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Electronic structure of the Si(111)+/3X 3R30°-B surface
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The plane-wave pseudopotential density functional thébiyT) packagerHi98vD has been used to opti-
mize the geometry of the Si(11{3 X \/3R30°-B(S;) configuration. The resultant geometry has been found to
be in excellent agreement with recent experimental results. By calculating the band structure foBghe B(
configuration and carefully analyzing the nature of the wave functions in the vicinity of the Fermi energy, we
have been able to identify the surface states along the various symmetry directions of the surface Brillouin zone
(SBZ). The overall dispersion of both the occupied and unoccupied surface state bands is found to be in
excellent agreement with the angle-resolved photoemission data. The theoretical calculations also predict the
occurrence of two occupied surface state bands af taedM points of the SBZ. The splitting of these bands
is predicted to be 0.27 eV and 0.35 eV, respectively, in good agreement with experiment.
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I. INTRODUCTION (Al, Ga, and Inp were found to be almost indistinguishable.
The dispersions of the unoccupied surface-state bands deter-
The chemisorption of group-lll elementB, Al, Ga, and  mined by inverse photoemission were also found to be very
In) on silicon surfaces has attracted a great deal of attentiosimilar?
in semiconductor surface scient®f particular interest in Density functional theory calculations of the Si(11/B)
these studies has been the modification of the atomic angt /3R30°-Al surface by Northruld produced two bands
electronic structure of the @ill) surface produced by the with a splitting at theM point in good agreement with ex-
chemisorption of boron. This is primarily due to the unex-periment. Both thel, and H sites were found to exhibit
pected behavior of boron atoms chemisorbed on th&lSi  similar dispersions. Chemisorption at tfig sites, however,
surface. was found to be more energetically favorable than chemi-
Group Il elements chemisorbed on the(13il) surface  sorption at theH; sites by 0.3 eV/atom. Calculations by
are expected to saturate the dangling bonds and completefyicholls et all? for the Si(111)/3% /3R30°-In surface also
passivate this chemically active surface. There are two pregredicted two occupied surface-state bands for bothTthe
ferred chemisorption sites for trivalent elements on theandH, chemisorption models in agreement with experiment.
Si(111) surface: theT, and Hj sites. The adatonT, site The H; model, however, was determined to be 0.2 eV/atom
locates the chemisorbed atom in the threefold-coordinatefkss stable than th&, model. First-principles total-energy
site directly above a second-layer silicon atom, whilekthe  calculations for the Si(lllf)§>< J3R30°-Ga surface have
adatom site locates the chemisorbed atom in the threefolgredicted analogous dispersions to the Al and In surfaces
“hollow” site directly above a fourth-layer silicon atom. ith chemisorption at th&, sites again being preferred by
Adatoms placed on the ideal Si(112¥1 surface at thd, 0.38 eV/atomt?14
or Hs sites form ay/3x 3R30° layer above the truncated  The chemisorption of boron induces\8x 3R30° re-
1x1 silicon surface atoms. Reviews of the early work on theconstruction of the $111) surface at 0.33 ML coverage
interaction of Al, Ga, and In with the &i11) surface have analogous to the other group-lIl elemef#d, Ga and In. In
been provided by Uhrberg and Hans$and Kono? this case, however, the experimental d&t¥ suggested that
The first angle-resolved photoemissiéARUPS mea-  the boron atoms would chemisorb at either theadatom
surements for these systems was made on the Si(BL1) sites or in the second-layer positions, the so-cafigdites,
X /3R30°-Al surface by Hanssoet al*® Probing in differ-  directly beneath th@, sites. Total-energy calculations con-
ent azimuthal directions they obtained two different surfacefirmed these predictions and determined fesite to be
state energies at thel point of the surface Brillouin zone more stable than th&, site by ~1.0 eV per\/§>< V3 sur-
(SBZ). This led them to predict the existence of two occu-face unit celf®8 It is believed that the stability of the
pied surface-state bands with a bandwidth of 0.4 eV. SubseB(s5) structure is due to the shortness of the Si-B bonds
quently Uhrberget al® carried out a more detailed study which makes it easy for the boron atoms to occupy $ge
which confirmed the existence of the two differévitpoint  sypstitutional subsurface positions and acquire charge from
energies and predicted a bandwidth of 0.65 eV. The two octhe neighboring silicon atoms.
cupied surface state bands, however, remained unresolved. The electronic structure of the B{)-reconstructed
Resolution of these two bands for th@x 3R30° surface  sj(111) surface was studied by Higashiyaneaal. using
induced by Al was achieved using ARUPS by Kinoshita ARUPS?® They found two dispersive surface states below
etal’ in 1985. The Si(111)3x \3R30°-Ga surfac®® and  the Fermi energy with a splitting at tié point of 0.3 eV. An
the Si(111)/3x 3R30°-In surfac& * have also been stud- earlier study by Kaxirat al*® indicated only a single oc-
ied using ARUPS. The ARUPS spectra of the three surfacesupied surface state below the Fermi energy of the
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TABLE I. The difference in energyin eV) of the B(Ss), B(T,), and BH3) configurations obtained from
our plane-wave pseudopotent/@i98vD calculations. Other theoretical values are given for comparison.

