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Adsorption of elemental S on S{1002x1: Surface restoration
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Adsorption of elemental S at room temperature causes the transition of the reconstr(l@&® il surface
to its original bulk-terminated $100)1x 1. The S adsorbate forms initially(2x 1) structure at 0.5 ML on the
Si(1002x1 surface, d1x1) at 1 ML on the Sj1001X1, 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+®35 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 Si1002x1—Si(1001X 1 transition.[S0163-18207)01507-3

I. INTRODUCTION structure and electronic properties of the growth of chalco-
genide protective films such as GaS and InS.

The passivation of semiconductor surfaces is an area of Besides the importance in applications, there is a recent
intrinsic scientific interest and of great technological impor-rising scientific interest in the structural and electronic prop-
tance. Silicon and other semiconductors, such as GaAs aratties of chalcogen elementS,S¢ on Si{1002X 1 surfaces.
InP, are well known for their potentially wide use in high- Theoretical calculations suggest that adsorbates change the
speed electronics and long-wavelength optical circuitsstructure of the $1L00)2x 1 surfaces*®To our knowledge,
(optoelectronics™? They have also demonstrated greatthis does not agree with the up-to-date relevant experimental
value, mainly in space technology, as solar cellsresults. More specifically, the @00) surface is easily recon-
(photovoltaicy.® Their efficiency, however, is reduced by structed with a small amount of heating. The surface has a
electron? x-ray,> and y (Ref. 6 radiation damage. Nonradi- structure different from that of the bulk, and the reconstruc-
ative recombination of charge carriéis another such cause. tion of the clean surface occurs in order to reduce the number
To prevent damage in the surfaces involved without reducingf broken dangling bond¥' In other words, the reconstruc-
their efficiency the above semiconductors are passivatedion of the surface minimizes the high energy of broken co-
This is done by depositing protective filnfdielectric win-  valent bonds, which would exist on an ideal bulk-terminated
dow layers, such as chalcogenides: sulfur, gallium sulfide,plane® The clean Sil00) surface shows a stron@x1)
and indium sulfidé2° Most of the studies concerning sur- reconstruction in the low-energy electron diffractiafE ED)
face passivation of semiconductors were carried out with th@attern, observed for the first time by Schlier and Farnsworth
use of chemical vapor deposition techniques under atman 19596 Several models for th&x1) reconstruction have
spheric pressure. The analysis of the deposited layers witheen proposetf. It has been recently accepted by most re-
the former techniques has been obtairedsitu after the searchers that dimers are the main building blocks of the
completion of films a few hundred nm thick. reconstructed surface of (3D0. The question, however, of

The in situ analysis of the initial stages of the interface whether the dimers are symmetric or buckled remains un-
formation in ultrahigh vacuunfUHV) is necessary for the clear, as reported by ChatfiToday, new evidence of asym-
understanding and subsequent improvement of the deposketric (buckled dimers is supported by most of the
tion process. The interface region between the adsorbate aratperimentdf~22and theoreticaf-'°investigators who have
the substrate is that which primarily controls the growth ofworked on this problem. Kruger and Pollnf&rcalculated
the films. The understanding of the film growth, therefore,that buckled dimers are energetically favored over symmetric
requires deposition methods that allow control of the build-ones by 0.14 eV per diméf. The restoration of recon-
ing process of the structure at the atomic leVeA begin-  structed semiconductor surfaces to their original bulk-
ning with elemental S deposition on($002x1 in UHV  terminated surface has been achieved, lately, by different ad-
would be appropriate. The knowledge of the behavior of Ssorbates. Specifically, idedllx1) terminations of(111)
alone on Si and other semiconductors is very important besurfaces were reported for As on G&l) (Ref. 249 and
cause(a) of the interest that has arisen with respect to theSi(111) (Refs. 25 and 26and for Cl on Gé111).2” Adsorp-
possibility of pretreating the surfaces of the semiconductorsion of S on clean GA002x1 changed thé2x 1) structure
with S to protect and stabilize these surfaces against degrée (1Xx1). The system S/G&001X1 was regarded as an
dation resulting in improved subsequent proces$iidand  ideally terminated surfac® Weseret al?® have experimen-

