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1 | INTRODUCTION

Abdullah Kamuka' | Awad Khaled® |
| Salah S. A. Obayya®* | B. M. Azizur Rahman'

Abstract

It has been well documented that the usage of a textured cover layer reduces
reflection from the air-solar cell interface, which ultimately enhances the
power conversion efficiency (PCE) of a solar cell. The most commonly used
patterns, such as pyramids, micropillars, nanowires (NW), and nanoholes have
been widely studied and optimized. Besides using such NWs to enhance light
absorption, this work also additionally considers the concept of mimicking the
antireflection coating of single or multiple layers in minimizing the reflectance
and thus enhancing the total absorptance further. It is shown here that at least
one order of magnitude shorter multilayer NW pattern of 268 nm total height
can outperform a standard NW of 4270 nm height, which needs less material
and can also be fabricated at a reduced cost. Furthermore, the proposed design
with reduced height has a significantly lower surface-to-volume ratio, which
also reduces surface recombination loss than the other textured surface
patterns. The results presented in this work have been comprehensively
analyzed by initially optimizing optical absorption and then completing the
electrical simulations. The optimized design in conjunction with a back
reflector offers an efficiency as high as 16.434%.

KEYWORDS

absorption enhancement, cost reduction, light trapping, nanowires, solar cell, texturing
patterns

playing an even bigger role in cleaner energy generation.
The sunlight is available to everyone and free to access

Although, in recent years, there has been an increasing
interest in renewable energy generation driven by
government policies and social awareness,' © the energy
we still consume today is mostly generated from fossil
fuels.” However, photovoltaic solar cell (PVSC) is already

and the current level of the technology involved is
offering very promising performance.®

Since the discovery of PVSC in 1954 at the Bell Lab
with only 6% power conversion efficiency (PCE),’
crystalline Silicon (c-Si) PVSCs have experienced a steady
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improvement to achieve 26.5%'° PCE for a single
junction, almost reaching the Shockley-Queisser limit.
However, as a 180-300-um-thick costly c-Si layer is
needed for near complete light absorption, which
accounts for 40% of the cost,'®'" the payback time is
rather long. To reduce the cost, second-generation PVSC
explored 2-3-um-thick thin-film but efficiency has been
poor. Current third-generation solar cell research,
dominated by thin organic perovskite-based PVSC, is
showing good efficiency; however, its stability issue
and use of toxic Pb need to be addressed before
commercialization.

As the Si PVSC technology is very mature, only a
reduction in its price will be the key to encourage its wider
and faster adoption. But a thinner solar cell will also have a
lower PCE. One of the techniques used to improve the
efficiency of a thinner absorbing layer is texturing the
surface of a thin Si PVSC with an array of geometrical
patterns, such as pyramids,>"® inverted pyramids,'*
micropillar,>'® nanowires (NW),"”*° nanoholes,”** NW
with nanoholes,** or plasmonic structure.*** The textur-
ing technique effectively increases the number of times
sunlight is incident on the solar cell due to multiple
reflections between the elements of the pattern, which
leads to an increase in absorption.'”*”* It has been
reported that the Lambertian limit of light trapping can be
achieved by an ideal rough surface where incident light is
randomly scattered, which increases the optical path
length.?® In this limit, for a Si NW, the optical path can
be increased by =2 n?, or around 25 times,”® which can
allow to reduce silicon wafer thickness from 200 to 300 um
to just 8-12 um, nearly two orders of magnitude reduction,
resulting in a significant potential cost reduction. The
enhanced PCE by using textured or nanostructures has
been experimentally validated. Singh et al.'® reported 16.4
PCE using only 3-4um NW and Lee et al.”’ and Choi
et al”®® have also reported 17.6% and 21.1% PCE,
respectively using NWs. Nevertheless, the use of NWs
can also be viewed as, instead of a single large silicon-air
interface, by introducing two interfaces with two smaller
refractive index changes and thus, by controlling the
equivalent index of the middle layer.”® Therefore, for the
solar spectrum there will be an intermediate layer between
air and the solar cell. Hence, following Fresnel's equation
the total reflection from each of these two interfaces, air-
textured pattern and textured pattern-solar cell is consid-
erably reduced. This can lead to a higher fraction of the
sunlight incident on the solar cell being absorbed in even a
thinner active layer thus reducing the cost further.

The use of NW array texturing patterns has been
widely reported due to its advantages over other texturing
patterns. It offers a good absorption enhancement by
increasing the effective light path and the optimized

device can be easily replicated using etching masks.'”**°

These NW can be fabricated by using chemical etching®!
or electron lithography.*> It should be noted that
enhanced optical absorption may not always yield higher
PCE as there may be other deteriorating factors, such as
surface recombination. The effect of surface recom-
bination can be minimized by using surface passivation
techniques and by implementing a p-n radial junc-
tion.'>'7?*3* The use of radial junction reduces diffusion
length®® and also decouples®*® the optical and electrical
pathways of the active region allowing incident light to be
absorbed in the axial direction while the carriers are
collected in the radial direction.

Conventional NWs have a circular shape. Never-
theless, the design flexibility using mask etching
technology enables the fabrication of NWs of different
shapes, such as triangular, square, or hexagonal shapes,
and even can be more exotic such as branched NW,*” or
quad-crescent NW,38 flower-shaped NW,>° and the moth-
eye NW.* In this work, the authors first discuss the
effect of shapes by analyzing the optical performance of
NWs via the finite difference time domain (FDTD)
method*' using the Lumerical FDTD-solutions package*?
and by analyzing the electrical performance via the finite
element method (FEM)* using the Lumerical DEVICE
Charge package.** This work suggests that the need for a
costlier silicon layer can be further reduced by at least
one order of magnitude compared to the traditional
nanowire designs.

2 | OPTICAL SIMULATION
SETUP

The basic schematic of the unit element included in the
simulation window for the optical simulations is given in
Figure 1. Here, we have considered a rigorous FDTD
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FIGURE 1 Schematic diagram of the setup for the optical
simulation.

