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Abstract. The optical properties of multilayer structures consisting of dielectric,
conductivity-oxide and nanoscaled metal layers, deposited on the planar substrates
(witness samples) and surface relief ones (diffraction gratings) with micro- and nanoscale
sizes, are investigated by AFM, spectral ellipsometry (SE), and photometric techniques.
The SE-measured parameters are related to actual characteristics of the layers when
specified the model of their near-surface regions. Using a parametrization of the layer
dielectric function versus the wavelength and a fitting procedure, the dielectric
parameters are determined. It is shown that the optical constants are affected by both the
substrate morphology and the adjacent medium. Preliminary data about the influence of
isolated particle plasmon excitations in 2D-substrates with the top nanoscaled Au layer
on its optical properties are presented.
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1. Introduction

The effect of the resonant excitation of surface plasmon
polaritons (SPPs) or guided waves in optical multilayer
structures attracts a special attention for both basic
researches and possible practical applications [1, 2]. SPP
waves coupled with collective electron oscillations can
be used as information carriers in highly integrated
photonic devices with structural elements smaller than a
light wavelength (e.g., nanostructured metal films). Such
a technique is effective to enable active SPP signals to
be manipulated and guided. In such a context, we speak
about “plasmonics”.

Numerous SPPs applications can be found in the
area of chemo- and biosensors, as even some
modification of a metal surface results in a change of the
SPP resonant conditions and allows monitoring the
environmental conditions, to which the surface is
exposed. Furthermore, the strong enhancement of the
SPP local field at the surface and an extremely high
sensitivity of the SPP dispersion law to optical properties
of the interface make them a unique probe of the
properties of surfaces and ultrathin films. For the greater
sensitivity and more flexible design of SPP devices [3-
5], the following steps could be useful: (i) inclusion of
an additional covering and/or intermediate dielectric
(SiO,) and/or conducting (ITO) tuning layers; (ii)

changing the dielectric function of the metal at the
interface by means of a nanoscale structural modi-
fication [6] of it; and (iii) using a diffraction grating
(DG) as the input-coupling component to excite SPPs in
the metallic system.

For the design of an optical multilayer system, it is
important to know the optical constants of all the
materials in use. It is a fact that, for most of today’s
standard deposition processes, the optical constants of
the resulting films can vary with the process parameters
[7]. It is well known from numerous fundamental thin
film experiments that the substrate can have a significant
influence on the optical properties (the refraction index,
reflectivity, light scattering, and SPP excitation) of a
coating deposited on it.

The main goal of this work is to characterize each
technological step and optical properties of each layer
used with the aim to construct an SPP device with the
best parameters.

In this paper, we deal with the post deposition
characterization of multilayer structures by SE and
photometric technique. Also, SPP spectroscopy can be
used as a tool to study optical properties of both laterally
homogeneous and inhomogeneous metal (nanoscaled),
dielectric (spacer, cover), and conducting films deposited
on a planar or corrugated substrate which supports the
SPP modes.
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2. Sample preparation

Surface relief DGs were prepared on GaAs (100)
substrates by holographic etching described elsewhere [3].
Layered structures were produced by thermal evaporation
of thin metal (Au) and dielectric (SiOy) films as well as by
magnetron sputtering of ITO on the processed semi-
conductor (GaAs) substrate at room temperature (RT).
Then ITO films were annealed at 350 °C for 30 min in
vacuum to reduce their resistivity. Films of SiOy were
prepared by thermal evaporation of silicon monoxide.
Substrates were placed both perpendicularly (ITO, SiOy)
and at an angle of 70 °C for the deposition of Au island
films (measured from the surface normal). Both
conductive (ITO) and dielectric (SiO,) oxide films were
deposited also onto a flat microscope glass slide, the GaAs
substrate (treated in the same solution as for holographic
etching), and the processed semiconductor substrate (DG)
in one deposition run.

One part of the DG substrate has been masked by a
glass slide after deposition of an ITO layer. The small
portion of the second part was etched to remove ITO and
to leave the GaAs surface uncoated. Then gold was
thermally evaporated in a high vacuum chamber at an
oblique angle on the both parts of the DG sample.
Deposition was performed at a rate of 10 nm/s. A quartz
crystal was used to monitor both the evaporation rate
and the thickness of the metal film. In this way, some
variation in the thickness of a gold film (3 and 12 nm)
was achieved using the same fabrication conditions.
Such a deposition process allows one to realize various
measurements of multilayer heterostructures on the same
DG. Four representative multilayer heterostructures (see
Table 1) were prepared and assigned to numbers S1, &2,
3, HA, respectively, for the following measurements.
With our procedure, the successive deposition of
different layers with specific and tailored features on
DGs along with witness sample Au (12 nm)/glass would
permit the fabrication of thin films with variable optical
properties.

