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Abstract
In this study, we have investigated the effect of thickness on the structural and optical properties of
copper (Cu) helical nanostructures. Thin films with thicknesses of 160 nm, 280 nm, 450 nm, and
780 nm were obtained by e-beam glancing angle deposition. The morphology and the microstructure
were studied by field emission scanning electron microscopy, x-ray diffraction and transmission
electron microscopy, while for the optical analysis measurements spectroscopic ellipsometry was
used. The results show that the deposited structures are porous with nanometer-sized crystallites
preferentially oriented along (111) planes, as well as that the diameter of the helices increases with
thickness. Detailed analyses of optical properties have demonstrated that the dielectric function of Cu
structures is greatly influenced by the films thicknesses. With increasing thickness from 160 nm to
780 nm, the surface plasmon resonance peak was shifted from 1.31 eV to 1.05 eV, which was
correlated with the growth mechanism and the size of deposited nanostructures.

Keywords: copper, glancing angle deposition, helical nanostructures, ellipsometry, optical
properties, surface plasmon resonance

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, scientists and researchers have been focused on
obtaining and characterizing thin films in order to explain the film
formation, growth mechanisms, and their special structural prop-
erties. Thin film structure is influenced by the type of the sub-
strate, the film thickness as well as the deposition parameters,
which determine their physical properties [1]. In this sense,
microstructural characterization (grain size, defect density, texture,
etc) is essential for understanding the deposition processes and
deposition conditions and, finally, their effect on the properties of
thin films [2, 3].

Synthesis of different thin films can take place through a
variety of deposition techniques. The examples of the most
commonly used methods are molecular beam epitaxy (MBE) [4],
e-beam evaporation technique [5], pulsed laser deposition [6],
sol-gel technique [7], chemical vapor deposition methods (CVD)

[8, 9], or different sputtering techniques (DC or RF sputtering)
[10]. In recent years, however, considerable attention has been
devoted to the development of the methods dealing with for-
mation of specific nanostructures, such as nanocrystalline silicon
(nc-Si), nanostructured TiO2, carbon nanotubes (CNTs), gra-
phene, ZnO nanoparticles (NPs), etc. For instance, Sharma et al
[5] have used e-beam evaporation assisted physical vapor
deposition (EBPVD) for the formation of nc-Si films, and have
shown that this technique is more convenient for the deposition
of nanocrystalline films rather than conventional plasma
enhanced CVD method (PECVD). On the other side, due to the
specific application demands, in the case of carbon nanotubes
deposition, in particular for vertically aligned CNTs, the
researchers mostly prefer CVD techniques, like PECVD or
floating catalyst CVD (FCCVD) method [9, 11]. Moreover,
Zhang et al [12] have shown that copper nanostructures in the
form of high-density nanowires uniformly distributed in a narrow
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space (pores) could be obtained via metal organic chemical vapor
deposition (MOCVD). Nonetheless, when the formation of spe-
cific 3D columnar nanostructures is required, e-beam glancing
angle deposition (GLAD) is widely used. Since the deposition is
performed at an oblique angle, the shadowing effect is very
important for acquiring specific structures. When the vapor atoms
nucleate on the substrate, the regions behind each grain cannot
receive more atoms, thus resulting in a porous film with isolated
columns. Glancing angle deposition has been used for obtaining
a variety of nanostructures such as pillars, slanted columns,
zigzag structures and helices [13]. Due to their unique physical
and chemical properties [14], this type of metallic nanostructures
has found wide application in different technological fields such
as electronics [15], reflection [16], plasmonics [17–22], catalysis
[23, 24], mechanics [25], etc.