(b) it will help to obtain a better understanding of the binding tally investigated the behavior of S on(800. They have
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not observed an ordered S adlayer. Moriarty, Koenders, and vo
Hughes? reported, recently, that room-temperature adsorp-  jsols— @ (Ix1)

tion of sulfur resulted in the formation of an overlayer with 05 ML LOML 20ML - 05
the underlying Sil00) retaining the(2Xx1) reconstruction. l Ve b
They also mentioned that annealing of the 8I80)2X1 sur- z o o 04
face to 325 °C leads to the desorption of the sulfur overlayer Z 1% /./0" s
and the appearance of coexistiogx4) and(2x1) surface k) o0 o, o s asiev H03 g
reconstruction. In contrast to this paper, theoretical studies & e ./' o o wE <
performed by Kaxiras® and later by Kruger and Pollmafi, 2ol o & 02
suggested that adsorption of group VI elemg®®r S¢ on O/’ /o/ 0+0--0- - cgmme o ¢
Si(1002X1 can lead to the restoration of the ideal bulk- /./‘ — o1
terminated geometry on the semiconductor surfaces. From e

the above discussion it is apparently clear that additional 0 0’ ' '5 ' = . . . 0.0
effort on the study of S and Se on(800)2Xx 1 is necessary. s/ll‘)’osm 1 20

Most of the sulfur adsorption studies up to now have
taken place with the exposure of the substrates 48 #has.
To remove the K from the surface the substrates were FIG. 1. Auger peak-to-peak heightdppH) of the §151 eV)
heated to temperatures equal to or greater than 200 °C. Hgnd the work functiofA®) change as a function of the number of
drogen, however, cannot be removed selectively. These@oses of S deposited on clear(15i02x1 surfaces at room tem-
mixed systems do not show any well-defined long-rangeperature.
order?® For a detailed understanding of the adsorption kinet-

ics of S on Si surfaces at room and lower temperatures, it iﬁon of the number of doses of S deposited on clean

important to deposit elemental sulfur. Si(1002X1 surfaces at room temperature. These measure-

In this work we evaporate elemental sulfur on . . .
Si(1002x 1 surfaces. We study the sample using LEED Ay-ments are shown in correlation with the observed LEED pat-
: ' terns, which will be discussed later in the next section. As

ger Electron SpectroscopAES), thermal-desorption spec- ) < :
troscopy(TDS), and work functiofWF) measurements. The Seen in this figure, the Auger peak-to-peak height @f5%
data suggest that the presence of sulfur on the surface caug® initially increases linearly with an increasing number of
a phase transition of the substrate. Preliminary results hav@ doses. Near the ninth dose, the curve forms a biglake
been reported elsewhere. change of the S Auger peak height versus S dose gturve
Also above the 9th dose the S Auger peak height is increas-
ing linearly up to the 18th dose of our measurements where
it forms a second break. Above the 18th dose tfb$ eV)

The experiments were performed in an ultrahigh vacuunpeak height starts to level off. This Auger peak height versus
chamber(p<10~1° Torr), equipped with a cylindrical mirror S doses curve is characteristic of a layer-by-layer growth.
analyzer(CMA) for AES measurements, a quadrupole masDuring the S deposition on the clean(B02x1 surface at
spectrometeXQMS) for TDS measurements, a LEED sys- room temperature, the work function initially increases lin-
tem, and a Kelvin probe for WF measurements. ~ ggyly with increasing S coverage. Above the fourth S dose

