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Adsorption of elemental S on Si„100…231: Surface restoration
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Adsorption of elemental S at room temperature causes the transition of the reconstructed Si~100!231 surface
to its original bulk-terminated Si~100!131. The S adsorbate forms initially a~231! structure at 0.5 ML on the
Si~100!231 surface, a~131! at 1 ML on the Si~100!131, and above 1 ML sulfur is imbedded into the Si
substrate. The sticking coefficient of S is constant and equal to unity for the first 2 ML. Deposition of S at room
temperature up to 1 ML increases the work function by 0.360.05 eV. The S adsorbate is strongly bound to the
Si substrate in a molecular Si-S form. The Si-S bond energy is greater than that of Si-Si, which may be the
driving force of the Si~100!231→Si~100!131 transition.@S0163-1829~97!01507-5#
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I. INTRODUCTION

The passivation of semiconductor surfaces is an are
intrinsic scientific interest and of great technological imp
tance. Silicon and other semiconductors, such as GaAs
InP, are well known for their potentially wide use in high
speed electronics and long-wavelength optical circu
~optoelectronics!.1,2 They have also demonstrated gre
value, mainly in space technology, as solar ce
~photovoltaics!.3 Their efficiency, however, is reduced b
electron,4 x-ray,5 andg ~Ref. 6! radiation damage. Nonradi
ative recombination of charge carriers1 is another such cause
To prevent damage in the surfaces involved without reduc
their efficiency the above semiconductors are passiva
This is done by depositing protective films~dielectric win-
dow layers!, such as chalcogenides: sulfur, gallium sulfid
and indium sulfide.7–10 Most of the studies concerning su
face passivation of semiconductors were carried out with
use of chemical vapor deposition techniques under at
spheric pressure. The analysis of the deposited layers
the former techniques has been obtainedex situ after the
completion of films a few hundred nm thick.

The in situ analysis of the initial stages of the interfac
formation in ultrahigh vacuum~UHV! is necessary for the
understanding and subsequent improvement of the dep
tion process. The interface region between the adsorbate
the substrate is that which primarily controls the growth
the films. The understanding of the film growth, therefo
requires deposition methods that allow control of the bu
ing process of the structure at the atomic level.11 A begin-
ning with elemental S deposition on Si~100!231 in UHV
would be appropriate. The knowledge of the behavior o
alone on Si and other semiconductors is very important
cause~a! of the interest that has arisen with respect to
possibility of pretreating the surfaces of the semiconduc
with S to protect and stabilize these surfaces against de
dation resulting in improved subsequent processing,12,13 and
~b! it will help to obtain a better understanding of the bindi
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structure and electronic properties of the growth of chal
genide protective films such as GaS and InS.

