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Anomalous optical absorption in ultrathin Pb films
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Ultrathin Pb films on Si(111)-(& 6)-Au deposited at 100 K are investigated by scanning tunneling micros-
copy, reflection high energy electron diffraction, and optical reflectance methods. From the reflectance data for
light with a photon energy from 0.5 to 3 eV, the imaginary part of the Pb dielectric funefibis determined.

For films with a thickness of 12 ML, the RE’® vs photon energy resembles that expected for a bulk material.

At smaller coverages the absorption spectrum shows anomalous, sharp optical structures. These structures are
identified as strongly enchanced optical transitions characteristic of bulk materials. Simultaneously, a reduction
of the free-electron Drude absorption is observed. This phenomenon is explained in terms of reduced electron
screening. Our findings supply evidence of a bulklike electron band structure in ultrathin films and nanopar-
ticles of Pb deposited on Si(111)-%6)Au.
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[. INTRODUCTION model has to be considered. Unfortunately, theoretical stud-
ies of optical properties of quantized ultrathin metallic films
Optical reflectance and absorption experiments are corgleal with simplified models based on the electron-free band
sidered to be among the most direct techniques to study thgructure’~'° Few known experimental works'? confirmed
bulk band structure. Particularly when applied to insulatorgheoretical predictions.
and semiconductors, they can deliver detailed and valuable Even less is known about the electronic and optical prop-
information. In the case of metals their usefulness is greatlrties of metallic dots. When species contain only a few at-
reduced. For frequencies below the bulk plasma frequenc9ms, interesting effects can be expected. With a reduction in
the interband absorption is reduced in strength and becomé#ze, apart from more a pronounced QSE, a diminishing of
near featureless. First, an external electric field induces E€ collective excitations of electrons is also expeétéd.
collective motion of all electrons, which in turn may screennally, upon a further reduction of size, the atomic behavior of
this field and reduce possible resonant transitions at this frehe species should emerge. _ .
quency. Second, a superposition of all possible transitions The aim of this work is to study optical properties of
over the entire Brillouin zon¢BZ) between electron states, extremely thin Pb films which in other experiments show the
usually formed by a complicated set of various dispersiorclear QSE effects:*" Particularly, we study samples with
curves, results in the appearance of broad and weakly devel?P coverages close to 1 ML, where a homogeneous layer
oped absorption peaks. These interband peaks are superifilits into separated islands approaching quasi-zero-
posed on a strong and featureless spectrum of free electrélimensional structures,
plasma absorption. In addition, strong electron scattering

smears all interband transitions and further broadens the ob- Il. EXPERIMENT
served features. _ _
In ultrathin metallic films the quantum size effd@SB Samples were prepared in a ultra high-vacc(stV)

may appear. In the electron-in-a-box model the bulkchamber equipped with a reflection high energy electron dif-
electron-free band structure splits into electron-free subfraction(RHEED) apparatus, and a gas-flow UHV liquid he-
bands. Usually the motion of electrons in the direction oflium cryostat for cooling of the samples during film deposi-
guantization and in the plane of the sample can be treatedon and during optical measurements. The vacuum system
separately. This model was successfully used to explain QS®as also furnished with a quartz film-thickness monitor and
electron photoemission phenoménalectrical resistivity ~With low temperature scanning tunneling microscggyr M)
oscillations>® and the electron tunneling into the QSE states(type Omicron V7. The base pressure was<a0~** mbar.

