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Structure determination of the (3 x \/3)R30° boron phase on the Sil11) surface
using photoelectron diffraction
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A guantitative structural analysis of the system Si(11Bx% \3)R30°-B has been performed using photo-
electron diffraction in the scanned energy mode. We confirm that the substituSgradsorption site is
occupied and show that the interatomic separations to the three nearest-neighbor Si atoms are
1.98(+0.04) A, 2.14¢-0.13) A, and 2.21£0.12) A. These correspond to the silicon atom immediately
below the boron atom, the adatom immediately above, and the three atoms to which it is coordinated sym-
metrically in the first layer[S0163-182@9)05819-1]

. INTRODUCTION controversiat®?8-2% however, despite comparison witb

) initio pseudopotential calculatiof5We are aware of only

The Si(111)(/3x V3)R30°-B phase on §111) has been 1y experimental structural analyses in which geometrical
investigated extensively in the last ten years because of it§arameters have been determined quantitatively. Headrick
unique structure and properti&S’ It is energetically the et 411 have employed grazing-incidence x-ray diffraction us-
most §taple phase formed .by boron on thél_ﬂ) sgrface. ing synchrotron radiation, a technique which is not very sen-
Quantitative structural studies using x-ray diffracfidrand  gitive to boron because of its low x-ray scattering factor thus
low-energy electron diffraction (LEED),” total-energy |eading to relatively poor precision with respect to its posi-
calculation$® as well as scanning tunneling microsc8py tion. Indeed, in this study the location of the B atom is in-
have demonstrated that the boron atom occupies the substerred largely through the absence of an expected Si atom,
tutional (Ss) site directly below a silicon atom ing, site, as  and the investigation then concentrated on determining the Si
shown in Fig. 1a). The ideally truncated bulk structure is atom displacements produced by the B. A low scattering
shown for comparison in Fig.(h). This geometry contrasts factor for elastic scattering of low-energy electrons also con-
with that formed by the other Group Il elements Al, Ga, andstrains the precision of the dynamical LEED study reported
In where the adatoms are in tfig site. This is due to the by Huanget al,* although in this investigation specific B-Si
fact that the latter have covalent radii which are larger thafhear—neighbor distances were deduced.
that of Si. The covalent radius of boron is smaller which |n the present paper we report a scanned-energy mode
would lead to B-Si bonds in th&, site much shorter than the photoelectron diffractiofPhD) study of this system. In pre-
substrate bonds, giving rise to considerable strain. Moreovetious papers we have shown that this technique provides
the short bond would place a boron atom in Thesite very  detailed quantitative information on the local structure, espe-
close to the second layer Si atom situated beneath, leading tgally on the adsorption site and adatom-substrate bond
strong overlap repulsion. lengths®2726 The method exploits the interference between

The properties of the Si(111)8X y3)R30°-B structure  the directly emitted part of the photoelectron wave field from
appear to have their origin in the charge transfer between then adsorbate core level with those components of the wave
boron and the silicon atom directly above. This gives rise tdield elastically scattered by surrounding atoms. This effect
a substantially lower reactivity than on the cleanmodulates the intensity of the adsorbate core-level photo-
Si(111)(7x 7) surfacé®® as indicated by a range of adsorp- electron line in a particular emission direction when the pho-
tion experiments®~?° The phase is also stable with respectton energy, and thus the photoelectron kinetic energy, is var-
to the deposition of Si overlayers which opens up the possiied. The modulations in turn depend on the contributing path
bility of producing ordereds-doping®?'~2’ Some effort has length differences and thus provide the desired information
been directed towards characterizing theon the local geometry of the emitter atom. In the present
Si(111) (/3% \/3)R30°-B phase. The assignment of surfacestudy B s photoelectron diffraction spectra have been mea-
core level shifts in photoemission measurements remainsured; these provide quantitative information on the location

0163-1829/99/5@0)/130146)/$15.00 PRB 59 13014 ©1999 The American Physical Society



PRB 59 STRUCTURE DETERMINATION OF THE (/3x3)R30° ... 13015

0.6

04 155.0 156.0 157.0 1

mmmﬂlm/ |

| . llllllllllllllljl.lllllJ.J.IA.L

00 150 200 250 300
kinetic energy [eV]

count rate [a. u]

0.

