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Intrinsic valence and conduction bands of Si111)-1x1
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The valence bands of the unreconstructed H-Bi)-1X1 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 theM’ I' M direction of the surface Brillouin zone confirms the asymmetry observed for the conduction
bands. Such an asymmetry, stemming from the fact that the famili1@ 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 that case, the first layer formed by the arsenic atoms is not

inert; it exerts a negative potential on the electrons, lowering

During the past three decades many attempts have been . o S
. . : eir band energy, and modifying their dispersfon.
made in order to reveal electronic and structural properties o . . .
Another kind of treatment consists of a wet chemical

Si(111), with relative success. While the theoretical investi- L . ) T
ations were successfif, experimental work progressed etchm_g ina hydroﬂuonc acid solution in order to satl_Jrate th_e
9 ' dangling bonds with hydrogen atoms. For a long time, this

with some difficulty. This is part!y .due t.o the long delay in method has encountered some difficulty in obtaining long-
developing adequate tools, but it is mainly due to the coms-

- ; ) range unreconstructed areas. Recently, HigashilX° suc-
plexity of the surface itself. Like most surfaces of so-called.geqeq in improving the procedure by selecting a proper pH

“covalent” semiconductors, $111) reconstructs itself in or-  yaue of the HF solution, thus achieving atomically flat
der to lower the high surface energy associated with the ha”monohydride—terminated surfaces. The high quality of such a
filled sp orbitals(dangling bondsresulting from broken co-  syrface is confirmed by several techniques, such as infrared
valent bonds. The most stablg(EL1) surface arrangementis reflection-absorption  spectroscopy and  high-resolution
the 2x<1 reconstruction obtained readily by cleavage in ultra-electron-energy-loss spectroscopy, indicating the absence of
high vacuum(UHV), and described by the-bonded chain the dihydride or trihydride specié¢8-*? Scanning tunneling
model consisting of dimers in a zigzag configuration; anothemicroscopy(STM) images confirm the crystallographic<1
arrangement is theX7 reconstruction obtained after anneal- structure, while the STM spectroscopy measurements prove
ing at high temperaturéaround 900 °¢: Some authors re- the absence of electronic states in the band gap, as predicted
ported the observation of several intermediate reconstrudy the theory:® The H-S{111)-1x1 system provides a trans-
tions such as $111)- 3x3R30° (Refs. 3 and % parent bulklike surface layer which favors the detection of
represented by adatorher by a lack of silicon atoms; like  bulk electronic structures due to the lack of any interaction
the 7X7, the 55 reconstruction is accounted by the DAS or screening effect. Recently the occupied surface states
model which affects four atomic layers under the surfacevere determined by Hricovirgt al* using synchrotron ra-
plane with adatoms, dimers, holes, and stacking fadits. diation, but they gave no indication concerning the bulk va-
On all these surfaces, the crystallographic diamond strudence bands.
ture of the bulk is not preserved, and in order to examine the In this paper, by measuring H{3iL1), we report on the
electronic bulk structure of silicon through i$11) surface, valence-band dispersion of the bulk and hydrogen-induced
it is thus necessary to avoid surface reconstructions. Muchurface structures, investigated by angle-resolved ultraviolet
effort has been made to passivate and stabilize the itleal  photoelectron spectroscopfARUPS. k-resolved inverse
structure using several methods, e.g., by dosing, in UHV, th@hotoelectron spectroscopyKRIPES results on empty
cleaved Si111)-2x1 reconstruction or the annealed &i1)- conduction-band stat&swill be recalled here and added to
7X7 reconstruction by atomic hydrogen. However, this treatthe original ARUPS results in order to propose a complete
ment does not eliminate the structural disorder of the surfacdescription of the electronic structure of(BL1). The paper
and underlying layers. The only adsorbed system whichs organized as follows: we start by presenting the surface
gives rise to thg1x 1) surface structure is the As($il1),’  preparation procedure and some brief ARUPS details. Then
where every surface silicon atom is replaced by arseniocour results are compared with theoretical predictions and pre-
There is an outward relaxation of 0.17 A of the arsenic layevious experiments. Finally some intrinsic characteristics are
with respect to the initial position of the silicon atofhin revealed.
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H-Si(111)-1x 1 surface preparation and experimental details lyzer acceptance from electron ray tracing calculations is not
The samples were cut in a-type doped silicon wafer reliable. This notwithstanding, we can be confident in the