Besides the importance in applications, there is a rec
rising scientific interest in the structural and electronic pro
erties of chalcogen elements~S,Se! on Si~100!231 surfaces.
Theoretical calculations suggest that adsorbates change
structure of the Si~100!231 surfaces.14,15To our knowledge,
this does not agree with the up-to-date relevant experime
results. More specifically, the Si~100! surface is easily recon
structed with a small amount of heating. The surface ha
structure different from that of the bulk, and the reconstru
tion of the clean surface occurs in order to reduce the num
of broken dangling bonds.14 In other words, the reconstruc
tion of the surface minimizes the high energy of broken c
valent bonds, which would exist on an ideal bulk-terminat
plane.15 The clean Si~100! surface shows a strong~231!
reconstruction in the low-energy electron diffraction~LEED!
pattern, observed for the first time by Schlier and Farnswo
in 1959.16 Several models for the~231! reconstruction have
been proposed.17 It has been recently accepted by most
searchers that dimers are the main building blocks of
reconstructed surface of Si~100!. The question, however, o
whether the dimers are symmetric or buckled remains
clear, as reported by Chadi.18 Today, new evidence of asym
metric ~buckled! dimers is supported by most of th
experimental19–23and theoretical14,15 investigators who have
worked on this problem. Kruger and Pollman14 calculated
that buckled dimers are energetically favored over symme
ones by 0.14 eV per dimer.14 The restoration of recon
structed semiconductor surfaces to their original bu
terminated surface has been achieved, lately, by different
sorbates. Specifically, ideal~131! terminations of ~111!
surfaces were reported for As on Ge~111! ~Ref. 24! and
Si~111! ~Refs. 25 and 26! and for Cl on Ge~111!.27 Adsorp-
tion of S on clean Ge~100!231 changed the~231! structure
to ~131!. The system S/Ge~100!131 was regarded as a
ideally terminated surface.28 Weseret al.28 have experimen-
tally investigated the behavior of S on Si~100!. They have
4435 © 1997 The American Physical Society
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4436 55ARIS PAPAGEORGOPOULOSet al.
not observed an ordered S adlayer. Moriarty, Koenders,
Hughes30 reported, recently, that room-temperature adso
tion of sulfur resulted in the formation of an overlayer wi
the underlying Si~100! retaining the~231! reconstruction.
They also mentioned that annealing of the S/Si~100!231 sur-
face to 325 °C leads to the desorption of the sulfur overla
and the appearance of coexistingc~434! and ~231! surface
reconstruction. In contrast to this paper, theoretical stud
performed by Kaxiras,15 and later by Kruger and Pollman,14

suggested that adsorption of group VI elements~S or Se! on
Si~100!231 can lead to the restoration of the ideal bu
terminated geometry on the semiconductor surfaces. F
the above discussion it is apparently clear that additio
effort on the study of S and Se on Si~100!231 is necessary

Most of the sulfur adsorption studies up to now ha
taken place with the exposure of the substrates to H2S gas.
To remove the H2 from the surface the substrates we
heated to temperatures equal to or greater than 200 °C.
drogen, however, cannot be removed selectively. Th
mixed systems do not show any well-defined long-ran
order.28 For a detailed understanding of the adsorption kin
ics of S on Si surfaces at room and lower temperatures,
important to deposit elemental sulfur.

In this work we evaporate elemental sulfur o
Si~100!231 surfaces. We study the sample using LEED, A
ger Electron Spectroscopy~AES!, thermal-desorption spec
troscopy~TDS!, and work function~WF! measurements. Th
data suggest that the presence of sulfur on the surface ca
a phase transition of the substrate. Preliminary results h
been reported elsewhere.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu
chamber~p,10210 Torr!, equipped with a cylindrical mirror
analyzer~CMA! for AES measurements, a quadrupole ma
spectrometer~QMS! for TDS measurements, a LEED sy
tem, and a Kelvin probe for WF measurements.

Elemental sulfur was evaporated by thermal dissocia
of MoS2 single crystal flakes mounted on a tungsten fi
ment. During dissociation of MoS2 the Mo remained on the
tungsten filament, while S was evaporated. The Si~100! sub-
strate was cleaned by Ar1 bombardment atE51 keV for 40
min with an ion current of 10mA. After bombardment the
sample was heated to 1000 °C by passing current throu
0.05-mm Ta strip, uniformly pressed between the sample
a Ta foil case. The temperature of the sample was meas
by a Cr-Al thermocouple. The Si specimen was conside
sufficiently clean when the Auger peak height ratios C~272
eV!/Si~92 eV! and O~512 eV!/Si~92 eV! were below 1%.
The estimation of the S coverages on Si~100! surfaces were
based on a correlation of LEED, AES, and TDS measu
ments, and the comparison with the measurements of S
the Ni~100! surface, which took place in the same syste
under the same deposition conditions.31 The surface atomic
density of 1 ML of S on Si~100! is considered equal to tha
of the outermost layer of Si,NSi56.831014 atoms cm22.