Elemental sulfur was evaporated by thermal dissociatio,e work-function curve deviates from linearity and its slope
of MoS, single crystal flakes mounted on a tungsten 1E'la'becomes smaller. Near the ninth dose, the work function

ment. During dissociation of MgShe Ma remained on the reaches its maximum value, and subsequently starts to de-
tungsten filament, while S was evaporated. THa@®) sub- ’ - y
crease as the number of sulfur doses increases. Above the

strate was cleaned by Alombardment aE=1 keV for 40 : > A
min with an ion current of 1QuA. After bombardment the thirteenth d_ose the decrease of the _Work function is very
sample was heated to 1000 °C by passing current through ¥nall, despite that the Auger peak height 613l eV) con-
0.05-mm Ta strip, uniformly pressed between the sample an#inues to increase. The maximum observed value of the WF
a Ta foil case. The temperature of the sample was measurdgcrease was about 0.3 eV. The above WF measurements
by a Cr-Al thermocouple. The Si specimen was consideredVere repeated three times, and the maximum WF value var-
sufficiently clean when the Auger peak height ratiggrz  ied by +0.05 eV. Figure 2 shows the energy shift of the
eV)/Si(92 eV) and Q512 eW/Si(92 eV) were below 1%. integrated Auger $92 eV) peak during S deposition on
The estimation of the S coverages o1i180) surfaces were clean S(1002X1. The inset shows the G2 eV) energy
based on a correlation of LEED, AES, and TDS measureshift versus S doses. According to the inset, this shift in-
ments, and the comparison with the measurements of S dHeases linearly with increasing S doses to its final value of
the Ni(100) surface, which took place in the same systeml.5 eV at the completion of the second layer of S. During
under the same deposition conditioisThe surface atomic heating and as the S is removed from the surface the shift
density of 1 ML of S on SiL00) is considered equal to that decreases and the energy of the Si peak goes back to that of

Il. EXPERIMENT

of the outermost layer of SNg=6.8x10** atoms cm?. the clean Si surface. This is an Auger chemical shift, which
may be attributed to a strong S-Si interaction. Most likely,
. RESULTS the S adatoms form a compound with the Si substrate. The

fact that the shift increases linearly may indicate that the
nature of binding is the same up to the completion of the

Figure 1 shows the Auger peak-to-peak heidispH) of  second layer, in agreement with the following TDS measure-
the §151 eV) and the work functiofAd) change as a func- ments.

A. Auger and work-function measurements
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FIG. 2. Energy shift of the integrated Auger(® eV) peak
during S deposition on clean (3002x1. The inset shows the Si
chemical shift vs S doses.

B. TDS measurements

Thermal-desorption spectra from S-coveredl&d) sur-
faces have shown hardly observable peaks jofa®u 64.
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FIG. 4. Areas under the thermal desorption peaks of(Big 3
vs S doses on 8100 surfaces.

spectra. There is only a single peak with its maximum value
near 585 °C, the very small peaks of, $ot shown here,
appear at the same temperature and probably are due to a
partial dissociation of the SiS molecule. This finding does
not agree with Moriarty, Koenders, and Hugfi€syho re-
ported that the annealing of the S-coveredl80)2x1 sur-
face to 325 °C leads to the desorption of the sulfur overlayer.
The latter disagreement will be also discussed in correlation
with other findings in the discussion. The fact that the TD
peaks of SiS remain relatively sharp at the same temperature
with increasing S coverage indicates that the nature of Si-S
binding remains the same up to the completion of the S
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(5ig&

Sulfur was mainly desorbed as a SiS compound. Figure 3) versus the S doses on(800 surfaces. Note that the S

shows a series of Si&mu 60 of thermal-desorption spectra
for different amounts of S deposited on(Bi0) surfaces. The
heating rate of desorption was constg830 K/s, for all

25 $/8i(100)

p=30K/s

SiS Signal

T (°C)

doses in the TDS were 15% greater than those in the previ-
ous (AES and WH 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 increas-
ing number of S doses, with a bre@dtope change of the SiS
TDS areas versus S doses cyreecurring near the 15th
dose of S; this is where we believe that the completion of 2
ML of sulfur takes place. It is known that the slope of the
areas under the TDS versus doses of a deposited adsorbate
on a substrate is proportional to the sticking coefficient of the
adsorbate. This, in correlation with Fig. 4, implies that the
sticking coefficient of S on $100) surfaces remains constant
up to 2 ML and subsequently becomes substantially smaller.

