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A Feedback Analytic Algorithm for Maximal Solar
Energy Harvesting of InP Stepped Nanocylinders

Dan Wu, Zhiyang Lu , Jing Tan, Tao Lin, Yajing Liu , and Kai Wang

Abstract—Due to the potential for high energy harvesting ca-
pacity, subwavelength scale semiconductor nanostructured arrays
are used to address the issue of single-junction thin-film solar cells’
limited solar energy harvesting. Along with numerical simulations,
an effective and efficient algorithm is crucial to maximizing the
optical field modulation and energy trapping capacity of nanos-
tructures. Based on the effective medium theory and the leaky
mode resonance, an analytical feedback algorithm is suggested in
this study to determine the precise the dimensions of vertically
aligned InP stepped nanocylinders (SNCs) for maximum solar
energy absorption. For both square and hexagonally arranged
two-segment or three-segment InP SNC arrays, the ideal geo-
metrical dimensions were quantitatively estimated for maximum
energy harvesting. Densities of short-circuit current Jscs under the
AM 1.5G spectrum’s illumination as the measurement standard,
they were computed for each SNC array. The maximal Jsc of
32.85 mA/cm2 was obtained with square three-segment InP SNC ar-
rays. The optimized SNC arrays for the maximum light absorption
are also validated and examined using thorough finite-difference
time-domain computational simulations. The algorithm estimated
maximum Jsc had tolerances of under 1.8% for all scenarios,
which, when compared to simulations, shows that this analytical
method offers a practical and efficient means to direct the design
of high-performance InP SNC arrays solar cells.

Index Terms—Algorithms, energy capture, solar energy.

I. INTRODUCTION

THE escalating global demand for energy has resulted in the
continuous advancement of clean energy sources, among
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which solar cells have played a significant role [1], [2]. The
high percentage of energy conversion efficiency is, however,
hampered by limited solar energy collection capacity. When
compared to thin-film or bulk solar cells, the incorporation
of semiconductor nanocylinder (NC) or nanowire arrays has
emerged as an achievable solution since they can dramatically re-
duce material consumption while maintaining or even boosting
device performance [3], [4], [5]. These advantages are mostly
attributable to NCs’ optical absorbing characteristics, which
include improved absorption and spectrum selectivity [6], [7].
InP has a direct band gap and high electron mobility, making it
one of the most widely utilized III-V semiconductor materials
for solar cells [8]. Wanlass M. et al. reported that the maximum
conversion efficiency of InP crystalline cell reached 24.2± 0.5%
[9].

In addition to material characteristics, semiconductor NC
arrays’ three-dimensional geometrical factors and arrangement
play a key role in controlling their optical qualities [10], [11],
[12], [13], [14]. Therefore, improving the morphology and topol-
ogy of semiconductor NCs is essential to increase their solar
spectrum capture efficiency. The three-dimensional geometric
parameters of the NC arrays usually include diameter (D), peri-
odicity (P), length (L), and the way of arrangement. Reports have
shown that adjusting the diameter of the NC can significantly
modulate the absorption feature of the incident spectrum due
to the corresponding various resonance modes [10], [15], [16],
[17]. It is also claimed that simultaneous activation of the HE11

