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Atomic structure of the Sb-terminated Si(111) surface: A photoelectron diffraction study
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The deposition under certain conditions of antimony on a Si(1kT) Burface removes theX77 recon-
struction, producing a passivated Bil)-(/3x y/3)R30°-Sh(1 monolaye surface. In this work, a quantita-
tive determination of the atomic structure of this reconstruction using photoelectron diffraction is reported. In
particular, high-energy photoelectron diffractidorward-focusing regimehas been applied to investigate the
stacking sequence of the atomic layers of the silicon substrate, and scanned-energy photoelectron diffraction
(backscattering regimehas been used to determine quantitatively the atomic structure of the surface. Our
results show that the formation of a8 \3)R30° phase produces a bulklike-terminated Si(124)1sub-
strate free of stacking faults. Regarding the atomic structure of the interface, this study strongly favors the
T4-site milkstool model over thel3 one.
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I. INTRODUCTION “milk stool” model.” As illustrated in Fig. 1, there are two
inequivalent sites on a Si(111X11 surface to locate the Sb
Much effort has been focused on finding suitable mechatrimers, namely, th&'4 and theH3 threefold hollow sites,
nisms to modify the crystallographic and electronic proper-which are, however, very similar from an energetic point of
ties of surfaces and interfaces in a controlled way. This conview.r® The atomic structure of this surface has been inves-
cern has been renewed due to the increased demartigated by Kimet al.using surface x-ray diffractio(SXRD),
emerging from the miniaturization of microelectronic de- and theT4 site turned out to be favored over thi8 onel?
vices, which depend mainly on the quality and reactivity ofIn these studies the silicon substrate have been assumed to be
the interfaces. Within this trend, the present work is devoted perfect bulklike-terminated Si(111XI11 surface. Evi-
to investigating the passivation of ($11) surfaces by Sb dently, this assumption is a very reasonable one but, how-
adsorption. The truncation of an infinite semiconductor crys-ever, the possible existence of defects such as stacking faults
tal leaves the atoms in the first surface layer with a lowetas not been discardéd.
coordination number and, consequently, with dangling In this article we present a quantitative determination of
bonds, i.e., half-filled vacuum exposed orbitals. In generalthe atomic structure of the3 surface by photoelectron dif-
lowering the electronic energy associated with the danglingraction (PD). In particular, we have applied high-energy PD
bonds is the main driving force for reconstruction of semi-(XPD) to investigate the existence of stacking faults in the
conductor surfaces. However, the reconstruction phenomergi(111) substrate induced by the formation of tki8 recon-
can be inhibited if all the dangling bonds are saturated by
adding an adequate overlayer. In addition to hydrogen, ar- [1 1§]
senic and antimonycolumn-V elementsare used to passi-
vate Si surfaces, since they can form three bonds and one o - O o - O o -
lone-pair orbital. The deposition under certain conditions of
1 monolayer(ML) of either As or Sb on the Si(111)77 : O © ’ o © ya O
surface eliminates the X7 reconstruction, producing a O /. ‘) 0 . Cb o™ -
bulklike-terminated silicon substrate. However, while As at- T4 -
oms substitute the outermost Si layer keeping thellpe- - (@ o ->0<0 -
riodicity, antimony forms a (/3% \/3)R30° superstructure. O . Q)

The study of the interaction of antimony with semicon- g N
ductor and metal surfaces has caused increased interest since . O~ o e O 0 .
it was shown that this element acts as a surfactant in the :
expitaxial growth of various relevant systems such as Ge on o . . o . .
Si(100) and S{111) ssurface§,'3Ag/Si(111),4 Co/GaA4110),°
and  Ag/Ag11)). In  particular, the  Sil1))- Sb laver :
(3% \/3)R30°-SK1 ML) reconstructiorthereafter/3) was g Si (2[11 layer) O zi 2:; iy:))
investigated by using different experimental technicfiés. Y ¢ 4
It is widely accepted that this phase consists of Sb trimers F|G. 1. Top view of the (/3% /3)R30° unit cells corresponding
located above a bulklike-terminated Bi1) surface such that to the H3- and T4-site milkstool structures. Notice that the Sb
each Sb atom is situated nearly atop of a Si atom of the firstimers in theH3-site model are rotated 180° with respect to those
substrate layer. This structure is usually referred to as tha the T4-site structure.

