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Thermal Annealing of Pb Films on Modified Silicon Surface:
Electrical Conductance Measurement
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The electron transport properties of thin Pb films on Si(111)–(6×6)Au surface are studied experimentally us-

ing the four-point probe method and reflection high-energy electron diffraction system in UHV condition. We have
measured the electrical conductance of the substrate with deposited at liquid nitrogen temperature Pb atoms
during annealing and cooling down. We have found that the conductance increases during this process and from
comparison of both heating and cooling curves the Pb recrystallization temperature was determined. Moreover,
it was shown that 4 ML thick Pb film reveals temperature dependence of the conductance corresponding to the
metallic bulk structure with the temperature coefficient of resistivity equal to 0.0036 1/K. To describe theoreti-
cally the conductance of thin Pb films the modified Trivedi–Ashcroft theory with temperature dependence of the
roughness function was used in our calculations.
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1. Introduction

Electron transport properties of thin atomic films have
attracted significant theoretical and experimental inter-
est for many years mainly due to their potential applica-
tions in nanoelectronics, e.g. [1]. Spatial confinement of
the electron motion in the direction normal to the surface
leads to quantization of the momentum which is respon-
sible for many effects like the Friedel oscillations [2, 3],
quantum-size effect (QSE) and oscillations of the elec-
trical resistivity [4, 5], the Hall effects [6–8], to name a
few. Recently, also non-trivial topological properties of
two-dimensional systems were investigated in many 2D
compounds e.g. [9, 10]. These systems, in comparison
with bulk materials, exhibit new physics with protected
conducting edge states. Thin metallic films are often fab-
ricated on different substrates using epitaxial methods in
ultra high vacuum (UHV). The best results have been
obtained on Si or Ge surfaces with well-known super-
structures as for them the growth mode of many atoms
(e.g. Pb, Au, In, Ag) is close to the layer-by-layer growth.
Even small number of deposited atoms can drastically
change the conductance of the system [11–15]. Move-
ment of atoms on such surfaces can lead to formation
of atomic clusters, islands or chains (self-organized phe-
nomena) [16–19]. Many of these processes are governed
by atom diffusion at the substrate [20–24].

Especially interesting are temperature measurements
of metallic thin-films conductance — electronic proper-
ties of such structures can be controlled by the sam-
ple temperature and are important in nanoelectronics.
The conductance of thin films can suddenly change at
a particular temperature which can be related with
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structural or structural-less transitions like e.g. surface
recrystallization or metal–isolator transition. The most
common method to measure the conductance of thin
films is the four-point probe method in the van der Pauw
or linear geometry [12, 25–28]. However, the measured
conductance signal consists of several channels: though
unperturbed bulk crystal, topmost substrate layer, super-
structure layer, and thin metallic films. In the literature
temperature dependence of the conductance was mea-
sured for different surfaces e.g. [12, 29–32] and often the
surface recrystallization process together with QSE were
observed. However, very little attention has been paid
on thermal annealing of ultrathin Pb films on Si(111)–
6× 6Au crystal reconstruction. Such a substrate reveals
a metallic-like character due to high-density Au domain
walls forming this superstructure and provides regular
layer-by-layer Pb growth mode [6, 29, 33–35]. Then it is
rather desirable, even from a practical point of view, to
measure temperature characteristics of the conductance
for this substrate.

In this paper we analyze the transport properties of
ultrathin metallic Pb films on Si(111)–6×6Au substrate,
focusing on the conductance changes during annealing
process (heating and cooling of the sample). The aim
of our studies is to determine the electrical character
of Si(111)–6 × 6Au surface depending on the Pb film
thickness and to find the surface recrystallization tem-
perature, at which Pb atoms form regular flat structures
(islands) at the substrate. To tackle these problems we
analyze the normalized difference between the heating
and cooling conductance curves. The conductance mea-
surements are supported by the reflection high-energy
electron diffraction (RHEED) experiments which allow
us to control the surface morphology. The experimental
results of the conductance are supplemented by theoret-
ical calculations within modified Trivedi–Ashcroft the-
ory [36] with temperature-dependence of the roughness
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function. The paper is organized as follows. In Sect. 2
we describe the experimental setup and analyze the re-
sults for submonolayer Pb coverage of the surface and
for thin Pb film. The theoretical formalism based on
the Trivedi–Ashcroft theory is presented in Sect. 3.
The main conclusions are drawn in the last section of
the paper, Sect. 4.

