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Abstract. We report that ametallic Sn/Si(11 1)-/3 x +/3R30°
surface undergoes a metal-semiconductor transition upon
annealing the surface above the transition temperature of
760 °C. The unique loss peak initially observed weakly from
the metallic surfaces in our high-resolution electron-energy-
loss spectra shifts gradually towards higher loss energy with
increasing temperature. The peak eventually reaches 2.0 eV,
revealing a band gap of about 1.2 eV at 810 °C. We find that
a two-dimensional (2D) disordered alloy model, where the
semiconducting surface is a 2D mixture of Sn and Si substi-
tutions, is quite consistent with our experimental data.

PACS: 73.20.-r; 73.20.Hb; 68.35.Bs

The group-IV metals (Sn, Pb) adsorbed Si(111)-+/3 x +/3R30°
(abbreviated as \/g) and Ge(11 1)-05\/5 surfaces have shown
several interesting metal—insulator transitions (MITs), where
various driving mechanisms have been suggested [1-5].
These metallic a+/3 surfaces transform into the characteristic
semiconducting surfaces upon varying the substrate tempera-
ture (73). The Ge(111)-a+/3-Pb surface, in particular, has
been observed to transform into a 3 x 3 surface upon cooling
below room temperature (7 = 100 K). An interesting ob-
servation is that the low-temperature 3 x 3 surface becomes
metallic for Sn while it is semiconducting for Pb [1]. The
stabilization of a surface charge density wave due to Fermi-
surface nesting has been attributed for Pb [1,8—11], while
no such Fermi-surface nesting was invoked for Sn [4]. In
both cases, however, many-body effects such as the electron—
electron correlation interaction are suggested to play a part
in driving the electrical phase transitions. Alternatively, it has
been reported that some of the substrate Si or Ge atoms may
substitute the group-IV adatoms when T is increased, acting
as impurity atoms in the Group-IV adatom layer [2-6, 11].
Above a certain transition temperature when the impurity
concentration exceeds a certain limit, the metallic a\/g sur-
faces (see Fig. 1a) begin to show a semiconducting property
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with a structure a so-called mosaic v/3 x a+/3R30° surface
(a+/3-M hereafter), where Si or Ge substitutions are ran-
domly distributed by forming random-sized ordered domains
as depicted in Fig. 1b [2, 3, 7]. The semiconducting property
of the a+/3-M surface has been understood in terms of the
splitting of surface states near the Fermi energy due to the
dynamic fluctuation of two structurally different adatoms (Sn
atoms, for example) interchanging their vertical positions at
the 7, binding site (Fig. 1a) [4, 5]. Previous scanning tunnel-
ing microscopy (STM) and surface core-level shift (SCLS)
data have been interpreted essentially by assuming these
two inequivalent adatoms where a significant charge transfer
occurs.

In this paper, we focus our discussion on the origin of the
MITs observed for the Si(111)-a+/3-Sn surface upon increas-
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Fig. 1a—c. The atomic structures of a the metallic Sn/Si(111)-+/3 surface
and b the semiconducting +/3-M surface. The schematic electronic property
for the Sn adatoms and exchanged Si adatoms before and after bond forma-
tion between Sn and Si on the /3-M surface is drawn in ¢ , where P, is an
excitation from the bonding to the antibonding orbital produced as a result
of the Sn—Si interaction
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ing T up to 810 K. Since the group-IV surface adatoms and
the randomly distributed substrate atoms that replaced surface
adatoms primarily determine physical properties of the sur-
faces, we attempt to understand the semiconducting a+/3-M
surface in terms of a two-dimensional (2D) disordered alloy
model, which turns out to be quite consistent with our experi-
mental data.

Experiments have been carried out in an ultrahigh-
vacuum (UHV) chamber equipped with a high spatial reso-
Iution low-energy electron-diffraction (LEED) optics and
a high energy resolution electron-energy-loss (HREEL) spec-
trometer. The base pressure of the chamber has been main-
tained below 3 x 10~ mbar throughout the measurements.
The HREEL spectrometer was a Leybold-Heraeus ELS-22
spectrometer with an optimum resolution of 8 meV and a half-
acceptance angle of 2°. Electrons inelastically scattered from
the sample at a polar angle 6 were collected from a beam of
the electrons incident at an angle 6;. A spot-profile-analysis
LEED (Leybold SPA-LEED) that has a nominal transfer
width of 1200 A was used to determine the degree of order
in the surface atomic arrangement on the o+/3-M surface.
Other specifications of the chamber have been described
elsewhere [12, 13]. A silicon sample was cut from a boron-
doped Si(111) wafer (o0 ~ 1.5 €2 cm). The sample was cleaned
by flashing at 1470K for about 10s and then annealed at
1070K for 1 min. The Si(111) surface thus prepared pro-
duced a well-defined 7 x 7 LEED pattern. The adsorption
of Sn on the Si(111) sample surface was made by resis-
tively heating a Sn rod (¢ ~ 1.6 mm) wrapped with a W

