PHYSICAL REVIEW B

VOLUME 34, NUMBER 4

RAPID COMMUNICATIONS

15 AUGUST 1986

Angle-resolved photoelectron-spectroscopy study of the Si(111) V3 X /3-Sn surface:
Comparison with Si(111) V3 X V/3-Al, -Ga, and -In surfaces

T. Kinoshita, S. Kono, and T. Sagawa
Department of Physics, Faculty of Science, Tohoku University, Sendai 980, Japan
(Received 14 May 1986)

Angle-resolved ultraviolet photoelectron spectra have been measured for the Si(111) v/3x+/3-Sn
surface. It has been found that the surface-state dispersions are very similar to those reported for
the Si(111) V/3x+/3-Al, -Ga, and -In (column-III metals) surfaces except for the presence of an
additional metallic surface state. The metallic state observed for the v/3%+/3-Sn surface seems to
correspond to the otherwise unoccupied surface state for the V3xV3-M (M =Al, Ga, In) sur-
faces. This suggests that the surface atomic geometry of the +/3%~/3-Sn is essentially the same as
those of the v3x+/3-M surfaces, in which a metal atom is situated in every v3x+/3 threefold-

hollow site.

It is known that metal overlayers in submonolayer
ranges on semiconductor surfaces cause surface super-
structures with a variety of phases. It is expected that the
study of the smallest surface superstructures of these sub-
monolayer interfaces can give a basis for the understand-
ing of the semiconductor surface reconstructions. Recent-
ly, electronic structures of Si(111) v3x+/3-AL!? -Ga,?
and -In (Refs. 4-6) surfaces have been studied by angle-
resolved ultraviolet photoelectron spectroscopy (ARUPS).
It became clear from these studies that the surface elec-
tronic structures of the v3x+/3-M [abbreviation for the
Si(111) V3x+/3-Al, -Ga, and -In surfaces where M =Al,
Ga, In] are very similar to each other. The dispersions of
the surface-state (SS) bands are in qualitative agreement
with theoretical calculations of Refs. 4, 5, 7, and 8 for the
threefold-hollow adatom models. This indicates that the
atomic geometry of these three /3x+/3-M surfaces is
essentially the same to each other and is the T4 or H3
structure.*>7

The first work on Sn (column-IV element) submono-
layer overlayers on the Si(111) surface was the low-energy
electron diffraction (LEED) study of Estrup and Mor-
rison.” They found two kinds of \/% x+/3 and a 2v/3%2V3
phase depending on the Sn coverage and substrate tem-
perature. Ichikawa recently reported a detailed study of
the Sn-Si(111) system.!° He observed /3x+/3, 2/3
><2\/§, and three large superstructures (\/133X4\/§, kNG
x3+/7, and 2v/91%2v/91) by reflection high-energy elec-
tron diffraction (RHEED). Yabuuchi performed a
structural analysis for the Sn-Si(111) system by LEED
and ion-scattering spectroscopy (ISS).!! From these stud-
ies, it is now known that the Si(111) v/3x+/3-Sn surface is
formed at about the same coverage [~ monolayer
(ML); 1 ML being the surface atom density of the trun-
cated Si(111) 1x1 surface] as the /3 x~/3-M metal over-
layer surfaces. Therefore, it is of great interest to know
how the electronic structure of the v/3x+/3-Sn surface
differs from those of the v/3x~/3-M surfaces. In this Ra-
pid Communication, ARUPS measurement of the Si(111)
V3x%+/3-Sn surface is reported and compared with those
of the v/3x+/3-M surfaces.

The experiment was carried out in the same way as in
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previous studies'> except for the evaporation of Sn atoms.
99.999% pure Sn was deposited from a Mo spiral basket
onto a clean Si(111) 7x7 substrate at room temperature
under a pressure of S2x107!° Torr. Auger electron spec-
tra showed no contaminants before and after the experi-
ments. After heating the substrate, RHEED patterns
showed /3 x+/3 and/or 2+/3 % 2+/3 structures depending on
the conditions of coverage and heating temperature in ac-
cordance with Ref. 10. The well-ordered +/3x~/3 surface
for the ARUPS measurement was obtained by deposition
of ~+ ML Sn and ~430°C heating.

