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Optical properties of aluminium island films
on NaCl substrates near the percolation threshold*

E. Dobierzewska-M ozrzymas, P. Bieganski
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Optical properties of aluminium island films on NaCl substrates were investigated. Reflectivity was
measured in the spectral range of 220 to 700 nm. The imaginary part of dielectic permittivity was
calculated for films of a volume fraction g < qc. A distinct change in the character of optical
properties was found to occur at the volume fraction of gc ~ 0.45. Films having a volume fraction
of g < qgc exhibit an optical anomaly which takes the form of a maximum in the wavelength
dependences of reflectivity and imaginary part of dielectic permittivity. This anomaly disappears
for g > gcand the character of reflectivity is the same as that for thick films with diffuse scattering.

1. Introduction

Experiments on the optical properties of cermets and metal island films prepared on
dielectric substrates have been reported a number of times in the past decades [1-5].
The optical anomalies which are found to occur take the form of maxima appearing
in the imaginary part of dielectric permittivity e2 or in the reflectance R of the film as
a function of wavelength.

Many classical models are available to describe the optical properties of dispersion
systems. In these models, metal islands deposited on dielectric substrates influenced
by an external electromagnetic field are assumed to form a system of interacting
dipoles. The theoretical approach by Maxwell-G arnett [6] was first to describe
the problem in question. This theory has been modified a number of times, e.g., by
David [7], Doremus [8], Jarret and Ward [9], Yamaguchi [10], Norrman et al.
(1.
The optical properties of metallic island films may also be interpreted in terms of
the Bruggeman theory of the effective medium [12].

Having at hand a wide spectrum of theoretical approaches, we can determine the
influence of wavelength A on the imaginary part of dielectric permittivity e2 on
reflectivity R or on the transmittance T of island films characterized by a volume
fraction g [13]. When the films are sufficiently thin (d <€ A), the imaginary part of
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dielectric permittivity is established by experiments using Wolter’s approximation
[14]

1-R-T
£ = 2hin* @

where: na — refraction coefficient of substrate,
d — films thickness.

The agreement between experimental and theoretical wavelength-dependence of
€2, R, and T for metallic island films was found to be good [11], [15], [16]. The
reflectivity of smooth continuous films displays a monotonous plot in the wavelength
range with no interband transition or plasma excitation [17]. When a continuous
film exhibits a rough surface, reflectivity may be defined as [18], [19]:

R=Roexp|*-0~" 1 - @

where RO is reflectivity of a perfectly smooth conducting surface and a denotes mean
square deviation of the surface from the mean surface level. Equation (2) holds when
a L When the film shows only partial coverage, reflectivity may be calculated as
follows:

R = ROgsexp ©)

where Rs denotes reflectivity of the substrate, and gs is coefficient of coverage; the
relation between coverage coefficient and volume fraction takes the form [13]

)

The volume fraction which characterizes the percolation threshold (qc- critical
volume fraction) occurs between two g-value ranges — that with optical anomalies
and that with monotonous R, T, e2 plots. In this study, the optical properties of
aluminium island films were investigated in the range of optical anomalies (q < qo),
in the range of monotonous plots (q > g0, and on the percolation threshold (q « o).

2. Experimental

Aluminium island films of volume fractions varying from 0.3 to 0.66 were deposited
by thermal evaporation. The method of depositing aluminium island films onto
NaCl substrates, as well as that of examining their structure, thickness and optical
properties were described in papers [15], [20]. The microstructures of films with
different volume fractions are shown in Fig. la, b, ¢. Thus, when the volume fraction
increases, some changes occur in the shape of the islands and in the type of the
microstructure. A spectrophotometer UV VIS (Carl Zeiss Jena) was used for
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Fig. 1 Microstructures of Al films with different
volume fractions: a —q =031, b —q=1043, ¢
- 4=056

