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Surface structure of cesium adsorption on the §001) 2x 1 surface
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The detailed surface structure of Cs adsorption on th@03i 2 1 surface was investigated by means of
tensor low-energy electron diffraction analysis. Various adsorption sites were considered including the recently
proposed possibility of asymmetric dimer reconstruction of the Si top layer. We confirm the structure model
with double-layer adsorbates and symmetric Si dimers underneath for the saturation coverage Cs adsorption.
The major structural parameters within this structure are discussed in terms of the covalent bonding between
the adsorbates and Si surface atop§€1163-18208)06016-(

I. INTRODUCTION analysis was reported for K and Cs adsorption previotfsly,
but the present study performed more extensive investigation

Adsorption of alkali metal§AM’s) on semiconductor sur- in both experiments and calculations. In addition, the newly
faces has been studied for decades as a prototype Bfoposed possibility of Si asymmetric dimer buckfingvas
semiconductor-metal interfacésA model system for such also considered. The present results confirm the double-layer
studies has been AM adsorption on thé081l) 2x 1 surface. model with the symmetric Si dimer for the room-temperature
As for this extensively studied surface, a structure modefs saturated surface. The detailed structural parameters de-
with one-dimensional AM chains, where AM atoms adsorbtermined are discussed to understand the mechanism of the
on the pedestal sittHH, denoted as in Fig.(&)], was pro- Si surface reconstruction for Cs adsorption.
posed first for AM saturated surfaces at room temperature
and was supported by an anisotropic plasmon dispersion ob-

(a) N ’
served by electron energy-loss spectroscbpy. ‘ ‘

Later the semiconducting surface band struétwas ob- & «— T4
served for the K saturated surface in contradiction to the
one-dimensional AM chain model. The so-called double-
layer model with a monolayeiML) of AM adsorbates was ( —( — — ) <+«—T3
proposed by Abukawa and Kono to explain x-ray photoelec- T
tron diffraction patterms® and the semiconducting surface
electronic structures. This model was subsequently supported HH
by various experimentéi*®and theoretical*>works. How- (b)
ever, although there are some objections regarding this ) Csl Cs2
model even in recent literatufé very recent high-resolution ‘ . 0.66
photoemission studiés®® confirmed the validity of this
model again. Furthermore the recent high-resolution photo- 2.94 ) .
emission study proposed a possibility of Si dimer buckling il'()zL.SL* 0.01
beneath the Cs adsorbates unlike the other AM adsorbates. 118 ’ ’

At present, the debates on the saturation-coverage surface ) [ —> =)
structures and electronic structures are still underWay. 1.35 | Si3 0.22 Si4 4 0.3
Other than this long-standing and ongoing debates, there are — —{
also relevant controversies regarding basic issues such as the  1.35 Sis 'y 0.3 Si6 4 0.12
nature of bonding between the alkali metals and Si N s Sis D
surfaces,” and metallization at the saturation coverage. v 0.08

In this paper, we report a low-energy electron diffraction
(LEED) intensity versus voltagel {V) analysis of the satu- FIG. 1. Schematic drawing ¢&) the adsorption sites considered
rated Cs adsorption on the (801) 2X1 surface. Several for alkali metals on the $001)2x 1 surface andb) the optimized
structure models with Cs coverages of 0.5 and 1.0 ML withstructure for theHH+T3 model. Horizontal and vertical displace-
different adsorption sites were tested. A similar structurements from the ideal bulk positions are given in the A unit.
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Il. EXPERIMENTS AND ANALYSES
21)

LEED experiments were performed in an ultrahigh
Rp=0.326

vacuum(UHV) chamber pumped by a turbo molecular pump
and a Ti sublimation pumftypically down to 9<10 ° Pg).
It was equipped with a commercial four-grid LEED optics
(OMICRON), an x-ray tube and a hemispherical electron
energy analyzer. A $001) wafer was chemically treated by
the standard Shiraki methBdbefore mounting into the
chamber. It was then cleaned by careful stepwise annealing
up to 1250 K in UHV, and finally showed sharp X2)
LEED patterns. Cs was evaporated onto théd@i) 2x 1
surface at room temperature from a well outgassed getter
source (SAES Getters The pressure never exceeded 4 an
% 10~8 Pa during the evaporation. The coverage of Cs was 0426
monitored by the change of the work function measured by
the secondary electron cutoff in x-ray photoelectron spectra.
A sharp (2x1) LEED pattern was obserbed for the room-
temperature saturated surface at the beginning of the plateau
of the work-function change, which is consistent with the
previous work!®