(~10 Q cm). First, the substrates are cleaned from organi¢/@lidity of our data because they reproduce exactly the dis-
contaminants in hot trichloroethylene, and then at room temP€rsion already measured previously by other authors for the
perature in acetone and in methyl alcohol. This step is folSUrface states. From this comparison, we can estimate the

lowed by the removal of inorganic contaminafiisace met- ~ 2cceptance angle of our analyzer as between 2° and 3°. Un-

als and chemisorbed ionin NH,OH:H,0,:H,0 (1:1:4) at polarized UV light is used, so that we do not need to con-
80 °C for 10 min. A brief etch in a buffered HF solution is Sider polarization effects due to geometric changes when ro-

applied before immersion in HCI®,:H,O(1:1:4) at 80 °C tating the s'ample. A pass energy of 10 eV was used in the
for 10 min; besides the cleaning role of this solution, this2alyzer with an overall energy resolution 6150 meV.
permits the growth of a clean oxide film. Such a film can | he Fermi-level position was calibrated by measuring a thick

prevent further contamination of the silicon surface before 9 film.

the final etching. The final step consists of oxide removal in

an ammonium fluoride solutio@0% NH,F, pH=7.8) for 6 RESULTS AND DISCUSSION

min. The principle of the final step was reported by Trucks

et al!® The H-F molecule attacks the polar Si-OH bonds, Before presenting the results, some indices need to be
leading to the formation of a highly polar Si-F species whichdefined in order to clarify the data. The angular measure-
polarizes the Si-Si backbond. Consequently, the backbond i§ents were carried out on either side of the surface normal,
readily attacked by HF, leaving H-Si bonds behind on thedlong a given crystallographic orientation. It has been arbi-
surface. Some residual physisorbed complexes such dearily chosen to lel” M_(I" K)correspond to positive elec-
SiF,;, NH4OH, and HF should be removed by a final rinse. Ittron emission angles addM’ (T" K’) to negative angles as

is emphasized that it is necessary to rinse the sample in puirdicated on the figures. The combination of LEED dsmdie

deionized watef18.2 M) cm) between each step, but it is patterns permits us to associate fHd0] axis with I’ K

highly desirable that the duration of the last rinse after the([llO] to T K'), and the[112] axis to T M ([112] to
final etching step should be as short as posdiki#0 9 in F—W) '

Ordef to_av0|d any reOX|dat|or_1. Defspl'ge the high degrge T The ARUPS spectra measured on the Kt$1)-1X 1 sur-
passivation of such surfaces in deionized water and in ai e

r ; ; L
special caution is required when introducing the sample irTaCE. alonlg tthz I KandtM IF lgdwecuonls are presegted
UHV. An inert environment is desired, while the sample is'n Figs. 1 and 2, respectively. For completeness and com-

icklv cl parison, the right panels of each fi_gure show the correspond-
quickly clamped on a molybdenum sample holder and at ng KRIPES spectra as a function of electron incidence

tached to a transfer system in a well prebaked introductio 15 i ) .
chamber. This chamber is first pumped down slowly togngle. All energies refer to the Fermi level. Vertical bars,

