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nce analysis of InP nanostructures
for photovoltaic applications

Siddharth Saurabh,a M. Khalid Hossain, *b Sadhna Singh,a Suneet Kumar Agnihotria

and D. P. Samajdar *a

In this article, we have performed a comparative analysis of six different types of nanostructures that can

improve photon management for photovoltaic applications. These nanostructures act as anti-reflective

structures by improving the absorption characteristics and tailoring the optoelectronic properties of the

associated devices. The absorption enhancement in indium phosphide (InP) and silicon (Si) based

cylindrical nanowires (CNWs) and rectangular nanowires (RNWs), truncated nanocones (TNCs), truncated

nanopyramids (TNPs), inverted truncated nanocones (ITNCs), and inverted truncated nanopyramids

(ITNPs) are computed using the finite element method (FEM) based commercial COMSOL Multiphysics

package. The influence of geometrical dimensions of the investigated nanostructures such as period (P),

diameter (D), width (W), filling ratio (FR), bottom W and D (Wbot/Dbot), and top W and D (Wtop/Dtop) on

the optical performance are analyzed in detail. Optical short circuit current density (Jsc) is computed

using the absorption spectra. The results of numerical simulations indicate that InP nanostructures are

optically superior to Si nanostructures. In addition to this, the InP TNP generates an optical short circuit

current density (Jsc) of 34.28 mA cm−2, which is ∼10 mA cm−2 higher than its Si counterpart. The effect

of incident angle on the ultimate efficiency of the investigated nanostructures in transverse electric (TE)

and transverse magnetic (TM) modes is also explored. Theoretical insights into the design strategies of

different nanostructures proposed in this article will act as a benchmark for choosing the device

dimensions of appropriate nanostructures for the fabrication of efficient photovoltaic devices.
1. Introduction

The rapid depletion of conventional energy sources due to the
increase in global energy demand has compelled researchers to
focus their attention on solar energy as an alternative energy
source for the future.1–4 Research on solar cells (SCs) has gained
massive popularity in the last few decades due to their efficient
energy harvesting capability directly from the available solar
light. Si SCs occupied a dominant position in the photovoltaic
market for a long period due to their stability, abundant avail-
ability, and toxic-free nature.5–8 But the highmanufacturing cost
along with low efficiency are the two major hindrances to the
commercialization of thin-lm SCs.9–11 In order to reduce the
surface reection to enhance the absorption and efficiency in
thin lm SCs, multilayered antireection coatings are used but
these coatings can suppress reection only at particular wave-
lengths.12 The introduction of nanotechnology13,14 in the eld of
photovoltaics has created a revolution in terms of efficiency
enhancement coupled with a reduction in cost and material
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requirement.9 Apart from the photovoltaic applications, the
plasmonic nanostructures are used in a variety of applications
such as optical tweezers15 and photothermal therapy.16 Nano-
sensors comprising plasmonic nanoparticles (NPs) and silicon-
based nanostructures are used for trace-level molecular
sensing.17 Porous/mesoporous silicon NPs are considered viable
candidates for energy storage (lithium-ion batteries), biomed-
ical (drug delivery, detection of tumors, etc.), and biosensing
applications.18,19 InP-based quantum dots (QDs) exhibiting low
toxicity and good biocompatibility can act as effective replace-
ment to highly toxic cadmium-and lead based QD systems for
bioimaging applications.20,21 It can be concluded that in future
these nanostructures can be used for a wide variety of applica-
tions and can of signicant interest to the researchers working
in diverse elds of chemistry, biology and electronics, just to
name a few.

Nanostructures enhance the light-harvesting and collection
capability owing to a combination of a set of inherent
phenomena such as graded refractive index prole, increase in
optical path length due to multiple reections, surface
restructuring for better coupling of optical resonant modes, and
modication of the photonic band structure.12,22–25 The use of
different nanostructures such as nanocone (NC),26–28 nano-
pyramid (NP),29–32 nanowire (NW),33–36 inverted nanocone
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(INC),37,38 and nanohole (NH)39,40 can improve the light trapping
in thin-lm SCs by reducing the surface reection over a wide
spectrum and also facilitates better carrier collection capability
compared to traditional and thin lm SCs. In addition to this,
the optimization of the geometrical parameters of nano-
structures with varied architectures can provide a theoretical
foundation before proceeding with fabrication. The amount of
absorption of incident light is very crucial for determining the
efficiency of SCs.41,42 The interaction of photons with nano-
structures cannot be explained thoroughly with the help of
effective medium theory and electrodynamic description43 is
needed in which the effect of geometrical parameters of nano-
structures play a pivotal role in describing the absorption of
solar energy and guidelines for choosing proper D and P
because array density is the determining factor for overall
reection.

