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1. INIRODUCTION

Systematic studies of adsorbed atoms on silicon surfaces have greatly con-
Lributed to our present understanding of the structures and the mechanisms
of interface formation. In the case of the group 111 metals Al, Ga and In
deposition of 1/3 monolayer (ML) on the Si(111) 7x7 surface produces a
/),‘./: R30° (denoted by vng"} from now on) reconstruction. Although several
models were proposed Lo explain this reconstruction, recent theoretical
studies indicate /1/ that the eclipsed (1,) model in which the metal atom
is placed in the threefold-symmelric site above a second-layer Si altom has
the lowest total energy if substrate relaxation is included and provides
the best agreement wilh photoemission experiments. When group IV atoms are
deposited on the Si(111) 7x7 surface several different superstructures (e.g.,
5x5, Ix7, c(2x8), Ix1, /3x/3) are found. By analogy wilh the group 111
metals it might be expected that the /3x/3 structures produced by 1/3 ML Sn
or Pb on Si(111) could be explained by the threefold eclipsed model. In the
present study we have applied the x-ray standing wave (XSW) technique to
the Si(111) /3x/3-Pb system in order to determine the position of the Pb
atoms relalive Lo the bulk Si lattice.

The XSW technique mokes use of the spatinl periodicily and the phase
tunability of standing wave fields. By making on XSW measuremenl with (hkl)
substrale reflection one extracts the phase (¢) relative to the substrate
diffraction planes and the amplitude ('c) of the (1kl) Fourier component of
the adsorbale atom density distribution function. The phase is closely
related to the distance of the adatoms from the surface in Lhe [hkl] direc-
tion and the amplilude is relaled to the degree of order in the overlayer.
The quantities ¢ and _ are oblained by a least-squares fit of the normalized
fluorescence yield frofi the overlayer atoms wilh an expression derived from
the dynamical theory of x-ray diffraction. Previously the method has been used
successfully to determine the position of adatoms on surfaces /2-5/.

2. EXPERIMENT

The somples were prepared in the UIV photoemission system at the FLIPPER 11
beamline in HASYLAB /6/ and were subsequently Lransferred Lo the wiggler
beamline in a small portable UV chember filled with a 0.5 wm thick Be
window. The XSW experimental set-up ot the wiggler beamline has been des-
cribed in Ref. /7/.
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Clean Si(111) 7x7 surfaces were produced by heating to 950°C for 10 minules
and cooling slowly (< 50°/min). No impurities were detected by pholoemission
and clear sharp 7x7 LELD patterns were obtained. Pb was evaporated from o
Knudsen cell at 0.4 ML/min onto Lhe subslrale either at RT or 250°C. Ihe

xv3 reconstruction was obtained by subsequent annealing al 400°C as first
described by ESTRUP and MORRISON /8/. Although the deposition rate was moni-
tored with a quartz microbalance the final coverage was a little uncertain
because Pb atoms were desorbed during annealing. A relative measure for this
correction from Pb-desorplion was obtained from the intensily of the Pb 5d

core levels in photoemission. Similar desorption effecls were observed by
SAITOH et al. /9/.

3. RESULTS and DISCUSSIONS

Ihe /3x/3 R30° LEED pattern could originate from Lhe atop, open or eclipsed
site adsorption on Si(111) surfaces. Al Lhe atop site on a Si(111) surface
an adatom is directly attached to a surface Si dangling bond. At the open
site the adatom is at the threefold hollow position over a fourlh layer Si
atom and at the eclipsed site at the threefold position over a second layer
Si atom. The adsorbate will have different density distributions if the
aloms are at different adsorption sites and at different distances from the

surface. This distribution is fourier analyzed by the XSW melhod to delermine
the structure.