1)

FIG. 2. “Group plot” of the raw data for the B 4 PhD spec-
trum recorded at normal emission, showing the individual 8 1
energy distribution curvedEDC’s) recorded at different photon en-
ergies. The inset shows one of these EDC’s expanded.

et al®"8 A Perkin-Elmer Omni IV electron spectrometer
with a mean radius of 137 mm accepts the emitted photo-
electrons at an angle of 60° relative to the photon beam in
the plane of incidence. The heavily doped13il) crystal
wafer (1x10°° B cm %) was cleanedn situ by flashing to
~1200° C. Subsequent, repeated short anneals360° C
promoted the diffusion of boron to the surface and the ap-
pearance of a sharp Si(111j§x \3)R30° LEED pattern.
Photoelectron spectra were recorded for the 8cdre-level
(electron binding energy-188 eV) in the kinetic energy
range 80-320 eV at five polar angléscluding normal
emission in two azimuthal directions at a sample tempera-
ture of 240 K.

The signal was recorded at successive photon energies
(separated by a constant value of the photoelectron wave

vector,k), in a kinetic energy window of 3.5 eV around the

B 1s core-level peak to give a series of energy distribution
curves(EDC'’s). These are shown in Fig. 2 as a so-called
group plot for the normal emission data set. The intensity of
Bach peak was then determined by background subtraction
‘and integration, and the resulting intensity-energy spectrum
was normalized to give the modulation function defined by

FIG. 1. (a) Plan and side views of a Si(1118X y3)R30°
adsorption structure with the adsorbate atdbiack circles in the
T, sites. The Si atom in the second layer corresponding tdSthe
substitutional site is also labeled. The dashed lines show th
(v3%\/3)R30° surface unit mesh. The grey circles denote outer
most layer Si atomsb) Plan and side views of an ideally termi-
nated bulk Si111) surface, otherwise as i@). The dashed lines
show the (1X1) surface unit mesh.

_ 1(k)—1o(k)
of the B atomshape which does not depend on weak scat- Xex 0,,K)= Tk
tering from the B atomsThe challenging aspect of applying 0
the PhD technique to this system lies in the low photoioniza- . _ _ o _
tion cross section of the B slstate, but this has been over- Wherel andl, are the diffractive and nondiffractive intensi-
come through the use of undulator radiation from the third-ti€s andé and¢ are the polar and azimuthal emission angles.
generation advanced light sour¢aLS). Our investigation ~ The resulting modulation functions for the five directions are
allowed us to determine the structural parameters with ghown as the bold curves in Fig. 3. In the case of the present
higher precision than in previous structural stulifeand data there was no overlap between energy windows at suc-

@

they are in close agreement with thedry. cessive photon energies. In our previous experiments on a
bending magnet beam line at the BESSY | electron storage
Il EXPERIMENTAL DETAILS ring this always proved necessary in order to ensure adequate

background subtraction. The superior spectral resolution at
The experiments were performed on beam line 7.0.1 athe ALS leads to narrow peaks-(0.5 eV) for which a
the ALS, at the Lawrence Berkeley National Laboratory,simple straight line background extrapolated from the high
California. The 5-cm-period undulator has its third harmonickinetic energy side of the spectra proves sufficient. The pro-
in the range 180-520 eV at a nominal electron beam energgedure even proves to be effective in the presence of intense
of 1.9 GeV. The spherical grating monochromator and thébackground features such as the Si Auger emission at
layout of the beam line have been described by Warwick~90 eV in Fig. 2.
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FIG. 4. Plan and sectional views of the Si(113}(

FIG. 3. Comparison of the experimentabld) and theoretically ~ x 3)R30°-B structure as determined in the present study. The
simulated(faint) B 1s PhD modulation functions recorded in dif- |abeling conventions for the various Si atoms in the structure are
ferent emission directions which form the basis of the present strucshown, along with the definitions of the various layer spacing pa-
ture determination. rameters. The associated parameter values are listed in Table I.

