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ARTICLE INFO ABSTRACT

Keywords: In photovoltaic (PV) solar cells, the photo-absorbing structure should absorb solar energy optimally to convert
Photovoltaics it into electrical power efficiently. The major criteria for sustainable PV technology are using low-cost photo-
Bio-inspired solar cells absorbing material and thin-film structures with efficient optical and electrical performances. We propose a
Nanophotonics

monomer and trimer array-based heterogeneous nanopillar (MTHN) structure for efficient light absorption
inspired by Chlamydomonas reinhardtii. We have designed low-cost earth-abundant crystalline silicon (cSi)-
based single-junction thin-film PV solar cells utilizing the MTHN structure. The proposed structure shows
absorption characteristics insensitive to the incident light’s polarization, and an optimized MTHN structure’s
light absorption efficiency (LAE) is 94%. We calculated the power conversion efficiency (#pc;) with different
nanopillar heights (h,,) to analyze the effect on optical and electrical performances. We also investigated the
impact of bulk doping concentration (p) on the open circuit voltage (V,.), short circuit current density (J,.), and

npcg- The value of 5 reaches 16.14% using the MTHN structure, which is the maximum value for cSi-based

Thin-film solar cell
Crystalline silicon

single-junction thin-film PV solar cells in the wavelength range of 400 to 1000 nm.

1. Introduction

Solar energy is an essential renewable source for sustainable de-
velopment with zero carbon footprint [1-3]. The total available solar
power on earth’s surface is ~9 x 10* TW/year, much greater than
the current global demand of ~15-18 TW/year [4,5]. Solar power is
being explored in several technologies, e.g., photovoltaic (PV), pho-
tocatalysis, and solar-thermal [6-9]. The PV technology is the most
efficient and practical way of converting solar energy into electricity [2,
10]. The performance of a PV solar cell crucially depends on photo-
absorbing materials and structures [11-13]. PV solar cells must be
low-cost, highly efficient, and durable for widespread deployment [2,
14]. Hence, low-cost earth-abundant photo-absorbing materials and
efficient structures are required for faster adoption of PV solar cells [15,
16].

The structural features of the photo-absorbing layer in a PV solar
cell are crucial for capturing the incident sunlight. The photo-absorbing
layer must absorb the available solar energy and convert it into electric-
ity efficiently [17,18]. In the last two decades, many photo-absorbing
structures have been designed to meet the required criteria of PV solar
cells [19-24]. Nanophotonics-based structures and perovskite solar
cells are promising options for effective light absorption. Perovskite
solar cells are outstanding in enhancing light absorption. However,
their widespread deployment is limited due to instability, the toxicity
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of materials, and the degradation of electrical performances at the
junctions [25,26]. On the other hand, nanophotonic photo-absorbing
structures developed by advanced fabrication techniques exhibit broad-
band light absorption with low-cost materials [27,28]. Nanophotonic
photo-absorbing structure designs have also been bioinspired, utilizing
light absorption functions in natural creatures [28,29].

Nature has many micro and nanostructures in insects and plants,
e.g., flowers, moths, beetles, fireflies, butterflies, and cyanobacteria,
with exceptional optical properties [30,31]. The divergent flower
Tagetes erecta L. exhibits excellent light harvesting and antireflective
properties due to a quasi-spherical symmetrical structure [32]. Multi-
layer structures in fireflies enhance light absorption by manipulating
multiple photons [32,33]. The butterfly wings exhibit extraordinary op-
tical behavior due to the diffraction in grating and nanophotonic crys-
tals [32-34]. The most interesting biological structure is moth eyeballs,
which consist of multi-scale microdomes with well-ordered nanostruc-
tures. Inspired by the moth eyeball structure, many researchers have
developed advanced geometries, e.g., nanorods, pyramids, microlenses,
and inverted cones, to enhance light absorption and reduce optical
losses [32,34].