Due to the efficiency constraint of Si-based SCs imposed by
the Shockley–Quiesser limit, researchers have explored various
other available options for material selection for SCs. III–V
materials44 such as InP and GaAs are recently explored on
a large scale because of their superior optical and electrical
properties. InP is an III–V semiconductor with a face-centered
cubic (zinc-blende) structure and possesses high electron
velocity in comparison to Si and GaAs, which makes it useful for
high-power and high-frequency electronics.29 InP exhibits
exceptional optical properties for broadband sunlight harvest-
ing such as direct bandgap, tunable bandgap energy to utilize
a broad range of the solar spectrum, lower temperature coeffi-
cient, lower surface recombination velocity, and higher
absorption co-efficient which makes it excellent absorber
material for solar energy extraction.45 InP also demonstrates
excellent radiation resistance, which makes it very useful for
space applications as well.46 The absorption coefficient is one of
the important parameters for studying optical behavior and
denes the absorption capability of a material as it depends on
the wavelength of light being absorbed.47–49 Materials with
higher absorption coefficients require lesser material in order
to absorb the light. Various materials and their respective
absorption coefficients are shown in the literature.50,51 The re-
ported efficiency in InP planar SCs is 24.2% ± 0.5%,52 which
denitely needs to be improved in order to use it for non-
terrestrial applications. InP is a costly material and has high
device processing costs therefore we have to require a trade-off
between the material cost and efficiency. Different strategies are
implemented in order to improve the absorption efficiency of
InP SCs. Various InP-based NWs are used to obtain better
optical efficiency. InP-based NWs are extensively studied34–36,53

where various techniques such as core–shell structure, and
radial and axial junction SCs are explored.33 However, it has
been observed that the absorption in nanostructures is depen-
dent on the dimensions, which control the capturing of
different resonant optical modes to promote light harvesting.
To improve absorption efficiency, a nanostructure array with
different dimensions of the nanostructures and symmetry is
investigated.54 The other approach is to increase optical
absorption is varying the D of NWs along the length which gives
structures such as NC, NP, and INC. These structures provide
© 2023 The Author(s). Published by the Royal Society of Chemistry
a graded refractive index prole,55 which helps in optimizing
the overall absorption. Nanostructures can be fabricated in
either of two ways (i) top-down approach and (ii) bottom-up
approach. Top-down approaches are mostly dominated by
doping-dependent etching. However, it has been observed that
in a top-down approach, the defects and material wastage are
more. The bottom-up approach such as the vapor–liquid–solid
(VLS) method is used to produce nanostructures mainly nano-
wires by overcoming the limitations of the top-down
approach.56 On the other hand, the main disadvantage of the
bottom-up fabrication approach is uncontrollable spatial
gradients in doping which limits the use of this kind of fabri-
cation approach. Therefore, we may use common methods to
grow a different kind of III–V nanowires considering bottom-up
approaches such as VLS, vapor–solid–solid (VSS), and vapor–
solid (VS) to counter the above issue that are discussed in details
in the literature.57 A combination of electron beam lithography
and deep reactive ion etching is used to fabricate Si-based INC
structures in ref. 58 and GaAs nanowire arrays in ref. 59. A two-
step metal-assisted chemical etching (MACE) is used to grow Si
nanocone arrays.60 Apart from this, there are multiple reports
on the fabrication of different Si-based nanostructures such as
inverted frustum cones,61 asymmetric nanowires,38 etc. which
bear resemblance with the INC structure. There are multiple
reports on the growth of different types of Si-based nano-
structures which are considered in this manuscript. However,
the growth of III–V nanostructures are mostly restricted to
nanowires.62 Among the various nanostructures available, InP-
based INC and its comparison with other structures in terms
of its optical characteristics have not yet been explored to the
best of our knowledge.

In this article, we have performed an optical analysis of six
different nanostructures using the FEM method where we have
analyzed optical Jsc, absorptance, and photogeneration rate.
The effect of variation of geometric parameters like D, W, Dtop/
Dbot, Wtop/Wbot, and FR on optical parameters has also been
investigated. The research ndings of this article can be helpful
in designing efficient nanostructures corresponding to
a particular application, bypassing the complexity, cost, and
time involved in the fabrication of non-optimized structures.
This paper is inscribed in the following manner: Section 1 deals
with the basic foundation and motivation for carrying out this
research work. In Section 2, we have explained the simulation
methodology and structural details of the nanostructures. The
results achieved with our simulations on the optimization of
nanostructures are discussed in Sections 3 and 4, and we have
summarized the research outcomes.
2. Simulation methodology and
structure design

The wave optics module of COMSOLMultiphysics 5.4 is used for
the analysis of different nanostructures. COMSOL is based on
the nite element method (FEM) which uses the numerical
method for solving a partial differential equation. The 3Dmodel
has been used for the simulation. The port boundary condition
RSC Adv., 2023, 13, 9878–9891 | 9879
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is used on the top and bottom of the nanostructure to launch
and receive the electromagnetic wave. PML boundary condition
has been used along the z-axis on the top and bottom of the
structure in order to avoid the effect of any parasitic reections
in the simulations. Periodic boundary conditions are used
along the vertical directions around the nanostructures to
ensure the domain could be replicated along both the x and y-
axis to construct an array of the unit cell. Helmholtz equation is
utilized to calculate electric eld intensity which is given as:63

