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Broadband omni-directional anti-reflection characteristics have been
an important issue because they can maximize the optical absorption
in photovoltaic devices. Here, we investigate the optical properties of
ZnO nanoneedle arrays to demonstrate broadband anti-reflection,
omni-directionality, and polarization insensitivity using optical simu-
lations and experimental approaches. The results of this work clarify
that the ZnO nanoneedle array plays an important role as a broadband
anti-reflection layer due to its spatially graded refractive index, omni-
directionality and polarization insensitivity. To take advantage of these
structures, we prepared a ZnO nanoneedle array on the surface of
conventional SiN,/planar Si solar cells to prove the broadband omni-
directional anti-reflection for solar energy harvesting. Current
density—voltage results show that SiN,/planar Si solar cells with ZnO
nanoneedle arrays lead to a nearly 20% increase in power conversion
efficiency compared to SiN,/planar Si solar cells, and a 9.3%
enhancement in external quantum efficiency is obtained under iden-
tical conditions. Moreover, the photocurrent results of SiN,/planar Si
solar cells with ZnO nanoneedle arrays clearly demonstrate the inci-
dent angle- and polarization-insensitive characteristics compared to
those of typical SiN,/planar Si solar cells. Our results demonstrate the
optical multi-functionality of ZnO nanoneedle arrays and pave the way
for high-performance optoelectronic devices that require broadband
omni-directional anti-reflection and polarization insensitivity.

Introduction

To obtain high-efficiency light absorption in optoelectronic
devices such as solar cells and photodetectors, the minimized
reflection by introducing intermediate refractive index mate-
rials at the boundary between air and light absorbers is of great
importance. Generally, quarter-wavelength anti-reflection (AR)
coating with silicon nitride (SiN,) film is widely used to
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suppress optical reflection in Si-based photovoltaic devices.'?
However, the disadvantage of SiN, AR coatings lies in their
ability to reduce the light reflection only in a narrow range of
wavelengths and incident angles,>* which restricts the use of
SiN, films for broadband AR effects. Therefore, they are not
suitable for photovoltaic device applications that target spectral
broadband and off-normal incident light absorption.

To address these problems, the proposed approaches
include the multilayer thin films consisting of various refractive
indices,>® the designed dielectric micro-/nano-structures that
induce a graded refractive index,”**> and the optical resonance
structures for efficient light confinement.'*** Furthermore,
metamaterials, which do not exist in nature, can directly control
the optical constants of permittivity, permeability, refractive
index, and impedance and facilitate extreme optical properties
such as perfect absorption, reflection, and transmission.>*?*
Using this approach, broadband light absorption, omni-
directional properties, and polarization insensitivity can be
achieved to realize highly efficient optical absorbers. However,
the preparation of metamaterials requires very complex fabri-
cation processes, which suffer from difficulties in practical
applications. On the other hand, the monolithically formed
micro-/nano-structures**”” on light absorbing materials often
increase surface recombination channels, which deteriorate the
power conversion efficiency due to the undesired surface
damages.”®?° Thus, to suppress the degradation in electrical
performances, additional semiconductor fabrication processes
such as an passivation layer deposition or doping concentration
control are required.**** Therefore, it is highly desirable to
investigate multi-functional nanostructures that enable
polarization-insensitive broadband omni-directional AR prop-
erties, which can readily be applied to conventional photovol-
taic devices without compromising the power conversion
efficiency. Until now, there have been various AR approaches
that provide optical benefits, but few studies have applied them
to conventional solar cell devices.

In this work, we investigated the optical properties of ZnO
nanoneedle (NN) arrays for the use of broadband omni-
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directional AR coating. First, using the finite-difference time-
domain (FDTD) method, the reflection and transmission
spectra of the ZnO NN array were simulated as a function of the
incident angle, and we found that the ZnO NN array exhibited
broadband omni-directional AR characteristics. To verify the
effects of the ZnO NN array on photovoltaic device character-
istics, Si p-n junction solar cells with the ZnO NN array were
prepared and characterized in comparison to conventional SiN,
AR-coated solar cells. They showed greatly improved charac-
teristics of broadband omni-directional AR and angle- and
polarization-insensitive properties for Si solar cells with ZnO
NN arrays. Our results suggest that the ZnO NN array can be
used for the broadband omni-directional and polarization-
insensitive AR coating layer, which can be easily applied to
various optoelectronic devices.

