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ABSTRACT

Changes in the polarization state of light due to its interaction (reflection and transmission) with samples of CuSCN nanorod and ZnO nanowire arrays are
analyzed and compared following a recently proposed technique (Valente et al., 2019). The determination of the degree of polarization and measurements of
diffusive light are used to investigate the influence of the morphology of nanorods and nanowires on the optical properties. It is shown that the CuSCN nanorods
are better than ZnO nanowires to preserve polarization, although the degree of polarization decreases with the lengths for both materials. It is shown that the
degree of polarization correlate with the diffusive light, which allow an estimation of the large scale uniformity of the samples. However, it is also shown that the
loss of polarization quality can be present even in absence of diffusion, which indicates that the interferometric effect on the nanoscale should be an important

cause of the depolarizing effect.

1. Introduction

The greatest interest on the so called nanostructured materials
(nanomaterials for short) relies on its interesting properties, for exam-
ple the increase of area—volume relation that improves the light pen-
etration. Another important feature concerns the shape of the nanos-
tructures. The cylindrical shapes are referred to nanowires (NWs) and
nanorods (NRs), depending on the aspect ratio defined as the relation
L/D, where L and D are the nanowire length and diameter, respectively.
For instance, NRs and NWs are considered those exhibiting aspect
ratio values lower and greater than 5, respectively. They can be built
by different electrochemical methods and of several materials, espe-
cially with semiconductors. Both features make these materials mainly
suited not only for solar-cell applications, but also for other optical
applications.

Among the semiconducting materials, copper (I) Thiocyanate
(CuSCN) [1-3] is a pseudohalide that has been treated as a candidate
for hole transporting material (HTM), because of its very small hole
effective mass and normal mobility. It has a wide bandgap energy (3.6—
3.9 eV) and exhibits high optical transparency in the visible wavelength
region [2,4,5] together with p-type conductivity. CuSCN NR arrays
offer new possibilities to fabricate nanostructured inverted solar cells,
starting from the formation of nanostructured p-type electrode [6]. In
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fact, CuSCN NR arrays have been also employed in dye-sensitized solar
cells [6] and in infrared photodetectors [7] with very good results.
These facts encourage experiments to look at the polarization properties
of this material.

Another useful semiconducting material is Zinc Oxide (ZnO), that
is a wide bandgap semiconductor with a direct bandgap energy of
about 3.37 eV and high exciton binding energy (60 meV) at room
temperature [8], that can be built in a variety of nanostructures [9-11].
ZnO nanowires (ZnO-NWs) can be grown by several methods [12-16].
Among them, electrochemical deposition [17-28] offers some advan-
tages, such as low growth temperature, simple and low cost process
without the need of vacuum systems for preparing ZnO nanorods with
high crystalline quality.

On the other hand, light polarization can only be analyzed by the
interaction with a birefringent material medium. This class of materials
(usually crystals) has two different refractive index which is defined
by the arrangement of the crystalline structure, leading to different
propagation velocities (and eventually directions) for the orthogonal
polarization components. These crystalline materials are largely used
in several applications and correspond to the fundamental optical ele-
ments used in experiments involving polarization, like those described
below.
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In this sense, nanomaterials have been proposed as “external”
macroscopic birefringent materials. It was shown that arrays of very
well aligned carbon nanotubes lead to important birefringence [29], as
a cause of symmetry breaking. Muskens et al. [30] have shown large
birefringence in GaP nanowires. Chen et al. [31] observed the same
effect using slanted ZnO nanowires grown almost horizontally with
respect to the substrate. The parallelism and macroscopic homogeneity
of the sample are fundamental to lead to a coherent interaction of
the light wavefront and the material surface. In these cited cases, the
birefringence of the bulk material is very small, which indicates that
the nanostructures are the responsible for the symmetry breaking in
the light-material interaction. It is argued that the elongated shape of
the nanowires makes the interaction with the field to be different for
orthogonal polarization components, similarly to a grid of wires may
act as a polarizer filter for microwaves [32-34].

In general, the changes in the polarization state of light due to
transmission (or reflection) are governed in essence by the Fresnel laws,
which are correctly applied for uniform surfaces [32,35]. It is well
known that the roughness at micrometric scales is a natural cause of
diffusive light and loss of polarization [36].

