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Chemical bonding and electronic properties of SeS  ,-treated GaAs (100)
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SeS-passivatedh-type GaAs(100) surfaces, formed by treatment of GaAs in $€5, solution at

room temperature, were studied with high-resolution core-level photoemission spectroscopy excited
with synchrotron radiation source. The Sdfeated 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. @999 American Institute of Physics.
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I. INTRODUCTION Chalcogen atoméS, Se, and Tehave been found to be
useful passivating agents for GaAs surfat®es. The treat-

Compound semiconductors, such as GaAs and InP, aligents of GaAs surfaces by sulfide-containing solutions have
widely used for high-speed semiconductor devices as well ageen shown to produce a strong increase of the PL intensity
other microelectronic and optoelectronic devices. Mostn a variety of studie$?~'* Although this method improves
I1I-V compound semiconductors, particularly GaAs, possesshe surface electronic properties of G&280), the long-term
a high density of midgap surface states that have slowed thgability of these aqueous-based sulfide passivation tech-
development of many potential applications. The stable pasjiques is often very poor. Anodic sulfurized GaAs has been
sivation of the GaAs surface continues to be a problem in thgnhown to be more resilient to long-term degradation than
development of GaAs-based technology. previous aqueous-based approacfié§Other group VI ele-

The passivation of a semiconductor is defined as thgnents, such as Se or Te, may provide a more stable passiva-
elimination or severe reduction in the chemical and electricaljo,  Elemental Se can easily incorporate into the surface
reactivity at either an interface/surface or throughout itsgiving rise to a Ga—Se phas&The most stable phase is
bulk.! The passivation of a semiconductor generally involvests nd to be G#Se, which has a close lattice match to GaAs,
the modification of the properties of “dangling” or reactive fgrming a layer with very little strain on the GaAs surfa€e,
bonds. The passivation of the semiconductor by the removal |attice-matched passivating layer can reduce the density of
of m"?'gf;‘P states is related to chemical changes within thg,e miggap states attributable to surface structure disorder.
material. The chemical bonding at the surface after passivaThe se.-treated surfaces have been demonstrated to be more
tion will determine the surface electronic properties. stable over time than S-treated surfatesstable Se-based

' There has been a grgat deal of resea}rch on the paSSiVﬁéssivation layer can be produced on the Gag® surface
tion of the surface and interface states in the GaAs-bas contact with a SeSsolution'®~-22This treatment appears

clude the epitaxial growth of heterostructufésplasma surface and in improving the electronic properties through

-6 . 9 i
treatment,® and chemical treatmeft” These techniques the formation of a thermally and chemically stable passivat-

can reduce the density and impact of surface states on certqwg layer? As in many other cases of chemical-based surface
device properties. The impact of a particular passivation pro-

s i assivation, the underlying passivating mechanism of the
cedure is often noted through enhanced photolummescen%es_treated GaA&00) surface still is not clearly under-
(PL) intensity from the passivated semiconductor. The en

h d PL intensity has b ttributed to both ducti .stood. Knowledge of the surface reactions induced by the
ance intensity has been attributed 1o both a reduction 'gesz—based treatment, the chemical bonding at the treated

e e e s Fiaces and e coresponing lctoni prapertes i i
Structure rerﬁains of continuing interest ently incomplete an_d is a_ddressed in this study. _

' A general relationship between the surface electronic
properties and the chemical bonding at GEA®) surfaces
“Department  of  Chemical ~ Engineering;  electronic ~ mail: has not been established since this relationship may be

b)SD”e”ggt"’r‘nr"e%St'g?‘;‘év;zicc'gd“ unique to the chemical system employed. In order to develop
9Synchrotron Radiation Center. models of chemical-baged passivation on the IlI-V semicqn-
9Department of Chemistry. ductor surfaces, detailed measurements of the chemical
0021-8979/99/85(2)/969/9/$15.00 969 © 1999 American Institute of Physics
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bonding and Fermi level position on the passivated surface
have been undertaken for IlI-V semiconducto¥s? In this
article, the GaA&l00) surfaces passivated by SeSusing

wet chemical techniques, have been studied in detail with
high-resolution, core-level photoemission spectroscopy ex-
cited with synchrotron radiation source. Core-level spectra
exhibiting predominantly either surface or bulk features have
been obtained using the tunability of synchrotron radiation
source. These results reveal a rich surface-derived substruc-
ture that is due to changes in the near-surface chemical bond-
ing environment. The core-level shifts induced by surface
Fermi level movements have been identified. A structural
layer model, which is indicative of the surface reactions lead-
ing to surface passivation, is proposed based on the analysis ; ) S
of the spectroscopic results. The correlation between the 840 875 910
electronic properties of the GaAs surface and the chemical Wavelength (nm)
bonding on this surface will be presented.

