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Intrinsic valence and conduction bands of Si„111…-131
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The valence bands of the unreconstructed H-Si~111!-131 are investigated using angle-resolved ultraviolet
photoelectron spectroscopy. The high quality of the surface and the absence of reconstruction allow us to
observe bulk bands comparable to theoretical calculations. The asymmetric dispersion of the valence bands
along theM̄ 8 Ḡ M̄ direction of the surface Brillouin zone confirms the asymmetry observed for the conduction
bands. Such an asymmetry, stemming from the fact that the family of~112̄! planes are not mirror planes in the
bulk of Si, provides a supplementary means of disentangling bulk states from surface states.
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INTRODUCTION

During the past three decades many attempts have
made in order to reveal electronic and structural propertie
Si~111!, with relative success. While the theoretical inves
gations were successful,1,2 experimental work progresse
with some difficulty. This is partly due to the long delay
developing adequate tools, but it is mainly due to the co
plexity of the surface itself. Like most surfaces of so-call
‘‘covalent’’ semiconductors, Si~111! reconstructs itself in or-
der to lower the high surface energy associated with the h
filled sp orbitals~dangling bonds! resulting from broken co-
valent bonds. The most stable Si~111! surface arrangement i
the 231 reconstruction obtained readily by cleavage in ult
high vacuum~UHV!, and described by thep-bonded chain
model consisting of dimers in a zigzag configuration; anot
arrangement is the 737 reconstruction obtained after annea
ing at high temperature~around 900 °C!. Some authors re
ported the observation of several intermediate reconst
tions such as Si~111!- A33A3R30° ~Refs. 3 and 4!
represented by adatoms3 or by a lack4 of silicon atoms; like
the 737, the 535 reconstruction is accounted by the DA
model which affects four atomic layers under the surfa
plane with adatoms, dimers, holes, and stacking faults.5,6

On all these surfaces, the crystallographic diamond st
ture of the bulk is not preserved, and in order to examine
electronic bulk structure of silicon through its~111! surface,
it is thus necessary to avoid surface reconstructions. M
effort has been made to passivate and stabilize the 131 ideal
structure using several methods, e.g., by dosing, in UHV,
cleaved Si~111!-231 reconstruction or the annealed Si~111!-
737 reconstruction by atomic hydrogen. However, this tre
ment does not eliminate the structural disorder of the surf
and underlying layers. The only adsorbed system wh
gives rise to the~131! surface structure is the As:Si~111!,7

where every surface silicon atom is replaced by arse
There is an outward relaxation of 0.17 Å of the arsenic la
with respect to the initial position of the silicon atoms.8 In
540163-1829/96/54~24!/17654~7!/$10.00
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that case, the first layer formed by the arsenic atoms is
inert; it exerts a negative potential on the electrons, lower
their band energy, and modifying their dispersion.9

Another kind of treatment consists of a wet chemic
etching in a hydrofluoric acid solution in order to saturate
dangling bonds with hydrogen atoms. For a long time, t
method has encountered some difficulty in obtaining lon
range unreconstructed areas. Recently, Higashiet al.10 suc-
ceeded in improving the procedure by selecting a proper
value of the HF solution, thus achieving atomically fl
monohydride-terminated surfaces. The high quality of suc
surface is confirmed by several techniques, such as infra
reflection-absorption spectroscopy and high-resolut
electron-energy-loss spectroscopy, indicating the absenc
the dihydride or trihydride species.10–12 Scanning tunneling
microscopy~STM! images confirm the crystallographic 131
structure, while the STM spectroscopy measurements pr
the absence of electronic states in the band gap, as pred
by the theory.13 The H-Si~111!-131 system provides a trans
parent bulklike surface layer which favors the detection
bulk electronic structures due to the lack of any interact
or screening effect. Recently the occupied surface st
were determined by Hricoviniet al.14 using synchrotron ra-
diation, but they gave no indication concerning the bulk v
lence bands.