3. Characterization techniques

In our earlier papers [3, 5], we have published some
results on the determination of the optical constants of
thin metal films, deposited on the flat and corrugated
(DG) substrates, resulted from the optical monitoring of
multilayer structures using SE. In the latter case, the

Table 1. Multilayer heterostructuresunder study.

Structures S1 S2 S3 A
GaAs DG” DG” DG” DG”

v ITO 160 nm - 160 nm 160 nm

)

z

- Au - 12 nm 12 nm 3 nm

* Grating period is 500 nm.

measurements of the ellipsometric angles (v, A) in the
spectral region out of SPR were employed. The effect of
a rough surface may be manifested as an increase in the
effective thickness of intrinsic oxide [5]. Ellipsometric
measurements were performed using a computer-
controlled variable angle of an incident spectroscopic
ellipsometer of the rotating analyzer type (VASE,
J.A. Woollam Company). The basic measurements were
made in the photon energy range 1.24...5.0 eV with the
0.02-eV intervals at different incident angles. For the
analysis, the VASE software WVASE 32™ was used.

The measurements of the morphological and
statistical features of the samples surfaces under
investigation  were  characterized using AFM
(NanoScope™ III A controller and Dimension ™ 5000
stage system) in the contact-mode regime with a scan
size of 1 and 5 um’. Figs. 1-4 including AFM-images
demonstrate the features of the final structures
depending upon the starting conditions of the growth of
films defined by various types of the substrate. These
conditions modify the condensation process from the gas
phase, determine a microstructure of deposited films,
and, as a consequence, their optical properties.
Moreover, the film microstructure is the common factor
in the optimization of almost all the film properties [8].
As a judged from the visual inspection of sectioning
(Fig. 2a,b) of surfaces along the various directions (made
by perpendicularly or in parallel to the grating’s rules),
grating’s surface consists of micro- and nanogrooved
regions. The former are a result of the holographic
etching of the GaAs substrate and has DG (ruled)
microstructure. For the latter, images of the same surface
on the nanometer scale reveal a morphology of the
quasi-grating type resulted from the anisotropic etching
of the GaAs (100) substrate [9]. It is a system of
approximately parallel grooves with the period value
which increases with the etching duration. As was
shown in our work [9], a real micro- (or nano-) relief of
the quasi-grating type is composed of a random
distribution of certain-type gratings, i.c. it is intermediate
between the periodic and perfectly random ones.
Existing some maxima revealed by the in-depth analysis
(Fig. 3) are characteristic of a similar relief.

Fig. 1. AFM-image for scan areas 5 x 5 pm?® to sample Sl
(ITO/GaAs (DG).
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Fig. 2. Section analysis of the samples investigated for scan
areas 5 x 5 um® (a) and 1 x 1 um? (b). The direction of the
sectioning is perpendicular to grooves and demonstrates the
profile changing due to different substrate morphologies.

We analyzed also the evolution of surface features
which occurs under consecutive deposition of the above-
mentioned layers by using the method of power spectral
density analysis (PSD). PSD is the Fourier
transformation of the surface height (profile), from
which the intensity spectrum of various profile
harmonics is calculated (Fig. 4). Some periods are seen
such as the fundamental one (0.5 pm) and others.

When designing the multilayer structures, one
introduces non-identity in the properties of deposited
metal films: an Au thin film was evaporated onto the
GaAs corrugated substrate covered (or not) by an ITO
layer and oriented at an angle of ~ 70° (measured from
the target surface normal) under the oblique-angle
growth. Under the oblique-angle growth, the incident
particles of an evaporated material are preferentially
deposited on the top of substrate features with larger
height due to the shadowing effect. This preferential
growth gives rise to the formation of Au aggregates
(island nanostructures). Depending upon the porosity
and roughness of the underlying substrate, a modi-
fication of the initial growth conditions may occurs. As a
result, the final microstructure of the deposited film will
depend on a very delicate balance of different factors.

