, and 1/2 for the 2p core level.
These parameters for Ga 3d and As 3d core-level spectra
were determined from the Ga 3d and As 3d core-level spec-
tra of the thermal-cleaned reference surface, and agree
with previous determinations.23,28 The previously reported
deconvolution parameters for Se 3d and S 2p were also
used.23,29,30Table II lists the parameters used for the deco
volution of As 3d, Ga 3d, Se 3d, and S 2p spectra. The ex-
perimental data are represented by dots and the solid lin
the sum of the simulated components of identical line sha
The matching of the simulated curves to the experimen
data in the wings was occasionally problematic, and w
attributed to difficulties in the subtraction of the nonline
background. While HCl precleaning process was emplo
in our experiment, no Cl peak was observed for both H
cleaned-only and as-treated samples.

The As 3d photoemission spectrum from the as-treat
GaAs~100! surface is shown in Fig. 2. There are three sho
ders in addition to the main As–Ga based peak. The first
peaks, which have chemical shifts from the As–Ga ba
peak of 2.5 and 1.43 eV, respectively, are ascribed to As
based peaks and labeled as As–S~1! and As–S~2!, respec-
tively. A third peak having a chemical shift of 0.86 eV
assigned to the As–Se peak. The chemical shifts of th
peaks, from the As–Ga reference peak, are very close
previously reported values.23,29,30

The Ga 3d spectrum from the as-treated surface
shown in Fig. 3. A clear shoulder peak is observed at 1.0

of
to

TABLE II. Parameters used in the deconvolution of As 3d, Ga 3d, Se 3d,
and S 2p photoemission spectra.

As 3d Ga 3d Se 3d S 2p

Spin orbit ~eV! 0.7260.03 0.45 0.86 1.15
Branching ratio 2/3 2/3 2/3 0.5
Gaussian width~eV! 0.3360.02 0.33 0.38 0.5
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher binding energy than the main Ga-As peak. There
also a smaller shoulder at 1.7 eV higher binding energy fr
Ga–As peak. From the S 2p spectra presented later, there a
no observed Ga–S based peaks. These peaks are the
ascribed to Ga–Se bonds and labeled as Ga–Se~1! and
Ga–Se~2!, respectively. This assignment is also suppor
by the fact that the components ascribed to Ga–Se b
bonds still remain after the complete desorption of S ato
during thermal annealing at 350 °C. Ga–Se~2! bonds are
assumed to be Ga2Se3-like,23 and Ga–Se~1! bonds are as-
sumed to be the bonding states corresponding to GaSex (x
.1.5)-like bonds. In a comparison to the Ga2Se3-like bonds,
more charge transfer from Ga to Se per unit atom caus
bigger chemical shift for GaSex (x.1.5)-like bonds.

Figure 4 presents the Se 3d photoemission spectrum
from the as-treated surface. Three peaks are observed. S
rate measurements on thick SeS2 layers on the GaAs, formed
by evaporating SeS2 solution on GaAs surfaces, rule out th
possibility of Se–S bonds given the calculated binding
ergy for the Se–S bonds. The peak with highest bind
energy is assigned to the Se–As bonds. The other two p
are ascribed to the Se–Ga bonds. The amount of ch
transfer from Ga to Se is considered to be larger than
from As to Se since the electronegativity difference betwe
Ga and Se is larger than that between As and Se. There
these peaks correspond to Se–As, Se–Ga~1!, and Se–Ga~2!