e
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Tdeal F1 identify easily the internuclear axes of a surfat@®©n the
ca other hand, in the low kinetic-energy regime, scattering
events with large scattering angles are also important. Con-

sequently) (IZ) shows short-period oscillations as a function

of k, which are due to interference effects in the photoelec-
tron final state. The technique of low-energy PD uses this
effect to determine the atomic geometry around the emitter
atom. In this work, we have applied the scanned-energy

mode of this technique, which consists of measuriﬁi) as
a function of the photon energy for different emission
directions®®

The experiments were carried out at the Laboratoire pour
I Utilization du Rayonnement Electromagigue (LURE,
Orsay Francg using the Spanish-French station connected at
the SU7 beamline of the Super Aco storage ring. The ultra-
high vacuum chamber was equipped with an angle-resolving
hemispherical analyzer and a high-precision manipulator al-
lowing rotation in the full 360° azimuthal emission angle
and 90° polar emission angle relative to the surface. The
Si(111)p-doped sample was heated for degassing to 650 °C
for several hours by resistive heating and then flashed at
1100 °C to achieve a clean Si(11}7 surface./3 samples
showing sharp LEED patterns were obtained by evaporation
F2 of 2—3 ML of Sb with the substrate kept at 650° C, since it is
well established that at this temperature only one Sb ML

FIG. 2. Side views of clean Si(111)1 surfaces where the Sticks to the Sil11) surface®
silicon layers are stacked following different sequences. The ideal The clean Si(111)% 7 sample was fully oriented using
surface, illustrated in the top-left corner of this figure, follows the XPD. The intensity of the Si{ photoemission peak was
stacking sequence of bulk silicon. In this case, the dashed linemeasured as a function of the polar and azimuthal emission
indicate the chains of atoms along th@1) crystallografic direc- angles using a photon energy of 600 eV. The strong peak
tions. The other three surfaces shown in this figure, narfdl; 2, produced by the forward focusing of the photoelectrons
andF3, have faulted stacking sequences. along the(011) crystallographic axes (35° off normal along

) the (112) azimuthg was used to fully orientate the clean
struction, and scanned-energy PD from the 8tedre level  gpstrate. In order to investigate the stacking sequence of the
to determine quantitatively the atomic structure of the interjjicon substrate in the/3 reconstruction, we measured the
face. It is usually difficult to determine the stacking Sequencehoraelectron intensity of the Sig2core level as a function

of the atomic layers for most structural techniq®as il- ¢ ihe azimuthal emission angle at the following polar emis-

lustrated in Fig. 2, formation of a stacking fault in a silicon sion angles 35°,51°,63°, and 73°, spanning a range of 180°
crystal conserves the local bonding geometry but causes g, 4 step of 3’0 T ’ '

60° rotation of the Si-Si bond directions around il 1)
axis. This kind of atomic rearrangement is expected to b%b-tld hotoemission peak were recorded for different polar
detected clearly by a suitable XPD experiméhin this . .p |ISSIb P V\go d 40° al I Imfp
work, the photoelectron intensity of the SpZore level has emission angles between an along [42],

been measured on thé@ surface as a function of the azi- [112], and[110] azimuths. As the photoionization cross

kinetic energy of 130 eV, the energy range of the experiment
was limited to(130-250 eV. Diffraction effects were iso-
lated from the experimental intensity curvle{ii) by normal-

PD experiments involve the measurement of the intensityzing them relative to their backgrounds as followglk)
I(IZ) of photoelectrons emitted from a core level as a func-=[| (E)/IO(IZ)]—l. Following the procedure extensively dis-
tion of the wave vectok. This diffraction phenomenon pre- Cussed in our previous work,we derived a background
sents two distinct regimes depending on the electron kineti€unction 15(k) from the experimental intensity curve mea-
energy. At high kinetic energies<500 eV), the amplitude sured on the\/3 surface at 30° off normal along tfi& 10]
of elastic scattering of electrons from the ion-core potentialszimuth. This intensity curve shows negligible diffraction ef-
is strongly peaked in the forward direction. This fact causesects and, therefore, its energy dependence is given mainly
I (k) to show intense peaks along the internuclear directionsby the photoionization cross section. In order to minimize
The technique of XPD uses this forward-focusing effect tothe influence of the background on the final results, we con-

In addition, energy-dependent intensity curves of the

Il. EXPERIMENT
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sidered in our atomic-structure determination only the inten- Si 2]?, hv = 600 eV

sity curves which showed strong modulations, specifically,

those correspongng to emission directio_nsoat10°, and (a) __ o _
30° along the 112] azimuth, and at (107 112]). 12 g=35" 112