C. LEED measurements

The LEED observations show that the cleafi80)2x1
surface gives a good inten&&x 1) LEED pattern. Above the
fourth dose of S deposition on this surface, the half-order
spots become diffused and the pattern changésxtd) with
its maximum intensity near the ninth dose. Further S depo-
sition increases the background, however, th&l) struc-
ture remains. It appears that above the 4th dose of S the

FIG. 3. Thermal-desorption spectra of SiS from S-coveredSi(1002X1 reconstructed surface begins to change to

Si(100 surfaces.

Si(1001X1. We believe that S adsorption on(B02x1
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forms also a(2x1) structure, initially. The(2x1) pattern, - 10

near the 4th dose, should correspond to 0.5 ML of S cover- ® WF (A®)

age. Above the 4th dose, both the Si substrate and the S 150 b x §i (92¢V)

adsorbate change gradually to @X1) structure. The A S (s1eV)

completion of the(1X1), near the 9th dose, corresponds to A—Aa

1.0 ML of S, and coincides with the first break of the Auger _ r_

curve and the maximum increase of the work-function value \

(Fig. 1). Above the 9th S dose, th@x1) is retained. .@x1) 06
The same UHV system has been used previously with the

same S source, and about the same flux of S q@g).3! 1

The LEED observations showed the formation of(2x2)

pattern close to the 12th dose of S o{II0). The density of

the S overlayer, which produces théx2) on Ni(100), is 50 pmppmr—Xe—r X" b

8x 10" atoms cm? at 12 doses. At 9 doses this density

should be about 810 atoms cm?. This is very close to oo

6.8x10* atoms cm?, which is the density of 1 ML of S on RN

Si(100). Therefore, at the completion of th#&x1) structure \ :

on Si100), the coverage of S at 9 doses is indeed about 1 0 Lo

ML. It has been proposed that the initial sticking coefficient

of S on clean Ni100) is close to unity*? This implies that T/°C

the initial sticking coefficient of S on §i00)2X1 is also

one. The linearity of the Auger curve up to 1 MEig. 1) FIG. 5. Variation of the Auger peak-to-peak heighppH) of

indicates that the sticking coefficient of S or(10) surface  5\151 €V and the work-function changé&®) during the heating of

remains one, at least up to 1 ML. The slope of the AugelIhe S-covered $1002x1 surfaces.

curve is also constant for the second monolayer, between the

first and the second break, which occurs in about the samiL means that only part of the second layer is initially dif-

time of completion as that of the first monolayer. This mayfused into the bulk of Si at room temperature.

further imply that the sticking coefficient of S is nearly con-

stant during the adsorption of the second S layer, between

the 9th and 18th doses. Moreover, the TDS measurements

(Fig. 4) indicate clearly that the sticking coefficient remains ~ Figure 5 shows the variation of the Auger peak-to-peak

constant and, therefore, equal to unity up to the completiofieight of 151 e\) and the work-function chang@®), in

of 2 ML of S coverage. correlation with the LEED patterns, during the heating of the
Despite that the Auger curve remains linear and the stickS-covered $1002X1 substrate. The heating was implied in

ing coefficient remains constant up to 9th S dose, the work>0 °C increments for 2 min each. We should emphasize that

function curve deviates from linearity at the 4th dose. Thisthe work function decreases in the early stages of the heating

may be attributed to different sites of S atoms on Si befordréatment and reaches its minimum value at 300 °C while the

and after the 4th dose. Both the chemical stfig. 2 and ~ Auger peak height remains nearly unchanged up to 400 °C,

the TDS (Fig. 4 measurements indicate that the nature ofi-€-, at which the S is not yet removed from the surface. Most

binding of S atoms on Si remains the same up to 2 ML of Slikely, heating provides the activation energy for diffusion of

which may imply that the charge transf@olarization for ~ More S atoms into the bulk of the Si substrate, causing a

each S adatom remains also the same. Therefore, any chari§éther work-function decrease. Above 400 °C, the work

to the surface dipole moment should be attributed to thdunction increases while the Auger peak of S decreases dras-

dipole length change. Consequently, the sulfur atoms residically, indicating a drastic desorption of S from the surface.

ing on the dimers of the §i002x1 surface may have At about 550 °C, the sgcond S Iaye_r is removed completely

greater dipole momeritiipole length than on sites between and the work function increases to its maximum value of 1