Table 2. Characteristics of the different structures under
study (scan area 1 x 1 pm?).

R, (nm) — rms(nm)— | h(nm)-
arithmetic root mean average
Structures average of the square of heights
absolute va- average
lues of height | of height
deviations deviations
10.91" 13.42° 40.68"
SL:ITO/GaAs 10.81 13.53 2221
2: Au/GaAs 16.31 19.61 51.28
S3: 11.42 9.18 35.41
Au/ITO/GaAs

* scan area 5 x 5 umz

Structures S2 and S3 are obtained under identical
conditions of Au evaporation, but display different
microstructures (see Table 2). By comparing the
morphological (Figs. 1,2) and statistical characteristics
listed in Table 2, it is clearly seen that structure &2 is
more corrugated than structure S3. The AFM-images of
structures &2 and S3 are not shown for economy of
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Fig. 3. Depth analysis for the samples; scan areas 5 x 5 pum?.
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Fig. 4. Fourier harmonics spectra for DG profiles for the
directions perpendicular and parallel to grooves.
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place. The results of the in-depth analysis depicted in
Fig. 3 shows that the mean size of aggregates is larger
for & than that for S3, although the size dispersion
profiles are similar in both cases. We note that the size
distribution is narrower for S3 than that for 2.

4, Parametrization of layer dielectric functions

For the characterization of layers, the VASE technique
based on measurements of ellipsometric angles y and A
was employed.

To relate the SE-measured parameters to actual
characteristics of the constituents of multilayer structures
designed, a model of near-surface regions (from which
the Fresnel reflection coefficients are calculated) was
specified. The proper multilayer stack calculation
routine was performed. The optical functions of
individual layers were determined by using both the
parametrization of the layer dielectric function versus
the wavelength and a fitting procedure to determine the
individual parameters. For the material’s optical
properties which depend on deposition conditions, it can
be made by various ways.

1. Approximation of semi-infinitive medium. As is
known [10], the complex dielectric constant ¢ of a film
can be determined as

2
—pj sin?0-tg?0 | )
1+p

e=¢g +ig, :(

where p=r /r =tgye”; 0 is the angle of incidence of

the probing light; ry, rs are, respectively, the complex
Fresnel reflection coefficients for p- and S-polarized
light; ¢ =n*-k?, g,=2nk, and n and Kk are,
respectively, the real and imaginary parts of the complex
index of refraction N: N=n-ik.

2. Effective medium theories. The optical properties
of thin films with complicated structure have been
successfully modeled with the help of effective medium
approximation (EMA) theories, typically the Maxwell—-
Garnett (see, for example [11]) or Bruggeman [12] one.
The latter is more frequently used (see, e.g., [3]),
because it is applicable for any value of the filling factor.

3. The Sellmeier model. The Bruggeman-EMA
considers the material as constituted by different
macroscopic phases characterized by their bulk dielectric
functions. In the case of a mixture on the atomic scale
(Si-Si and Si-O for SiO,, for example), the Sellmeier
model (see, e.g., [13]) is adopted, because it is quite
good at reproducing the dispersion of the refraction
index in the transparent region. According to this model,
the dispersion formulas for n and k can be written as

2)

where A, B, C, D, and E are fitting parameters, and A is
the wavelength.

4. Lorentz oscillators. The dielectric functions of
thin solid (especially compositionally graded) films are

often simulated, by using the Lorentz oscillator model
[14], as

N 2.
e = fjoy;
g +ig, =g, + )

€ —_—.
2 2
j=t 0 —0” +IlNo

(€))

In this expression, o is the photon frequency, &, is
the high-frequency dielectric constant, I'j is the linewidth
of the j-th oscillator, fj is the oscillator strength
parameter, and o, are the resonance frequencies of
oscillators.

5. The ellipsometric analysis performed by solving
the Fresnel equations for n, k, and d on the wavelength-
by-wavelength basis (inhomogeneous layers). In the case
of inhomogeneous overlayers (lossy or dielectric layers
deposited onto the DG-substrate), it is essential that the
optical signal contribution of the constituent of interest
can be identified. As distinct from the discrete (or
multilayer) description of the refractive index variation
of an ITO layer deposited onto the flat GaAs substrate,
the quasi-continuous-medium approximation  was
employed for the description of unintentional index
gradients which arise from a microstructure that is
developed in ITO films evaporated on the DG surfaces
(S1). As a new thin film is evaporated (S2 and S3), the
structure of the entire film stack became very complex.
Various factors, such as surface roughness, lateral film
non-uniformity, and other microscopic interfacial
effects, make a physically reasonable modeling
extremely difficult. Therefore, the Bruggeman-EMA
yields the acceptable fits to measured data not always. It
can be indicated that the inhomogeneity indeed exists.
Without additional analytical technique which gives the
correct information on the chemical nature of a
substrate, to obtain the effective values of optical
constants, we were only able to fit the data on the
wavelength-by-wavelength basis.