PL Intensity (A. U.)

FIG. 1. Photoluminescence response from the,3=Streatedsolid) and
HCl-cleaned-only(dash GaAs surfaces. The photoluminescence intensity

Il. EXPERIMENTAL PROCEDURES was increased after Sge8eatment for bottn- and p-GaAg100).

The native oxide on the surface was initially removed . )
with HCI:H,O (1:1) solution and blown dry with Ngas. The ~ €rence sample of Ta foil that was cleaned by argon sputtering

samples were subsequently dipped into a saturated solutigifd thermal annealing. In order to investigate the nature of
of SeS in CS, for ~40 s. Any excess Se®n the surface chemical bonding on the surface, the gs—_treated samples were
was removed by repeated C8nsing. The above treatment annealeq for~ 1Q min in the photoemission chamber under
was performed at room temperature. Samples prepared usitg1V at increasing temperatures. The sample temperature
above described SeSreatment will be referred to as the during thermal annealing was measured by an optical pyrom-
“as-treated” samples. “HCl-cleaned-only” samples that etry.

were not subsequently treated by S@fre used as a refer-

ence. The effect of SgeSreatment on the electronic proper- lll. RESULTS

ties of the surfac_e was investigated _by PL. The P_L measure-  The results will be divided along the two classes of mea-
ments were carried out at 295 K using an argon ion laser ag,rements obtained in this study. The results of the measure-
the source of excitation with an illumination power density ments used to determine the properties of the as-treated sur-
of ~15 Wient. PL meaasurerr;ents were performed on bothgace are presented in the first section. Results of thermal
n- (Si-doped ~5x10°°cm™®) and p- (C-doped ~5 annealing experiment are then presented in order to deter-

5 a3 i i
x 10! cm ) GaAg100. The photoemission experiments mine the relationship between specific species on the surface
were carried out at the Synchrotron Radiation Ce(#R0 and the surface Fermi level position.

of the University of Wisconsin-Madison. Si-dopedtype
GaAd100), with a carrier density of X10"¥cm™3 was A. Studies of the as-treated surface
used in photoemission studies. The samples were placed in A pporo/uminescence study

vacuum desiccator for storage and transfer. The desiccator
has been used in order to minimize the influence of surface Fi9ure 1 shows the room-temperature PL spectra of the

contamination, e.g., hydrocarbon from the air, on the subse>€2 as-treated and HCl-cleaned-only samples for both

quent photoemission results. All samples were exposed t8Nd P-GaAs(100). The SeSas-treated and HCl-cleaned-

the room ambient during mounting and transfer to the phoPNlY samples are of same piece of GaAs. The PL intensity

toemission chamber. Monochromatic light of different pho-WaS increased by a factor of 2-5 after ge@atment on

ton energies was used to control the emitted electron kinetif®th n- andp-type samples. This PL intensity enhancement
energy to enable the depth profiling. The photoelectronés repea_LtabIe. Thesc_a spectra indicate that the, Be&tment
were analyzed with a double pass cylindrical mirror electrorf €sults n the flattening of the pands near 'the surface, dqe to
kinetic energy analyzelCMA). Kinetic energiesKE) of 40 f[he motion of the surche Ferml Ievgl position, or a reduction
and 300 eV, corresponding to photoelectron escape depths Bt the surface recombination velocity.

~0.5 and 1.5 nm, were utilized. These specific values of KE

were used to measure the surface-sensitive and bulld Core-level photoemission intensity ratios and

sensitive spectra, respectively. A clean GHAY) surface, Stoichiometry

free of oxides, was obtained by thermal annealing up to The surface chemistry and stoichiometry of the as-
600 °C in the photoemission chamber under ultrahightreated surface were systematically studied by measuring the
vacuum(UHV). This thermal-cleaned surface was used as aelative peak intensity ratios between A, 35a 3, Se 3,
reference for subsequent measurements. The Fermi level pand S D core-level photoemission spectra. The changes of
sition on the sample holder was determined relative to a refphotoemission peak intensity ratios between the different el-
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TABLE I. Atomic concentration ratios of As-to-Ga, Ga-to-Se, and Se-to-STABLE Il. Parameters used in the deconvolution of Ak &a 31, Se 3,
for SeS as-treated and HCl-cleaned-only G&R80) surfaces. Kinetic en- and S » photoemission spectra.

ergies(KE) of 40 and 300 eV, corresponding photoelectron escape depth of
~0.5 and 1.5 nm, were utilized. These specific values of KE were used to
measure the surface-sensitive and bulk-sensitive spectra, respectively.