ll. COMPUTATIONAL DETAILS : I -
was used to calculate the scattering contribution of an indi-

In most of our recent quantitative structural determina-vidual scattering patff Double and higher-order scattering
tions with scanned energy mode photoelectron diffraction weevents were treated by means of the reduced angular momen-
have adopted a two-stage procedifr&>¢|n the first tum expansiod! The finite-energy resolution and angular
stage we use a direct inversion of the experimental data—2cceptance of the electron analyzer are included. Anisotropic
usually the so-called projection methide-to provide a vibrations for the emitter atom and isotropic vibrations for
three-dimensional map of the relative positions of scattereth€ scattering atoms are also taken into account. In an analo-
atoms around the emitter atom. This approximate structurdous way to LEED the comparison between theory and ex-
solution is then refined by the application of a full quantita-Periment is aided by the use of a reliability factor, Rr
tive analysis using multiple-scattering simulations on modefactor,
structures iterated by a “trial and error” approach. The
present data set was not quite large enough to allow reliable > (xp— )2
application of the projection method, so that the starting _ Xth™ Xe
point for the full analysis was the substitutiortg) adsorp- Rm= 5 o 2
tion site already determined by x-ray diffraction and LEED, 2 (Xth+ Xex)
although other possible structures were also investigated.

The iterative “trial and error” approach consists of compar- where a value of O corresponds to perfect agreement, a value
ing the experimental modulation functionor typically  of 1 to uncorrelated data, and a value of 2 to anticorrelated
5-10 different directions with the results of multiple- data®*3*ThisR factor is specifically designed for photoelec-
scattering simulations based on trial model structures. tron diffraction where the modulation functions represent a

These calculations were performed on the basis of an exsuperposition of different oscillatory functions.
pansion of the final-state wave function into a sum over all The structural parameters optimized were the interatomic
scattering pathways which the electron can take from thelistancesds;sy, dsiag. Osiz, anddsj, the layer separations
emitter atom to the detector outside the sample. A magnetizsiy, Zsis, Zsiza, all relative to the B emitter positiofsee
guantum number expansion of the free-electron propagatdrig. 4). In addition, the vibrational amplitudes of the emitter
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and scatterer atoms were adjusted for the optimum fit. Notice TABLE I. Optimum parameter values for the structural and non-
that the PhD technique is sensitive only to the amplitudes oftructural parameters found for Si(113x \3)R 30°-B. See Fig.
vibration of the scatterer atomelative tothe emitter, and 4 for definitions of the Si atom names and layer spacings.

not to these individually. For the nearest neighbor scatterers
the correlation of the vibrations of the emitter and these near- Parameter Value
est neighbors can therefore be important, and the relative
mean-square vibrational amplitude derived from the mea-

Interatomic distances

X ; dsizp 1.98(+0.04) A
surements imot equal to the sum of the emitter and scatterer d 2 21(+0.13) A
vibrations. In order to explore the import f this effect 5" -21=0.13)

) p portance of this effect | 3.53(+0.09) A
_ . . . . S|4 . —_— .
the mean-square vibrational amplitude of the emittag), deng 2.14(+013) A

was set to zero; the effect of this is that the optimum value of
the bulk Si atom mean-square vibrational amplitudes, 5
(u3,.), must be interpreted as actually corresponding to “S®

Layer separations
5.20(x0.20) A

((ud)+(u3,.)) because these two vibrations are uncorre- Zsiz g'gg(fg'i? ﬁ
lated. On the other hand, the value derived for the mean- ZBSBad | 906=016)
square vibrational amplitude of the nearest neighbors, or;_Ae:jngeSs_l 63.562.1)°
(Ud\ea) . is really arelative vibrational amplitude with re- «(SiAd-B-Sil) 52 )o
spect to the B emitter atom. L-(SIA-d_B_Sm) ; 1L0E39)