85UBD 17 SUOWILIOD BAIERID 3|aedl(dde ayy Ag pausenob ake sajoNte YO ‘8N Jo S3|nJ 10} Akeiqi]auluO 8|1\ UO (SUOIIPUOI-PUR-SLLIBY/WO A3 |IM ARiq U UO//:SANY) SUORIPUOD pue swie | 8yl 89S *[7z20z/70/20] uo Aziqiauluo B ‘AReiqi uopuo JO AiseAlun A AQ 2z/T £8S9/200T 0T/I0p/Wod A8 Im Areiq 1 puljuo//sdny wouy pepeojumod ‘0 ‘50500502



CABRERA-ESPANA ET AL.

approach using Lumerical commercial software. A plane
wave is launched, replicating the solar spectrum Iamis™
and two monitors, shown by light green semi-transparent
plates, measure the electromagnetic waves passing
through them. One monitor is above the source to
measure the electromagnetic waves reflected by the c-Si
NW pattern where we used the refractive index for c-Si
value from Palik,** available in the Lumerical material
library.** For consistency, the other monitor is placed at
4000 nm depth inside the c-Si substrate to measure the
electromagnetic wave that is not absorbed by the pattern.
The perfectly matched layers (PMLs) are used for the top
and bottom horizontal boundaries to avoid spurious
reflections from the computational boundaries by
absorbing any electromagnetic waves reaching these
boundaries. Additionally, on the four vertical side
boundaries, the periodic boundary conditions (PBC) are
considered to reduce the computational domain and also
computational cost by representing an infinite array of
solar cells by a single cell unit as shown in Figure 1.

3 | OPTICAL SIMULATION
RESULTS AND DISCUSSION

First, we study the effect of different NW shapes by
varying their dimensions. For a fair comparison, dimen-
sions of noncircular NWs are represented by their
equivalent diameter (ANW), when their cross-sectional
areas are the same. Variations of the Absorption
efficiency of all these shaped NWs with their equivalent
dNW values between 40 and 300 nm for a unit cell of
300 X 300 nm are shown in Figure 2A. As the absorption
also depends on the height of the NW (hNW), initially a
fixed hNW of 2000 nm is considered. The NW shapes
under consideration are: the conventional circular,
triangular, rectangular, and hexagonal NWs. Along with
these cases, results for a planar structure when no NW is
used are also shown by a horizontal pink line, for
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065 F hNW.= 2000 nm
n circular NW
g 0.60 triangular NW
= 0.55 rectangular NW
’ hexagon NW
0.50 Planar
WS ==cCLs————————
40 105 170 235 300

Equivalent diameter of NW, dNW (nm)

comparison. However, the reflection and absorption of
optical energies are also wavelength-dependent. To
ensure that we compare the total absorption (TABS)
over the whole solar spectrum and not just only at a
specific wavelength, we integrate the weighted absorb-
ance over the whole solar spectrum as follows:

j I‘AM1_5 ((1 - Tbottom ()L) - Eeﬂection (/1))

X Iam1.s(A))dA

TABS =
S Twnsda

(€]

where Tpottoms reflections Iami.s» and A are the transmis-
sion of electromagnetic waves reaching a depth of
4000 nm within the substrate, the transmission of
electromagnetic waves reflected by the solar cell surface,
the irradiance of the reference solar spectrum AM 1.5,
and the wavelength, respectively.

In the literature, designs incorporating various shapes
of NWs have been considered, but as the absorption also
critically depends on their cross-sectional area, a
normalized dimension is used here to compare their
performances more fairly, each having the same cross-
sectional area. Variations of the TABS with the equiva-
lent diameter of the NW are shown in Figure 2A. It can
be observed that the TABS values for NWs of any shape
or size are significantly higher than 0.461, that of a planar
case, shown by an orange horizontal line. Furthermore, it
can also be observed that the values of TABS for shorter
diameters are smaller but as their equivalent dNW
increases, the overall TABS increases. Then, for ANW
larger than 140nm, their performance stabilizes and
remains approximately constant for dNW values up
to 180nm. Within this range of diameters (i.e.,
140-200 nm), it may be observed that TABS for different
shapes are nearly the same, which suggests that they are
almost shape-independent but strongly depend on their
equivalent dNW. Their maximum TABS values, at

(B)
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
045 +—V—F— T+ T T
0 2000 4000 6000

Height of NW, hNW (nm)

TABS

Circular NW, dNW = 180 nm

Planar

8000

FIGURE 2 (A) Variations of total absorption (TABS) with equivalent ANW for different nanowires (NW) shapes, (B) variations of TABS

with the NW height for a circular NW of ANW =180 nm.
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dNW =180nm are 0.72, 0.73, 0.736, and 0.737 for
hexagonal, triangular, rectangular, and circular-shaped
NW, respectively. This shows that the performance of
NW depends on their size but not on their shapes, which
agrees with an earlier similar observation. This also
clearly shows that by introducing NW the overall TABS
can be 60% improved, which is almost shape-
independent. Moreover, it is strongly dependent on the
cross-sectional area covered by NWs, which is an
indication of the equivalent refractive index of the NW
layer and can be calculated by Rytov's formula.*> This
suggests that there is an optimum equivalent dNW or
optimum equivalent index of that layer and further
increases in the diameter lead to a decrease in the value
of TABS.

Nevertheless, as it has been well documented by other
researchers, the benefit in the absorption efficiency of
placing an NW on the surface of a solar cell is not only
dependent on the diameter but also on the height.
Figure 2B shows the effect of height on TABS of a circular
NW of dNW =180 nm with hNW increasing from 25 to
8000 nm by a blue line and compares the performance
with a planar solar cell without any NW. It can be
observed that at the start as the hNW increases TABS also
increases rapidly. Following that, TABS increases slowly
as the hNW increases further. This suggests that for a
given NW of any diameter, it is possible to obtain a higher
TABS by simply increasing its height. This would also
suggest that to obtain a higher TABS, the height of the
NW and so also the amount of Si used in the NW will need
to be increased, but this will also raise the costs.
Additionally, this also has the direct consequence of
increasing the surface-to-volume ratio of the pattern,
which is expected to diminish the electrical performance
of the cell due to the increased surface recombination.

In Figure 2B, a ripple is also noticeable in the shorter
hNW range, which has often been ignored in the aim to
get much higher efficiency using much taller NWs. This
ripple indicates that using relatively very short NWs it is
possible to obtain a TABS value as high as that can be
offered by a moderately taller NW. For instance, the local
maximum TABS value (TABS =0.718) in the ripple is
obtained using NW of only 130 nm high but to get the
same TABS value a NW needs to be hNW =1450 nm
high, shown by a black dashed line. We will show that
this is linked to the equivalent refractive index and the
Ag/4 concept applicable in antireflection coating (ARC)
layers, where A4,(1) = A/n(4) is the wavelength of the
electromagnetic wave inside the medium and n is the
refractive index of the material or the equivalent
material.