2. Experimental results and discussions

The experiments were performed in an ultrahigh vac-
uum chamber at pressures of the order of 5×10−10 Torr,
equipped with a RHEED apparatus. We have used
n-type Si(111) sample with 25 Ω cm specific resistivity
and 18×4×0.4 mm3 size. After polishing, the sample was
etched in 1 HF + 10 ethanol, rinsed in deionized water
and mounted on a pair of Mo rods and clamped with Ta
foils. Electrical conductivity were measured in situ by the
four-point probe method and all electrical contacts were
arranged in one line on the substrate. The effective con-
tact area of these macroscopic electrodes does not change
during the experiments thus they do not affect the con-
ductance measurements. Very high impedance pream-
plifier with FET input and SR 830 Lock-in were used in
our experiments. An alternating current I = 2 µA, 17 Hz
was applied through the outermost Ta clamps contacts
and the AC voltage was measured across two inner W
wires (1.5 mm apart) kept in elastic contact with the
wafer. The sample holder was mounted to SuperTran-
VP continuous flow cryostat cold finger (Janis Research
Comp. Inc.) and the sample temperature was measured
with the AuFe chromel thermocouple being in contact
with the wafer. Before measurement run, the surface
was cleaned by several flash heatings (5 s) with a di-
rect current of 13.5 A through the sample which led to a
clear Si(111)–7 × 7 surface reconstruction. This process
was controlled in situ by the RHEED system. In order to
prepare Si(111)-6×6Au reconstruction 1.3 ML of Au was
deposited onto the Si(111)–7×7 superstructure at about
950 K and then the temperature was gradually decreased
(10 K/min) to room temperature (RT). Next, well or-
dered sample was cooled down below 90 K and Pb atoms
were evaporated from Ta crucible at rate 0.02 ML/min
and deposited onto Si(111)–6 × 6Au substrate. At this
temperature Pb atoms remain almost frozen at the sur-
face [24]. The amount of Pb in units of monolayer (ML
= 7.8 × 1014 atoms/cm2) was monitored with a quartz
crystal oscillator and RHEED specular beam intensity
oscillation during the epitaxial growth has been used for
calibration (in our experiment 1 ML of Pb corresponds
to 45.7 Hz). Such prepared sample with Pb film was
ready to thermal experiments leading to reorganization
(recrystallization) of Pb atoms at the surface.

RHEED diffraction pictures were used to control the
surface crystalline order. However, the detailed morphol-
ogy of Pb at Si(111)–6 × 6Au surface was supported by
the scanning tunneling microscopy (STM) topographic
images obtained earlier in the literature [33, 35, 37, 38].

The STM measurements indicate that above 180 K one
observes a strongly correlated mesh with regular period-
icity and symmetry whereas below this temperature such
regularity is not observed [33]. The appearance of Pb flat
terraces or islands during the annealing process was also
observed for Pb films on Si(111)–7 × 7 [39, 40] or for
Si(111)–

√
3 ×
√

3 reconstruction [21, 41]. Similarly, Pb
films deposited onto Ge(001) substrate show the surface
recrystallization temperature at about 200 K [42].

Fig. 1. Temperature dependence of the relative con-
ductance, G/GRT , for 0.65 ML of Pb (upper part)
and 4.2 ML of Pb (bottom part) deposited on Si(111)–
6× 6Au surface at 90 K. The solid (broken) lines corre-
spond to the conductance during the first heating (cool-
ing) run. GRT stands for the conductance at 300 K.