Si atoms of the $1x1) surface. In the latter case, the dis- ML. Above 550 °C the WF decreases again and as the S

tance between the neighboring Si atoms of the top layer i§overage approaches 0.5 ML, the surface changes back to the

greater than that between those of the dimers of the recorieéconstructed2x1). Near 650 °C the S is completely des-

structed surface. Therefore, the S adatoms should be deepPed from the Si substrate.

in their sites between the Si atoms of tliex1) surface

structure, with a smaller dipole length, therefore, smaller di-

pole moment and consequently a smaller work function than IV. DISCUSSION

that for S atoms on the dimers. This will be explained in

more detail in the Discussion. The fact that, above 1.0 ML As we have mentioned previously, the current experimen-

(9th dosg, the work-function value decreases, while thetal LEED observations show very clearly that deposition of

sticking coefficient and the nature of binding of S on Sielemental sulfur on clean @002x1 surfaces, at room tem-

remain constant, may indicate that above 1.0 ML the sulfuiperature, changes the (8002X1 reconstructed surface to

is submerged into the Si bulk near the surface. Since the WBi(1001X1. We believe that the S adatoms initially reside

lowering almost stops before the S coverage completion of 2n the dimers forming &x1) at 0.5 ML and a1Xx 1) above

100 f¢—— (Ix1)

Ap-pH (arb. wnits)

02

2 0.1
0 100 200 300 400 500" 600 700 800

D. Heating of S-covered Si1002x1 surfaces
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FIG. 6. Side-view schematics @#&) the top three layers of a
clean reconstructed @i002x1 surface with the dangling bonds,
(b) the S{2x1) (hemisulfidé structure on the $100)2Xx1 surface,
(c) the S{1x1) (monosulfide structure on a $1001Xx1 surface,
and (d) the diffused second S layer into the bulk of I01x1. FIG. 7. Top-view schematics dh) the top three layers of the

clean reconstructed @00)2x1 surface,(b) the S{2Xx1) structure
this coverage. In Fig. 6 we propose a surface structura]? the Sil002x1 surface, (c) the S1x1) structure on

model of sulfur on SO0 surfaces. Figure ) shows a Si(1001x1 surface, andd) the diffused second S layer into the

schematic side view of the top three layers of the clean rePUk of SI1001x1.

constructed $1002x1 surface with the dangling bonds. . .
The deposited S atoms originally reside on bridge sites. Eaigwents(ﬂg. 3. The latter measurements show that the S is

: e ; bed as a SiS molecule, indicating clearly that the Si-S
S atom is specifically bound through the dangling bonds o esor ; 2. . :
the two Si atoms of the diméFig. 6(b)], which is consistent bond energy is greater than that of Si-Si, which may indeed

. o . be the dominant cause of the substrate restoration to
with the fact that S is divalent. The maximum coverage of_: .
this state is 0.5 ML at which all the dimer sites are filled, andg!(g.)o)lsi' tThﬁ grgater S-Si tbgnd e”et'fgysg‘ag tqulat tOf a
the S adatoms form &Xx1) structure retaining the recon- I-SI substrate has been reported some ime goe heat- .
struction of the Si substrate. Thig2x1) structure of the S ing results(Fig. 5) indicate that, as soon as part of the S is
overlayer on the $1002x1 surface has been named the desorbted f{ocr‘r;;hs surfacesndkthe govgragﬁeogg I\lﬂLftge d
hemisulfide state. As the S deposition on the Si substratg> constructe comes back again. Yur model of > ad-

continues above 0.5 ML, the S atoms that reside on availabl%oaptl'otn on .i?]eKS' substra(ljtep|s”|n ar?%retre] men't[_ W'fh K|a>31|1r’as,
bridge sites between dimers cause the bonds between the }¢ 'ater wi ruger and Fofima coretical calcula-

atoms of the dimers to break, thus providing bonding for thellons. According to their results adsorption of S or Se causes