6. Theoretical analysis of optical properties
through the reflectance/transmittance (angular and
spectral) characteristics of multilayer structures. To
obtain the layer parameters of the multilayer structures,
the least-square technique is wused. This method
comprises the minimization of a functional which is the
sum of mean-squared differences between the calculated
and measured angular and spectral transmittance/
reflectance data. Thus, n and K are the parameters of a
functional, for which we will determine a global
minimum. A peculiarity of the functional is the
occurrence of both a global minimum and local minima.
So, the well-known method of gradients (or its
modification, the method of conjugate gradients, see,
eg., [15]) is incorrect in this case, because a local
minimum can be found instead of the global one.
However, in our case of parametrization (two or three
parameters, if the layer thickness should be considered),
a search for the global minimum can be performed by
the simple selection of n and k within the beforehand
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taken region. For a grating, the effect of a complicated
periodic relief should be considered with the help of the
differential formalism method (e.g., the C-method
developed in [16]). In the case of the S-polarization of
light (when the electric vector of an incident wave is
directed in parallel to the direction of grooves), the
influence of a periodic relief is negligible (i.e., the
corrugated surface can be treated as a flat one), and, in
order to find n and k by the least-squares method, a
simpler formula to calculate the Fresnel coefficients can
be used.

Optical modeling performed at successive stages of
the processing can help to achieve the “tuning effect” —
to obtain the maximal sensitivity for the characteristic
spectral region. These characteristics must be taken into
account when designing constituents of the SPP-based
devices to attain their maximum sensitivity.

5. Results and discussions

5.1. Optical properties of the layers deposited on a flat
substrate

5.1.1. GaAs native oxide

In practice, even under considerably long etching after
removal of the intrinsic oxide, we never obtain a bare
GaAs. As soon as the sample after chemical treatment is
exposed to air, a new oxide starts to form and grows
during the SE measurements. Despite the care we took
for the ultrahigh vacuum under evaporation conditions,
the minor oxidation of the GaAs substrate processed
cannot be avoided. This was taken into account in our
calculations.

The ellipsometric analysis under the assumption of
a three-phase (air/ intrinsic oxide / bulk GaAs) model by
solving the Fresnel’s equation was performed on the
point-by-point (wavelength-by-wavelength) basis using
ellipsometric data (y and A measured). The oxide
overlayer thickness was numerically determined by
minimizing the correlations between fit parameters with
a linear regression analysis program [17]. The optical
constants of GaAs and its intrinsic oxide used in the
analysis are taken from [18] (GaAs) and from [19]
(GaAs oxide), respectively. The oxide thickness is
modeled as the equivalent dielectric layer of GaAs
oxide, including a possible surface microroughness (i.e.,
it is not a real thickness, but an apparent oxide
thickness). For simplicity, the thickness of the intrinsic
oxide layer was fixed in the subsequent ellipsometric
analysis of other structures considered in the present
paper. The real surface of a sample can be described as
the GaAs substrate covered with a rough oxide layer of
26 A in thickness.

5.1.2. Didlectric films- SOy

Films of SiO, were prepared by vacuum evaporation of
99 % pure silicon monoxide (SiO) at a rate of 15 nm/s
(slow evaporation). A removable shutter was used to

prevent the contamination of the substrate during the
initial heating and outgassing of the vapour source. The
pressure was ~ 10~ Torr before evaporation. Substrates
were kept at RT during deposition [20]. Two kinds of
substrates were used for evaporation and VASE
measurements: a flat GaAs sample (etched for a short
time) and a microscope glass slide.