LEED I-V curves were measured at room temperature |0-348
with a cooled charge-coupled device camera controlled by a
computer. The intensities of LEED spots were measured
with normal incidence of the primary electron beam, which
was acquired by a precise alignment mechanism of the
sample manipulatod.-V curves of the equivalent symmetric ~ ©
beams were almost identical and hence were averaged. The Energy E (eV)
data set consists of five integral-order and two fractional-
order beams in the energy range of 50—250 eV, amounting to F!G- 2. Comparison of the best-fit LEED-V curves (solid
the total-energy range of 958 eV. Ilnes).for theHH +T3 model with experimental onédashed lines

LEED |-V analyses were carried out by a well-established©" SI(00D 2x1-Cs. The overall PenrdR factor (Rp) is 0.326.
tensor LEED scheme using tBeTLEED package by Barbieri The R factor for each curve is also given.

9 . .
and Van Hové? For dynamical LEED calculations, up to coverage: pedestalHH), valley-bridge {3), and cave

seven partial wave phase shifts were used. Within the struc_‘(—.l_4) sites. Since the adsorption at the bridge site on top of a

ture models, Si atoms down to the fourth Si layer were dis i dimer was found to be verv unstabland the off-center
placed in the vertical direction independently. Grid searche? . . y
alley bridge site was reported only for a very low

were performed on the horizontal displacements of the S\ciovera 22 thev were not considered in the present stud
dimer structure from the ideal position as shown in Figp) 1 9¢; y P y:

The real part of the inner potential and the thermal vibrationfv(\)/retﬁ:ar;]néréz?stCv?tﬁocr;b'cr;%t;;gg? ;'tf I?/InLde orT4 site

amplitude were also optimized. The imaginary part of the TheRy's for all the structure models considered are listed

inner potential was fixed to be-5.0 eV. The quantitative . : X
. : in Table I. TheHH+T3 site model gives the smalleR,
agreements between theoretical and experimértaturves and we obtains R,=0.067 as the range of uncertainty B

were verified by the Pendry reliability factd®,.*® Com- : . o .
: : for this model using the Pendry’s statistical estimatidn.
pared to the previous LEED study for this surfate, much a%ince theR,’s for all of the structure models with 0.5 ML

wider energy range was covered for the total experiment ; X .
data and more phase shifts and more structure paramete(‘rgns!d.e.redSee Table) are out of this uncerttamty range, the
ossibility of 0.5 ML models for the saturation coverage can

were taken into account in calculations for the reliable strucP
ture determination. be excluded clea_rly. . .
The models with two different Cs sites were strongly sup-

ported by the two clearly resolved components in the @s 4
photoemission spectraand the saturation coverage of 0.98
ML measured by the medium energy ion scattefirfigvo
Experimental LEEDI-V curves are shown in Fig. 2. Al- models wih a 1 ML coverage were considered and il +
though the experimentdl-V curves themselves were not _ _
identical to the previously reported on’é’sespecially for the TABITE I. PendryR factor obtained for dlﬁgrent structure mod-
(1 0) beam, their reproducibility was checked very carefully. els of S{001) 2Xx1-Cs. See text for the naming of each structure
These discrepancies might be due to the sample preparatié'FPdel'
or possible difference in data taking system. Tensor LEED
analyses were performed for different structure models with
coverages of 1.0 and 0.5 ML. Figuréal shows possible Cs (.326 0.541 0.448 0.630 0.459
adsorption sites discussed in the literatifer the 0.5 ML
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Ill. RESULTS AND DISCUSSION
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TABLE Il. The interatomic distanceén A) determined for thé4H +T3 model of S{001) 2x 1-Cs.

