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The growth of Pb films on Si�111�-�6�6� Au and on Si�111�-�7�7� Au at 120 K was investigated in situ
with infrared transmittance spectroscopy. In the development of the transmission spectra with film thickness
the formation of the crystalline layer, the layer-by-layer growth mode, and size effects can be identified. The
infrared spectra are analyzed with the Drude model for the dielectric function. In order to get a good fit, both
the parameters’ plasma frequency and relaxation rate must become thickness dependent, which is explained in
relation to the quantum-size effects and to the classical-size effect. This work is the first infrared spectroscopic
study of quantum-size effect-related oscillations in metal films.
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I. INTRODUCTION

Infrared �IR� spectroscopy is well established in studies of
vibration modes in solid-state physics and surface science. It
is also a powerful method for studies of free charge carriers,
for example in ultrathin metal films.1,2 In this paper IR trans-
mittance spectroscopy is used as a contact-free method for
conductivity studies of the system Pb on Si�111� during Pb
deposition at 120 K. The system is well known for its size
effects in the conductivity and for its phase transitions.3–8 At
lowest temperatures, the formation of an amorphous Pb layer
on Si�111�-�7�7� was observed. At a critical thickness a
structural phase transition takes place that we could detect
also in IR transmittance because of the qualitative change of
the dielectric function. The structural transition is correlated
to the coalescence of islands with certain heights stabilized
by the quantum-size effect �QSE�.9 Our scanning tunneling
microscopy �STM� pictures from a separate study show very
small islands below the transition and large terraces above
the critical thickness. See Figs. 1�a� and 1�b�. Pb deposited
onto Si�111�-�6�6� Au substrate grows as a crystalline
phase and in a layer-by-layer mode from the very beginning.
Figure 1�c� shows 2.25 monolayers �ML� of Pb on an
Si�111�-�6�6� Au substrate prepared under similar condi-
tions as Fig. 1�a� and 1�b�. On the flat Pb film an island
forming the third monolayer is visible. Several isolated 2 ML
thick islands are to be seen. Their presence is closely related
to a growth modified by the QSE. If the temperature at film
deposition approaches room temperature, the QSE-related
double-layer growth mode is fully developed. The disordered
growth phase is lacking for a Si�111�-�6�6� Au substrate,
where the interaction between Pb and the Au-saturated sur-
face is much stronger than between Pb and the clean Si sur-
face. Hence, crystalline growth is forced from the very be-
ginning. In the crystalline phase oscillations of the IR
transmittance due to the QSE are observed. Surface scatter-
ing as the classical-size effect �CSE� contributes to all of the
observed spectra and reveals the surface roughness develop-
ment. As we will show here, both the effects, classical-size
and quantum-size, influence the IR transmittance, which can

be described by the thickness dependency of the plasma fre-
quency and of the relaxation rate.

II. CONDUCTIVITY MODELS

A. Lead in the infrared

Up to wave numbers of at least 5000 cm−1 the middle-IR
optical properties of lead can be well described with the
Drude model for the dielectric function

���� = �� −
�P

2

�2 + i���

�1�

with ��=1 and the two Drude parameters’ relaxation rate �
�i.e., inverse lifetime� and plasma frequency �P, both inde-
pendent of circular frequency �.10,11 As a result of a fit to the
dielectric function �obtained from IR reflectance of a poly-
crystalline sample via Kramers-Kronig transformation� for
the range up to 10 000 cm−1 the parameters �in typical wave-
number units� are ��=��,Bulk=1450 cm−1 and �P=�P,Bulk
=62 000 cm−1 at room temperature.10 Assuming a linear de-
pendency of the phonon scattering contribution to �� on tem-
perature, an extrapolation to 120 K gives a bulk relaxation
rate ��=��,Bulk=550 cm−1 based on temperature-dependent
dc resistivity data.12 With the Fermi velocity VF=1.83
�106 m/s �Ref. 12� it follows the bulk mean free path lmfp
�18 nm that is of the order of the information length li
=VF2� /� in the IR range of this study �i.e., 62 nm at
1000 cm−1�. Islands with bigger diameters give layerlike IR
spectra. However, their boundaries may increase the relax-
ation rate. The IR transmittance decreases with average Pb
thickness d, which is to the first order due to the increase of
d� lm����d	opt �	opt is the IR optical conductivity�. The
two properties, average transmittance and spectral slope al-
low a precise determination of the two Drude parameters
from a continuous metal film spectrum, if d is known from
an independent measurement and if the pure substrate is well
characterized.1,13 It is important to note that the sensitivity of
	opt to changes of the Drude parameters increases with de-
creasing �, which is easily ascertainable by means of the
corresponding derivatives of 	opt.
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B. dc conductivity of Pb(111) films and size effect models