However, the behavior of light polarization after interaction with
nanomaterials is an open subject, specially concerning disordered mate-
rials. It was recently shown an experiment in which the measurements
of the Stokes parameters (SP) of the transmitted light was applied to
a set of ZnO nanowires grown directly onto the FTO substrate [37],
consisting of a disordered material. It was observed that the inho-
mogeneities disturb macroscopic polarization, that induces no trivial
changes on the polarization state.

The aim of this work is to explore the depolarizing effect previously
reported [37] in a different material (CuSCN-NR). The results are then
compared to previous results on ZnO. The correlation between polar-
ization degradation and scattered light is discussed. Furthermore, early
works on these materials [28,38-40] give focus on the preparation
methods and the optical properties close to the bandgap, that is close
to 3 eV. Complementary, the wavelength used in the present work is at
785 nm, a region where both materials are almost transparent. Since
the knowledge about polarization properties of nanomaterials is very
recent, this work helps to understand the role of length, uniformity and
incidence angle on optical properties.

Considering these arguments, the setup explained in the next section
has been applied to 3 sets of semiconductor nanostructured samples:
SS(i) A set of CuSCN nanorod arrays (CuSCN-NRs); SS(ii) a set of ZnO
nanowire arrays grown onto bare SnO,:F/glass (FTO) substrates (ZnO-
NWs); and SS(iii) a set of samples of ZnO nanowire arrays grown
onto four different FTO substrates with previously prepared over a
ZnO seed layer (ZnO-SL). For all samples, the dependence of the light
polarization and the diffuse light with the morphology of the sample
is analyzed and compared. Taking in account these differences, it is
expected the present results contribute to the search for polarization-
sensitive materials at the nanoscale. Furthermore, as the dimensions
of the nanostructures can be a smaller or similar to the light wave-
length, geometrical and undulatory models are not easily applied,
which reinforces the need for experiments.

2. Methods and materials
2.1. Polarization measurements

In Fig. 1 it is shown the experimental setup. It is very similar to the
one presented in [37], upgraded to detect the reflected beam. A diode
laser (DL), with constant power and wavelength equal to 785 nm, is
used as the light source. A neutral density filter was used to adjust
the light intensity incident on the sample and a polarizer (extinction
ratio 1/500) defines a incident polarization state as perfect as it is
possible. The sample is positioned on a goniometer, so the incident
angle can be varied. For each incident angle, the detector is re-aligned
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Fig. 1. Optical setup suitable for measurement of the Stokes parameters on the
reflected beam. DL: Diode laser at 785 nm. DF: density filter; PL: Polarizer; S: Sample;
4/2: half-wave-plate. 1/4: quarter-wave-plate.

in order to observe only the specular reflection. The outcome light
crosses a polarization analyzer (a set of wave-plate-retarder and a
polarizer), which allows the measurement of the Stokes parameters
S = (Sp,.5}..5,..53), defined by

Sy =1I.+1, 1)
S =I-1, (2)
S =1s-1, 3)
Sy = I — I 4)

where each [; represents the transmitted light intensity corresponding
to a specific combination of the waveplate and polarizer. This set of
measurements determines the state of polarization. Furthermore, the
degree of polarization V, defined as

/g2 2 2
ST+S85+85

So

V= , 5)
is a measurement of the polarization quality: for unpolarized light
(natural light) V' = 0 and for a perfect polarized light V' = 1. In Ref. [37]
is exposed a detailed description of the technique and its application to
the samples of group (ii) mentioned above, where the transmission was
measured.

2.2. Measurements of diffusive light

Total and diffuse components of the transmitted light of the samples
were measured. A halogen lamp (Ocean Optics HL 2000) was used as
a source of optical excitation. The excitation signal was coupled and
directed to the sample by an optical fiber and a collimator (fiber core
size of 1000 pm). An integrating sphere (Gigahertz-Optik UPB 150-
ART) was used to obtain the optical signals. The integrated signals
were coupled with another optical fiber (fiber core size of 200 pm) into
a spectrometer (Ocean Optics S2000). Total and Diffuse components
of the transmitted light (TT and DT respectively) were measured fol-
lowing standard procedures [38,41]. In these measurement, the beam
transmitted by the sample is directed inside the integrating sphere and
redirected into the second optical fiber after integration in the sphere.
If all the ports of the integrating sphere are closed the total amount of
transmitted light is measured (/). However, if the port in the beam
direction is open with the light trap accessory then only the diffuse
transmission is measured (I,). By measuring the amount of incident
light, the reference for the calculation of the transmittance is obtained
(Iy). Finally, the transmittances are obtained as TT = I/, and DT =
I,/1,. From both signals, the fraction of diffuse to total transmitted
light or Haze (HT) spectra can be calculated as HT = DT/TT. With this
procedure the Haze of samples SS(ii) and SS(iii) were obtained.