In this paper, by measuring H/Si~111!, we report on the
valence-band dispersion of the bulk and hydrogen-indu
surface structures, investigated by angle-resolved ultravi
photoelectron spectroscopy~ARUPS!. k-resolved inverse
photoelectron spectroscopy~KRIPES! results on empty
conduction-band states15 will be recalled here and added t
the original ARUPS results in order to propose a compl
description of the electronic structure of Si~111!. The paper
is organized as follows: we start by presenting the surf
preparation procedure and some brief ARUPS details. T
our results are compared with theoretical predictions and
vious experiments. Finally some intrinsic characteristics
revealed.
17 654 © 1996 The American Physical Society
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H-Si„111…-131 surface preparation and experimental details

The samples were cut in an-type doped silicon wafer
~;10 V cm!. First, the substrates are cleaned from orga
contaminants in hot trichloroethylene, and then at room te
perature in acetone and in methyl alcohol. This step is
lowed by the removal of inorganic contaminants~trace met-
als and chemisorbed ions! in NH4OH:H2O2:H2O ~1:1:4! at
80 °C for 10 min. A brief etch in a buffered HF solution
applied before immersion in HCl:H2O2:H2O~1:1:4! at 80 °C
for 10 min; besides the cleaning role of this solution, th
permits the growth of a clean oxide film. Such a film c
prevent further contamination of the silicon surface bef
the final etching. The final step consists of oxide remova
an ammonium fluoride solution~40% NH4F, pH57.8! for 6
min. The principle of the final step was reported by Truc
et al.16 The H-F molecule attacks the polar Si-OH bond
leading to the formation of a highly polar Si-F species wh
polarizes the Si-Si backbond. Consequently, the backbon
readily attacked by HF, leaving H-Si bonds behind on
surface. Some residual physisorbed complexes such
SiF4, NH4OH, and HF should be removed by a final rinse
is emphasized that it is necessary to rinse the sample in
deionized water~18.2 MV cm! between each step, but it i
highly desirable that the duration of the last rinse after
final etching step should be as short as possible~,10 s! in
order to avoid any reoxidation. Despite the high degree
passivation of such surfaces in deionized water and in
special caution is required when introducing the sample
UHV. An inert environment is desired, while the sample
quickly clamped on a molybdenum sample holder and
tached to a transfer system in a well prebaked introduc
chamber. This chamber is first pumped down slowly
1022 Torr through a leak valve in order to avoid turbulence
and then the pumping is accelerated using a turbomolec
pump. Then the sample is transferred into the UHV analy
chamber. In order to avoid any contamination or surface d
radation, all hot filaments are turned off during transfer a
subsequent analysis. The base pressure in the analysis c
ber is 10210 Torr. The chamber is equipped with low-energ
electron diffraction~LEED! and x-ray photoelectron spec
troscopy.

The ARUPS data are collected with an ESCA-300 el
tron analyzer~Scienta! ~ESCA is electron spectroscopy fo
chemical analysis! and an ultraviolet light source~HeI,
Leybold-Heraeus! of 21.2-eV energy. The electron analyz
and the UV light source are installed in a fixed position a
optically focused onto the sample surface. A correct fo
was found by reaching both maximum intensity and mi
mum widths of the peaks for each polar angle. The ang
resolved measurements are performed by rotating the sa
plane toward the axis of the analyzer along the two a
muthal directions.

The half-acceptance angle of the lens system of our a
lyzer is 8°. We emphasize that in the ESCA-300, the acc
tance angle of the hemispherical analyzer is not defined
pure geometrical considerations of the entrance slit of
lens and by its distance from the sample, but rather by
entrance slit of the analyzer~0.2 mm in our present analysi
configuration!. However, due to an assembly defect, t
magnetic shieldings of the lens and of the analyzer are
connected in our system, so that an estimation of the a
c
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lyzer acceptance from electron ray tracing calculations is
reliable. This notwithstanding, we can be confident in t
validity of our data because they reproduce exactly the
persion already measured previously by other authors for
surface states. From this comparison, we can estimate
acceptance angle of our analyzer as between 2° and 3°.
polarized UV light is used, so that we do not need to co
sider polarization effects due to geometric changes when
tating the sample. A pass energy of 10 eV was used in
analyzer with an overall energy resolution of;150 meV.
The Fermi-level position was calibrated by measuring a th
Ag film.

