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a b s t r a c t

The effects of different anti-reflective structures on the photovoltaic performance of the silicon solar
cell were studied using finite-element modelling and numerical simulations for which experiment alone
does not provide a full description. The front surface reflectivity may be mitigated significantly by
an anti-reflective coating (ARC) of a suitable thickness. Alternatively, nanoscale surface texturing can
effectively trap a greater ratio of incident light to increase optical absorption. The optimized layer
thicknesses of the ZnO single layer and SiO2/Si3N4 double layer films were calculated for minimum
reflectivity, with the former grown by magnetron sputter deposition and characterized using specular
X-ray reflectivity measurements. Based on geometric ray-tracing and solutions to the semiconductor
equations, the theoretical photovoltaic performance was simulated and compared for a range of incident
angles at an optical intensity of 0.1 Wcm−2, revealing a limit to the angular collection efficiency of the
ARC at a grazing incidence angle of 30◦. Using ZnO or SiO2/Si3N4 ARCs or surface texturing increases the
power conversion efficiency by 20%, 24% and 30% respectively at normal incidence. The insights provided
by physical-based modelling on the optimized design parameters of the anti-reflective structures confer
a promising pathway for enhancing the external quantum efficiency of photovoltaic devices.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past decade, the real price of electricity around the
world has largely risen significantly, eg. by 63% in the U.K. (OVO
Energy, 2018) or at 3% each year in U.S.A. (EnergySage, 2017a,
b), partly driven by energy shortages owing to reliance on fossil
fuels. On the contrary, the price of crystalline silicon photovoltaic
panels has plummeteddramatically from$74perwatt in the early-
1970s to less than 70 ¢ per watt in 2014 (Brown et al., 2015),
and continuing to exhibit trends consistent with Swanson’s law
to date. Besides, solar energy delivers environmental benefits; the
Solar Energy Industries Association reported that current levels
of solar photovoltaic installation in the U.S.A. offset 37 million
metric tons of carbon emissions (equivalent to planting 956million
trees) each year (EcoWatch, 2016), and the U.S. Environmental
Protection Agency avers that carbon emissions can be slashed by
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3 to 4 tons annually per two-person household by installing a solar
power system (EnergySage, 2017a, b). Therefore the perceived
socio-economic and environmental impacts continue to inspire
the long-standing interest in harnessing sunlight to generate clean
and sustainable electricity, with photovoltaic devices based on
crystalline silicon wafers being the dominant technology in the
solar energy market.

However, the power conversion efficiency (PCE) of crystalline
solar cells is generally limited by the reflection of light at the
surface, charge recombination and trapping in the material, en-
ergy dissipation caused by the cell’s resistance, and temperature
(Chanta et al., 2015; Filipowski et al., 2017; Chen and Shao, 2011;
Cuce et al., 2013; Chander et al., 2015a, b). For bare or polished
silicon, a significant fraction of the optical losses is due to the
high index contrast resulting in a high surface reflection of nearly
35% over the complete AM1.5G spectrum. An approach to enhance
optical absorption is therefore to design the front surface with
anti-reflective structures that reduce reflection losses and enable
increased photogeneration in the cell. The majority of the world’s
commercial silicon photovoltaics have so far relied on using sin-
gle layer TiO2, Si3N4 or SiO2, but we explore ZnO single layer

https://doi.org/10.1016/j.egyr.2018.02.002
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anti-reflective coating (SLARC) and SiO2/Si3N4 double layer anti-
reflective coating (DLARC) and benchmark with surface texturing.
An anti-reflective coating (ARC) of transparent conducting oxide
or dielectric material such as ZnO or SiO2/Si3N4 thin films, when
fabricated on the surface with an appropriate refractive index
and film thickness, not only increases the short circuit current
density through optical absorption and photogeneration, but like
the ITO on SiO2 (Drabczyk et al., 2016) or SiNx:H (Kluska and
Panek, 2016) layers, can passivate recombination sites and increase
the open circuit voltage and fill factor. Specifically, the ZnO thin
film is non-toxic and versatile, having high radiation tolerance at
high temperature, is transparent in the visible region (Godlewski
et al., 2009), and its synthesis relates to an established industry
standard fabrication process. As a result, ZnO ARCs show a lot
of promise for adoption in new technology solar cells. Without
an expensive thermal budget, an experimental SLARC of ZnO was
grown to an optimized thickness by RF magnetron sputter depo-
sition on the crystalline silicon solar cell, and the layer thickness
was measured using a specular X-ray reflectivity (XRR) technique.
The emergent SiO2/Si3N4 double layer thin film is known for its
broadband transmissivity, which bestows a high absorption rate
at shorter wavelengths. Furthermore, crystalline silicon surface
texturing at the micro-/nano-scale can be applied to increase light
trapping. In this paper, the effectiveness of the aforementioned
anti-reflective structures will be investigated and compared by
numerical simulations, which can provide valuable insights into
the ideal design parameters. The results show that the PCE could
be increased by up to 30% relative to that of the bare silicon solar
cell for light incident normally on the surface.

