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Dimensional effects in thin gold films
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Abstract. Research results of optical constants of thin gold films of different thickness are
given in the paper. Their structure was studied using atomic-force microscope. Values of
refraction n and absorption k coefficients were calculated from reflection and transmission
spectra by traditional ratios, and using new theory as well. Comparison of results obtained
by both methods was carried out and possible causes of divergences were pointed out.

Keywords: thin films, optical constants, size effects.

Paper received 23.05.00; revised manuscript received 03.09.00; accepted for publication 12.12.00.

1. Introduction

For many years calculation of optical constants of thin
films has been based on relationships that consider mul-
tiple reflections and interference; and the intensities of
light beam reflected and transmitted by a thin layer ap-
pear to be experimentally determined. The formulae of
the latter ones comprise Fresnel’s coefficients of reflec-
tion and transmission of air (vacuum)- thin layer and thin
layer-substrate interfaces. Although this method has been
used for a long time, it is not free of deficiencies [1].

Transition from transparent to absorbing medium
is postulated by introducing a complex refraction index
i = n * ik. It may be this very substitution that leads to
results which cause surprise. For example, with the re-
ducing thickness of thin gold films [2-4] (Fig. 1) and
atomic semiconductors [5-7], the refraction coefficient
grows unlimitedly. Such a monotonous thickness depend-
ence appears to be doubtful, while in a wide interval of
thicknesses, used in the papers cited, at least one reso-
nance maximum on n = f{d) must take place. Calcula-
tions made according to traditional formulae [8] do not
give such a maximum. For describing optical properties
of granulated films, author of the paper [9] presents them
as solid ones, with some effective mean-mass thickness,
although this formula includes the geometrical one. Some
doubts about application of Fresnel’s formulae to island-
like films were stated in paper [10], because those formu-
lae, as authors believe, can lead to erroneous results be-
cause of fictitious nature of surfaces investigated.

While researching optical properties of bulk samples
and thick films of many metals in wide regions of X-ray
and optical spectra one obtains 7 values less than unity.
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Data of papers [11-14] can be given as an example. In
the first two references, opaque layers of gold are used,
obtained by vacuum deposition on glass substrates for
measurements of the optical constants, while in papers
[13] and [14] monocrystals of gold and opaque aluminium
films respectively are investigated.

Authors of the papers cited do not even try to prove
reality of obtained values of optical constants. Examples
given show necessity of searching for new approaches
while solving optical problems of thin layers and solids
in regions of intensive light absorption.

One of the new possibilities is discussed in paper [15].
Using integral equations that describe distribution of elec-
tromagnetic waves in conducting media, authors obtained
a formula for a complex index of metal refraction. Un-
fortunately, spectral dependencies of refraction and ab-
sorption values, calculated by the authors, describe the
experiment only at a qualitative level. Theory and ex-
periment divergence could be a consequence of an as-
sumption that a wave is flat, or, as authors say, involving
quantum theory is necessary for more precise, quantita-
tive agreement between the theory and experiment.

Below, we used data of the paper [16] for processing
experimental results. Using Maxwell’s boundary condi-
tions, its author got analogs of Fresnel’s formulae for
absorbing media without applying 77 — n * ik substitu-
tion. By calculations according to these formulae ob-
tained earlier [5-7] , of the experimental curves of trans-
mission and reflection of Te, Se, Ge thin films, the thick-
ness dependences of optical constants n and k [15] were
determined. They differ principally from dependences re-
ceived earlier: each curve has a resonance maximum and
with thickness of a layer decreasing to zero, n, as it was
expected, tends to unity.
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Fig. 1. Optical constant dependences on gold layer thicknesses
for A =7000 A: 1,2 — n and k from [2]; 3,4 —nand k [3];5, 6 —n
and k [4], respectively.

At a first glance, the last example may seem to show
suitability of new formulae [16] for determining optical
constants of solids in spectral regions of intensive ab-
sorption. However, as it will be shown in further discus-
sion of some results, they do not withdraw the existing
difficulties and lack of critical analysis as well.

2. Structure of samples and
method of measurements

Samples of different thickness were produced by thermal
evaporation of gold in vacuum ~1-10° Torr on quartz
and glass substrates at room temperature. The purity of
initial material was not worse than 99.99%. The deposi-
tion rate was 1-10A/c. In the process of deposition the
thickness of films was controlled using a quartz resona-
tor, and right after deposition was measured by an atomic-
force microscope.

In Fig. 2 the structure and distribution of irregulari-
ties of the thinnest gold films (20A) , obtained using the
same microscope, are represented. As it can be seen, cavi-
ties met along the drawn line, make up less than 30%
from the film’s thickness. For a better visible relief per-
ception, a sample region 500x500 nm? in axonometric
projection is represented in Fig. 3 with somewhat stret-
ched scale along the vertical line. A light roughness ob-
served is also characteristic for other samples.

Structure of the thicker sample d = 85A is represented
in Fig. 4. Here juts, characteristic of thick gold films, are
already clearly seen.