If renormalization effects14 are negligible, the dc conduc-
tivity 	dc should be equal to the low-frequency limit of
	opt��→0�=�v�P

2 /�� �with the vacuum dielectric constant
�v�. For an ideal Fermi gas �P

2 =Ne2 / �m*�v� with the electron
density N, the electron charge e, and the effective electron
mass m*. For a real metal such simple relation does not work
well and the plasma frequency follows from the band struc-
ture. For ultrathin �111� Pb layers Vilfan et al. calculated
	dc��. Their result corresponds to a plasma frequency of
about 59 000 cm−1 which is surprisingly close to the param-
eter from the middle IR and which coincides with the plasma
frequency parameter obtained from a fit to data from the far
IR. For example, in the case of iron, the discrepancy between

optical and dc data is much bigger and a significant fre-
quency dependence of �P has to be considered.1,15

For the thicker films of this study with thickness d
�F
�Fermi wavelength, it is 0.366 nm for the direction normal to
Pb�111� layers� the CSE decreases the conductivity com-
pared to the bulk. Following the work of Fuchs16 and
Sondheimer,17 for the case of pronounced diffuse surface
scattering, the thin-film relaxation rate becomes

�� = ��,Bulk +
3

8
�1 − p�vF

1

d
, �2�

with the probability p for specular scattering of free elec-
trons. If surface roughness changes during film growth, it
follows p= p�d�. Equation �2� assumes the independent scat-
tering processes. Its applicability was proved many times.
But for even thinner films, if the QSE comes into play, sur-
face scattering is no more a simple additive contribution to
the total relaxation rate. It depends explicitly on the subband
quantum number n, see, for example, the following expres-
sion derived for the in-plane conductivity of a homogeneous
film by Trivedi and Ashcroft.18 In the presence of both “im-
purity” �point defect� scattering and surface scattering �in
case of small-scale roughness, i.e., without grain boundary
scattering� their theoretical in-plane conductivity, here ex-
pressed with the bulk parameters �P, ��,Bulk, and lmfp ���,Bulk
and lmfp already accounting for impurity scattering�, is

	dc =
�P

2�v

��,Bulk
3�

n=1

nc 1 − n2�2�kFd�−2

2nc + 1 + ��d/d�2kFlmfps�nc�n2/3
; �3�

the Fermi wave number is kF=2� /�F, with the root-mean-
square deviation �d of the average film thickness d, nc
=Int�kFd /��, and s�nc�= �nc+1��2nc+1� / �2nc

2�. Equation �3�
predicts oscillations of the conductivity and a slow approach
to the bulk conductivity with increasing d. For sufficiently
small �d, clear minima are expected for dkF /� equal to an
integer number. Surface roughness changes with thickness
during Pb film growth, therefore �d=�d�d�. For an ideally
smooth film and negligible diffuse surface scattering in Eq.
�3�, the bulk relaxation rate ��,Bulk can be separated and the
plasma frequency appears as modified by the QSE. There-
fore, in the case of negligible surface scattering and island
lateral dimensions larger than li, the parameter �P

2 obtained
from a fit to IR spectra via Eq. �1� could be discussed in
relation to 	dc��,Bulk /�v from Eq. �3�. However, Eq. �3� is
valid only at a temperature T=0 and was derived under the
assumption of a thickness-independent chemical potential.

III. EXPERIMENTAL

The experiments were performed in an ultra-high vacuum
�UHV�-chamber that was equipped with a RHEED system
and where the base pressure was 1�10−10 mbar �during Pb
deposition about 7�10−10 mbar�. The angle of the deposi-
tion direction to the Si surface normal was approximately
30° for Pb and for Au evaporation. The substrates were
Si�111� wafers with about 10 
 cm resistivity and the dimen-
sions 20�5�0.375 mm3. They had been cleaned by using
resistive dc heating and flashing up to about 1500 K for a