Results and discussion

Using FDTD simulations, we investigated the optical properties
of ZnO NN arrays over a broadband wavelength range for
varying incident angles. Details of the FDTD simulations can be
found in the numerical simulation section and Fig. S1 of ESL.}
The optical constant of ZnO material used in the simulations is
shown in Fig. S2.1 In order to investigate the geometric effect on
the reflection and transmission through ZnO NN array, we have
carried out the comparative study with varying the structural
parameters such as the diameter and height (Fig. S3 and S47).
Based on the simulation results, we have designed the ZnO NN
array with a height of 230 nm, a diameter of 50 nm, and a period
of 50 nm, as shown in Fig. 1(a). Fig. 1(b) and (c) present the
calculated reflection and transmission spectral maps, respec-
tively, for the ZnO NN array over the wavelength range of 400-
800 nm as a function of the incident angle () of 0-64°. The
results exhibit near-zero reflection and near-unity transmission
which appear as single colors in the maps. These indicate
broadband AR and transmission characteristics, which are
insensitive to the incident angle. Notably, a weak reflection
(~8%) in the wavelengths of 500-700 nm is observed at nearly
normal incidence angles (§ < 10°), and the reflection gradually
decreases with increasing incident angle, which forms near-
zero reflection. Thus, the ZnO NN array retains the excellent
broadband AR with omni-directionality for off-normal inci-
dence conditions. The significantly reduced broadband reflec-
tion with omni-directionality can be ascribed to the impedance
matching effect at the optical interfaces.® Due to the graded-
index geometry from top to bottom of the ZnO NN structure,
it does not obey the general Fresnel reflection, which can be
applied to the interfaces with an abrupt change in refractive
index experienced by incident light. The gradual impedance
matching between air and ZnO NN arrays significantly reduces
the reflection at the surface of ZnO NN arrays.****® The observed
omni-directionality occurs because the light-matter interaction
is governed by scattering processes between ZnO NNs and
incident light, which are less sensitive to the angle of incidence.
These effects also lead to near-unity transmission through the
ZnO NN array over a broad wavelength range for wide incident
angles (Fig. 1(c)). Meanwhile, the rescaled color maps of
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Fig. 1 Simulated optical properties of ZnO nanoneedle array. (a)
Schematic image of the designed ZnO nanoneedle array with a height
of 230 nm, diameter of 50 nm, and period of 50 nm for FDTD simu-
lation. (b and c¢) Angle-resolved reflection (b) and transmission (c)
spectral map as a function of the wavelength for the ZnO nanoneedle
array.

Fig. 1(b) and (c) are presented in Fig. S5t to maximize the
visibility of the results.

To experimentally demonstrate the simulated optical char-
acteristics, a ZnO NN array was grown on 100 nm-thick SiN,/
planar Si using a hydrothermal method, as shown in Fig. 2(a)
and (b). We also prepared a 100 nm-thick SiN, film on a planar
Si substrate as a control sample. The detailed fabrication
method is described in ESIL. T The structural parameters, such as
the height and diameter, for the grown ZnO NN array are
consistent with those in the numerical calculations, although
the ZnO NNs are arranged nonperiodically in the experiments.
The magnified SEM image of ZnO NNs exhibits the tapered
shape (Fig. S61), resulting in a graded-refractive index profile
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Fig. 2

(a and b) Tilted top-view (a) and cross-sectional view (b) SEM images of the fabricated ZnO nanoneedle array grown on SiN,/planar Si

substrate. The scale bars of (a) and (b) indicate 50 nm and 100 nm, respectively. (c) Experimental reflectance spectra of the SiN,/planar Si with and
without ZnO nanoneedle array. The reflectance spectrum of bare planar Si is also provided for a comparison.

