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ABSTRACT

Zinc oxide/silicon nanowires (ZnO/SiNWSs) nanocomposites is a promising material for
heterojunction solar cells. They combine the low-reflectivity of SINWSs, where photogenerated
charge carriers are produced and harvested, and the high transparency of ZnO, which serves as a
functional transparent conductive electrode. In this paper, we present a study of the anti-
reflective properties of ZnO/SINWs core-shell nanostructures. SINWSs were fabricated by a two-
step metal-assisted chemical etching and coated with ZnO by electrochemical deposition.
Particularly, the change in the specular reflectance of ZnO/SiNWSs nanocomposites as a function
of thermal annealing temperature under ambient atmosphere is investigated. First, it was shown
that the reflectance in the wavelength range of 400-1000 nm of as-synthesized ZnO/SiNWs
nanocomposites increases when compared to the bare SINWSs formed from Si wafers with
resistivity of 0.3 and 12 Q-cm by an 0.51 % and 0.47 %, respectively. Second, it was found that
annealed ZnO/SiNWs had a 0.26 % and 0.17 % lower reflectance in the wavelength range of
400-1000 nm than as-synthesized ZnO/SiNWs and yet higher than bare SINWSs. Potential causes
such results are discussed in the context of existing literature.

INTRODUCTION

Recently, research efforts have been focused on increasing the efficiency of Si-based
heterojunction solar cells to provide the lowest cost per watt [1]. One of the ways to increase Si-
based heterojunction solar cell efficiency is to reduce its reflection by introducing surface
nanostructures such as SINWs that effectively work as a broadband anti-reflective layer. Among
all methods for nanotexturing silicon, metal-assisted chemical etching (MACE) is a simple and
potentially low-cost method based solely on wet chemistry that do not involve dry-etching and
lithography [2]. There are several reports on the fabrication of solar cells based on n-type SINWSs
and p-type amorphous Si (a-Si) forming core-shell structures [3, 4] that highlight the
longstanding effort to build improved energy harvesting devices. Though, such solar cells exhibit
quite low efficiency compared to single-crystal silicon solar cells, this difference can be
explained by the relative high reflectance of SINWSs/a-Si nanocomposites (approximately 15 %)
[4]. Additionally, application of a-Si layers deposited by PECVD has two main disadvantages:
the increase in solar cells production cost and due to a rather low electrical conductivity of the a-
Si layer which has to be covered by a transparent conductive oxide, such as Al-doped ZnO, to
reduce the series resistance of the solar cell. Moreover, intrinsic ZnQO is a low-resistance n-type
transparent semiconductor [5], which can be used simultaneously as an active layer in
heterojunction solar cells [6, 7] and a conductive media for charge collection. Simulation results
of such ZnO/Si heterojunction solar cells have been shown to demonstrate efficiency levels close
to contemporary industrial Si solar cells [8].
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Several studies of n-ZnO/p-SiNWs heterojunctions [9, 10] reported their high
antireflective properties which is promising for solar cells fabrication. In order to lower
production cost, ZnO deposition can be carried out via inexpensive low-temperature
electrochemical methods [11, 12]. Moreover, ZnO films can be easily treated by annealing
procedures to increase the crystalline quality. The annealed ZnO films demonstrate better
crystallinity comparing to the unannealed films [13].

In this paper, we present the study of the antireflective properties of ZnO/SINWs
nanocomposites as a function of key material and processing parameters: wafer doping level and
annealing temperature. Such nanocomposite was fabricated on a silicon wafer by forming
SiNWs on its surface and, subsequently, uniformly coating it with a ZnO layer by
electrochemical deposition. It has been shown that SINWSs formed by MACE exhibit low
specular reflectance that does not exceed 0.04 % and 0.08 % in the wavelength range of 400-
1000 nm. This result held true for SINWSs formed from Si wafers with resistivity of 0.3 and
12 Q-cm respectively. It has been revealed that ZnO/SiNWSs nanocomposites (unannealed)
exhibit the specular reflectance that does not exceed 0.55 % in the wavelength range of 400-1000
nm. Subsequently, an annealing treatment was introduced to increase the crystallinity of the ZnO
layer and its specular reflectance compared in the pre- and post-annealing stages. It is observed
that the annealing step reduces the specular reflectance not to exceed 0.25 % and 0.3 % in the
wavelength range of 400-1000 nm.