III. RESULTS

A. Auger and work-function measurements

Figure 1 shows the Auger peak-to-peak heights~AppH! of
the S~151 eV! and the work function~DF! change as a func
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tion of the number of doses of S deposited on cle
Si~100!231 surfaces at room temperature. These measu
ments are shown in correlation with the observed LEED p
terns, which will be discussed later in the next section.
seen in this figure, the Auger peak-to-peak height of S~151
eV! initially increases linearly with an increasing number o
S doses. Near the ninth dose, the curve forms a break~slope
change of the S Auger peak height versus S dose cur!.
Also above the 9th dose the S Auger peak height is incre
ing linearly up to the 18th dose of our measurements wh
it forms a second break. Above the 18th dose the S~151 eV!
peak height starts to level off. This Auger peak height vers
S doses curve is characteristic of a layer-by-layer grow
During the S deposition on the clean Si~100!231 surface at
room temperature, the work function initially increases li
early with increasing S coverage. Above the fourth S do
the work-function curve deviates from linearity and its slop
becomes smaller. Near the ninth dose, the work funct
reaches its maximum value, and subsequently starts to
crease as the number of sulfur doses increases. Above
thirteenth dose the decrease of the work function is ve
small, despite that the Auger peak height of S~151 eV! con-
tinues to increase. The maximum observed value of the W
increase was about 0.3 eV. The above WF measurem
were repeated three times, and the maximum WF value v
ied by 60.05 eV. Figure 2 shows the energy shift of th
integrated Auger Si~92 eV! peak during S deposition on
clean Si~100!231. The inset shows the Si~92 eV! energy
shift versus S doses. According to the inset, this shift
creases linearly with increasing S doses to its final value
1.5 eV at the completion of the second layer of S. Durin
heating and as the S is removed from the surface the s
decreases and the energy of the Si peak goes back to th
the clean Si surface. This is an Auger chemical shift, whi
may be attributed to a strong S-Si interaction. Most likel
the S adatoms form a compound with the Si substrate. T
fact that the shift increases linearly may indicate that t
nature of binding is the same up to the completion of t
second layer, in agreement with the following TDS measu
ments.

FIG. 1. Auger peak-to-peak heights~AppH! of the S~151 eV!
and the work function~DF! change as a function of the number o
doses of S deposited on clean Si~100!231 surfaces at room tem-
perature.
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B. TDS measurements

Thermal-desorption spectra from S-covered Si~100! sur-
faces have shown hardly observable peaks of S2 ~amu 64!.
Sulfur was mainly desorbed as a SiS compound. Figure
shows a series of SiS~amu 60! of thermal-desorption spectra
for different amounts of S deposited on Si~100! surfaces. The
heating rate of desorption was constant,b530 K/s, for all

FIG. 2. Energy shift of the integrated Auger Si~92 eV! peak
during S deposition on clean Si~100!231. The inset shows the Si
chemical shift vs S doses.

FIG. 3. Thermal-desorption spectra of SiS from S-cover
Si~100! surfaces.
3

spectra. There is only a single peak with its maximum valu
near 585 °C, the very small peaks of S2, not shown here,
appear at the same temperature and probably are due t
partial dissociation of the SiS molecule. This finding doe
not agree with Moriarty, Koenders, and Hughes,30 who re-
ported that the annealing of the S-covered Si~100!231 sur-
face to 325 °C leads to the desorption of the sulfur overlaye
The latter disagreement will be also discussed in correlatio
with other findings in the discussion. The fact that the TD
peaks of SiS remain relatively sharp at the same temperatu
with increasing S coverage indicates that the nature of Si
binding remains the same up to the completion of the
coverage corresponding to the completion of 2 ML, in agree
ment with the chemical shift measurements.