RESULTS AND DISCUSSION

Before presenting the results, some indices need to
defined in order to clarify the data. The angular measu
ments were carried out on either side of the surface norm
along a given crystallographic orientation. It has been a
trarily chosen to letḠ M̄ (Ḡ K̄)correspond to positive elec
tron emission angles andḠ M̄ 8 (Ḡ K̄8) to negative angles a
indicated on the figures. The combination of LEED andLaue
patterns permits us to associate the@1̄10# axis with Ḡ K̄
~@11̄0# to Ḡ K̄8), and the @1̄ 1̄2# axis to Ḡ M̄ ~@112̄# to
Ḡ M̄ 8).

The ARUPS spectra measured on the H-Si~111!-131 sur-
face along theK̄8 Ḡ K̄and M̄ 8 Ḡ M̄directions are presente
in Figs. 1 and 2, respectively. For completeness and c
parison, the right panels of each figure show the correspo
ing KRIPES spectra as a function of electron inciden
angle.15 All energies refer to the Fermi level. Vertical bar
in both series, indicate characteristic features determined
tomatically by a Gaussian fitting procedure.

The energy dispersions of these structures are displaye
Fig. 3 as a function ofki , the electron wave-vector compo
nent parallel to the surface. The valence~conduction! bands
are denoted by Latin~Greek! symbols. The principal charac
teristics of these band dispersions is the global symm
with respect to the surface Brillouin-zone~SBZ! center, and
also the symmetry in shape and intensity of each spectra
recorded at opposite angles alongK̄8 Ḡ K̄ @Figs. 3~a! and
Fig. 1#. The situation is completely different for the da
measured along theM̄ 8 Ḡ M̄ direction @Figs. 3~b! and 2#.
While some bands, such as thea8 andb bands, are symmet
ric, others present a clear asymmetric behavior in dispers
and are also asymmetric in some features in the spectra t
at opposite angles. Note the appearance of theE band which
is clearly resolved only on one side~Ḡ M̄ 8!.

It was theoretically reported by Schlu¨ter and Cohen1 that
the ideally bare Si~111!-131 surface exhibits a pure surfac
state around the Fermi level. It is a mixture of bonding a
antibonding states arising from thesp dangling-bond orbital.
In the case of the H-Si~111!-131 system, the dangling bond
are saturated with hydrogen atoms. The hydrogen permits
formation of a nonpolarized H-Si covalent bond; thus there
no reason to expect the existence of empty surface states
virtue of the same argument, pure valence surface st
should not be found due to the absence of lone pair electr
H-Si~111!-131 is nonmetallic, and its gap is free of surfac
states; however, it could exhibit a surfacelike state origin
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ing from the Si-Si backbonds with a weak contribution fro
an H-Si bond.1 This state has to be localized in pseudoene
gaps. Our experimental featurea should be attributed to this
state. Although these secondary band gaps are easily d
mined, and projected on the valence bands, their projec
traces on the conduction bands are too small to be re
sented, which makes it difficult to identify resonant condu
tion surface states in the experimental data.

The theoretical prediction of the electronic structures
both valence and conduction bands of the H-Si~111!-131
has been significantly improved by theGW approach,14

which is exhibited in Fig. 4. The energy scale refers to
maximum of the valence band. In our valence-band resu
the two outstanding featuresa8 anda, previously measured
by Hricovini et al., and identified as occupied surfac
states,14 are in good agreement with theGW calculation. The
polarization of these surface states has been recently in
tigated by synchrotron radiation induced UPS and a b
resonance, centered at theK̄ point of the SBZ has been
shown.17 A structureb in energy corresponds to a surfa
state located at about28.4 eV which refers to the top of th
valence band in theGW method. The calculation shows

FIG. 1. ARUPS ~left panel, measured with an unpolarize
21.2-eV light source! and KRIPES~right panel! spectra recorded on
the H/Si~111!-131 surface alongK̄8 Ḡ K̄ in the 131 SBZ. a, a8,
andb are surface states,A, B, C, D, andE are bulk states,a andb
represent empty conduction bands.
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very weak dispersion of this structure aroundK̄, except that,
while our ARUPS spectra demonstrate a flat dispers
throughout the whole 131 SBZ in both azimuthal directions
the feature is weak and broad alongM̄ 8 Ḡ M̄ .