These films, which were produced by slow
evaporation of SiO in the presence of some amount of
oxygen, do not have an exactly known stoichiometry.
The oxygen content varies widely depending on the
evaporation conditions (0 <X < 2). Growth conditions of
SiOy are expected to give thermodynamically nonequi-
librium mixtures on the atomic scale. The structure, as
suggested in [21], may be regarded as a random mixture
of subunits that are Si-centered polyhedra of the types
Si-Siy, Si-Si;0, ..., Si-O4 The SiO4 films produced
under the above deposition conditions have been
assumed to have the atomic ratio near 1.5.
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Fig. 5. a — regression analysis of measured SE data for an as-
deposited thermally evaporated SiOy film on the GaAs flat
substrate. b —refractive indices spectra for a SiOy film: (1) — best
fit spectrum obtained on the basis of the Sellmeier model with
parameters listed in the inset, (2) — spectrum is taken from [23].
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The ellipsometric spectra of SiO,/GaAs with the
intrinsic oxide — flat structure are depicted in Fig. 5a. We
considered the three-layer model of sample configu-
ration in the simulation and the regression procedure
because the interface between a deposited oxide film and
underlying substrate is abrupt (as it was shown in [22]).
The spectra cannot be interpreted with a simple
assumption that the oxide is composed of a mixture of Si
and SiO, because of the different chemical nature of the
film. Instead, the optical properties of the SiOy film are
determined by fitting its structure to the data, for which
the optical constants were described by the Sellmeier
relation (Eq. (2)).

In Fig. 5b, we present the spectrum of n calculated
with the Sellmeier parameters for the structure under
study. It should be noted that the errors in the optical
constants may arise as a result of errors in film thickness
and substrate characterization. We believe that the
measuring technique, in which the VASE technique
combined with both the transmission of a thin film
(SiOy) on the transparent substrate and the reflection of
the same film on the GaAs substrate, is less influenced
by such errors. Other errors may be introduced by
deviations between the optical constants of the
underlying layers with respect to the literature reference
data. The coefficients C, D, and E (Eq. (2)) appearing in
the relation for the absorption coefficient are not shown
because of their insignificantly small values (less than
107*). There is no absorption in the UV-Vis — near-IR
spectral regions. The refractive index of the evaporated
SiOy film is consistently higher than the handbook value
for a bulk SiO, [23]. The formation of Si-Si bonds has
been demonstrated [21] to cause an increase of the
refractive index and becomes more and more important
(Si-rich oxide film formation) as the silicon content
increases.

5.1.3. Conductive oxide films—1TO

To determine the optical constants and thickness of ITO
films, a parametric representation of the spectra (Vis and
near-IR) using the harmonic oscillator approximation
was used by us earlier [24]. Taking into account that the
ITO film is the material exhibiting some absorption, we
divided the total film into two sublayers in order to use
two sets of Lorentz oscillators (three oscillators) to
model the ITO refractive index at the top and bottom of
the film [25]. The best-fit optical constants at the top and
bottom of the film prove that the extinction coefficient k
of the ITO film is lower at its bottom, i.e, the film is
more conductive near the surface.

5.1.4. Auidland filmon a glass

In the present work, a combination of photometric and
ellipsometric measurements in a common spectral range
have been used. The advantage of the method is that the
a priori knowledge of the optical constants is not need.
The film thickness (equivalent to the coverage by dense

Au) is determined independently (by a calibrated quartz
crystal oscillator on the glass sample-witness). In
Fig. 6a, we show the reflectance R, and transmittance T,
data along with the regression fits based on the point-by-
point technique.

For the easier reference, the corresponding spectra
of a glass sample-witness with Au island layer modeled
using both the Bruggeman effective medium
approximation and the point-by-point method were
calculated (Fig. 6b). In the former method, the filling
factor value was approximately taken from AFM results
which show a definite island structure, assuming 50 %
Au and 50 % voids. We found that the optical constants
obtained by the both methods quite well agree with one
another and differ from those of the bulk material [26].

5.2. Optical properties of layers deposited on the
corrugated substrate
5.2.1. Sructure S1: ITO/GaAs (DG)

We have analyzed the ellipsometric data (Fig. 7). The
optical properties are conditioned by the microstructure
of a film which is generally determined by deposition
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Fig.6. a — measured and calculated reflectance/ trans-
mittance data for the 12-nm-thick Au island film deposited
on the glass substrate. b — Au film optical constants n and k
obtained: in [26] (1), by best-fit using the B-EMA model (2)
and from our VASE data by the point-by-point method (3).