and HE12 resonant modes will boost the NCs’ ability to absorb
light. Additionally, it is discovered that the InP NC arrays will
exhibit higher light absorption efficiency with the proper filling
ratio, which is defined as the percentage of the volume of the
semiconductor material compared with the total volume of the
periodic cell [10], [11], [16], [19], [20]. This is explained by the
reason that a less proportion of light is reflected and transmitted
[21], [22], which enhances scattering and lengthens the optical
path to raise the probability of photon absorption [20]. Addi-
tionally, some researches have emphasized the significance of
modifying NC length [23], [24], [25], [26]. In general, increasing
the length of the NC arrays can improve the absorption, but this
improvement in the wide area of surface to volume ratio may also
increase the loss of nonradiative recombination due to faults at
the side surface, let alone the difficulties of fabricating the NCs.
Therefore, choosing the appropriate length to balance between
increasing light absorption and limiting surface recombination is
also essential in obtaining the maximum solar energy harvesting
[27].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0009-0006-3507-5661
https://orcid.org/0009-0000-3930-2768
https://orcid.org/0000-0003-0443-6955
mailto:wudan@sztu.edu.cn
mailto:2100413003@stumail.sztu.edu.cn
mailto:2100413003@stumail.sztu.edu.cn
mailto:2210412030@stumail.sztu.edu.cn
mailto:lintao@sztu.edu.cn
mailto:irenelove1104@163.com
mailto:wangk@sustech.edu.cn
https://doi.org/10.1109/JPHOT.2024.3353787


2700109 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024

Fig. 1. Schematics of two-segment InP SNC arrays that are vertically aligned,
where (a) and (b) represent square and hexagonal SNC arrays, respectively, with
insets describing the parameters in each unit cell.

The optimization target to obtain near unity light absorption of
the incident spectrum within the critical wavelength of the active
layer material is the ideal case for energy harvesting. Multiple
different parameters should be optimized at the same time in
light of the NCs’ geometrical dimensions and layout. The major-
ity of the reported geometrical dimensions for NC arrays with the
high light-capture efficiency, are usually local optimal solutions
in the given parameter space. The multi-parameter optimization
problem is typically solved using time-consuming numerical
simulations [10], [11]. Our group has previously reported an
analytical technique for finding the geometric parameters of ver-
tically aligned single, double, and multiple diameter nanowire
arrays with high aspect ratio that may be used with different
semiconductor materials [18]. Compared with the high aspect
ratio of nanowire arrays, stepped nanocylinder (SNC) arrays
are much more easily to be fabricated such as the polystyrene
nanosphere assisted etching method [28]. Despite the SNCs’
best features, there are few studies of this type of structure for
maximal light harvesting, which restricts their use in solar cell
light gathering.

In this paper, to maximize solar energy collecting, a feedback
analytical approach for optimizing SNCs’ geometrical design
is proposed. In the algorithm, the range of the diameters of
SNC are sorted by joint consideration of leaky mode resonance
and Mie theory whereas an effective medium layer is also
constructed by obtaining the specific values of the periodicity
and diameters of each segment of the SNC structure to maximize
light absorption. The algorithm is used to thoroughly evaluate
two-segment and three-segment SNC arrays in order to deter-
mine the ideal geometric parameters that apply to square and
hexagonal arrangements. In the meantime, thorough numerical
simulations are run to further validate the proposed algorithm.
It is demonstrated that this method is useful in directing the
design of SNC arrays photovoltaic cells by the calculated max-
imal photocurrent density of the SNC arrays, which has a low
tolerance with the findings of numerical simulation but with a
greater calculation efficiency.

II. DEVELOPMENT OF THE FEEDBACK ANALYTICAL

ALGORITHM OF INP SNC ARRAYS FOR MAXIMAL SOLAR

ENERGY HARVESTING

A. Model of the InP SNC Arrays

As schematically depicted in Fig. 1, two-segment InP SNC
arrays are vertically aligned and are standing on a Si substrate in

either a square or hexagonal layout for the purpose of algorithm
development. The insets of Fig. 1(a) and (b) in periodic unit cells
describe the corresponding dimensions for each arrangement.
The majority of InP NC-based solar cell topologies agree with
this configuration of the SNC arrays [29], [30]. Each unit cell
contains NCs with different diameters labeled as Dbottom and
Dtop. The spacing between the centers of neighboring SNCs,
which has the same value for squarely aligned SNCs but is
different for hexagonally aligned SNC arrays, determines the
periodicity (P). Each SNC’s entire length is denoted by the vari-
able L, which is set to 2μm since It is long enough to successfully
adsorb more than 90% of the incident radiation [31], and each
segment’s height is equal to L/2. The concept of FRglobal is
defined as the volume ratio of the InP material to the volume in
each unit cell. Thus, the FRglobal of the square arranged SNC
arrays can be expressed as