To validate this concept, we have carried out
simulations for a simple homogenous layer with

optimum refractive index (n,) on the top of the Si solar
cell as an ARC layer and analyze the reflectance while
varying its thickness. The nqy of a single layer ARC
minimizing the reflectance at an interface is well
documented to be the geometric average between the
refractive index of the air and that of the substrate (i.e.,
Nopt = /Nsi, Where ng; is the refractive index of Si in our
case*®).*

Variations of reflectance, R with the wavelength are
shown in Figure 3 for two different ARC thicknesses, 100
and 120 nm. From Figure 3, it can be observed that there
is near zero reflectance at wavelength 750 nm when
t =100 nm, shown by a blue line. At wavelength 750 nm,
the refractive index value of silicon, ng; = 3.7237, so,
Jhsi = 1.9297. Hence, A, inside the ARC layer is
388.66 nm at this wavelength. In this case, at
Ao = 750 nm, the 100-nm-thick ARC layer is equivalent
to 0.2573 A,. This is in line with the concept of achieving
minimum reflectance when the thickness of the layer is
equal to mAy/4, when m is an odd integer. However, from
basic optics theory we also know that besides the
minimum reflectance at an interface with a layer of
thickness equal to A5/4, there is also an associated peak
reflectance at a shorter wavelength where the thickness
is equal to mA,/2, when m is an integer.47 In the case of
t=100nm it can be observed that there is a peak at
wavelength 430 nm. At 1o = 430 nm, the 100-nm-thick
ARC layer is equivalent to 0.512 A, (note that, \/ng; at
Ao = 430 nm is 2.20003) which is again in line with the
concept of achieving peak reflectance when the thickness
of the intermediate layer equals A4/2. Similarly, in the
case of the t=120nm, the minimum reflectance is at
Ao =900 nm where ¢ = 0.251, and the peak reflectance is
at 1o = 490 nm where ¢t = 0.51,. Therefore, an ARC layer
can be designed to minimize reflectance at any given
wavelength, which will increase absorption. However, it
is also clear that when considering the solar spectrum
only a very narrow wavelength range will be benefited

0.40

0.35 F\_
—— =100 nm
0.30 |

0.25 F V\

t=120 nm

Reflectance

0.10 |

0.05 |

0.00
300 600 900 1200
Wavelength (nm)

FIGURE 3 Variations of reflectance with the wavelength for
single-layer antireflection coating.
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from the minimum reflectance. This implies that there
can be a compromise where we accept minimum
reflectance at the cost of higher reflectance at other
wavelengths. However, to make this compromise, we
first need to identify the wavelength at which we should
optimize the performance. Also, we need to bear in mind
that these curves were obtained from simulations
considering the optimized refractive index for the ARC
layer. In reality, it will be difficult to find any low-loss
material with a refractive index that may be close to /ng;.
Besides this, even if it is possible to find such a material
at any particular wavelength, it would be difficult to
achieve this over the whole solar spectrum due to strong
material dispersion. However, this optimum refractive
index ({/ng;) can be artificially replicated as closely as
possible by controlling only the cross-sectional area of the
NW. As described above, the diameter of the NWs
defines the equivalent refractive index of the pattern. By
mimicking the ARC, we can take advantage of better
performance with a shorter NW where the ripple was
observed in the Figure 2B.

As a proof of concept, variations of the TABS with the
dNW for 2 hNWs, 1450 and 130 nm (i.e., height offering
the peak of the ripple) are shown in Figure 4. A strong
correlation can be observed between Figures 2b and 4
since both curves in Figure 4 show almost similar
performance. When increasing dNW, both curves in
Figure 4 have a similar rate of increase in the value of
TABS in the shorter diameter range. At ANW = 180 nm,
both the NWs have the same TABS value, which
confirms their equal values in Figure 2B when dNW
was fixed at 180 nm. Furthermore, both lines have very
similar peak TABS values. In the case of h = 1450 nm, the
maximum TABS of 0.721 is obtained when dNW =180
nm, and in the case of h =130 nm, the maximum TABS
of 0.725 is obtained when dANW =200nm. This is
especially remarkable considering that there is a large
difference in their heights and thus also in their surface-

0.75

0.70 A

0.65 -

a
2 0.60 1
=

h=130nm
———h=1450nm
Planar

0.55 4

0.50 +

0.45

40 60 80 100 120 140 160 180 200 220 240 260 280 300
Diameter of NW , dNW (nm)

FIGURE 4 Variations of total absorption (TABS) with the
dNW for the case of INW antireflection coating.

to-volume ratios. This leads us to believe that within the
range of height of NWs offering the ripple (i.e., between
hNW = 50-400 nm), it is possible to treat the NW pattern
mimicking a single optimized ARC layer where the
diameter defines the equivalent refractive index of the
ARC layer. Hu et al.*® have reported for 5-um-high GaAs
NWs, with 180 nm diameter and 350 nm pitch offering
the best absorption and suggested possibly due to current
matching. Kupec et al.** have discussed in terms of their
geometric fill-factor and reported similarly for 1000 nm
high Indium Phosphide (InP) NW with 180 nm diameter
and 360 nm pitch offering the best light absorption. Yan
et al.>° reported for a fixed d/A = 0.5, the best absorption
for 2-um-high GaAs NWs was with d =310 nm. We have
also observed that as the pitch is increased, the diameter
needs to be increased to obtain maximum TABS.
However, in case, the diameter is kept constant, say at
200nm with a fixed height of 130 nm, the maximum
TABS value of 0.725 was obtained when pitch was
300nm. After that, the TABS value monotonically
decreased as expected since the equivalent refractive
index of the unit cell was also reduced, and its TABS
value reduced to only 0.487 when the pitch was 1000 nm.
Further, an increase in the pitch will asymptotically
reach the minimum TABS value of 0.461, the same as
that of a planar surface without any NW.

As mentioned above, the ideal refractive index for a
single-layer ARC to minimize the reflectance at the air-Si
interface is ,/ng;. However, from the basic principles
given by Fresnel's equation, we are aware that we can
further minimize the reflectance by considering two
layers of ARC instead of one. In this case, the upper ARC
layer needs to have a refractive index equal to 3/ng; and
the lower ARC layer needs to have a refractive index

equal to {/niél . It is easy to adjust the equivalent index of a
layer by just varying the diameter of the NW. We present
the results after introducing a second narrower NW,
placing it on top of the lower NW and always keeping the
upper NW (NW2) with a diameter smaller than that of
the lower NW (NW1). Figure 5A illustrates the NW
pattern equivalent to a two-layer ARC.