Figure 4 shows the areas under the TD peaks of SiS~Fig.
3! versus the S doses on Si~100! surfaces. Note that the S
doses in the TDS were 15% greater than those in the pre
ous ~AES and WF! measurements, and the completion of 2
ML of S in Fig. 4 occurs at the 15th dose. It is obvious, from
this figure, that the TDS areas increase linearly with increa
ing number of S doses, with a break~slope change of the SiS
TDS areas versus S doses curve! occurring near the 15th
dose of S; this is where we believe that the completion of
ML of sulfur takes place. It is known that the slope of the
areas under the TDS versus doses of a deposited adsorb
on a substrate is proportional to the sticking coefficient of th
adsorbate. This, in correlation with Fig. 4, implies that the
sticking coefficient of S on Si~100! surfaces remains constant
up to 2 ML and subsequently becomes substantially smalle

C. LEED measurements

The LEED observations show that the clean Si~100!231
surface gives a good intense~231! LEED pattern. Above the
fourth dose of S deposition on this surface, the half-orde
spots become diffused and the pattern changes to~131! with
its maximum intensity near the ninth dose. Further S dep
sition increases the background, however, the~131! struc-
ture remains. It appears that above the 4th dose of S t
Si~100!231 reconstructed surface begins to change t
Si~100!131. We believe that S adsorption on Si~100!231
d

FIG. 4. Areas under the thermal desorption peaks of SiS~Fig. 3!
vs S doses on Si~100! surfaces.
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forms also a~231! structure, initially. The~231! pattern,
near the 4th dose, should correspond to 0.5 ML of S cov
age. Above the 4th dose, both the Si substrate and th
adsorbate change gradually to a~131! structure. The
completion of the~131!, near the 9th dose, corresponds
1.0 ML of S, and coincides with the first break of the Aug
curve and the maximum increase of the work-function va
~Fig. 1!. Above the 9th S dose, the~131! is retained.

The same UHV system has been used previously with
same S source, and about the same flux of S on Ni~100!.31

The LEED observations showed the formation of ac~232!
pattern close to the 12th dose of S on Ni~100!. The density of
the S overlayer, which produces thec~232! on Ni~100!, is
831014 atoms cm22 at 12 doses. At 9 doses this dens
should be about 631014 atoms cm22. This is very close to
6.831014 atoms cm22, which is the density of 1 ML of S on
Si~100!. Therefore, at the completion of the~131! structure
on Si~100!, the coverage of S at 9 doses is indeed abou
ML. It has been proposed that the initial sticking coefficie
of S on clean Ni~100! is close to unity.32 This implies that
the initial sticking coefficient of S on Si~100!231 is also
one. The linearity of the Auger curve up to 1 ML~Fig. 1!
indicates that the sticking coefficient of S on Si~100! surface
remains one, at least up to 1 ML. The slope of the Au
curve is also constant for the second monolayer, between
first and the second break, which occurs in about the s
time of completion as that of the first monolayer. This m
further imply that the sticking coefficient of S is nearly co
stant during the adsorption of the second S layer, betw
the 9th and 18th doses. Moreover, the TDS measurem
~Fig. 4! indicate clearly that the sticking coefficient remai
constant and, therefore, equal to unity up to the comple
of 2 ML of S coverage.

Despite that the Auger curve remains linear and the st
ing coefficient remains constant up to 9th S dose, the wo
function curve deviates from linearity at the 4th dose. T
may be attributed to different sites of S atoms on Si bef
and after the 4th dose. Both the chemical shift~Fig. 2! and
the TDS ~Fig. 4! measurements indicate that the nature
binding of S atoms on Si remains the same up to 2 ML of
which may imply that the charge transfer~polarization! for
each S adatom remains also the same. Therefore, any ch
to the surface dipole moment should be attributed to
dipole length change. Consequently, the sulfur atoms re
ing on the dimers of the Si~100!231 surface may have
greater dipole moment~dipole length! than on sites betwee
Si atoms of the Si~131! surface. In the latter case, the di
tance between the neighboring Si atoms of the top laye
greater than that between those of the dimers of the re
structed surface. Therefore, the S adatoms should be de
in their sites between the Si atoms of the~131! surface
structure, with a smaller dipole length, therefore, smaller
pole moment and consequently a smaller work function t
that for S atoms on the dimers. This will be explained
more detail in the Discussion. The fact that, above 1.0 M
~9th dose!, the work-function value decreases, while t
sticking coefficient and the nature of binding of S on
remain constant, may indicate that above 1.0 ML the su
is submerged into the Si bulk near the surface. Since the
lowering almost stops before the S coverage completion
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ML means that only part of the second layer is initially d
fused into the bulk of Si at room temperature.