Recently, researchers have drawn much attention to enhancing light
absorption by utilizing cyanobacteria’s structures and light-harvesting
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functionality [35]. Notably, Cyanobacteria exhibits nearly perfect light
absorption, emerging as one of the most mesmerizing parts of the
bioinspired PV solar cell [35]. Chlamydomonas reinhardtii is a single-
cell green algae cyanobacterium with outstanding light-absorption
efficiency (LAE) in both high- and low-light environments [36,37].
Chlamydomonas reinhardtii structure comprises different monomers and
trimers, consisting of a pair of core protein complexes [38,39]. The
monomer has circular-shaped proteins, whereas the trimer consists of
three elliptical-shaped proteins. The presence of multiple monomers
and trimers creates significant structural heterogeneity in Chlamy-
domonas reinhardtii, resulting in a remarkable improvement of light
absorption [38]. Therefore, a new array of monomer and trimer-based
heterogeneous nanopillar (MTHN) structures can be used for efficient
light absorption in PV solar cells utilizing shape and heterogeneous
functionality inspired by Chlamydomonas reinhardltii.

Thin-film inorganic solar cells are efficient regardless of needing
much less material [40,41]. In present fabrication technological trends,
manufacturing thin-film solar cells is not complex. The thickness of
thin-film solar cells is several nanometers to 10 pm, much smaller than
the conventional first-generation crystalline silicon (cSi) solar cells [11,
40]. cSi-based thin-film solar cells are a promising option for designing
efficient and low-cost PV solar cells [41,42]. In addition, a single
absorbing material offers faster carrier transport, lower carrier recom-
bination rate, and increased power conversion efficiency (pcg) [43].
Several research works have reported npcp up to 14% for cSi-based
thin-film solar cells utilizing nanophotonic structures [24,40,44,45].
The thin film of amorphous-Si/nanocrystalline-Si multi-junction solar
cells shows #npcp of ~10%-14% using an anti-reflective coating or
nanophotonic-based design [46,47]. Xue et al. developed a cSi-based
thin-film PV solar cell using inverted-pyramid nanostructures with 12%
efficiency [24]. Polycrystalline silicon-based thin-film solar cells with
glass textures have shown #pcg of 10%-12%, combining the advantages
of standard silicon wafer-based technology, durability, and good elec-
tronic properties [48]. Sonntag et al. obtained 5pcy of 13.2% using a
liquid phase crystallized silicon on glass with a thickness of 13 pm to
reduce material cost, series resistance, and bulk recombination [49].

In this work, we propose cSi-based single-junction thin-film (SJTF)
solar cells utilizing the MTHN structure inspired by Chlamydomonas
reinhardtii for improved performance. Firstly, we determine the opti-
mized parameters of the MTHN structure for efficient light absorption
using the finite-difference time-domain (FDTD) method. We analyze
the sensitivity of the proposed MTHN structure to the transverse elec-
tric (TE) and magnetic (TM)-polarized incident light. The optimized
MTHN structure shows a polarization-insensitive high LAE of 94%.
The elliptical-shaped trimer and circular-shaped monomer nanopil-
lars, along with their heterogeneous functionality within the proposed
MTHN structure, significantly enhance light absorption for both TE-
and TM-polarized incident light in cSi-based nanophotonic structures
from shorter to longer wavelengths.

Secondly, we design cSi-based SJTF PV solar cells with indium tin
oxide (ITO) top and silver (Ag) bottom contacts. Then, we perform
electrical simulations using the three-dimensional (3D) finite element
method (FEM) to calculate the open circuit voltage (V,.), short circuit
current density (J.), fill factor (FF), and #pcg. We calculate npcg with
different nanopillar heights to analyze the effect on electrical perfor-
mances. We also investigate the impact of bulk doping concentration
(p) on the device performance. Finally, we determine the maximum
value of 5pcg, which is 16.14%, the highest for cSi-based SJTF PV solar
cells considering the wavelength (1) range of 400 to 1000 nm. The
proposed cSi-based solid nanopillar structure, combined with its thin-
film characteristics, leads to lower manufacturing costs, making it more
commercially viable than other PV solar cells. The designed cSi-based
SJTF PV solar cell can effectively convert solar energy into electricity
with the highest reported #pcg to date, making it a promising option
for sustainable renewable energy solutions.
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2. Proposed MTHN structure