As 3d Gadld Se 3l

S

Spin orbit(eV) 0.72-0.03 0.45 0.86 1.15
Branching ratio 2/3 2/3 2/3 0.5

SeS as-treated GaA&00

Gaussian widtheV) 0.33+0.02 0.33 0.38 0.5
As/Ga Ga/Se SelS
Surface-sensitive 2:50.1 1.9-0.1 1.3:0.1
Bulk-sensitive 1.901 3.7+0.1 1.7#0.1

3. Core-level studies

HCl-cleaned-only GaA400) .
cleaned-only GaX109 In order to further study the surface chemistry of the

as-treated surface, Ga3As 3d, Se 3, and S D core-level
photoemission spectra were measured individually with high
instrumental resolution from both the as-treated and ther-
mally annealed surface. The combined energy resolution was
. o less than 0.2 eV. The results from the as-treated surface are
ements with excitation wavelength were used to deduce thgresented in this section. Spectral deconvolution was per-
in-depth elemental composition resulting from the Se€at-  formed on the measured photoemission spectra using a spec-
ment. _ _ _ tral synthesis approach. The spectral line shape was simu-
The peak intensity ratios were evaluated from spectrateq by a suitable combination of two single line shapes
taken at a low instrumental resolution in order to achieve $ossessing a Gaussian broadening function. The spin-orbit
higher measurement signal. Diffraction effects in the Meagitting, branching ratio, and Gaussian width were assumed
sured intensities should be small due to the angularly intey pe the same for all components of a given core level.
grated spectra} _taken with the CMA. Both surface—sensitiyqjuring fitting process, variable parameters were energy po-
and bulk-sensitive measurements were performed by varyingjtions and peak areas, with Gaussian width, spin-orbit split-
the incident phgton energy. The atomic concentration 'rat.iogng, and branching ratio treated as fixed parameters. The
can be approximately determined from the photoemissioRgnfigence level for the fitting results of energy position and
peak intensity ratio using corrections for both photoioniza-peak areas is 95%. On physical grounds, the spin-orbit split-
tion cross section and the transmission function of the SPeGing, Gaussian width, and branching ratio do not change ap-

090.1
1.60.1

Surface-sensitive
Bulk-sensitive

trometer. The atomic concentration ratio is given by

Ci . Ii XU'J' XTJ 1
B Il g Ti ’ ( )
whereC; is the atomic concentratiohy is the intensity of the
core-level photoemission peaks; is the photoionization

preciably for different components of the same structdrre.
The branching ratio is always close to the theoretical values
of 2/3 for the 31 core level, and 1/2 for the 2 core level.
These parameters for Gd 3and As 3 core-level spectra
were determined from the Galand As 3 core-level spec-

