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Surface atomic structure determination of three-dimensional yttrium silicide epitaxially grown
on Si(111)
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The surface atomic structure of thin layers of three-dimensional yttrium silicide epitaxially grow1dd)Si

7 X7 has been investigated by means of dynamical low-energy electron diffraction analysis. We determine the
interlayer distances as well as the lateral and/or vertical relaxations of the atoms in the superficial planes. The
epitaxial silicide consists of stacked hexagonal rare-earth planes and graphitelike Si planes with an ordered
arrangement of Si vacancies. The ordered net of Si vacancies in the inner planes is responsible for the lateral
relaxations of the surrounding Si atoms. The topmost layer does not present a graphitelike structure, forming
a buckled Si layer with no vacancies. One of the three Si atoms in the lower plane of this bilayer is closer to
the yttrium layer due to the presence of the vacancy in the last Si plane just below. This produces vertical
relaxation in the termination layer.
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I. INTRODUCTION due to the position of the Si vacancies. The next Si plane
o o just below or just above of a referenced one has the same
Heavy rare-earth(RE) silicides epitaxially grown on (3 \3)R30° superstructure formed by the vacancies, but it
n-type S{111) can be used in electronic devicesg., infra-  ig rotated around the surface normab initio theoretical
red detectors, ohmic contacts or rectifying contabtscause  cajculationd? have demonstrated that it is possible to obtain
of their unusual low values for the Schottky barrier heigfit, ~ similar total-energy values using different periodicities in the
and very small lattice mismatch at the interfdc&More- 7 directions. Lattice parameters of 2c and even3c have
over, the abruptness of the silicide/vacuum interface makeseen found compatible with the calculaticisSimilarly, a
them good candidates to grow new layers on top, offeringliscrepancy exists in the value of the rotation of the vacan-
new perspectives for integrated silicon technol#fdow-  cies around the surface normal. Although the most accepted
ever, despite their technological relevance an important issugodel includes a rotation angle of 128%2 other angular
remains open: which is the atomic structure of these silicidesalues, like 60°, or 0°, have been published %bo.
surfaces? In this paper we perform a detailed surface struc- In the last years, theoreti@d?*2> and experimental
tural study for the yttrium silicide by means of dynamical studied®2%26-2°have been carried out in order to determine

low-energy electron diffractiofLEED). the surface atomic positions in RESiepitaxially grown on
For thin RE silicides epitaxially grown on @iL1) several

surface reconstructions have been reported for different cov- Si

erages. If less than 1 monola)((ML) is deposited, different

reconstructions are visiblg2y3x 2y3)R30° or (5x 2).12 RE

For RE coverage of around 1 ML, these silicides present a L Si

two-dimensional (2D) metallic structure, exh|b|t|ng a

p(1x 1) periodicity2 At higher coverage, &/3x 3)R30° RE

LEED pattern appears, and a three-dimensig8B)) metal- Si

lic silicide is formed!3-19
The atomic structure of the inner silicide planes of these RE

3D metallic RE silicides grown on &i1l) is sketched in Fig.

1 (we will refer to that as the bulk structure in the present Top view Side view

work). It consists of a hexagonal structure derived from the ¢ - ®

AlB ,-type geometry: graphitelike Si planes intercalated with
RE planes The Si planes contain vacancies, forming an or-
dered(y3 x V3)R30° network that leads to a RESistoichi-
ometry (in Fig. 1 Si vacancies are marked as stafd® Va-
cancies play an important role in the atomic and electronic
structure of these silicide8, they release the compressive
strain caused by the absence of buckling in the Si pléhés.
c=4.14 A is the distance between two Si plaesbetween eSiatoms @ Y atoms ¥¥ Si vacancies

two RE planesin the direction perpendicular to the surface,

the crystal periodicity i2c (upper panel of Fig. 1 There- FIG. 1. Schematic representation of the bulk atomic structure of
fore, the geometry varies for two contiguous silicon planesySi; ;. The Si vacancies form &3 x y3)R30° superstructure.
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ab initio study concluding that vacancies were located under
Sigown INducing a certain amount of lateral and vertical re-