1
]
|
Il. RESULTS ' i
//\\//_\/M\M\\ F2
A. Stacking sequence of the $111) substrate /\M//M -

|
To determine the atomic structure of tk@ reconstruc- E !
tion, we proceeded as follows. First, the stacking sequence o l i Ideal
the silicon substrate was derived from the experimental XPD :

patterns of the Si-g core level measured at polar angles of & 05|~
35° and 73°. Since these XPD curves depend only weakly or g 0.0
the positions of the Sb atoms, they can be well reproducecE -0.5 [
theoretically by considering only the contribution of the sili-
con substrate, as will be shown below. As the exact positionsg
of the Sb atoms are unknown in this stage of the study, we
decided not to consider the contributions of this Sb overlayer
to the XPD patterns. In a second step, the registry of the St S
overlayer on the XPD-derived @il1) substrate was deter-
mined by performing a quantitative analysis of the energy-
dependent PD curves corresponding to the 8ipéak.

Initially, let us consider only those stacking sequences ofl
the silicon substrate that show faults within the outermost

four silicon layers. These are illustrated in Fig. 2 together 051 ;
with the stacking sequence corresponding to a bulklike- o'o MMWWWCXP-
terminated Sil11) surface @BbCcA --). In particular, in Ml | | | , 0yt x2

odula

Diffract

-05 1 1 1 1 1
the structure$1 andF3 the outermo_st and the third silicon 30 90 150 210 270 330
layer are wrongly stacked, respectively. The structb .
shows, according to our definition, two stacking faults as the Azimuthal angle ¢ (degree)

third and the first layers deviate from bulklike sequence. No- FIG. 3. Comparison of experimental XPD curéitled circles

tice that the formation of a stacking fault in a dlamond-typeOf the Si-2p photoemission peak measured on @ surface as a

crystal produces a thin layer of wurtzite structure. Consider; " . o ) .
) . ' function of the azimuthal emission angle, with theoretical calcula-
ing an arbitrary atom near the fault plane one finds that only. . . .

. . ions corresponding to the different structures of a Si(1X1]}1
the shell of the four nearest-neighbor atoms remains un:

. surface shown in Fig. 2. In particular, pané® and (b) show
changed. The shell of the second-nearest neighbors Coma'gﬁmuthal diffraction patterns obtained at polar emission angles of

an additional atom at a distance only slightly larger than tha§5° and 73° off normal, respectively. Notice that the experimental

of the twelve second-nearest-neighbor atoms. CBbal.  payterns in this figure have been symmetrized in order to cover a
carried out a thorough theoretical study of stacking faults ingnge of 360°.

silicon® showing that changes in the arrangement of the
ionic cores cause a significant increment of the ion-ion enthe outermost four and eight silicon layers for emission at
ergy, and a reduction of the electronic energy originated irZ73° and 35°, respectively. In each case, we have carefully
the electron-ion term of the Hamiltonian. Contrary to el- verified the convergence of the diffraction modulation with
emental diamond-type semiconductors, in IlI-V compoundshe number of silicon layers included. We used two different
with zinc blende structure the formation of a stacking faultreliability factors throughout this work to compare theoreti-
causes a lowering of the ion-ion energy of the crystal, as theal and experimental curves. The first one is Ryefactor,
electric charge of the extra second-nearest-neighbor atom hasich measures the square deviations between experimental
the opposite sign to that of the original second-nearest neighand theoretical diffraction curveé§.The secondR,,, is de-
bors. This effect explains why most ionic 11I-V compounds fined asZi[Xéxp(i)—Xt’heo(i)]Z/Ei[Xéi )+ xiadi)] and mea-
favor the wurtzite structure over the zinc blende ohe. sures the deviations between the first derivatives of the ex-
Figure 3 compares the experimental Qi-&tensity mea- perimental and theoretical modulation functions. It can
sured on the/3 surface at polar emission angles of 35° andtherefore be considered a modification of Béactor defined
73°, with the corresponding theoretical curves calculated foby Pendry?!??
the four different stacking sequences illustrated in Fig. 2. The At §=73° the XPD patterns are almost completely deter-
calculations were performed using the calculation-codemined by the orientation of the first silicon bilayer. As seen
MscD by considering multiple scattering up to the fourth or- in Fig. 3(b), the four theoretical curves, as well as the experi-
der, second Rehr-Albers order, and a pathcut &fl0 22°  mental one, show three intense peaks each 120° apart. These
The theoretical Si-@ intensity includes the contribution of peaks are due to the forward focusing of the photoelectrons
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Side View sured at the(112) azimuthal directions but also describes