∑i=m
i=1 π ∗D2

i /(4 ∗m ∗ P 2), where
m represents the number of segments of the SNCs. The FRglobal

has the maximal value of π/4, and in this scenario, the SNCs
occupy the highest proportion of the unit cell, resulting in the
transformation of the SNC structure into NC structure [32]. In
the same vein, the FRglobal for hexagonal SNC arrays is denoted
as
∑i=m

i=1 π ∗D2
i /(4 ∗ 31/2 ∗m ∗ P 2) with the maximal value

of π ∗ 31/2/6.

B. Algorithm Development of the SNC Arrays for Maximal
Solar Energy Harvesting

Fig. 2 illustrates the flowchart of the proposed feedback
analytical algorithm. Specifically, the excitation of the leaky
mode resonances of HE11 and HE12 and the adoption of the
Mie theory will provide the range of the optimal diameters.
Secondly, for a given SNC array, there is a global filling ratio
FRglobal and segment filling ratios FRsegs for each segment
layer of the SNC array. For each segment layer, an effective
medium layer will be created. These equivalent layers will then
be applied of Fresnel’s law to calculate light absorption of the
SNC arrays. Maximal light harvesting is set as the design target
and in this case the short-circuit current density Jsc is chosen as
the evaluation parameter. By receiving feedback and undergoing
circulation within the specified parameter spaces, the optimal
geometrical dimensions of the SNC arrays will be determined,
leading to the achievement of maximum light harvesting. The
refractive index for both the InP and the Si are obtained from
Palik’s material database. The incident spectrum restricts the
high energy region to the blue end, specifically at 300 nm. On the
other hand, the absorbing region is limited at the red end by the
critical wavelength of 925 nm, which corresponds to the bandgap
of InP at 1.34 eV. After obtained the light absorption spectrum,
the light harvesting of the AM 1.5G spectrum is evaluated by
the short-circuit photocurrent density of SNCs as (1), where
the q is elementary charge, the h is Planck constant, the c is
velocity of light, the A(λ) is the absorption spectrum of each
SNC arrays, and the N(λ) is the number of photons every unit
area every second for the wavelength of the incident light from
the standard solar spectrum. The upper and lower limits of the
formula are given by the cut-off frequency of InP material and
the spectral range of AM 1.5G. The formula for calculating the
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Fig. 2. Flow chart of feedback algorithm of InP SNC arrays for maximal solar energy harvesting.

photocurrent density is

Jsc = q

∫ 925nm

300nm

A(λ) �N(λ) � λ
hc

dλ. (1)

1) Range of Respective Diameters of SNC Arrays: The ob-
jective is to achieve the maximal solar energy harvesting through
optimal structural and arrangement of InP SNC arrays. To in-
crease the light absorption, previous research has proven that
InP nanowires supporting two resonant modes located within
the absorbing region has the greatest potential in improving
light absorption [31]. Furthermore, accompanying with Mie
theory and leaky mode resonance, an optimal diameter value
for maximal light harvesting can be determined [18]. However,
the previous method cannot be directly applied to the InP SNC
arrays. This is because for each SNC, there are more than one
segment with different diameters and the length of each segment
is only half or one third of the length of the previous work.
This reduction of length will lead to great deviation from the
results predicted by the previous method which assumed the
large aspect ratio of the nanowires indicating of at least ten times
of length to diameter. Therefore, the adoption of the Mie theory
and leaky mode resonance can only provide the range of the
diameters of the SNCs and the specific optimal value will be
found through feedback optimization.