2. Simulation and experimental methods

The two-dimensional finite-elementmodels of the relevant cell
structures (see Fig. 1) for SLARC, DLARC and surface texturing atop
the silicon substrate were constructed and optimized. Arbitrary
topologies, internal and external reflections and refractions, as
well as polarization dependencies and dispersions, are accounted
for by the TCAD software tool (Silvaco co.) to obtain exact solu-
tions for general optical sources. In tandem with modelling op-
toelectronic interactions using geometric ray tracing, radiative,
Shockley–Read–Hall and Auger recombinations in the bulk and
surface were accounted for, plus energy balance and a range of
other important (photo)physical device phenomena for photo-
voltaic cells; high-performance computation was carried out to
obtain numerical solutions to the system of partial differential
equations forming the basic semiconductor equations together
with appropriate boundary conditions so that current–voltage
characteristics, photogeneration rate, spectral response, etc., can
be simulated (Michael and Bates, 2005). To allowmeaningful com-
parison, identical device parameters were used, although most
of them with conservative values. The SLARC is designed so that
the relative phase shift between the beam specularly reflected at
the upper and lower boundaries of the thin film is 180◦. These
two reflected beams will be cancelled by destructive interference
before they exit the surface.

The required thickness of the ARC layer is given by:

t =
λ

4n1
(1)

where t is thickness,λ the free-spacewavelength, and n1, the index
of refraction of the thin film ARC needed for complete cancellation
of the two beams is given by Swatowska et al. (2011):

n1 =

√
(n0ns); (ns > n1) (2)

where n0 is the index of refraction of air (or the incident material)
and ns is the index of refraction of the substrate. ns should be

Fig. 1. Solar cell structures with (a) ZnO SLARC and (b) SiO2/Si3N4DLARC at an
incident wavelength of 525 nm, and (c) ZnO SLARC and (d) SiO2/Si3N4DLARC at an
incident wavelength of 750 nm.

Fig. 2. Schematic of surface texturing (not to scale). The coordinates are in units of
microns.

Fig. 3. Optical beam geometry.

greater than n1 to maintain the optical effectiveness of the ARC
layer (Zoolfakar, 2009). To achieve zero reflectance in DLARCs, the
thickness of each layer must satisfy (Ali et al., 2014):

t1 =
λ

2πn1
tan−1

{
±

[
(ns − n0)

(
nsn0 − n2

2
)
n1

2(
nsn1

2 − n0n2
2
) (

n1
2 − nsn0

)]}

t2 =
λ

2πn2
tan−1

{
±

[
(ns − n0)

(
nsn0 − n1

2
)
n2

2(
nsn1

2 − n0n2
2
) (

n2
2 − nsn0

)]}
(3)

where t1 and t2 are the optimal thicknesses, and n1 and n2 are the
refractive indices of the top and bottom layers respectively.

Any reflected light can scatter repeatedly on a textured silicon
surface, thus enhancing the absorption ratio. The coordinates of
the triangular mesh rendering an arbitrarily textured surface was
defined as shown in Fig. 2.

The grazing angle (propagation of the beam relative to the sur-
face plane) is defined byparameter ANGLE (see Fig. 3). For example,
ANGLE = 90 means the illumination is perpendicular to the
surface. The design parameters used for the solar cell performance
simulations is listed in Table 1.
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Table 1
Parameters for solar cell simulation.