Energy difference Present calculation Ref. 17 Ref. 23 Ref. 24
E(B:T,)—E(B:Ss) 1.05 1.0 1.1(SkHe) 1.05(SigH78) 1.75
E(B:H3)—E(B:T,) 1.40 1.1

Si(111)y3x y3R30°-B surface. Kaxiragt al. also calcu- With the value of 1.0 eV obtained by Lyet al'’ and the
lated a band structure for the 8() surface using density Values of 1.1 eV and 1.05 eV calculated by Zavodinsky
functional theory. The theoretical resultshich are only pre- et al?® using different-sized clusters. These results confirm
sented for part of the SBZvere shown to be in reasonable that the BESs) geometry is more stable than theTBj. The
agreement with the experimental data. While some splittingotal energy of the Bfl;) topology is predicted by the
at the M point was predicted by these theoretical calcula-FHI98vD calculations to be 1.40 eV per surface unit cell
tions, this was much smaller than that observed by Higashgreater than that of the B() topology. This is consistent
iyamaet al*® with the value of 1.1 eV that one can determine from the
The aim of this paper is to use an accurate first principleglane-wave DFT calculations of Lyet all’ It follows that
method to calculate the electronic structure of th&f(sur-  chemisorption at the threefold-coordinated on-top site is
face and to compare this band structure with the experimengss energetically favorable than chemisorption at the analo-

tal results. We will also investigate the difference betweerbOus T, site. The preferred site for boron chemisorption
the electronic structure of the boron chemisorbedl ) however, is clearly the subsurfae site ’

surface and those of the other group-lll elements absorbed
on the S{111) surface.

B. Geometry

Il. METHOD AND PROCEDURE The topology of the optimized B) structure obtained

Our calculations have been carried out usingahrinitio ~ from our geometry optimization calculations is shown in Fig
density functional theoryDFT) method for periodic slabs 1. The calculated atomic relaxations and bond lengths of the
and employing the local density approximatinDA) for ~ various atoms are presented in Table Il. The boron atom at
electron exchange and correlation. The first-principles codéhe subsurfac&s position[B(Ss)] is bonded to four silicon
FHI98VD (Ref. 20 was used to carry out the geometry opti- atoms: the three first-layer atoms at distances of 2.03 A 212
mization surface calculations. Within this method, the Kohn-A, and 2.08 A and the underlying third-layer atom. This
Sham equations were solved using plane waves with kinetitatter atom is predicted to be at a distance of 1.98 A, in
energies up to 18 Ry and 6 spediapoints in the irreducible ~ excellent agrtgement with the recent experimental value of
part of the SBZ of the Si(1143% y3 cell. Our slab con- 1.98+0.04 A: ° The distance between the $j) adatom
sisted of 8 layers of silicon with 3 hydrogen atoms directly@nd the BEs) atom is 2.18 A. The position of the third-layer
below the bottom silicon atoms to saturate the bulk danglingilicon atom is seen to be almost unaffected by the presence
bonds of each surface unit cell. A vacuum region ofof the chemisorbed Ef) atom. This is in agreement with
~11 a.u. was also incorporated to ensure inclusion of th@ther theoretical calculatiohs?® but disagrees with the low
dipole correction. The top four layers of the slab were al-
lowed to vary and the minimum-energy structure was found Si(A)
by minimizing the forces using the Hellmann-Feynman theo-
rem. Norm conserving pseudopotentials by Hanfanvere
employed for silicon and boron, and the pseudopotential of