@ ° (@) ° e—— ¥Si,, laxations of the Sj, atoms.
° @ ° ® ® o .. Sil In this paper we study the atomic configuration of the last
Sigown silicide planes analyzing LEEDY) curves obtained for the
surface of YSj epitaxially grown on Sil11). To find the
‘ PY . Py . surface geometry we have searched for a global minimum of
Y1 the Pendry correlatioR-factor®® This standard procedure
allows us to determine the values for structural and nonstruc-
tural parameters, finding accurate values of the atomic posi-
o 0@ 3o 0@ Ffo 0@ tions in the last surface planes.
(b) Martin-Gago et al. Model: Siy,, over vac. Il. EXPERIMENTAL AND THEORETICAL DETAILS
" . Experiments were performed at room temperat(Re),
@ ° © o @ ® Siy, . in an ultrahigh vacuumUHV) system. The chamber is
o | @ o @ ) . Sil  equipped with LEED optics, CMA for Auger electron spec-
Sigown troscopy(AES), and an STM working at RT. The combina-
tion of these techniques allows us to study tfée@ composition
of the epitaxial layers, their surface morphologyand the
. ¢ . ¢ . ¥l atomic structure on the grown films. The base pressure was
- in the low 101° mbar, raising to X 10°° mbar during the Y
) evaporation.
1_, °© o3f @0 o3 @0 ot si2 The n-type Si(111) wafers used as substrate were cleaned

[121] in situ by standard methodsesistive heating up to 1200 °C

followed by slow cooling, resulting in a sharp X7 LEED
pattern. To form the 3D silicide, solid-phase epitaxy was
used®® The Y atoms were evaporated by electron bombard-
ment and deposited at RT on the[il) 7 X 7 surface(the
evaporation rate was monitored with a quartz balance
Samples were then annealed at 420 °C for 10 minutes result-

Si(111). However, the atomic structure of the silicide surfaceind in & silicide, characterized by a shafp3x 3)R30°
has not been properly established until now. The presence &EED pattern. Preparation conditions were previously opti-
a Si bilayer termination was early determined by x-ray pho-Mized, in order to obtain surfaces with large and flat
toelectron diffraction(XPD).15%° However, there is a dis- terraces® _

crepancy about the positions of the atoms in this bilayer and A computer controlled 8 bits CCD camera has been used
the influence of the vacancies below. Two different modelsto collect the LEED IV curved?*” The spectra were re-
based on the atomic resolution scanning tunneling microscorded at room temperature and_at normal incidence in an
copy (STM) images of the surface of ErSi epitaxially ~ €nergy range from 50 to 450 eV, in 0.5 eV steps. LEED-IV
grown on S{111), were presented. The first geometry wasmeasurements have been taken on f|lms with coverage
proposed by Roget al3132 The authors observed in their around 10 ML, to make sure that the Si substrate does not
STM images that one of the three topmost Si at@8ig,) of contribute to the LEED-IV spectra. Using thick layers, we
the buckled layer appears to be lower than the other twdose access to the Si-silicide mterface, but the |_nformat|on on
This observation led them to propose a geometry where onige silicide surface structure is of better quality. From this

Si,, atom is sitting on top of the vacancy and, in conse-Point of view,. the so-called\3x \i’S)R30° superstructure of
quence, inward relaxed with respect to the other finss  the 3D RESi; referred to the ideal §l11) substrate is,
model is schematically shown in Fig.(&]. The second in fact, a 11 silicide LEED pattern. Therefore, although
model, proposed by Martin-Gago al. (Refs. 33 and 3¢and the ugyal notation identifies the silicide structure as a
schematically shown in Fig.(B), is based on the observation (V3% V3)R30°, for the calculation we simulate the real struc-
of certain association of the three,Satoms forming trian- ~ ture, which is a nonreconstructed<1l. with a base of eight
gular shaped atomic resolution STM images. The authorgtoms per unit cell, five Si atoms and three Y atoms. That
interpreted these groupings as a lateral relaxation of the topmplies the use of the lattice parameter of the superstructure,
most Si atoms. Instead of moving vertically, the three atom&resi=6.65 A, 3 bigger than the lattice parameter of the Si
would displace, by the same amount, towards thg,Satom  Substrate(ag;=3.84 A, and the redefinition of the beam
situated on top of the vacancy in the layer below. Both modfamilies. Using the conventional notation we have measured
els were proposed on the basis of STM image analysidive families of diffracted beams(1/3,1/3, (2/3,2/3,
Therefore, the determination of the position of the vacancie$1,0), (1,1, and (2,0). These correspond to the following
with respect to the Si atoms in the bilayer cannot be obbeams in the X1 structure:(1,0), (2,0, (1,1), (3,0, and
tained. To elucidate this point, Magaetial?? carried out an  (2,2), respectively. In this paper we use the former notation,