Natural biological structures often provide concepts for design-
ing new and efficient light-harvesting structures. Cyanobacteria is an
antediluvian creature that effectively modulates sunlight with light-
harvesting complex (LHC) proteins [50]. Chlamydomonas reinhardtii
is a green algae cyanobacteria that contains photosystem II (PSII)
organisms, consisting of a pair of core complexes surrounded by several
light-harvesting complex II (LHCII) proteins [36]. Fig. 1(a) illustrates
the schematic diagram of the PSII-LHCII array for Chlamydomonas
reinhardtii parallel to the surface where the complex proteins are at-
tached [38]. The LHCII proteins can be minor monomeric (CP26,
CP29, CP43, and CP47) and major trimeric LHCIIs (S, M, and L) [38,
39]. The monomeric LHCIIs have different shapes (e.g., stick, cir-
cular, and elliptical), which are less significant in light absorption.
On the other hand, the trimeric LHCIIs form three identical elliptical
monomers, creating a trimer shape that enhances light absorption
significantly. The LHCII trimers in Chlamydomonas reinhardtii are dis-
tinguished as strongly (‘S-trimer’), moderate (‘M-trimer’), and loosely
(‘L-trimer’) bound depending on their location and interaction with
other proteins [38,51].

We propose a photo-absorbing structure inspired by Chlamydomonas
reinhardtii, utilizing monomers, trimers, and their heterogeneity.
Fig. 1(b) shows a two-dimensional (2D) cross-sectional diagram of the
arrangement of monomers and trimers on the substrate of the proposed
MTHN structure with 2 x 2 unit cells. The circular monomers (c-M)
and elliptical trimers (e-T) create significant heterogeneity within the
MTHN structure. Fig. 1(c) illustrates a 3D schematic diagram of the
MTHN structure added with a thin substrate. In the xz plane of this
3D schematic, the cylindrical- and elliptical-shaped nanopillars have
been arranged on the substrate in a way that makes symmetry. On the
other hand, there is no symmetry in the yz plane, resulting in space
heterogeneity within the MTHN structure.

The MTHN structure has different dimensional parameters critically
related to the light absorption performance. The parameters s, and
hy, are the substrate thickness and nanopillar height, respectively, as
illustrated in Fig. 1(c). Fig. 1(d) shows a unit cell in the xy plane cross-
section. The parameter a is the length of the unit cell in the x and
y directions, d, is the diameter of the cylindrical-shaped nanopillar,
and d,, and dy, are the elliptical-shaped nanopillar’s major and minor
diameters, respectively. The relation between d,, and dy, is dy, =
d,.(V1—e?), where e is the eccentricity. We have kept e fixed at 0.72
to maintain the elliptical shapes identical to Chlamydomonas reinhardtii.
The distance between two consecutive trimers is the pitch (P). The free
space within an e-T is controlled by the diameter (d;,) of an inner circle
(red dashed circle). The diameter d;, is related to d,, as d;, = dp, X Siy»
where S, is a factor.

3. Optical simulation

We perform optical simulation using the 3D FDTD method in the
MIT Electromagnetic Equation Propagation (MEEP) software [52]. We
use air in the simulation domain in the MEEP software while con-
structing the proposed MTHN structure. The MTHN structure is pe-
riodic in the x- and y-directions, whereas a perfectly matched layer
(PML) boundary has been set up in the z-direction for simulation
purposes. We use a Gaussian pulse as the incident light source, hav-
ing a spectrum from 400 to 1000 nm and comprising >85% of the
available solar energy. cSi is used as the photo-absorbing material in
the MTHN structure. We consider both TE- and TM-polarized incident
light to find the proposed MTHN structure’s optimum parameters for
polarization-insensitive absorption characteristics. We vary geometric
parameters to optimize the MTHN structure and comprehensively in-
vestigate the absorption spectrum, A(4), and LAE. A(4) is calculated
from the transmittance, T'(A) and reflectance spectra, R(1) as