in a Pb thin film? Even self-organization phenomena, ob- The Si samples used here with dimensions ofx 58
served recently during Pb film growth, were explained by thex 0.6 mn? and with a 20 Qcm specific resistivity at room
QSE within the framework of the free-electron motl®But ~ temperature, were fabricated from matype boron-doped
the model is not sufficient if a real band structure in bothsingle-crystal. Flashing for a few seconds to about 1500 K
perpendicular and parallel directions plays an important rolefesulted in removal of SiC and in appearance of the77
and if a sample is extremely thin. This was clearly seen irsuperstructure RHEED pattern. Direct resistive heating was
Hall effect experimentswith ultrathin Pb films. The one- used. In order to produce a Si(111)%6)Au reconstruc-
dimensional electron-free model predicts a negative Hall cotion, about 1.2 ML of Au were deposited onto the
efficient, whereas the observed cofficient is positive even fof5i(111)-(7x 7) and annealed for 1 min at about 950 K, and
thick films. In addition, in ultrathin films, the model shows a then the temperature was gradually lowered to about 500 K
strong thickness dependent oscillation and reverses its sigmithin 3 min. The (6x 6)-Au superstructure production pro-
several times. Obviously, a more realistic band structureess was controlled by RHEED and STM.
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The differential reflectance spectroscopy technique con- x 107
sists of measurements of a relative change of a substrate
reflectance upon thin film depositionAR/R=(RS"*PP
—RSH/RS', whereRS" and RS'* PP are the reflectance of a
bare substrate and a substrate covered by a Pb deposit, re-
spectively. The angle of incidence of light beafnwas equal
to 58.5°. The apparatus consisted of a quartz halogen lamp,
a prism monochromator, a polarizer, a PbS photoconductor
for light energies below 1.2 eV, and a Si-photodiode above
this energy. The temperature of the detectors was stabilized
at —10°C. The light beam was chopped with frequency
equal to 73 Hz. A lock-in technique was employed to recover
the signal.s- or p-polarized light entered the UHV chamber 0
through a fused silica window and was focused on a sample.

Convergence of the light beam at the sample was below

0.7°. The specularly reflected beam after passing second ) . i
fused silica window was focused on the detector. The inten- FIG. 1. An example of reflectance difference divided by the film
sity of the reflected light was recorded during thin film depo-thickness d measured in  sity, during Pb deposition onto
sition. The rate of Pb deposition was about one monoatomigi(111)-(6x6)Au at 100 K. The photon energy efolarized light
layer of P§111) (ML) per min. Typically about 200 points of was 1.2 eV._ The bottom Ilm_a shows RHEED intensity oscillations
data were collected for each sample with the final thicknes&egistered simultaneously with reflectance measurements.
of about 4 nm. The whole optical setup was optimized in =~ si s o .
order to achieve a high stability of the signal and high accuWith e™°=¢" and&>'=¢°. Fors polarization the DR is
racy of the measurements. The differential reflectividR) SitPh S _

data were recorded during the deposition of Pb as a function Ry "—R 8md cosd Im| gPP— ss']

s-pol. E=1.2eV

(snun‘qre) Aususiu| d33HY
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of thin film thicknesdd at fixed photon energids within the RS DY eSi—1 2
range ofiw=0.5-3 eV. The DR curves for a particular s
thickness vs photon energy were calculated from the set of
DR vs thickness experimental data. In this manner a higi%tr
precision in detection of small variation of DR was achieved,
During the deposition of Pb the substrate was held at 10
K. The crystal structure of growing film was monitored with
RHEED. RHEED oscillations were recorded simultaneouslyt

during optical reflectivity measurements, and were used fol€nvall et ah o of refl it g
calibration of quartz crystal thickness monitor. The Pb _Figure 1 shows an example of reflectance difference di-

samples for STM measurements were deposited oNided by the film thicknessl measuredn situ, during Pb
Si(111)-(6X6)Au substrates mounted on a cooled STMe€vaporation onto Si(111)-(66)Au at 100 K. The photon
stage. The STM chamber was equipped with separate evap8nergy ofs-polarized light was 1.2 eV. From Eqd) and(2)