102 Torr through a leak valve in order to avoid turbulences in both series, indicate characteristic features determined au-
and then the pumping is accelerated using a turbomoleculé?mat'ca”y by a'Gaus'suan fitting procedure. : :
pump. Then the sample is transferred into the UHV analysis.. The energy dl_sper5|ons of these structures are displayed in
chamber. In order to avoid any contamination or surface deJ% Ig.t3 as ﬁl flunct|hon Ok'%’ the_lt_arl]ectroln wavc(aj—vegtorbcon(;po—
radation, all hot filaments are turned off during transfer andﬁendparat\ z tt)o :_ et'sur ace. %Vla e_::(r?en .uctlloﬂl ﬁn N
subsequent analysis. The base pressure in the analysis ch e denoted by La |(GreeI§ Symbols. The principa; charac-
ber is 10 0 Torr. The chamber is equipped with low-energy eristics of these band dispersions is the global symmetry

electron diffraction(LEED) and x-ray photoelectron spec- with respect to the_surface Brlllo_um-zo_mSBZ) center, and .
troscopy. also the symmetry |_n shape and m_tergtxof_each spectra pair
The ARUPS data are collected with an ESCA-300 elecfécorded at opposite angles aloKg I' K [Figs. 3a) and
tron analyzer(Scienta (ESCA is electron spectroscopy for Fig- 1. The situation is completely different for the data
chemical analysjsand an ultraviolet light sourcéHei, measured along thé1’ I' M direction [Figs. 3b) and 2.
Leybold-Heraeusof 21.2-eV energy. The electron analyzer While some bands, such as taéandb bands, are symmet-
and the UV light source are installed in a fixed position andfic, others present a clear asymmetric behavior in dispersion,
optically focused onto the sample surface. A correct focu@nd are also asymmetric in some features in the spectra taken
was found by reaching both maximum intensity and mini-at opposite angles. Note the appearance oEttand which
mum widths of the peaks for each polar angle. The angleis clearly resolved only on one sidE€ M').
resolved measurements are performed by rotating the sample It was theoretically reported by Schéw and Cohehthat
plane toward the axis of the analyzer along the two azithe ideally bare $111)-1X1 surface exhibits a pure surface
muthal directions. state around the Fermi level. It is a mixture of bonding and
The half-acceptance angle of the lens system of our anantibonding states arising from tis@ dangling-bond orbital.
lyzer is 8°. We emphasize that in the ESCA-300, the accepin the case of the H-§111)-1x1 system, the dangling bonds
tance angle of the hemispherical analyzer is not defined bgre saturated with hydrogen atoms. The hydrogen permits the
pure geometrical considerations of the entrance slit of thdormation of a nonpolarized H-Si covalent bond; thus there is
lens and by its distance from the sample, but rather by th@o reason to expect the existence of empty surface states. By
entrance slit of the analyz€®.2 mm in our present analysis virtue of the same argument, pure valence surface states
configuration. However, due to an assembly defect, theshould not be found due to the absence of lone pair electrons.
magnetic shieldings of the lens and of the analyzer are ndt-Si(111)-1X1 is nonmetallic, and its gap is free of surface
connected in our system, so that an estimation of the ansstates; however, it could exhibit a surfacelike state originat-
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) ) FIG. 2. ARUPS (left panel, measured with an unpolarized
FIG. 1. ARUPS (left panel, measured with an unpolarized 21 2_ev light sourceand KRIPES(right pane) spectra recorded on
21.2-eV light sourceand KRIPES(right pane) spectra recorded on the H/S{111)-1x1 surface for th1’ T Min the 1x1 SBZ.a’ and

the H/S(111)-1X1 surface along’ I' Kin the 1X1 SBZ.a, &', | gre the surface states, B, C, D, andE are bulk statesx and 8
andb are surface states,, B, C, D, andE are bulk statesy and g represent empty conduction bands.

represent empty conduction bands.

ing from the Si-Si backbonds with a weak contribution from very weak dispersion of this structure aroufidexcept that,

an H-Si bond: This state has to be localized in pseudoenerg)y\’hIIe our ARUPS spectra_demonstrate a flat dispersion

gaps. Our experimental featugeshould be attributed to this throughout the whole 21 SBZ in both azimuthal directions,