After deposition of Pb the temperature dependence of
the conductance was measured for many Pb thicknesses.
Annealing and the following cooling were performed very
slowly, 1 K/min and all data were collected by the com-
puter system. Figure 1 shows the relative conductance,
G/GRT , as a function of temperature during the first
heating run (solid line) and cooling run (broken line) for
two chosen thicknesses i.e. 0.65 ML of Pb (submonolayer
coverage) and 4.2 ML of Pb (few-monolayer coverage),
upper and bottom part, respectively. Here, GRT means
the conductance of the system at 300 K and for the cover-
age 4.2 ML equals 0.4 (Ωcm)−1 (in this case the measured
voltage drop between W-electrodes is 0.13 mV). As one
can see, the conductance measured during the first heat-
ing and cooling shows the irreversible changes (hystere-
sis) but all further heating and cooling lead to reversible
changes with temperature (they overlap with the broken
curves). The conductance of the sample increases after
the cycle of heating and cooling due to annealing defect
for both, thin and thick Pb films. During this process
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the surface crystalline order of Pb is improved. Note
that for thin metallic films on anisotropic (e.g. vicinal)
surfaces the conductance can decrease after the annealing
process [19, 28]. Moreover, for 4.2 ML Pb film (bottom
part) the heating and cooling conductance curves con-
verge at about 175 K and they take almost the same
values for higher temperature. It is a consequence of the
surface recrystallization of Pb atoms and formation of
even-ML-thick areas (islands) at the surface. Such struc-
ture were observed in the STM measurements in our lab-
oratories [35] for somewhat higher temperature (180 K).
These Pb flat areas are relatively large (tens of nm), they
are very stable and do not change with heating or cool-
ing of the sample between liquid nitrogen temperature
(LNT) and room temperature (RT). For submonolayer
coverage (upper part in Fig. 1) the conductance curves
also converge and cross each other at the temperature
equals about T = 172 K, but the curves differ a little for
higher-temperature regime. It could be a consequence
of high diffusion of Pb atoms at Si surfaces (cf. the re-
sults of Pb at Si(553)–6 × 6Au, [24]). In such a case Pb
atoms can form small stable atomic clusters with single
Pb atoms moving at the surface between them, even at
higher temperatures [33]. The average size of Pb clusters
at this surface can be estimated form the STM measure-
ments [37, 38] and equals about 2 nm (for submonolayer
coverages) whereas the average height of these clusters is
about 0.42 nm.

Fig. 2. Temperature dependence of the relative resis-
tance, R(T )/RRT , for 4.2 ML of Pb (solid red line)
and corresponding linear fit with the slope coefficient
a = 0.0036 ± 0.5% 1/K (the temperature range of fit-
ting: 100–260 K).

After annealing the conductance changes are reversible
and we observe that for thicker Pb films (4 ML Pb) they
show bulk-like behaviour of G. It means that the re-
sistance is proportional to the temperature and linear
approximation can be used in this case: R(T )/RRT =
1 + αT , where α is called the temperature coefficient
of resistivity (for bulk Pb: α = 0.0039 1/K [43]).
To corroborate this effect we plot in Fig. 2 the rela-
tive resistance as a function of temperature and linear
fit of this curve for the temperature regime 100–260 K.
The obtained temperature coefficient of resistivity in our

case equals 0.0036 1/K, which is in good agreement with
the literature data for bulk Pb. Note that for higher
temperatures some deviations from the linear values are
visible which are related mainly with the semiconductor
resistance of the substrate (it decreases with tempera-
ture). Moreover, even for metallic bulk materials the
resistance depends on many effects (like electron scatter-
ing by phonons, electron interactions) and is given by the
Bloch–Grüneisen relation which in general is non-linear.