SPA-LEED  Sn/Si(111)-V3x 3
(1/3,2/3) spot E. =125eV

I(arb. units)

650 700 750 800
T(C)

Intensity (arb. units)

- 810,
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
o -1
q(A)

Fig.2. The evolution of the (1/3, 2/3) spot profile as the /3 surface
changes to the +/3-M surface by raising the substrate temperature (7°),
where the scan direction (gyy) is drawn in the schematic LEED pattern. The
integrated intensity (/) of the spot is shown in the inset

filament (¢ ~ 0.025 mm). The chamber pressure was kept
below 1 x 107!9 mbar during the evaporation of Sn.

We have prepared a ot\/_3g surface first by adsorbing Sn on
a clean Si(111)-7 x 7 surface at room temperature, and then
annealing the Sn-adsorbed surface at about 660 °C adopting
the recipe used earlier [2]. This procedure produced a well-
defined metallic a+/3 surface with a minimum defect concen-
tration. Annealing the o+/3 surface at a higher temperature
resulted in a a~/3-M surface revealing a finite energy gap
(~ 1.2 eV) in a HREEL spectrum. The degree of order of the
a+/3 surface has been examined by measuring the line width
ofa(1/3,2/3) LEED spot along the (1, 1) direction as a func-
tion of temperature. The series of line shapes of the LEED
spot shown in Fig. 2 were obtained while keeping the sam-
ple at room temperature. It is evident that the peak fades away
with increasing temperature. We note however that the inten-
sity changes abruptly near 760 °C, as seen in the inset, which
is probably due to the loss of Sn atoms by desorption.

For a quantitative line-shape analysis, we have fitted
the peaks in Fig.2 with various Lorentzian (L) functions:
LY2 L, and L2 after subtracting the background inten-
sity. We find that the Lorentzian to the power of 3/2, i.e.
1(k) = I,([(q — q0)/n]* + 1)*/%, best describes the line shapes
with a minimum of a ‘goodness-of-fit’ parameter x2. Here Iy,
qo, and n are the peak intensity, the peak position, and the
Lorentzian width of the (1/3, 2/3) LEED spot, respectively.
This observation suggests that the a~/3 surface, upon trans-
forming into a a+/3-M surface by annealing, becomes more
disordered by creating a random distribution of random-size
domains as in a Swiss-cheese model [14]. The random-size
domains may be produced by the Sn atoms being thermally
disturbed (replaced by Si atoms or desorbed). A previous
scanning tunneling microscopy study showed that the random
domains were caused by the increased number of surface Sn
atoms replaced by the substrate Si atoms [2], as indicated by
the mosaic structure in Fig. 1b. The reducing integrated inten-
sity with increasing 7 in the inset also indicates the growing
disorder due to the loss of Sn atoms with increasing 7. Here it
is important to note that a break point near 760 °C coincides
with the transition temperature where the metallic /3 sur-
face becomes the semiconducting o+/3-M phase as discussed
later in detail. Since heating the a~/3 surface above 830 °C
brings the surface back to the clean metallic 7 x 7 surface, the
semiconducting av/3-M surface was found to develop best
from annealing at about 8§10 °C as reported earlier [2].

Having characterized the structural change by LEED,
we have investigated changes in the electronic property by
monitoring changes in the HREEL spectra as a function
of T;. Figure 3 shows the HREEL spectra obtained from the
a+/3 surface formed by annealing at 75 = 660 °C. The long
Drude tail of the elastic peak shows the metallic nature of the
surface. The finite density of states at the Fermi level of the
a+/3 surface seen in previous photoemission measurements
also exhibits the metallicity of the surface [15]. One easily
finds a somewhat broad loss peak (denoted as P;) centered at
~ 1.25eV. It becomes more visible at a slightly off-specular
geometry in the bottom spectrum.