tra of the thermal-cleaned reference surface, and agree well

cross sectionT; is the transmission function of the spectrom- with previous determinatiorfs:?® The previously reported
eter for the specifidth component. Therefore, a homoge- deconvolution parameters for Sé 3and S were also
neous distribution of theth component over the probing used?®?**Table I lists the parameters used for the decon-
depth is assumed. In present case, this assumption is nglution of As 3, Ga 31, Se 31, and S D spectra. The ex-
quite true, as discussed in the layer structure model belowserimental data are represented by dots and the solid line by
Therefore, the resulting concentration should only be takefhe sum of the simulated components of identical line shape.
as qualitative guide. The relationship The matching of the simulated curves to the experimental
Erineric] datg in the wi_ngs vyas_occasionally p_roblematic, an(_j was
Tioc< ) (2) attributed to difficulties in the subtraction of the nonlinear
pass background. While HCI precleaning process was employed
is used, as previously reportétiwhereE . is the kinetic  in our experiment, no Cl peak was observed for both HCI-
energy of photoelectrong,,sis the pass energy of the spec- cleaned-only and as-treated samples.
trometer. The As 3 photoemission spectrum from the as-treated
Table | presents the atomic concentration ratios calcuGaAg100) surface is shown in Fig. 2. There are three shoul-
lated for both surface-sensitive and bulk-sensitive measuraders in addition to the main As—Ga based peak. The first two
ments from both the SgeSs-treated and HCI-cleaned-only peaks, which have chemical shifts from the As—Ga based
surfaces. An increase was seen in the As-to-Ga atomic compeak of 2.5 and 1.43 eV, respectively, are ascribed to As—S
centration ratio for the as-treated surface with respect to thbased peaks and labeled as AgdBand As—S(2), respec-
HCl-cleaned-only surface for both bulk-sensitive andtively. A third peak having a chemical shift of 0.86 eV is
surface-sensitive measurements. The Se-to-S atomic concemssigned to the As—Se peak. The chemical shifts of these
tration ratio for the bulk-sensitive measurement is substanpeaks, from the As—Ga reference peak, are very close to
tially larger than that for the surface-sensitive measuremenpreviously reported valugs:?%3°
These results indicate that the surface composition changes The Ga 8 spectrum from the as-treated surface is
in depth. shown in Fig. 3. A clear shoulder peak is observed at 1.0 eV
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As 3d As-Ga

600° C

R S

A
As-S (2) ?/\—u 200° C

% 200° C

Photoemission Intensity (A.U.)

As-treated

S T

As-treated

A

P{hotoemission Intensitv (A.U.)

Binding Energy (eV)

20 18 16

FIG. 2. As3l core-level photoemission spectra from the as-treated e s

GaAd100 surface and changes induced in the core levels as a function of Bmdmg Energy (eV)

thermal annealing ata) 200 °C, (b) 350 °C, (¢) 500 °C, and(d) 600 °C. o

The dotted lines are used to indicate the chemical shift of individual coreFIG. 3. Ga @ core-level photoemission spectra from the as-treated
level peak due to the progressive desorption of the, PaSsivating layer as GaAgq100 surface and the changes induced in the core levels as a function

a result of thermal annealing. This chemical shift can be attributed to th@f annealing a@ 200 °C, (b) 350 °C, (c) 500 °C, and(d) 600 °C. The
shift of surface Fermi level resulting from the change of surface chemistrydisappearance of the Ga—$8) based peak coincides with an dramatic
due to thermal annealing. The disappearance of the As—S based and As_iggrease of_band bepdi_ng, indicatipg that the chemical bondin_g related to the
based peaks by thermal annealing under 350 °C indicates the low stability J#@—Se€(2) is the principal factor in the reduced band bending at the as-
As-S and As—Se based bon@hoton energy88 eV in all cases. treated surfacePhoton energy 65 eV in all cases.

higher binding energy than the main Ga-As peak. There is
also a smaller shoulder at 1.7 eV higher binding energy from
Ga—As peak. From the $HXpectra presented later, there are Se3d Se-Ga(l)
no observed Ga—S based peaks. These peaks are therefore
ascribed to Ga—Se bonds and labeled as Gadpend
Ga-Se(2), respectively. This assignment is also supported
by the fact that the components ascribed to Ga—Se based
bonds still remain after the complete desorption of S atoms
during thermal annealing at 350 °C. Ga—& bonds are
assumed to be Gaeylike,”® and Ga—Sd1) bonds are as-
sumed to be the bonding states corresponding to GaSe
>1.5)-like bonds. In a comparison to the Sa;-like bonds,
more charge transfer from Ga to Se per unit atom cause a
bigger chemical shift for GaSd€x>1.5)-like bonds.

Figure 4 presents the Se 3photoemission spectrum
from the as-treated surface. Three peaks are observed. Sepa-

500°C

350°C

200°C

Photoemission Intensity (A.U.)

rate measurements on thick Sé&yers on the GaAs, formed As-treated
by evaporating SeSsolution on GaAs surfaces, rule out the

possibility of Se—S bonds given the calculated binding en- N .