Based on the illustration in Fig. 2, the absorption of vertically-
aligned SNCs is mainly attributed to the effective excitation of
HE1m modes. This is due to the antisymmetric in-plane field
distribution of the incident plane waves. Within the region of
the spectrum constrained by the solar spectrum and the critical
wavelength of the InP, there should be two fundamental modes.
In addition, these HE1m modes fulfill the eigenvalue equations,
and the resonant wavelengths can be determined when the real
part of the propagation constant of the mode along the SNC axial

direction tends to zero, as depicted in

ε1
k1

J ′
1 (k1Rseg)

J1 (k1Rseg)
− ε2

k2

H
(1)′
1 (k2Rseg)

H
(1)
1 (k2Rseg)

= 0, (2)

where, k1 and k2 are transverse components of the wave vec-
tor inside and in the air surrounding of the SNC, ε1 and ε2
are their respective dielectric constants, J1 and H

(1)
1 are the

first-order Bessel function and Hankel function of the first kind
respectively, and Rseg is the radius of the segment of the SNC.
Therefore, the diameters can be calculated by (3) to (5) and for
InP materials the diameters fall in the range of 120 to 200 nm.
After obtaining the range of the diameters, increment is chosen
as 5 nm and then the respective diameters will be included
into the algorithm for circulation until the optimal values are
obtained. The absorption of SNCs with unpolarized incidence
light calculated by Mie theory [33] is shown as below.where k0 is
the modulus of the incident light propagation constant, footnote
i refers to the corresponding function of the ith order, and n refers
to the complex refractive index.

Qabs =
1

k0Rseg

[
Re

( ∞∑
i=−∞

bi

)
+Re

( ∞∑
i=−∞

ai

)]

− 2

k0Rseg

∞∑
i=−∞

(
|bi|2 + |ai|2

)
, (3)

ai=
nJi (nk0Rseg) J

′
i (k0Rseg)−Ji (k0Rseg) J

′
i (nk0Rseg)

nH ′
i (k0Rseg) Ji (nk0Rseg)−J ′

i (nk0Rseg)Hi (k0Rseg)
,

(4)

bi=
Ji (nk0Rseg) J

′
i (k0Rseg)−nJi (k0Rseg) J

′
i (nk0Rseg)

Ji (nk0Rseg)H ′
i (k0Rseg)−nJ ′

i (nk0Rseg)Hi (k0Rseg)
.

(5)
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Fig. 3. Light reflection, transmission and absorption of (a) SNCs and (b)
effective medium layers for each segment layer.

2) Calculation of FRsegs, Periodicities, and Diameters of
SNC Arrays: An effective medium layer is created as shown in
Fig. 3 with a complex refractive index to accurately portray the
refraction and transmission characteristics of the SNC arrays.
Thus, the geometrical dimension parameters of the InP SNCs
such as the periodicities and diameters of each segment of the
SNCs are temporarily excluded from the calculation. Therefore,
by utilizing Fresnel’s law, it is possible to compute the reflection
and transmission of the effective medium layer. This calculation
can indirectly reveal the characteristics of the SNC arrays.
However, the diffraction property, along with other aspects of the
light-matter interaction within this medium layer, is not taken
into account. It is noted that SNC arrays should be considered as
a multi-layer film with the number of layers being consistent with
the number of segments, rather than a single-layer equivalent
film. According to the definition of the two segments InP SNC
arrays, the FRglobal can be calculated as

FRglobal =
πD2

top/4× L
2 + πD2

bottom/4× L
2

P 2 × L

=
πD2

top/4× L
2

P 2 × L
+

πD2
top/4× L

2

P 2 × L

=
FRseg−top + FRseg−bottom

2
. (6)

Therefore, once given the range of the FRglobal and the diam-
eters range of the top segment and the bottom segment are sorted
according to the previous section, the periodicity as well as the
FRseg-top and FRseg-bottom can be determined in sequence. Then
the creation of the effective medium layer of the top segment
and the bottom segment can be realized. The light absorption of
the InP SNC arrays can be separately calculated and the solar
spectrum absorption is obtained as the sum of the top and bottom
effective medium layer.