© 2007, V. Lashkaryov Institute of Semiconductor Friysics, iNauorian Acauerily 01 SCIerces Ol UKIallie



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2007. V. 10, N 2. P. 62-71.

,_S1:ITO/ Gas (DG)

a exp70°
exp 75°
o exp80° T
model fit

754
70
65

60
554
504
45 13
40
35
30!
25

203
15
10

80

v, degs

20

T
800 1000

Wavelength, nm

Fig. 7. Measured ellipsometric spectra (in case when grating
vector is perpendicular to plane of incidence) and fitted
spectra for sample Sl (ITO/GaAs (DG)).

conditions. Ellipsometric analysis was performed by
solving the Fresnel equations for n and k on the
wavelength-by-wavelength basis. Inhomogeneity of the
ITO film was inferred by us on the base of our SE
measurements for the flat structure, although the specific
nature and localization of the inhomogeneity was not
deduced from the data. In the achievement of the fit, we
used the results of our previous step of investigation
(Sec. 5.1.3) obtained with the discrete description
(graded structure). The results of analysis along with the
previous results for comparison are shown in Fig 8.
Values of n and k obtained by J.A. Woollam et al. on
glass [27] are also shown as the reference values.
Because the substrate was not bared (GaAs intrinsic
oxide) and underwent the annealing procedure (350 °C,
30 min), we supposed that the rather thick layer ITO
(160 nm) is a continuous medium in its volume. It is also
seen that the ITO film has noticeable absorption in the
Vis. It was also reasonable to suppose that it has the
inhomogeneous region (due to interdiffusion and
chemical reactions) which is restricted mainly to the
ITO/GaAs interface region. The ITO stoichiometry
modification, as it was shown after [28], is mainly due to
a variation of the parameters of the deposition process
(the sputtering power and deposition rate). Since the
above-mentioned technological factors are kept constant,
the water content in the residual gas can be considered as
a source of the deterioration of the ITO optical
properties, and its role in the initial process of deposition
and interface formation for the corrugated (diffraction
grating) and flat surfaces of samples must be taken
account. By comparing the changes in the optical
constants N and K relative to those of ITO both deposited
on a flat GaAs substrate and known from the literature
(Fig. 8), we find that process-dependent changes in the
optical constants in the Vis are quite evident. For a more
detailed investigation of the ITO film microstructure, the
additional analytic technique is required, but it is beyond
the scope of this work.
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Fig. 8. ITO optical constants n and K obtained: by J.A. Wool-
lam et al. (1), our previous results [24] with the use of the
B-EMA model (2), from VASE data (3).

5.2.2. Sructures with Au island
top layers. Au/GaAs (DG (R2)),
Au/ITO/GaAs (DG) (3).

We believe that, all other things being equal
(evaporation of the Au island film in manufacturing the
structures & and S3 was performed under identical
conditions), a different microstructure (porosity,
roughness, etc.) of the underlying substrate used seems
critical to provide the nucleation sites on the substrate
surface and allows one to tailor a variety of final
microstructures. In this context, the most essential
difference between the samples is the narrower
histogram of the distribution by the in-depth analysis of
S3 as compared with that of S2 (Fig. 3). If the underlying
surface (R,, rms — see Table 2) is more smooth, then the
more uniform distribution of Au islands on the surface
occurs. The macroscopic optical properties must be
affected by this fact.

From the SE spectra for the y and A data (Fig. 9),
the optical constants for Au films deposited on the
different substrates are obtained by the above fitting
(Fig. 10). For an Au (12-nm) film deposited on the GaAs
DG (), the indices of island films are almost constant
throughout a wide spectral range. Such a behavior is
almost the same as that for an insulator — this state is
approached by the island film when its lateral
conductivity is interrupted by the partition of the metal
layer into disconnected islands. It was found that, in the
Vis region, the use of the ITO sublayer helps to reduce
the absorption in the Au island film. In the near-IR
region, however, a small increase in the absorption of
the Au film deposited on DG covered by the ITO layer
was observed (Fig. 10). To account for the difference in
metal optical constants depending on the adjacent
medium, several mechanisms can be considered. For
example, if there are voids in the film, the measured
dielectric constant will differ from the bulk one,
depending on the volume of voids.
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Fig. 9. Measured ellipsometric spectra (in the case where the
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the fitting for multilayer structures: 2 (Au/GaAs (DG)) (a)
and S3 (AwITO/GaAs (DG)) (b).
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Fig. 10. Spectroscopic best-fit data obtained by the point-by-
point method for the refractive index (n) and the absorption
coefficient (k) for Au (12-nm) films evaporated on different
substrates.