EXPERIMENT

SiNWs fabrication

SiNWs were fabricated on p-type (100)-oriented Si wafers with a resistivity of 12 and
0.3 Q-cm using two-step MACE process. The Si wafers were immersed into an aqueous solution
of 10 mM AgNQO;3 and 2.5 M HF for 3 min. The Si samples with Ag NPs formed on their surface
were etched in agueous solution of 5 M HF and 0.3 M H,0, for 1-60 min. The Ag NPs were
removed from the SINWSs array using a diluted HNOg3. All procedures were performed at the
room temperature (21 °C).

ZnO/SiNWs nanocomposites fabrication

ZnO was deposited into SINWSs array via the electrochemical method using two-electrode
PTFE electrochemical cell. The electrochemical bath was composed of 0.03 M ZnCl; and
0.1 M KCl dissolved in dimethylsulfoxide (DMSO). The current density of 0.3 mA/cm? was
applied for 180 min. The temperature of the solution during deposition process was 100 °C.
Several samples were annealed at 750 °C for 30 min on air. Equipment used to conduct
electrochemical processes was the potentiostat/galvanostat AUTOLAB PGSTAT302N.
Nabertherm P330 muffle furnace was used for annealing.

Zn0O/SINWs Reflectance and Morphology Measurements

The specular reflectance spectra of ZnO/SiINWSs nanocomposites were obtained using
Proscan MC124 spectrophotometer with deuterium lamp as input light source under beam
incidence angle of 45°. The reflectance measurements were carried out in order to study the
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influence of annealing treatment on its specular reflectance by placing the detector also at an
angle 45° to receive the specular component of the reflected light and, thus, not the absolute
values of total reflectance. The morphology and structure of the samples were studied with the
scanning electron microscope (SEM) Hitachi S-4800.

RESULTS

SINW arrays formed by MACE on Si wafers exhibited extremely low specular
reflectance over a wavelength range from 400 to 1000 nm (Fig. 1). In the MACE process, the
morphology of SINWSs produced via this method strongly depends on doping level of the silicon
substrate and results in dramatic changes in the reflectivity of the substrate. In figure 1, it is
shown that SiNWs arrays formed from Si wafers with resistivity of 0.3 and 12 Q-cm have a
specular reflectance that does not exceed 0.04 % and 0.08 %, respectively, at wavelength range
from 400 to 1000 nm. Such small relative effect of doping on reflectivity shows that the MACE
process introduced minor morphological changes to the SINWSs in this doping range. This result
is relevant for achieving the lowest reflectance and lowest series resistance in future efforts to
build more efficient ZnO/SiNWs solar cells.
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Figure 1. The specular reflectance spectra of the SINWs formed on p-type Si wafers with
resistivity 12 and 0.3 Q-cm at a collection angle of 45°.

The uniformity and continuity of the ZnO/SiINWSs composite through its thickness (of
8 um) is of critical importance for increasing the surface area of the junction, reducing internal
resistance in the composite and, thus, creating high-efficiency solar cell. In figure 2 and 3, SEM
images of the cross-section of the as-synthesized ZnO/SiNWs nanocomposites (i.e. without
annealing) reveal that the ZnO layer was conformally deposited over only the top half of the
SiNWs array forming a core-shell structure. Meanwhile, the morphology of the composite on the
lower half is comprised of discontinuous layer of ZnO nanocrystals which are located closely to
each other at a pitch of approximately 5 nm (Fig. 2 and 3). Such non-uniform deposition along
the SINWSs depth can be attributed to presumptive gradual depletion of the deposition solution
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near the bottom of SINWs array, which can be caused by differences in conductivities of SINWs
and deposition solution. It leads to faster electron transfer through SiNWs at its top than Zn**
ions transfer at the bottom of pores. As a result the absence of Zn** ions diffused additionally to
the initially present take place near the bottom of SINWs array. In future efforts, it is critical to
improve such non-uniformity through pulsed deposition methods [11].