FIG. 2. As 3d core-level photoemission spectra from the as-trea
GaAs~100! surface and changes induced in the core levels as a functio
thermal annealing at~a! 200 °C, ~b! 350 °C, ~c! 500 °C, and~d! 600 °C.
The dotted lines are used to indicate the chemical shift of individual c
level peak due to the progressive desorption of the SeS2 passivating layer as
a result of thermal annealing. This chemical shift can be attributed to
shift of surface Fermi level resulting from the change of surface chemi
due to thermal annealing. The disappearance of the As–S based and A
based peaks by thermal annealing under 350 °C indicates the low stabil
As–S and As–Se based bonds.~Photon energy588 eV in all cases.!
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FIG. 3. Ga 3d core-level photoemission spectra from the as-trea
GaAs~100! surface and the changes induced in the core levels as a func
of annealing at~a! 200 °C, ~b! 350 °C, ~c! 500 °C, and~d! 600 °C. The
disappearance of the Ga–Se~2! based peak coincides with an dramat
increase of band bending, indicating that the chemical bonding related to
Ga–Se~2! is the principal factor in the reduced band bending at the
treated surface.~Photon energy565 eV in all cases.!

FIG. 4. Se 3d core-level photoemission spectra from the as-trea
GaAs~100! surface and the changes induced in the core levels as a func
of annealing at~a! 200 °C, ~b! 350 °C, ~c! 500 °C. Se–Ga based peak
dominate the Se 3d spectra.~Photon energy5100 eV in all cases.!
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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bonds. The binding energies for these peaks are very clo
the previously reported values.29,30 The peak of Ga2Se3-like
bonds should have a lower binding energy than that of Gax

(x.1.5)-like bonds, since the amount of charge trans
from the Ga atoms per selenium atom is larger
Ga2Se3-like bonds than that of GaSex (x.1.5)-like bonds.
Therefore, Se–Ga~1! and Se–Ga~2! are assumed to b
GaSex (x.1.5)-like and Ga2Se3-like bonds respectively, a
previously mentioned in Ga 3d spectrum.

Figure 5 shows the S 2p photoemission spectrum from
the as-treated surface. The spectrum is composed of
peaks of lower binding energy ascribed to S–As and
highest kinetic energy peak ascribed to S–S bonds.
binding energy for the S–S peak~164 eV! is very close to
the previously reported value.31 The binding energy differ-
ences between S–S peak and the other two peaks are
and 1.26 eV, respectively. These peaks are not attribute
S–Ga based bonds since the magnitude of the chemical s
from S–S reference peak for these other two peaks
smaller than expected for S–Ga bonds.29 This assignment is
in agreement with the results of Ga 3d spectrum from the
as-treated surface, in which there is no Ga–S based p
noted.

B. Thermal annealing study

1. Atomic concentration ratios

The atomic concentration ratios of different eleme
changed dramatically during subsequent annealing at
temperature ranging from 200 to 600 °C. In order to moni
the evolution of the relative peak intensity ratios of differe
elements due to thermal annealing, a survey scan of all th
core-level peaks was carried out at an incident photon en
of 205 eV before and after each annealing step. The prog
sive desorption of S and Se atoms, due to thermal annea
was observed by measuring the intensity of the Se 3d and
S 2p core-level peaks. The complete desorption of S ato

FIG. 5. S 2p core-level photoemission spectra of the as-treated GaAs~100!
surface and changes induced in the core levels by thermal annealin
200 °C. The S 2p signal drops below the detection limit after thermal a
nealing at 350 °C.~Photon energy5209 eV in both cases.!
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took place under relatively low temperature annealing c
ditions, while the Se 3d spectrum was still detectable up t
an annealing temperature of 500 °C. Figure 6 presents
evolution of As-to-Ga atomic concentration ratio with pr
gressive annealing. Low-temperature annealing reduced
As-to-Ga atomic concentration ratio, while the ratio i
creased with further high-temperature annealing. After co
plete desorption of both Se and S, this ratio approaches
stoichiometry of GaAs. The dramatic change in the As-to-
atomic concentration ratio, due to thermal annealing, a
suggests a nonstoichiometric distribution of As atoms a
Ga atoms at the as-treated surface.