D. Heating of S-covered Si„100…231 surfaces

Figure 5 shows the variation of the Auger peak-to-pe
height of S~151 eV! and the work-function change~DF!, in
correlation with the LEED patterns, during the heating of t
S-covered Si~100!231 substrate. The heating was implied
50 °C increments for 2 min each. We should emphasize
the work function decreases in the early stages of the hea
treatment and reaches its minimum value at 300 °C while
Auger peak height remains nearly unchanged up to 400
i.e., at which the S is not yet removed from the surface. M
likely, heating provides the activation energy for diffusion
more S atoms into the bulk of the Si substrate, causin
further work-function decrease. Above 400 °C, the wo
function increases while the Auger peak of S decreases d
tically, indicating a drastic desorption of S from the surfac
At about 550 °C, the second S layer is removed comple
and the work function increases to its maximum value o
ML. Above 550 °C the WF decreases again and as th
coverage approaches 0.5 ML, the surface changes back t
reconstructed~231!. Near 650 °C the S is completely de
orbed from the Si substrate.

IV. DISCUSSION

As we have mentioned previously, the current experim
tal LEED observations show very clearly that deposition
elemental sulfur on clean Si~100!231 surfaces, at room tem
perature, changes the Si~100!231 reconstructed surface t
Si~100!131. We believe that the S adatoms initially resid
on the dimers forming a~231! at 0.5 ML and a~131! above

FIG. 5. Variation of the Auger peak-to-peak height~AppH! of
S~151 eV! and the work-function change~DF! during the heating of
the S-covered Si~100!231 surfaces.
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this coverage. In Fig. 6 we propose a surface structu
model of sulfur on Si~100! surfaces. Figure 6~a! shows a
schematic side view of the top three layers of the clean
constructed Si~100!231 surface with the dangling bonds
The deposited S atoms originally reside on bridge sites. Ea
S atom is specifically bound through the dangling bonds
the two Si atoms of the dimer@Fig. 6~b!#, which is consistent
with the fact that S is divalent. The maximum coverage
this state is 0.5 ML at which all the dimer sites are filled, an
the S adatoms form a~231! structure retaining the recon-
struction of the Si substrate. This~231! structure of the S
overlayer on the Si~100!231 surface has been named th
hemisulfide state. As the S deposition on the Si substr
continues above 0.5 ML, the S atoms that reside on availa
bridge sites between dimers cause the bonds between th
atoms of the dimers to break, thus providing bonding for th
S adatoms. As a result of this process, the Si atoms
gradually displaced, causing the restoration of the reco
structed Si~100!231 to a Si~100!131 surface. The sulfur
adatoms remain on the bridge sites, and are bound to ne
boring Si atoms as shown in Fig. 6~c!. Thus, above 0.5 ML,
S gradually forms a S~131! structure, causing the change o
the Si substrate to an ideal bulk-terminated plane. Th
S~131! structure on Si~100!131 has been named the mono
sulfide state with a maximum coverage of 1 ML. Above
ML, S continues to be adsorbed with the same sticking c
efficient up to the coverage of 2 ML. Most of the secon
monolayer of S is initially diffused into the bulk of Si and
later the diffusion decreases and S remains on the surfa
The heating of 300 °C provides activation energy for furth
diffusion with a simultaneous decrease of the WF. Figu
6~d! shows a possible binding of the embedded S atom
which we call disulfide state. Figure 7 shows a top view
~a! a clean Si~100!231 surface, ~b! the hemisulfide on
Si~100!231, ~c! the monosulfide on Si~100!131, and~d! the
disulfide on Si~100!131.