A(A) =1-T(2) — R(A). (€9)
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Fig. 1. (a) Schematic diagram of PSII-LHCII array for Chlamydomonas reinhardtii parallel to the top surface of the substrate where the complex proteins are attached. (b) The
proposed arrangement of circular monomers (c-M) and elliptical trimers (e-T) on the substrate with 2 x 2 unit cells. (¢c) 3D schematic diagram of the proposed MTHN structure
with the substrate. The material is p-type cSi. (d) A unit cell of the proposed MTHN structure (red dashed square).

Table 1
Initial values of the proposed MTHN structure’s dimensional parameters for optical
simulation.

Structure parameter Value Structure parameter Value
e 0.72 Sin 0.7
3 150 nm P 100 nm
np 5.0 pm h, 1.5 ym

LAE is calculated by the ratio between the absorbed and incident
photon energies, written as

AJhc)A(AI(A)dA

LAE=/(/C) (MDA
f(ﬂ/hc)[(ﬂ) dA

where I(4) is the incident source spectrum, A is the Planck constant,

and c is the speed of light. We calculate LAE considering wavelengths
from 400 nm to 1000 nm.

(2)

3.1. Optimized MTHN structure

Cylindrical-shaped nanopillars enhance light absorption with broad-
band characteristics and create heterogeneity within the MTHN struc-
ture, resembling the functionality of Chlamydomonas reinhardtii. Addi-
tionally, they can be represented as minor circular-shaped monomers
that show monomeric intrinsic properties of Chlamydomonas reinhardtii.

They increase the surface area for enhanced photon interactions. The
internal reflections between the monomer and trimer depend on the
free space between them. To find the appropriate free space and shape
for cylindrical nanopillar, we vary d, from 80 to 150 nm, and the
corresponding results of A(1) and LAE are given in Fig. 2(a). When
d, increases, the free space decreases, creating insufficient space for
light interaction and coupling. On the other hand, a smaller d, makes
a larger free space, causing higher scattering losses. Therefore, d, =
110 nm provides an appropriate free space within the MTHN structure
for maximum A(4) and LAE. In particular, it increases broadband light
absorption to >90% for 4 <900 nm.

The free space between the trimer and monomer also depends on
P, which determines the distance between two consecutive unit cells
in the xy plane. Fig. 2(b) shows the effects of P on A(4) and LAE.
The LAE is maximum when P = 100 nm. However, LAE decreases for
P > 100 nm due to increased free space, and likewise, LAE decreases
for P < 100 nm due to a lower light absorption within the smaller free
space. Therefore, the optimum P is at 100 nm based on the maximum
LAE and A(4) results. However, A(A) still needs to be improved in the
longer wavelength range of >900 nm.

The elliptical-shaped trimers of the MTHN structure primarily con-
tribute to the modulation of photons by the surface area of nanopillars
and the free space within them, resulting in significant light absorption.
The parameters d,. and S, determine trimer shapes, affecting the effec-
tive absorption surface area and free space within the trimer. Initially,
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Fig. 3. A(4) and LAE (inset) with different (a) d,. and (b) S;,.

we vary d,, from 200 to 275 nm to find the optimized elliptical-shaped
nanopillars, keeping other parameters constant, as given in Table 1.
Fig. 3(a) shows A(4) for different d,, with LAE given in the inset
plot. Varying d,. has less significant changes in A(4) at the shorter
wavelengths. However, A(1) improved in the longer wavelengths for
more promising resonant absorption. The structure shows maximum
LAE and A(4) with d,, = 225 nm.