It is worth noting that for ultrathin films the bulk be-
haviour of the conductance strongly depends on the sub-
strate reconstruction e.g. for Si(111)–7×7 reconstruction
it was observed for much more thicker Pb films, about
10 ML [12], as well as for Si(111)–

√
3 ×
√

3 reconstruc-
tion [32]. Moreover, in our case, the conductance for
4.2 ML film monotonically decreases with increasing tem-
perature but for mentioned above experimental papers
(and for the same Pb coverage) it increases with tem-
perature, showing the surface recrystallization point at
about 90 K (for 4 ML) or 160 K (for 6 ML or larger) [12]
and at about 165 K [32] (for 6.1 ML). It shows a signif-
icant advantage of Si(111)–6× 6Au surface as one needs
only 4 ML Pb film to ensure bulk properties of the sam-
ple and, additionally, the recrystallization temperature is
higher in comparison with other Si reconstructions.

The conductance behaviour for submonolayer cover-
ages of Pb changes with increase and decrease of temper-
ature (even after surface recrystallization), see e.g. the
cooling curves for both coverages in Fig. 1. It results
from the fact that one measures the total electric signal
between two macroscopic contacts which include many
effects like the bulk Si conductivity, Si surface conduc-
tivity, the signal from (6×6)Au superstructure and from
deposited films. Of course, these components are not
independent of each other and some interference effect
always appear. On the other hand, the surface crys-
talline order at RT is stable and the temperature be-
haviour of the cooling curve, Gcool, corresponds mainly
to under-surface effects (bulk semiconductor, phonons,
and others). Thus we propose to analyze the normal-
ized difference between the heating and cooling conduc-
tance curves, (Gheat − Gcool)/GRT . The corresponding
curves for both coverages, 0.65 ML and 4.2 ML are shown
in Fig. 3, broken and solid curves, respectively. Now
one can see that the conductance difference tends to
near-zero value with increase of temperature which cor-
responds to stable crystalline order at the surface (for
ultrathin Pb thickness it appears at about 175 K). For
higher temperatures (Gheat−Gcool)/GRT remains almost
constant. Note that the conductance difference curve
for the submonolayer coverage 0.65 ML decreases at low
temperature (up to T = 120 K, Fig. 3, broken curve).
It could be a consequence of very similar temperature
dependence of the conductance for bare Si(111)–6× 6Au
surface and Si(111)–6 × 6Au with 0.65 ML-thick Pb
film — both conductance curves strongly decreases be-
low 120 K, cf. also [29], leading to a local minimum in
(Gheat −Gcool)/GRT for T = 120 K.
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Fig. 3. Temperature dependence of the relative differ-
ence of the conductance obtained from the experimental
data shown in Fig. 1, (Gheat −Gcool)/GRT , for 0.65 ML
of Pb (broken curve) and 4.2 ML of Pb (solid line) de-
posited on Si(111)–6× 6Au surface at 90 K.

3. Theoretical description

The system under consideration consists of a thin film
of Pb atoms deposited at low temperature onto the mod-
ified silicon substrate, Si(111)–6 × 6Au. The annealing
process does not change the average thickness of the Pb
film, however, deposited atoms move at the surface lead-
ing to the surface recrystallization. To describe our ex-
perimental results qualitatively one can use the Trivedi–
Ashcroft theory [36] which includes bulk impurity scat-
tering and the surface roughness scattering. Within this
theory the conductance of the system reads

σ =
e2kF
~π

1

κ

nc∑
m=1

1− m2

κ2

2nc+1
kFl0κ

+
(
δd
d

)2 s(nc)m2

3κ

, (1)

where κ = kFd
π , kF is the Fermi wave vector, l0 is

the effective electron mean free path, nc = Int(κ) and
s(nc) = (2nc + 1)(nc + 1)nc/3κ

3. Note that δd func-
tion is the root-mean-square deviation of the mean film
thickness, d, and can be obtained e.g. from the RHEED
intensity oscillations during deposition of atoms at the
substrate [5, 44, 45]. For the perfect growth of atoms
(layer-by-layer mode) the roughness function can be ex-
pressed analytically in the parabolic form or for non-ideal
growth it can be approximated by higher-order polyno-
mials. In our case the sample is annealed from LNT up to
RT (the thickness remains unchanged) and the roughness
function, δd, changes with temperature. This function is
responsible for the reconstruction of deposited atoms and
formation of flat Pb areas at the surface (and is correlated
with the STM topography images e.g. [33, 35, 37, 38]).
At low temperature deposited atoms are placed randomly
at the surface and their positions change with tempera-
ture. For submonolayer coverage, at higher temperature,
Pb atoms form small 1 ML-thick clusters (composed of a
few atoms [37, 38]) thus in this case (δd)2 decreases with
temperature and can be expressed by a parabolic func-
tion, Fig. 4 (upper part, broken curve). For somewhat
larger coverages, just after deposition, Pb atoms form ir-
regular structures (see the left inset in Fig. 4) and, as the