The search in parameter space to locate the structure with V'Erat'onal amplitudes 2
the minimumR factor was performed with the help of the <”§iNea> 0.0005¢*0.0056/-0.0005) f\
Marquardt algorithm, in which the calculation of the curva- <”Bu'_k> _ _ 0.006(+ 0.006/- 0.003) A
tures is made considerably faster by using the so-called lin- Muffin-tin potential 6.5¢39) ev

ear method? In order to estimate the errors associated with
the individual structural parameters we use an approac
based on that of Pendry which was derived for LEEThis
involves defining a variance in the minimum of tRdactor,
Rmin as

Hjlly compatible with the substitutionabs adsorption site
found in the previous structural studi&%.The two back-
scattering atoms are jgiand Sj, respectively.
Using the parameters found by Huamgal. in their

> LEED study as the starting model, we obtained a very poor

Var(Rmin) = Ryin \/ — (3)  overallRfactor of 0.68. This could be immediately improved
min. min N' . .

to 0.45 by allowing the separation between the B atom and

whereN is the number of independent pieces of structurain® Sky atom directly underneath to decrease by 0.15 A.ln
information contained in the set of modulation functionsth® next stage of optimization the positions of the nearest-
used in the analysis. All parameter values giving structure§€ighbor atoms i, Sig, and Si were varied without chang-
with R factors less tharRy,+Var(Ry;) are regarded as N9 the point-group symmetry _of the substitutional site. Us-
falling within one standard deviation of the “best fit” struc- N9 the Marquardt algorithm this gave &factor of 0.36. In
ture. More details of this approach, in particular on the defithe final stage of the optimization the positions of the next-

nition of N, can be found in a recent publicatith. nearest neighbors $iSk, Sk, and S¢ were varied, as were
the vibrational amplitudes, the effective kinetic energy
IV. RESULTS AND DISCUSSION resolutiort® and value of the average muffin-tin potenfial.

The finalR factor obtained was 0.20 with a variance of 0.02.

A cursory glance at Fig. 8bold curveg shows that the The resulting best-fit modulation functions are shown as gray
experimental modulation function at normal emission has theurves and compared directly with the experimental curves
largest amplitude modulations and would be approximatelyn Fig. 3. The individualrR factors(from top to bottom are
cosine-like if it were plotted as a function of the modulus of0.11, 0.19, 0.26, 0.18, and 0.45. The agreement for the spec-
the photoelectron wave vector, rather than its kinetic energ¥yym recorded at 71° in thel ZT] azimuth is noticeably
Under these experimental conditions the obvious conclusiogorse than for the others, but here the modulation amplitude
to be drawn is that a Si atom is situated immediately beneat[y considerably smaller, so tHe factor becomes dominated
the emitter, giving rise to the favorable 180° backscatteringyy discrepancies in weak features. The final optimum values
geometry in which the entrance aperture of the electron enpf the structural and nonstructural parameters are given in
ergy analyzer, the emitter atom and the backscattering atofiaple |, while Fig. 4, which shows the associated structure,
are colinear. The modulation function is then dominated bys drawn such that the relaxation of the Si lattice in the sur-
the interference between the directly emitted component oface region may be compared to the ideally truncated bulk
the wave field and the component scattered from this atongirycture of Fig. 1. Notice that the vibrational parameters,
due to a maximum in the amplitude of the scattering factorgespite their limited precision, are consistent with expecta-
for a scattering angle of 180° in this energy rartgey., Ref.  tions. The uncorrelated sum of the mean-square vibrational
32). A similar situation is encountered for a polar emissionampmudes of the B emitter and the bulk Si atoms is
angle of 41° in the 1 2 1] azimuth where the modulations 0.006 A2, which is to be compared with an anticipated
are approximately of the same amplitude but their frequencyalue for the bulk Si atoms alone based on the Debye tem-
is higher, indicating that the 180° backscattering atom at thiperature of Si of 0.003 A. Evidently the vibrational ampli-
angle is further away from the emitter. Both observations areude of the subsurface substitutional B atoms is similar to
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TABLE Il. Comparison of some structural parameter val(iesA) obtained in different studies of the
Si(111) (3% +/3)R 30°-B structure.