V × (V × E) − K0
23rE = 0 (1)

where 3r = (n ± ik)2 denotes the dielectric permittivity of the
surrounding medium, n is the refractive index and k signies
the extinction coefficient, E is the electric eld and K0 is the
incident light wave vector. In order to perform optical analysis,
values of n and k as a function of wavelength are required, which
are extracted from the literature for both Si64 and InP.65 Stan-
dard AM1.5 is used as a light source and launched from the top
port, considering the transverse electric (TE) and transverse
magnetic (TM) modes of polarization. The average of absorp-
tance is calculated by taking the mean of the absorptance in
both modes. Absorptance66 as a function of wavelength l is
dened as:

A(l) = 1 − R(l) − T(l) (2)

where R (l) and T (l) are the reectance and transmittance ob-
tained from port 2 and port 1 respectively as depicted in Fig. 1(a)
and l is the wavelength that is swept from 300 nm to the cutoff
wavelength of the material taken. Optical photocurrent density
(Jsc) is dened as:28

Jsc ¼
ðlg
300 nm

ql

hc
IðlÞAðlÞdl (3)

where q is the electronic charge, c is the speed of light, h is
Planck's constant, I(l) is the solar intensity (Wm−2 nm−1) under
standard air mass 1.5 (AM1.5G) spectrum, and lg is the cut-off
wavelength which corresponds to the bandgap of material for
Si and InP and are equal to 1130 nm and 930 nm respectively.
The maximum short circuit current can be used to compute the
ultimate efficiency assuming ideal carrier collection efficiency,
Fig. 1 (a) Structural details of CNW unit cell (b) meshing details of
simulation regions of the unit cell.

9880 | RSC Adv., 2023, 13, 9878–9891
which means that each photogenerated carrier is transported
efficiently to the respective electrodes, thereby contributing to
the photocurrent. The ultimate efficiency is dened as the ratio
of the absorbed power to the incident power. Broadband
absorption is calculated using the ultimate efficiency,53,67 which
is provided by:

h ¼

Ð lg
300 nm

l

lg
IðlÞAðlÞdl

Ð 4000 nm

300 nm
IðlÞdl

(4)

The ultimate efficiency can be described as the maximum
possible optical efficiency that can be obtained by an SC under
the assumption of unit internal quantum efficiency, that is one
electron–hole pair will be generated for each absorbed photon
having energy greater than the bandgap of the material and all
the generated charges contribute to optical photocurrent
without any recombination losses. The lower limit of integra-
tion in eqn (3) and (4) is xed at 300 nm since solar irradiation
below this value is insignicant. The photogeneration rate (Gop)
at a given l is computed as given below.63

GopðlÞ ¼ 300jEj2
2ħ

(5)

where E is the electric eld, ħ is reduced Planck's constant, and
3′′ is the imaginary part of permittivity. Setting mesh size is an
important step in COMSOL and different mesh element types
can be utilized to build a model. Mesh element size should be
set correctly in order to achieve good accuracy. The accuracy of
nermesh is high but it requires additional computational time
and memory requirements. We must set the maximum mesh
element size to l/8 or less than the lowest simulated wave-
length.66 In our work, we have chosen swept mesh for the PML
region and tetrahedral for the remaining region where the
active material is set with ner mesh and the remaining region
is set with coarse mesh element type as shown in Fig. 1(b).
Finally, a wavelength sweep is performed with a step size of
10 nm from 300 to the cutoff wavelength (lg) of the respective
material (InP or Si). In Fig. 2, we have shown a pictorial repre-
sentation of all the nanostructures used in our analysis. For
a better comparison of the characteristics of the nanostructures,
the height is taken as 2 mm for all the nanostructures. The
parameters such as the D, Dtop/Dbot, and Wtop/Wbot, of the
structures, are varied in order to obtain optimized dimensions.

3. Results & discussions
3.1. Optimization of CNW and RNW

Interaction of photons with nanostructures is dependent on the
geometrical dimensions of the NW (D) and the wavelength of
light incident on it as it determines the resonantmodes that can
be supported by the corresponding nanostructures to enhance
or diminish light absorption. For this reason,H, D/W of the NW,
and FR play an important role in optical absorption. We varied
the InP NW H from 500 nm to 3000 nm and we noted that aer
2000 nm, the optical Jsc does not change signicantly. So, we
have xed the height of the NW H to 2000 nm, considering
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) CNW, (b) RNW, (c) TNC, (d) TNP, (e) ITNC, and (f) ITNP with height H = 2000 nm.
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fabrication feasibility as reported in ref. 29. Initially, we
considered the angle of polarization as 0° for both TE and TM
mode, and thereaer, we performed a polarization angle-
dependent study in Section 3.5. FR of an NW is dened as the
ratio of NW area to the pitch (P) area. FR of CNW is pD1