Copper has been investigated for many years because of its
characteristic physical properties, such as low electrical resistivity,
high thermal conductivity and low resistivity coefficient [26–28].
Due to these properties, Cu has found use in electronic industry,
wireless communications, as conducting material in integrated
circuits, etc. In particular, nanostructured Cu films possess dis-
tinctive mechanical, thermal, magnetic, electric and catalytic
properties, which make them suitable for application in many
fields such as industry, medicine, and the environment [29].
Furthermore, Cu thin films could be used in solar cells [30],
diodes [31], catalysis [32], high-speed integrated circuits [33, 34],
sensors [35], fungicidal and nematicidal applications [36–38], etc.
The grain size control of nanostructured Cu thin films and its
effect on physical properties are very important for electronic
applications [39], since the deposition process of semiconductors
determines the grain size-band gap dependence [40]. Aside from
grain size, the overall microstructure has a significant impact on
the electrical conductivity of Cu thin films [41, 42].

The main goal of this research was to study the structural
and optical properties of helical Cu thin films obtained by
e-beam glancing angle deposition. The effects of thickness on
the characteristics of the samples are discussed on the basis of
grain size and diameter of the columns, and also on the films
porosity induced by the shadowing effect. Field emission
scanning electron microscopy (FESEM), x-ray diffraction
(XRD) and conventional and high-resolution transmission
electron microscopy (TEM/HRTEM) have been used to analyze
the morphological and crystallographic structure of the helical
Cu films. For the investigation of optical properties of the thin
films, in particular for the analysis of surface plasmon resonance
(SPR) effect, spectroscopic ellipsometry measurements were
performed. The obtained results indicate that the observed
structural and optical properties differ for various structures,
being dependent on the film thickness. Specifically, the changes
are related to the different diameters of the Cu helices, which are
in turn defined by dissimilar growth mechanisms during the
films deposition processing.

2. Materials and methods

Copper (Cu) thin films were deposited from Cu metallic target
purity of 99.999% (Onyx Met) in a home-made deposition

chamber at the base pressure of 8×10−5 Pa before each run,
while the pressure during deposition was approximately
2×10−4 Pa. The emission current of 180 mA and voltage of
1.8 kV were used for Cu evaporation. During the deposition,
two step-motors were used: the first one was employed for the
adjustments of the deposition angle, and the second one for
the substrate rotations. The substrates used were single-crys-
talline (100) silicon wafers which were ultrasonically cleaned
with ethanol, distilled and deionized water. They were posi-
tioned at the distance of 25 cm from the copper target surface,
and were oriented in such way that the deposition angle was
85°. In order to obtain nanostructures with a helical shape,
during the deposition process, the substrates were slowly
rotated around the normal axis, with 5° step and the rotation
speed of 0.03 rpm. Cu films were deposited with the growth
rate of approximately 2 nmmin−1 to the thickness of 160 nm,
280 nm, 450 nm and 780 nm, as monitored by a quartz crystal
placed into the deposition chamber.

The morphology and thickness of the deposited Cu thin
films were analyzed by field emission scanning electron
microscopy (FESEM) using FEI SCIOS 2, Dual Beam elec-
tron microscope, operated at 20 kV. Planar view FESEM
micrographs were also employed to determine the porosity of
copper thin films, utilizing ImageJ software [43]. The crys-
tallographic structure, including the orientation and size of Cu
crystallites, was examined by x-ray diffraction technique.
XRD patterns were obtained by PHILIPS 1050 x-ray dif-
fractometer using Ni-filtered Cu-Kα1,2 radiation and Bragg-
Brentano focusing geometry. The measurements were taken
in the 25°–65° 2θ range, with the step size of 0.05° and a
counting time of 5 s per step. The analysis of diffraction lines
and determination of the crystallite size was carried out by
using Topas software package [44]. In order to investigate
structure of the thin films more detailed, cross-section
lamellas of the samples were prepared by focus ion beam
(FIB) and observed by conventional and high-resolution
transmission electron microscopy (TEM/HRTEM), on
200 kV FEI Talos F200X microscope. An energy dispersive
x-ray spectroscopy (EDS) system attached to the TEM,
operating in scanning transmission (STEM) mode, was used
for spatially-resolved EDS analysis. The optical properties of
Cu samples were investigated by spectroscopic ellipsometry
measurements. The spectra were collected by Jobin-Yvon
UVISEL 5 spectroscopic ellipsometer operating in the energy
range from 0.6 eV to 4.8 eV with a step of 0.1 eV, at an
incidence angle of 70°. Data acquisition and modeling of the
obtained results were carried out using DeltaPsi2 soft-
ware [45].