Fig. 2. Reflection ceofficient as a function of wavelength 2 for Al films with different volume fractions: a —
g<gcb - g*gec - g>qc
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measuring the energetic coefficients of reflection in the wavelength of 250 to 700 nm.
The results are given in Fig. 2a, b, ¢. As shown by these data, volume fraction has an
evident influence on the optical properties of the film. When g ranges from 0.30 to
0.42, the reflectivity curves are of a resonant nature, a distinct maximum being
observed in the range A= 350 to 400 nm (Fig. 2a). This relation is not so clear when
the volume fraction range is 0.43 ~ g 0.47. Films of identical volume fraction, e.g.,
0.43, may either display optical anomalies or not. Films of volume fractions 0.45 and
0.46 or 0.47 bahave in a similar manner (Fig. 2b). A further increase in the volume
fraction value (q > 0.54) brings about a change in the nature of optical properties.
No maxima are found to occur, and reflectivity decreases towards shorter wavelengths.
This is a typical plot of rough films creating favourable conditions for the scattering
of radiation (Fig. 2c).

3. Discussion of results

Making use of Eg. (1), the wavelength-dependence of €2was plotted for (g < qc) films.
The results are given in Fig. 3. The curves display distinct maxima which have a

I | * v Fig. 3. Imaginary part of the permittivity €2as a function of
200 W0 600 800 Mnm]  wavelength Afor Al films with different volume fractions
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tendency to shift towards longer wavelengths with the increasing volume fraction
[15]. On the basis of the available theories, the curves may be regarded as typical of
isolated islands which, under the influence of an electromagnetic wave, behave in a
manner similar to that of dipole systems [6]—F11].

A further increase of the volume fraction yields films of a specific feature —in
spite of an identical g-\alue, optical anomalies are either present or absent. This
behaviour may be explained as follows: there is a certain probability that, if g
approaches qc, the films will either consist of isolated islands or will display islands
connected to one another with conducting pathways. Optical anomalies appear in
the isolated island system and disappear when the islands are connected. Taking into
account the substantial change in the nature of optical properties, it seemed
advisable to determine the range of the critical volume fraction values gc which
characterize the percolation threshold. For aluminium island films on NaCl
substrates the threshold volume fraction interval becomes 0.43 < gc”™ 0.47. Similar
threshold values were obtained by electric measurements conducted simultaneously
with optical examinations [21].

Using Equation (3), the wavelength-dependence of reflectivity was calculated for
the experimental volume fractions 0.43, 0.54, and 0.66, adopting a-values of 0, 5, 10
and 15 nm, respectively. The results are plotted in Fig. 4a, b, c. From these curves it
can be seen that as the volume fraction increases, so does reflectivity (for determined

Fig. 4. Calculated value of R as a function of wavelength X for Al films with different volume fractions: a
qg=043,b - q=054,¢c - gq=0.66
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a- and A-values). When the u-value increases, reflectivity decreases evidently,
especially in the shortwave range of the spectrum. Films of the volume fraction
(g > qo), Fig. 2c, follow a similar behavioral pattern. It may be agreed that the islands
of such films are interconnected (anomalies are absent) and that scattering on the
surface roughness is a dominant effect.
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OnTnyeckne CBOIMCTBA OCTPOBHbIX cnoeB ALl Ha ocHoBe NeCl
B 6/130CTV nopora nepKoALmm

VccnepoBaHbl ONTUYECKME CBOMCTBE OCTPOBHbIX €10eB Al Ha ocHoBaHuM KaCl. B cnekTpanbHOM npegene
0T 220 fo 700 HM onpefeneHbl 3aBUCUMOCTN KOIPDULMEHTA OTPAXKEHUA U MHUMOI YacTu 3/1eKTPUYECKON
NPOHMNLAEMOCTH OT A/IMHbLI BONH ANSA CNOEB € KO3duuymeHToM 3anonHeHus Aqc = 0,43-0,47, B KOTOPOM
NPOMCXOAUT U3MEHEHUE XapaKTepa ONTUYECKMX CBOWCTB. Ans g < AQC CNOM MPOSBASKOT ONTUYECKYH
aHOMaNMK 3aKNKuvalLWycs B NPUCYTCTBAM MaKCUMyMa KoahuuneHTa OTPaXKEHNS U MHUMOI 4acTu
3NeKTPUYeCKOi NpoHuuaemocTn. Korga q > Aqc onTuyeckas aHOManus ucyesaeT, XapakTep oTpaxeHus
CTAHOBUTCA TUMWYHBLIM Kak [AJiA C/IOEB pacceunBatoLnX CBET.



