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1 Intlfﬁd uction

" Although Si(111)-7x7 is one of the most studied sur-’

faces /14, the large size of ils unit ‘cell has hampered esta-
blishing = conclusive theory of . its electronic - structure.
Amony the several Structural modelswhich have been pro-
posed 71/, the most famous aud genérally believed to be
correct is the DAS madel of Takayanagi ef al. /21, 'Thé DAS
model well describes almost all ‘the impottant features. of
this surface. However some. quéstions concering ifs spec-

troscopy are still open,’since the complexity of the 7X7 re-

constriiction has hampered the caleglation of - transition

probabilities between electron statés. Althotigh optical tech- -
nigues are a powerful tool o characterize semiconducior/3,
-4 and metallic surfaces /53/, énly 4 few resnlts havebeen re-

ported for Si(111)-7x7 /6, 7, 8/. Moreover, 4 m:crmmpm
caleulation of its optical properties,-which is néeded in or-
der to interpret the spectra, is still lacking.

We have studied theoretically the optical propemes of
the Si(111-2%2 and Si{111)-3%3 models; which together
contain all the clements of the Si(lll)—'fx'i DAS recon-
struction /94, and then have: extrapolated the results o the
Si(1113-7x7 surface, Since the Si(1113-3%3 structure mi-
mics better the 7x7 reconstruction as compared with thg
2x2 one/ 10/, we will focus here on the optical response of
the 3x3 DAS model.

2. Models and method of calculation

The Si(111)-3%3 model (Fig. .1} contains almosi. all

DAS elements, namely 2 adatoms {AD’s) at Ty gitex, 1cur- .
ner hole (CH), 3 dimers and the stacking fault {8F). Since -

the AIY's saturate all the dangling bonds (DB’sy of the
atoms in the first Jayer, there are no restatoms (RA’sY 79/,
{The next layer to the outermost adatom Jayer is called ‘the
first layer, the next o it the second layer, efc)).

“The electfonic structure and the optical properties have
been caleutated ubinc' a serm-empirical tight binding ap-
prosch with o sp® s 01bxm! basis /114, (For details see Ref. /
12/ We consider a slab_of 14 layers, with a fotal of 104
atoms, ¥ and Y axes are in the surface plane, while the

Vol. XXV, N. 1 - Gennaio-Marzo 1995

Fig. 1 ~ Sketch of 5i(1113-3%3 structural, model, top view. The
sizes of the atoms are detreasing with the distance from surface.

Unit-cell is shown by a dashed fine.

Z-axis is normal to the surface.

The atomic positions of the 3x3 have been extrapolined
from a recent ab-initio molecular dynamics simulation 713/
for the Si(111)7x7 surface. The corréction to the Fresne!

- forpiula for the refléctivity, due to the presence of a surface,
_for normally in¢ident light, is givea by /14/

a ()
AR_Sm:)l“l( () ) ()

R ¢ €, ()1
where £ {40} is the bulk diclectric function, and ¢’ () is the
polarizability of the half of the slab. Transitions up to 13 »V
were taken into account in calculating the imaginary purt of
the polarizability; therefore, the real part, obiained by the
Kramers-Kronig transform, s aceurate up to about 6 ¢V /127
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note: bulk’ and’ surface - states mspccmeb Ee'is the taleulated
Fermi Jevel. Arrows denote thé main optical transitions.

'lhc ’%x? model cons;demd here has the same pmm group
symmury as the 7x7 DAS model; in particular, both recon-
“structions -are optically isotropic for light polarized in the
surface plane. '

3. Results and discussion

In Fig. 2, we present the calculated surface band struc-
tre for Si(111)-3x3. (In"the text, energies are referred to
the Fermi level, while in the figures they are referred to the
top of the valence band.)

The Fermi level is ~0.39 ¢V above the top of the va-
lence band, Close ta Eg, we found several surface states.
‘The upper two bands (they are actually split by the interac-
tion of the two surfaces of the slab; only one band would
appear in a semiin{inite crystal) at about 0.15 ¢V, and the
lowest band 4, extending from ~0.2 ¢V to about 0, mainly
arise from AD DB’s, while the central half-filled nearly flat
band (again slightly split by the interaction of the surfaces)
is due to CH DB's, This band yiclds a metallic behaviour
for Si(111)-3x3, as it has been scen experimentally /157 at
Si(111)-7x7. Further below Ex there is a bunch of surface
states, indicated ‘altogether as A, at-about —0.8¢V, mostly
due to ADD backbonds, with some mixing with dimer states.
Resonance states due to AD backbonds and io dimers in the
second layer show up at ~—1.7 eV. Above Ep there are two
surface states Cy, and C; within the bulk gap, both between
0.5¢Y and 1.0¢V. The lower-energy state, Cy, is predomi-
nantly due to adatom DB’s, while C; is due to AD back-an-
tibonds. These states are degenerated at the K point. Within
the conduction band, there are resonances at =~ 1.3¢V, that
originate from the ‘dimers on the second layer, .and at
~3.4¢V (not shown in the figure) due-to AD back-anti-
bonds.