FIG. 2. (a) Surface atomic model proposed by Ragel. (upper
pane) (Refs. 31 and 3Rin which the vacancies are located below
the Sj, atoms, andb) surface atomic model proposed by Martin-
Gagoet al. (lower panel (Refs. 33 and 34in which the vacancies
are below the Sbwn
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(a) Side view (b) Side view
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FIG. 3. Schematic representation of the different possibilities we have tried for the structural determination of the
YSi; (13X y3)R30°. We have studieth) the presence or not of vacancies in the topmost buckled Si ldyehe staking of the vacancies
with the Sj,, or with the Sj,, atoms, andc) whether the vacancies are piled up or rotated 60°, 120°, and 180° in consecutive planes.

which is the common one used in the literature. The backwithout vacancies in the topmost plane, and with a first
ground was subtracted and equivalent spots were averagedneighbor distance of 3.84 A. Y atoms are located on the H
minimize noise in the curves. The size of the experimentasite with respect to this Si bilayer. In this initial step, we did
database determines a statistical variance of RRP=0.02 f&mot take into account neither lateral nor vertical relaxation of
our best fit structure. We notice that the3 x \3)R30° su-  the equivalent atoms, and on.Iy _the interplana( distances of
perstructure has threefold rotational symmetry. However, théhe last four layergtopmost Si bilayer, two yttrium layers
experimental LEED pattern of this silicide presents a sixfold@"d one graphitelike Si layewere varied. The rest of the
rotational symmetry. This is related to the presence of differPl2n€s remain in the ideal bulk position with a distance of
ent surface domains: As we will discuss in the next section2-07 A between Siand Y planes. In the inner planes we have
the existence of different domains is an extra difficulty for cOnsidered eight atoms per unit cell in the bitkree of Y
the accurate determination of the stacking of Si vacancies.@nd five of Sj and nine atoms per unit cell at the surface
We have used the CLEED packagor the calculation of (three Y atoms and six Si atojndNe have considered dif-
dynamical LEED (V) curves. Layer-doublidj was used, fere_nt possibilities for the positions of vacancies. _
switching to a real space composite layer meffachenever (i) Whgther or not there are vacancies in the buckled Si
the distance between layers is too short. The Pendryurface bilayefFig. 3@a)] (in the Sjoun layen.
R-factor® was selected to quantify the agreement between (1) The position of the vacancies with respect to the top-
the theoretical and the experimental curves. As a truly globaost Si bilayer, vacancies stack with the,Sor with the
searching method, we have used the simplexlike algorithrvidown atoms[Fig. 3(b)]. o _
given in the numerical recipd$.However, for reasons ex- (iii) The influence of the variation of the stacking of the

plained below, we have also performed a systematic searcffiéancies in the graphitelike planes, vacancies pile up or
on a standard grid. rotated 60°, 120°, and 180° in consecutive pldrég. 3(c)].

Combining all these possibilities, we have a total of 16
different geometrical models to be minimized. Since LEED
lll. RESULTS AND DISCUSSION is most sensitive to the very surface region, we expect the

The surface atomic structure for the 3D YShas been first point to be more important than the third in the analysis.
investigated by performing the following steps: discrimina- From the Rp results, we can immediately rule out
tion between models, determination of accurate values fof€ Presence of gj,, vacancies in the buckled Si top

the interatomic distances, and refining of the nonstructurapilayer, because usually thi& values for these models were:

nation of the silicide with a YSistoichiometry instead of
A Discrimination between models ;i{nsdlilr'rgslzgv“gwd agreement with previous experimental
In order to clarify the geometrical structure of this sili-  We tried to determine the geometrical arrangement of this
cide, we need to consider different likely atomic configura-buckled Si bilayer with respect to the vacancies position in
tions. The considered surfaces consist of a bulklike Si bilayethe last graphitelike Si plarféig. 3(b)]. When vacancies are
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ment found for the YSi; by dynamical LEED-IV calculations.

located under i, atoms, theR, goes down to 0.25, in-

Bulk [111] . . ‘ -~ ] :v\
L. [21] ] /\
FIG. 4. Schematic representation of the geometrical arrange- :
E“,\,\f\/\-‘".' A "\ \\. (1,0)
creasing its value t&®x=0.50 when vacancies are piled up
with the Sj,, atoms.