The distance between two elliptical nanopillars within a trimer
is related to S;,, with S;, < 0.5 resulting in overlapping elliptical
nanopillars. Therefore, we vary S, from 0.5 to 1.3. Fig. 3(b) shows the
effects of S;, on A(4) and LAE. A smaller value of S;, makes a smaller
free space within the trimer, resulting in a higher reflectance. On the
other hand, a greater S, results in higher transmittance due to larger
free space within the trimer. Therefore, A(4) and LAE decrease at the
higher and the lower values of S;,. LAE and A(4) are maximum when
S, = 0.9. Nevertheless, A(4) is not improved at the longer wavelengths
as expected.

The nanopillar height (h,,) is a crucial parameter to modulate
effective optical absorption by controlling the light-coupling surface
area. Nanopillars help to reduce reflection losses due to multiple in-
ternal reflections, enhancing resonant absorption. We vary h,, to find
its optimum value in the MTHN structure, and the corresponding

results of A(4) and LAE are shown in Fig. 4(a). As hy, increases from
2.5 to 10 pm, LAE improves by 3% due to enhanced surface area
with the higher h,, and significant improvement of A(4) at longer
wavelengths. The increased depth of the cavity due to the higher A,
results in more photon interactions and localization for efficient light
absorption. The localization of photons occurs through various optical
mechanisms associated with nanostructures. These mechanisms include
multiple internal reflection phenomena, discrete multi-resonant modes,
and Mie-type resonances [53-55]. The internal reflection of incident
light within optimal inter-nanopillar gaps and the optical path length,
which depends on the nanopillar height, enhances the probability
of photon reabsorption by the trapped incoming photons within the
proposed MTHN structure. The various shapes of the nanopillars create
multi-resonant modes within the cavity, allowing them to localize and
interact with more photons. In addition, the incident light interacts
with the nanopillars and substrate of the proposed solar cell structure,
creating Mie-type resonances that significantly enhance photon absorp-
tion within the structure. This enhanced light absorption generates
more charge carriers, leading to the efficient conversion of solar energy
into electricity. However, the improvement of LAE is minimal for h,, >
10 pm. Therefore, we choose h,, = 10 pm as an optimum value, which
ensures reduced material cost, rapid charge carrier transportation, and
lower charge carrier recombination in PV solar cells.
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Table 2
The optimum value of the parameters for the optimized MTHN structure.

Structure parameter Optimum value Structure parameter Optimum value

dy. 225 nm Sin 0.90
d, 110 nm P 100 nm
R 10.0 pm h, 2.0 pm

The base of the nanopillars is the substrate, having a minor role in
light absorption of the MTHN structure. Fig. 4(b) shows the effects of A,
on A(4) and LAE. The improvement of A(4) and LAE is approximately
negligible for A, > 2.0 pm. Therefore, we take h, = 2.0 pm as the
optimum substrate thickness, considering additional concerns to reduce
back-scattering in PV solar cells. Specifically, the optimum #, = 2 pm
is a good basis for the mechanical strength of standing nanopillars.
Noticeably, the absorbance spectrum shows various discrete resonance
modes at longer wavelengths, depending on the diameter of nanopillars
and their structural periodicity [56]. The dominant resonance peaks are
attributed to the Mie resonance effect, while the weak ones originate
from light scattering losses and the Wood-Rayleigh anomaly effect [55,
57,58]. Finally, A(4) is improved as expected at the longer wavelengths
above 900 nm for the optimized MTHN structure.

Table 2 shows the obtained optimum structure parameter values.
The maximum LAE is 94% for the optimized MTHN structure, and the
maximum achievable photocurrent density (Jyapp) is 32.30 mA cm~2
determined by

JMAPD:/ Z_iA(/l)‘ﬁAMLSG(A)dL 3)

where ¢,v;s6(4) is the solar incident light of the AM1.5G spec-
trum [59]. Jyapp is regarded as the ideal short circuit current density
(J,.) without considering surface and bulk recombination, i.e., each
absorbed photon produces an electron-hole pair.