No. Name of parameter Value

1 Optical intensity 0.1 Wcm−2

2 Silicon sample length 20 µm
3 Silicon sample width 1 µm
4 P-type background doping concentration 1 × 1014cm−3

5 N-type background doping concentration 1 × 1015cm−3

6 Junction depth 0.25 µm
7 Diffusion temperature 900 K
8 Auger lifetime for electrons 1 µs
9 Auger lifetime for holes 1 µs
10 Cathode material Aluminium
11 Cathode thickness 0.1 µm
12 Primary light source AM1.5D spectrum (National Renewable Energy Laboratory, 2017)
13 Wavelength range 300 through 1000 nm
14 Refractive index of ZnO 2.03 (Polyanskiy, 2017) (525 nm),1.97 (Polyanskiy, 2017) (750 nm)
15 Refractive index of SiO2/Si3N4 1.46 (Polyanskiy, 2017) (525 nm)/2.06 (Polyanskiy, 2017) (525 nm)

1.45 (Polyanskiy, 2017) (750 nm)/2.03 (Polyanskiy, 2017) (750 nm)

Fig. 4. Schematic process diagram illustrating stages of polycrystalline film deposition (reproduced with permission from Kajikawa (2006)). (a) Preparation of the thin film
substrate, (b) initial nuclei with PO according to the surface energy of epitaxial substrate, (c) initial nuclei exhibiting random orientation on non-epitaxial substrate, (d)
equiaxed columnar, (e) non-equiaxed columnar and textured surface, (f) non-equiaxed columnar without surface texture, (g) non-equiaxed columnar without PO, and (h)
columnar. PO processes are preferential nucleation and ripening (a→ b), initial grain growth (c→ d), surface diffusion on non-textured surface and sticking (c→ e), surface
diffusion among grains (c → f), and grain growth (d, e, f, g–h).

The ZnO SLARC was grown by RF magnetron sputter deposition
under a base pressure of 0.7 Pa at room temperature. Fig. 4 illus-
trates the evolution of surface texture during thin polycrystalline
ZnO film deposition. In the nucleation phase, the ZnO nuclei were
formed on the SiO2 surface layer of the substrate (see Fig. 4(a),
(b) and (c)). The nucleation was initiated either with a preferred
orientation (PO) normal to the substrate or random orientation.
Thereafter, the film texture becomes equiaxed columnar if the
initial nuclei has PO (see Fig. 4(d)), or if random orientation of the
nuclei were initialized (see Fig. 4(c)), the interim grain orientations
will be dominated by the fastest growth direction normal to the
substrate (see Fig. 4(e) and (f)), ultimately leading to coalescence
and PO (see Fig. 4(h)).

The layer thickness of the SLARC was measured by non-
destructive XRRusing the Bruker D8HRXRD. The positions of inter-
ference fringes originating from multiple reflections of the X-rays
at the film/substrate interface in a specular reflectivity scan can
provide precise determination (within 1% or less) of the thickness
value. The modified Bragg equation used to analyse the raw data
is (Huang et al., 2002; Azaroff, 1968):

sin2 θm = θc
2
+ (m + ∆m)2

(
λ

2t

)2

(4)

where m is an integer indicating the reflection order, θm is the ob-
served angular position corresponding to themaxima orminima of
the mth interference fringe (∆m = 0.5 for the intensity maximum
and∆m = 0 for the intensityminimum), θc is critical angle for total
internal reflection, and λ is the X-ray wavelength. Since Eq. (4) can
be represented as a linear function in the form y = kx + b [where
the slope k is

(
λ
2t

)2], the film thickness t can be determined from:

t =
λ

2
√
k

(5)

3. Results and discussion

3.1. Optimized ARC layer thickness

The simulation results indicate that the optimized thicknesses
of the ZnO SLARC are 64 nm and 95 nm at a wavelength of 525
and 750 nm respectively, while those of the SiO2/Si3N4 DLARC are
9 nm/60 nm and 44 nm/76 nm at a wavelength of 525 and 750
nm respectively. Fig. 5 compares the reflectivity with and without
ARCs at the incident wavelengths of 525 and 750 nm. It can be
clearly seen that the reflectivity is significantly mitigated at their
designed wavelengths. The minimum reflectivity corresponds to
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Fig. 5. Reflectivity versus optical wavelength for an optimized ZnO SLARC
(SiO2/Si3N4 DLARC) thickness of (a) 64 nm (9 nm/60 nm) and (b) 95 nm (44 nm/76
nm).

the respective wavelengths at which the combination of thickness
and refractive index facilitates destructive interference between
the anti-phase reflected waves from the top (with air) and bottom
(with silicon) interfaces of the ARC layer.