If the imaginary part of the dielectric function of the sub-

ate is small then expressiori$) and (2) depend very
eakly on the real part of thin film dielectric function. Thus,

n order to extract the imaginary part of Pb thin film dielec-

ric function, V\S can use the data for bulk Pb published by
I

rators and a quartz Crysta| thickness monitor. it follows that, for fixed energy, as |0ng as Optical constants
are independent on thickness, the DR should increase lin-
Ill. RESULTS AND DISCUSSION early with thickness. Such a behavior is observed for thicker

films, but for thinner films, below about 8 ML, a clear de-
viations from linearity is observed. Here visible dips with an
In a classic description a substrate and film immersed in approximately 2 ML periodicity can be correlated with simi-
vacuum are characterized by local and isotropic dielectridar specific resistivity variations measured previodsBince
functions e5(w) and &'(w), respectively. Applying the the positions of dips are independent of the photon energy
Fresnel laws derived from the Maxwell equations and conti-and the effect is much stronger at lower energies, we con-
nuity arguments, Mcintyre and Aspridshowed that when clude that this modulation is closely linked with free electron
thickness of a filnd is small with respect to the wavelength excitation and, similar to the case of the electron resistivity

A. Differential reflectivity

\ of incident light then forp-polarization the DR is phenomena, is caused by thickness dependent electron scat-
4 . tering of quantized conducting electrons. This figure also dis-
R§'+Pb— Ry _ 8wd plays a simultaneously measured RHEED intensity variation.
RS\ cosé RHEED intensity oscillations clearly indicate a monolayer-
P by-monolayer growth mode from the very beginning of Pb
Pby gSi deposition.
b sl Wsin% Figure 2 shows an imaginary part of the dielectric func-
wimd &% € ¢ tion of ultrathin films Pb Im&PP) for selected thicknesses,
&S 1+&S ' derived from experimental data according to the @g.and
- oSi sinf¢ divided by the wavelength expressed imwm, as a function

of energy. This quantity is proportional to the absorption co-
(1)  efficient. Such a presentation also flattens the curve in the
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FIG. 2. Imaginary part of the dielectric function 1&f(®) di- FIG. 3. Imaginary part of the dielectric function I&f(®) di-

vided by the light wavelength, derived from the experimental vided by light wavelengtix derived from the experimental data for
data for Pb films with coverages equal to 1, 2, 3, 4, 6, and 12 MLPb films with coverages equal to 1, 2, 3, 4, 6, and 12 ML. Films are
Films are deposited on Si(111)-(@)Au at 100 K. ImgPP?) is  deposited on Si(111)-(66)Au at 100 K. ImgP?) is calculated
calculated according to E@l) for p-polarized light. The dotted line  according to Eq(2) for s-polarized light. The curve marked with
shows the free-electrofDrude component of Img”)/X. empty dots is reproduced from Ref. 14.

low energy range where, due to the Drude absorption, a rapid . . .
increase of an imaginary part of the Pb dielectric function ©OUr experimental data for a 12-ML-thick film of Pb,
PP occurs. Here we also show a theoretical Drude Composhown in Figs. 2 and 3, are similar to these of Liljenvall

nent Im(p)/\ of the dielectric function. For Pb the Fermi €tal. Clearly, for this thickness, the optical constant ap-
energy Er=9.685eV, the Fermi wave vectorke Proaches the bulk value. Dramatic changes occur in thinner