3.2. Polarization-insensitive light absorption

Sunlight is an electromagnetic wave propagating with random po-
larizations due to photon scattering by atmospheric medium. Hence,
designing a polarization-insensitive photo-absorbing structure for ef-
ficient PV solar cells is essential. Fig. 5(a) shows A(4) and LAE with
TE- and TM-polarized incident light for the MTHN structure. A(4) is
the same for TE- and TM-polarized light at shorter wavelengths up to
700 nm. However, the resonance peak positions vary in the longer
wavelengths, although the light absorption shows a similar trend.

The LAE is almost the same for TE- and TM-polarized incident light,
resulting in polarization-insensitive absorption characteristics for the
MTHN structure.

Fig. 5(b)-(e) depict the electric field profiles for TE- and TM-
polarized light with different wavelengths on the xy plane of the MTHN
structure at the interface of nanopillars and substrate. At 4 = 505 nm,
strong light interactions and coupling are present in the free space
within the MTHN structure due to multiple internal reflections on the
side-wall surface of nanopillars, as shown in Fig. 5(b) and (d) for
TE- and TM-polarized light, respectively. On the other hand, effective
light absorption occurs in nanopillars at 4 = 805 nm, as illustrated in
Fig. 5(c) and (e) for TE- and TM-polarized light, respectively. Specif-
ically, the elliptical nanopillars absorb the maximum portion of solar
energy. Moreover, the heterogeneity of monomers and trimers helps
effective light absorption from the shorter to the longer wavelengths.
The integrated spatial electric field intensity for TE- and TM-polarized
light is approximately the same to evince the polarization-insensitive
characteristics and effective light absorption. Also, the spatial electric
field confirms the heterogeneity within the MTHN structure at different
4, demonstrating the successful implementation of light absorption
mechanism in Chlamydomonas reinhardtii.

3.3. Effects of bottom and top contacts

The bottom (BC) and the top contacts (TC) are essential integrated
parts for charge carrier transportation in PV solar cells. They are usually
metal elements and can impact on the optical light absorption. Here,
we use a 150-nm thick (k) silver (Ag) BC in the MTHN structure.
Ag offers good electrical conductivity, low resistance, and an ohmic
contact with p-type silicon semiconductors [60,61]. Ag BC also works
as a back reflector (BR) and contributes to reducing transmittance
losses. Fig. 6(a) shows the BC’s effects on A(4), T'(4), and LAE. Notably,
T(A) reduces to zero due to reflection from BC. The scattering of
photons at the interface between the BC and the substrate increases the
photons’ path lengths within the structure, enhancing the probability
of absorption. Reusing the scattered photons contributes to producing
more electron-hole pairs, and some photons get reabsorbed effectively
due to the minimum photon energy (4 < 1000 nm) being higher than the
bandgap energy of Si (4 < 1107 nm). As a result, A(4) improves at longer
wavelengths with the BC. Even if the light absorption is enhanced,
LAE increases barely due to the smaller photon energy in the longer
wavelengths.

On the other hand, the TC acts as an emitter and is placed on the top
of nanopillars in the MTHN structure. The TC can affect light absorption
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if it has high reflectance and poor transparency. It is essential to use a
conductive metal as the TC that is also highly transparent and negligi-
bly reflective. This work uses an ITO layer as the TC, which is highly
transparent to sunlight and electrically conductive. The thickness of
the ITO layer (k) is 150 nm, providing the required transparency
and conductivity. Fig. 6(b) shows the effect of using the BC and the
TC on A(A), R(4), and LAE. A(A) is nearly the same in the longer
wavelengths. However, it decreases by 5%-7% in shorter wavelengths
due to increased reflection and scattering losses by the TC. R(4) is
< 10% at A ~ 520-920 nm, whereas it is < 20% at 1 < 520, and increases
up to 40% at A > 920. Eventually, the conclusive optical outcomes of
LAE is receded to 90.43% for the optimized MTHN structure because
of considering the TC and corresponding Jyspp is 32.57 mA cm~2

4. Electrical simulation
4.1. Simulation model and specification

Electrical simulations are critical to determine how efficiently the
PV solar cells convert absorbed solar energy into electrical energy.