Fig. 6 depicts the frequency-dependent source photocurrent
(available in the light beam) and available photocurrent (generated
by optical absorption) with and without ARCs. The results show
that more photocurrent can be generated in the solar cell with an
ARC, whereas superior photoelectric performance can be achieved
using SiO2/Si3N4DLARC especially for shorter wavelengths. With
the aid of the ZnO SLARC and SiO2/Si3N4DLARC designs, the ex-
ternal quantum efficiency (EQE), which can be evaluated from the
ratio of the respective photocurrents (Zoolfakar, 2009):

EQE =
Iavailable photocurrent

Isource photocurrent
(6)

can be increased by 49.1% and 49.8% respectively at an incident
wavelength of 525 nm (see Fig. 7).

Fig. 8(a) shows an XRR pattern at grazing incidence of a ZnO
SLARC film sputter deposited on the silicon solar cell, which is
characterized by reflectivity oscillations with positions and spac-
ings of the interference fringes allowing direct determination of
the lamella thickness. The least squares regression of the data

Fig. 6. Source and available photocurrent versus optical wavelength for an opti-
mized ZnO SLARC (SiO2/Si3N4 DLARC) thickness of (a) 64 nm (9 nm/60 nm) and (b)
95 nm (44 nm/76 nm).

consisting of well-defined maxima and minima of the specular
reflectivity curve is shown in Fig. 8(b), which from the modified
Bragg formalism (see Eq. (4)) provides for a slope of 8.695 ×

10−7m−2, an estimated thickness of 58 nm (Eq. (5)), which is nearly
the optimized thickness for an incident wavelength of 525 nm.

3.2. Grazing angle dependence of photovoltaic performance

Fig. 9 shows the photogeneration profiles in the photovoltaic
cell with andwithout ARC under different angles of illumination at
an incident wavelength of 525 nm. At non-normal incidence, the
ray-tracing inside the device corresponding to refraction effects
can be observed. The photogeneration rate increases with the
grazing angle as beam propagation and optical absorption deep
into the bulk of the cell is maximized, therefore in turn increasing
the photogenerated current. Conversely, the photogeneration rate
reduces with grazing angle as the beam propagates a greater dis-
tance along the surface, thereby contributing little to the quantum
efficiency with a larger fraction of the optical beam being reflected
back out of the cell.

Hence, the photogeneration rate is a critical parameter to justify
the solar cell’s PCE, which is calculated by:

PCE =
Pmax

Pin
=

(Voc Jsc)FF
Pin

(7)

where JSC is the short-circuit current density, Voc is the open circuit
voltage, FF is the fill factor (ratio of maximum output power
density Pmax to Voc × Jsc) and Pin is the solar irradiance.
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Fig. 7. External quantum efficiency versus optical wavelength for an optimized ZnO
SLARC (SiO2/Si3N4 DLARC) thickness of (a) 64 nm (9 nm/60 nm) and (b) 95 nm (44
nm/76 nm).

The current–voltage characteristic curves at wavelengths 300
through 1000 nm are shown in Fig. 10, indicating increased opti-
cal losses via Fresnel effects as the grazing angle of illumination
reduces. The Table 2 results demonstrate that the PCE increases
with grazing angle, reaching a maximum at normal incidence.
Moreover, it is clear that light trapping and optical absorption
is generally enhanced when designed with ARCs, as revealed in
the increased photogenerated current (see Fig. 10), so that the
solar cell exhibits superior PCE (see Table 2). With more effective
suppression of reflectance by theARC, the SiO2/Si3N4 DLARCdesign
permits the highest PCE amongst these three types of solar cells
with 6.2%, 5.6% and 3.4% at the grazing angles of 90◦, 60◦and 30◦

respectively. The diminishing difference in PCE values between the
coated and uncoated solar cells as the grazing angle decreases to
30◦ indicates the angular collection efficiency limits of the ARCs
studied.

3.3. Surface texturing effects on solar cell performance

Besides inducing a plurality of surface reflections, random tex-
turing creates the effect of increasing the grazing angle to the
surface of the optical beam incidence, hence increasing light trap-
ping efficiency. The photovoltaic performance advantage due to
surface texturing is compared with those using ARCs atop planar
surfaces at an incident wavelength of 525 nm. Fig. 11 illustrates
the photogeneration rate within the textured silicon solar cell for
an optical beam incident normally on the top surface. Unlike that

Fig. 8. (a) A representative specular XRR curve from the ZnO film on an SiO2

substrate, and (b) sin2 θm versus (m + ∆m)2 plot for the maxima and minima of
the well-defined interference fringes.

Table 2
Photovoltaic parameters and calculated efficiency values.