2. Core-level studies

The evolution of As 3d, Ga 3d, Se 3d, S 2p core-level
spectra due to thermal annealing is presented in Figs. 2
The dotted lines are used to indicate the chemical shift
individual core-level peak due to the progressive desorp
of the SeS2 passivating overlayer as a result of thermal a
nealing. This chemical shift can be attributed to the shift
surface Fermi level resulting from the change of surfa
chemistry due to thermal annealing. The deconvolut
method is same as in Sec. III A3. Figure 2 presents the evo
lution of As 3d spectra with progressive thermal annealin
After thermal annealing at 350 °C, the As 3d core-level
spectra can be fit by a single peak. It is assumed that
peak is attributed to As–Ga bonds. This result indicates
both As–S based bonds and As–Se based bonds are e
nated by thermal annealing at 350 °C.

Figure 3 presents the evolution of Ga 3d spectra with
progressive thermal annealing. The intensity of the Ga–
based peaks was reduced, with respect to the intensit
Ga–As based peak, by thermal annealing. During ther
annealing under 350 °C, this can be attributed to the des
tion of the uppermost surface layer which can increase
Ga–As based peak intensity. During thermal anneal
above 350 °C, the reduction of Ga–Se based peak inten
is attributed to progressive desorption of Se atoms. Only

at

FIG. 6. As-to-Ga atomic concentration ratio as a function of the annea
temperature. The dramatic change of As-to-Ga atomic concentration ra
observed during thermal annealing, suggesting a nonstoichiometric dist
tion of As atoms and Ga atoms in the as-treated surface region. The re
tion of As/Ga ratio is attributed to the progressive desorption of the pa
vating overlayer.~Photon energy5205 eV.)
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ga–Se based peak was observed after thermal anneali
500 °C. This Ga–Se based peak is attributed to Ga–Se~1!-
like bonds.

The evolution of the Se 3d spectra due to thermal an
nealing, presented in Fig. 4, is consistent with the cor
sponding evolution of both the As 3d and the Ga 3d spectra.
In comparison to the as-treated surface, the intensity rati
the Se–As based peak to the Se–Ga based peak decr
due to thermal annealing at 200 °C. The Se–As based p
disappeared during thermal annealing at 350 °C, which
consistent with the disappearance of the As–Se based
in corresponding As 3d spectra. After thermal annealing a
500 °C, the peak associated with Se–Ga~1! remains. Pro-
gressive desorption of the passivating layer during ther
annealing results in the residual Se atoms in the upperm
surface layer being composed of a single chemical-bond
state. This bonding state is ascribed to GaSex (x.1.5)-like
bonds, as mentioned above, in which one Ga atom is bon
to more than one Se atom. The evolution of the S 2p spectra
with thermal annealing is presented in Fig. 5. The S–S ba
peak was not observed after 200 °C annealing. The Sp
spectra became undetectable after thermal annealin
350 °C, which is consistent with the disappearance of
As–S based peaks in the corresponding As 3d spectra.

3. The shift of surface Fermi level

The core-level study indicates that thermal annealing
UHV with increasing temperature can selectively break
chemical bonds on the SeS2-treated GaAs~100! surface. The
relationship between the chemical bonding on the surf
and the position of the surface Fermi level was also de
mined in this study.

The position of surface Fermi level can be determin
from the energy position of the Ga–As peaks in the co
level spectra. Generally, this is the most accurate mean
determining the shifts in band bending since the core-le
energies below the immediate surface are least affecte
the surface chemistry.27 The difference between the Ga 3d
core-level binding energy and valence band maximum
bulk GaAs is 18.7560.03 eV.32 Therefore, the following
equation is used to determine the position of surface Fe
level:

EF5EGa 3d218.75 eV, ~3!

