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An original approach for measuring the depth profile of melting and metallization of the Si(111) and

Si(001) surfaces is proposed and applied. The different probing depths of the Auger electron and electron

energy loss (EELS) spectroscopies are exploited to study the number of molten and metallic layers within

5–30 Å from the surface up to about 1650 K. Melting is limited to 3 atomic layers in Si(001) in the range

1400–1650 K while the number of molten layers grows much faster (5 layers at about 1500 K) in Si(111)

as also indicated by the L3-edge shift observed by EELS. The relationship between melting and

metallization is briefly discussed.
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Surface melting has been studied for a long time in view
of the importance of this phenomenon in understanding
basic questions related to first-order phase transitions in
solids (see [1,2] and references therein). A starting point
motivating a microscopic study of surface melting is the
fact that undercooled liquids can be obtained rather easily
while overheating a solid is extremely difficult. In fact, this
is explained by the existence of a wet surface well below
the melting point, providing the initial germ for melting.
The general interest of this phenomenon is epitomized by
the ice premelting literature [3], but scattered experimental
studies deal with microscopic details of the surface melting
processes under high-temperature conditions (see, for
example, [4–10]). After the initial detailed study on the
crystal-face dependence of Pb surface melting [4,5], very
little experimental information was obtained about the
number of disordered atomic layers approaching the bulk
melting temperature. Another important effect, still lack-
ing a clear connection with surface melting, is the surface
metallization observed in many semiconductors well
below the melting temperature [9,11,12].

In pure semiconductors like silicon, several questions
about the behavior of the surface at high temperatures are
still open. Incomplete melting of the first two layers has
been observed in Si(001) by photoelectron diffraction [7],
later discussed also by other authors (see, for example,
[8,10,13]) using different techniques, above about 1400 K.
Metallization of the Si(001) surface was observed to occur
at much lower temperatures between 900 and 1200 K
[12,13]. The Si(111) surface behaves differently; in fact,
it shows a transition between the 7� 7 and 1� 1 recon-
struction completed around 1140 K. At higher tempera-
tures, the top bilayer was found to become disordered
[9,14,15] around 1470 K. Moreover, recent ex situ atomic
force microscopy images of Si(111) surfaces [16] showed
structures assigned to ‘‘premelting’’ of about 3 bilayers
(about 9 Å) around 1500 K.

Stimulated by the need to shed some light on this
complex scenario, we tackled the problem of a systematic
study of surface melting and metallization of the Si(001)
and Si(111) surfaces. In this Letter, we present a detailed
investigation of those transitions using Si LVV, Si KLL
Auger electron (AES), andL2;3 electron energy loss (EELS)

spectroscopies. For this purpose, we have taken advantage
and improved the performances of high-temperature UHV
experiments under controlled conditions [17–19]. The dif-
ferent probing depths of these surface-sensitive techniques
are exploited to study the increase in the number of molten
and metallic layers within 5–30 Å from the surface up to
temperatures of about 1650 K.
Samples were obtained by Si(111) and Si(001) wafers

(B p doped), cleaned and characterized using standard
procedures for surface science. High-temperature AES
and EELS experiments were performed in an UHV cham-
ber using a cylindrical mirror analyzer with a coaxial
electron gun. Low-noise high-temperature measurements
were performed using a special Ta crucible ensuring ho-
mogeneous heating and temperature control of the sample
surfaces, while temperatures were measured with an
optical pyrometer (� 1 mm spot size) and calibrated
within 10 K [17–19].
In Fig. 1 we report, from the top to the bottom, the main

results of our extended set of high-temperature LVV, KLL
Auger and EELS experiments. The peak-to-peak intensity
(amplitude of the first derivative signal) of the LVV Auger
emission line (92 eV) is shown as a function of temperature
in the upper panel for the Si(111) and Si(001) surfaces,
respectively. In Fig. 1, middle panel, we report the tempera-
ture trend of the peak-to-peak intensity of the KLL Auger
emission line (1614 eV) for the two surfaces. In the lower
part of Fig. 1 we report the energy shift observed for the
Si 2p edge EELS spectra (kinetic energies of �400 eV).
The surface sensitivity of these three sets of experiments

is very different, due to the known escape depth variation
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with kinetic energy. LVV, EELS, and KLL data probe
atomic layers within about 5, 12, and 35 Å from the surface,
respectively [20]. In Fig. 1 (upper panel) we can see that
distinct features are visible around 1200 and 1400 K for the
Si(111) and Si(001) LVV intensity. These features cannot
be found in the KLL intensity trend (middle panel) and are
clearly associated with surface transitions involving few
atomic layers. The absence of visible changes in the KLL
Auger intensity up to �1600 K indicates that a negligible
fraction of the probed atomic layers, within about 35 Å, is
involved in phase transitions. The edge energy shift probed
by EELS (lower panel of Fig. 1) reflects the increase of the
electron density of states within the energy gap (around
1.1 eV), also for excitations beyond the dipole approxima-
tion. The shift shows a continuous trendwhich is interpreted
as mainly due to the metallization of successive atomic

layers as a function of temperature within the�12 �A prob-
ing depth. The known thermal dependence of the energy
gap has been removed as a linear contribution in the inves-
tigated range of temperature [21].