Next, an iterative approach is considered to optimize
the four variables d1, d2, hl, and h2 to maximize the
TABS. In each iteration, only one parameter is varied at a
time while others remain constant at their optimized
values. After three complete iterations, these parameters
are identified as, d1 = 254 nm, d2 = 150 nm, h1 = 130 nm,
and h2 =90 nm. The effect of their widths and heights is
shown in Figure 6. Figure 6A shows the variation of the
TABS with d1 by a blue curve when fixed d2 =150 nm,
h1l =130nm, and h2 =90 nm are used. It can be observed
here that the maximum TABS obtained is 0.769 when
d1l =254 nm. Variations of the TABS with d2 are shown
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sci
(A) d1 (B) d1
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_h 1 / R
FIGURE 5 Schematic diagram (A) for the 2NW antireflection coating (ARC) design and (B) for the 3NW ARC design.
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FIGURE 6 (A) Variations of total absorption (TABS) with the diameter of two layers of equivalent antireflection coating (ARC).
(B) Variations of TABS with the height of two layers of equivalent ARC.

by an orange curve with fixed d1 = 254 nm, h1 =130 nm,
and h2=90nm. It can be observed here that the same
maximum TABS is 0.769 when d2=150nm. The
maximum TABS value of 0.769 obtained when using
the two NW ARC design represents a significant increase
compared to the maximum TABS observed when a single
NW layer was considered with its maximum TABS =
0.729 as shown earlier in Figure 4 at h=130nm.
Figure 6A shows clearly the effect of changing the
diameter of each of the NWs. Both curves show a similar
trend, the TABS increases with the diameter reaching a
peak value and then decreases for larger diameters. The
optimum value of d1 (254 nm) is larger than the value of
d2 (150nm). This is consistent with the idea of
mimicking two ARC layers since the equivalent refrac-

tive index of NW1 needs to have a value close to 3/ng and
the equivalent refractive index of NW2 needs to have a
value close to /i to minimize reflectance. As i/ng, the
refractive index of the lower layer is higher than 3/ng,

the refractive index of the upper layer, d1 needs to be
larger than d2, as demonstrated here.

Figure 6B shows the variations of TABS with the
height of the NWs, hl, and h2, while keeping the other
parameters constant at the already optimized values,
dl =254nm, d2 =150 nm, h1 =130 nm, and h2 = 90 nm.
It can be observed that as hl is increased, shown by a
blue line, initially TABS increases, reaching its maximum
value of 0.769 when h1,,; = 130 nm. Similarly, when h2 is
varied, as shown by an orange line, initially TABS
increases, reaching its maximum value of 0.769 when
h2,p;=90nm. Moreover, when comparing the peak
TABS values in Figure 6B, it should be noted that, when
two layers of equivalent ARC are used, a combined
height of only 220 nm can achieve as high a TABS value
as that of a simple NW with a height at least 3450 nm
(can be found from Figure 2B). It should be noted that
the NW heights do not correspond to any specific 14/4, as
maximum TABS is obtained by integrating over the
whole solar spectrum. This is a clear indication of the
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superior optical performance of the concept proposed in
this work.

Similar two-layer NWs with lower and upper diame-
ters, 130 and 60 nm, respectively but with 1 um height
each (2um total height) in Ge PVSC®' have been
fabricated by controlling the etching time. Their work
reported more than double the absorption compared to
that using a 2-um-thick planar layer. They have
suggested this may be due to possible impedance
matching. Wendisch et al.*! have also reported similar
two diameters Si NWs, with upper and lower diameters
of 98 and 133 nm with their heights of 1340 and 590 nm,
respectively, fabricated by sequential metal-assisted
chemical etching (MACE) and KOH etching. Their
simulated and experimentally measured results showed
a large increase in absorption. So, it can be concluded
that this concept of progressively narrowed dual diame-
ter NWs is feasible to fabricate, and have shown
experimentally validated results improving light absorp-
tion. However, our paper reports that by additionally
optimizing their heights, higher TABS value can be
obtained at a rather lower height, the main focus of this
work, which would have a significant advantage in
reducing the material cost.

Furthermore, the excellent performance offered by
this design can be further enhanced by introducing an
additional NW on top of the previous two NWs (i.e.,
NW3) as illustrated in Figure 5B. In this case, the
equivalent refractive index of NW1, NW2, and NW3
should be ‘{/n?l , (/rTél = /ngi, and 4/ng;, respectively.

Next, an iterative approach is considered to optimize
the six variables to maximize TABS (i.e., d1, d2, d3, hl,
h2, and h3). After iterating all six parameters for three
complete cycles, the optimized values obtained are
dl=272nm, d2=203nm, d3=116nm, hl=91nm,
h2 =88 nm, and h3 =89 nm. The effect of each parame-
ter, keeping the other five parameters fixed at their
optimized values, is shown in Figure 7A. Figure 7A
shows the variation of TABS with d1, the diameter of the
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bottom-most layer by a blue line. It can be observed that
as d1 increases, the value of TABS increases reaching its
maximum of 0.785 when d1 =272 nm. The variation of
TABS with d2, the diameter of the middle layer, is shown
by an orange line. It can be observed that as d2 increases,
the rate of increase is slightly more pronounced than in
the case of d1, reaching the maximum of 0.785 when
d2=203nm. The variation of TABS with d3, the
diameter of the top-most layer, is shown by a gray line.
It can be observed that as d3 increases, the rate of
increase is less pronounced than in the cases of d1 and
d2, reaching its maximum TABS value of 0.785 when
d3 =116 nm. Therefore, the smallest optimized diameter
is d3 (lowest equivalent refractive index), followed by d2
(medium equivalent refractive index), and finally d1
(highest equivalent refractive index). This is consistent
with the expected equivalent refractive index values from
ARC layer theory where NW3 — 4/ng; (lowest), NW2 —
‘{/VE = Jnsi, (medium), and NW1 —>‘{/n7§i (highest).
Therefore, from Figure 7A it can be observed that by
including the third NW and optimizing its performance,
it is possible to improve the value of TABS from 0.769
(2NWs ARC case) to 0.784 (3NWs ARC case). Although
the improvement is modest, such a value of TABS can
only be achieved when a single NW of height 4270 nm is
used, which is significantly taller.