temperature increases, the surface becomes flatter and
flatter with even-ML steps (see the right inset) [35]. In
this case we express the roughness function in the form
of 3rd order polynomial, Fig. 4 (upper part, solid curve).
Note that we always work in the regime of

(
δd
d

)2
< 1,

cf. also [41]. In our calculations we assume that the
Si(111)–6 × 6Au surface stands for an effective layer for
electrons and thus the effective thickness of the sample,
d, is (0.65+1) ML and (4.2+1) ML, respectively. The
thickness of Pb films is expressed in units of 1 ML of Pb,
which equals about 0.42 nm [37, 38].

In Fig. 4, bottom part, we show the relative changes of
the normalized conductance, (Gheat−GRT )/GRT , during
the annealing process (as a function of the temperature)
for both considered thicknesses 0.65 ML, broken curve,
and 4.2 ML, solid curve. The corresponding roughness
functions are depicted in the upper part. In the calcu-
lations we assume that the average mean free path for

Fig. 4. The roughness function, (δd)2, (up-
per part) and normalized relative conductance,
(Gheat − GRT )/GRT (bottom part) obtained according
to the Trivedi–Ashcroft theory for different thickness
of the Pb film: 0.65 ML and 4.2 ML, broken and
solid lines, respectively. The parameters used in the
calculations are: d = 1.65, l0 = 7 for 0.65 ML of Pb and
d = 5.2, l0 = 40 for 4.2 ML of Pb, kF = π. The insets
in the upper part show schematic distributions of Pb
atoms after deposition at low temperature (left inset)
and after annealing at room temperature (right inset).

electrons is limited mainly by the dimension of 6 × 6Au
cell for the submonolayer coverage (for 0.65 ML) and by
the bulk mean free path for the case of 4.2 ML. As one
can see, the curves increase with temperature and cross
the zero value which is a hallmark of Pb recrystallization
at the surface. The obtained results are in good qualita-
tive agreement with the experimental data, Fig. 3.
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4. Conclusions

The electrical conductance of ultrathin Pb films on
Si(111)–6× 6Au substrate was measured experimentally
as a function of temperature using the four-point probe
method in UHV condition. Pb atoms were deposited
at LNT and then the conductance of the sample was
measured during the heating (up to the room tempera-
ture) and cooling down cycle. The structure of the sub-
strate with deposited films was monitored by the RHEED
system.

We have found that the conductance increases after the
annealing process as in this case the crystalline order of
the surface improves. The conductance behaviour dur-
ing the first heating and cooling run shows irreversible
changes. It allows one to determine specific annealing
temperature of the sample at which the conductance
changes become temperature reversible. The most prob-
able interpretation of this temperature is the surface re-
crystallization of Pb films and formation of Pb flat steps
or island, which is supported by the STM topography
images [35]. For Pb atoms at Si(111)–6 × 6Au surface
this temperature equals about 175 K. Moreover, we have
shown that 4 ML of Pb at Si(111)–6 × 6Au surface en-
sures metallic bulk-like behaviour of the sample conduc-
tance (the temperature coefficient of resistivity equals
0.0036 1/K) while for other surface reconstructions much
thicker Pb films are required.

We have also analyzed theoretically the conductance of
thin films using the modified Trivedi–Ashcroft theory for
fixed thickness of the sample. It was shown that the rel-
ative conductance depends mainly on the surface rough-
ness which changes during the annealing process. Satis-
factory qualitative agreement with the experimental data
was obtained.
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