The Bruggeman formula is adopted to calculate the refractive
index of the effective medium layer as

(1− FRseg)
ε2air − ε2em

ε2air + 2ε2em
+ FRseg

ε2SNC − ε2em

ε2SNC + 2ε2em
= 0, (7)

wherein, εair, εSNC and εem represent the dielectric constant
of vacuum, SNCs and effective medium layer respectively [31].
The FRseg represent the material portion of each segment layer
within the unit cell rather than the FRglobal. The imaginary and

real parts of the refractive index of the effective medium layer
are described as:

nem−real = Re (
√
εem) , (8)

nem−imag =

√
−A+

√
A2 +B2

2
, (9)

A = FRseg

(
n2
SNC−real − n2

SNC−imag

)
+ (1− FRseg)

(
n2
air−real − n2

air−imag

)
, (10)

B = 2FRsegnSNC−real nSNC−imag

+ 2 (1− FRseg)nair−real nair−imag, (11)

where nSNC-real and nSNC-imag represent the real and imaginary
parts of the refractive index of SNC materials [31]. nair-real and
nair-imag represent the real and imaginary parts of the vacuum
refractive index. After the construction of this efficient medium
layer, the reflection and transmission can be calculated using
Fresnel’s law. Additionally, the film’s light absorption can be
determined by

A(λ) = 1− T (λ)−R(λ), (12)

where the A(λ) is the SNC array’s absorption as a function of the
incoming wavelength. From the equation above, it is clear that
maximal light absorption current can be achieved by minimizing
reflection and transmission [22].

In this work, to further verify the suggested algorithm, Ansys
FDTD (Lumerical FDTD Solutions 8.24) is also used. Nu-
merical models are built for the optimal InP SNC arrays and
optical field analysis is carried out. The incident spectrum of the
planewave light source is set from 300 to 925 nm.

III. RESULTS AND DISCUSSION

Two-segment and three-segment InP SNC arrays of square
and hexagonal arrangements are optimized for maximal light
energy harvesting. In the meantime, numerical simulations using
FDTD are presented below in order to validate the proposed
method and conduct tolerance analysis.

A. Maximal Light Harvesting for Square and Hexagonal
Three-Segment SNC Arrays

In Fig. 4, it is illustrated that the absorption efficiency of
the effective medium layer in both the square and hexagonal
two-segment InP SNC arrays. Since the arrangement of the SNC
arrays affect little on the creation of the effective medium layer,
for each FRglobal and the given range of the Dtop and Dbottom, the
periodicity for a certain SNC array can be obtained, following by
the calculation of the FRseg-top and FRseg-bottom. Therefore, the
effective medium layer for the top segment layer and the bottom
segment layer are created. Through calculation of the absorption
efficiency of the top and the bottom effective medium layer and
the sum of the two parts, the total absorption of the InP SNC array
can be obtained. The light absorption efficiency initially rises,
reaches a maximal, and then gradually decreases as the FRglobal

increases. Respective FRseg-top, FRseg-bottom as the change of
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Fig. 4. Absorption efficiency of the effective medium layer in two-segment
InP SNC arrays can be expressed as a function of FRglobal and the change in
FRseg with varying FRglobal.

the FRglobal are also shown in Fig. 4. This is due to changes
in the transmitted and reflected light caused by changes in the
complex refractive indices of the effective medium layer result-
ing from the FRglobal variation. With an increase in FRglobal

from 0.05 to 0.24, the inclusion of InP material results in a
greater absorption of light within the effective medium layer
before the transmission. The aforementioned pattern continues
until the FRglobal reaches a value of 0.24. Beyond this point,
the increasing of refractive indices within the equivalent layer
creates optical impedance between the air and SNC arrays.
Consequently, the reflectance at the incident surface increases,
leading to a reduction in light absorption. If the FRglobal is too
large, the reflection at the air/InP SNC arrays interface will be
increased leading to the decrease of the absorption. It is also
worth noticing that the creation of the effective medium layer
will overlook the way of arrangement. Consequently, the square
and hexagonal arrays will have the same optimal FRglobal of
0.24. However, they will have different periodicities, with the
square arrangement having a periodicity of 295.66 nm and the
hexagonal arrangement having a periodicity of 317.71 nm.