well the structures found between them. In the simulations,

e nas the peaks obtained at t&12) azimuthal directions are due

to forward-focusing effects along tR@11) crystallographic
axes(see Fig. 2 As seen in Fig. &), the intensity of these
peaks decreases while going from the ideal toRRBestack-

ing sequence due to the fact that in the faulted structures the
atomic chains along th€d11) crystallographic axes are bro-
ken producing new forward-focusing directions shifted by
60° from the original ones. This can be observed in Fig. 2,
where the dashed arrows are straight in the case of the ideal
sequence and broken in tlkel, F2, andF3 ones.

In summary, the experimental XPD patterns of the §i-2
----------------------- core level corresponding to polar angles of 35° and 73° con-
tradict clearly the existence of stacking faults induced by the
formation of the\/3 phase within the first two silicon bilay-
ers. As shown in Fig. 3, the experimental curves are very
well reproduced by assuming a bulk-terminated Si(111)1
X 1 substrate. In addition, the good quality of this agreement
indicates that coexisting faulted and unfaulted phases do not
occur.

It remains to consider stacking sequences which contain
stacking faults beyond the second bilayer of thel BI) sub-
strate. The sensitivity of the technique to detect stacking
faults can be assessed by comparing the XPD patterns pro-
duced by theF3 structure with those corresponding to the

FIG. 4. Schematic representation of fh-site milkstool struc- ideal one. Notice that the principal effect on the XPD pat-

ture of the Si(111)-(3x \3)R30°-Sb(1 ML) surface. terns of the.stacking fault in theé3 structure ig to produce_z a
60° shift with respect to those corresponding to the ideal

structure(Fig. 3). Apart from this shift, they look alike indi-
cating that the XPD technique is not sensitive to deeper
N ; . . . stacking faults. Evidently, there exist hyphotetical structures
peaks indicate the orientation of the, i, bonds(see.F[g. . including stacking faults beyond the second bilayer that pro-
4). As the experimental pattern shows these three distinctiv,ce xpp patterns indistinguishable from the experimental
peaks along the azimuti{412), the sequenceB1 andF3  one. Nevertheless, the stabilization of such structures in-
can be easily d|scarded,_smce they predict the forwardgyyced by the formation of the/3 phase is very unlikely.
focusing peaks along thel12) azimuths. On the contrary, Therefore, on the basis of the results described above, we
both the ideal andr2 sequences are consistent with the ex-conclude that the\3 reconstruction produces a bulklike-

emitted from atoms in the second layer by the attractive po
tential of the Si cores in the first layer. Specifically, these

perimental XPD pattern corresponding e 73°. terminated Si(111)X 1 substrate free of stacking faults.
To discriminate between the ideal aR@ sequences it is
necessary to take into account the experimental curve corre- B. Quantitative atomic structure determination

sponding t00=35°. As indicated by thek,-factor values Multiple-scattering cluster calculations using the numeri-
shown in Table I, each one of the stacking sequences dec_al codtraj develo edgb Fritzsciavere carried gut in order

picted in Fig. 2 produces afl=35° a diffraction pattern imulate th dp.ﬁ %’ duced by the t )
clearly distinguishable from the other three. Interestingly, theto simulate the aifiraction curves produced by the o com

ideally terminated surface is the one which best reproduce%etIng models: the4- andH3-site “milkstool” structures.
h

the experimental data. Moreover, the agreement between t ??:Jl(c)\t,l\jlpe% a;;lﬂ;g:g;er:jori-np?r%?a(:ut:)e'o atillr?irzg; tﬁgtfi?]ct()tqﬁle
curve and the experiment is very good, as indicated by 3 P

R,-factor value of 0.20. Notice that the bulklike-terminated expenmental PD d"?“a- F!gures Sand6 S.hOW acomparison of
P g}_e experimental diffraction curves considered in our analy-

substrate not only accounts for the three intense peaks me5|s with theoretical curves corresponding to the besEdit
_ andH 3-site structures, respectively. The final conclusion can
TABLE |. Summary ofR, values obtained between the corre- o gniicipated by means of a simple visual inspection of
sponding theoretical and experimental curves shown in Fig. 3. 056 figures: the best fit to the experimental data is obtained
when the Sb trimers are situated abdve sites.