Scanning over a larger area (5x5um?) showed no is-
lands, so we can consider that every film has a plain sur-
face, while dimensions of unevennesses are significantly
smaller than A. From the substrate’s side mirroring of the
layers is better. Therefore while processing experimen-
tal data, Fresnel’s formulae can be easily used.
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Fig. 2. a) Look of gold film surface with a scanned direction
(area of 500x500 nm?, thickness of the film 20 A);
b) Distribution of irregularities along the indicated direction.

Angular dependences of energy coefficients R, and
Ry, a light wave, polarized in a plane of incidence and a
surface, perpendicular to it, were measured on a device
with a goniometer GS-5. Helium-neon laser LG-79 was
used as a source of emission, and application of preci-
sion «current-voltage» transformer let increase accuracy
of measurements to 0.1%.

Spectral dependences of reflection R and transmis-
sion T coefficients of the light wave for layer-substrate
system were measured using a set based on a monochro-
mator MDR-23 in a 4000-8000 A interval with 1% error.

Optical constants of thin gold layers n and k were
calculated using traditional [8] and new relationships
[16], namely:

2 2 2
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Fig. 3. The same film surface as in Fig. 2 but in axonometric

projection.
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Here index 1 corresponds to air, 2 - to the film, 3 - to
the substrate, R, T are the experimental values of reflec-
tion and transmission.

According to theory demands, Z; value must satisfy
0 < Z,; < 1 condition, fulfillment of which is determined
by the sign before the root (2). After having solved equa-
tion (1) by numerical method and having defined , , k,
value is found by the formula

Fig. 4. Structure of a thicker film (d = 85A) obtained with AFM.
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Following to the expressions (6) and (7), in contrast
to the old theory, the amplitude factors of reflection and
transmission of certain boundaries in the new theory [16]
do not contain values of absorption for normal incidence
of a light beam; however for the inclined ones, falling on
the boundary of these two media, those factors are the
functions of both refraction, n, and absorption, coeffi-
cients k, of the layer. (Below we will omit index 2 at n and
k). The fact of a normal incidence having some anoma-
lous properties arouses surprise.

At such approach, as the author of the new theory
states, having measured the reflection energetic coeffi-
cient at a normal light incidence on a bulk sample, re-
fraction coefficient can be easily calculated by the for-
mula:

n=1+\/f 9
-JR )

Thickness dependences n = f(d) and k = f(d) were cal-
culated by matrix method [19], based on traditional for-
mulae. Its advantage lies in using 40-80 pairs of experi-
mental values Rgand R, for angles from 6 to 87°, provid-
ing a solution stability and high accuracy of finding n
and k values. Such average optical constants were used
for determining R and 7 values, necessary for calcula-
tion of thickness dependence of optical constants by the

new theory formulae.

3. Results and their discussion.

As it is shown in [20], R and T pair measured values can
yield up to four pairs of n and k values, and a choice of
correct values can be guided by physical conceptions.
For example, in our case from two roots of R(n,k), T(n,k)
equation system we chose the one, for which n<k , be-
cause the chosen interval of waves length is situated at
much longer wavelengths than A, that is the wavelength
of plasma resonance, falling in to the UV spectrum re-
gion for gold.

Absorption spectra (4=1-R-T) of gold films, depos-
ited on quartz substrates, are shown in Fig. 5. Their thick-
nesses are given in the insertion. With thickness increas-
ing, absorption ability, as it was expected, grows. Be-
sides, the maximum observed moves to a region of longer
waves. The curve, that characterizes absorption of the
thickest film, makes up the exception. Its maximum ab-
sorption corresponds to the most shortwave region of a
visible spectrum., and can be compared to the film ab-
sorption, thickness of which is only 3A, that is five times
smaller.

The described character of absorptivity 4 change with
d and A changing is connected with three factors: struc-
ture, absorption by free carriers and quantum transitions
between allowed energy bands. Inits turn, the latter two
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Fig. 5. Absorption spectra of gold films deposited on silica sub-
strates.

mechanisms undergo the influence of a thickness factor.
With the latter one decreasing the length of carriers free
path decreases, what influences their contribution to gen-
eral absorption. Besides, with the thickness changing,
renormalization of wave function takes place, which char-
acterize bands of allowed energies. Electron’s quasi-
momentum component perpendicular to the film plane is
quantized, obtaining only specific values. The same hap-
pens with energy. As a result, dependence of energy, ab-
sorbed by the film in wavelength scale for different thick-
nesses will be different, which is shown in Fig. 5.

A set of gold films transmission curves of eight differ-
ent thicknesses is given in the next figure. Apart from the
represented in Fig. 5, thicknesses 123A and 135 A are
represented here in addition, for which absorption curves
are close to the film curve 185 A thick, therefore they
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Fig. 6. Spectral dependences of gold film transmission.
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were not given in Fig. 5.