whereEF is the surface Fermi level position relative to th
valence band maximum andEGa 3d is the observed Ga 3d
core-level binding energy for Ga–As bonds. Averaging
data over multiple data sets gave theEF position with a
standard deviations50.01 eV. Figure 7 presents the pos
tion of surface Fermi level for the as-treated surface a
thermally annealed surface. The shift of the surface Fe
level within band gap was monitored under controlled th
mal annealing conditions allowing for the determination
the specific chemical entities responsible for the movem
of the surface Fermi level. During thermal annealing
200 °C, the surface Fermi level moves toward conduct
band. After thermal annealing at 350 °C, there is o
As–Ga based peak left in the As 3d spectra, indicating tha
both As–S based and As–Se based chemical bonds
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eliminated from the surface. The downward movement
surface Fermi level toward valence band is very small, wh
suggests that both As–S and As–Se based surface che
bonds are not important in determining the surface Fe
level position. During thermal annealing at 500 °C, the sh
of the surface Fermi level toward valence band is quite d
matic. A single peak remains in the Se 3d spectra after ther-
mal annealing at 500 °C, indicating the loss of most of t
surface Se atoms. This result is consistent with the co
sponding Ga 3d spectra, in which one of Ga–Se based pea
disappears. The breaking of Ga–Se~2! based bonds by ther
mal annealing at 500 °C is correlated with the movemen
the surface Fermi level toward the valence band, indicat
that the chemical bonding corresponding to Ga2Se3-like
bonds, is most likely responsible for the elimination of mi
gap states and the measured surface Fermi level positio
the as-treated surface.

IV. DISCUSSION

The SeS2 treatment results in several effects that indica
the removal or redistribution of the midgap surface stat
The enhancement in the PL intensity from bothn- and p-
GaAs~100! indicates that the GaAs~100! surface was elec-
tronically passivated with the reduction of surface recom
nation velocity and or surface charge density.33 The experi-
mental results from synchrotron radiation photoemiss
study of the SeS2-treated GaAs~100! surface can be used t
develop a consistent picture of the surface chemical struc
and electronic properties underlying the passivation mec
nism of the as-treated surface.

A. Surface chemistry of the SeS 2-treated GaAs „100…
surface

The atomic concentration ratio study indicates that
as-treated surface consists of a chemically stratified struc
at the surface. A structural layer model is proposed based
these experimental results. While other models are poss
the proposed model is both consistent with the experime
results found in the core-level and thermal annealing stud
A schematic diagram of the proposed structural layer mo

FIG. 7. Position of the surface Fermi level relative to the band edge
function of the annealing temperature for a highlyn-doped GaAs~100!. The
shift of the surface Fermi level from the unpinned position near CBM
ward midgap is due to the progressive desorption of the passivating o
layer.
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is shown in Fig. 8. The surface is terminated with S–S bo
~layer 1!. The uppermost surface region is As rich~layer 2!,
while the adjacent region is As deficient~layer 3!. The As
atoms are bonded to both S atoms and Se atoms in the
rich region. The As-deficient region consists primarily of G
based selenides. The layered structure of the as-treated
face can be attributed to the surface reactions between S
As, and Ga atoms, such as an exchange reaction betwee
atoms and As atoms.

Occurrence of an anion exchange reaction between
and As atoms has also been identified for GaAs~100! treated
with H2Se 34 and by adsorption of Se atoms on GaA
surfaces.29,30 The exact mechanism and kinetics of this e
change reaction are still unknown. The Pauling covalent
dius of As ~0.121 nm! is closer to that of Se than to any o
the other chalcogenides. The covalent radii of S, Se, and
are 0.104, 0.117, and 0.137 nm, respectively.35 Furthermore,
the bulk lattice constant for GaAs is 0.565 nm and those
the zinc-blende-structured Ga2S3, Ga2Se3, Ga2Te3 are listed
as 0.518, 0.543, and 0.59 nm, respectively.18 Structurally, Se
atoms, as opposed to S or Te atoms, would most rea
exchange with As atoms within the GaAs. In Fig. 4, it w
observed that the peak intensity ratio of Se–As to Se–Ga~1!
and Se–Ga~2! was decreased during thermal annealing
200 °C. Some of Se atoms can form a Ga2Se3-like com-
pound with Ga atoms at the surface, which correspond
Ga–Se~2! in this study, and is correlated with the observ
shift of the surface Fermi level on the as-treated surface.
Ga2Se3-like phase has also been suggested for the GaAs
face treated with H2Se gas.34