2/4P2

(ref. 35) where D1 is the diameter of the NW and for RNW FR is
W1

2/P2 where W1 is the width of the RNW. FR variation also
shows signicant changes in absorptance spectra and it has
been observed that high FR gives high absorptance for longer
wavelengths whereas low FR gives high absorption in the
shorter wavelength regime of absorptance spectra for four
different P as shown in Fig. 3(a). As the P is varied keeping D1

constant, we observed that at a lower P, the FR is high leading to
high absorption in the long-wavelength region shown by the
blue curve P = 280 nm and at low FR for P = 680 nm, high
absorption is achieved in low wavelength region shown by the
purple curve in Fig. 3(a). But the overall best absorption across
the entire wavelength region is achieved at P = 480 nm. P plays
a pivotal role in determining the average absorptance of
different nanostructures because as we keep P close to D1/W1 of
NW, the NWs become closely packed and the incident photons
get distributed among the NWs leading to less absorption per
NW. Again if we consider the case where P is much greater than
D1, then also proper absorption is not achieved because the
photons may interact directly with substrate rather than NWs.
So we have to select an intermediate pitch where the NWs are
able to scatter light such that the light couples with the NW and
© 2023 The Author(s). Published by the Royal Society of Chemistry
supports HE1n modes to attain effective absorption.53 We
considered a D1 of 200 nm of NW and varied P from 280 nm to
680 nm with a step size of 40 nm in order to see its effect on the
optical Jsc in the inset of Fig. 3(a). Note that when P = 280 nm
and D1 = 200 nm, optical Jsc is only 30.91 mA cm−2, which
claries that the NW is not able to capture light efficiently
because D is close to P. However, the scenario changes when we
consider an optimized P of 480 nm where an optical Jsc of 33.21
mA cm−2 is obtained as compared to an optical Jsc is 31.31 mA
cm−2 for P = 640 nm. We have considered a xed P of 480 nm
for all other nanostructures used in our analysis. Thereaer we
investigated the effect of D1/W1 on the optical performance of
the NW which is determined by the radial resonance mode
HE11. We have ignored higher-order modes HE1m because the
radius we are considering for NW is small and it prevents the
effective coupling of various other guided modes.53 We have
plotted the absorptance spectra for four different D1 of 120 nm,
200 nm, 320 nm, and 400 nm and it is clear that the highest
absorptance is achieved with D1 = 200 nm. For D1 = 120 nm,
absorptance falls sharply aer 700 nm which establishes the
improper coupling of guided modes with NWs, and a low FR of
0.049 leads to very poor absorption in the long-wavelength
region. It can be observed from the inset of Fig. 3(b) that
optical Jsc initially increases with an increase in D1 and reaches
a maximum value but decreases gradually thereaer, and we
obtain a maximum optical Jsc of 33.21 mA cm−2 for D1= 200 nm
RSC Adv., 2023, 13, 9878–9891 | 9881
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Fig. 3 Absorptance plot and optical Jsc InP NW (a) at the different P for CNW (b) at different D1 for CNW (c) at different W1 for RNW (d)
comparison of both InP RNW and CNW with Si (e) comparison of the CNW with planar structure.
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and P = 480 nm, which is equivalent to an FR of 0.136 for the
CNW.

A similar procedure of optimization ofW1 is followed for the
RNW. We have plotted the absorption spectra for four different
W1 values of 100 nm, 180 nm, 260 nm, and 340 nm and the
9882 | RSC Adv., 2023, 13, 9878–9891
nature of the spectra is similar to that of the CNW. In the inset
of Fig. 3(c), we have plotted the optical Jsc as a function of W1

and obtained an optimized W1 of 180 nm, FR = 0.141, and
optical Jsc of 33.41 mA cm−2 as shown in Fig. 3(c). This is very
close to the optimized optical Jsc of CNW 33.2 mA cm−2. For the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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same dimensions, we have also simulated silicon-based RNW
and CNW and compared their performance with the InP
counterparts in terms of absorptance and optical Jsc. We found
that Si is not able to capture light efficiently aer 700 nm as Si
being an indirect band gap semiconductor requires phonon
assistance and near the wavelength corresponding to its band
gap of 1.1 eV show poor absorption characteristics. In addition
to this, at higher wavelengths extinction coefficient of Si is low
and the interference effect is dominant which leads to the
oscillating nature68 in the absorptance plot aer 700 nm.
However, it has been observed that at low wavelength interfer-
ence effect is diminished and the absorption increases signi-
cantly for NWs, which is shown in Fig. 3(d). Finally, we have
compared the absorptance plots of InP and Si CNW with the
planar structure where we have considered the H of the nano-
structure and of the planar structure to be equal and obtained
the absorptance plot as shown in Fig. 3(e). The plot clearly
reveals that the use of nanostructure is benecial as there is
a signicant increase in the average absorptance. The optical Jsc
for InP and Si planar structures is 23.47 mA cm−2 and 13.73 mA
Fig. 4 Contour plot of optical Jsc with the simultaneous variation of P
and D1/W1 for (a) InP CNW and (b) InP RNW respectively. The best
optical Jsc obtained with both the structures along with the corre-
sponding geometrical dimensions are marked.