hydrogen was that provided by Fucs. Si(2b) Si(le)

Ill. RESULTS AND DISCUSSION

A. Energy
The relative energies of the Bf), B(Ss), and BH53)

optimized geometries obtained from tiR198vD plane- Si3c)

wave pseudopotential calculations are presented in Table I. Si(3b)

Also given are the corresponding values obtained from the

DFT calculations of Lycet all’ and the cluster calculations Si(3a) , Si(4a)
of Zavodinskyet al?® and Wanget al?* The total energy of . Si(db)

the B(Ss) configuration is predicted by theH198vD calcu-
lations to be 1.05 eV per surface unit cell lower than that of FIG. 1. The topology of the Si(1138% 3R30°-B(Ss) con-
the B(T,) configuration. This result is in excellent agreementfiguration.
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TABLE Il. The atomic relaxations and bond lengtli;m A) of our optimized geometry for the
Si(111)y/3x /3R30°-B(S;) configuration. Thez coordinate is normal to the surface andies in thex-y
plane. Other theoretical and experimental values are given for comparison.

Geometry Present Ref. 25 Ref. 27 Ref. 17 Ref. 28 Ref. 26  Ref. 26
calculation

AZgia) 0.21 0.25-0.1 0.28 0.24 0.19

AZsi1a) —0.45

AZgj1p) -0.38 -0.30+0.1 -0.30 —0.17+0.2 -041 -0.40

AZgj10) —0.38

Azg —0.42 —-0.50+£0.1 -0.37 -0.39 —-0.38

AZgj(3a) -0.04

AZgj(ap) -0.03 0.0

AZgjze) —0.08 —-0.34£0.1 -0.06 -0.02 -0.04

AT si(1a) —0.30

AT sj(1p) -0.29 -0.30£0.2 -0.26 —-0.26+£0.01 -0.24 -0.23

AT sj10) -0.27

dsia)-si(1a) 2.380

dsia)-si(ib) 2.350 2.336 2.457 2.435 2.412

dSi(A)-Si(lc) 2.359

dsia)-8 2.184 2.140.13 2.320 2.216 2.202 2.179

dsi(1a)-8 2.025

dsi(1b)-8 2.117 2.21+0.13 2.154 2.216 2.116 2.137

dsi(1c)-8 2.083

dsize)-8 1.984 1.980.04 2.190 2.042 1.973 1.972

dsi1a)-si(1b) 3.310

dsi(1b)-si(1c) 3.329 3.326 3.390 3.390 3.414 3.431

dsi(1c)-si(1a) 3.312

dsi4a)-8 3.509

dsi(an)-8 3.471 3.53%0.09

dsiac)-8 3.507

Zsi(5)Zsi(A) 5.02 5.20-0.20

Zsi(2a)"Z8 0.40

Zsi(2b)"ZB 0.41 0.49-0.35

Zsi(3a)Zs 1.95

Zsi(3b)~ZB 1.94 1.96:0.16

energy electron diffractiofLEED) analysis of Huangt al?’ The topology of the optimized H{,) structure is shown

which predicts significant displacement of the third layer sili-in Fig. 2 and the calculated atomic relaxations and bond
con atom. lengths presented in Table Ill. The boron atom at the