Si-Si dimer Si3-Si4 AM1-Si2 AM2-Si2 AM2-Si4 AM
2.50 3.40 3.72 3.94 4.06 CGhis work)
2.28 2.40 3.70 3.70 4.13 GRef. 10
2.54 3.57 3.36 3.47 3.36 KRef. 11

T3 model is favored exclusively against tHed + T4 model  that reported in Ref. §1.2 A). The average bond length
from a large difference in theiRy’'s as shown in Table I. between Cs and Si atoms obtaingee Table Il is 3.8 A,
This is consistent with the previous x-ray photoelectronwhich is very close to the sum of the Si covalent radilid
diffraction® and LEED(Ref. 10 studies. For the extensively A) and the Cs metal radiy8.66 A). For the K adsorption on
studied K adsorption on &l01), two K desorption peaks Sj(001), Ishida and Terakufd showed that the adatom re-
were observed in thermal desorption spectroscopy showingion is essentially neutral and showed the importance of the
two different adsorption sités.In addition, theab initio Si-K bond hybridization in a polarized covalent bonding.
calculatiort* concluded that K was adsorbed not only at theThe hond length between K and Si, reported Htésee
T3 site, but also at the hollow site along the dimer chainTaple 1), in such polarized covalent bonding is also close to
(HH site) at 1 ML. These findings are all consistent with the the sum(3.4 A) of the Si covalent radius and the K metal
present results. radius (2.31 A). From this bond length comparison, the
Structural parameters optimized for thEH+T3 model  present results would support the covalent bonding picture

are schematically shown in Fig.(d and summarized in for the saturation coverage Cs adsorption.
Table II. Due to the adsorption of Cs the Si dimer bond

elongates by 0.32 A compared to the asymmetry dimer on

the clean S001) 2x 1 surface’® and is also longer than the IV. CONCLUSIONS
previous LEED result® This dimer bond elongation can be '
naturally explained by the occupation of antibonding The detailed surface structure of the saturation coverage

band$®?* of Si dimer dangling bonds by the donation of Cs adsorption on the &i01) 2Xx 1 surface was successfully
valence electrons from Cs adsorbates. In the previous LEE@Qetermined by the tensor LEEDV analysis. For the room-
study?? the interatomic distance between Si atoms in thelemperature saturated phase, the double-layer model with a
second layer is comparable to that of the Si dimer, this imsymmetric Si dimer yields the smallest reliability factor,
plying that the dimer bonds are almost perpendicular to thaevhich is unambiguously distinguishable from those of the
back bonds (92°). On the other hand, the angle is 101° in thether structures considered. Important structural parameters
present work, which is closer to the value of ide@f con-  of the optimized structure, such as the Si dimer bond length
figuration of 109.5°. In Fig. (b), the bulk interlayer spacing and subsurface reconstructions, are understood by the elec-
of the S{001) surface is shown below the second Si layer.tronic structures and the local strain release in the substrate.
The sublayer Si atoms Si5 and Si7 move downward from thd he obtained Cs-Si bond lengths seem to support the picture
bulk position, whereas Si6 and Si8 move upward from theof polarized covalent bonding between Cs and Si at the satu-
bulk position. Such reconstruction in the third and fourth Siration coverage.
layers coincides qualitatively with that of tla initio calcu-
lation for S(001) 2x 1-K and the recent structure analysis —————————— e
for the clean S0D01) 2x 1 surface’® This general trend is (a) )
understood as a reconstruction to release the local strain —— il
caused by the formation of the Si dimer. | T T°77 Si2
Figure 3 shows th& factor changes as functions &)
the vertical position of each Si dimer atom afil the buck-
ling displacement of the Si dimer with their center of mass
fixed at the same position. It is obvious from this figure that
the Si dimer forms a symmetric dimer structure in contradic-
tion to the interpretation of the recent high-resolution photo-
emission spectr® Thus the observed difference in high-
resolution Si P core-level spectra for the K and Cs saturated
surface§*!® is thought to be caused by the photoelectron
diffraction effect not by the asymmetric Si dimer reconstruc- T T Y
tion. Indeed for the Cs saturated surface an anomalously 03 25 3 35 1 05 0 05 1
large photoelectron diffraction effect was observed very re- z( A)
cently for the surface shifted component in $ 2pectra,
which could be explained by strong photoelectron scattering FIG. 3. PendryR factor variations for theHH+T3 model of
by Cs adsorbates within the double-layer model and the synmsi(001) 2x 1-Cs as functions ofa) the vertical position of each Si
metric Si dimer structuré& dimer atom(Sil and Si2, see Fig.)land(b) the buckling displace-
The vertical separation of two Cs layers was found to bement(difference in the vertical positions of Sil and B the Si
0.66 A. It is uncertain why this value is quite different from dimer with their centers of mass fixed.
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