S adatoms. As a result of this process, the Si atoms ar@e surface restoration of the reconstructed @)2x1 sub-
gradually displaced, causing the restoration of the reconStrate to its original bulk-terminated surface. Kaxiras, in his

structed S{L002x1 to a S{1001x1 surface. The sulfur report, considered different structures consisting of embed-
adatoms remain on the bridge sites, and are bound to neigﬂlng and mixing of _the group-V1 adatoms with Si substrate
boring Si atoms as shown in Fig(d. Thus, above 0.5 ML, atoms. He emphasizes, however, that the restored surfaces

S gradually forms a @x 1) structure, causing the change of are stable against all of the considered alternative structures.
the Si substrate to an ideal bulk,-terminated plane ThisThiS is in agreement with our measurements, which indicate
S(1X1) structure on S1001X1 has been named the mono- an imbedding .Of the s_eco_nd S layer |nto_ the Si .bUIk'
sulfide state with a maximum coverage of 1 ML. Above 1 . Ne>$t, we will try to ]u§t|fy the WF. variations in correla- .
ML, S continues to be adsorbed with the same sticking colion with the corresponding adsorption sites of S on the Si
eﬁiéient up to the coverage of 2 ML. Most of the Secondsubstrate. As is explained in Sec. lll, the surface dipole mo-
s - . ; ment changes are mainly due to those of the dipole length,
monolayer of S is initially diffused into the bulk of Si and \g/hich are dictated by site changes of the S on the Si sub-

later the diffusion decreases and S remains on the surfac trate. H the WE ch i | to the di
The heating of 300 °C provides activation energy for further>ate. HoOwever, the changes are proportional to the di-
ole momen{Eq. (1)].

diffusion with a simultaneous decrease of the WF. Figur From the initial slope of the WF curvig. 1) the initial

6(d) shows a possible binding of the embedded S atoms,.
which we call disulfide state. Figure 7 shows a top view ofdIDOIe moment of S may be calculated by the Hemholtz

(@) a clean Si1002x1 surface, (b) the hemisulfide on equation:
Si(1002X% 1, (c) the monosulfide on §100)1X1, and(d) the
disulfide on S{1001Xx1. po=(1/27)(AP/AN)N_0
The break of the bond between the Si atoms of the dimers s
and the subsequent rearrangement t@d1) structure is =1/27300< 10" "(AP®/AN)y_o Debye, (1)

consistent with a strong Si-S interaction. This strong interac-
tion is suggested by the chemical shift of the Auge©Si where the sulfur atomic densityN=0@g 6.8x10"
eV) peak during S depositiofFig. 2 and the TDS measure- atoms cm?, and@g is the coverage of S in monolayers. The
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Besides the theoretical supp@rt® on the restoration of
the semiconductor surfaces to their original bulk-terminated

S S
\vd 4 geometry achieved by S and Se adsorbates, there are also
°° °° several experimental results mentioned in the Introduction.
These results, however, refer to As on(GE]) (Ref. 24 and

. on Si111),%>?® and to Cl on GE&L11).%” Weseret al?® re-
(a) sisi 100 2x1 ported that S on G&00)2x 1 changed thé2Xx 1) structure to
(1X1) and that the S/G&00)1X 1 system was regarded as an
e ) s g ideal terminated surface. The same authors, however, have
109 A ° ° ° not observed any S overlayer on thé¢18i0)2x 1 surface?®
Recently, Moriarty, Koenders, and Hugf®seported that
room-temperature adsorption of S resulted in the formation
(b) s/si(100) 1x1 of an overlayer on $1002x1, retaining the(2x1) recon-
struction. They also report that annealing of S covered
Si(1002x1 at 325 °C leads to the desorption of the sulfur
FIG. 8. Location of the S atom) on the S{1002x1 surface,  gyerlayer. As was already mentioned, the complete removal
(b) on the S{1001x1 surface. of S takes place by heating the substrate to 650 °C. The same
authors, in continuing their investigation, discovered coexist-
ing c(4%x4) and (2x1) surface reconstructions after the de-
sorption of S at 325 °C. Our finding that S is desorbed as a
SiS molecule shows that heating causes depletion of Si from
and d=1.87 A, it is found thatq=0.04 (wheree is the the surface. Annealing at relfatively low temperatures would
cause a partial removal of Si from the surface, which could