Fig. 5 presents a summary of the changes in short-circuit
current densities with respect to Dtop and Dbottom, as well as
FRglobal, for two different types of SNC arrays. In general, light
harvesting increases with FRglobal, reaches its maximum value,
and then decreases. The insets in Fig. 5 show the greatest Jsc
of 32.52 and 32.54 mA/cm2 for both square and hexagonal InP
SNCs at FRglobal of 0.24. The tolerances for square and hexag-
onal SNCs are within 1.75% of the of the simulation-derived
maximum values of 33.10 and 33.12 mA/cm2. In the insets
of Fig. 5(a) and (b), the maximum Jsc for the ideal geometric
parameters determined by the feedback method is indicated by
point A. Point B is the maximal short-circuit current density
result of film with equal volume InP material. Compared with
planar film sample of the same amount InP material with the
photocurrent of 21.22 mA/cm2 which marked as black cross,
the SNC structure has a 53.25% higher absorption efficiency.

Fig. 5. Short-circuit current densities in relation to top, bottom, and FRglobal

diameters. Two-segment InP SNC arrays that are (a) square and (b) hexagonal;
the insets illustrate the ideal geometrical dimensions for the corresponding SNC
arrangements.

The structure parameters obtained by the algorithm require
Dtop to be 145 nm and Dbottom to be 180 nm for both square
and hexagonal InP SNC arrays. When the Dtop, Dbottom, and
FRglobal is the same for both arrangements, according to the
schematic of the unit cell, the (Psquare/Phexagonal)

2 is
√
3/2.

With less mode coupling among SNCs than square arrays, the
Phexagonal is 1.07 times larger than the Psquare. When the
FRglobal is 0.1, the Jsc values of the SNC arrays with square and
hexagonal arrangements are 31.85 and 32.08 mA/cm2, respec-
tively. Similarly, when the FRglobal is 0.4, the Jsc values of the
SNC arrays with square and hexagonal arrangements are 32.87
and 32.88 mA/cm2, respectively. It is evident that the difference
in maximum Jsc values for each FRglobal is not significant. This
can be attributed to the high absorption efficiency of individual
SNCs rather than the mode coupling.

The above analysis indicates little influence of the arrange-
ment of the InP SNCs and to further analyze the nature of
the light harvesting, the electric field distributions at the cross-
sectional view of the square SNC arrays in the unit cell are
analyzed as shown in Fig. 6. Based on the leaky mode resonance,
the resonant wavelengths of diameters of 145 nm and 180 nm
are calculated to be at 429 nm, 447 nm, 678 nm and 825 nm
respectively. Therefore, using these wavelengths as the incident
wavelength respectively, the electric field cross-sectional dia-
gram can be obtained in Fig. 6. As observed in Fig. 6(a) and
(b), the electric field intensity near the interface between air
and InP SNC arrays is lower in the SNC structures than in the
planar counterpart, which is attributed to the less reflection at
the interface. As can be seen from Fig. 6(a)–(d), the material
itself has better absorption of short wave, which makes almost
no energy transmitted out, so the main consideration here is to
reduce the loss caused by reflection. From Fig. 6, it is obvious to
find that the optimized structure has a better anti-reflection effect
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Fig. 6. Normalized electric field intensity of two-segment InP SNC arrays and
equal-volume InP thin film structure. (a), (c), (e) And (g) square two-segment
InP SNC unit (optimized structure); (b), (d), (f) and (h) are the equal-volume
InP thin film structure.

than the thin film structure, which allows more incident light to
enter the SNC array and then be absorbed. When the incident
wavelength is 678 nm, the light energy is mainly absorbed by
the top segment of the InP SNC as shown in Fig. 6(e). When
the incident wavelength is 825 nm, the light energy is absorbed
by both the top and the bottom segment due to the change of
the imaginary part of the refractive index. For the planar sample
with equal volume of InP material, the light penetration depth
is short when the incident wavelength is 678 nm as shown in
Fig. 6(f) but with higher light absorption efficiency as shown

Fig. 7. Light absorption, reflection and transmission of (a) two-segment InP
SNC arrays and (b) equal-volume InP thin film structure.