3. Results and discussion

The structure and the morphology of deposited Cu films were
analyzed by field emission scanning electron microscopy. In
figure 1 are given FESEM micrographs of Cu nanostructures,
taken in cross-sectional (left side) and in the planar view
(right side). According to the cross-sectional images, the
thickness of the deposited samples was verified and
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Figure 1. FESEM micrographs of helical Cu nanostructures with different thicknesses (160 nm, 280 nm, 450 nm and 780 nm): cross-sectional
view (left side) and planar view (right side). EDS spectrum of 780 nm thick Cu film is presented in the bottom of the image. Scale bars
correspond to different magnifications: 100 kx for cross-sectional view and 150 kx for planar view.
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determined as 160 nm, 280 nm, 450 nm and 780 nm. It is
clearly visible that the deposited nanostructures have a helical
shape, as well as that the helices are uniformly distributed
through the sample and become well-defined with increasing
film thickness. Also, it can be seen that the length and dia-
meter of the helices are approximately constant from the
substrate to the surface within each sample. By detailed
observation of the planar view micrographs, it can be noticed
that the diameters of the helices increase with film thickness,
where the roughly estimated values found to be up to a few
tens of nanometers. The obtained helical nanostructures are
formed by slow rotation of the substrate with respect to the
surface normal, as compared to the deposition rate. In this
way, the growth direction of the thin films also rotates, i.e. the
incident vapor direction changes, as well as the direction of
the column growth, and the obtained structures are spiraling
upwards from the substrate [46]. Thus, the structure of the
formed helices could be controlled through the substrate
rotation, by controlling the time interval between each rota-
tion step, and also by the deposition angle. With these para-
meters, one can control the diameter of the helices, as well as
their length [47].

In order to analyze and check the chemical composition
of the samples, EDS analysis was also performed and the
typical EDS spectrum, collected for the 780 nm thick film in
the energy range of 0.1–5 keV, is presented in figure 1 (the
range from 0.1–3 keV is given for clarity). The most intense
peak seen below 1.5 keV belongs to copper (Cu Lα1), and
next to it is a smaller one that refers to the Cu Lλ line. Two
peaks, positioned at lower energies, are associated with
oxygen (O Kα) and carbon (C Kα). The existence of oxygen
is probably due to the oxidation of copper, will be discussed
later in the text, while the presence of carbon could be
associated with the impurities adsorbed on the sample surface.

Another important observation seen from FESEM
micrographs is a porosity of deposited films, coming from the
shadowing effect which occurs during the GLAD deposition
[46]. It can be seen that the films become more porous with
increasing thickness, which is especially noticeable in the
micrographs taken in planar view. This is expected because
the deposition process takes place in such way that the
incoming vapor atoms arrive at the substrate at a certain angle
and quickly physisorbed on the surface, forming nuclei of
different sizes on it. As the nuclei grow and form nano-
columns, more atoms are deposited on them and at that point
some smaller columns remain shadowed by the larger ones
and their growth stops. In this way, porous microstructures
develop continuously during the deposition of thin films on
the basis of shadowing effect and competitive growth [46].

Based on the FESEM micrographs, presented in figure 1,
we were able to calculate the porosity of Cu thin films using
computing software ImageJ [43]. A description of the image
analysis procedure, as well as the achieved results are
depicted in figure 2. FESEM micrograph, obtained for 160 nm
Cu sample, is displayed in figure 2(a), whereas figure 2(b)
shows the grey level histogram that was used to separate the
phases. To estimate the quantity of porosity, the threshold is
set to the default in order to separate the pores from the matrix

of the sample. When the threshold is set, the pores were
highlighted in red, as can be seen in figure 2(c). After
ensuring that just the pores are marked in red, the examination
can continue to produce a binary image with segregated
porosity (figure 2(d)). Finally, the ‘analyze particles’ option
was chosen to acquire pore area data. As a result, the rough
regions of the sample surface are represented in white, while
pores are presented in black color. The analysis was also
performed for 280 nm, 450 nm and 780 nm copper samples
and the results showed that the porosity increases with film
thickness and equals to the values of 31%, 35%, 42%
and 48%.