We present changes in the HREEL spectra as a function
of Ty in Fig. 4. The loss peak P; is found to shift gradu-
ally toward the higher-energy side upon increasing 7 with
a concomitant decrease in the metalliccontinuum of the elas-
tic peak. The presence of a band gap indicating the semi-



conducting a+/3-M surface becomes already noticeable at
T, = 730°C and most prominent at 7g = 810°C, with P;
at ~2.0eV just before the desorbing temperature of Sn
adatoms. The inset in Fig. 4 reveals a break in the loss energy
of P; at about 7, = 730 °C similar to the one in the inset of
Fig. 2. Since P; behaves with T very similarly to the (1/3,
2/3) LEED spot, we ascribe the shift of P; in Fig. 4 to the
disorder resulting from the substitution of Sn adatoms by the
substrate Si atoms forming a mosaic structure as sketched in
Fig. 1b and Fig. 3b.

Since the presence of the P; peak is the only change in the
HREEL spectra that varies with T, we now consider its origin
to understand the temperature-induced metal-semiconductor
transition. The mosaic structure of the Sn adatom layer with
some Si substitutions (see Fig. 1b) mimics a disordered 2D
alloy system. Previous studies showed the 74 sites as binding
sites for Sn adatoms as shown in Fig. 1 by surface-sensitive
X-ray diffraction measurements [16] and by STM images
[2,17].

The two different elements Sn and Si forming the 2D dis-
ordered alloy have a common p, orbital as a dangling bond
on the a+/3-M surface. The different electronegativity be-
tween these adatoms causes charge transfer from Si to Sn,
resulting in the formation of the bonding—antibonding or-
bitals. Fig. 1c shows a schematic energy diagram for these
orbitals produced as a result of the Sn—Si interaction. These
two different orbitals, rather than the two different binding
sites for Si substitutions, may cause the splitting of a sur-
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Fig.3. a The EEL spectra at specular and off-specular directions for the
/3 surface (T = 600 °C). The mixed electronic nature of the +/3 surface
is shown in b with a schematic array of Sn adatoms (solid circle) and
exchanged Si adatoms (open circle)

301

face state in the valence band and in the surface core-level
shifts observed previously [4]. Consequently the surface be-
comes locally semiconducting in the area where Si substitu-
tions exist, as depicted in Fig. 3b. We thus attribute the loss
peak P; to the transition between the bonding and the anti-
bonding orbitals. In fact the loss energy of P, agrees quite
well with the gap energy of 1.3 eV from a filled (binding en-
ergy E, = —1.0eV) state to an empty state (Ep = 0.3eV)
observed in a scanning tunneling spectroscopy (STS) meas-
urement [17]. This strongly supports our identification of the
P, peak. The presence of the P; peak in the metallic a+/3 sur-
face indicates the presence of Si substitutions as impurities
inevitably produced during the annealing process.
Fortunately HREEL spectroscopy is quite sensitive to
a local electrical property so that the spectra in Fig. 3 and
Fig. 4 probe the semiconducting character of the o+/3-M sur-
face from the loss peak P; as expected. As the temperature
increases, more Sn adatoms are replaced by Si atoms. The en-
ergy gap between the bonding and the antibonding orbitals
is then expected to increase because of the enhanced Si—Si
lateral interaction due to the increased number of Si substi-
tutions. Although it is a theoretical challenge to confirm this
scenario, we believe that the shift of the P; loss peak shown in
the a+/3-M surface reflects the lateral interaction, which be-
comes stronger gradually with increasing 7. Therefore this
notion of a 2D disordered alloy is quite consistent with our
HREEL observations. Moreover it explains the different in-
tensity contrast of Sn atoms between those bonded with Si
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Fig. 4. The change of the EEL spectra measured for the transition from the
/3 surface to the +/3-M surface on raising the substrate temperature (7',
where Py and E; are the loss peak with a minimum loss energy and an
energy gap. The loss energy of the Py peak at each T is shown in the inset
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and those unbonded in the metallic region in previous STM
images [2, 3, 17].

In summary, we report that a metallic Sn/ Si(lll)-oz«/g
surface becomes a semiconducting a+/3-M surface upon an-
nealing above 760 °C. We find that a model of a disordered
2D alloy where the metallic Sn layer is disordered by ran-
domly distributed Si substitutions is fully consistent with our
HREEL data obtained from the a+/3-M surface.
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