The break of the bond between the Si atoms of the dim
and the subsequent rearrangement to a~131! structure is
consistent with a strong Si-S interaction. This strong intera
tion is suggested by the chemical shift of the Auger Si~92
eV! peak during S deposition~Fig. 2! and the TDS measure-

FIG. 6. Side-view schematics of~a! the top three layers of a
clean reconstructed Si~100!231 surface with the dangling bonds,
~b! the S-~231! ~hemisulfide! structure on the Si~100!231 surface,
~c! the S-~131! ~monosulfide! structure on a Si~100!131 surface,
and ~d! the diffused second S layer into the bulk of Si~100!131.
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ments~Fig. 3!. The latter measurements show that the S
desorbed as a SiS molecule, indicating clearly that the S
bond energy is greater than that of Si-Si, which may inde
be the dominant cause of the substrate restoration
Si~100!131. The greater S-Si bond energy than that of
Si-Si substrate has been reported some time ago.33 The heat-
ing results~Fig. 5! indicate that, as soon as part of the S
desorbed from the surface and the coverage is<0.5 ML the
reconstructed~231! comes back again. Our model of S ad
sorption on the Si substrate is in agreement with Kaxiras15

and later with Kruger and Pollman’s16 theoretical calcula-
tions. According to their results adsorption of S or Se cau
the surface restoration of the reconstructed Si~100!231 sub-
strate to its original bulk-terminated surface. Kaxiras, in h
report, considered different structures consisting of emb
ding and mixing of the group-VI adatoms with Si substra
atoms. He emphasizes, however, that the restored surf
are stable against all of the considered alternative structu
This is in agreement with our measurements, which indic
an imbedding of the second S layer into the Si bulk.

Next, we will try to justify the WF variations in correla-
tion with the corresponding adsorption sites of S on the
substrate. As is explained in Sec. III, the surface dipole m
ment changes are mainly due to those of the dipole leng
which are dictated by site changes of the S on the Si s
strate. However, the WF changes are proportional to the
pole moment@Eq. ~1!#.

From the initial slope of the WF curve~Fig. 1! the initial
dipole moment of S may be calculated by the Hemho
equation:

p05~1/2p!~DF/DN!N→0

51/2p300310218~DF/DN!N→0 Debye, ~1!

where the sulfur atomic densityN5QS 6.831014

atoms cm22, andQS is the coverage of S in monolayers. Th

FIG. 7. Top-view schematics of~a! the top three layers of the
clean reconstructed Si~100!231 surface,~b! the S-~231! structure
on the Si~100!231 surface, ~c! the S-~131! structure on
Si~100!131 surface, and~d! the diffused second S layer into the
bulk of Si~100!131.
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4440 55ARIS PAPAGEORGOPOULOSet al.
initial dipole moment of S was found to bep050.4 Db ~De-
bye!. If it is considered that in the hemisulfide state the
atoms reside on the dimers as in Figs. 6~a! and 8~a!, and that
p05qd or q5p0/d, whereq is the charge of each S adato
and d51.87 A, it is found thatq50.04e ~where e is the
charge of an electron!. This indicates that the charge of the
overlayer is very small to consider the bonds of S on the
substrate as ionic. Most likely, the S-Si bond is covalent
agreement with the chemical shift~Fig. 2! and the TDS mea-
surements~Fig. 3!. After the restoration, the distance b
tween the S overlayer and the topmost layer of the Si s
strate decreases and becomesd51.09 A @Fig. 8~b!#.
Considering this dipole length and the finding thatq50.04e,
it is found thatp05qd50.2 Db. Therefore, the value ofp0 is
smaller in the monosulfide state than in the hemisulfide. T
is consistent with the decrease in slope and deviation f
linearity of the WF curve above 0.5 ML of S~4th dose! on
Si~100! ~Fig. 1!, when the reconstructed~231! Si surface
starts to change to its~131!.