FIG. 1. �Color online� Topographical STM scans of Pb on
Si�111�-�7�7� deposited and measured at 105 K under UHV con-
ditions for Pb coverage of �a� 2.5 ML and �b� 6.5 ML, respectively,
compared to respective scans of 2.25 ML of Pb deposited at 130 K
onto Si�111�-�6�6� Au. The film �a� is amorphous-like; �b� with
increasing thickness follows the transition into the crystalline phase.
�c� The film is growing layer-by-layer from the beginning.
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few seconds. Hence, the oxide layer was removed and the
Si�111�-�7�7� superstructure was produced, which has been
monitored with the RHEED setup. Before lead deposition,
the sample was cooled down to about 120 K by making ther-
mal contact to a LN2 cryostat. This temperature was mea-
sured with a Pt100 resistance thermometer. Lead was evapo-
rated onto the cooled substrate by thermal evaporation at a
rate of about 2.3 Å/min from an Al2O3 crucible. For the
preparation of the Si�111�-�6�6� Au superstructure, before
the lead deposition, 1.2 monolayers �ML� of gold were de-
posited onto Si�111�-�7�7� surface at room temperature
�with a rate of about 0.4 Å/min� followed by annealing up to
700 °C and subsequent slow cooling down.

The metal deposition rates were calibrated by quartz mi-
crobalance measurements before and after each experiment.
The average lead-film thickness �in nm� was calculated from
the rate and the deposition time, using the bulk density of
crystalline lead. The numbers of lead MLs are based on the
lattice plane distance in the �111� direction: 1 ML
=0.286 nm. The estimated relative error in Pb thickness is
less than 10%.

The IR beam from the spectrometer �Bruker Tensor 27,
N2 purged� was lead into the UHV chamber by adjustable
mirrors that focused the spot onto the sample. Using an ap-
erture of 1 mm, the IR spot on the wafer had a diameter of
about 1.8 mm. Regarding the IR data acquisition, each IR
spectrum was measured with 20 scans and referred to the
reference spectrum taken before lead deposition with 200
scans. The spectral resolution was 8 cm−1. To avoid nonlin-
ear effects in photon intensity measurements, a deuterated
L-alanine-doped triglycene sulphate �DLATGS� detector was
used. In order to get reasonable IR spectra during lead-film
growth, it was particularly important to ensure high signal
stability. To check the effect of our measures, a long-term IR
measurement was performed to estimate the largest devia-
tions. In the middle IR, for example, at 1000 cm−1 the di-
rectly �i.e., without any sample� transmitted intensity oscil-
lates over a period of 15 h not much more than 0.5%.

The IR measurements take not longer than 0.5 h, and the
measurements have demonstrated that the deviations during
this time range up to a maximum of 0.03%. Fig. 2 reflects the
signal stability with a cooled specimen, see the regions be-

fore and after closing the shutter, where the remaining devia-
tions from constant transmittance are due to temperature
fluctuations of the sample.

IV. RESULTS

Figure 2 shows the time development of the transmittance
during the growth of a lead film on a Si�111�-�6�6� Au
surface versus Pb-film thickness. To gain a better signal-to-
noise ratio, the transmittance values in Fig. 2 are average
values for an interval of 100 cm−1 around the indicated wave
number. For transmittance at 1000 cm−1, minima can be seen
at a thickness corresponding to 2 and 4 ML, whereas there
are maxima for 5000 cm−1. Supposed that the Drude model
is valid; this finding indicates that �� is equal to a circular
frequency in the IR range in between.

A selection of spectra from 1500 cm−1 to 4000 cm−1 and
the Drude-fit curves are shown in Fig. 3. The transmittance
was calculated with the software package SCOUT19 that ex-
actly considers the thin-film optics. For the fits the Si-
substrate transmittance was measured and described sepa-
rately. In the fits to the film spectra that are based on Eq. �1�,
the two Drude parameters are treated as thickness-dependent
�but frequency-independent� parameters. For d, the film
thickness following from the deposition rate and deposition

FIG. 2. Transmittance change �for the two wave numbers given�
during Pb deposition on Si�111�-�6�6� Au. Deposition starts at
0 nm and is stopped at 5 nm.

FIG. 3. Selection of relative transmittance spectra measured dur-
ing Pb film growth at 120 K on �a� Si�111�-�6�6� Au and on �b�
Si�111�-�7�7�. The thickness for each spectrum is given in the
figure. The broken lines that could hardly be distinguished from the
experimental spectra �slightly noisy� are best-fit calculations based
on the Drude model for the dielectric function.
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time was used. It turned out that it was impossible to get a
reasonable fit with only one thickness-dependent Drude pa-
rameter.

The IR spectra reveal the typical spectral behavior of a
metal with high charge-carrier relaxation rate, i.e., the spec-
tral slope is more or less linear with wave number, which is
different for noble metals.20,21 The comparison of the spec-
tral development for both the substrates already makes obvi-
ous interesting differences that must be due to the different
film structure, for example, compare transmittance for
0.5 nm which is much lower on the Si�111�-�6�6� Au sur-
face.