Total and Diffuse reflectance (RT and RD respectively) were mea-
sured with another integrating sphere (Ocean Optics ISP-REF) which
includes a tungsten lamp as optical source. In this case, the config-
uration of the integrating sphere allows the obtention of the total
reflection or diffuse reflection signals simple by switching the light
trap port of the sphere. Moreover, for the reference signal a Spectralon
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Reflectance Standard (OOWS-1-SL) was used. From both total, and
diffuse reflectance the reflectance Haze (HR) is calculated as HR =
RD/RT. Samples of group SS(i) were studied by optical reflectance and
reflectance Haze.

2.3. CuSCN nanorod arrays preparation. Set of sample SS(i)

CuSCN NR arrays have been successfully prepared via an electro-
chemical template-free deposition route [1,7,41-44], which has been
proved to be a simple, low-temperature, and cost effective large-area
deposition technique for thin films and nanostructured semiconductor
materials [45,46]. Variations of the aqueous electrolyte composition
and electrodeposition potentials were used to prepare CuSCN seed
layers and nanorods, leading to a variety of morphological properties,
always deposited onto a transparent conductive oxide (TCO). TCOs are
important components for a wide range of optoelectronic technologies
(photovoltaics, touch screen interfaces, etc.). Here, SnO,:F/glass (FTO)
has been employed in all samples.

Before CuSCN nanorods growth, a 120 nm CuSCN buffer layer is
usually deposited on FTO substrate, both being potentiostatically elec-
trodeposited. The presence of a buffer layer ensures a high nanorods
surface density value (~ 10° cm~2). During the buffer layer deposition,
a complex reduction from Cu(Il) species to Cu(l) involving water,
cupric ions, triethanolamine and thiocyanate ions is developed until the
formation of a well covering and thin rhombohedral p-CuSCN layer.

The CuSCN nanorods morphology is strongly dependent of the
thiocyanate content in the electrolyte. The diameter of these one-
dimensional structures is diminished alongside the thiocyanate concen-
tration as well as the c-axis orientation is preferred. From a chemical
point of view, it is believed that competitive equilibria between thio-
cyanate and ethylenediaminetetraacetic acid (EDTA) plays a crucial
role is stabilizing Cu(II) as electroactive species before converted into
CuSCN nanorods. At high thiocyanate concentrations it is believed
colloidal Cu(SCN), is the favored species whereas at low thiocyanate
concentration CuH2Y is more stable. Further, the solubility of Cu(I) un-
der these conditions demonstrate that at low thiocyanate concentration,
CuSCN is more soluble thus determining its final morphology [38,39].

2.4. ZnO nanowire arrays preparation. Set of samples SS(ii) and SS(iii)

ZnO NW arrays have been electrodeposited onto conventional trans-
parent FTO/glass substrates. Detailed description of the sample prepa-
ration method, as well as a complete morphological, structural and
optical characterization of the resulting ZnO arrays have been pub-
lished elsewhere [28,47]. In brief, in these works, the effect and the
importance of a previously deposited ZnO thin film seed layer onto
the morphological, structural and optical properties of the resulting
electrochemically grown ZnO NWs have been studied. The densely
packed ZnO nanocrystals of the ZnO seed layer acts as homoepitaxial
nucleation sites, favoring the growth of self-standing vertically aligned
and densely ZnO nanowire arrays. In fact, the nucleation kinetics and
growth of the first nuclei formed on the initial TCO substrate are
critical steps that determine the physicochemical and morphological
properties of the electrodeposited materials and must be understood
and controlled to attain the expected properties.