The fundamental outcomes of the simulation are J vs. V and J vs. P
characteristics, where J, V, and P are the current density, voltage, and

electrical power, respectively. From a practical point of view, this sim-
ulation is an essential step for calculating PV solar cells’ performance as
Jumapp is overestimated without considering resistive and charge carrier
transportation and recombination losses.

In this study, we use the coupled optoelectronic FDTD and DEVICE
solvers of Lumerical to model and analyze the electrical performance of
the proposed MTHN SJTF solar cell [62]. The optical simulation eval-
uates the electric field (fop) distribution within the MTHN structure
using Maxwell curl equations through FDTD methods. Then, we utilize
E to determine the absorbed optical power (P,,) and the charge
generatlon rate (G(7)). The calculation of P, incorporates fop and the
imaginary part of the dielectric permittivity of materials (S{e( @)})
using the following equation [63]

1 |= 2 -
Py, = =5 0|EgF.0)| S{e.0). “@

where w represents the angular frequency. Now, G(7) is calculated using
P, as given by [63]

G() = / g, w)dw, (5a)

g w) = ""‘ = (e, @)). (5b)

s 2.
—=|EpF.0)|
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Table 3
Electrical simulation parameters for the proposed structure.

Description of parameter Symbol Nominal value Unit

Thickness of the base Iy, 150 nm
Depth of the base region junction oay 0.40 pm
Thickness of the emitter Ay 150 nm
Depth of the emitter region junction Cge 0.30 pm
Bulk doping concentration (p-type) P 10'° cm™3
Acceptor concentration (base region doping) N, 5x10'8 cm~3
Donor concentration (emitter region doping) N, 108 — 10 cm—3
Intrinsic carrier concentration at 300 K n 1.5x 100 cm™3
Hole mobility for cSi at 300 K Hp 470.5 cm?/V-s
Electron mobility for cSi at 300 K M, 1471 cm?/V-s
Hole surface recombination velocity SRV, 60 cm/s
Electron surface recombination velocity SRV, 80 cm/s
Hole SRH recombination lifetime z, 4.0 us
Electron SRH recombination lifetime T, 3.3 us
Auger recombination of holes at 300 K Cap 9.9%107% cm®/s
Auger recombination of electrons at 300 K C,,, 2.8x 1073 cm®/s
Radiative recombination coefficient at 300 K  C,pgiaive 1.4 X 10714 cm?/s
Incident solar irradiance power on earth P, 100 mW cm™3

Then, this work solves a drift-diffusion model using Poisson, drift—
diffusion, and continuity equations via a self-consistent decoupled pro-
cedure considered as the Gummel poon model [64]. The Poisson,
drift-diffusion, and continuity equations are written by [65]

=V (g4.VV) = ep,., (6a)
J, = ep,nE +eD,Vn, (6b)
J, =eu,pE —eD,Vp, (60)
on 1, —
—=-V-J,-R,, 6d
ot e " " 6d)
ap 1 —
a =V TRy (6¢)
kgT
D, = HnKB . (66)
e
upkgT
Dp = T, (63)

where ¢, is the dc dielectric permittivity, E is the electric field, p, is
the net charge density, 7, /p is the electron/hole current density, u,,,
is the electron/hole mobility, D, , is the electron/hole diffusivity, R, ,
is the net charge recombination rate, kp is the Boltzmann constant, T
is the temperature, and » and p are the electron and hole densities.
In order to solve the above equation, Dirichlet and Neumann boundary
conditions are applied to the boundaries and interfaces of the proposed
MTHN structure.