Another peculiarity is the IR transmittance on the
Si�111�-�7�7� surface below 1.5 nm. There is no obvious
spectral change with frequency, which is a behavior typical
for metal films near the percolation threshold22 or for films
with very high relaxation rates. Here, in the low thickness
range, the optical conductivity seems to stay independent of
both frequency and thickness and the transmittance decreases
nearly linearly with average film thickness, which means that
the film is growing in thickness but is not changing its elec-
tronic transport. This finding is in accordance with the STM
result: the film is rather amorphous up to 4 ML.

For a more detailed discussion we look now on the devel-
opment of the fit results for Drude parameters with thickness.

V. DISCUSSION

A. Pb on Si„111…-„6Ã6… Au

From the beginning of the Pb deposition onward, the fit
based on Eq. �1� to the IR spectra at each thickness gives
reasonable parameters: The obtained relaxation rate corre-
sponds to a mean free path slightly bigger than the atomic
radius up to 1 ML and drops down to values corresponding
to a mean-free path of a few nm after the first ML is com-
plete. The plasma frequency increases up to 1 ML and starts
to oscillate above 1 ML. The most pronounced oscillations
are shown in Fig. 4.

At 2 and 4 ML we see clear minima in the relaxation rate
indicating a smooth surface. At 3 ML only a small dip in the
relaxation rate indicating a flat surface could be seen. The
minima at 2 and 4 ML in the squared plasma frequency
would fit with the behavior of 	dc��,Bulk /�v according to Eq.
�3� since there dkF /� is an integer. But taking into account
the thickness-dependent position of the chemical potential,
we had to argue as follows.

The dominating double-layer periodicity in the IR trans-
mittance is indeed caused mainly by electronic effects. In 2
and 4 ML of Pb on Si�111�-�6�6� Au the Fermi level is
placed just between two quantum-size levels with roughly
the same distance to Fermi level. In contrast, in 3, 5, and 7
ML the Fermi level is close to the respective quantum level.
Accordingly, scattering is less in the first case �because of the
smaller number of states available to scatter� and increases
when a new QSE level is near the Fermi level, which is
calculated in Refs. 23 and 24. Experimentally determined
positions of the QSE levels are given in Ref. 25. Dips at 2
and 4 ML come from superposition of both the effects—the
electronic one and the topographical one, where the elec-

tronic effect is prevailing. An explanation for plasma fre-
quency variation is not clear. Minima suggest lower concen-
trations at 2 and 4 ML but this is not consistent with the
distance of the quantum levels from the Fermi level at these
thicknesses �lower concentration is expected when just a new
QSE level crosses the Fermi level, see Eq. �3��. However, we
have to keep in mind that we have discussed this on the basis
of a simplified one-dimensional model, but in fact, we deal
with a much more complicated system.

Figure 5 makes obvious that for Pb on Si�111�-�6�6� Au
above 5 ML the average trend in relaxation rate corresponds
to Eq. �2� with a nearly constant p. The linear extrapolation
from d−1= �3 nm�−1 to d−1=0 gives a bulk relaxation rate of
about 250 cm−1, which is half the value ��,Bulk for polycrys-
talline lead.

FIG. 4. Transmittance at 1000 cm−1 and Drude parameters ver-
sus Pb thickness given in ML and in bulk Fermi wavelengths �top
scale�. Substrate: Si�111�-�6�6� Au.

FIG. 5. Relaxation rates versus inverse Pb thickness 1/d. The
linear relationship at higher thickness d indicates the dominating
CSE, its extrapolation is shown as a broken line.
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B. Pb on Si„111…-„7Ã7…

On Si�111�-�7�7� five different phases in the film forma-
tion can be distinguished. Up to approximately one ML,
nearly no changes in the transmittance can be seen �see Fig.
6�. The evaporated material has not yet sufficient influence
on the conductivity, which corresponds to the formation of
the wetting layer. Then, up to a film thickness of 	1.7 nm,
the transmittance is frequency-independent and decreases for
all wave numbers nearly linearly with film thickness as men-
tioned above. Only beyond 1 nm Drude-type fits give physi-
cally reasonable values since then the relaxation rate �� cor-
responds to a lmfp above the Ioffe-Regel criterion �lmfp

�1/kF� for the existence of extended electronic wave
functions.26 At about 1.5 nm the relaxation rate reaches val-
ues that correspond to a mean free path similar to the atomic
radius. Then a sudden drop down in transmittance is ob-
served and a significant frequency dependence of transmit-
tance develops, after which very slight signal oscillations
occur, which are even more pronounced for lower wave
numbers compared to the higher ones, see also Fig. 6. In the
phase from approximately 3 nm to larger thicknesses, no os-
cillations can be detected anymore, but this region can be
described by Eq. �2�. Above 2.5 nm, because of the almost
constant slope with 1/d �see Fig. 4� the specularity param-
eter p only negligibly changes with increasing thickness.
Linear extrapolation from 1/d=0.25 nm−1 to 0 gives a bulk
relaxation rate of about 250 cm−1.