The results of XSW measurements on Si(111) v3x/3-Pb deposiled al RI with a
(111) reflection are shown in Fig. 1, end those with a (220) reflection in
fig. 2. The phases (¢) and amplitudes (f ) of the Pb atom density distribu-
Lion, can be interpreted in terms of lhncndaorption site(s) of Pb and Si-Pb
bond length(s). This is relatively simple when the adsorbed atoms are al a
single type of site. The analysis is wore difficult for multisite adsorplion.
lHowever, with reasonable assumptions even complicated structures can be solved
/10,11/. No theoretical calculalion, which could be Laken as a guide, is hither-
to available for Lhe Pb/Si(111) system regarding the energetics and the Si-Pb
bond lengths associated with different adsorpltion siles. llowever, noting the
similarities between Lhe LEED patterna of Pb on Si(111) and group 111 metals
on Si(111) /12/ for a coverage of 1/3 M., we can use some of Lhe theoretical
results available for the A1/Si(111) system /1,13/, with adjustments to
account for Lhe Pb atom. The Al1/Si(111) system has been chusen because only
for this system the largest number of adsorption sites has been compared
within the same Lheoretical fromework, and Lhe preparation dependence of the
LEED, photoemission and vibrational frequency data have been explained /13/.
The estimated Si-Pb bond lengths, from Lhe corresponding Si-Al bond lenglhs,
the expected ¢ values and the measured ones for different adsorplion siles
are listed in Table 1. For Lhe sel of dala (a), obtained for RT deposition
of Pb, good agreement with the atop site adsorption is seen from Lhe table.
Ihis agreement also suggests Lhe absence of any significant relaxation of
the substrate. If one assumes an oulwerd relaxation of 0.50 A and assigns
the Pb atoms al the eclipsed site, #(111) = 0.94 would be expected. llowever,
in this case #(220) would be 1.4] - inconsistent with the observed value of
1.07. Assignment of the Pb atoms Lo Lhe open sile or the relaxed eclipsed
site would also require an unreasonubly large outward relaxation of 0.72 A
to explain the measured ®(111). This would also produce #(220) values quite
different from the one observed. Therefore, we conclude that for this pre-
paration Pb atoms occupy Lhe atop siles /14/. The small values of the ompli-
tudes (f ) in both (111) and (220) cases can be interpreled to be arising from
the presénce of a fraction of Pb atoms al nonpreferential positions. Disorder
has also been observed for the Ge/Si(111) interface /11/. Presumably, the
bond non-saltural fon in these systems leads Lo disorder. The model for the

atop site adsorplion is shown in Fig. 3 with the (111) and (220) distance
component s,



.

fable Ls Estimatcd Si-Pb bood kenglhs trom Lheoretical Si-Al bond dengths
for different adsorplion sites, and Lhe expected and measured phases of the
(131) and (220) fourier components of the Ph atum density distribution,

Adsorpt ion Bond lenglh R (111} ¢(220)
site Si-Al | 5i-Ph
Theory cstimated* expecled measured expected measured

atnp 2.37 2.66 0.91ﬁ§ 2)0. 910,00 1.l§f; #)1.07:0.08
0.96°" blo.sZo.n 1.12

apen 2.59 2.89 0.712;”) 1.45 2
.58 1.27

eelipsed 2.68 3,02 0.782; 1.202;
0.58 0.94

retased! 2.4 2.18 0.71,) Ly

eclipsed a.72 1.13

a} trom Ref. 13 b) From Ref. 1

<) These values have been ovblained by using the sum of Lhe covalent radii or
Panling lebraliedral covalent radii for Pb and 5i for the 5i-Pb bond length.
See Ref. 15,
For the alop sile: Si-Pb hes beeu obtained by adding the difference of
covalent radit (0.29 B) of Al and P Lo Lhe Si-Al bond length, For a
threelold site the bends are in general of mare ionic character and,
therefore, Lhe difference belween the ionic radii {0.34 R) has been used.

- Ihis relaxation busically iavolves vertical ilisplacenents of the second
and third loyer Si stuns and only leteral displacements of the first layer
St atoms. Atosac slisplacements in Ref. 1 are veiy similer to those in
Ref. 13,

The quoted values of & in lable | is the average value and the error
accounts for the variations uhserved for different semples and Far different
spols on Lhe same sample. The high photon Flux from,the wiggler bean line
allowed measurements on smal) spots of area ~0.2 mn”. In some cases it was
necessery to make meassurenents on very small spols, the spot size being
limiled to the availabile strainfree region of the crystal.