Testing the stacking of the vacancies in the inner planes |
we have obtained similaRy values, all of them within ] /v
the statistical variance RRP. Therefore, we cannot distinguist 3 7

between the four rotated configurations considerediiin :N

Intensity (arb. u

for the last two graphitelike Si planefsee Fig. &)].

AN 5 @/3,2/3)
7\

LEED provides accurate surface information but has not 3,173

enough sensibility to distinguish the position of the vacan-
cies in the second graphitelike Si plane, that it is located sp 100 150 200 250 300 350 400 450
approximatet 9 A below the surface. Keeping this in mind, Energy (eV)
and taking into account the presence of multiple domains, we
conclude that the final surface atomic determination will not FIG. 5. Experimental and calculated LEED-IV curves for the
be affected by the stacking of the vacancies in the innefoWestRe.
planes. Therefore, in order to simplify the calculations wey,,c1jeq s bilayer. In Fig. 4 the schematic distribution is
have assumed that vacancies are piled up in the bulk of thg,\wn_ Although the number of atoms involved in the opti-
silicide. . _ _mization is large, and the optimization process has been quite
Thus, from the point of view of the LEED analysis, nard, the final geometry is very convincing as the st
the final surface model consists of a topmost buckled Sj0.20) is indeed quite low. In addition, the visual comparison
bilayer with no vacancies on top of a Y layer, and with oneof the experimental (V) curves with the theoretical ones
of the three S, atoms on top of a Si vacandgketched  (Fig. 5 show a very satisfactory agreement. The structural
in Fig. 4). and nonstructural parameters for this best fit are summarized
in Table I, and the final geometry is sketched in Fig. 6, in-
cluding the lateral and vertical relaxations that we discuss
next.
For the last graphitelike Si plane, Si2, we have found that
We have performed a careful minimization of tRg fac-  the three Si atoms surrounding the vacancies are laterally
tor, allowing lateral and small vertical relaxations. As we displaced 0.36+0.09 A from the ideal hexagonal position to-
have mentioned in the experimental and theoretical detailssard the vacancies. Therefore, there is a deformation of the
section, we have simultaneously performed a search combimexagonal structure, making the Si bond length to change
ing an automated search with a manual investigation of thérom 2.21 A in the stressed ideal plane, to 2.42 A in the
parameters. This process has been performed by the followelaxed one. This value is slightly highéand within the

B. Determination of accurate values for the interatomic
distances

ing: error baj than the Si-Si bond length in a buckled Si layer,
(i) An initial search of the interplanar distance in the sur-2.35 A. We notice that this increment makes more uniform
face planes as well as in the bulk planes. all the five Si-Si bonds in the Si planes.
(ii) A subsequent refinement of tig by allowing every For the Y planes, we have found large error bars for the
atom to laterally relax its position. lateral displacement of the Y atont®.10 A for the Y1, and

(iii) The final optimization of nonstructural parameters,0.15 A for the Y2, which are typical of a normal incidence
of which the vibrational amplitude has been the most imporLEED analysis. Previous works related to the bulk structure
tant. These have been optimized independently for eachave shown lateral displacements smaller than our error
layer. bars?! that cannot be confirmed from our work given the

These three steps were repeated for every relevant paramncertainty we have on these parameters. Thus we will keep
eter to find a global minimum of the, that would determine the Y-Y distance as 3.84 A corresponding to the ideal
the surface atomic positions. distance In the perfect hexagonal AlBstructure each Si