Ideal Fi F2 F2 We used the following set of parameters to describe the
35° 0.20 0.33 0.77 0.95 structure of the surface. As illustrated in Fig. ¥, is the
73° 0.39 0.75 0.40 0.76 coordinate parallel to the surface of the, @tom relative to

the center of the trimer. The length and polar andtef) of
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FIG. 5. Comparison of experimental energy-dependent diffrac-  FIG. 6. Similar to Fig. 5 but for théi3-site milkstool structure.
tion curves(filled circles of the Sb-4l photoemission peak with

theoretical curves corresponding to the bestFit-site milkstool  for the T4-site model are 11.5 eV fov,,, and 0.0035 and
structure. Positive polar angléadicated on the rightare measured 0.005 & for the mean square deviatio(B2> of the silicon
along the[112] azimuth, while the negative ones are measuredand antimony atoms, respectively.

along the[112] azimuth. The besR,(Ry,) values obtained for th€4- andH3-site
models are 0.230.24 and 0.46(0.37), respectively(see

. . . . Table I). We can therefore conclude that our energy-
the (Sb-Si) bond define the location, relative to the Sb o 0n4ent data set strongly contradictstigsite milkstool
overlayer, of th? Si atoms in the first substrz_:tte Ia_lyer. In the"structure and is consistent with tfe}-site one. As seen in
case of theT4-site model, the _secon_d and third Bi1) |?‘_Y' _Figs. 5 and 6, théi3-site structure reproduces the diffraction
ers each have two symmetry-inequivalent atom positions iR ,es measured at polar angles of 0° anti0° as well as
the unit cell. As symmetry prevents lateral displacements of,o 14_sjite model does, but it fails to fit the curves corre-
these atoms, only the vertical positions relative to the S ponding to polar angles of 10° and +30° (along the

overlayer,Zo, and Zo,» (Zo,3 andZo 3), were varied for [112] azimuth. This fact is not surprising if one takes into

the second(third) layer of Si atoms. In the case of the . c o .
H3-site model, the );econd and third substrate layers eac (_:count that the internuclear direction defined by thedtd

contain only one symmetry-inequivalent atom position in the |2Etom§(see Fig. 4 '_S a.lt a plolar.angle of 25.4% along th?
unit cell, but the symmetry of the surface is compatible with[ 112] azimuth. At emission directions nearly parallel to this
lateral displacements of the Si atoms. Consequently, we aldpternuclear axis, th&4 model produces an important con-
adjusted two parameters per silicon |ayer in this Caset’ribution to the intenSity due to the baCkscattering events on
namely, the vertical distance to the Sb overlayer and théhe Sb atom which is absent in the case of tH& one. In
lateral displacement of the Si atoms from their ideal bulksummary, the four energy-dependent diffraction curves con-
positions. Finally, the paramet@y 4 is the distance of the sidered in this analysis are specific enough to discriminate
first bulk layer[the fourth Si111) layer] to the Sb-overlayer. between the two competing models for this surface, and
The theoretical diffraction curves were calculated using rastrongly support th@4-site model.

dial matrix elements from the initia state to the finap and .

f state€* The energy-dependent phase shifts used to describe 1~BLE Il. Summary ofRy, andR,, factors values obtained be-
the elastic scattering of electrons by the surface atoms wet?’een the corresponding theoretical and experimental energy-
evaluated in the muffin-tin-potential approximaﬁamsing ependent curves shown in Figs. 5 andRgvalues are presented in
tabulated atomic wave functioR$The optimization of both parentheses.

models was achieved through minimization of both reliabil- P o4 o4
ity factorsRmandR,,, which were defined in the previous (10°[112]) NE (10°[112])  (30°[112])
section. Nonstructural parameters such as the surface barrigs 0.20(0.24 0.24(0.1)  0.42(0.3) 0.18(0.26
heightV,, and the Debye-Waller factors were also adjustedy3 0.32(0.35 0.11(0.14 0.65(0.72 0.76(0.62
to optimize the quality of the fitting. The values determined
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Si2p, hv=600eV TABLE IV. Summary of the values of the structural parameters
for the Si(111)-¢/3x 3)R30°-Sh(1 ML) surface giving the best

T4 adsorption site H3 adsorption site fit to the experimental diffraction curves in the present study, com-
[211] pared with the corresponding values for a recent SXRD study. The
+ [112] Polar parameters values marked with an asterisk were deduced from com-

angle binations of the parameters given in the paper specified.