Our results are seen to be in excellent agreement with théhreefold-coordinated, adatom positioB(T,)] is bonded
recent photoelectron diffraction data obtained by Baumgartefo three first layer silicon atoms at distances of 2.07 A, 2.08
et al®® Our calculated results are also in very good agreed, and 2.07 A, respectively. The distances between the
ment with the values derived from the LEED analysis ofSi(Ss) atom and the first layer silicon atoms are 2.31 A, 2.40
Huanget al?’ with the exception of the vertical relaxation of A and 2.38 A, respectively, while the length of the bond
the third-layer silicon atom Azgs¢)), and the associated between the Sks) atom and the underlying third-layer sili-
bond lengthds;sc).5 - We believe that these two latter val- con atom is only 2.22 A. The distance between th@ B(
ues, which are at variance with the recent photoelectron difadatom and the S$) atom is even smaller at 2.10 A.
fraction results, are probably a result of ignoring any relax- The calculated results are again observed to be in very
ations below the third layer in the LEED fitting procedure. good agreement with the plane-wave DFT calculations of
The values obtained from the current plane-wave pseudopdyo et all’ and the HF-DFT cluster calculations of Wang
tential calculations are clearly in excellent overall agreemenet al?® The only really significant difference occurs for the
with the Hartree-Fock—density-functional-thedifF-DFT)  first layer silicon atoms where the vertical relaxations pre-
cluster calculations of Wanet al?® and the pseudopotential dicted by the cluster calculations are of the opposite sign to
local-density-functional plane-wave calculations of Lyo our plane-wave values. This may simply be a cluster size
et all’ effect as the clusters employed by Waagal?® were of
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B

Si(1b) Si(1c)

~,
Si(1a) Si(le)  ~ Si(la)

Si(2¢c) -
g y
§£f_ FIG. 3. Schematic of the Si(11¥B X J3R30° surface unit cell
Si(3a) Si(4a) indicating theT, adatom site and the three planes that have been

employed to analyze the wave functions.
Si(4b)

) C. Electronic structure
FIG. 2. The topology of the Si(111B8x 3R30°-B(T,) con-

figuration.
g 1. S(117) V3% V3R30 *-B(Sc)
necessity quite small. Such differences were not observed, To identify the electronic surface states we have calcu-

however, for the Bgs) topology. In general, the B{) clus-  |ated the functiorp,(z) defined by
ter calculations predict the boron atom and the first- and

second-layer silicon atoms to lie below the corresponding
p|ane-Wave values. pnk(Z)= SUC|Wnk(X,y,Z)|2dXdy,

TABLE lIl. The atomic relaxations and bond lengttis A) of  wherex andy lie in the surface plane,is out of the surface,
our optimized geometry for the Si(11J3x 3R30°-B(T,) topol-  and the integration is performed over the surface unit cell
ogy. Thez coordinate is normal to the surface anties in thex-y (SUQ). This quantity gives the dependence of the modulus
plane. Other theoretically derived values are given for comparisongf the wave function squared averaged over the surface unit
: cell. To determine the actual nature of the various surface
Geometry ~ Present calculation  Ref. 17 Ref. 26 Ref. 26 gta105 we have plotted charge density contour plots for three

Azg 0.05 007 -006 -003 different symmetry planes within the surface unit cell. These
AZsi1a) 0.02 planes are oriented at 120° with respect to each other and
I . . . .
AZsian) 0.12 001 -0.15 -0.19 include theT,, Ss, and Si(%), theT,, S5, and Si(b), and
AZg1o) 0.12 theT,, Ss, and Si(%]) sites, respectivelysee Fig. 3. Their
I(1c .