that enables reduced reflection due to the enhanced impedance
matching. Fig. 2(c) shows the measured diffuse reflectance
spectra for the samples using a spectrophotometer with an
integrating sphere. The results indicate that the SiN,/planar Si
without the ZnO NN array shows reduced reflectance only at
specific wavelengths of approximately 800 nm. It is a typical
single-layer AR characteristic that works only at a single wave-
length, A ~ 4nd, where 4 is the wavelength, n is the refractive
index, and d is the film thickness. This layer creates out-of-
phase reflected waves that are related to the thickness of SiN,,
which causes destructive interference for the reflected light,
reduced reflection and enhanced transmission at a specific
wavelength."” In contrast, the SiN,/planar Si with the ZnO NN
array exhibits remarkably lower reflection over a broad range of
wavelengths due to the gradual change in refractive index of the
ZnO NN array, which results in impedance matching from air
through the ZnO NN array to the SiN, layer and produces
broadband AR characteristics, which is also confirmed in FDTD
calculations (Fig. S71). The observed interference fringes in the
reflectance spectra of the ZnO NN array on SiN,/planar Si may
originate from the Fabry-Pérot oscillation of the reflectance.
However, the slightly higher reflectance is observed in the ZnO
NN array at the wavelengths of ~800 nm, at which the AR effect

1076 | Nanoscale Adv., 2022, 4,1074-1079

of single-layer SiN, becomes maximized. The strong light
absorption below the wavelength of 380 nm is also observed in
the SiN,/planar Si with ZnO NN array due to the band edge
absorption in ZnO (bandgap: 3.37 €V).*” By integrating the
diffuse reflectance in the spectral range from 380 to 800 nm, the
integrated value of the SiN,/planar Si with ZnO NN array
decreased by ~68.8% compared to that of bulk planar Si,
whereas the SiN,/planar Si without ZnO NN array decreased by
~44.1%. These results suggest that the ZnO NN array formed on
the conventional SiN, AR layer can provide a synergistic effect
and exhibits excellent light absorption over broadband
wavelengths.

To verify the omni-directional and broadband AR effect of
the ZnO NN array, we fabricated SiN,/planar Si solar cells with
and without the ZnO NN array based on the p-n junction.
Fig. 3(a) and (b) display schematic and real images of the
prepared Si solar cells, respectively. The incident angle-resolved
photocurrent was measured to investigate the angle-dependent
characteristics of the solar cells using a conventional probe
station with a source meter (2636B, Keithley). A compact laser
diode module at a wavelength of 450 nm was used as a light
source, and the laser power density was maintained at 49.6 mW
cm™>. Moreover, photocurrent measurements were performed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) Schematic illustration (a) and device image (b) of the Si
p—n junction solar cells without (left) and with (right) ZnO nanoneedle
array. The gradation of the ruler indicates 1 mm. (c and d) Photocur-
rents at 0 V as a function of the incident angle under TE- (c) and TM-
polarization (d) conditions. The inset shows the measurement set-up
for angle-resolved photocurrents. The orange and blue arrows indi-
cate the E-field vector for TE- and TM-polarizations, respectively. The
magenta arrow indicates propagating direction with a specific incident
angle.

for the TE- and TM-polarization directions as a function of the
incident angle from 0 to 70° with 5° increments, as shown in
Fig. 3(c) and (d). The inset of Fig. 3(d) indicates the schematic
image, showing the definition of TE- and TM-polarizations. The
TE-polarized light is characterized by the electric field vector
perpendicular to the plane of incidence, while being parallel for
the TM-polarized light. As expected, the SiN,/planar Si solar
cells with ZnO NN array show greatly enhanced photocurrents
over a wide range of incident angles compared to the solar cells
without ZnO NN array. For the SiN,/planar Si solar cells without

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

ZnO NN array, the measured photocurrents show a typical
angle-dependent behavior, which implies that they obey the
Fresnel reflection for the TE and TM-polarizations (The details
for Fresnel reflection are explained in the Section 5 of ESIt). For
TM-polarization, as shown in Fig. 3(d), the increase in photo-
current at high angles can be understood as the result of
Brewster angle effect.® Fig. S8 exhibits the calculated Fresnel
reflection at the interface between air (n = 1) and SiN, (n = 2.07)
for TE and TM polarizations along with that of unpolarized light
for the incident angle range of 0 to 70°.** The calculated
reflection results are consistent with the measured angle-
dependent photocurrents of the SiN,/planar Si solar cells
without ZnO NN array for TE- and TM-polarizations. As shown
in Fig. 3(c) and (d), the SiN,/planar Si solar cells with ZnO NN
array show the excellent polarization insensitivity and omni-
directionality over a wide range of incident angles compared
to the SiN,/planar Si solar cells without ZnO NN array. Inter-
estingly, the ZnO NN array causes relatively constant photo-
currents even at the high angle range around a Brewster angle of
~64° due to the insensitivity to the angle of incidence. This
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Fig. 4 (a) Photocurrent density as a function of bias voltage under