The features observed in the LVV intensity are consis-
tent with surface transitions described in the literature. In
fact, He ions scattering data [14] indicate an order-order
transition (7� 7 to 1� 1) occurring between 1140 and
1200 K for the (111) surface, while anomalies at 1400 K
for the (001) surface are rather associated with disorder
effects due to the formation of a liquid double layer.
The LVV data shown in Fig. 1 can be analyzed taking

into account that the variation in the intensity of the Auger
signal is affected by interference effects of the incident and
outgoing beams within the lattice [22], depending on the
geometry of the experiment and on the relative orientation
of the surface. In this way, the AES intensity is dependent
on thermal and structural disorder within the probed depth
[22,23]. In the experiment under consideration (normal
incidence for the ingoing electrons of the electron gun
and azimuth average of the outgoing electrons), we expect
that the Auger intensity is strongly affected by the ordering
of collinear atomic configurations normal to the surface
(focusing effect), as it is the case for the high-temperature
reconstructions of the Si(111) and Si(001) surfaces. The
features associated with an increase of the LVV intensity
trends are interpreted as the onset of those transitions, and
the increase itself can possibly be related to a denser
atomic structure of the first surface layers. At higher tem-
peratures, above 1200 and 1400 K for Si(111) and Si(001),
respectively, an increased attenuation rate of the LVV
intensity is observed. The intensity decay for increasing
temperature can be explained by an increasing thermal
disorder in the atomic positions, which is different accord-
ing to the nature of the surface phase. Because of the very
limited electron escape depth �, the LVV peak-to-peak
intensity I shown in Fig. 1 is due mainly to few uppermost
layers. For this reason, we have used a simple expression
[22] for the intensity I at a given temperature T:

IðTÞ ¼ I0
X

i

e�zi=��q2�2
i ðTÞ; (1)

where the sum is extended over the first four atomic layers,
zi is the depth of the ith atomic layer, and q is the electron
momentum. A simple Einstein model is used for the mean-
square displacement associated with the atoms of the
atomic layer i:

�2
i ¼ 1=3hu2E;ii ¼

@
2

ð2MkB�iÞ cothð�i=2TÞ (2)

expressed in terms of the Einstein temperatures �i and the
silicon atomic weight M [24].
The best-fit values for the Einstein temperatures �i

approach the limit for bulk silicon (TE � 520 K) for the
inner layers at moderate temperatures. The results of
the fitting of the intensity decay at high temperatures
using Eqs. (1) and (2) are shown in Fig. 2 in terms of
the Lindemann ratio CL ¼ �i

R (R being the average

first-neighbor interatomic distance), commonly used as a
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FIG. 1 (color online). Upper panel: Auger Si LVV signals of
the Si(111) and Si(001) surfaces up to about 1600 K. Middle
panel: Auger Si KLL signals in the same temperature range.
Lower panel: Edge energy shift of the Si L2;3 energy loss spectra

(EELS) associated with the two surfaces. The incident beam
energies (Ebeam) are reported in each panel.

PRL 107, 166103 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

14 OCTOBER 2011

166103-2



fingerprint for melting whenCL is greater than 10% [25]. A
very different behavior is found for the two surfaces Si
(111) and Si(001) as a function of temperature (the 1st and
the 4th layers in Fig. 2 are the topmost and the deepest
surface layers, respectively). These results are also con-
firmed using a simple parametrization of the layer Einstein
temperatures �i through a monotonic function of the depth
zi (asymptotic bulk TE reached for the inner layers).

In Si(111), an abrupt change of the mean-square dis-
placements of the four probed atomic layers is observed
above 1200 K, compatible with melting of those near-to-
surface layers. The change of slope in the LVV intensity
around 1300 K and the fairly constant LVV intensity
observed above 1450 K (see Fig. 1) are a clear indication
that the two uppermost bilayers are finally melted and that
the Si(111) surface melting proceeds within the bulk be-

yond the depth probed by the Auger electrons (� 5 �A).
In Si(001), LVV data are consistent with lateral disor-

dering of the uppermost atomic layer already at 800 K and
with melting of the first three atomic layers above 1400 K.
No saturation of the LVV decay is observed, suggesting
that the surface melting is limited to the first surface layers
up to 1600 K.