In order to derive a quantitative model of the layer
structure for the as-treated surface, the measured core-
photoemission peak intensity was analyzed using the s
dard layer-attenuation model.36 The following assumptions
were made:~a! There are no Ga atoms in both layer 1 a
layer 2. ~b! The ratio of Ga-to-Se in layer 3 is same as t
ratio of Ga-to-As on the HCl-cleaned-only GaAs surfac
The thickness of the layer 1 and layer 2 is estimated from
observed attenuation of Ga 3d peak of the as-treated surfac
relative to the HCl-cleaned-only surface. The intensity ra
of the Ga 3d ratio can be expressed in term of laye
attenuation model as

I Ga
1

I Ga
2 5

Cbeam
1

Cbeam
2 3

Epass
1

Epass
2 3expS 2

d

l D , ~4!

FIG. 8. Structural model for the passivated GaAs~100! surface. The Ga–Se
layer ~layer 3! provides the surface electronic passivation, and the S
As–S, As–Se~layer 1 and layer 2! protect the surface from interaction wit
the atmosphere or other chemical environments.
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whereI Ga is the intensity of Ga 3d core-level peak,Cbeamis
the current of the synchrotron radiation beamline,Epassis the
pass energy of the CMA spectrometer,d is thickness of lay-
ers 1 and 2, andl is the photoelectron escape depth. Calc
lations result in a thickness,d, of ;0.54 nm, indicating that
the thickness of the layer 1 and layer 2 is equivalent to s
eral atomic layers. The proposed surface model accounts
the surface chemical compositional structure over sev
atomic layers. We also investigated the surface morphol
after SeSe2 treatment using atomic force microscopy~AFM!.
Our results indicate that the SeS2-passivated GaAs~100! sur-
face ~scan size: 5mm35 mm) is relatively smooth and uni
form. Compared to the HCl-cleaned-only surface, the S2

treatment did not result in measurable change on sur
morphology. While not conclusive, this smooth surface
pology does not exhibit a substantial change in the surf
structure between the SeS2-treated and untreated sample
The passivation appears to conformal to the surface. Isla
ing of a small lateral extent may be missed by the AF
images. Previous workers in this field have reported orde
surfaces after SeS2 passivation also indicating a smooth co
formal reaction front during passivation.37 In lieu of higher
resolution measurements not available to the present st
we will work with the assumption of a smooth, conform
passivation surface.

Since most of As atoms are bound to S or Se atoms
the uppermost surface region, the intensity of As–Ga p
should be relatively small for As 3d spectra. The existence o
the underlying As-deficient layer can also lead to a decre
of the intensity of As–Ga peak. After thermal annealing
350 °C, the S 2p peak was no longer detected and As 3d
spectra can be fit with a single peak corresponding to
As–Ga bonds. The line shape of Ga 3d spectra did not ap-
preciably change during thermal annealing at 350 °C.
these results suggest that the S atoms are primarily boun
As atoms.

The progressive desorption of the passivating layer
to thermal annealing can be used to determine the stabilit
different chemical bonds. Only S–S bonds disappeared
ing thermal annealing at 200 °C as well as the high volati
of element sulfur, suggesting that these bonds are least s
under these thermal annealing conditions. An increased
nealing temperature of 350 °C results in the disappearanc
S 2p spectra. The diminution of the S 2p peak coincided
with the disappearance of As–S~1! and As–S~2! peaks in
As 3d spectrum. The As–Se based peak in the Se 3d spectra
also disappeared during thermal annealing at 350 °C.
Se 3d spectrum was subsequently fit with only two comp
nents ascribed to Ga–Se based peaks. These annealin
sults indicate that both As–S bonds and As–Se bonds are
as stable as the Ga–Se bonds under these thermal anne
conditions. The Ga–Se based peaks were detectable u
500 °C, indicating that these bonds are the most sta
bonds.