illumination (AM 1.5 G) of the solar cells. The measured parameters are
presented as a table in the figure. (b) External quantum efficiency
spectra of the solar cells with and without the ZnO nanoneedle array.
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result can be explained by the inverse polarization phenomenon
at the Brewster angle, which arises from the randomization of
various directional reflected waves by subwavelength scale
nanostructures,® which is also consistent with the simulation
results of angle-dependent reflection and transmission, as
provided in Fig. 1. Our results clearly indicate that the ZnO NN
array suppresses the Fresnel reflection at the surface between
air and the ZnO NN array with the omni-directionality and
polarization insensitivity over a broad wavelength range. Solar
cells integrated with the ZnO NN array can provide stable
performance during sunset and rising times without solar
tracking systems.

Finally, to confirm the photovoltaic characteristics of the solar
cells with a ZnO NN array, we measured the power conversion
efficiency under 1 sun illumination (AM 1.5 G, 100 mW cm ?)
using a solar simulator (Fig. 4). The photovoltaic parameters of
solar cells are summarized in Fig. 4(a) as an inset. Compared to
the SiN,/planar Si solar cells, the solar cells with the ZnO NN
array show a higher power conversion efficiency of 11.08%,
which is enhanced by 19.3% compared with that of the SiN,/
planar Si solar cells. From the current density-voltage (J-V)
curves in Fig. 4(a), we suggest that the enhanced efficiency is
attributed to the increase in short-circuit current (J;.) due to the
broadband AR effect of the ZnO NN array. Additionally, the ZnO
NN array Si solar cells exhibit no degradation issues of open-
circuit voltage (V,.) because it is electrically insulated from the
light-absorbing Si region that generates the photocur-
rent.”#3%%4> This result clearly indicates that the ZnO NN array
increases the number of photons absorbed into Si due to the
reduced reflection at the surface, which contributes to the
improved power conversion efficiency. To confirm the enhance-
ment in spectral power conversion efficiency for the ZnO NN
array Si solar cells, we measured the external quantum efficiency
(EQE) for the fabricated solar cells. As shown in Fig. 4(b), we
present the EQE spectra of the SiN,/planar Si solar cells with and
without the ZnO NN array. The solar cells with the ZnO NN array
exhibit the increased EQE values over the broadband wavelength
range, which can be attributed to the strong AR effect of ZnO NN
array and the enhanced light absorption in Si. However, in the
spectral range of 730-880 nm, the EQE of the solar cells with ZnO
NN array is slightly lower than that of the solar cells without ZnO
NN array, at which the AR effect of SiN, layer becomes maxi-
mized. Over the spectral range from 380 to 1200 nm, the EQE of
the solar cells with ZnO NN array is quantitatively increased by
~9.3%, compared to that of the solar cells without ZnO NN array.
In addition, the solar cells with ZnO NN array exhibit an
enhancement of EQE by ~30% at a wavelength of 450 nm, cross-
checking the observation of the increased photocurrent results,
as shown in Fig. 3(c) and (d). As a result, the ZnO NN array
evidently enables the enhancement of the EQE of solar cells over
a broad spectral range due to the polarization-insensitive
broadband omni-directional AR effect.

Conclusions

In summary, we have presented the designed structure of a ZnO
NN array on SiN,/planar Si to demonstrate the polarization-
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insensitive broadband AR and omni-directionality for solar
energy harvesting. The simulated and experimental results
clearly indicate that the ZnO NN array exhibits broadband AR
due to the unique geometry with a graded refractive index,
which also enables the polarization-insensitive omni-
directional light absorption characteristics. By applying this
structure to Si solar cells, we observed that the ZnO NN array
enhanced the EQE of solar cells by more than ~9.3%, compared
to the conventional SiN, AR layer due to the polarization-
insensitive broadband omni-directional AR effect. Our
proposed structure of ZnO NN array, which can be readily
applied to conventional solar cells without compromising the
efficiency induced by increased surface recombination, can be
beneficial for Si-based photovoltaic devices requiring
polarization-insensitive omni-directional light absorption.
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