Variations of TABS with the heights of NWs (hl, h2,
and h3) are shown in Figure 7B while keeping the
other parameters fixed at their already optimized values
of h1=91nm, h2=88nm, h3=89nm, dl=272nm,
d2=203nm, and d3 =116 nm, as needed. Variation of
the TABS with the height of the bottom NW, k1 is shown
by a blue line. It can be observed that TABS rapidly
increases from 0.742 when hl =30nm to its maximum
value of 0.785 when h1 =91 nm. Variation of the TABS
with the height of the middle NW, h2 is shown by an
orange line. It can be observed that the value of TABS
increases at a slower rate with increasing h2 compared to
when increasing hl. The value of TABS increases from
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FIGURE 7 (A) Variations of total absorption (TABS) with the diameter of three layers of equivalent antireflection coating (ARC). (B)

Variation of TABS with the height of three layers of equivalent ARC.
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0.757 when h2=30nm to 0.785 when h2=88nm.
Variation of the TABS with the height of the top-most
NW, h3 is shown by a gray line. It can be observed that
the value of the TABS increases from 0.769 when
h3=30nm to 0.785 when h3 =89 nm. Therefore, the
optimized height for the bottom-most NW is 1 =91 nm,
for the middle NW is h2 =88 nm, and for the top-most
NW h3 =89 nm where they all converge toward the same
maximum value. In the calculation of TABS, we integrate
the total absorption over the whole wavelength range of
the solar spectrum. Hence, this gives an averaging height,
which is nearly wavelength-independent, and for all
three layers, their heights are nearly similar. In any case,
it is worth highlighting that the optimized total thickness
for the case of the three-layer NW ARC design, only
268 nm, can achieve a TABS value of 0.785. However, if
instead of the three-layer NW ARC design, a simple NW
layer is used, then it would require an NW height of
4270 nm, which will also need more Si being used and
hence incur higher costs. We have also evaluated PVSC
with more than three ARC layers, but the observed
benefit was very small and thus this is not shown here.

We have calculated the equivalent index values of
NWs for different optimized diameters using Rytov's
equation for the optimized three NWs, two NWs, and
single NW ARC layers. Figure 8 illustrates the correlation
between the equivalent refractive index calculated for
each case, with the ideal refractive index values needed
for these layers to satisfy the antireflection conditions.
For the three layers case, these ideal values are, NW1 —
{/n?i, NWZ%‘{/E = J/nsi, and NW3 — ¢/ng;, shown by
three hollow blue squares, for the two layers case,
NW1 —3/n% and NW2 —3i/nZ, shown by two solid
green triangles, and for the one layer case, NW1 — . /ng;
shown by a red circle. However, as these refractive
indices of highly dispersive Si are also dependent on
wavelength, we have shown this only at a wavelength of
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1.5 ]
1 T T T .
1.00 1.50 2.00 2.50 3.00 3.50

Refractive index for matched ARC layers

FIGURE 8 Equivalent refractive index of 3NWs antireflection
coating (ARC) at wavelength 495 nm versus optimum refractive
index needed for ARC at a wavelength 495 nm.

495nm. A strong correlation between the two sets of
these refractive index values can be observed in Figure 8.
It is especially meaningful that the refractive index
value for the case of INW is very close to the value for the
middle layer of the 3NWs case. This is as expected
since both cases are targeting to have a refractive index
value equal to ./ng. This is a strong indicator of the
potential ability of the designed 3NWs pattern to act as a
three-layer ARC using ideal refractive indexes for each of
the three layers. It should be noted that equivalent
refractive index or characteristic impedance are related
to the fill-factor and these parameters are broadly shape-
independent. But in this work, we have first rigorously
optimized these designs by varying the dimensions of the
NWs and shown later that these values closely correlate
with the required refractive index values of the ARC
layers.

Figure 9 shows the variation of absorptance with the
wavelength for the cases of (i) a planar surface, shown by
a black line (with total normalized absorptance, TABS =
0.4606), (ii) a simple NW pattern of 130 nm height and
180 nm diameter (TABS = 0.718), shown by a green line,
(iii) the optimized 2NWs ARC pattern (TABS = 0.769),
shown by a light blue line, and (iv) the optimized 3NWs
ARC pattern (TABS = 0.784), shown by a red line. It can
be observed that the improvement in the absorptance
when a short NW is placed on the solar cell surface is
significant over the whole solar spectrum when com-
pared with a planar surface case. This improvement is
then further enhanced when considering our designs on
the solar cell surface, especially in the shorter wavelength
range (300-700 nm), more particularly where the peak of
the solar spectrum (i.e., Apeaksolar = 495 Nm) exists. In the
case of the 2NWs ARC design, the absorptance around
the shorter wavelength range is over 0.9. However, by
introducing the 3NWs ARC design it is possible to reach
an absorptance close to 1.

The optical performance of NWs can be discussed in
terms of the frequency-domain mode field of the uniform
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FIGURE 9 Variations of absorptance with the wavelength.
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2-D waveguides, which is weakly wavelength-dependent,
or 3-D resonating structures, which are strongly
wavelength-dependent. It can also be evaluated in terms
of the total field for a given excitation using a time-
domain approach. We have considered them all, but here
some total fields obtained by using 3D Lumerical
simulations at some specific wavelengths are shown.
Figure 10A-C shows field plots across the cross section in
the x-z and x-y planes at different z positions of the
simple NW of 130nm height. The H, field intensity
contour along the x-z plane at y=0 (i.e., center of the
NW) when the operating wavelength is 497 nm is shown
in Figure 10A. The white line represents the contour of
the NW outlines. It can be observed that there are two
weak side lobes at around z=—290nm. Furthermore,
the highest H, intensity concentration is in the center of
the NW at around z = —367 nm. This is an indication of a
strong absorption of the design at 497 nm wavelength.
The H, field intensity contour along the x-y plane at
z=-367nm (inside the substrate, just below the NW)
when the operating wavelength is 497 nm is shown in

Figure 10B. It can be observed that there is a very high H,
field intensity at the center. This is a clear illustration of
the absorption capacity of short NWs. The E, field
intensity contour along the x-y plane at z=-367 nm
(inside the substrate, below the NW) when the operation
wavelength is 497 nm is shown in Figure 10C for a single
NW ARC design. It can be observed that the E field
intensity is very well concentrated at the center of the
structure. There is barely any other E-field intensity
peak. This is a further indication of the strong absorption
of sunlight that can be absorbed within the Silicon
substrate.

Figure 11A,B shows field plots along the x-z and x-y
planes of the 2NWs ARC design. Figure 11A shows the
H, field intensity along the x-z plane when y=0 (ie,
along the center of the NW) at operation wavelength
497 nm for a 2NW ARC design. The white lines represent
the layout of the 2NWs ARC design. It can be observed
that there is one main intensity peak at z=180 nm (i.e.,
inside NW2) but with three peaks at z=—305nm (inside
NW1). It can be noted that at z=—305nm, inside the

. n |
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FIGURE 10 (A) H, field intensity along the x-z plane when the operating wavelength is 497 nm—cutting center—simple NW for h1 =
130 nm and d1 =180 nm. (B) Hy field intensity along the x-y plane when the operating wavelength is 497 nm at z = —367 nm for h1 =130 nm
and d1 =180 nm - simple NW. (C) E, field intensity along the x-y plane when the operating wavelength is 497 nm at z = —367 nm for hl1 =