© 2023 The Author(s). Published by the Royal Society of Chemistry
cm−2 respectively, which are ∼10 mA cm−2 and ∼5 mA cm−2

less as compared to the corresponding optimized NWs. In
Fig. 4, we have plotted a contour map of optical Jsc as a function
of P and D1/W1 for the InP CNW and InP RNW respectively. This
map helps to nd a relation between the geometrical parame-
ters in determining the best optical Jsc.
3.2. Optimization of TNC and TNP

The effect of the variation of P and H of nanostructures signif-
icantly affects the optical performance of TNC and TNP as dis-
cussed in the previous sections but for a fair comparison
between the nanostructures, we have kept the P as 480 nm and
H as 2000 nm for both these nanostructures and observed the
effect of D2bot/W2bot, D2top/W2top, and FR variation on optical Jsc.
FR of TNC and TNP is similar to that of CNW and RNW
respectively. Fig. 5(a) shows the absorptance plot of the TNW for
three different D2bot of 120 nm, 200 nm, and 280 nm. Note that
higher average absorptance is obtained for a D2bot of 280 nm as
more optical resonance modes are supported by the TNW with
this dimension. For D2bot above 200 nm, the absorptance is
close to unity over a broader range of the spectrum showing the
superior absorbing capability of the structures. The reason for
the nearly perfect absorption of TNC and TNP is because of their
graded refractive index prole along the length which helps in
supporting a higher number of resonant modes in comparison
to NWs.55 Moreover, the lesser top surface area of these struc-
tures compared to the bottom helps in less reection and
transmission losses. It has been reported that in NC and NP,
HE11 and HE12 modes are responsible for enhanced absorp-
tance.69 We have varied the D2bot of the NC from 80 nm to
440 nm by keeping the D2top of NC as 5% of D2bot initially. It has
been observed that an NC with D2bot of 80 nm is not able to
couple the light efficiently in higher wavelength regions
limiting the optical Jsc to 19.71 mA cm−2 only but as we increase
the D2bot, there is a sharp increase in optical Jsc up to 200 nm,
aer which it increases slowly up to 280 nm and saturates
thereaer as shown in the inset of Fig. 5(a). For the NC, we have
considered an optimized D2bot of 280 nm with FR of 0.26 rather
than 320 nm as there is a negligible increase in optical Jsc
beyond 280 nm. The absorptance plot for the InP NP for three
different W2bot of 140 nm, 200 nm, and 260 nm depicted in
Fig. 5(b) shows an almost identical nature to that of the NC. A
similar procedure for optimization has been followed for NP as
stated above and an optimumW2bot of 260 nm is obtained at FR
of 0.29 with optical Jsc of 33.9 mA cm−2 as shown in the inset of
Fig. 5(b), which shows the variation of optical Jsc as a function of
the W2bot of the NP. As the FR for optimized D2bot/W2bot comes
within the range of 0.25–0.30, no signicant change in optical
Jsc is observed on increasing FR. Additionally, when we consider
the D2top/W2top very small compared to the D2bot/W2bot, the
resultant pointed structure results in diffraction or multiple
reections of the incident light between two adjacent NC or NP
and absorbed nally but, in this process, there is a fair amount
of chance that the light reaches substrate and get transmitted
back to air. Thus, we have tried to simulate the effect of D2top/
W2top variation for both structures on optical Jsc. It is observed
RSC Adv., 2023, 13, 9878–9891 | 9883
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Fig. 5 Absorptance plot and optical Jsc (a) at different D2bot for NC (b) at different W2bot for NP (c) D2top/W2top variation for both NC and NP (d)
comparison of both InP TNC and TNP with Si.
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that on increasing the D2top/W2top from 0 to 90% of the D2bot/
W2bot, optical Jsc initially increases and reaches a maximum
value but it decreases thereaer as shown in Fig. 5(c). Initially,
as the D2top/W2top is very less, the absorption of a photon is less
due to the pointed structure but when we increase the D2top/
W2top to 30 or 40%, the increase in the top surface area leads to
better photon absorption capability of the nanostructures.
Further increase in D2top/W2top leads to the dominating effect of
surface reection of photons in comparison to absorption,
which leads to a decrease in optical Jsc as is demonstrated in
Fig. 5(c). The optical Jsc of both the optimized structures is
almost the same and equal to ∼34.2 mA cm−2. The same
dimensions have been considered for computing the absorp-
tance spectra of Si-based TNC and TNP to perform a compara-
tive analysis with InP nanostructures as shown in Fig. 5(d).
While Si-based TNC and TNP exhibit nearly the same absorp-
tance prole in lower wavelength regions, there is a slight
increase in the magnitude of the peaks for TNC and TNP with
9884 | RSC Adv., 2023, 13, 9878–9891
respect to NW in the wavelength region between 500 to 800 nm
which leads to an increase in optical Jsc.
3.3. Optimization of ITNC and ITNP