Phase analyses of the helical Cu thin films were carried
out with XRD. The results are presented in figure 3, showing
x-ray diffraction patterns of the Cu films together with a
simulated diffractogram of Cu phase. The analysis confirms
that the Cu phase with the face-centered cubic structure is
formed during the deposition, as verified by the existence of
the peaks at 2θ=43.33° and 2θ=50.44°, which belong to
(111) and (200) characteristic reflections of copper (PDF No.
01-089-2838), respectively. It can be seen in all cases that the
(111) reflection is well-defined with the intensity much
stronger than that of (200) line. In order to determine whether
the preferential crystallite orientation was present, the
experimental patterns were compared with a simulated one of
Cu phase that was calculated by assuming random orientation
of the crystallites. The intensity ratios of the (111) and (200)
peaks indicate that the preferential orientation of Cu crystal-
lites is along (111) plane. Also, one notices that overall peaks
become more intense when increasing thickness, thus indi-
cating the improvement of the films crystallinity. Another
important characteristic of the spectra is that apart from the
peaks corresponding to (111) and (200) reflections of Cu, we
observe two weak peaks at the angles 2θ=36.44° and
2θ=61.89°. Since these peaks exactly match the position of
(111) and (200) reflections of Cu2O (PDF No. 01-077-0199)
this is an indication of the presence of metal-oxide phase in
the films. Indeed, this is in agreement with the results of EDS
analysis (see figure 1), according to which the existence of
oxygen in the deposited structures was confirmed. Based on
the results, we assume that the part of copper was probably
oxidized during the deposition process due to the increasing
the diameter of Cu helices and surface coverage. This
explanation supports the fact that the intensity of Cu2O peaks
increases with the increase of the film thickness. Nonetheless,
this phenomenon can also be result of spontaneous surface
oxidation as a consequence of high surface/volume ratio after
the samples were removed from the deposition chamber and
exposed to air, as already reported in the literature [48].

Another parameter obtained from XRD spectra is the
grain size of the copper crystallites for different Cu samples.
The mean grain size was calculated using Topas software
[44], which applies the fundamental parameters approach to
the line profile fitting. The size of Cu crystallites was found to
be between 8 nm and 10 nm, as the thickness of the samples
increases from 160 nm to 780 nm, while the Cu2O crystallites
are found to be smaller, ranging in size from 4 nm to 7 nm.
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This practically means that under given deposition conditions,
films with fine-grained structure were produced.

In order to obtain detailed information on the micro-
structure of different Cu films and also to establish the exact
size of helices diameters, the samples were analyzed by cross-
sectional transmission electron microscopy. As an example,
figure 4 presents low (a), (d) and high (b), (e) magnification
TEM micrographs, and corresponding HRTEM images (c),
(f), for the two selected samples thicknesses of 160 nm and
780 nm, respectively. Low magnification micrographs of both
samples show general microstructure with helical-shaped Cu
films formed onto the Si substrate, covered by Pt overlayer,
which was used as protective layer during the FIB preparation
of TEM lamellas. Based on the presented images it is obvious
that the samples exhibit different thicknesses, but regardless
to the duration of films deposition processes similar
morphologies are formed. This means that Cu helical struc-
tures on silicon substrates follow a general similar behavior
which can be obtained via GLAD processing. Indeed, the
microstructure is more clearly visible in high magnification
images, presented in figures 4(b) and (e). As can be seen in
both cases the helix diameters and also the spacing between
adjacent helices appear to be fairly constant along the grow-
ing film, starting from the bottom up to the sample surface. A
closer examination, however, shows that depending on the
thickness of nanostructures the diameters of the individual
helices differ; in particular, we found it increases with film
thickness (note that the scale bars in the presented TEM
micrographs correspond to different image magnifications).