For thickness above 1.5 nm, in the oscillation’s region,
the best-fit Drude parameters are shown in Fig. 7. Similarly,
as in the case of Pb on Si�111�-�6�6� Au �Fig. 4�, the Drude
parameters vary with the film thickness. Minima appear at
about 6.4 ML ��1.8 nm� and, hardly to observe, at about 7.4
ML ��2.2 nm�. As it follows from dc resistivity experiments
on the same system, the QSE features are expected at an
integer number of monolayers. Taking into account the ex-
perimental error of the thickness determination and looking
at the existing knowledge on the system, we identify the
position of the first minimum with the thickness of 6 ML and

the second one with 7 ML. It should be noticed, that even
higher accuracy and sensitivity in IR experiments is possible,
but it would need a more elaborate �and more expensive�
setup than the basic one used in this study.

Previous dc studies have confirmed the occurrence of two
superimposed sets of resistivity oscillations in Pb ultrathin
films.3,24 The first set, with periodicity of 1 ML, results from
the periodic modulation of scattering due to the oscillatory
variation of surface roughness during layer-by-layer film
growth. In a first approximation, without consideration of
QSE, it can be described by Eq. �2� where the parameter p
oscillates. One-ML resistance oscillations in ultrathin gold
on Si�111�-�7�7� at 95 K are the best example.27 The sec-
ond set, with 2 ML periodicity is described by Eq. �2�, and
results from QSE via modulation of charge-carrier density,
surface, and defect scattering. dc resistivity experiments23,24

proved that in Pb ultrathin epitaxial films the QSE is respon-
sible for resistivity oscillation with 2 ML periodicity. In this
study the QSE related features can be observed only after the
mean free path of the charge carriers has become comparable
to the thickness of the films. For Pb films deposited on
Si�111�-�7�7� this occurs after transformation into the crys-
talline phase at a thickness above 5 ML. Thus, oscillations of
the Drude parameters can be observed only within a narrow
window of thickness: from about 5 ML to about 10 ML; with
increasing thickness the oscillation amplitude becomes in-
creasingly small �Eq. �3� reflects such behavior�. The oscil-
lations in the plasma frequency are much smaller than in the
case of Pb on Si�111�-�6�6� Au; d is already large and the

FIG. 6. Transmittance versus thickness for Pb on Si�111�-�7
�7� showing the ordering transition above 1.7 nm. The five growth
phases are separated with vertical broken lines.

FIG. 7. Transmittance at 1000 cm−1 and Drude parameters �nor-
malized to the bulk values given in Sec. II� versus Pb thickness
given in ML and in bulk Fermi wavelengths �top scale�. Substrate:
Si�111�-�7�7�.
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charge-carrier concentration already approaches a bulk
value. The plasma frequency at higher thickness arrives for
both sample types of this study at the IR bulk value roughly
times 1.06, which should not be overestimated because of the
uncertainty about the right bulk value.

VI. SUMMARY

This study demonstrates that IR spectroscopy is a power-
ful tool for the investigation of conductivity parameters of
ultrathin metal films. Electric contacts are not necessary. The
in situ IR spectroscopy allows the observation of the devel-
opment of the film morphology and of the conductivity with
metal thickness. The crystalline growth mode of lead on the
Si�111�-�6�6� Au surface is confirmed and for the structural
changes on the Si�111�-�7�7� surface, deeper insight is

given into the correlated conductivity development. For
higher thickness of a few nm and above, the surface scatter-
ing contribution and the bulk-limit data are derived. The bulk
plasma frequency from this study is close to the literature
value for the middle IR, but the difference to data for the dc
case or low frequencies, respectively, shows, that renormal-
ization indeed has some importance for comparison of dc
and IR data. For the bulk relaxation rate it clearly follows a
value for the crystalline Pb layers below the polycrystalline
rate, indicating the low defect density of these films despite
the relatively low deposition temperature of 120 K.
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