TNC and TNP structures exhibit superior antireection prop-
erties and broadband absorption spectrum but as far as an SC is
concerned, it should be able to reect more light in the infrared
(IR) region. Although the percentage of IR waves reaching the
earth's surface is very less compared to the visible wavelength
region, it has a severe impact on device performance. IR waves
entering into the SCs can be absorbed by the metal contacts
leading to a heating effect and degradation of the device
performance.58 In order to achieve higher reection for longer
wavelengths, we have performed an analysis on ITNC and ITNP
which also offers a graded refractive index prole where a high
refractive index is at the top and it decreases gradually towards
the bottom of the structure.55 As D3top/W3top is more than D3bot/
W3bot it offers more reection in higher wavelength regions. We
© 2023 The Author(s). Published by the Royal Society of Chemistry
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have xed the P and H of the nanostructure as 480 nm and
2000 nm respectively and kept the same aspect ratio between
D3top/D3bot andW3top/W3bot as we attained for TNC and TNP and
simply inverted the structures. For ITNC, we xed the aspect
ratio to 3.33, which means that the D3top is 3.33 times the D3bot.
Similarly, we consider an aspect ratio of 2.5 for ITNP, which is
similar to TNP, and swapped theW3top withW3bot and vice versa.
In Fig. 6(a) and (b), we have plotted the absorption spectrum for
the ITNC and ITNP respectively with corresponding D3bot/W3bot

of 40 nm, 80 nm, and 120 nm. A similar pattern in the
absorptance prole is observed for both structures. When we
compare the absorptance spectra of ITNC and ITNP with NWs
and TNC and TNP, we can see that, unlike NWs, TNC and TNP,
the inverted structures provide lesser absorptance or higher
reectance for longer wavelengths beyond 750 nm which can be
conrmed from the oscillatory nature in the spectra. We varied
the D3bot/W3bot of both nanostructures from 40 nm to 140 nm by
maintaining their respective aspect ratios. We observed a sharp
increase in optical Jsc from 25.71 mA cm−2 to 32.1 mA cm−2 as
an increase in the D3bot from 40 nm to 60 nm for ITNC as shown
in the inset of Fig. 6(a). We increased the D3bot further and
obtained an optimized value at 80 nm for ITNC at FR of 0.021
Fig. 6 Absorptance plot and optical Jsc (a) at differentD3bot for ITNC (b) a

© 2023 The Author(s). Published by the Royal Society of Chemistry
and optical Jsc of 32.43 mA cm−2 and for ITNP, we achieved an
optimized D3bot of 80 nm, FR of 0.027, and optical Jsc of 32.73
mA cm−2 as shown in the inset of Fig. 6(a) and (b) respectively.
In Fig. 6(c), we have compared the absorptance spectra of the
optimized InP inverted nanostructures with Si-based nano-
structures. From the absorptance spectra, we have computed
the optical Jsc and it can be concluded that the optical Jsc of Si
ITNC and ITNP of 17.69 mA cm−2 and 18.49 mA cm−2 respec-
tively are much smaller in comparison to the optical Jsc of the
corresponding InP nanostructures. For a fair comparison of the
optical performance of different InP and Si-based nano-
structures, we have listed the optical Jsc in Table 1. A compar-
ative analysis of optical Jsc, ultimate efficiency, and average
absorptivity of the six proposed nanostructures in this manu-
script with InP and Si-based nanostructures available in the
literature is performed in Table 2. It is evident from the table
that the optical Jsc of uncoated InP TNP and TNC are almost
comparable to that of coated (Ta2O5/ZnO) InP nanostructures.
The reason for this improved performance is mainly due to the
enhanced broadband absorption achieved with these
nanostructures.
t differentW3bot ITNP (c) comparison of both InP ITNC and ITNPwith Si.
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Table 1 Optical Jsc of various InP and Si nanostructures

Nanostructures

Optical Jsc (mA cm−2)

InP Si

CNW 33.21 18.85
RNW 33.54 18.82
TNC 34.21 23.24
TNP 34.28 23.73
ITNC 32.43 17.69
ITNP 32.73 18.49
Planar structure 23.47 13.73

Table 2 Comparison of optical Jsc, ultimate efficiency, and average ab
available in the literature