An average value of diameter for the film with the thickness
of 160 nm found to be 10 nm, while it is even twice as larger
in the case of 780 nm thick sample, where the diameters of
20 nm were measured. The structure of the samples was
further analyzed at higher magnifications and the HRTEM
micrographs of isolated helices were also presented for both
samples (figures 4(c) and (f)). The micrographs confirm
crystalline structure of the films, showing well-defined lattice
planes. The measured interplanar spacing of 0.208 nm and
0.209 nm is in a very good agreement with the theoretical
value for (111) planes of cubic Cu. Apart from this, HRTEM
micrographs show the presence of Cu2O (111) planes with d-
spacing of 0.245 nm. The presence of oxygen was also con-
firmed by EDS elemental color mapping analysis. Figure 5
presents STEM/HAADF micrograph of the 780 nm thick Cu
film with corresponding image maps, where different colors
were associated with different elements. The yellow, red,
green and cyan color micrographs correspond to oxygen,
copper, platinum and silicon, respectively. Based on the
images it is evident that the Cu and O elements are evenly
distributed over the deposited film.

Analysis of the optical properties of helical Cu nanos-
tructures was carried out by spectroscopic ellipsometry. This
surface-sensitive technique directly gives two experimental
parameters, ellipsometric angles Ψ and Δ, which are related
to the ratio of reflection coefficients for light polarized parallel
and perpendicular to the plane of incidence, respectively [49].
Typical (Ψ, Δ) spectra taken from different Cu samples are
presented in figure 6. The interpretation of the obtained results

Figure 2. Description of the ImageJ software analysis procedure on the basis of 160 nm Cu thin film: (a) original FESEM micrograph,
(b) analogous grey level histogram, (c) analyzed picture and (d) binary image of 160 nm copper sample.
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from the absolute (Ψ, Δ) values is difficult because the
change in polarization does not contain any readily useful
information. The extraction of meaningful physical data
requires construction of an appropriate model, where each
layer refers to a given material, and the calculated data must
be fitted to the experimental ones. In order to utilize spec-
troscopic ellipsometry analysis more accurately, it is neces-
sary to have knowledge on the films structure. For this matter,
we have used FESEM micrographs to get values of the
thicknesses of the layers, which were incorporated into the
optical model and presumed constant during the fitting. Since
copper thin films are considered as inhomogeneous, this non-
uniformity was simulated by the use of different concentra-
tions of voids in the deposited layers. By additional analysis
we found that the inclusion of the surface roughness in the
model improved the quality of the fit, by reducing the mean
squared error, known as chi-square (χ2), which quantifies the
‘goodness’ of the fit. Based on this, a roughness layer was
also included in the optical model and was allowed to vary in
the range from 1 nm to 10 nm (note that the void fraction, i.e.
the volume fraction of air in this layer was kept constant).
During the fitting procedures the quantity χ2 was always
below 3, thus meaning the used model may be considered to
be correct.

For the modelling of Cu nanostructures, we assume four-
layer system (schematically presented as the inset in
figure 6(a)): one layer containing Cu together with Cu2O and
voids, then silicon substrate as an underlying layer which
consists of crystalline silicon with the native oxide layer on
the top. An additional layer was used to describe the rough-
ness of the films, presenting a discrete layer that contains a
mixture of the copper oxide with voids in a 50:50 ratio using
an effective medium approximation (EMA). The film struc-
ture for all samples was fitted with Drude–Tauc Lorenz
model, where Drude term describes the metallic character of
the system due to intraband transitions, while Tauc-Lorentz
dispersion formula is related to the interband transitions of the
valence electrons. Thus, the dielectric function for the helical
Cu nanostructures could be described using the sum of two
terms:

e e e= + 1D TL ( )

in which the first term represents Drude, while the second
describes Tauc-Lorentz dielectric functions. Drude dielectric
function is given by [50]:
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Equations (3) and (4) define real and imaginary parts of the
dielectric function, respectively, where εr,∞ presents high-
frequency dielectric constant, Eg optical band gap, E photon
energy, E0 peak central energy, C broadening term of the
peak and A Tauc-Lorentz coefficient.

