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Abstract. The problem of controlling morphology of discontinuous gold films by the
method of optical angular Mueller-polarimetry has been considered. A set of the samples of
such films with different amounts of sputtered metal has been fabricated and studied. The
reference structure control was carried out by atomic force microscopy and measurement of
the film resistivity. In this paper, only 4 elements of the upper left minor of the Mueller
matrix have been discussed. It has shown that clear correlation between these elements and
the amount of sputtered metal takes place. The two diagonal elements increase with the
growth of the metal layer, while the other two demonstrate non-monotonic behavior. The
dependences on the angle of light incidence for the diagonal elements are monotonic, and
for the non-diagonal ones are opposite. The obtained results may be explained by the
features of light scattering in the vicinity of the percolation threshold of an island gold film.
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1. Introduction

Thin films of gold are an important component of
modern technology, and their role continues to grow.
Widespread use of gold has taken place in plasmonics,
where, due to its high optical conductivity and stability to
the action of external factors, it is used as a material for
creation of various bio- and chemical sensors [1, 2],
plasmon nanoantennas [3, 4], medical and nutritional
applications [5], efc. It is extremely important in this case
to achieve the reproducible metal structure [6], the
difficulties in this direction are one of the main factors
inhibiting the propagation of biosensor devices. In addi-
tion, some types of sensors require a specific structure
of the material, for example, nano-spatial [7] or porous
[8, 9] gold. Therefore, it is natural that existing methods
of morphological control of metallic nanostructures
require continuous improvement and addition.

Direct methods for controlling the surface structure
are atomic force and scanning electron microscopy. Their

disadvantages are contact (for the first) and inadequacy
to provide serial control of products. In addition, they do
not provide information about the optical properties of
the controlled object. Optical polarization techniques
such as ellipsometry are more flexible. They are
contactless, non-destructive, expressive and can be
integrated into other experimental or technological
equipment. However, the extremely high sensitivity of
the ellipsometry to the state of surfaces imposes specific
requirements for the purity of the experiment, as well as
a thorough choice of the theoretical model.

In conventional ellipsometry, it is assumed that the
registered radiation is completely polarized. However,
for a number of objects, one of which is the island metal
films, scattering of the probe beam also occurs [10], as a
result of which its depolarization can be significant.
These cases require an expanded method for measuring
the state of polarization using the more powerful Stokes
vector formalism [11]. The investigated object is then
characterized by a real 4x4 Mueller matrix.
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Fig. 2. Optical circuit for polarimetric measurements. LED —
source of radiation, P — polarizer, S — sample, C — compensator
(quarter-wave phase plate), A — analyzer, PD — photodetector.

The purpose of this work was to study the relation
between the individual elements of the Mueller matrix
and the structure of island gold films.

2. Experimental

A set of five island gold films with different thicknesses
have been prepared. As a substrate, microscopic
objective glasses were applied. Formation of samples
was carried out in the modernized installation of vacuum
spray VUP-5 by magnetron sputtering. The pressure in
the chamber at this time was 5x10"' mm Hg, operating
current — 20 mA. The thickness of the metal in the
process of spraying was not controlled. In total,
5 samples were made.

Table. Controlled sample parameters

0.50

Z, pm

0.25

0.00

Morphology of the formed films was controlled
using atomic force microscopy and the INTEGRA
complex produced by NT-MDT. The 15x15 um areas
with a resolution of 40 nm on the surface of each sample
were scanned. Their appearance is presented in Fig. 1.

As it can be seen from this figure, the metal layer
grows, while the height and number of irregularities on
its surface pass through the extremum. The highest
roughness is observed for the samples 3 and 4, while the
samples 1 and 5 have a smoother surface. The task of this
work was to investigate the optical properties of these
surfaces. For additional control of the integrity of this
island structure, measurements of the resistivity of the
fabricated metal films were performed using the
four-probe method. Note that, for the samples 1 and 2,
any noticeable conductivity was not detected, so it is
likely that these films did not reach the percolation
threshold. Also, the thickness of the metal layer was
approximated by measuring the optical transmittance at
the wavelength A = 625 nm. For simplicity, only a single
reflection from a glass substrate was taken into account.
Since we obtain an effective thickness value, the optical
parameters of gold were taken for a bulk metal
(n=0.175, k=3.392 [12]). Table shows the number of
irregularities above the threshold of about 25% of the
maximum height recorded on the surface of each sample,
and their average size, film resistance, transmission, and
estimated thickness d.y.

AFM Electrical parameter Transmittance
Sample irlr\Ieug?llE iti(z:fs Their av;;?ge s1ze, Resistivity, 1 0° Ohm-m T TEZ;}(SES
1 15 215 - 0.76 3.1
2 228 194 - 0.62 6.1
3 613 146 20 0.48 9.7
4 701 158 30 0.52 8.6
5 64 173 8.2 0.26 18
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Fig. 3. Angular dependences for elements of upper left minor of the Mueller matrix of studied samples of island films.