B. Surface passivation mechanisms

GaAs surface Fermi level pinning has been an import
subject in both the surface science and semiconductor de

,
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fabrication. The mechanism underlying Fermi level pinni
is specific to the surface structure, orientation a
chemistry.38–41An end goal of the chemical treatment of th
GaAs surface is to reduce the GaAs surface state densit
well as to control the GaAs surface Fermi level position. T
surface chemical environment determines the surface rec
bination velocity and the type and density of surface sta
In this study, the reduced band bending for the as-trea
surface, with respect the HCl-cleaned-only surface, is att
uted to the formation of Ga–Se bonds during the SeS2 treat-
ment.

The passivation effect of chalcogen atoms~S, Se, and
Te! for GaAs surfaces has triggered extensive theoret
studies of the correlation between surface electronic pro
ties and chemical bonding on the GaAs surface.42–44Pseudo-
potential calculations for the S–GaAs system have sho
that the electronic passivation could be due to the estab
ment of S–Ga chemical bonds, for which the bonding a
the antibonding levels are found to lie out of the forbidd
gap. This is contrast to S–As chemical bonds, which do
reduce the surface state density within the gap.44 The first-
principle pseudopotential calculation of the GaAs~100! sur-
faces, adsorbed with a monolayer of chalcogen atoms~S, Se,
and Te!, predicts that the chalcogen atoms adsorb at
bridge site on both Ga-terminated and As-terminated G
surfaces and form covalent bonds with Ga and As atom42

The chalcogen–Ga bond is found to be stronger than
chalcogen–As bond. Chalcogen–Ga bonds, in general,
greatly reduce the surface state density in GaAs midgap
gion, while the chalcogen–As bonds do not. Su
chalcogen–Ga bonds are dominant on the chalcogen-tre
GaAs surface and are responsible for the passivation of
surface. The results of our study are consistent with th
theoretical observations. The present analysis shows th
thin selenide layer of Ga2Se3-like bonds is formed adjacen
to the bulk GaAs substrate that is principally responsible
the observed surface electronic passivation.

A methodology for passivating compound semicond
tors has been suggested in which two overlayers
employed.45 The first layer electrically defines the surfa
and the second or uppermost layer provides long-term
tection against reaction with the ambient. For t
SeS2-treated GaAs~100! surface, this type of layered surfac
structure is naturally formed. The thin Ga-based selen
layer below the surface provides the requisite chemical bo
ing that improves the electronic properties of the surfa
while the S atoms adsorbed on the surface and the adja
As-rich region may serve to protect the underlying passiv
ing layer from the atmosphere or other chemical envir
ments. The long-term stability of the SeS2-treated GaAs~100!
surface has been investigated in our lab by photoreflecta
measurements using the techniques described by G
et al.46 Our results indicated that the SeS2-treated GaAs~100!
surface was stable over several months with negligible s
in the surface Fermi level being noted. These results will
published elsewhere.47
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V. CONCLUSION

The SeS2-treated GaAs~100! surfaces have been system
atically studied with synchrotron radiation photoemissi
spectroscopy. The combined core-level peak intensity r
and core-level spectra studies have been used to deve
structural model in which the SeS2-treated surface consists o
a chemically stratified structure over a few atomic laye
below the surface. The as-treated surface is terminated
S–S bonds. The uppermost layer is As rich, in which
atoms are bonded to the S atoms and Se atoms. One
adjacent to the bulk GaAs consists of Ga-based selenides
is associated with the unpinning of the surface Fermi le
on the as-treated surfaces. This layered structure is show
both provide surface electronic passivation and protect
surface from subsequent interaction with the ambient.
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