The thickness of the molten surface as a function of the

temperature can be estimated using a power ðT�Tbulk
m Þ�1=3

[2] or a logarithmic� lnð1� T=TmÞmodel (see Refs. [1,2]
and references therein). The different behavior near the
melting point depends on the nature of the interatomic
forces, resulting in a power-law divergence when domi-
nated by long-range interactions or in a logarithmic one
for short-range forces. The number of molten layers for
increasing temperature measured in this work is compared
with the trend of those models in Fig. 3. The LVV data do
not allow us to select between the two laws, although
the log model better reproduces both the Si(111) and
Si(001) data. For the Si(111) surface, the first three layers

(�4:4 �A) are already liquid according to the Lindemann
criterion above 1200 K, and four layers (those probed by
LVV Auger electrons) are molten above 1400 K (triangles
in Fig. 3). Both curves corresponding to the power-law and
log models in Fig. 3 show a rather marked increase of the
number of molten layers approaching the melting point
(about 5 atomic layers molten at 1600 K, more than 80 K
before Tm). In contrast to the Si(111) case, the Si(001)
surface exhibits an incompletemelting, because themelting
process is frozen to three layers up to about 1650 K (see
Fig. 3). These results can possibly be rationalized in light of
the previous observations and calculations showing that
enhanced vibrations for specific surface geometries [26],
as well as a poorer surface packing and first-neighbor
bonding and coordination [1,5], favor surface melting.
In our case, the backbonds nearly parallel to the surface
Si(111) are able to induce surface premelting through large
anisotropic vibrations, as also observed for other surfaces
including ice (see Ref. [26]).
The observed metallization of the surface layers probed

by EELS (see Fig. 1, lower panel) follows the trend ob-
served using AES. EELS edge shifts corresponding to
about 1 and 0.4 eV at 1600 K, for Si(111) and Si(001),
respectively, are interpreted as due to the closure of the gap
[17] induced by disordering or melting of the successive
layers. Those data can be used to measure the depth profile
of the metal to semiconductor interface, using a simple
model based on the edge shift due to a metallic layer
weighted according to the ratio between the layer distance
from the surface and the probing depth.
The results of the depth profiling of melting and metal-

lization at the two surfaces Si(111) and Si(001) are reported
in Fig. 4. For the Si(001) surface (left panel in Fig. 4) the
observed increase in the number of molten layers
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FIG. 2. Fractional mean-square vibrational amplitude
(Lindemann ratio CL) as a function of temperature as obtained
through a layer by layer analysis (see text) of Auger LVV data.
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and Si(001) (right panel) surfaces.

1300 1400 1500 1600 1700

temperature (K)

0

2

4

6

8

10

12

nu
m

be
r 

of
 m

ol
te

n 
la

ye
rs -1/3

Si(111)
Si(001)
~ln (1-T/Tm)
~ (1-T/Tm)

Tm

-1/3

FIG. 3. Number of molten layers for the Si(111) (triangles) and
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obtained by realistic surface melting models are compared with
present data (empty symbols).
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accompanies the surface transition observed around 1400K
and previously assigned to incomplete surface melting [7]
and/or to a (2� 1) to (1� 1) ideal surface termination
[10,27]. The number of atomic layers corresponding to
metallic electron states increases gradually with tempera-
ture reaching about 4 layers at 1600 K. On the other hand,
both molten and metallic layers proceed much faster for the
Si(111) surface, reaching 6 molten layers at 1600 K and
much greater than 10 with metallic character (see right
panel in Fig. 4).

These results show that while molten layers near the
surface always have metallic nature, the interface metal-
semiconductor is extended to deeper layers for increasing
temperature. We can speculate observing that this appears
reasonable in light of the band-bending mechanism char-
acteristic of metal-semiconductor interfaces and of the
natural extension of the electron states inside the gap
[28,29]. The comparison between the solid-liquid and the
metal-semiconductor interface, shown here for the first
time, certainly deserves further investigation. In conclu-
sion, we have shown in this work, using the same experi-
mental techniques, that surface melting is limited to 3
atomic layers in Si(001) in the entire range (1400–1650 K)
while the number of molten layers grows much faster
(5 layers at about 1500 K) in Si(111). Those results can
possibly be related to the large vibrational amplitudes of
outermost atoms at the Si(111) surface [26]. The present
results can be directly compared with computer simula-
tions of surface melting and stimulate further studies of
disordering and metallization of surfaces.

Supplemental Material about experimental and data-
analysis methods presented in this work can be found in
Ref. [30].
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