Fig. 8. Absorption efficiency of the effective medium layer in three-segment
InP SNC arrays can be expressed as a function of FRglobal and the change in
FRseg with varying FRglobal.
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Fig. 9. Short-circuit current densities as a function of Dtop, Dmiddle, Dbottom and FRglobal. (a), (b), (c) Corresponds to the square whereas (d), (e), (f) corresponds
to the hexagonal three-segment arrays. (a) And (d) with FRglobal of 0.1, (b) and (e) with FRglobal of 0.25, and (c) and (f) with FRglobal of 0.4 respectively. The
blue circle marks on each indicating the maximal Jsc for respective SNC arrangements.

in Fig. 6(g). The light absorbing efficiency is much lower at
the 825 nm which is due to the low absorbing coefficient at the
longer wavelength. In addition, the resonant wave electric field
distributions of the hexagonal arrays are shown in Fig. S1 in the
supporting information.

Meanwhile, light absorption, reflection, and transmission ef-
ficiency of square two-segment InP SNC arrays optimized by the
algorithm and that of an equal-volume InP thin film is shown in
Fig. 7. In Fig. 7(a), the optimized SNC structures exhibit more
than 90% absorption efficiency across the incident spectrum.
Additionally, the normalized absorption curves calculated by
the Mie theory for diameters of 145 nm and 180 nm are also
displayed in Fig. 7(a). Two resonant modes are excited for the
top and bottom segment of the SNC arrays with peak wavelength
of 678 nm and 825 nm. In contrast, the equal-volume thin film
structure in Fig. 7(b) shows more reflection and transmission of
electric field intensity, leading to lower absorption. On the other
hand, the poor absorption performance of the thin film structure
is mainly due to reflection of about 30% of the light in solar
spectrum. Moreover, as the wavelength increases, more light is
transmitted out, leading to lower absorption efficiency, which
can even be as low as 10%. In Fig. S4(a), the absorption curve
of the hexagonal arrays is almost not much different from that
of the square arrays, which also reflects that the photocurrent

density of the optimized structure is almost no longer affected
by the arrangement.

B. Maximal Light Harvesting for Square and Hexagonal
Three-Segment SNC Arrays

The algorithm can also be applied for the optimization of the
geometric parameters of the three-segment InP SNC arrays for
maximal solar energy harvesting. For each FRsegs, the value
of the Dtop, Dmiddle, and Dbottom, and the periodicity can be
calculated after rounds of feedback circulation. Correspond-
ingly, FRseg_top, FRseg_middle, and FRseg_bottom are obtained
and therefore the effective medium layer of each segment is
constructed. The light absorption of the three- segment InP SNC
arrays is obtained as the sum of the light absorption of the three
effective medium layers calculated by the Fresnel’s law. After
the feedback circulation across the four parameter spaces of
the FRglobal, Dtop, Dmiddle, and Dbottom, the optimal FRglobal

value of 0.25 is found which is applicable to both the square
and hexagonal arrays as exhibited by the results in Fig. 8. The
individual FRtop, FRmiddle, and FRglobal are 0.18, 0.26, and 0.31
respectively. Following the calculations above, the periodicities
for square and hexagonal SNC arrays are determined to be
346.42 nm and 372.26 nm, respectively.
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Fig. 10. Electric field normalized intensity of three-segment InP SNC arrays.
(a), (c) And (e) square three-segment InP SNC (optimized structure); (b), (d)
and (f) equal-volume InP thin film structure.