Concerning the conduction states, two features, denotea
andb, are observed outside the forbidden zone~at 2.6 and
4.0 eV above the Fermi level, respectively!. They appear in
the full SBZ along M̄ 8 Ḡ M̄ , but only along half of
K̄8 Ḡ K̄~Fig. 4!. The featurea is a resonance state. Its lowe
branch disperses at the edge of the bulk conduction band
has been identified by Schlu¨ter and Cohen1 and Nardelli
et al.18 as a Sis-like state present in all calculated config
rations, clean Si~111!-131, H-Si~111!-131, and Cl-
Si~111!131, confirms its intrinsic character to silicon, an
that it is not induced by hydrogen; it is a bulklike state1

Moreover, these two states are in good agreement with th
at 2.4 and 4.0 eV, denotedL1

c , andL3
c , respectively, shown

in the results obtained by Straub, Ley, and Himpsel,19 on
cleaved Si~111!-231.

In the valence bands, theA andB structures were well
established as direct bulk transitions from the two upperm
valence bands to a free-electron-like final band.20 They were

FIG. 2. ARUPS ~left panel, measured with an unpolarize
21.2-eV light source! and KRIPES~right panel! spectra recorded on
the H/Si~111!-131 surface for theM̄ 8 Ḡ M̄ in the 131 SBZ.a8 and
b are the surface states,A, B, C, D, andE are bulk states.a andb
represent empty conduction bands.
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54 17 657INTRINSIC VALENCE AND CONDUCTION BANDS OF . . .
observed on the reconstructed Si~111!-231 surface probed
with polarized light of different photon energies of 10.
13.0, 15.0, and 17.0 eV,20,21 and also on the reconstructe
737 surface probed with unpolarized light of 21.2-eV ph
ton energy.22 In our spectra, the structureB appears as a
shoulder of the structureA at theḠ point. When dispersing
it becomes a resolvable peak. Nevertheless it disapp
when the H-induced surface state~a! appears. As illustrated
by the dependence ofE(ki) in Fig. 3~b!, the asymmetric
character is always observed alongM̄ 8Ḡ M̄ in both valence
and conduction bands. For instance, note that in the lo
feature~a! of the conduction bands, there is at least 1.0-
difference between the two band branches~see Fig. 2 at
120° and220°!. It is an interesting comparison to note th
the valence featureA in the valence bands located at22.2
eV at Ḡ also shows a comparable asymmetry of about
eV.

It has been suggested that the feature at;7.8 eV below
EF , denotedE, is caused by a direct bulk emission from th
bottom of the second valence band to a free-electron-
final state.23 The assignment is confirmed by its locatio
along the edge of the projection of theGW valence bands
~Fig. 4!.

In our ARUPS spectra, a broad hump is observed aro
the Ḡ point. It is deconvoluted into two components locat
at 25.5 and27 eV relative to theEF level, denotedC and
D, respectively, as shown in Fig. 5, which illustrates t
curve-fitting procedure used throughout this work. In co
trast to core-level peaks, the line shapes and backgroun
valence-band structures are not well established, so that
has to make reasonable and coherent assumptions:~1! We

FIG. 3. Energy dispersion of conduction and valence band
Si~111! vs ki , ~a! alongK̄8 Ḡ K̄ and~b! alongM̄ 8 Ḡ M̄ . The energy
scale refers to the Fermi level.
-
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use a simple linear background because there are no phy
reasons to introduce a more complicated one.~2! All peak
line shapes are Gaussian, taking account of the fact tha
analyzer transmission function dominates the measurem
of valence-band structures.~3! The number of different
peaks used for the fitting is determined by eye from the
servation of ‘‘visible’’ structures, and additional peaks a
kept as few as possible.~4! The widths of the peaks ar
allowed to vary from peak to peak, but the width is ke
constant for the same peak, over a complete series of an
resolved spectra.