ergy for the Se—S bonds. The peak with highest binding 5'3 5'1

energy is assigned to the Se—As bonds. The other two peaks

are ascribed to the Se—Ga bonds. The amount of charge Binding Energy (eV)

transfer from Ga to Se is considered to be larger than that o

from As 1o Se since the electronegaiivy difference betweei} S 5% Sreieve protemisson specta fom e asteated
Ga and Se is larger than that between As and Se. Thereforg;, annealing at(a 200 °C, (b) 350 °C, (c) 500 °C. Se—Ga based peaks
these peaks correspond to Se—As, SetBand Se—G&2) dominate the Sedspectra(Photon energy100 eV in all cases.
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- FIG. 6. As-to-Ga atomic concentration ratio as a function of the annealing

temperature. The dramatic change of As-to-Ga atomic concentration ratio is
L L L observed during thermal annealing, suggesting a nonstoichiometric distribu-
168 166 164 162 160 tion of As atoms and Ga atoms in the as-treated surface region. The reduc-
o tion of As/Ga ratio is attributed to the progressive desorption of the passi-
Binding Energy (eV) vating overlayer(Photon energy 205 eV.)

FIG. 5. S 2 core-level photoemission spectra of the as-treated @8
surface and changes induced in the core levels by thermal annealing at

200 °C. The S g signal drops below the detection limit after thermal an- . .
nealing at 350 °C(Photon energy 209 eV in both cases. took place under relatively low temperature annealing con-

ditions, while the Se @ spectrum was still detectable up to
an annealing temperature of 500 °C. Figure 6 presents the
bonds. The binding energies for these peaks are very close &volution of As-to-Ga atomic concentration ratio with pro-
the previously reported valué$° The peak of GsSerlike  gressive annealing. Low-temperature annealing reduced the
bonds should have a lower binding energy than that of GaSeAs-to-Ga atomic concentration ratio, while the ratio in-
(x>1.5)-like bonds, since the amount of charge transfeicreased with further high-temperature annealing. After com-
from the Ga atoms per selenium atom is larger forplete desorption of both Se and S, this ratio approaches the
GaSes-like bonds than that of Gagéx>1.5)-like bonds. stoichiometry of GaAs. The dramatic change in the As-to-Ga
Therefore, Se—G41) and Se—-Ga2) are assumed to be atomic concentration ratio, due to thermal annealing, also
GaSg (x>1.5)-like and GgSey-like bonds respectively, as suggests a nonstoichiometric distribution of As atoms and
previously mentioned in Gad3spectrum. Ga atoms at the as-treated surface.
Figure 5 shows the Sp2photoemission spectrum from
the as-treated surface. The spectrum is composed of two
peaks of lower binding energy ascribed to S—As and th ) .
highest kinetic energy peak ascribed to S-S bonds. Th%' Core-level studies
binding energy for the S-S pedk64 e\) is very close to The evolution of As 8, Ga 31, Se 3l, S 2 core-level
the previously reported valié.The binding energy differ- spectra due to thermal annealing is presented in Figs. 2—5.
ences between S-S peak and the other two peaks are 0.8he dotted lines are used to indicate the chemical shift of
and 1.26 eV, respectively. These peaks are not attributed todividual core-level peak due to the progressive desorption
S—Ga based bonds since the magnitude of the chemical shife§ the Se$ passivating overlayer as a result of thermal an-
from S-S reference peak for these other two peaks areealing. This chemical shift can be attributed to the shift of
smaller than expected for S—Ga boRddhis assignment is surface Fermi level resulting from the change of surface
in agreement with the results of Gd 3pectrum from the chemistry due to thermal annealing. The deconvolution
as-treated surface, in which there is no Ga—S based peakethod is same as in Sec. llI& Figure 2 presents the evo-

noted. lution of As 3 spectra with progressive thermal annealing.
After thermal annealing at 350 °C, the Ad Xore-level
B. Thermal annealing study spectra can be fit by a single peak. It is assumed that this

peak is attributed to As—Ga bonds. This result indicates that
both As—S based bonds and As—Se based bonds are elimi-
The atomic concentration ratios of different elementsnated by thermal annealing at 350 °C.

changed dramatically during subsequent annealing at the Figure 3 presents the evolution of Gd 3pectra with
temperature ranging from 200 to 600 °C. In order to monitorprogressive thermal annealing. The intensity of the Ga—Se
the evolution of the relative peak intensity ratios of differentbased peaks was reduced, with respect to the intensity of
elements due to thermal annealing, a survey scan of all thesea—As based peak, by thermal annealing. During thermal
core-level peaks was carried out at an incident photon energgnnealing under 350 °C, this can be attributed to the desorp-
of 205 eV before and after each annealing step. The progresion of the uppermost surface layer which can increase the
sive desorption of S and Se atoms, due to thermal annealinGga—As based peak intensity. During thermal annealing
was observed by measuring the intensity of the &@B8d above 350 °C, the reduction of Ga—Se based peak intensity
S 2p core-level peaks. The complete desorption of S atomss attributed to progressive desorption of Se atoms. Only one