Several experiments /2, 15-22/ for the Si(111)-7x7 have

‘states U/}, and U,, at 0.55¢V and 173-1.5¢V, rcspccxivdv

" agcribed to RA
o however unavoi
does not have RA’s. On the other hand, the 7x7 sutfaée has

reported three occupied surface states, §,, 8, and S, at
~0.25¢V. —0.85¢V and —1.8¢V, and two unoccupied surface
S',

hae been identified s an AD dangling boned, while §

“been attributed 10 AD and CH backt\onds and 5, has been

attributed to RA ‘dangling bonds /16/. In /17/ U/} has been
‘attribited fo the AD p, orbitals, and U, to AD back-anti-
bonds. A metallic-like behaviour of the surface has been
observed /15/, with the ]"ermx level crossing a very narrow

‘band

Within thc 3)<'3 modd :11 is possnbk to 1dumf) the un-

is “here describe in terms of AD 'back émds E nle it xsl
'sin; Ref.. 1221, 'I}us Lmd of discre;
ble,: smcc the 3 ><3 modcl comldered here

twice as many DB’s'from thé AD's than from the RA's. Then,
as'it has ticen poinited Out by Carlisle er @l 721/, no predo-
minant’¢ontribution from RA dangling bonds is expected.

We présent in Fig. 3 the calculated surface contribution
to reflectancé “at normal - incidence, for the Si(111)-3x3
model, according to equation (1). In the same figurc we also
plot AR/R calculated according 10 equation (1) {or Z-pola-
rization {which has no experimental meaning, since s-light
cannot be Z-polarized), to get a qualitative insight into tran-
sitions induced by Z-polarized light. We found three peaks
due to transitions among surface states, at 0.2, 0.7 and 1.4
¢V, stronger for light locahzcd parailel to the surface. The

first peak is of course due to. transitions between AD-DB
states near the Fermi level: ‘the peak at 0.7 eV is due 1o
transitions among ‘A; and C,; states, or among Ay and the

states near Ey. The third peak. at 1.4 ¢V, allowed onl\ for X
polarization, is due ‘to s-s wansitions between A, and (.
namely from the backbonds to back-antibonds of the ADs.
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Fig. 3. — Surface ‘contribution to reflectance of the Sitill113x3
surface for X~ {(full linc) and Z- (dashed hiney polurizations.
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11" 4 - Inm"mar) part of the »\urface dxclecmc functxon e,,,,
versns fréquency for X- (fuli hm,) and Z- (dashed hnc) polariza-
tions. .

A broad structure-is present between 1.7 and’
mixed (i.e. s-b and b- -8) transitions.

Chiarotti et al. /71 have reported the surface absorbtion
constant for, the 51(111)7x7 surface, using unpolarized,
rormally incident lightin the inear infrared, A weak struc-
ture was observed dt 0.7 eV, with an intensity of ~ 0.8%. It
well agrees, for position and intensity, with our calculations.
Wierenga et al. /6/ measured the differential reflectance
(DR) in the éneigy range from 1.0 to 3.0 eV, using unpolari-
zed, normally incident light. They found, for two tempera-
tures, 80 and 300K, two peaks ai 1.76 ¢V.and 2.9 ¢V. The
sccond peak was observed later on also by . Alameh and
Borensztein /87, In this last work, both s--and p-polarized
light were used in & wider energy range, from 1.2 10.5.0 ¢V,
at an angle of incidence of 60 degrees. The small signal-to-
Joise ratio at low frequencies has hampered the observation

of the first peak. Both experiments /6, -8/ measured the dif-
ference of reflectance between the clean Si(111)-7x7 sur- .

face and the oxxdued one, Howcvcr we can compare ‘our
ruults with the cxpenmenml data in the energy range below

3 eV, where the non absorbing oxide layer docs not modify
lh; reflectance (see eq. {13). The first peak of Ref, ./6/ can
be associated with the s-s transition at 1.4 ¢V in Fig. 3,
while the second peak might correspond to the caleunlated §-
b and b-s structure between 1.7 and 3 ¢V, although the peak
position and lineshape are quite different.

Our results can be better understood in‘terms of the sur-
fuce diclectric function (g,,,), since it is not affected by the
properties of the oxidized surface.. We have determined it by
sublracting the bulk dielectric constant from that ‘of the slab,
having assumed a reasonable surface layer thxcknese 5 }\)
In Fig. 4, we show the imaginary part-of €;,, (e,,,,f‘), of the
Si(111)-3x3 model. The three Jower-energy peaks are pre-
sent: that at' (1.2 ¢V is much stronger that it -appears in re-

flectance, because of the @ factor in equation (1), In: ddd:~

tion to these peaks, a further peak appears.at 3.9 eV;
agreement with that of Ref. /8/. Howeyer, we._interpret th!S
peak as due to b-b transitions modified by the surface, and
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3 eV, ﬂ_p_e 01

not as involving surface states, as it was suggested by
Alameh et al, /8/.

In conclusion, -we -have found good agreement of our
theory with the avallable experimentad resulis concerning

.+ the main opuca) p(dk positions. The calculated intensities
& sof these peaks i in somme cases, however, do not fit very well
- the cxpenmcmal ones. This disérepancy might be due to the

Aact that the corrésponding weight of the mdin structural
‘units-at the ‘7x7 surface is-different as compared with the
B3 structures, .

i tcxpreted i terms of fransitions bctwecn
surface and/or bulk states. " We havé found good agreement
With the expcnmenml data for the 7x7 Surface. The most
‘imporiant drawback ‘of the 3x3 model, namely the lack of
RA’s, may not be very important, in view of the limited RA

.. contribution to 2x2 optical spectra J10/, and since only
“about 1/3 of DB’*; belong to RA's in the 7x7 DAS model.

fI‘h_e states close to Er give a metallic-like behaviour, as it
has been observed experimentally for the 7x7 surface.
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composte da due.flange CF sepdrate da due fenute gzravols

pompate differenzialmente. il degassaggio 2 SOO”G permette di

raggiungare un campo di vuoto di 10t mbar.

L'alte precisione e stabifita di questo movrmento siconidga can i

migliori passanti da vuolo Intcoducende cost un nuovo grado di

liberta,

Mosse manualmente, e "Ra'u_e“ possono essere anche

comandats da difterenti tipi di motori.
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