130 nm and d1 =180 nm - simple NW.
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FIGURE 11 (A) H, field intensity along the x-z plane when the operating wavelength is 497 nm for the optimum 2NWs antireflection
coating (ARC) layer. (B) Hy, field intensity along the x-y plane when the operating wavelength is 497 nm at z = —305 nm for the optimum

2NWs ARC layer.

lower and wider NW, the two peaks at the sides are
smaller than the dominant peak at the center of the
NW (at x=y=0). This is more clearly shown in
Figure 11B. Furthermore, the dominant intensity peaks
in Figure 11A suggest that each of the NWs is
contributing to absorption. Therefore, the combined total
absorption is higher. Additionally, there are two side
lobes of lower intensity as observed in Figure 10A.
Furthermore, when comparing Figure 11A with Figure
10A, a higher H field intensity concentration inside the
2NWs ARC design can be observed. This is a strong
illustration of the superior optical performance of our
design. Figure 11B shows the H, field intensity along the
x-y plane at z=-305nm (inside NW1) when the
operating wavelength is 497 nm for a 2NWs ARC design.
Compared to Figure 10B it can be clearly observed here
that the main dominant peak is at the center of the NW
and then, there are two side lobes of moderate intensity
on both sides. This means that the unique structural
nature of the 2NWs ARC design enhances the absorption
of sunlight from within the pattern itself. This leads
to a higher number of electron-hole pairs, which then
penetrate further into the substrate.

Figure 12A-E shows field contour plots along the x-z
and x-y planes at different heights of the 3NWs ARC
design. Figure 12A shows the H, field intensity in the x-z
plane when y=0 (i.e., center of the NW) and the
operating wavelength is 497 nm for 3NWs ARC design.
The white lines represent the sides of the 3NWs ARC
design. It can be observed that there are three dominant
intensity peaks at the center of the design at z = —404 nm
(inside the substrate, just below NW1), at z=—185nm
(inside NW2), which is the peak of the highest intensity
and at z=-113 nm (inside NW3). This is an indication
that each of the three NWs contributes to the total

absorption. Therefore, the total absorption performance
of the 3NWs ARC is superior to that of simple NW and
2NWs ARC designs. Additionally, we can observe that
there are two side lobes of a lower intensity within NW1
and another two side lobes with peak intensity at
Z=-320nm (just at the boundary between NW1 and
the substrate). When comparing Figure 12A with
Figure 10A and Figure 14A, a higher H field intensity
concentration inside the 3NWs ARC design can be
observed, which is the reason why the 3NWs ARC offers
a superior optical performance. Figure 12B shows the E,
field intensity along the x-y plane at z=—113 nm (inside
NW3) and the operating wavelength is 497 nm wave-
length for a 3NWs ARC design. The white line represents
the edge of the narrow NW3. In Figure 12B, an Ej field
intensity concentration at the outer boundary of the
upper NW (NW3) along y =0 can be observed. We have
used periodic boundary conditions to model a unit solar
cell. Along the boundary in the y-direction, the electric
wall boundary condition was implemented. This is
equivalent to the Neumann boundary condition for the
E, component at this wall (here shown as two vertical
sides), which makes the E field normal to the y-axis, and
Dirichlet boundary conditions force the E, field to be
zero on the boundaries parallel to the x-axis (here shown
as two horizontal sides). The high-intensity peaks outside
NW3 are an indication of waves being incident on the
side wall of NW3, which has been previously bounced at
another interface of the pattern. Further to this, we can
also observe that in the center of NW3, there is a weak E,
field intensity, indicating the absorption of light.
Figure 12C shows the E, field intensity along the x-y
plane at z=—185nm (inside NW2) when the operation
wavelength is 497 nm for 3NWs ARC design. The white
line represents the boundary of NW2. From Figure 12C it
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FIGURE 12 (A) Hy field intensity along the x-z plane when the operating wavelength is 497 nm for the optimum 3NW antireflection
coating (ARC) layer. (B) Ey field intensity along the x-y plane when the operating wavelength is 497 nm at z=—113 nm for the optimum
3NW ARC layer. (C) E field intensity-along the x-y plane when the operating wavelength is 497 nm at z = —185 nm for the optimum 3NW
ARC layer. (D) E field intensity along the x-y plane when the operation wavelength =497 nm at z = —320 nm for the optimum 3NW ARC
layer. (E) E field intensity along the x-y plane when the operation wavelength =497 nm at z = —404 nm for the optimum 3NW ARC layer.

can be observed there is a higher E field intensity
concentration outside of the NW, compared with what
was observed in Figure 12B which indicates absorption of
a larger portion of light in Fig. 12C. Further to this, we
can also observe the high-intensity peaks outside the
NW, which is an indication of waves being incident on
the side wall of the NW from multiple reflections
between adjacent NWs. Figure 12D shows the E; field

intensity along the x-y plane at z = —320 nm (right at the
boundary between NW1 and the substrate) when the
operating wavelength is 1=497nm for 3NWs ARC
design. The white circular line represents the boundary
of NW1. From Figure 12D it can be observed a high Ey
field intensity concentration inside the NW1. Further-
more, we can also observe two side lobes of higher E field
intensity contributing to the absorption improvement of
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the design. A considerable amount of E field just outside
the NW1 is also visible. Figure 12E shows the E, field
intensity along the x-y plane at z=—404 nm (inside the
substrate, just below NW1) when the operating wave-
length is A =497 nm for 3NWs ARC design. The dashed
white circular line represents the boundary of NWI.
From Figure 12E it can be observed a higher E, field
intensity concentration at the center of the field plot,
compared with what was Figure 12B-D, indicating
absorption of a larger portion of light. Further to this,
we can also observe that two side lobes of lower Ej field
intensity than the intensity at the center but also
contributing to the absorption improvement of the
design.

These figures (i.e., Figures 10-12) suggest that the
improvement in the optical performance for a wide range
of wavelengths in the case of the two- and three-layered
NW ARC designs come from the contribution of the
absorption at each of the NWs to the total absorption. It
should be noted, all these field plots (i.e., Figures 10-12)
are shown at a specific wavelength of 497 nm. Field
profiles for resonating mode at different wavelengths are
different. Besides that, we have only shown H, and E,
field profiles and only along some limited number of x-y
or x-z planes of a truly 3-dimensional structure.