Some of the observed ARUPS spectra of Si(111)
V3%+/3-Sn surface are shown in Fig. 1, where the polar
angles of electron emission are changed along I'-M -T" and
[-K-M directions of the v/3x~/3 surface Brillouin zone
(SBZ). The SS peaks are marked with bars and named
S1, S1, Sa, and S;. The distinction of these SS peaks is
described later. Figure 2 shows the diagram of the binding
energy (E;) plotted against the electron wave vector (k})
parallel to the surface for_the V3x+/3-Sn surface (filled
symbols) along the I'-M -T" direction, which is converted
from the actual spectra in Fig. 1 and others not shown
here. Figure 3 is the diagram along the I'-K -M direction.
In Figs. 2 and 3, the diagrams for the v/3x+/3-Ga surface®
(open symbols) along the same directions are also shown
for comparison. It is apparent from these comparisons
that the electronic structures of the +/3x+/3-Sn and
V3x+/3-Ga surfaces are very similar to each other except
for the presence of the S| band for the +/3x+/3-Sn surface.
Actual spectra of the v/3%~/3-Sn and the three v3x+/3-M
surfaces are also very similar to each other except for the
S and S| bands near the Fermi level for the \/g x+/3-Sn
surface. The distinction of the S| band from the S; band
is described later. The Ej, vs kj diagrams below ~2 eV
are also similar to those for the Si(111) 7x7 surface. This
implies that the electronic structures below ~2 eV are
mostly bulk in origin."® It is clearly seen in Figs. 2 and 3
that the SS bands S, S,, and S; disperse in accordance
with the periodicity of the v/3x+/3 SBZ. B

In Fig. 4, the dispersions of the SS bands along the I'-
M-T and T-K-M directions are summarized for the
V3%+/3-Sn surface (a), and for the three v/3x~/3-M sur-
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FIG. 1. ARUPS spectra of the Si(111) v3x+/3-Sn surface.
Polar angle, 6, of electron emission is changed along the I'-M -T
and T-K-M directions of the v3x+/3 SBZ. Unpolarized Hel
light is incident at 6~ —45°. Symmetric points of the v/3x~/3
SBZ are indicated. The origin of the binding energy is the Fermi
level determined from that of a Ta sample holder.

faces (b)-(d). It is clear from the comparison that the S,
and S; bands for the v3x+/3-Sn surface disperse very
similarly to those for the v/3x~/3-M surfaces. The separa-
tion between the S, and S'; bands for all the surfaces is not
visible in the direction between I and K in Fig. 4, for
which the two bands are probably very close. The separa-
tion is visible near the M points along the I'-M direction
for all the surfaces. It is also visible near the M points
along the T-K-M direction for the v3x+/3-Ga and
V3% +/3-In surfaces.

It has been shown that the S, band is extrinsic to the
V3x+/3-M surfaces.!* This extrinsic S; band is indicated
by open circles in Fig. 4 to distinguish it from the intrinsic
SS bands. It is also found for the /3 x+/3-Sn surface that
the S| band is seen only at smaller polar angles (S8°),
and overlaps with the new band S (intrinsic to the
V3%/3-Sn surface, as explained below) around the mid-
points of the ['-AM and T'-K directions of the v/3x+/3 SBZ
as seen in Fig. 4(a).

In other studies, we examined the coverage dependence
of the ARUPS spectra for the v3x+/3-Al,! -Ga,? and -In
(Ref. 6) surfaces in order to characterize the S, band. It
was observed that the intensities of the S; band for these
three surfaces are rather high at lower coverage at small
polar angles (6518°) but become weaker as V3 x+/3 do-
mains spread wider with an increase in coverage. The
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FIG. 2. Ej vs k| diagram for the Si(111) v/3x+/3-Sn surface
(filled symbols) as compared with that for the Si(111) V/3x+/3-
Ga surface (Ref. 3) (open symbols) along T-M-T direction.
Circles are strong or sharp peaks and triangles are weak or broad
structures in actual ARUPS spectra.

same sort of coverage dependence is observed for the S,
band of the v/3%~/3-Sn surface this time. However, for
the S| band of the Sn overlayer, the intensity does not
change very much with an increase in coverage and
remains rather strong until the v/3x+/3 phase changes
completely to the 2+/3x2+/3 phase which is the second
phase at higher coverage. These facts give evidence for the
intrinsic nature of the S| band and the extrinsic nature of
the S band.

The S| band shows a sharp Fermi edge for the spectra
at 6=13° and 16° in Fig. 1. This is also the case for the
spectra at 8°S0S17°_along the I'-M direction and at
7° $0<13° along the I'-K direction as judged from Figs.
2 and 3. This means that the v/3x+/3-Sn surface is metal-
lic. Along the I'-K direction, the S| band shows clear dis-
persion, where the binding energy becomes largest at the K
points as seen in Fig. 3. Also in Fig. 2, the S| band can be
observed again at M point (§=55°) of the second SBZ in
contrast to the S; band, which is not observable in the
second SBZ. This is another reason why we distinguish
the two and assign the S; band as extrinsic and the S|
band as intrinsic to the v/3x+/3 surface. This is because
the extrinsic S; band is expected to distribute all over the
SBZ without dispersion, but it is visible only at small 6’s.