PeaksC andD correspond to two bands in the slab ca
culation by Nardelliet al.18 shown in Fig. 6 based on a su
face linear muffin-tin orbitals~SLMTO! formalism in the
atomic spheres approximation. Such a surface calcula
produces energy bands in the two-dimensional SBZ that
be directly compared to the experiment, and that accumu
in the region of the projection of bulk bands that is rep

of

FIG. 4. TheGW calculation~Ref. 14! for conduction and va-
lence bands alongḠ K̄ M̄ Ḡ with ARUPS and KRIPES experimen
tal data. The energies in eV are referred to the top of the vale
band. The open squares represent theGW calculated surface states
The hatched area is the projection of the Si bulkGW band struc-
ture, on the~111! plane. The experimental points are represented
solid circles for the states probed alongG K and G M and open
circles for the states alongḠ M̄ .
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17 658 54Y. HE et al.
sented by the hatched areas in Fig. 4. Interestingly, i
found in the left panel of Fig. 1 that the structureD becomes
intense and is resolved around 20° symmetrically along b
Ḡ K̄ andḠ K̄. However, a similar symmetry is not observe
along theM̄ 8 Ḡ M̄direction in the left panel of Fig. 2, wher
the resolved peakD appears on one side ofḠ but is not seen
on the other side. To our knowledge this is the first time t
this peak has been observed either on a chemically prep
or an adsorbed H/Si~11! surface. It is found that the feature
C, D, and E fit, in a reasonable manner, the theoretic
curves18 with a 0.22-eV upward global energy shift of ou
data ~Fig. 6!. Also, the experimental bandsA and B are
distributed within upper dense bands, and follow the trend
the calculated curves. The main characteristic features o
H/Si~111! surface at the critical points are listed in Table
with some available theoretical data. We note the absenc

FIG. 5. The dotted line is the UPS spectrum of the H/Si~111!
recorded alongG K8 with a 6° emission angle. The full curve is th
fitted result. The structuresA, B, C, D, E andb are indicated by
dashed curves. A linear background and Gaussian line shape
used.
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states in the primary band gap as was confirmed by S
spectroscopy.13

It should be emphasized that an important characteristi
our ARUPS and KRIPES spectra is the asymmetry of el
tronic state distribution in theM̄ 8 Ḡ M̄orientation. This
physical picture has been predicted by the calculatedE(ki)
dispersions for the two bulk statesA andB of the valence

are

FIG. 6. The SLMTO calculation~Ref. 18! and ARUPS experi-
mental data~this work! for valence bands. The energies in eV ref
to the top of the valence band. The left and right scales are
GW and SLMTO references, respectively. The full curves repres
the calculated bands. The experimental points are represente
solid circles for the states probed alongḠ K̄ and Ḡ M̄ , and open
circles for the states alongḠ M̄ .
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bands of Si~111!, of which peakA shows clear asymmetry
along theM̄ 8 Ḡ M̄azimuthal direction.24 The calculated dis-
persions were obtained by using initial bands from an e
pirical pseudopotential~EPP! calculation and a free-electron
parabola as the final-state band with 21.2-eV photon exc
tion ~Fig. 7!.24 The ARUPS investigations of the Si~111!-
737 surface, with 21.2-eV photons, showed that althou
the agreement between the experimental and calculated
persions was mostly good, asymmetry alongM̄ 8 Ḡ M̄was
not observed.22 The structureA ~which corresponds to struc-
ture C in Ref. 22! was only detected on one side of theḠ
point ~along @21̄ 1̄#, while it was absent on the other sid
~along @112̄#!. For the unreconstructed H-Si~111!-131 sur-
face, not only are the experimental dispersions in good ov
all agreement with the calculation~Fig. 7!, which is particu-
larly true for structureA along Ḡ→K̄→M̄ @Fig. 7~a!#, but
also remarkable asymmetric dispersion for the structureA is