M 350 M\N Parameter This work SXRIRef. 17
\\A//\/\/\/\‘\A/J 1.7(+0.04/~0.10) A 1.688(-0.003) A

=

g

L‘; Ysp

3 m R(Sb- Si) 258(:0.04) A 2.47¢-0.04) A
S WMN 510 V\/\/J\I\P\N #(Sb—Si) 8°(+4/—-6)° (9.5°)

g Zo1 2.55(x0.06) A 2.437¢-0.017) A
= /\W M\/\AM Zo> 3.45(x0.07) A (3.40 Ay

E 63° Zo 3.17(+0.14) A (3.30 Ay

= |"WWAYW T AW 2 S65:015 A (560 AY

0.5 L
100150 2 001000 150 200 250 harameters were estimated as described by Péhdihere is
Azimuthal angle (deg.) in general a good agreement between our results and those
obtained using SXRD, the most significant difference being
that found in the length of the Sh-Si bond, the parameter
azimuthal emission angle, with theoretical simulations of the opti—mOSt precisely determlne_d |n_th|s PD study. The value of
mum H3 andT4 structures derived from the scanned-energy dif_(2_.58i 0.04) A obtained in thls__work compares Vefy well
fraction data. All the experimental XPD curves presented in thisWlth th(_a sum of the covalent radii correspondlng to ,S' and Sb
figure are multiplied by 2. atoms in bulk(1.17 and 1.44 A, respectivelyand with the

length determined for this bond in the Si(100)21-Sb sur-

. . . . ; 0 R
Interestingly, theT4-site model is confirmed by the re- face using SEXAF$(2.63+0.04) A]."° Our result is also
sults shown in Fig. 7, where experimental XPD patterns fronin excellent agreement with the value of 2.56 A obtained

the Si-2p core level are compared to theoretical simulationstheoretically for this bond length by Menssonetal.

of the optimumH3 and T4 structures derived from the through minimization of the Hellmann-Feynman forces in
scanned-energy diffraction data. In this case, six and fouthe T_4-site milkstool structuré.In addition, the i_nterlayer
silicon layers have been included for the calculations of théPacingZo,, between the Sb overlayer and the first layer of
azimuthal curves at polar emission angles of 35°—51° andgilicon atoms_turned out to be (2.59.06) A m_excellent
63°—73°, respectively. Comparison of the theoretical and exagreement with the value of (2.53.10) A derived from
perimental XPD patterns indicates that ffé structure pro- XSW data.” Another relevant magnitude of this interface is
vides the best description of the experimental diffraction patihe length of the Sb-Sb bond directly related to the parameter
terns, as clearly evidenced by the individ®afactor values ~ Ysb- In general, the sensitivity of our experimental PD data
shown in Table IlI. This result shows the consistency of ourt© lateral displacements is much lower than that to vertical
analysis. As mentioned above, we have found only a weaRistances, due to the narrow range of polar emission angles
influence of the Sb overlayer. The differences observed i¢overed by the experimental data. Nevertheless, we obtained
Fig. 7 between the simulated XPD patterns corresponding t8 (Sb-Sb bond length of (2.940.07/-0.17) A, which is in

the T4 andH3 models reflect mostly the different relax- good agreement with the value of (2:92.01) A deter-
ations of the silicon substrate obtained for each model, ~ Mined from SXRD data® As regards the $111) substrate,

Table IV summarizes the optimum parameter values dethe shortest and the longest Si-Si bond lengths turned out to
termined in this work and compares them with those correbe 2.20 and 2.48 A, respectively, which are close to the Si-Si
sponding to theT4-site milkstool structure derived from bulk distance2.35 A).

SXRD data'? In the present study, the errors of the structural

N/\\/\/\/\/\/\J\//V\\A Zoy 5.65(=0.10) A (5.63 Af
05 230 A/M A Zoa 6.45(x0.07) A (6.41 Ay
1 1 1 1
00

FIG. 7. Comparison of XPD diffraction patterns of the $i-2
photoemission peak measured on {f&surface as a function of the

TABLE lll. Summary of R, values calculated between the cor- IV. CONCLUSIONS

responding theoretical and experimental XPD patterns shown in | this work we have carried out an extensive investiga-

Fig. 7. tion of the atomic structure of thé¢3 phase of the Sh/&i11)
system using PD. Specifically, we have applied XPD to in-

3 °1 63 s vestigate the stacking sequence of the substrate layers, and
T4 site 0.26 0.45 0.30 0.32 low-energy PD in the scanned-energy mode to determine
H3 site 0.17 0.57 0.64 0.78 quantitatively the atomic structure of the surface.

Using a photon energy of 600 eV, the photoelectron inten-
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