Here, for the sake of comparison, ZnO NWs arrays have been elec-
trochemically grown onto bare FTO/glass substrates (SS(ii)), and onto
ZnO seed layer/FTO/glass substrates (SS(iii)). During the preparation
of the samples of SS(ii), different electrochemical parameters were used
leading to differences in length, diameter and density [28,37]. How-
ever, during preparation of SS(iii), most of parameters were kept con-
stant, leading to smaller variations of the morphological parameters,
especially of length.
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Fig. 2. Representative micrographs of each analyzed group at the same resolution
scales. (a) Tilted FE-SEM micrograph view of typical CuSCN NR arrays electrochemically
grown onto a CuSCN seed/FTO/glass substrate. SS(i). (b) Top view FE-SEM micrograph
view of ZnO NWs electrochemically deposited onto a bare Pilkington FTO/glass
substrate without ZnO seed layer. SS(ii). (c) Tilted FE-SEM micrographs of ZnO NWs
electrochemically grown onto Delta commercial FTO/glass substrates with two ZnO seed
layers. SS(iii). Each inset shows a high magnification view image of the corresponding
sample.

3. Results
3.1. FESEM images

Fig. 2 depicts FE-SEM micrograph images of the different CuSCN
and ZnO nanostructures obtained by electrodeposition. One typical
image of each analyzed set was chosen to represent the morphology
of the nanostructures. At the wavelength used in the experiments all
the materials are transparent, so much of the differences in the optical
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Fig. 3. Degree of polarization of the reflected beam as a function of the nanorod length
for CuSCN. Different incidence angles were taken. § = 10° (black squares), 30° (red
circles) and 45° (blue up triangles). Hollow down triangles stands for the mean value
between the three used angles. The dashed arrow is freehand drawing for the eyes.
Only SS(i) is showed.

properties that were observed should be caused by the differences in
the sample morphology. We briefly describe some particular features
of each set.

Fig. 2a shows micrographs of typical CuSCN NRs arrays electro-
chemically grown onto a CuSCN seed layer/FTO/glass substrate (SS(i)).
Agglomerate of very dense and near orthogonal to the substrate surface
CuSCN columns with marked sharp edges can be appreciated. Besides, a
prismatic shape, with hexagonal face is clearly observed. These CuSCN
NRs exhibited a mean diameter value of 170 nm. It is observed that the
top surface of each nanorod forms a well defined plane, at the same
time very few voids are left between the nanorods.

Fig. 2b and c¢ show FE-SEM micrographs pictures of electrochem-
ically grown ZnO NWs arrays. The micrograph presented in Fig. 2b
corresponds to the ZnO NWs grown onto a bare FTO substrate (SS(ii)),
whereas that depicted in Fig. 2c corresponds to ZnO NWs arrays grown
onto a two ZnO seed layers (2SL)/FTO substrate (SS(iii)). ZnO NWs
grown onto the bare FTO and onto (2SL)/FTO substrates exhibited a
mean diameter of 160 nm and 20 nm, respectively.

In Fig. 2b it is observed the presence of poorly aligned 1D struc-
tures with large and inhomogeneous diameter distribution for the
NW grown onto bare FTO substrate. Each nanowire shows a variable
diameter, providing a pyramidal shape, without a defined plane in the
top surface. A lot of empty space is observed between the nanowires.
Fig. 2c shows well-aligned 1D ZnO nanostructures, which were ob-
tained employing FTO substrates modified with 2SL. It forms a dense in
number distribution of very thin nanowires, with very good parallelism
and very small diameter, although much of empty space can also be
observed.

Based on these features, it is expected that the influence of ordered
and disordered arrays on the light polarization can be compared.

3.2. Polarization properties

The setup shown in Fig. 1 was used to measure the polarization
properties of the reflected light of the CuSCN NRs (SS(i)). For each
sample, four measurements, corresponding to Eqgs. (1)—(4), were taken.
For each sample, three incident angles were used (10°,30°,45°). After
that, the degree of polarization V was determined via Eq. (5) and these
values were correlated to the morphological information available for
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Fig. 4. Degree of polarization as a function of incidence angle for CuSCN NRs. Each
point represents the average over samples of SS(i) at the same incidence angle and the
error bar stands for the standard deviation of the ensemble.