the results of XSW measurements for the semple prepared by deposition at
250°C are shown in curve b, Fig. 1. [No (220) measurement has been made
corresponding to this preparstion]. Ihe observed # does nob correspond to
any of those expecled for different adsorption sites (see Table 1). However,
this phase {#= 0.82) con be seen te Le due to the accupalion af multiple
siles. For example, if we assume 50 % af Lhe Pb atoms at the alop site (9=
0.97) and 50 % ol the open or relaxed eclipsed site (b= 0.71) the phase and
amplilude of the fourier component of this distribution would be ¢ = 0.84
dlll aud f[‘ = 0.68, respectively, which are very close to the observed values

of &= "0.82:+0.0} and F_ < 0.7240.02. lhis corcesponds to 8 situation
where all  the Ph atums aré in registrution wilh lhe surface aloms, though al
more than one preferential sites. As Lhe observed ¢ value is between Lhe ex-
pected ¢ values for the eclipsed and alop sites, it can alsa be explained by
assuming o different population distribution at these lwa siles. This means
that from our present data we canuol discriminale among the threefold sites.
However, it is clear that we still need Liw oatop component to explain Lhese
results.

-4 ~

As mend ioned before, with the Ph atoms al the atop sile {fewer bonds are
saturated. This cauld be part af the reason why high disnvder (small f ,
F_ = 0.3) was observed for MT depusition. On the other basndd, For the aceupa-
tfon of a threefold site, such as open, eclipsed or relaxed eclipsed, more
bond saturation is expected, which could be responsible far a more vrdered
overlayer (large F )., We ohserve a large f_ in the case of depusition sl
2507C which can be explained in terms of clo‘edsnrption al Lthe onefold atop
and one or more of Lhe aforementioned threefold sites. ln fact, this sct of
data (= 0.82, f_ = 0.72) can have another possible explanation. Since the
expected ¢ for the eclipsed site (lable 1) is very close to the observed ¢ ,
one interpretution could be: 72 4 of the Pb etoms sre at Lhe eclipsed sites
and the resl in random distribution. However, in this case the subslrate
would be oulwardly relasxed by 0.1340.03 A. Iheoretical studies on the Pb/Si
ayslem could help to resolve Lhese questions.

It should be noted that deposition of ~1 ML Pb ab RT Followed by heating
al 300°C produces a /3x/5 R30° LEED pattern (the so-called f-phase). Upon
further heating at 400°C a second v3x/3 R30° patlern appears (the so-cul led
u-phase) corresponding to /3 ML of Pb, the rest of Pb being desorbed /B/.
The Pb/Ge(111} asystem shuows a similar behaviour. The observed phase value
in the present sludy for the Rl-depusited sample, (111} = U.94, is cluse
Lo what we have cbserved for the g-phese of PL/Ga(111) system, (111} = 0.9
/16/. this indicates some atructural similarity, at least in the distance
camponent in the {111] direction, between the a- and the B-phase oblained by
R¥ deposition followed by annesaling.

4. TONCLUSIONS

We have shown that the «3x/3 R30° LEED pattern ohlained for 1/3 momolayer of
Pb on 5i(111)7x? surface, corresponds to different ycometrical arcosgeasnts
of the adatoms depending on the sample preparation. Single site or moltisite
adsurplion appears to be Favoured under cerlain preparation conditions. Thia
hints at the existence ol more than one bigh symuctry adsorplion siles with
nearly equal binding energies of the Pb atoms,
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f igure Caplions

tig. 1 Refleclivity (R) for the silicon (111) refleclion: experiment
(pluses), theory (dashed line}, @ Pb L  Flusrescence yield (Y): experiment
(circles, sgquares), theary (sulid lines), as a function of wavelenglh of Lhe
incident x-rays. &k = (X 1) ig the deviation from A that satisfies the
Bragg rondition. The equivaleat A%(= §-8 ) scale is shown ab Lhe
top, Corves a and b correspond to deposition al”R1 and at 250°C, respective-
ly.

Fig. 2 Meaninys of the symbols are mra in fig. 1, but in this case for
silicon (220} refleclion.

Fig. 3 A Pb alom al Lhe atop site with an Si-Fb bond length of 2.56 A
is shown. The distance components are measured from the diffraction planes
as shown. Note that the (111) diffractian planes are helfway belween the
gilican bilsyers.
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