Grazing angle Jsc (mA/cm2) Voc (mV) FF PCE (%)

Bare solar cell

30◦ 11.34 390 0.750 3.32
60◦ 15.68 397 0.751 4.67
90◦ 16.74 399 0.751 5.01

ZnO-coated solar cell

30◦ 11.49 390 0.750 3.36
60◦ 18.11 401 0.752 5.46
90◦ 20.12 403 0.752 6.01

SiO2/Si3N4-coated solar cell

30◦ 11.64 390 0.750 3.41
60◦ 18.43 401 0.752 5.56
90◦ 20.42 404 0.752 6.20

shown in Fig. 9(a) for a bare planar surface, the photogeneration
rate directly beneath the aluminium contact is highest as the
light collection solid angle is enlarged, thereby accounting for the
30% increase in PCE (see Table 3). It is conceivable that the solar
irradiation impinging on the textured surface experiencesmultiple
reflections, and is partially absorbed at each reflection, thereby
minimizing the directional hemispherical reflectance.

The current–voltage characteristic curves in Fig. 12(a) illustrate
the increased photogenerated current for the textured solar cell
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(a) Uncoated.

(b) ZnO SLARC.

(c) SiO2/Si3N4 DLARC.

Fig. 9. Photogeneration rate in silicon solar cell, (a) uncoated, or coated with a (b) ZnO SLARC or (c) SiO2/Si3N4 DLARC atop the silicon substrate, under optical illumination
at (i) normal incidence, or at a grazing incidence angle of (ii) 60◦or (iii) 30◦ .

resulting from enhanced light trapping and optical absorption in
the substrate. The photovoltaic performance parameters are sum-
marized in Table 3, which denote the importance of ARC structures
in boosting the power output, and confirming that the textured
surface provides the highest PCE in this study. The amount of avail-
able photocurrent as a function of optical wavelength for the range
of specimens shows that surface texturing is able to outperform
that of the other designs in the visible to near infrared wavelength
range from 650 through 1000 nm (Fig. 12(b)).

4. Conclusion

In the present study, the optical performance enhancement
conferred by the ZnO SLARC, SiO2/Si3N4 DLARC and surface tex-
turing on the silicon solar cell was investigated and compared
by finite-element modelling and numerical simulations. The opti-
mized thickness of the ARC layer is a function ofwavelength,which

Table 3
Photovoltaic parameters and calculated efficiency values.

Type Jsc (mA/cm2) Voc (mV) FF PCE (%)

Bare cell 16.73 399 0.7512 5.01
ZnO SLARC cell 20.12 403 0.7522 6.10
SiO2/Si3N4 DLARC cell 20.42 404 0.7522 6.21
Textured surface cell 21.36 404 0.7527 6.50

for ZnO SLARC is 64 nm and 95 nm at an incident wavelength of
525 nm and 750 nm respectively; and for SiO2/Si3N4 DLARC is 9
nm/60 nm and 44 nm/76 nm for a wavelength of 525 nm and 750
nm respectively. An optimized thickness of the thin polycrystalline
film of ZnO SLARC was grown on the oxidized silicon substrate,
and a layer thickness of about 58 nm was measured using a
specular XRR technique. The photogeneration rate as well as the
PCE increase with the grazing angle, and become maximum at
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Fig. 10. Current–voltage characteristic curves with optical illumination at (a)
normal incidence, and at a grazing angle of (b) 60◦and (c) 30◦ .

normal incidence. Notably, the PCE for bare silicon, ZnO SLARC, and
SiO2/Si3N4 DLARC solar cells is almost equivalent at a grazing angle
of 30◦, indicating the angular collection efficiency limit of the ARC.
The current–voltage characteristics reveal that ARC and surface
texturing significantly increase short-circuit current; and generally
more photocurrent can be generated by using SiO2/Si3N4 DLARC

Fig. 11. Photogeneration contours due to optical illumination and absorption in
silicon solar cell with textured surface.

Fig. 12. (a) Current–voltage characteristic curves with optical illumination at
normal incidence for silicon solar cell with and without anti-reflective structure,
and (b) available photocurrent versus optical wavelength.

compared to ZnO SLARC. However, surface texturing provides the
highest PCE (6.50%) compared to SiO2/Si3N4 DLARC (6.21%) and
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ZnO SLARC (6.10%), owing mainly to superior response charac-
teristics in the near infrared regime. Taken together, this study
has provided insights into the superior performance of the solar
cell when using ARC and/or surface texturing, and demonstrated a
protocol for the fabrication and characterization of an ARC.
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