the samples. It was observed that the changes in the macroscopic polar-
ization state of the reflected light are basically random. In other words,
each component of the Stokes vector suffers a small and unpredictable
change, leading to an elliptical polarization for the outcome light.
However, the degree of polarization may show interesting correlations
to the sample morphological parameters. In Fig. 3 it is plotted the
degree of polarization as a function of the CuSCN NR lengths for
three incident angles. It is also plotted the average value between
the three angles for each sample (only SS(i) are shown). For very
small incidence angles (10° in this case) it is possible to observe large
variations between the samples and it is difficult to find out a general
trend. However, for larger incidence angles, the dispersion is reduced.
The average values between the three used angles reveals a decrease of
polarization quality when the NRs increase in length. It is also observed
that the global variation between the samples is highly reduced when
the incidence angle increases. The measured values of V' ranged in the
interval 0.83 < V < 0.94, showing that the CuSCN NRs disturbs very
little the polarization state of the incident light. In Fig. 4 it is plotted
the average value of V' that was taken over all the CuSCN NR samples
for each one of the incident angle. It is also presented an error bar that
corresponds to the standard deviation of the ensemble. No significant
variation is observed as a function of the incident angle for the mean
value of V. However, it is possible to observe a significant reduction of
the standard deviation as the incident angle is increased, a result that
will be discussed below.

For the samples of SS(ii) the dependence with the ZnO NWs length
was shown in Ref. [37] for the transmitted light. Although only the
normal incidence angle was analyzed, it was observed the same general
behavior: a decrease in the polarization quality as the NW length is in-
creased. The lengths of the samples of SS(iii) were not determined. For
instance, all the samples were prepared using the same electrochemical
recipe, differing only in the number of seed layers applied and the
substrate used. Thus no significant differences in length are expected
for this group [37].

For each sample in each group the diffusive part of the transmitted
and reflected light were measured and the Haze values at 785 nm were
determined, as explained in Section 2.2. The results are summarized in
Fig. 5. The same general trend was observed for all the three groups,
showing a reduction of the degree of polarization as the Haze increases,
indicating that the effect of loss of polarization is very related to the
diffusive part of the light that is reflected (or transmitted) by the
sample. However, some differences must be observed concerning the
average value of the Haze value of each group, and its correlation to
the polarization quality.
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4. Discussion

For applications, an important aspect to be understood concerns the
level of organization of the samples. The macroscopic polarization state
can be thought as an average polarization, when light is considered as
a flow of photons. The reflection and transmission on a single nanowire
level should depend on the incidence angle and the polarization direc-
tion, so each photon outcoming the nanowire can have its polarization
slightly changed. Hence, macroscopic birefringent materials tends to
be achieved by very well aligned materials. In such a case, most
of incident photons interact with the same incidence angle in each
nanowire. However, for disordered materials, this coherent interaction
is lost, leading to a disturbed collective state of polarization. In this
sense, the degree of polarization can be thought as a measurement
of the width of photon distribution in a polarization space of states.
The same reasoning is valid for the relation between the diffusive and
specular reflection or transmission. For very well aligned arrays the
large scale spatial coherence would significantly reduce the random
scattered light, since incidence angle (and so the refracted and reflected
directions) can be considered constant for one array. In this sense
scattered light is a natural indicative of the level of order and the
determination of the Haze factor represents an interesting quantitative
approach. Since the measurement of the polarization is done on the
transmitted (or reflected) beam and the Haze is determined by an
integrating sphere, both magnitudes are complementary and can be
used to estimate the homogeneity of the sample. In contrast to the FE-
SEM images, where only a very small area of the sample can be pictured
at a time, the optical measurements illuminate a macroscopic region of
the sample, and so best to test large scale homogeneity.

The results of Fig. 3 shows that the perturbation on the polarization
increase with the length of the nanorods with a slope of % lcuseNNR =
—-0.03 pum~'. It is a very small value, when compared to the one
observed for ZnO NW of SS(ii): %lZnONW = -0.08 ym~! [37]. This
result indicates that the morphological differences between the samples
of SS(i) generate only small perturbations on the polarization state
of the outcome light. Since SS(i) is composed basically by nanorods,
corresponding to small aspect ratios, this result is in agreement to
previous results for ZnO (SS(ii)), where it was found that a small L/D
relation tends to preserve the polarization state [37].