Based on the ellipsometric fitting data the porosities of
the deposited Cu nanostructures were obtained. The results
showed that, as the thickness grows from 160 nm to 780 nm,
the obtained values for porosity are (32±3)%, (37±3)%,
(44±4)%, (51±5)%, indicating that the acquired results
are in good agreement with those derived from FESEM
micrographs using ImageJ software. Since during the GLAD
processing, the formation of specific nanostructures is caused
by the shadowing effect, with increasing thin film thickness
the columns become thicker and thus affects the formation of
larger voids between them. In this way, the porosity of the
deposited thin films increases as well. The obtained results
could be related with those found from EDS and XRD
measurements, where in the case of thick samples the larger
amount of oxygen was observed. Indeed, higher porosities
provide pronounced surface-to-volume ratios, thus enabling
the amount of oxygen increases with respect to the thickness.

Figure 3. Simulated XRD spectrum of Cu phase (a) and the patterns
of Cu nanostructures thicknesses of 160 nm (b), 280 nm (c), 450 nm
(d) and 780 nm (e).
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Figure 4. TEM analysis of Cu helical nanostructures deposited onto Si substrates: low magnification (a), (d), high magnification (b), (e) and
HRTEM (c), (f) micrographs of 160 nm and 780 nm thick samples, respectively. Scale bars correspond to different magnifications: 100 nm
(a), 50 nm (b), 2 nm (c), 500 nm (d), 200 nm (e) and 2 nm (f).

Figure 5. STEM/HAADF image with corresponding EDS maps highlighting the O, Cu, Pt and Si elements for 780 nm thick Cu film
deposited onto Si substrate. Pt overlayer was used as a protective layer during the FIB preparation of TEM lamella.
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In addition, modeling of the measured parameters (Ψ, Δ)
enabled determination of the complex dielectric function
(ε=εr+εi), which is correlated with the nanostructure and
electronic structure of the Cu films. The real (εr) and imaginary
(εi) parts of complex dielectric function for all Cu samples are
plotted in figure 7. For comparison with the optical response of
deposited copper thin films, the spectra for bulk Cu, taken from
literature [52], were also presented in the figure. The εr spectra
are of particular interest here since they are considered to be
characteristic of the chemical and structural quality of the films.
As can be seen for nanostructured Cu samples, the photon energy
range from 1.2 eV to 2.3 eV (figure 7(a)) is characterized by
negative values of εr, which come from the interaction of light
with conduction electrons [53], thus reflecting the metallic
character of the deposited structures [54]. However, contrary to
the bulk Cu, which is characterized by negative εr in whole
spectral range, Cu films display a band between 0.7 eV and
1.9 eV, where εr exhibits positive values. This practically means
that the films did not retain a metallic response, confirming non-
Drude behavior in this spectral region, which differs significantly
from copper’s optical behavior [55]. Similar findings, however,
were observed previously, where the appearance of this band has

been related to the formation of either cuprous (Cu2O) or cupric
(CuO) oxide depending on the conditions leading to the oxide
formation [56, 57]. Indeed, this is in agreement with the micro-
structural and chemical analyses done by XRD and HRTEM,
where the presence of Cu2O phase was confirmed. Finally, the
real part of the dielectric function also displays positive values for
photon energies above 2.3 eV. The positive values of εr in this
part of the spectrum are expected since they come from the
damping oscillations due to the collisions of the electrons to the
nucleus. Overall, the magnitude of εr varied with thickness
typically from 160 to 450 nm. As seen from the spectra in
figure 7(a), there are differences in the nature for the 780 nm
thick layer stemming possibly from differences in thickness,
structure and composition.