=15.96 nm%, and the effective mass* =1.002n, (Ref.  films. With decreasing film thickness the absorption at 0.5—
1); the best fit to the low energy part of the curve for a0.8 eV decreases drastically, whereas the absorption within
12-ML-thick sample was obtained with a mean free path the energy range from 0.8 to 2.2 eV increases. For the 1-ML-
equal to 6.5 nm. At higher energies the visible differencethick sample narrow peaks at about 1.0, 1.5, and 1.8 eV
between this theoretical curve and the experimental data fatevelop. A further reduction of the film thickness, below 1
12-ML-thick Pb is caused by the band structure features oML, (Fig. 4), does not change the main features of absorp-
bulk Pb. The presence of 1.2 ML of Au evaporated onto Si intion. The peaks become sharper, but their positions remain
order to induce a & 6 superstructure was taken into accountfixed.
in calculations by utilizing an additive property of the differ-
ential reflectancé® The dielectric function of Au was taken
from the work of Johnson and ChristySimilar results were
obtained from independent measurements $guolarized For a proper discussion of optical properties at very low
light. Figure 3 shows Im{F?)/\ evaluated from Eq(2). For ~ coverages a morphology of the Pb film has to be taken into
the sake of comparison the figure also presents results efccount. Pb on Si(111)-¢66)Au grew at 100 K in
Lilienvall et al,** determined for a thick Pb film evaporated monolayer-by-monolayéashion(the Frank—van der Merwe
onto a fused quartz at room temperature. mode as it was indicated by RHEED specular beam inten-
Considering the band structure of bulk Pb, Lilienvall sity oscillations. Our previous experimehtd’ showed that
et al. identified broad absorption structures as being causesuch a growth mode in an early stage of deposition allows us
by interband transitions between approximately paralleto observe pronounced QSE. Films with coverages of less
bands around different points symmetry of the BZ. A peakthan 1 ML do not form continuous layer, and therefore need
close to 1 eV was identified at transitions around p®ihtA  a more thorough discussion. Figure 5 shows a series of STM
large absorption band extending from approximately 1.5 tdopographic images for clean Si(111)X®&)Au and Pb de-
3.5 eV is believed to be caused by a superposition of interposited on it with coverages 0.2, 0.65, and 1.05 ML. These
band transitions between parallel barkisand>; and also samples were deposited and studied at 100 K. All images are
between parallel bands along-I". Generally, the main fea- presented with the same lateral scale. Also vertical magnifi-
tures of these experimental data were explained by energsation is the same for all samples. In Figajba well ordered
band diagram obtained by Loucksbut due to the broaden- Si(111)-(6x6)Au superstructure is visible. The surface
ing of the absorption peaks their precise identification andoughnesgrms) for this sample is equal to 0.018 nm. In Fig.
explanation is doubtful. 5(b) separate islands of Pb with the height roughly 0.2-0.3

B. Film morphology
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FIG. 4. Imaginary part of the dielectric function 1&f®) di-
vided by light wavelengtix derived from the experimental data for
Pb coverages equal to 0.4, 0.6, 0.8, and 1.0 ML. Films are deposited
on Si(111)-(6< 6)Au at 100 K. ImgF®) is calculated according to g
Eqg. (2) for s-polarized light. RO Si(111)-(6x6)Au

PLOPI T

nm each containing of several Pb atoms are seen. There are
other structures which in STM picture appear much smaller
than these islands but larger than structures observed on
clean Si(111)-(& 6)Au. We believe that these small fea-
tures are produced by small nuclei containing a few atoms
only. At a coverage of 0.65 ML the islands are larger, but still o )
form a matrix of separate features. The size of these islands FIG- 5. STM topographic images for clean Si(111)<(6)Au

is about 1.5-2.0 nm, which corresponds well to the mean®: and Pb deposited on it with coverages 0.2, 0.65 and 1.05 ML
free pathl of electrons in 5-ML-thick Pb at 70 K determined L(®): (©). and(d), respectivelj. All images are displayed in the same

in electrical resistivity experimenfsequal to 2.0 nm. Figure Sqale’ V_V'th arbitrary vertical offset. Itb) separate_ls_lands of Pb
5(d) shows the surface of the sample with coverage of PHVI'[h heights of roughly _0.2—0.3 nm, each c_ontalnlng several Pb
slightly exceeding 1 ML. The surface roughness of this Sur_atoms, are present. Their average diameter is about 1 nm. The av-

. . . erage size of the islands increases with coverage and reaches about
face is larger than that of Si(111)-(68)Au, and the rms is 1.5-2.0 nm at 0.65 ML of Pb ific). In (d) the coverage of Pb

equal t_o 0.030 nm. A presence of hills and grooves SUQE_JeSg:ﬁghtly exceeds 1 ML. The presence of grooves suggests that the
that this 1.05-ML-thick film is composed of small domains film is composed of small domains with a thickness equal to 1 ML

with lateral size of about 1.5-2.0 nm. and a lateral size of about 1.5-2.0 nm. The data were collected at
sample biases equal to 0.31, -0.12, -1.44, and -0.096 Vajo(b),
IV. DISCUSSION (c), and(d), respectively.