Optical polarimetry was performed on an automated
goniopolarimetric complex [13]. Its configuration during
the research was as shown in Fig. 2.

The operation radiation wavelength was 625 nm.
The flat-polarized light drops at a given angle 6 on the
metal film S. Changing the angular positions of the phase
plate C and analyzer A and recording the corresponding
beam intensities on the PD receiver, the four components
of the reflected beam Stokes vector were measured

S = {I ,0,U ,V}T . Additional turns of the polarizer P and

measurement of the Stokes vector in the absence of the
sample made it possible to determine the Mueller matrix
of the sample at this angular position.

A well-known approach [14] is used for this, when
the matrix equation that relates the Stokes vectors of the

incident (501) and reflected (5’) radiation can be

rewritten in the following modified form:

ol myy
S,
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ST my;
S _Aye 01
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myy |

The matrix 4x16 on the left side of the modified
equation is formed from the elements of the Stokes
vector of the incident beam (in empty positions there are
zeros), and the vector is from the strings of the desired

Mueller matrix M . We have an incomplete system of
4 linear equations with 16 variables. To solve the system,
it is supplemented by new equations with other input
vectors: .ST()TZ, §0T3, and so on (with other positions of the
polarizer). Accordingly, the vector in the right side
expands:

S
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During the measurements, the analyzer always
remained oriented parallel to the plane of incidence
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(p-plane). The choice of the elements of the Mueller
matrix depends on the chosen positions of the polarizer
and the phase plate, which is determined by the condition
number of the matrix of the system of linear equations
and the accuracy of the components of the Stokes vector
[14, 15]. In our experiment, the angular positions of these
elements acquired values —45°, 0°, 30°, 60° and 90°.
Thus, each Stokes vector was measured using 5 equa-
tions, and the system for finding elements of the Mueller
matrix contained 20 equations. The redundancy of
measurements increases the accuracy of results obtained,
but takes more time. In addition, the measurement of the
intensity of light at the outlet has a significant effect on
the final results. During the experiment, the accumulation
of the signal from the photodetector continued until the
relative error of 0.1% achievement.

3. Results and discussion

For each gold sample, measurements of the elements of
the Mueller matrix were performed using the above-
described procedure, which was accompanied by angle
scanning. The range of change in angle of incidence of
the probe beam was 6 = 60°...82°.

In [16], the effect of thermal annealing of a golden
film on the Mueller matrix was considered. The most
sensitive to the state of the surface were the elements m,,
and m,;, which characterize the dependence of the
extinction of the environment on the polarization of the
incident radiation. Therefore, in our work for the
characterization of gold films, the main attention was
focused on the left upper minor of this matrix. Fig. 3
shows the angular dependences of the corresponding
elements of the Mueller non-standardized matrix for all
5 samples.

From the following series of graphs, it is clear that
there is a clear dependence of these coefficients on the
amount of deposited metal. Thus, the first element m;
that determines the overall reflection increases with an
increase in the thickness of the gold layer, which is quite
natural. A similar behavior is observed for the element
my,. As the angle of incidence increases, the values of
these elements increase.

The elements m,; and m;, show more complex
behavior and have a negative sign. They first decrease
and then increase with increasing the thickness of the
metal layer. The curves for the sample 2 that is close to
the percolation threshold lie at the bottom. Angular
dependences of these elements also change non-
monotonously. They have a minimum of about 75°, and
the higher the curve is, the less it becomes wider, lighter
and shifts to the region of smaller angles.

4. Conclusions

Thin island films of gold show a change in the extinction
coefficient, which is expressed in the behavior of the
elements m;; and my of their Mueller matrix. The
angular dependences of the elements m, and m,; have a
non-monotonic behavior with the minimum located in

the range 70°...75°. With the growth of the metal layer
thickness, these elements minima move to smaller angles
of incidence, and in the whole the curves shift upwards.

Such behavior demonstrates the dependence of
these elements on the number of scattering centers on the
surface. For the samples with more irregularities, the
absolute values of m, and m,; exceed the corresponding
absolute values of elements for isolated islands
(sample 1) and continuous film (sample 5). To the
authors mind, this may be explained by changes in the
origin of the light scattering when the film grows. During
this process, mutual influence of metal islands increases
and formation of a single connected structure takes place.

Thus, the elements m;, and m,; of the Mueller
matrix for island gold films can provide some
information on their morphology, which is an advantage
over simpler thickness-controlling methods, such as
transmission photometry. Analysis of other elements of
the matrix may be promising to obtain additional
information on the shape and orientation of surface
irregularities.
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