Apart from the real parts of dielectric functions of Cu
nanostructures, the imaginary parts εi should be also considered,
since they present contribution of different energy losses in the
material. The εi spectra for Cu films, as well as for bulk Cu, are
presented in figure 7(b), as a function of photon energy of the
incident light. As it can be seen, all spectra obtained for copper
nanostructures display a clearly visible absorption peak at the
photon energies below 2 eV, whereas at the energies above 2 eV

Figure 6. Experimental (geometric symbols) and fitted data (solid lines) of ellipsometric parameters (a) Ψ and (b) Δ for the helical Cu thin
films with different thicknesses, as a function of photon energy. The optical model of copper, used to analyze the spectroscopic ellipsometry
data, is schematically presented in the inset of figure (a).

Figure 7. Real (εr) and imaginary (εi) parts of the dielectric function for Cu bulk, 160 nm, 280 nm, 450 nm and 780 nm thick nanostructured
Cu films determined from ellipsometry measurements. Data for Cu bulk are taken from the literature.
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no significant absorption is observed. The presence of these
peaks could be associated to an appearance of the SPR
absorption of Cu nanoparticles representing collective oscilla-
tions of conduction electrons. These oscillations occur as a result
of the interaction between the electroactive radiation and metal
nanostructures [58]. However, by comparing spectra for bulk Cu
and nanostructured copper thin films it can be seen that the SPR
peaks for thin films are shifted toward lower photon energies (for
bulk Cu SPR peak is at 2.4 eV). The existence of SPR
absorption was found earlier by other authors [59–61] for
plasmonic copper nanoparticles synthesized by different
deposition methods. Although, it should be mentioned that Cu
helices obtained here exhibit absorption at much lower photon
energy values, located in the IR part of the spectrum, as com-
pared to those found in the literature. This difference could come
from the changes in the shape and size of the diameter of the
nanostructures, as well as growth mechanism (island-like
growth) [62] and the dielectric properties of the environment
[63]. Besides, the development and the shift of the absorption
band could be also accompanied with the Cu oxidation [57] and
formation of Cu2O phase. In addition, one also observes change
in the position of SPR peaks, as to the difference in the thickness
of Cu nanostructures. Typically, with increasing film thickness,
SPR peak exhibit a red shift, as shown in figure 8. For example,
SPR peak is centered at 1.31 eV for the Cu film with the
thickness of 160 nm, while for the 780 nm thick sample it is
positioned at the 1.05 eV. The SPR peak is not only shifted to
lower photon energies, but with changing films thickness dis-
plays difference in width and intensity as well. The observed
changes are most likely the result of wide distribution of size of
Cu particles and strong contribution of their agglomerations. In
particular, the observed bands are broad due to the agglomera-
tion of nanoparticles in the samples [64].

4. Conclusions

Helical Cu thin films were deposited by e-beam GLAD to the
thicknesses in the range of 160–780 nm. Optical properties of Cu

helices were investigated and correlated with the thickness of the
films, and therefore with their microstructure. The obtained results
reveal that the deposited films are porous and both structural and
optical properties of the films are strongly affected by the thick-
ness of the samples. According to XRD and TEMmeasurements,
it was found that besides metallic Cu, there is a certain amount of
Cu2O in the deposited samples. Also, TEM analysis showed that
with increasing the film thickness from 160 nm to 780 nm the
diameter of nanostructures also increases from 10 nm to 20 nm.
As to the optical properties, i.e. the dielectric functions of the
films, they are found to be determined by the thickness and the
microstructure of the deposited thin films, but also by the Cu
oxidation and formation of Cu2O phase. Generally, SPR peak
follows a red shift from 1.31 eV to 1.05 eV with increasing the
films thickness from 160 nm to 780 nm. The SPR peak is not
only shifted to lower photon energies, but also displays a dif-
ference in width and intensity. It is assumed that overall changes
in SPR position are due to wide distribution of sizes of Cu par-
ticles and the strong contribution of their agglomerations, which is
a consequence of the changes in the sample thickness. On the
basis of the presented results, it can be concluded that glancing
angle deposition enables the formation of specific Cu nanos-
tructures with highly tunable SPRs, thus making them very
attractive candidates for plasmonic applications.
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