state. Although these secondary band gaps are easily detdp® feature is weak and broad alohg I' M.
mined, and projected on the valence bands, their projection ©Oncerning the conduction states, two features, deneted
traces on the conduction bands are too small to be reprénd B, are observed outside the forbidden zdae2.6 and
sented, which makes it difficult to identify resonant conduc-4-0 €V above the Fermi level, respectivelfhey appear in
tion surface states in the experimental data. the full SBZ along M’ I' M, but only along half of
The theoretical prediction of the electronic structures forK’ I" K(Fig. 4). The featurex is a resonance state. Its lower
both valence and conduction bands of the KE$1)-1X1 branch disperses at the edge of the bulk conduction bands. It
has been significantly improved by tt@W approacH? has been identified by Schér and Cohehand Nardelli
which is exhibited in Fig. 4. The energy scale refers to theet al!® as a Sis-like state present in all calculated configu-
maximum of the valence band. In our valence-band resultgations, clean %$111)-1x1, H-S(111)-1x1, and CI-
the two outstanding featureg anda, previously measured Si(111)1X1, confirms its intrinsic character to silicon, and
by Hricovini etal, and identified as occupied surface that it is not induced by hydrogen; it is a bulklike state.
statest* are in good agreement with ti&W calculation. The  Moreover, these two states are in good agreement with those
polarization of these surface states has been recently inveat 2.4 and 4.0 eV, denotdd;, andL$, respectively, shown
tigated by synchrotron radiation induced UPS and a bulkn the results obtained by Straub, Ley, and HimpSetn
resonance, centered at tie point of the SBZ has been cleaved Si111)-2x 1.
shown!’ A structureb in energy corresponds to a surface In the valence bands, th& and B structures were well
state located at about8.4 eV which refers to the top of the established as direct bulk transitions from the two uppermost
valence band in th6&W method. The calculation shows a valence bands to a free-electron-like final b&h@hey were



54 INTRINSIC VALENCE AND CONDUCTION BANDS CF . .. 17 657

(a) ®

41 . .."o.,n. B ot Tt '..-'. .[3 d4

D Q M
Ooue Pougfertten’ O [ L ey

. *» o
o "% . . RIS
4 L . S

B
o .'-. osopee &

Energy (eV) relative to the Fermi level
©
T T T
>
o
Energv (eV) relative to the Fermi level

ofoo o* o 0080,
o a ° °
o "% tay e LI S A o ®eeessa

- o oC 4 =

el vy 0 11 » evw ook
o E e
LI W PN Bt o

nooneteduos Yenn P Y N

-10 - 10
K

=i
2

-
=21
Energy relative to the top of the valence band (eV)

FIG. 3. Energy dispersion of conduction and valence bands of
Si(11D vsk,, (a) alongK’ 'K and(b) alongM' T" M. The energy
scale refers to the Fermi level.

observed on the reconstructed19i1)-2x 1 surface probed
with polarized light of different photon energies of 10.2,
13.0, 15.0, and 17.0 e¥;*! and also on the reconstructed
7X7 surface probed with unpolarized light of 21.2-eV pho- FIG. 4. TheGW calculation(Ref. 14 for conduction and va-
ton energy2.2 In our spectra, the_structu® appears as a lence bands alonf K M T" with ARUPS and KRIPES experimen-
shoulder of the structurA at thel point. When dispersing, tal data. The energies in eV are referred to the top of the valence
it becomes a resolvable peak. Nevertheless it disappeaksnd. The open squares represent@w calculated surface states.
when the H-induced surface stag® appears. As illustrated The hatched area is the projection of the Si bGIW/ band struc-

by the dependence d(k;) in Fig. 3b), the asymmetric ture, on the(111) plane. The experimental points are represented by
character is always observed alongT M in both valence Solid circles for the states probed alofig< andI'M and open
and conduction bands. For instance, note that in the lowegircles for the states alonig M.