4 | ELECTRICAL SIMULATIONS
SETUP

Although achieving a higher optical absorption may be
the initial target. this benefit may not always fully
materialize in achieving a similar higher PCE. To calculate

the PCE next, briefly, the total performance of the
proposed solar cell is numerically simulated by introduc-
ing an electrical model. The basic schematic diagram of
the elements used in the computational window for the
electrical simulations is shown in Figure 13. The
dimensions of the structure are the same as the values
used in the optical simulations. Furthermore, the optical
generation rate produced in the optical simulation model
is imported into the electrical simulation model. The
optical generation rate file, which can be generated from
the optical simulation file, contains all absorption data as
an input for the electrical simulations and it represents the
number of photons absorbed by the structure. The
generation rate is calculated by multiplying the absorption
profile (dependent on wavelength and the spatial x, y, and
z coordinates) by the AM1.5 solar spectrum and thus, it
contains all absorption data as an input for the electrical
model. In Figure 13A, a 3D schematic diagram illustrates
the different doping layers under consideration for the
simulation using a simple axial pn junction: n-type (n+),
intrinsic (p+), and p-type (p++) doped areas. In
Figure 13B, a 2D schematic diagram illustrates the
different doping layers under consideration for the
simulations using a radial pn junction: n+ top layer, n+
side covering all surroundings of NW, p+ doping layer,
and p++ doping layer acting as a Back-Surface Field layer.
Additionally, two metallic plates (Ag) are placed above
and below the structure to act as electrical contacts for the
emitter and the base, respectively. The background
medium is considered to be Silica (SiO,). To obtain results
as realistic as possible, surface recombination was taken
into consideration. Table 1 presents the electrical propert-
ies considered for the electrical simulations.

(A)

S|
(et |
T——— 3
Emitter
SiO,
P++

Base

(B)

Emitter

N+ side layer N+ side layer

P+ layer

Base

FIGURE 13 Schematic diagram of the setup for the electrical simulation using (A) axial pn junction and (B) radial pn junction.
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TABLE 1 Electrical properties considered in the electrical

simulations.
Electrical simulation parameters
(up) Hole mobility
(un) Electron mobility

(Np) Donor concentration
(n+ doping)

(INa) Acceptor concentration
(p++ doping)

(Ny) Intrinsic (p+ doping)

(1) Electron SRH recombination
lifetime

(7,) Hole SRH recombination lifetime

(Ch aucer) Auger recombination of
electrons for silicon at 300 K

(Cp aucer) Auger recombination of
electrons for silicon at 300 K

(Cradiative) Radiative recombination
coefficient for silicon at 300 K

Surface recombination for electrons
and holes at the silver-silicon

Values
470.5 cm?/V s>?
1471 cm?/V s°2

1X 10+18 Cm—353
1% 10+19 Cm—354

1X 10+15 Cm—354

3.3 s>’

4.0 1.1.555

2.8x 1073 cm®/s>®
9.9 X 1072 cm®/s>¢
1.6 X 10~ * cm3/s>

1% 107 cm/s*

5 | ELECTRICAL SIMULATION
RESULTS AND DISCUSSION

The key electrical parameters, open circuit voltage, open
circuit voltage (Voc), and short circuit current, Jsc depend
on doping and carrier lifetime®® and recently we have also
discussed their effects for a solar cell using NWs with
holes.>”*® Variations of the short circuit current density
(Jsc) with the thickness of the n+ layer for different NW
heights are shown in Figure 14A. It can be observed here
that all the curves follow a similar trend, the value of Jsc is
high for thin n+ doping layers but decreases as the n+
layer becomes thicker. For example, in the case of
hNW = 2000 nm, the initial Jsc value for a thin n+ layer
(25nm) is 26.7mA/cm?. In any case, it should be
highlighted that Jsc is higher for taller NWs for the same
n+ layer thickness. It can also be noted that for larger NW
heights, hNW, the Jsc decreases with all the curves
experiencing a similar slope as they decrease. For
example, for a n+ layer thickness of 200nm the Jsc
values for hNW=130nm is 21.82mA/cm? and for
hNW =2000nm is 25.2mA/cm?. The Jsc for two and
three layers of NWs mimicking ARC are also shown by
orange and brown dashed lines. It can be observed that

interface
o o these Jsc values are 6.87% and 13.2% higher than the Jsc
Surface recombination for electrons 100 cm/s . K
e value for a simple NW of 2000nm height. It may be
and holes at the silica-silicon ; . ) : ]
i possible to increase Jsc by using simpler NWs but their
heights need to be much higher than 4000 nm.
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FIGURE 14 (A) Variations of the Jsc with the thickness of the n+ layer for different nanowires (NW) heights. (B) Variations of the open
circuit voltage (Voc) with the thickness of the n+ layer for different NW heights. (C) Variations of the power conversion efficiency (PCE)
with the thickness of the n+ layer for different NW heights.
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Similarly, variations of the Voc with the thickness of
the n+ layer for different NW heights are shown in
Figure 14B. It can be observed that as the n+ layer
thickness increases up to 120nm, there is a rapid
increase in the value of Voc (reaching Voc =0.55V) in
all these cases. It can also be observed that for thicker n+
layers than 120 nm, the increase in the value of Voc is
much less pronounced for all the cases. Additionally, in
the case of simple NW, all the curves seem to converge to
similar Voc values. The Voc values for two and three
layers of NWs mimicking ARC are also shown by orange
and brown dashed lines. These Voc values are 1.82% and
3.7% higher than in the case of a simple NW of 2000 nm
height.

Following the determination of the Jsc and Voc, we
calculated the overall performance of the PCE. This
parameter can be calculated in terms of Jsc, Voc, FF,
Pour, and Py where FF is the Fill Factor, Poyr is the
output power, and Pyy is the input power?’:

PCE = Pour _ JchocFF'
IN Py

(2

Finally, we have shown the PCE,,,, for each of the
doping configurations presented here where the Pouyr
should be equal to the maximum output power
(Pourmax)- Following this condition, the value of FF
can be calculated by using the following expression:

P
FF = ~OUTMAX 3)

JscVoc

Variations of the PCE with the thickness of the n+
layer for different NW heights are presented in
Figure 14C. It can be observed that the overall perform-
ance of the PCE is largely dominated by the performance
of the Voc for thin n+ doping layers (until approximately
100 nm thick) since the PCE values rapidly increase. For
example, in the case of hNW = 2000 nm, the curve starts
at 10.75% for the thin n+ doping layer and rapidly

increases to reach a maximum PCE of 11.7% for a
100-nm-thick n+ doping layer. Then, with further
increases in the n+ layer thickness, the PCE values rather
start to decrease, and the rate of decrease is very similar in
all conventional NW cases. In any case, although the value
of PCE decreases for thicker n+ layers, it is possible to
achieve a higher PCE value by increasing the hNW while
keeping the same n+ thickness. In the cases of two- and
three-layer NW ARC, PCE values are shown by orange
and brown dashed lines, respectively, and the reduction
rate is much slower (especially in the case of three-layer
NWs ARC), which may be very useful from the fabrication
tolerance point of view. It can also be noted that in the
case of two- and two-layer NW, the optimum n+ layer
thickness is about 80nm giving the highest peak PCE
values of 12.54% (2NWs) and 13.24% (3NWs). This
electrical performance clearly shows that the 2NWs ARC
(total height=220nm) and 3NWs ARC (total height=
268 nm) offer maximum PCE 7% and 13% higher than
that of simple NWs of 2000 nm high. Additionally, it is
also important to mention that the similarity in the
performance of the simple NWs of hNW =130nm and
hNW =1500nm is shown by dark orange and light
blue lines. From the optical simulations shown in
Figure 2B, it was found that the performance of a simple
NW of hNW = 130 nm would be similar to that of a NW of
hNW = 1450 nm.