FIG. 7. Energy vski relation for different azimuths~a! for
M̄ 8 Ḡ M̄ , and~b! for Ḡ K̄ M̄ . Solid curves represent the calculate
dispersions for the structures,A andB. Circles represent the experi-
mental data~solid circles: stronger features; open circles: weak
features!. Solid squares are the surface statesa and a8. Dashed
curves show the edge of the projected bulk band.
-

a-

h
is-

r-

demonstrated alongM̄ 8 Ḡ M̄ @Fig. 7~b!#, in keeping with the
theoretical curves. Both direct and inverse photoemiss
data completely confirm the existence of asymmetry in
electronic structure of the H-Si~111!-131 surface. Therefore
it can be seen that a perfectly ordered H-terminated surfac
identified by symmetric and asymmetric distributions of
bulk electronic states along two major azimuths, resp
tively, in the SBZ.

The dispersion of structureB does not directly display
any convincing asymmetry, but an asymmetry is impli
through several weaker features in the@112̄# direction, rep-
resented by open circles in Fig. 7~b!, implying the asymme-
try of this structure. It is, however, noted from both Fig
7~a! and 7~b! that the dispersion of structureB is interrupted
at ki'0.5–0.6 Å21 relative toḠ, where the H-induced sur
face states ofa and/ora8 appear with a close initial energy
The appearance of the surface states stops the dispersi
theB state. Thus it is deduced that the structure would c
tinue its dispersion after theki;0.6 Å21, and show asym-
metry as predicted by the calculation if the structure was
affected by the surface states. This deduction is supporte
the fact that the surface statea8 disperses almost along th
calculated bulk band ofB in the vicinity of K̄ shown in Fig.
7~a!. This indicates that the two-dimensional adsorba
induced wave function forms a linear combination wi
three-dimensional bulk states, thereby altering the bulk w
function and partially leading to a resonance with the bulk25

A comparison can be made with the As:Si~111!-131 surface,
where the dispersion of the structureB has better agreemen
with the calculations, especially alongḠ K̄ M̄ because of the
absence of a surface state nearby. However, dispersion o
structureA in the case of the As:Si~111!-131 is not very
consistent with the calculation, due to the presence of a
face state just above it, which does not disperse along
@112̄# direction.24 The observation may be interpreted as t
effect of resonance between surface and bulk states.

The electronic band asymmetry originates from the cr
tallographic arrangement of underlying silicon layers~at
least four layers!. Unlike the apparent sixfold symmetry o
the LEED pattern characterizing the arrangement of surf
atoms, the bulk crystallographic structure has only a thr
fold axis. The three planes~1̄10!, ~1̄01!, and~011̄! normal to
the surface and containing theM̄ 8 Ḡ M̄azimuths are mirror
planes for theK̄8 Ḡ K̄directions, and as a direct consequen
the electronic structures along these latter directions are s
metric. Along M̄ 8 Ḡ M̄ @1̄ 1̄2#, the situation is completely
different, because the normal planes~112̄!, ~12̄1!, and~2̄11!,
containing the K̄8 Ḡ K̄ directions, are no longer mirro
planes, and, thus, the contribution of the electronic sta
arising from opposite azimuthal directions is different.

CONCLUSION

The electronic structure of the silicon valence and co
duction bands was completely investigated through the~111!
surface, by using a chemically prepared, perfec
monohydride-passivated Si~111! surface. The investigation
was done along two main characteristic azimuths of the 131
SBZ. The experimental dispersion of the valence bands
compared with three theoretical calculations:GW, SLMTO,

r



d;
g

th
t

of
rch
-
n-

17 660 54Y. HE et al.
and EPP.~1! The dispersion of the surface statesa, a8, and
b, predicted by the GW formalism, is fairly well reproduce
~2! The dispersion of bandsC andD are observed in keepin
with the SLMTO calculation;~3! The asymmetry of theA
band, predicted by the EPP calculation alongM̄ 8 Ḡ M̄ is one
of the most striking results of our study, as it testifies to
high perfection of the surface, and gives a strong argumen
favor of the bulk nature of this state.
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