The analysis of Fig. 4 for CuSCN NRs shows that the differences
between the samples are more significant for small incident angles.
It is concluded by looking at the standard deviation for each inci-
dence angle. This result can be understood as follows. The surface
inhomogeneities are an important cause of scattered light, a fact that
contributes a lot to the loss of polarization. When the incidence angle is
increased, a longer NR produces some shadow on his smaller neighbor.
The macroscopic consequence is the reduction of the scattered light on
the NR top surface, resulting in differences on the degree of polariza-
tion. In practice, the incident wavefront will see less variations on the
NR length when the incident angle increases. It should be stressed that
the dependence of the scattered light on the incidence angle is much
more difficult to be observed using an integrating sphere.

Now we turn the attention to the comparison between the three
analyzed sets. For that, we took the average value of the Degree of
Polarization (V) and Haze (H) for each subset.

The mean values for the Haze are ElZnOSL = 5%, followed by
Hlcysen = 17.7%, and H|,,o = 74%. These differences may be
understood looking at Fig. 2. For the samples of SS(ii) (Fig. 2b) the
low filling fraction, the absence of parallelism and the pyramidal shape,
seems to contribute to provide a spatial incoherence for the incident
light and so to contribute to diffuse light. In the opposed extreme, the
SS(iii) (Fig. 2c) provide very small cross section for normal incidence,
since the nanowire mean diameters are very small, highly parallel and
normal to the surface, providing uniformity on the incidence angle.
For the SS(i) samples, the high filling fraction will tend to increase
the light reflected on the top surface, but the good uniformity of the
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Fig. 5. Degree of polarization as a function of Haze for the three analyzed groups
of samples. Blue circles for CuSCN NR (SS(i)), R = 0.17. Black squares for ZnO NW
(SS(ii)), R = 0.63. Red diamonds for ZnO-SL NW (SS(iii)), R = 0.44. R stands for the
coefficients of linear regression.

surface seems to compensate these effect, resulting in moderate amount
of diffuse reflection.

The mean values of the degree os polarization follows a different
trend: For SS(i) V c,sen = 0.86, which is higher than that encountered
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for the SS(ii) (VZ,,O = 0.75), which is similar to that encountered for
SS(iii) (VZnOSL = 0.73). These differences indicate that the loss of
polarization quality is not just a collateral effect of random scattering
at the surface. These results corroborate the argument presented in
reference [37], in which an interference mechanism between the field
that passes through the nanostructure and the neighbor field should
have influence on the depolarization. In fact, it depends on the shape
and dimensions of nanostructure and the material involved.

It is also noted that both groups (i) and (iii) were prepared by
the application of seed layers previously to the growing process, while
SS(ii) was not (see Sections 2.3 and 2.4). It clearly indicates that
seed layer deposition strongly helps to introduce large scale order and
this high ordering level seems to prevent light scattering. Instead, the
results of the degree of polarization show that both groups of ZnO
have the same average value for the degradation, which indicates that
the refractive index of the material, as well as its morphology are of
fundamental influence, specially the NW lengths.

However, the results of Fig. 5 show that for each analyzed group,
the degree of polarization tends to decrease with the Haze value, what
shows that diffusive light and the loss of polarization have a common
origin, associated to the inhomogeneities of the surface. It can be
concluded that once the material and the morphology is fixed, the
depolarization will be accompanied by diffusion.

Finally, a comment on the case of SS(iii), where the different
substrates were prepared with seed layer deposition. It was observed a
small range of variations for V and also for the Haze fraction. It should
be noted that the mean Haze (at 785 nm) was about 5% for this group,
although the mean value for the polarization quality is very close to the
observed for the SS(ii). It reinforces the idea that the loss of polarization
is basically governed by the nanowire lengths.

5. Conclusions

An experiment that reveals some optical polarization properties
of nanostructured materials was presented. The method was applied
to a group of CuSCN nanorods and two groups of ZnO nanowires,
differing between them by previous application of seed layers onto
the substrate. It was found that increasing the length of the CuSCN
nanorods contribute to the polarization degradation, in agreement to
previous results for ZnO nanowires.

It was observed a correlation between the polarization degradation
and the amount of diffuse light reflected (or transmitted) by the sample
array, which enables an estimation of its macroscopic level of order.

Finally, CuSCN NRs are found to be better to preserve light polariza-
tion and the application of two seed layers on the substrate can greatly
reduce the diffusive reflection (and transmission) of ZnO NW, although
it does not prevent polarization degradation.
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