We have calculated the PCE,,, for mimicking
single-, double-, and triple-layer ARC for both axial and
radial dopings and with or without back reflectors. These
values are shown in Table 2 along with two representa-
tive heights of NWs, 2000 and 4000 nm. It can be noted
that in all four cases, PCE,,., for both two- and three-
layer ARC with their total heights of only 220 and
268 nm, respectively, are much higher than what can be
achieved with a 4000 nm high NW. It should be noted
here that, although a 4000 nm tall NW has a similar
TABS value as that of a three-layer ARC with only
268nm height, its PCE is much lower at 15.64%
compared to 17.58% for a three-layer ARC. The resulting

TABLE 2 Power conversion efficiency (PCE) values for various nanowires (NW) designs with axial or radial doping and with or without

a back reflector.

Axial

Radial

NW height (nm) Total absorption No reflector PCE (%) Reflector PCE (%) No reflector PCE (%) Reflector PCE (%)

130 0.718 11.3844
2000 0.842 11.7039
4000 0.871 12.6090
2NWs ARC-220 0.769 12.5436
3NWs ARC-268 0.785 13.2380

14.2835 12.1527 15.7705
14.1518 12.6450 14.8960
14.6475 13.3288 15.6400
15.6601 13.4812 16.8260
16.4338 14.1478 17.5800
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PCE reduction in standard taller NWs is due to increased
surface recombination loss.® ®' Thus, substantial saving
of valuable c-Si in fabricating these solar cells is also
expected to reduce the cost by adopting the designs
presented here mimicking ARC. The benefits of using
radial doping and back reflectors have also been shown
in Table 2. Further to this, the performance of our
designs is also comparable and even superior in some
cases, when compared to other texturing patterns when
considering a silicon wafer as thin as 4 um on top of a
back reflector. For instance, the random inverted
pyramidal presented by considering a back reflector
(below a 20-pum-thick silicon substrate), was reported to
have a PCE value of 15.5%."* The quad-crescent-shaped
2330 nm high silicon NW pattern, is expected to generate
a PCE of 16.8% with radial doping and a back reflector.*®
A moth eye-inspired texturing pattern yields a PCE value
of only 9.76% when considering a 700-nm-thick pattern
on top of a 10-um-thick silicon wafer with a back
reflector.*® The solar cell with silver nano-cylinder or
nano-cube pattern achieved a 6% enhancement in
efficiency when considering a 170-um-thick silicon
wafer.®” In our design, it is shown that a three-layer
NW can achieve 17.58% PCE, one of the highest values so
far reported for such a thin solar cell, with a total height
of only 268 nm. This trend is a strong validation of our
2NWs and 3NWs ARC designs based on the results
obtained from both optical and electrical simulations.
The 2NW and 3NW structures can be used to mimic the
optical performance of single or multiple ARC layers,
which then reflects in strong overall PCE performance.

6 | CONCLUSIONS

Here, to establish our concept of mimicking multiple ARC
layers, we have shown our present work for both axial and
radial p-n junctions. We have comprehensively analyzed
the absorption performance of Si NW solar cells of different
shapes. We have shown that the performance of the NW is
mostly independent of its shape. We have further explored
the performance of short-height NWs (considering the
conventional circular shape) and demonstrated excellent
performance in this range of heights. Then, we have found
evidence of a relationship between this performance and
that of the ARC layers. Subsequently, we have used that
relationship to mimic an ARC of ideal refractive indices by
placing one NW or more than one NW on top of each
other. By doing this, we have been able to predict that the
higher TABS value of a single NW of height 3450 nm can
be achieved by a design of two NWs of diameters
dl=254nm and d2=150nm on top of each other with
a total height of only 220 nm (considering 41 = 130 nm and

h2 =90 nm). Similarly, the TABS value of a single NW of
height 4270nm can be achieved by using three NWs of
diameters d1 =272 nm, d2 =203 nm, and d3 =116 nm on
top of each other with a total height of only 268 nm
(considering h1=91nm, h2=88nm, and h3 =89 nm).
Furthermore, this strong optical performance has been
validated by excellent performance from the electrical
simulations. Although optical simulations of a two-layer
ARC design reported here can give a similar TABS value as
that of standard NWs of 3450 nm high, additional electrical
simulations show that this design even outperforms Si solar
cells using NWs of 4000 nm high, as shown in Table 2. The
reduced electrical performance of a taller NW can be
attributed to increased surface recombination loss.”” This
clearly shows that our design with a total height of only
268 nm yields higher PCE values and significantly outper-
forms even a very tall 4000 nm high NW, with greater than
one order of magnitude thickness reduction. This is a large
improvement in terms of optical absorption that can benefit
from an electrical performance with low surface
recombination due to the low surface-to-volume ratio of
the design. Therefore, our proposed designs of using two
and three layers of NWs can be used to mimic the
performance of an ARC of ideal refractive index value
without the need to have a material with a matching
refractive index value over the whole wavelength range of
the solar spectrum. The fabrication process required for
these dispersion-independent designs has been re-
ported,®™>" which will consume less material, less waste
of valuable Si, and ultimately lower costs as etching less
than 300 nm can be carried out faster than compared to a
4000 nm high NW, more than one order of further height
reduction. Also, bear in mind that in the case of taller NWs,
it may be difficult to have an exactly vertical or uniform
cross-section, which may deteriorate the actual PCE
compared to its expected PCE. The fabrication process
needed here has been reported for both Silicon®" and Ge™
solar cells and we expect that this concept can be used in
PVSC using other semiconductor materials for multi-
junctions, such as Si with GaAs or perovskite tandem
solar cells. Similarly, this concept can be applied to other
innovative approaches, such as using a thin graphene layer
to increase absorption further®® or energy downshifting to
absorb more solar energy from a wider solar spectrum.*
We believe that the performance of these designs can be
further enhanced by using even a much thinner layer by
adopting the concept of mimicking multiple ARC layers
presented here by using NWs of different diameters while
reducing material waste and costs.
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