Miller indices, defined in terms of the reciprocal lattice vec-

i:ff;‘) 8;2 tors of the\/3x 3R30° surface unit cell, aré,1,0, (1,0,0,
A 0.50 052 —058 —o060  and(1,1,0, respectively. To examine thedependence of the
Si(2c) . . . .
AZeyoy 016 surface-state bands, thgﬂ(('z) were calculated for '20<
Az 017 points along thd™-K-M-T" dlrect|on_s of the _SBZ._Thls en-
AZSP") _(‘) 38 039  —040 —041 abled the surface states at edclpoint to be identified and
Si(3e) ' : ' ' plotted on the overall band structure.
ATsi1a) —0.29 An enlarged view of the electronic structure that we have
ATsi1b) —0.25 —024 —020 -021  ,hisined for the Si(114)3x V3R30°-B(Sg) surface in the
Arsic) —0.25 vicinity of the valence-band maximurfVBM) is shown in
de-si1a) 2.070 Fig. 4. The theoretically predicted unoccupied surface states
de-si(1b) 2.077 2154 2192 2214 re indicated by the solid triangles and diamonds. Only the
de.si(1c) 2.074 lowest-energy unoccupied surface states have been indicated
da-si(20) 2.097 2.158  2.086  2.138 for simplicity. The experimental results of Grebkal2° ob-
dsi(1b)-si(2a) 2.387 tained using KRIPES K-resolved inverse photoelectron
dsi(1b)-si(2b) 2.406 spectroscopy are shown as open triangles. These values
dsi(1b)-si(2c) 2.400 2368 2348 2334 have been shifted by a constant amount to match the theo-
dsi2a)-si(3a) 2.415 retically predicted value at thd point. This shift is required
dsi2b)-si(3b) 2.415 because of the neglect of self-energy effects in the standard
dsi(20)-si(3c) 2.216 2.231 2.168 2.153 LDA theory. The agreement between the theoretical results
dsi(1a)-si(1b) 3.341 (solid triangle$ and the experimental data of Grekk al.
dsia)-sicio) 3.387 3.434 3.483 3.470 (open trianglepis clearly excellent with the theoretical cal-
dsic10)-si1a) 3.335 culations accurately predicting both the overall bandwidth

and the initial upward dispersion of this unoccupied surface-
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AN ; % FIG. 6. Charge density contour plots for the empty surface states
K~ \“w A I indicated by the solid diamonds in Fig. 4 for theSBJ configura-
) k)‘\:\\ /ﬂdj?' =0 ., tion at thel’, K, andM points of the SBZ. The contour plots are for
-1g € ‘/’, NS -' the (0,1,0 plane.
r K M r
k there is an upper surface stafé;] lying 1.26 eV below the

valence-band maximum and two essentially degenerate
lower-lying states (4, I',) positioned 1.53 eV below the
VBM. The upper band increases gradually in energy along

FIG. 4. The electronic structure of the &) configuration in
the vicinity of the VBM. The solid circles, triangles, and diamonds
indicate the theoretically predicted electronic surface states. Th

open circles and squares represent the experimental data of HigasI € F'E d(ljf(;Cthﬂ but |_n|t|ally decr(zaselst a_lotriQ{M. 'I;he th
iyamaet al. (Ref. 19. The open triangles indicate the experimental Ower band decreases In energy and splits into two along the

results of Grehlet al. (Ref. 29. I'-K and I'-M directions. At the K point, our calculation
predicts the occurrence of two states lying 0.79 eV and 0.84
state band along thé-K andI’-M directions. Previous work €V below the VBM. These two nearly degenerate states cor-
by Kaxiraset al*® had predicted that this band would simply respond to the one surface state and hence are virtually iden-
disperse downward from thE point along both symmetry tical in character. From K td/, these two states split apart
directions. Charge density plots for this unoccupied surfac@nd, at theM point, lie 0.56 eV M;) and 0.91 eV M)
state band at thE, K andM points of the SBZ are presented below the VBM. Along theM-I" direction, these two bands
in Fig. 5. Also plotted in this figure are the correspondingdradually approach each other. Charge density contour plots
pa(2). It is clear that these unoccupied surface states arfr the occupied surface states at tendM points of the
dangling bond states associated with the Si adatom of theBZ are shown in Fig. 7, together with the corresponding
B(Ss) configuration. Charge density contour plots for thePnk(Z). Only one state is presented for tepoint as the two
unoccupied surface states indicated in Fig. 4 by the solidi¢arly degenerate states at this symmetry point of the SBZ
diamonds are shown in Fig. 6 for the K, andM points of ~ are virtually identical. It is clear that these occupied surface
the SBZ. These empty states are clearly quite different to th&tates are backbond states involving strong bonding between
dangling bond states and involve coupling between the silithe first-layer silicon atoms and the boron atom at the
con adaton{ Si(T,)] and the underlying boron atom in the Second-layer sit¢B(Ss)]. The corresponding plots for the
second layefB(Ss)]. I'-point valence band surface states are shown in K. 8
The theoretically predicted surface states for the valencéhel’s andI'; states are seen to originate from a backbond
band are shown in Fig. 4 as the solid circles. Atthgoint, ~ Petween the first-layer silicon atoms and the silicon adatom
[Si(T,)]. TheI'5 surface state, on the other hand, is similar
to the occupied surface states at thend M points of the
SBZ and is associated with the boron atom at the second-