In the procedure used to adjust the parameters we hawaom is surrounded by six Y atoms at 3.03 A. When the
considered as the surface region the last Y layer and thgeometry is relaxed, three different distances have been
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TABLE I. In the upper part of this table the interatomic dis- 3\
tances between inequivalent atoms calculated by LEED are shown. m
The Si lateral movement is toward the vacancies. In the lower part
the thermal vibrational amplitudes and the Debye-Waller tempera-
tures are summarized.
Vertical distancegA) Lateral relaxationgA)
Y1-Siyp 2.69+0.06 Slp 0.00£0.40 %
Y 1-Sijown 2.05+0.03 Siown 0.00+0.03
Y1-Sigown (vag  1.97+0.07 Siown (Vao) 0.00+0.03
Y1-Si2 2.07+0.03 Y1 0.00+0.10
Si2-Y2 2.06+0.03  SiZclose vag  0.36+0.09
Si2 (away vag? 0.00 Top view: inner planes Top view: surface planes
Y2 0.00+0.15

Nonstructural parameters
VreaI:_]-0 ev, Vimaginario:4 ev

(Ary (A) TDebye(K)
Siup 0.22 219
Slgown 0.16 301 FIG. 6. Schematic representation of the best fit structure of the
Y1,Y2 0.06 458 YSi; ; where the lateral relaxation is marked.
Si2 0.08 594

aThese atoms were not laterally relaxed because of symmetry. ~our group, and it will be reported on a separate paper dealing
with the STM problem.

found for the Y-Si bonds. Two short bonds of 2.94 A, two
intermediate bonds of 3.01 A and one of 3.25 A The dis- C. Refining of the nonstructural parameters
tance between the last Y layér1) and the Sj,n plane is ) ) ) )
nearly equal to the Y-Si bulk layers. This is an indication of _ Finally, we find that a correct estimation of the thermal
a soft interaction between Si and Y atoms. vibrational amplitudes at each plane is necessary to properly
Regarding the topmost Si atomic positions, we are nofninimize theRp factor. To simulate thermal vibrations of
sensible to lateral relaxations in the buckled Si bilayer, agaifioms we take the standard approach of using a Debye-
because of the large error bar of our statistical analysis assdvaller factor related to a model where atoms vibrate isotro-
ciates to this parameté0.40 A). On the other hand, we are Pically. We observe that an important drop in g can be
more sensitive to vertical displacements and the same anal¢Ptained by optimizing the different root mean squared am-
sis allows us to determine a small vertical movement for thélitudes of vibration differently for atoms in the surface re-
Sigown atom that sits on top of the Si vacancy. This atom isgion. In particular, if we use Si bulklike values for the last Si
0.08 A lower than their neighbors. The thregSitoms are ~Planes(0.06 A) the optimumR; is around 0.42. This value,
at the same height, 2.69 A over the Y1 layer, and do noP" the other hand, drops to 0.20 if we allow for larger vibra-
present vertical distortions, the S, atoms are, in average, tional amplitudes(0.22 A, and 0.16 A for §j and Sjoup
at a vertical distance of 2.01 A over the Y1, giving a buck- respectively. This finding is consistent with our previous
ling distance of 0.68 A. investigation for the 2D phasé.n the lower part of Table I,
We have found that Si vacancies are located below th&h€ best fit values for the nonstructural parameters can be
Sigown atoms, indicating that the model with vacancies undefound. Although it might seem natural that atoms near the
the Si, (Refs. 31 and 3pis not compatible with our LEED surface may have larger vibration amplitudes, with the

analysis. Our result, however, is in agreement with previou®résent experimental database we could not separate this ef-
ab initio calculations performed by Magaet al, 22 and with fect from static disordef® To distinguish between both ef-

STM experiments reported by Martin-Gagoal 3334 In their fects it would be necessary to take further experimental data

interpretation of experimental STM images, Martin-Gago Measured at different temperatures.

al. proposed a lateral relaxation for the,SiOur LEED

results do not show such_ g_lateral relgxatmn. P'rel|m|nary IV. CONCLUSIONS

results obtained fromab initio calculations to simulate

the same STM images indicate that the inequivalent We have determined the atomic positions in the surface of
Sijown CoONtribute to the image inducing a “ghost” lateral the three-dimensional yttrium silicide epitaxially grown on
relaxation. This effect should then be considered moreSi(111) 7 X7 by dynamical LEED-IV. We have found that
related to electronic effects than to the true structurathe geometric atomic structure of this silicide surface con-
disposition of atoms. The work on the theoretical interpretasists of a hexagonal structure with graphitelike Si planes with
tion of STM images is in progress at the present moment iran ordered network of vacancies intercalated byY planes.
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