1. Atomic concentration ratios
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Ga-Se based peak was observed after thermal annealing at CBM1.4fF ' I ' ' ' ]
500 °C. This Ga—Se based peak is attributed to Gadpe 1ol E E ]
like bonds. |

The evolution of the Sed spectra due to thermal an- 101 E )
nealing, presented in Fig. 4, is consistent with the corre- 0.8f E .
sponding evolution of both the AgiZand the Ga 8 spectra. 06t ]
In comparison to the as-treated surface, the intensity ratio of '
the Se—As based peak to the Se—Ga based peak decreased 041 ]
due to thermal annealing at 200 °C. The Se—As based peak o2t BT :
disappeared during thermal annealing at 350 °C, which is VBM 0.0 — T ‘ . : . . .
consistent with the disappearance of the As—Se based peak 0 100 200 300 400 500 600
in corresponding As@® spectra. After thermal annealing at Annealing Temperature (°C)

500 °C, the peak associated with Se—Garemains. Pro-
gressive desorption of the passivating |ayer during thermdf!G. 7. Position of the surface Fermi level relative to the band edges as

; ; : ; ction of the annealing temperature for a highlgloped GaA&100). The
anneallng results in the residual Se atoms in the uppermos ift of the surface Fermi level from the unpinned position near CBM to-

surface |<'_31yer be!ng ComeSed Of a single Chemical'pondin@ard midgap is due to the progressive desorption of the passivating over-
state. This bonding state is ascribed to GaSe>1.5)-like  layer.

bonds, as mentioned above, in which one Ga atom is bonded

to more than one Se atom. The evolution of thepSspectra o

with thermal annealing is presented in Fig. 5. The S-S basegliminated from the surface. The downward movement of
peak was not observed after 200 °C annealing. The S osurface Fermi level toward valence band is very small, which
spectra became undetectable after thermal annealing @¢#9gests that both As—S and As—Se based surface chemical
350 °C, which is consistent with the disappearance of th&0nds are not important in determining the surface Fermi

As—-S based peaks in the Correspondlng Asﬁectra Ievel pOSItIOﬂ Dur'ng thermal annea“ng at 500 OC, the shift
of the surface Fermi level toward valence band is quite dra-

matic. A single peak remains in the Seé 8pectra after ther-

h level . hat th | ing i mal annealing at 500 °C, indicating the loss of most of the
The core-level study indicates that thermal annealing iy itace se atoms. This result is consistent with the corre-

UHV yvith increasing temperature can selectively break thesponding Ga 8 spectra, in which one of Ga—Se based peaks
chemical bonds on the Sg8eated GaAH00) surface. The  jisannears. The breaking of Ga—@e based bonds by ther-
relationship between the chemical bonding on the surfacg,,| annealing at 500 °C is correlated with the movement of
and the position of the surface Fermi level was also detefgq g rface Fermi level toward the valence band, indicating
mined in this study. that the chemical bonding corresponding to ,&&-like

The position of s-u-rface Fermi level can be ,determinedbonds, is most likely responsible for the elimination of mid-
from the energy position of the Ga—As peaks in the core-

o ap states and the measured surface Fermi level position on
level spectra. Generally, this is the most accurate means ‘?ﬁe as-treated surface.
determining the shifts in band bending since the core-level
energies below the immediate surface are least affected b\//
the surface chemistR/. The difference between the Gd 3 V. DISCUSSION
core-level binding energy and valence band maximum in  The Se$treatment results in several effects that indicate
bulk GaAs is 18.750.03 eV3? Therefore, the following the removal or redistribution of the midgap surface states.
equation is used to determine the position of surface Ferntrhe enhancement in the PL intensity from bathand p-
level: GaAg100 indicates that the GaAs00) surface was elec-