layer site[ B(Ss) ].

K

8 T T T T T T T T T
. 6F ] 4 4 4 .
8 4r .
2+ 41 2r .
Q 2k _ 4 T T
2010 0 10 %2000 10 %2 100 10 8 Al i
z(au) &
o 0-2|0-1I0(|)100
FIG. 5. Charge density contour plots and the corresponding z(au)
pnk(2) for the empty dangling bond surface states for th&dp(
configuration at thd”, K, and M points of the surface Brillouin FIG. 7. Charge density and the corresponding(z) for the

zone. The contour plots are for t@,1,0 plane.z=0 corresponds occupied surface states at tkeand M points of the SBZ for the
to the position of the first-layer atoms in the unrelaxed surface an®(Ss) configuration. The plots for thK and M, states are for the
the bottom silicon layer is a=—19.1 a.u.. (0,1,0 plane, while that for thevi; state is for thg1,1,0 plane.
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tions predict two surface-state bands with a separation of
0.27 eV. While only the upper of these staté€s) appears to
have been observed in the experiments of Higashiyama
et al, the ARUPS studies of Greldt al. have identified two
occupied surface-state bands in the vicinity of theoint
with a splitting of around 0.31 eV. This is in excellent agree-
ment with our theoretical value of 0.27 eV. The theoretically
predicted dispersion of these two surface-state bands is also
consistent with the experimental observations. Grekal.
predict that the upper band initially disperses downward
along thel’-M direction before increasing in energy. They
also predict that the lower band’{, I',), which is only
observed for a small range &f is fairly flat. Both of these
features are reproduced by our theoretical calculations.
Grekhet al?® suggest that the upper band at fhepoint
(I'3) originates from a backbond of the silicon adatom
[Si(T,)], while the lower statel(;, I',) is associated with
bonding between the boron atom in the second 18B€5s) |
and the surrounding silicon atoms. This suggestion is based
primarily on the different behavior of these two bands with
hydrogen exposure. The peak in the photoemission spectrum
FIG. 8. Charge density ang},(z) plots for the occupied surface associated with the lowdr,, I', band (denoted by Grekh
states at th&" point of the SBZ for the BE;) configuration for(a) et al. asA,) was found to be insensitive to the presence of
the clean surface, an®) the hydrogen chemisorbed surface. The hydrogen while the higher-energy pefk (labeledA; by
contour plots for thd’y, I', (lower), andI'; (uppe) states are for ~ Grekhet al.) was significantly reduced in intensity. To study
the (0,1,0, (1,0,0, and(1,1,0 planes, respectively. this effect we optimized the geometry of the Si(143)
X \/3R30°-B system with a hydrogen atom chemisorbed di-
The experimental data obtained by Higashiyaetal™ rectly above each 8 ,) adatom. The resulting surface states
for the valence-band surface-state dispersion of thei thel’ point of the SBZ are shown in Fig. 8, together with
Si(111)y/3x y/3R30°-B surface is indicated in Fig. 4 by the the corresponding states for the clean surface. Both the
open circles and squares. These data values have also bggp(z) and the charge density plots have been provided for
shifted to match the theoretically predicted upper state at theomparision. Thep,(z) for the nearly degenerate lower-