The Au film thickness for all samples is near the
percolation threshold. Therefore, even small changes in
the surface morphology lead to significant changes in the
optical properties. It is shown (Fig. 6b) that, for flat
samples, the film with low filling factor is obtained. For
an Au film deposited on GaAs DG (&), the n and k
indices of island films are almost constant throughout a
wide spectral range. They are very similar to ones of the
flat sample but with lower filling factor, because the
additional relief of a diffraction grating produces the
larger surface being covered by the film.

The ITO film of Sl and S3 makes the surface more
smooth, by covering small pinholes and by hiding the
relief peculiarities. It is shown in Fig. 3 that the
ITO/GaAs (Sl) sample has lowest relief height (and
lowest surface area) comparing to those of Au/GaAs
() and Aw/ITO/GaAs (S3). Au was evaporated at 70°
to the surface normal, therefore only the surface apices
were covered by the metal, and, as a result, the relief
height was increased. Comparing S2 and S3, one can see
that the relief height for S3 is lower because of the
initially smoother surface.

Optical constants spectra of Au films generally
follow the surface area according to the EMA model
except one feature appeared on the optical constants
spectrum of S3 within the wavelength interval from 750
to 900 nm (Fig. 9b). We suspect that these unusual optic
properties are due to the influence of a geometrical
arrangement of resonant Au nanoparticles. Excited local
surface plasmons increase the extinction, and we observe
it via the increased K value in regular analyses.

The effect of the substrate is very evident. Complex
surface topology under holographically etching is
obtained in one chemical reaction step by choosing the
beam intensity distribution and the etching solution in a
suitable way. The micro- and nanoprocesses represent an
analogue of the 2D structure formation. Whereas the
resonance phenomenon for a single particle strongly
depends on details of the particle shape as well as on the
dielectric properties of the particle material and the
surrounding medium, the individual plasmon resonance
for arranged particles is additionally influenced by the
electromagnetic particle interaction via their dipolar
fields which interfere to form a collective response. The
authors of [29] probe the influence of grating effects (the
grating constants d) on plasmon excitations in gold
nanoparticles. They found that the extinction spectra
show strongly different bandwidths for various grating
constants with the maximum effect for d = 500 nm for
metal nanoparticles gratings on the ITO base. In our
case, there are a set of the grating constants (see the
results of Fourier analysis, Fig. 4) on the nanoscale
along with the fundamental one. The inhomogeneous
band broadening is a function of fluctuations in the
particle shape as well. Furthermore, by translating the
probe beam and repeating the ellipsometric measure-
ments on the portion of a sample with the 3-nm-thick Au
island film ($4), we found the effects of not only the
blue shift but also a more shallow resonance. This
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corroborates our finding that a shift and a broadening of
the plasmon resonance are determined by the periodicity,

size, and shape of Au aggregates.

The detailed

investigation of the effect will performed in near future.

6. Conclusions

This article describes the methodology and the results of
the optical investigations of multilayer thin film structures
on the surface relief (a diffraction grating) with regard for
the outlook of their applications to plasmonics:

When taking into account the dependence of the
optical parameters of the films on both deposition
conditions and substrate peculiarities, the data
obtained on the transparent or opaque but certainly
flat witness samples must be taken to obtain the
zero approximation for ones only;

Both the SE and transmittance/reflectance data
should be fitted, by using the parametrization of the
dielectric function of a film material, rather than
with the point-by-point method, because the former
procedure reduces the number of unknown
parameters.

SE measurements on DG must be performed under
conditions when the plane of incidence of light is
parallel to the direction of grooves; in other case,
one needs to consider the anisotropy of a Jones
matrix [30].

When  solving the inverse ellipsometric
(spectroscopic) problem for DG, one needs the
fitting on these films, substrates, and overlayers,
which were characterized on the planar ones
obtained via one technological run.

Results of measurements of the SPP parameters on
the device structures of plasmonics give rise
conveniently to the monitor quality of the optical
characterization.

Concerning the multilayer plasmonic structures
with gold, ITO, and SiOy films, the result obtained
on the surface plasmon polariton system as a
candidate of optochemical sensor will be published
in the next paper.
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