_ _ tronically passivated with the reduction of surface recombi-
Er=Ecaq—18.75 eV, @ nation velocity and or surface charge densitfthe experi-
whereEg is the surface Fermi level position relative to the mental results from synchrotron radiation photoemission

valence band maximum anBg, g is the observed Gad3  study of the Segtreated GaA&00) surface can be used to
core-level binding energy for Ga—As bonds. Averaging thedevelop a consistent picture of the surface chemical structure
data over multiple data sets gave tBe position with a  and electronic properties underlying the passivation mecha-
standard deviatior=0.01 eV. Figure 7 presents the posi- nism of the as-treated surface.

tion of surface Fermi level for the as-treated surface and )

thermally annealed surface. The shift of the surface Fernfi Surface chemistry of the SeS  -treated GaAs (100)

level within band gap was monitored under controlled ther—Surface
mal annealing conditions allowing for the determination of  The atomic concentration ratio study indicates that the
the specific chemical entities responsible for the movemenas-treated surface consists of a chemically stratified structure
of the surface Fermi level. During thermal annealing atat the surface. A structural layer model is proposed based on
200 °C, the surface Fermi level moves toward conductiorthese experimental results. While other models are possible,
band. After thermal annealing at 350 °C, there is onlythe proposed model is both consistent with the experimental
As—Ga based peak left in the Ad 3pectra, indicating that results found in the core-level and thermal annealing studies.
both As—S based and As—Se based chemical bonds afeschematic diagram of the proposed structural layer model

3. The shift of surface Fermi level
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S-S Layer 1 wherel g, is the intensity of Ga@& core-level peakCpeamis
SRS the current of the synchrotron radiation beamliBg,sis the
§79, A58 Layer 2 pass energy of the CMA spectrometéris thickness of lay-
Gase Layer 3 ers 1 and 2, andl is the photoelectron escape depth. Calcu-

lations result in a thicknessl, of ~0.54 nm, indicating that
GaAs (Substrate) the thickness of the layer 1 and layer 2 is equivalent to sev-
eral atomic layers. The proposed surface model accounts for
the surface chemical compositional structure over several
atomic layers. We also investigated the surface morphology
FIG. 8. Structural model for the passivated GAAX) surface. The Ga—Se after SeSgtreatment using atomic force microscofyFM).

layer (layer 3 provides the surface electronic passivation, and the S—sQur results indicate that the Sgfassivated GaA&00 sur-
As-S, As—Sdlayer 1 and Iayer_)Zprotegt the surface from interaction with  face (scan size: mx5 um) is relatively smooth and uni-

the atmosphere or other chemical environments. form. Compared to the HCl-cleaned-only surface, the,SeS
treatment did not result in measurable change on surface

is shown in Fig. 8. The surface is terminated with S—S bond&norphology. While not conclusive, .this smooth surface to-
(layer 1. The uppermost surface region is As rigayer 2, pology does not exhibit a substantial change in the surface
while the adjacent region is As deficiefiayer 3. The As structure between the SgBeated and untreated samples.
atoms are bonded to both S atoms and Se atoms in the Adhe passivation appears to conformal to the surface. Island-
rich region. The As-deficient region consists primarily of Ga-INd 0f @ small lateral extent may be missed by the AFM
based selenides. The layered structure of the as-treated sif?@ges. Previous workers in this field have reported ordered
face can be attributed to the surface reactions between S, S!rfaces after SgPassivation also indicating a smooth con-
As, and Ga atoms, such as an exchange reaction between fggmal reaction front during passivatidhin lieu of higher
atoms and As atoms. resolution measurements not available to the present study,
Occurrence of an anion exchange reaction between qwe will work with the assumption of a smooth, conformal

and As atoms has also been identified for GAAS) treated ~ Passivation surface. _
with H,Se 3 and by adsorption of Se atoms on GaAs Since most of As atoms are bound to S or Se atoms in