We must not be surprised at the fact that absorption
curves for three thickest films appeared to be closely situ-
ated. The matter is that with the thickness changing, re-
distribution of intensities between a reflected and passed
through the layer waves takes place. Therefore, trans-
mission curves can appear to be more displaced relatively
to one another than absorption curves. On transmission
curves both maxima and minima are observed, and the
latter ones are characteristic for thinner films. This very
transmission behavior, depending on the thickness, is
characteristic when dimensional quantization of energy
states is available.

According to measured transmission and reflection
curves, spectral and thickness dependences of optical pa-
rameters n and k were calculated. Results, obtained using
traditional formulae, are given in Fig. 7 for films of four
thicknesses. Each one has at least one extremum. Values
of refraction indexes are grouped around n=1 value. In
some regions of wavelengths they reach 2 (a film 85 A
thick), or close to zero (films 20 A and 185 A thick). The
highest values are characteristic for the thickest film, which
correlates with its smallest 7 values. At this very n and k
relationship the film has a high reflection ability in the
corresponding spectral region (1 = 6000+-8000 A).

Spectral dependences of researched films optical pa-
rameters, calculated by formulae of the new theory, are
given in Fig. 8. This theory has in advance a condition,
that excepts n <1 value. All curves for n are situated higher
than n = 1.5 value. With the thickness increasing a gen-
eral tendency to an increase of the refraction factor takes
place. As to k, its behavior is somewhat more compli-
cated. At A = 5000 A all dependences have in fact one
common point with & =1 value. Behind it, k of the thin-
nest samples passes through the maximum, in a long-wave
region. However, for a film 85 A thick it is only outlined
on the very edge of the spectral interval used. In the whole
region two thickest films show monotonous decrease of k
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Fig. 7. Spectral dependences of film optical constants calcu-
lated using traditional formulae [8].
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Fig. 8. Spectral dependences of gold film optical constants cal-
culated using formulae [16].

with A increasing.

Taking into account results obtained by using both
theories we come to a conclusion that generally non-mo-
notonous dependencies 7 and k& with a change of the wave-
length are caused by presence of dimensional quantization
effect with a certain superposition of quantum transi-
tions between allowed bands.

Interference contribution is not significant even for
the thickest sample at refraction coefficient 2, because
by estimations a path difference appears to be insignifi-
cant for creating an interference maximum of the first
order. This conclusion is more adequate while analysing
results, received using traditional formulae for calcula-
tion n and k, while they lead to lower values of refraction
coefficients.

Thickness dependencies n and k for a number of wave-
lengths were studied in the paper. They all have qualita-
tively similar character, therefore we give dependences
only for A = 6328 A. As it follows from Fig. 9, based on
traditional formulae, refraction factor passes through the
maximum, corresponding to d = 70A thickness. It falls
monotonously from the left and from the right sides, and
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Fig. 9. Thickness dependences of gold film optical costants cal-
culated using traditional formulae [8] for A = 6328A
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Fig. 10. Thickness dependences of gold film refraction and ab-
sorption indexes calculated using new formulae [16] for 2 = 6328A.

beginning with 125 A thickness it remains without chan-
ges. In the same thickness interval &, within measurement
errors as well, remains constant and slowly falls with the
layer thickness decreasing.

A diametrically contrasting view was received by the
new theory (Fig. 10). As in the previous case, a symmetric
maximum is characteristic not only for the refraction in-
dex, but for the absorption one, too. On the contrary,
refraction index grows monotonously with the thickness,
passing values approximately from 1.5 to 4.

Conclusions

The main question, which arises from the discussion just
held, is as following: which theory should be preferen-
tially given to while calculating optical constants of thin
films? Calculation using traditional formulae leads to a
hardly apprehensible abrupt increase of refraction index
with the layer thickness decreasing. This very depend-
ence was deduced by three different authors for thin gold
films [2-4], as well as in papers [5-7] for atomic semicon-
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ductors. Because with d decreasing to zero, films acquire
a two-dimensional hel structure, substance density in
which is much lower than the one of a bulk sample, a
qualitatively contrary thickness dependence of n should
be expected. Such a kind of the considered dependence
was obtained for atomic semiconductors at calculations
based on the same experimental curves R and T, as well
as using the new theory. Besides, the author of the new
theory showed its applicability for solving problems of
another type without using additional boundary condi-
tions while describing supplementary light waves in CdS
monocrystal [21].

But serious objections are caused by introducing for-
mulae (6), (7) and (9) for a boundary, which separates trans-
parent and absorbing media, at a normal light beam inci-
dence oniit.

Summing up, we consider necessary further attempts
in development of optical phenomena theory for thin
absorbing films and bulk samples in regions of intensive
light absorption.

The author thanks Dr. P.E. Shepeliavyi for manufac-
turing samples of high quality, Prof. I.Z. Indutnyy for
his aid in organizing the experiment, and Academician
M.P. Lisitsa for valuable recommendations and continu-
ous interest to the work.
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