Surprisingly, well-resolved and strong absorption peaks obf over 96 000 uniformly distributed triples &, k,, and
separate Pb islands, presented in Fig. 4, are almost at ttkg. The energies of these points were obtained as eigenval-
same energies as in thicker films. In Fig. 2, the series of dataes of the &8 complex matrix given by Anderson and
for increasingly thicker films shows that positions of pro- Gold!® From these data the joint density of statd®O9
nounced peaks at 1.0 and 1.5 eV remain constant. A peak atas calculated. Results of the calculation are shown in Fig.
1.8 eV shifts toward higher energies, and, finally, for thick6. For the sake of comparison to the data presented in Figs.
films, forms a broad structure near 2.5 eV. 2, 3, and 4, the JDOS data are multipliedMayThis quantity,

In order to explain experimentally determined optical after the assumption of a constant matrix element for the
properties of the thin Pb film, we turn to a bulk Pb bandoptical transitions between two states, is proportional to the
structure calculations. We assume that electronic states of Riptical absorption. The presented curve possesses features
are described by the energy band model of Anderson anshowing similarities to the experimental data. As in the ex-
Gold'8 with four parameters: the Fermi energy, two pseudo-periment the interband absorption begins at about 1 eV. At
potential coefficients, and a spin orbit coupling constant. Usthis energy a peak superimposed on the Drude absorption
ing their parameters we have performed band structure caturve is visible. The second peak in Figs. 2, 3, and 4, located
culations in 1/24 of the irreducible Brillouin zone for a mesh at about 1.5 eV, can be attributed to the rise of the JDOS at
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calculated the interband transition in a free-electron metallic
quantum well perturbed by a collective electron motion of
the electron plasma. Their main result was as follows. At
high electron densities and below the plasma frequency, all
the single electron transitions are, due to electron screening,
either eliminated or greatly attenuated. Conversely, for low
electron densities the screening has a negligible effect and
single electron transition§nterband dominate. As shown

by Trivedi and Ashcroft? in a very thin quantized metallic
film a considerable lowering of the electron density is ex-
pected. According to their theory a 1-ML thick film of Pb,
with only about 60% of the bulk value of the electron den-
sity, is expected. We conclude that the strong optical struc-
tures in 1-ML-thick film emerge due to a lowering of the
electron screening. Also in small metallic particles the elec-
tron density, and thus also the electron plasma frequency, are

FIG. 6. Calculated joint density of states of bulk Pb multiplied strongly reduced due to QSE. This may even lead to a metal-

by the wavelength of the light, as a function of the photon energy.

insulator transitiorf. The reduced Drude absorption for the

This quantity is roughly proportional to the light absorption causedthinnest films in the low energy range strongly supports this

by interband transitions, and does not contain the absorption due

collective excitation, e.g., Drude absorption.

the same energy. We believe that the third peak in Fig. 4,
located at about 1.9 eV for the 1-ML-thick sample, corre-
sponds to the strongest feature in the JDOS, at about 2.3 eM

In the 12-ML-thick sample and in the data of Lilienvall
et al

also show the same features as the continuous film.

The most striking feature of the experimental data is the
emergence of narrow and strong absorption peaks at low

it forms a broad peak centered at about 2.5 eV. A
shown in Fig. 3, with increasing film thickness the peak
shifts successively toward higher energies. Thus, qualit
tively, the optical absorption of ultrathin films closely re-
sembles the bulklike one. Moreover, the mezoscopic island

S

a_

tgssumption.

V. SUMMARY

In summary, we have shown that weak absorption features
the bulk material become more pronounced in the thinnest
films. Surprisingly, even extremely thin films show interband
optical transitions very similar to those of the bulk material.
The strongest optical transitions are observed in the films
composed of separated nanoparticles containing only a few
atoms. The enhancement of the interband transition in ultra-
thin films and nanopatrticles is attributed to reduced electron
screening.
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