M point. Our calculated results are seen to be in excellening occupied surface states at thepoint of the SBZ ob-
agreement with these experimental values. One of the novehined from our theoretical calculations are seen to be virtu-
features of our calculations is the prediction of two separatelly identical, as expected. Both functions are strongly
surface-state banddvi(; and M) in the vicinity of theM  |ocalized in the vicinity of the surface with almost all of the
point. As stated earlier, an initial photoemission study of thecharge lying within the first two surface layers. Moreover,
electronic structure of the Si(1143 x \/3R30°-B surface by these states remain essentially unaltered following the
Kaxiras et al® suggested that there was only one occupiecchemisorption of hydrogen.
surface state below the Fermi energy. The ARUPS studies by Thep,(z) for the upper valence-band surface state at the
Higashiyamaet al,'® however, revealed two occupied sur- T' point of the SBZ ['5) for the clean surface is observed to
face states with a separation at tigpoint of the SBZ of 0.3  be much less localized than the lower-lyifig andI", states
eV. Our theoretical value for this energy difference is 0.35and has its maximum charge in the vicinity of the fourth
eV. Our theoretically calculated dispersion for these twolayer (z=—7.5 a.u.). Following hydrogen chemisorption,
surface-state bands is also observed to be in excellent agreis state becomes even less localized to the surface region.
ment with the experimental data of Higashiyagtaal '° This is evident from both the,(z) plot (which now has a
The valence-band surface states of the Si(iBl) significant peak az=—12.5 a.u.) and the charge density
x \/3R30°-B surface have also been studied experimentallgontour plot(which shows a clear shift of charge away from
by Grekhet al?® Their valence-band data are indicated inthe surfacg Our theoretical calculations would thus predict
Fig. 4 by the open triangles. As for the data of Higashiyamdittle change in the photoemission intensity of the lowEj (
et al, these values have been shifted to match the uppdr,) peak with exposure to hydrogen, but significant change
surface state at th®l point of the SBZ. In agreement with for the upper ['3) peak. This is in agreement with the ex-
the results of Higashiyamet al., Grekhet al. find two occu-  perimental observations of Grelet al?>® The nature of these
pied surface states at tive point with a splitting of 0.30 eV. T'-point surface states, as shown by the plots in Fig. 8, how-
The overall correlation between our theoretically pre-ever, is different from that proposed by Grekhal. The
dicted valence-band surface states and the results of Grelkatter assumed that states involving adatom backbonds would
et al.is observed to be very good. This is particularly evidentbe more sensitive to hydrogen chemisorption than those as-
in the vicinity of thel” point where our theoretical calcula- sociated with bonding to the subsurface boron. Our calcula-
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-1 (e FIG. 10. Plots of the charge density amgl(z) functions for the
T K M T . . .
K theoretically predicted unoccupied surface states for thig B¢on-