The structure parameters optimized by the algorithm require
Dtop to be 155 nm, Dmiddle to be 185 nm and Dbottom to be
200 nm. Fig. 9 provides a summary of the Jsc variation as a
function of Dtop, Dmiddle, Dbottom and FRglobal for two types of
SNC arrays both by the proposed algorithm and the numerical
simulations. In general, light harvesting increases with FRglobal,
reaches its maximum value, and then decreases. Fig. 9 shows
that the highest Jsc of square and hexagonal InP SNC are 33.20
and 33.19 mA/cm2 based on the numerical simulations, and
the corresponding Jsc of the optimized structure are 32.85 and
32.85 mA/cm2 from the proposed algorithm with the tolerance
of 1.05%.

Figs. 10 and 11 compare and analyze the electric field dis-
tributions and light absorption, reflection, and transmission
efficiencies between the equal volume InP thin film structure
and the optimized square three-segment InP SNC structure.
In Fig. 10(a)–(f), it can be seen that the optimized structures
have lower reflection and transmission electric field intensity
compared to the film structure, indicating higher light trap-
ping efficiency, which can also be further verified by Fig. 11.
In addition, other resonant wave electric field distributions
of the square arrays are shown in Fig. S2 of the supporting

Fig. 11. Light absorption, reflection and transmission of (a) three-segment InP
SNC arrays and (b) equal-volume InP thin film structure.

information, and all resonant wave electric field distributions
of the hexagonal arrays are shown in Fig. S2 of the supporting
information.

Additionally, the normalized absorption curves calculated
by the Mie theory for which the absorption peaks locating at
719 nm, 845 nm, and 868 nm are also displayed corresponding to
the absorption peak wavelengths obtained through the excitation
of leaky resonant modes at the diameter of 155 nm, 185 nm
and 200 nm, respectively. On the other hand, the current equal
volume film has a thickness of 0.5 um and its absorption curve
remains largely unchanged when compared to the previous
film with a thickness of 0.46 um. The absorption curve of the
optimized square three-segment InP SNC structure shows that it
can achieve an absorption efficiency of almost 100% within the
absorption range, surpassing the equal volume film structure.
This implies that the three-segment structure has better absorp-
tion in the long-wave portion when compared to the optimized
two-segment structure. In Fig. S4(b), the absorption curve of the
hexagonal arrays is almost not much different from that of the
square arrays.
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IV. CONCLUSION

In this study, for both squarely and hexagonally aligned InP
SNC arrays, a feedback analytical technique is described to
produce the best light harvesting for the highest solar energy
harvesting. Quantitative calculations were performed to deter-
mine the ideal geometrical dimensions for both square and
hexagonally arranged two-segment or three-segment InP SNC
arrays. When compared to time-consuming FDTD simulations,
the predicted maximum Jsc with derived multivariate SNC
arrays remains below 1.75% for all circumstances. The corre-
sponding diameter range is obtained by Mie theory and leaky
mode resonance. Additionally, regardless of how the SNCs are
arranged, the FRglobal of two-segment and three-segment SNC
arrays is tuned to be 0.24 and 0.25, respectively. The FRglobal,
FRsegs, periodicities and specific diameters of each segment are
calculated by effective medium layers. When the geometrical
parameters are optimal, the configurations of SNC arrays have
little impact on light absorption, but at high FRglobal values,
coupling between neighboring SNCs becomes crucial for SNCs.
The greatest short-circuit current densities estimated for the two-
segment SNC arrays in square and hexagonal arrangements were
32.52 and 32.54 mA/cm2, respectively. Furthermore, highest
short-circuit current densities of 32.85 and 32.85 mA/cm2 were
obtained for two-segment SNC arrays arranged in square and
hexagonal arrangement, respectively. Due to no preference of
the materials selection, the proposed algorithm can be further
applied to other commonly photovoltaic materials. The proposed
design demonstrates high precision with wide suitability and
time-efficiency for practical SNC-based solar cell design, mak-
ing it a promising tool in the field of maximizing light capture.
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