surface€>* The exact mechanism and kinetics of this ex-tNe Uppermost surface region, the intensity of As-Ga peak
change reaction are still unknown. The Pauling covalent raShould be relatively small for Asdspectra. The existence of
dius of As(0.121 nm is closer to that of Se than to any of the underlying As-deficient layer can also lead to a decrease
the other chalcogenides. The covalent radii of S, Se, and T8 the intensity of As—Ga peak. After thermal annealing at
are 0.104, 0.117, and 0.137 nm, respectieljurthermore, 350 °C, the S@ peak was no longer detected and As 3
the bulk lattice constant for GaAs is 0.565 nm and those foPPectra can be fit with a single peak corresponding to the
the zinc-blende-structured G&, GaSe, GaTe, are listed AS—Ga bonds. The line shape of Ga Spectra did not ap-
as 0.518, 0.543, and 0.59 nm, respectiéigtructurally, Se  Preciably change during thermal annealing at 350 °C. Al
atoms, as opposed to S or Te atoms, would most readilyjese results suggest that the S atoms are primarily bound to
exchange with As atoms within the GaAs. In Fig. 4, it was”'S aloms. _ _ o
observed that the peak intensity ratio of Se—As to SedEa The progressive desorption of the passivating layer due
and Se—G&?2) was decreased during thermal annealing afo thermal annealing can be used to determine the stability of
200 °C. Some of Se atoms can form a,Sa-like com- different chemical bonds. Only S—S bonds disappeared dur-
pound with Ga atoms at the surface, which corresponds t[pg thermal annealing at 200 °C as well as the high volatility
Ga-Se(2) in this study, and is correlated with the observed©f element sulfur, suggesting that these bonds are least stable
shift of the surface Fermi level on the as-treated surface. TheNder these thermal annea(l}mg conditions. An increased an-
GaSeylike phase has also been suggested for the GaAs supealing temperature of 350 °C results in the disappearance of
face treated with bBe gas* S 2p spectra. The diminution of the $2peak coincided

In order to derive a quantitative model of the layered™ith the disappearance of As+$) and As-S(2) peaks in
structure for the as-treated surface, the measured core-levaf 3d spectrum. The As—Se based peak in the Gefectra
photoemission peak intensity was analyzed using the stariSC disappeared during thermal annealing at 350 °C. The
dard layer-attenuation mod®.The following assumptions S€ 31 spectrum was subsequently fit with only two compo-

were madefa) There are no Ga atoms in both layer 1 angnents ascribed to Ga—Se based peaks. These annealing re-
layer 2.(b) The ratio of Ga-to-Se in layer 3 is same as theSUlts indicate that both As—S bonds and As—Se bonds are not

ratio of Ga-to-As on the HCl-cleaned-only GaAs surface.@S sta_ble as the Ga—Se bonds under these thermal annealing
The thickness of the layer 1 and layer 2 is estimated from th€onditions. The Ga-Se based peaks were detectable up to
observed attenuation of Ga peak of the as-treated surface ©00 °C, indicating that these bonds are the most stable
relative to the HCl-cleaned-only surface. The intensity ratio?®nds-

of the Ga @ ratio can be expressed in term of layer-

attenuation model as

&, Ctoam E: d
ia: beam>< passXeX ,

B. Surface passivation mechanisms

I (4) GaAs surface Fermi level pinning has been an important

2 2 2 . . . . .
IGa Chbeam Epass subject in both the surface science and semiconductor device
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fabrication. The mechanism underlying Fermi level pinningV. CONCLUSION

is specifig 4}0 the surface structure, orientation and  pq SeS-treated GaAL00) surfaces have been system-
chemistry’*~**An end goal of the chemical treatment of the atically studied with synchrotron radiation photoemission
GaAs surface is to reduce the GaAs surface state density, 8pectroscopy. The combined core-level peak intensity ratio
well as to control the GaAs surface Fermi level position. Theand core-level spectra studies have been used to develop a
surface chemical environment determines the surface recorgtructural model in which the Se®eated surface consists of
bination velocity and the type and density of surface statesa chemically stratified structure over a few atomic layers
In this study, the reduced band bending for the as-treateblelow the surface. The as-treated surface is terminated with
surface, with respect the HCI-cleaned-only surface, is attribS—S bonds. The uppermost layer is As rich, in which As
uted to the formation of Ga—Se bonds during the Sesat-  atoms are bonded to the S atoms and Se atoms. One layer
ment. adjacent to the bulk GaAs consists of Ga-based selenides and

The passivation effect of chalcogen atof®s Se, and is associated with the unpinning of the surface Fermi level
ol the as-treated surfaces. This layered structure is shown to

Te) for GaAs surfaces has triggered extensive theoretica}) h id ‘ lectroni ati q tect th
studies of the correlation between surface electronic prope 20T provide surtace electronic passivation and protect the
surface from subsequent interaction with the ambient.

ties and chemical bonding on the GaAs surf&cé?Pseudo-
potential calculations for the S—GaAs system have ShOW'ACKNOWLEDGMENTS
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