feature(a) of the conduction bands, there is at least 1.0-eV

difference between the two band branchsse Fig. 2 at

+20° and—20°). It is an interesting comparison to note that use a simple linear background because there are no physical
the valence featurd in the valence bands located a@.2 reasons to introduce a more complicated di2e.All peak
eV atI' also shows a comparable asymmetry of about 1.0ine shapes are Gaussian, taking account of the fact that the
ev. analyzer transmission function dominates the measurements
It has been suggested that the feature-&t8 eV below of valence-band structure$3) The number of different
Er, denotedE, is caused by a direct bulk emission from the peaks used for the fitting is determined by eye from the ob-
bottom of the second valence band to a free-electron-likeservation of “visible” structures, and additional peaks are
final state”®> The assignment is confirmed by its location kept as few as possiblé4) The widths of the peaks are
along the edge of the projection of tl&W valence bands allowed to vary from peak to peak, but the width is kept
(Fig. 4). constant for the same peak, over a complete series of angle-
In_ our ARUPS spectra, a broad hump is observed arouncesolved spectra.
theT point. It is deconvoluted into two components located PeaksC andD correspond to two bands in the slab cal-
at —5.5 and—7 eV relative to theEr level, denotedC and  culation by Nardelliet al*® shown in Fig. 6 based on a sur-
D, respectively, as shown in Fig. 5, which illustrates theface linear muffin-tin orbitalgSLMTO) formalism in the
curve-fitting procedure used throughout this work. In con-atomic spheres approximation. Such a surface calculation
trast to core-level peaks, the line shapes and background pfoduces energy bands in the two-dimensional SBZ that can
valence-band structures are not well established, so that ofee directly compared to the experiment, and that accumulate
has to make reasonable and coherent assumpti@ghd¥e  in the region of the projection of bulk bands that is repre-
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fitted result. The structured, B, C, D, E andb are indicated by
dashed curves. A linear background and Gaussian line shapes are
used.
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sented by the hatched areas in Fig. 4. Interestingly, it is

found in the !eft panel of Fig. 1 that the struct.lDebecomes FIG. 6. The SLMTO calculatioriRef. 1§ and ARUPS experi-
intense and is resolved aro_un.d 20 symmetrlcally along bOtIF’nental datdthis work) for valence bands. The energies in eV refer
I' K andI’ K. However, a similar symmetry is not observed o the top of the valence band. The left and right scales are the

along theM’ I Mdirection in the left panel of Fig. 2, where GW and SLMTO references, respectively. The full curves represent
the resolved peak appears on one side bfbut is not seen the calculated bands. The experimental points are represented by
on the other side. To our knowledge this is the first time thasolid circles for the states probed alohgk andI" M, and open
this peak has been observed either on a chemically prepareiicles for the states along M.

or an adsorbed H/Eli1) surface. It is found that the features

C, D, andE fit, in a reasonable manner, the theoreticalstates in the primary band gap as was confirmed by STM
curves® with a 0.22-eV upward global energy shift of our spectroscopy?

data (Fig. 6). Also, the experimental bands and B are It should be emphasized that an important characteristic in
distributed within upper dense bands, and follow the trend oPur ARUPS and KRIPES spectra is the asymmetry of elec-
the calculated curves. The main characteristic features of thieonic state distribution in theM’ I' Morientation. This
H/Si(111) surface at the critical points are listed in Table | physical picture has been predicted by the calcul&éd)

with some available theoretical data. We note the absence diispersions for the two bulk statés and B of the valence

TABLE 1. Energies of conduction- and valence-band states at T, K, and M (in eV with respect to the top of the valence band).

Theory
Critical
points Experiment GW SLMTO EPP
Structures r K M r K M r K M r K M

a 2.8 2.6

B 4.4 4.5

a -49 —438 —4.8 -4.7
a' -39 -39

b -84 -84 -85

A -14 -2.7 —-2.8 -14 -2.5 =32
B -23 -14 -4.8 -32
C —-45 -43 -6.5 —6.5

D -6.0 -17.0 -7.0 -57 -6.7 —6.8

E -7.0 -71 -6.9 -1.8 -74
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demonstrated aloniyl’ I' M[Fig. 7(b)], in keeping with the
theoretical curves. Both direct and inverse photoemission
data completely confirm the existence of asymmetry in the
electronic structure of the H-Qi11)-1X1 surface. Therefore

it can be seen that a perfectly ordered H-terminated surface is
identified by symmetric and asymmetric distributions of its
bulk electronic states along two major azimuths, respec-
tively, in the SBZ.