figuration at thel” point of the SBZ.z=0 corresponds to the posi-
FIG. 9. Electronic structure of the Bf) configuration in the ti'o.n of the fir;t layer atoms in the unrelaxed surfa(;e and the bottom
vicinity of the VBM. The solid circles, squares, inverted triangles, silicon layer is az=—19.1 a.u. The charge density contour plots
and crosses indicate the theoretically predicted electronic surfac¥® all for the(0,1,0 plane.
states. The open circles and squares represent the experimental data
of Higashiyamaet al. (Ref. 19 for the B(Ss) configuration. The bands with a separation at tié point of 0.33 eV. This is
open triangles indicate the experimental results of Gretkal. for ~ Very similar to the value of 0.35 eV that we obtained for the
B(Ss) (Ref. 29. B(Ss) topology. For B{T,) we observe the occurrence of a
third surface state in the vicinity of the M-point. Such a state
tions have shown, however, that the chemisorption of hydrowas not observed for E). The other obvious difference in
gen affects the bonding between the subsurface boron aritle valence-band structure occurs at thgoint where we
the first-layer silicon atoms, but has almost no effect on thewow observe only a single band consisting of two nearly
Si(T,)-Si bonds. degenerate surface states approximately 1.3 eV below the
VBM.

2. Si(111)/3X/3R30 °*-B(T ,)
The electronic structure of the Bf) configuration was 3. SILLY3X V3R30 A, SILLD\3X V3R30 *-Ga,

also calculated for comparison. The resulting energy bands and SK11)3X y3R30 *-In

are shown in Fig. 9. The theoretical results are indicated by Finally, we have compared our calculated B) and

the solid circles(valence bandand by the solid squares, B(T,) electronic structures with the band structures obtained

inverted triangles, and crossésonduction band The ex-  for the Si(111)/3x y3R30°-Al, -Ga and -In surfaces by

perimental data are those obtained for th&f(surface by  other researchers. We have found that the distributions of the

Higashiyamaet al!® and Grekhet al?® The theoretically —adatom-induced surface states of th@seadatom chemi-

predicted unoccupied surface states for th& B(configura-  sorbed structures are very similar to those presented in Figs.

tion are observed to correlate fairly well with the experimen-4 and 9 for the B&;) and B(T,) topologies, respectively. All

tal B(Ss) data of Grektet al?° In contrast to the Bs) case, of the electronic structures are observed to split into two

however, we can no longer identify any well-defined unoc-surface-state bands near tiepoint. The magnitude of the

cupied surface states in the vicinity of tMepoint. We have energy splitting at theM point varies, however, from one

observed three different types of low-lying unoccupied surtopology to another. The Al(,), Ga(T,), and In(T,) band

face states for the B{;) configuration. The natures of these structures show only one surface state band at'tpeint of

three stateqiindicated by the solid squares, inverted tri- the SBZ. This is consistent with both our Bf) electronic

angles, and crosseare illustrated in Fig. 10 where we have structure and experiment.

plotted thep,.(z) and the corresponding charge density dis-

tributions for each of these states at fhepoint of the SBZ. V. SUMMARY

One of the statesinverted tranglesis seen to be strongly

localized in the surface region with its main peak lying be- The plane-wave pseudopotential DFT methpdi98vD,

low the first layer silicon atoms. The other two stateshas been used to optimize the geometry of the Si({31)

(squares and crosgesre less localized and have strong X 3R30°-B(Ss) configuration. The resultant geometry has

peaks lying above the first layer silicon atoms. been found to be in excellent agreement with the recent ex-
The basic distribution of the occupied surface states, aperimental results of Baumgartet al?® Using theFHI98MD

represented by the black circles, is seen to be very similar tprogram we have also calculated the band structure for the

that for the BSs) configuration. As before, there are two B(Ss) configuration. By carefully analyzing the nature of the

nearly degenerate states at tgoint and a single surface- wave functions in the vicinity of the Fermi energy, we have

state band which decreases in energy alond<tiedirection  been able to identify the surface states along the various

of the SBZ. FromK to M we observe a splitting into two symmetry directions of the SBZ. We have found that there
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are two surface-state bands below the Fermi energy with the chemisorption of hydrogen on the(Hil) surface.

splitting at theM point of 0.35 eV. This prediction and the  The electronic structure of the($11)y3x 3R30°-BT,)
overall dispersion of the surface-state bands are in excellemionfiguration was also calculated. The nature and dispersion
agreement with the ARUPS data of Higashiyaeta@l'®and  of the surface-state bands was found to be very similar to
Grekh et al?® Our theoretical calculations have also pre-that of the BSs) configuration. In agreement with the
dicted the occurrence of two surface-state bands atl'the Al(T,), Ga(T,), and In(T,) chemisorption systems, how-
point of the SBZ. Both the dispersion of these surface statesver, the BT,) configuration was found to have only one

and their sensitivity to hydrogen chemisorption were foundsurface-state band at tHe point of the SBZ, compared to
to be in good agreement with the experimental data of Grekiawo for B(Ss).

et al. The lower surface-state band was found to originate
from bonding between the silicon adatdigi(T,)] and the
first-layer silicon atoms, while the upper band involved
bonding between the boron atom in the second |aBé6s) | One of us(H.Q.S) would like to thank the Australian
and its neighboring silicon atoms. Only the latter of theseGovernment and the University of Newcastle for financial
two surface states was found to be significantly affected byupport.
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