Structures Geometrical dimensions Optical Jsc (m

InP CNW H = 2 mm 33.21
FR = 0.136
D1 = 200 nm

InP RNW H = 2 mm 33.54
FR = 0.44
W1 = 180 nm

InP TNC H = 2 mm 34.21
FR = 0.26
D2top = 84 nm
D2bot = 280 nm

InP TNP H = 2 mm 34.28
FR = 0.29
W2top = 104 nm
W2bot = 260 nm

InP ITNC H = 2 mm 32.43
FR = 0.021
D3top = 266 nm
D3bot = 80 nm

InP ITNP H = 2 mm 32.73
FR = 0.027
W3top = 200 nm
W3bot = 80 nm

Si nanopillar Height = 2 mm —
Pitch = 1.27 mm

InP nanowire Height = 2 mm
Pitch = 400 nm

Cylindrical InP nanowire Height = 2 mm 31.08
Diameter = 200 nm

Rectangular InP nanowire Height = 2 mm 31.7
Width = 180 nm

Ta2O5 coated cylindrical/
rectangular nanowire

Height = 2 mm 34.88
Diameter = 200 nm
Width = 180 nm

InP radial nanowire Height = 2 mm 29.4
Pitch = 480
Diameter = 80 nm

ZnO coated InP radial nanowire Height = 2 mm 32.4
Pitch = 480
Oxide shell = 90 nm
Core diameter = 80 nm

AZO/ZnO coated radial
junction nanowire

Length = 2 mm 31.2
Pitch = 1 mm
FR = 0.13

9886 | RSC Adv., 2023, 13, 9878–9891
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3.4. Electric eld and photogeneration rate proles

We have also simulated the normalized electric eld proles of
CNW, TNC, ITNC, and planar structures at l = 600 nm and
920 nm for both InP and Si. It has been observed that the
electric eld proles and the photogeneration rates for the
other nanostructures namely the RNW, TNP, and ITNP are
similar to CNW, TNC, and TNP for both wavelengths. Therefore,
in order to avoid repetitive analysis and redundant data, we
have considered only one set of nanostructures. For CNW, it can
be observed from Fig. 7(a) that the electric eld is mostly
concentrated at the top of the CNW and reduces as we go down
the length of the CNW with the majority of the absorption
sorptivity of the proposed nanostructures with other nanostructures

A cm−2) Ultimate efficiency %) Average absorptivity (%) References

44.59 96.3 This work

44.85 95.6 This work

45.81 97.4 This work

46.01 97.2 This work

43.53 93.2 This work

43.96 93.1 This work

— 87.7 70

94 36

— — 35

— — 35

— — 35

— — 33

— — 33

— — 71

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Electric field for CNW, TNC, INTC, and planar at l = 600 nm for InP (a, c, e and g) and Si (h, j, l and n) and at l = 920 nm for InP (b, d and f)
and Si (i, k and m).
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exhibited by the upper half of the CNW for l = 600 nm.
However, for l = 920 as shown in Fig. 7(b), the spreading of the
electric eld across the entire CNW occurs and some of the
photons are also transmitted to the substrate, which causes
a sharp decline in the absorption spectra beyond 920 nm as is
depicted in the absorptance plots in Fig. 3(e). In the case of Si,
the electric eld proles for both the wavelengths plotted in
Fig. 7(h) and (i) respectively show a series of maxima and
minima along the entire length of the CNW reaches the
substrate also, which is responsible for the poor absorbing
capability of Si nanostructures in comparison to the InP coun-
terparts. For TNC, it can be observed from the normalized
electric eld proles plotted in Fig. 7(c), that the electric eld is
conned within the upper half of the TNC and very less
spreading occurs towards the bottom of TNC for l = 600 nm. In
addition to this, the spreading of the electric eld in the region
between the TNC is lesser than that of NWs. For l = 920 nm
(Fig. 7(d)), the electric eld is mostly concentrated in the lower
half of the TNC and is also transmitted to the substrate similar
to that of NW. For Si at l = 600 nm (Fig. 7(j)), the electric eld
prole is distributed along the entire TNC unlike that of InP.
However, for l = 920 nm (Fig. 7(k)), the prole is similar to that
of InP. The electric eld prole for ITNC at l= 600 nm shown in
Fig. 7(e) reveals that the eld is mostly conned on the top of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the nanostructure in the case of InP with minor intensity at the
bottom of the nanostructure. However, at l = 920 nm, the
electric eld shown in Fig. 7(f) is distributedmostly in the upper
half of the nanostructure with zero electric elds penetrating
into the substrate. In the case of Si, the electric eld distribution
for both the wavelengths shown in Fig. 7(l) and (m) contains
a series of maxima and minima along the nanostructure
without reaching the substrate, resulting in zero transmittivity.
Hence, it can be concluded that the inverted structures almost
exhibit smaller absorptance than the NW or NC structures but
higher reectivity, especially in the IR region. The electric led
proles for InP and Si planar structure plotted in Fig. 7(g) and
(n) respectively clearly show that the electric eld is transmitted
to the substrate in the case of Si, which results in transmittivity
loss and lower absorption in comparison to that of InP, where
the electric eld is conned mostly in the absorber layer.