Figure 2. Cross-sectional SEM images of ZnO/SiNWSs nanocomposites formed on p-type Si
wafer with resistivity 0.3 Q-cm: (a) before annealing and (b) after annealing. The insets show
cross-sectional high-magnification SEM images of ZnO/SiNWs nanocomposites apexes.

Figure 3. Cross-sectional SEM images of ZnO/SiNWSs nanocomposites formed on p-type Si
wafer with resistivity 12 Q-cm: (a) before annealing and (b) after annealing. The insets show
cross-sectional high-magnification SEM images of ZnO/SiNWs nanocomposites apexes.

Next, we sought to experimentally determine the effect that the annealing process alone
has on the reflectivity of the ZnO/SiNWs nanocomposite. Its specular reflectance spectra was
recorded before and after an annealing (Fig. 4, a and b). An increase in the reflectance of
unannealed ZnO/SiNWs nanocomposite relative to that of as-synthesized SINWs (Fig. 1) is
related to the high index of refraction of the ZnO layer. Additionally, the unannealed samples
demonstrated higher specular reflectance at wavelength range from 400 to 1000 nm as compared
to the annealed sample. In this comparison, the reflectance is significantly reduced for
wavelength range above 750 nm after annealing (Fig. 4). Such effect must be attributed to a
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morphological change in the composite crystal structure and arrangement during the annealing
process such as the degree of crystallinity, grain size or composition. Since high-magnification
SEM images (Fig. 2 and 3 — insets) show that the average size of ZnO grains (i.e. ~ 50 nm) does
not significantly change after the annealing treatment, grain size cannot explain such change in
reflectance. Previous studies have shown that this exact annealing treatment increases the ZnO
crystalline quality [14] which could explain this experimental observation. Another potential
explanation is that metallic Zn NPs are present in the electrochemically deposited ZnO layer [15]
and potentially react with oxygen impurities in the ZnO film. Although the exact mechanism for
the reflectance change has not been identified, the thermal treatment improved reflectance over a
relevant range of wavelengths.
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Figure 4. The specular reflectance spectra of ZnO/SiNWs nanocomposites formed on p-type Si
wafer with resistivity: (a) 12 Q-cm and (b) 0.3 Q-cm. The collection angle is 45°.

The results on the SINWs and ZnO/SiNWSs nanocomposites reflectance properties (at
wavelength range from 400 to 1000 nm) are summarized in the table I.

Table I. The specular reflectance of the SINWs and ZnO/SiNWs nanocomposites.

Wafer resistivity (Q-cm) | SINWs (%) | ZnO/SiNWs (%) | Annealed ZnO/SINWs (%)
0.3 <0.04 <0.55 <0.25
12 <0.08 <0.55 <0.3

CONCLUSIONS

In this work, the study of morphology-dependent optical properties of ZnO/SiINWs
nanocomposites is presented. It is shown, that SINWs arrays formed by MACE method
demonstrate extremely high antireflective properties (reflectance at wavelength range from 400
to 1000 nm) which does not exceed 0.04 % and 0.08 % and weakly depends on the doping
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concentration. Conformal coating of the top half-depth of SINWs with continuous ZnO film was
obtained and its specular reflectance was measured as a function of an annealing treatment. The
annealing treatment of ZnO/SINWs nanocomposites causes the decrease in the reflection. These
results represent initial and concrete steps towards synthesizing ZnO/SiNWs nanocomposites
with a large heterojunction area via a low-cost fabrication process. In the future work, these
nanocomposites and the fabrication processes could potentially enable improvements to ZnO-Si
solar cells production.
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