The close similarity of the dispersions of the S, and S;
bands between the v3x+/3-Sn and the v/3X+/3-M sur-
faces suggests an equivalent surface atomic geometry for
the v/3%~/3-Sn surface to those for the v3x+/3-M sur-



34 ANGLE-RESOLVED PHOTOELECTRON-SPECTROSCOPY STUDY ...

POLAR ANGLE (8)

EC;BO' -20° -10° 0° 10° 20° I30° ]40°
HIRR ™ y T i j
AR CRR T A
:.' 1':1 | H : I:S1lv
N TR I
I ' [ | LA b
T2 bl onen T2
T oo
Nl :v%_ Y
M v F el | K M K
:i ',\|v' 4 .1. u i," ,'l
i Il"v:.v v :arE H v'i
S ot a* N vt H—r
ORI "t' % LeriT: |
] | i !
iR IR AR AN N
\ P | I [} ]
ST e | T
z 45‘ (w‘.oﬁ v : :‘H 1
ul !‘; i! " - AR ':. :'i
il LT A 4 v ! w ] ! ! '
Sw v g'uo'E T
S\
= o b ! i wv ¥
@ [ |1v \ 1 .wlxvv" |
IREEREY AA AN A P A |
BN NS
l\ + Y 1 - ! I
R B v T
R M v W [
I !"O":,.N".v: A T
E ' ]E N pw 'i"vl |
w 1 1 1 A .
-10 -05 0 05 10 15

WAVE VECTOR (A"

FIG. 3. Asin Fig. 2 but along the [-K - direction.

faces. However, to proceed with this idea, we need to find
the origin of the additional metallic S| band, which is the
following.

The calculated SS dispersions of the V3x~/3-Al (Ref.
7) and V3% +/3-In (Refs. 4 and 5) surfaces are shown with
solid lines in Figs. 4(b) and 4(d) together with our experi-
mental results. These calculations have been carried out
for both the T4 and H; models by Northrup. Hj; is a
model in which there is 4+ ML of adatoms in the
threefold-hollow sites of Si(111) substrate and with no
second layer of Si atoms underneath. T4 is a model in
which 3 ML of adatoms are in the threefold-hollow sites
above second-layer Si atoms. The calculated dispersions
for the v3%+/3-Al and +/3%+/3-In surfaces shown in Figs.
4(b) and 4(d) are of the T4 and H3 models, respectively.
As seen in the figures, the calculated bands for both
models are essentially similar to each other, but Northrup
supported the 74 model from total energy calculation for
both the V3% +/3-Al and /3 x~/3-In surfaces. Comparing
the experimental results with theoretical calculations in
Fig. 4, the dispersions of S, and S'; bands for the four sur-
faces qualitatively agree with the calculated ones.

The metallic S| band for the v/3X+/3-Sn surface seems
to disperse in accordance with the unoccupied SS bands of
the calculations. If the atomic geometry of the v/3x~/3-Sn
surface is the T4 or H; structure, it is reasonable to consid-
er that the unoccupied band for the v/3x+/3 surface is par-
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FIG. 4. (a) Summary of surface-state dispersions for the
V3%+/3-Sn surface. Filled and open circles are surface states in-
trinsic and extrinsic to the v3x+/3 surface, respectively. (b) As
in (a) but for the v/3x+/3-Al surface (Ref. 1). Solid curves are
theoretical calculation by Northrup (Ref. 7) for the T4 model.
The value of Ef —Ey = 0.8 eV is assumed as in Ref. 7. (c) Asin
(a) but for the v3x+/3-Ga surface (Ref. 3). (d) As in (a) but
for the +/3x+/3-In surface (Ref. 6). Solid curves are theoretical
calculation in Ref. 5 for the H; model. The value of
Er—Ey=0.5eV is assumed, as in Ref. 4.

tially filled, since the Sn atom is a column-IV element and
has one more valence electron than the column-III atoms.
This partially filled band would result in the metallic S
band of the v3x+/3-Sn surface. Filling of an anti-
bonding-type orbital would cause weakening of the bond.
The \/% x~/3-Sn surface is, however, very stable up to
~860°C.!10 Therefore, the present model needs to be ex-
amined further by theory.

In conclusion, we have found that the V3%x+/3-Sn sur-
face has S|, S, and S3 SS bands similar to those of the
V3x/3-M surfaces. In addition to these bands, the me-
tallic and dispersive S| band is present for the v/3x+/3-Sn
surface. The S, S3, and S| bands are identified as intrin-
sic to the v3x+/3 surface. Considering the increase in
valency of the Sn atom as compared with the column-III
atoms, it is tentatively proposed that the atomic geometry
of the v/3x~/3-Sn surface is essentially the same as those
of the v/3%~/3-M surfaces and that the S band of the
V/3x+/3-Sn surface corresponds to the otherwise empty SS
bands of the v/3x+/3-M surfaces.

We thank Dr. S. Suzuki for his invaluable contribution
in the construction of our apparatus.
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