We have computed the photogeneration rate proles of the
nanostructures for both InP (Fig. 8(a–g)) and Si (Fig. 8(h–n)) for
wavelengths of l = 600 and l = 920 nm. The photogeneration
rate is proportional to the square of the electric eld magnitude
and so the distribution of the photogenerated carriers exhibits
similar nature. However, it can be observed from the proles
that the photogeneration rate for all the InP-based structures is
higher than that of Si, which would surely produce a better
RSC Adv., 2023, 13, 9878–9891 | 9887
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Fig. 8 Photogeneration rate for CNW, TNC, INTC, and planar at l = 600 nm InP (a, c, e and g) and Si (h, j, l and n) and at l = 920 nm for InP (b,
d and f) and Si (i, k and m).
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photovoltaic performance of the InP-based SCs. In order to
provide a deeper insight into the photogenerated response of
different nanostructures, themaximum photogeneration rate of
the different nanostructures is listed in Table 3.
3.5. Effect of the change in the angle of incidence

To see the effect of the variation of the angle of incidence of the
electromagnetic waves on the optical performance of the
nanostructures, we have plotted the variation of ultimate
Table 3 Maximum photogeneration rate of various InP and Si
nanostructures

Nanostructures

Maximum photogeneration rate (m−3 s−1)

l = 600 nm l = 920 nm

InP Si InP Si

CNW 1 × 1029 3 × 1028 8 × 1028 1.2 × 1028

TNC 1.6 × 1029 6 × 1028 9 × 1028 6 × 1027

ITNC 1 × 1029 5 × 1028 8 × 1028 1 × 1028

Planar structure 1.6 × 1028 2.5 × 1027 2.6 × 1027 2.3 × 1026

9888 | RSC Adv., 2023, 13, 9878–9891
efficiency (h) computed using eqn (3) as a function of the angle
of incidence. We have performed this analysis for the optimized
nanostructures for both transverse TE and TM modes of plane-
polarized incident light. Note that for TE mode, the electric eld
is perpendicular to the plane of incidence whereas in TM mode
the electric eld component is parallel to the plane of inci-
dence.72,73 We have also plotted h by taking the mean value of
both the TE and TMmodes. For both Si and InP CNW and RNW,
h shown in Fig. 9(a) and (b) respectively show negligible varia-
tion with the angle of incidence. For InP, h decreases beyond
20° and for Si, there is a slight increase in h up to 40° and it
decreases thereaer. A similar pattern in the variation of h with
the angle of incidence for InP NWs has been reported in ref. 72.
Unlike NWs, the TNC and TNP exhibit slightly higher values of h
in TM mode for angles of incidence greater than 20° as is
evident from Fig. 9(c) and (d) respectively. This is due to the fact
that TM mode being parallel to the nanostructure facilitates
more interaction of the incident photons with the nano-
structures due to the graded refractive index prole, thereby
resulting in improved absorption and ultimate efficiency as
compared to NWs. The obtained results for Si with somewhat
different geometrical parameters have shown the same nature
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Variation of ultimate efficiency (h) with respect to the angle of incidence for (a) CNW, (b) RNW, (c) TNC, (d) TNP, (e) ITNC, and (f) ITNP.
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as in ref. 74. For ITNC and ITNP, it can be observed from
Fig. 9(e) and (f) that for angles less than 30°, there is not much
difference in h between TE and TM modes. For angles of inci-
dence greater than 40°, h for TE mode is more dominant than
© 2023 The Author(s). Published by the Royal Society of Chemistry
TM mode. This is because of the reverse nature of the refractive
index prole for the ITNC and ITNP in comparison to the TNC
and TNP which results in better interaction of TE mode with the
inverted nanostructures.73
RSC Adv., 2023, 13, 9878–9891 | 9889
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4. Conclusions

In summary, an analysis of six different nanostructures is per-
formed and the effect of the variations in D/W, P, and FR are
investigated and compared in terms of the optical Jsc, absorp-
tance, electric eld, and photogeneration rate (Gop) of each
nanostructure. It is observed that InP-based SC outperforms Si-
based SC nanostructures. While themaximum optical Jsc for InP
TNP is 34.28 mA cm−2, for Si the corresponding nanostructure
gives only 23.73 mA cm−2. It can be established that optical Jsc
for CNW and RNW, TNC and TNP, and ITNC and ITNP are
almost similar, which indicates that there is a negligible effect
of the edges of the nanostructures on their optical performance.
The optical Jsc of inverted type nanostructure is slightly less
than the other nanostructures with the added advantage of
almost zero transmittivity and higher reectance in the longer
wavelength regime minimizing the radiation losses in SCs. The
effect of the angle of incidence on the h of various nano-
structures for TE, TM, and the mean of TE and TM modes has
also been investigated. It can be concluded from this analysis
that InP-based nanostructures exhibit better optical efficiency
in comparison to that Si. The computed results from this
analysis can provide valuable insights into the optical perfor-
mance of the different investigated nanostructures to proceed
with the fabrication of these nanostructures for incorporation
in the active layer of SCs.
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