During the binding of S to the dimers of the Si substra
we cannot preclude a decrease of the Si substrate WF d
a transition of the asymmetric dimers to their symmetric
rangement. It has already been mentioned in the Introd
tion: the existing view is that the dimers of the Si~100! are
buckled. This asymmetric deformation increases the dip
moment of the dimers, and the WF is greater than that of
substrate with unbuckled~symmetric! dimers.18,34The exist-
ence of the asymmetric dimers is supported experiment
by ion scattering19,20and LEED experiments.21 Recent STM
~Refs. 22 and 23! measurements and theoretic
calculations14,15 make the view of asymmetric dimers eve
stronger. From our measurements it is not clear that
dimers remain asymmetric in the hemisulfide state or t
during S deposition the asymmetric dimers change to s
metric. In the latter case, the increase of the work funct
during S deposition in the hemisulfide state would be co
pensated to some degree by the WF lowering during
transition of the asymmetric dimers to their symmetric sta
The increase of the WF in the hemisulfide state, howe
was very close to 0.25 eV measured~in the same UHV sys-
tem! for 0.5 ML of S on the Ni~100! ~Ref. 31! surface, which
may indicate that the increase in WF up to 0.5 ML was d
to the adsorption of S alone and not to any structural cha
of the dimers.

FIG. 8. Location of the S atoms~a! on the Si~100!231 surface,
~b! on the Si~100!131 surface.
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Besides the theoretical support14,15 on the restoration of
the semiconductor surfaces to their original bulk-termina
geometry achieved by S and Se adsorbates, there are
several experimental results mentioned in the Introducti
These results, however, refer to As on Ge~111! ~Ref. 24! and
on Si~111!,25,26 and to Cl on Ge~111!.27 Weseret al.28 re-
ported that S on Ge~100!231 changed the~231! structure to
~131! and that the S/Ge~100!131 system was regarded as a
ideal terminated surface. The same authors, however, h
not observed any S overlayer on the Si~100!231 surface.29

Recently, Moriarty, Koenders, and Hughes30 reported that
room-temperature adsorption of S resulted in the format
of an overlayer on Si~100!231, retaining the~231! recon-
struction. They also report that annealing of S cove
Si~100!231 at 325 °C leads to the desorption of the sulf
overlayer. As was already mentioned, the complete remo
of S takes place by heating the substrate to 650 °C. The s
authors, in continuing their investigation, discovered coex
ing c~434! and ~231! surface reconstructions after the d
sorption of S at 325 °C. Our finding that S is desorbed a
SiS molecule shows that heating causes depletion of Si f
the surface. Annealing at relatively low temperatures wo
cause a partial removal of Si from the surface, which co
change the reconstruction from~231! to ac~434!. Although
our structural models are consistent with the experime
results, we cannot rule out completely the possibility th
from the beginning of deposition, S forms two-dimension
islands of~131!. Above a certain coverage, the islands co
lesce, leading to a uniform~131! structure at 1 ML. More
work is needed to be done.

V. CONCLUSION

The adsorption of elemental S at room temperature cau
the change of the reconstructed Si~00!231 substrate to its
original bulk-terminated Si~100!131 surface. The S adsor
bate forms initially a~231! structure at 0.5 ML on the
Si~100!231 substrate and subsequently a~131! on
Si~100!131. Above 1 ML, sulfur is imbedded into the S
bulk near the surface. The sticking coefficient of S on t
Si~100!231 surface is constant and equal to unity for t
first 2 ML. Deposition of S at RT up to 1 ML increases th
work function of the surface by about 0.360.05 eV. Above 1
ML, as the sulfur is diffused into the Si bulk, the work fun
tion decreases. Surface dipole moment estimations base
the work-function measurements suggest that the Si-S b
is covalent. The deposition of S causes a chemical shif
the Si~92 eV! peak of 1.5 eV, indicating a strong S-Si inte
action, while the TDS measurements show that S is ma
desorbed in the form of a SiS compound. This result supp
the argument that the Si-S bond energy is greater than th
Si-Si, which may be the driving force of the Si~100!2
31→Si~100!131 transition.
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