The dispersion of structurB does not directly display
any convincing asymmetry, but an asymmetry is implied
through several weaker features in {Hel2] direction, rep-
resented by open circles in Fig(bj, implying the asymme-
try of this structure. It is, however, noted from both Figs.
7(a) and 71b) that the dispersian of structuiis interrupted
atk,~0.5-0.6 A"l relative toI', where the H-induced sur-
face states o& and/ora’ appear with a close initial energy.
The appearance of the surface states stops the dispersion of
the B state. Thus it is deduced that the structure would con-
tinue its dispersion after thie~0.6 A%, and show asym-
metry as predicted by the calculation if the structure was not
affected by the surface states. This deduction is supported by
the fact that the surface state disperses_almost along the
calculated bulk band dB in the vicinity of K shown in Fig.

7(a). This indicates that the two-dimensional adsorbate-
induced wave function forms a linear combination with
three-dimensional bulk states, thereby altering the bulk wave
function and partially leading to a resonance with the Bailk.

A comparison can be made with the A$Hi1)-1X1 surface,
where the dispersion of the structiBehas better agreement

with the calculations, especially alohgK M because of the
absence of a surface state nearby. However, dispersion of the
structureA in the case of the As:8il11)-1X1 is not very
consistent with the calculation, due to the presence of a sur-
face state just above it, which does not disperse along the
[112] direction?® The observation may be interpreted as the
effect of resonance between surface and bulk states.

, , , The electronic band asymmetry originates from the crys-
__FIG. 7. Energy vsk Elanop for different azimuthda) for tallographic arrangement of underlying silicon laye(est

M’ T' M, and(b) for I' K M. Solid curves represent the calculated 055t four layers Unlike the apparent sixfold symmetry of
dispersions for the structure&,andB. Circles represent the experi- the LEED pattern characterizing the arrangement of surface
mental data(solid circles: stronger features; open circles: weakeratoms the bulk crystallographic structure has only a three-
feature$. Solid squares are the surface statesind a’. Dashed fold a>2is. The three plandd10), (El), and(OlT) normal to

curves show the edge of the projected bulk band. o ) A
the surface and containing tié’ I" Mazimuths are mirror

bands of Sil11), of which peakA shows clear asymmetry planes for the&K’ I' Kdirections, and as a direct consequence

along theM’ T’ Mazimuthal directio® The calculated dis- the electronic structures along these latter directions are sym-

persions were obtained by using initial bands from an emMetric. AlongM’ I' M [112], the situation_is completely
pirical pseudopotentigEPP calculation and a free-electron different, because the normal plari@d2), (121), and(211),
parabola as the final-state band with 21.2-eV photon excitacontaining theK’ I' K directions, are no longer mirror
tion (Fig. 7).2* The ARUPS investigations of the (SIL1)- planes, and, thus, the contribution of the electronic states
7x7 surface, with 21.2-eV photons, showed that althougtrising from opposite azimuthal directions is different.

the agreement between the experimental and calculated dis-
persions was mostly good, asymmetry alddd I' Mwas

not observed? The structureA (which corresponds to struc-
ture C in Ref. 22 was only detected on one side of the The electronic structure of the silicon valence and con-
point (along [21 1], while it was absent on the other side duction bands was completely investigated through(114)
(along [112]). For the unreconstructed H{$11)-1X1 sur-  surface, by using a chemically prepared, perfectly
face, not only are the experimental dispersions in good overmonohydride-passivated ($iL1) surface. The investigation

all agreement with the calculatidifig. 7), which is particu-  was done along two main characteristic azimuths of thé 1
larly true for structureA alongI'—=K—M [Fig. 7(@)], but  SBZ. The experimental dispersion of the valence bands was
also remarkable asymmetric dispersion for the strucuie  compared with three theoretical calculatio®w, SLMTO,

Energy below Ey; (eV)

Energy below E; (eV)
w

?-"-:}7 =*a
\\ /

\II/

=<7

M
[112] «—

CONCLUSION
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