PhD LEED XRD Theory(slab Theory (cluste)
This work Ref. 3 Ref. 1 Ref. 4 Ref. 5
dsizp 1.98(+=0.04) 2.19¢-0.14) 2.06 2.04 1.97
dgip 2.21(=0.13) 2.15¢-0.18) 2.18¢-0.09) 2.14 2.12
dsiag 2.14(=0.13) 2.32¢-0.14) 1.98¢-0.2) 2.22 2.20

4n this reference they assumed a constrained value of this distance.

that of the bulk Si atoms. By contrast, the relative mean- V. CONCLUSIONS

square vibrational amplitude of the near-neighbor Si atoms Althouah there has for some time been a consensus. based
with respect to the B emitter is much smaller, indicating 9 '

strong correlations in these vibrations. on both experimental and theoretical stU(_jies, Fhat the
To be certain that the result really corresponded to a glo-s'(lll) (3 \/§)R_300'B structure IS unusual in havmg_ the
bal minimum of theR factor in the multiparameter space quorbate_ B atom in a sgbsgrfa@@sne, the only quantita-
investigated, an additional systematic grid search was als%\’e experlm(_antal Qetermlnatlon of the |ocal ge_on_1etry of the
performed using the linear meth&@No further minima with  atom, achieved in a LEED stutiiad rather limited pre-
anything like the depth of the one established could b ision. The low atomic r)umbgr B atom'ls problematlc_ln
found. Additionally, two other, completely different models oth x-ray ?‘”d electron diffraction due_to its small scattering
were checked; in the first the boron atom was left in $ge cross section. Here we have app"e_d th_e techn!que of
site but the Si adatom was removed, while in the second th cannet_j—energy mode photoelectron diffraction to this prob-
boron atom occupied th&, site. After full optimizationR em, using the B atom as the source of the electrons to be
factors of 0.27 and 0.46 were obtained for these two strucg'c""tte.red and thus cyrg:umventmg this proble_m._ The use of
tures. Note that although the first of these structures without(::.e high spectral brilliance synchrotron radiation from a
the adatom leads to a comparatively |&factor, its value is third-generation SOUrCEALS) aIIOW.S us to overcome t_he
well above that of the minimunR factor plus its variance problems created by the low phot0|on!zat|on cross segtlon of
(0.22 corresponding to the structure obtained above. Vari-the B ]S core level. The results conﬂrm the oc_:cupatlon_of
ous mixtures of all three structures in different ratios werethes5 site by the B.atoms, but "’TISO prov!de relat|vely precise
also tried, but did not produce a betfefactor. We therefore values. for the B-Si nearest-nellghbor distances which agree
conclude that the global minimum had been found. Table IIWeII .WI'[h the rgsults of theoretical total-energy calculations
shows a comparison of the near-neighbor B-Si distances 015’-Ub“5hed previously.
tained in this work and from previous experimental and the-
oretical studies. The only other experimental investigation
providing a complete set of such parameters is the LEED
investigatior and clearly has a significantly lower precision ~ The authors are pleased to acknowledge financial support
(we have estimated the precision in these bond lengths frorfitom the Federal Ministry for Education, Science, Research,
the cited errors estimates for individual atomic positjons and TechnologyGermany under Contract Nos. 05 SF8EBA
Because of the large error estimates the two experimentdl and 05 6220LA 3, the Deutsche Forschungsgemeinschaft
data sets are formally consistent with one another, and inPa661/1-}, as well as the Physical Sciences and Engineer-
deed with almost all the theoretically derived values. Theing Research CouncilJ.K.). They also gratefully acknowl-
best-fit values in our study for the distances to the Si atomedge the award of beamtime at the Advanced Light Source
directly above €lsiaq) and below (55, the B atoms, how- (ALS) which is supported by the Office of Energy Research,
ever, are significantly closer to the theoretical values than ar®ffice of Basic Energy Science, Materials Science Division
the best-fit LEED values; in view of the improved precision, of the U.S. Department of Energy under Contract No. DE-
our results therefore substantially support the results of th&C03-76SF00098. A.M.B. and D.P.W. thank the Humboldt
theoretical total-energy calculations, slightly favoring the re-Foundation and the Max Planck Society for financial sup-
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