charge of an electrgnThis indicates that the charge of the S X
overlayer is very small to consider the bonds of S on the SFhange the reconstruction fro(mx. Do ac.(4><4). Althou.gh
our structural models are consistent with the experimental

substrate as ionic. Most likely, the S-Si bond is covalent, inresuItS we cannot rule out completelv the possibility that
agreement with the chemical shif€ig. 2) and the TDS mea- from tne beginning of de ositionpS fo)r/ms tV\I/Jo-dimeniionaly
surements(Fig. 3). After the restoration, the distance be- 9 9 P ’

tween the S overlayer and the topmost layer of the Si su islands of(1x1). Above a certain coverage, the islands coa-

strate decreases and becomds1.09 A [Fig. 8b)] lesce, leading to a uniforrfilX1) structure at 1 ML. More
Considering this dipole length and the finding thgat 0.04e, work is needed to be done.

it is found thatp,=qd= 0.2 Db. Therefore, the value pf) is
smaller in the monosulfide state than in the hemisulfide. This
is consistent with the decrease in slope and deviation from

e

¥
1.87
1

initial dipole moment of S was found to lpgg=0.4 Db (De-
bye). If it is considered that in the hemisulfide state the S
atoms reside on the dimers as in Fig&)@&nd 8§a), and that
po=qd or q=py/d, whereq is the charge of each S adatom

V. CONCLUSION

linearity of the WF curve above 0.5 ML of 8ith dos¢ on The adsorption of elemental S at room temperature causes
Si(100) (Fig. 1), when the reconstructe®x1) Si surface the change of the reconstructed@)2x1 substrate to its
starts to change to it x1). original bulk-terminated $100)1x1 surface. The S adsor-

During the binding of S to the dimers of the Si substrate,phate forms initially a(2x1) structure at 0.5 ML on the
we cannot preclude a decrease of the Si substrate WF due &1002x1 substrate and subsequently @x1) on
a transition of the asymmetric dimers to their symmetric ar-gj(1001x1. Above 1 ML, sulfur is imbedded into the Si
rangement. It has already been mentioned in the Introdugyylk near the surface. The sticking coefficient of S on the
tion: the existing view is that the dimers of the(BI0 are  sj(1002x1 surface is constant and equal to unity for the
buckled. This asymmetric deformation increases the dipolgst 2 ML. Deposition of S at RT up to 1 ML increases the
moment of the dimers, and the WF is greater than that of thgyork function of the surface by about @:8.05 eV. Above 1
substrate with unbucklegsymmetrig dimers:®>*The exist- ML, as the sulfur is diffused into the Si bulk, the work func-
ence of the asymmetric dimers is supported experimentallyion decreases. Surface dipole moment estimations based on
by ion scattering”*’and LEED experiment&. Recent STM  the work-function measurements suggest that the Si-S bond
(Refs. 22 and 2B measurements and theoretical js covalent. The deposition of S causes a chemical shift of
calculations**® make the view of asymmetric dimers even the s{92 eV) peak of 1.5 eV, indicating a strong S-Si inter-
stronger. From our measurements it is not clear that th@ction, while the TDS measurements show that S is mainly
dimers remain asymmetric in the hemisulfide state or thafjesorbed in the form of a SiS compound. This result supports
during S deposition the asymmetric dimers change to symie argument that the Si-S bond energy is greater than that of

metric. In the latter case, the increase of the work functiorsj-sj, which may be the driving force of the ($002
during S deposition in the hemisulfide state would be com-1_.,Sj(1001x1 transition.

pensated to some degree by the WF lowering during the

transition of the asymmetric dimers to their symmetric state.

The increase of the WF in the hemisulfide state, however, ACKNOWLEDGMENTS

was very close to 0.25 eV measurgd the same UHV sys-
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may indicate that the increase in WF up to 0.5 ML was dueGrant No. NCC3-286 and the NASA High Performance
to the adsorption of S alone and not to any structural changBolymers and Ceramics Center at Clark Atlanta University
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