The electrical characteristics have been determined using the Gum-
mel poon model by the 3D finite element method. This simulation
considers several non-ideal effects such as the high-level injection,
Shockley-Read-Hall (SRH) effect, auger, and radiative recombination
losses. The bulk semiconductor is accounted as p-type with 10'® cm=3
doping concentration (p). The emitter and base regions are considered
heavily doped, supporting efficient charge carrier injection. ITO and Ag
are used as the emitter and the base, respectively. The work function of
ITO is =#4.2-4.5 eV for the PV solar cell, and the electrical conductivity
is ~5000 Sm~2 at 150 nm thickness [66]. The solar irradiance on earth’s
surface is considered as input power (P,), whose average value is
approximately 100 mW cm~2. The parameters used in the electrical
simulation model are presented in Table 3.
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Table 4
FF with varying p for different h,,, where N, =5x 10" and N, =2x 10" cm=.
» FF (%)
(cm~3) hy, =5.0 pm hy, =7.5 pm hy, =10 pm
1014 75.20 75.21 75.25
10" 77.90 77.98 77.99
10'° 83.11 83.20 83.20

4.2. J-V and P-V characteristics with power conversion efficiency

The key performance parameters for PV solar cells are J, V, P, and
nipcg. Fig. 7 depicts the performance parameters for cSi-based SJTF PV
solar cells utilizing the proposed MTHN structure with A, = 5.0,7.5,
and 10 pm. We vary h,, to investigate its impact on electrical perfor-
mances since charge carrier mean-free path and lifetime will depend
on hy,. Fig. 7(a) and (b) depict the J vs. V and P vs. V characteristics
with different h,, respectively. Varying h,, from 5.0 to 10 pm affect an
increase in J,, for more light absorption and consequently decreasing
Voo due to inverse relationship with J,.. The J. results for h,, values
of 5 and 10 pm are 29.98 and 30.61 mA cm~2, respectively. The
corresponding V. values are 0.642 V and 0.634 V under the same
conditions. When hy, is 10 pm, the maximum obtained P, is 16.14
mW cm~2 with an operating voltage (Vop) and current density (Jop) of
0.55 V and 29.35 mA cm~2, respectively. Decreasing the value of hnp
results in lower Py, and J,,, but slightly increases V,,,. Therefore, the
effects of h,, variations on J-V and P-V characteristics are insignificant
since the electron and hole diffusion lengths of Si (100-300 pm) are
much greater than the dimensions of 4,, considered in this work.

Fig. 7(c) and (d) show #pcp and FF with different s respectively.

npce and FF are calculated from J-V and P-V characteristics as

POllt
pcE = ’ (72)
Py
X P, P
FF = "pCE in _ out ) (7b)
JSC X I/OC JSC X I/OC
For h,, = 10 pm, npcg reaches maximum value by 16.14%, which

is the highest value of a single junction cSi-based thin-film PV solar
cells utilizing simply solid nanopillar structure. npcg varies slightly with
different h,, due to their light absorption being approximately the same
up to 4 = 900 nm, i.e., charge generations are nearly the same. For
PV solar cells, FF depends on the resistive parameter in the electrical
model, e.g., top and bottom contact, bulk, base, and emitter region
resistance. Therefore, FF is the same with different h,, for considering
the identical doping concentration, the base, and the emitter.

4.3. Effects of doping concentration

The performance of PV solar cells depends on the bulk doping
concentration (p) [67,68]. Fig. 8(a) shows J,, and V,_ varying with p
for different h,,. The calculated J. is maximum at h,, = 10 pm. J is
greater for smaller p due to a wider depletion region, which is beneficial
for fast carrier separation and collection. On the other hand, a greater p
makes deep coulomb traps, which reduces carrier mobility, resulting in
a smaller J.. V. follows the same trend of J, for different p. However,
V,. reaches the maximum at hy, = 5.0 pm due to the shorter charge
carrier path and smaller resistive losses.

Fig. 8(b) shows #pcg vs. p for different 4,,. The maximum #pcg has
been achieved with p = 10'6 cm=2 for each ,,,. Although J,, and V,, are
greater at p = 10'* cm™3, ypcy decreases ~1.25-1.30% due to smaller
FF. Table 4 shows that FF critically depends on the majority carrier
concentration of p with an inverse relationship. As a result, FF decreases
~8% for p = 10'* ecm~3 compared to p = 10'® cm~3. On the other hand,
p 2 10' cm~3 is undesirable for the damage of crystal structure within
the bulk material and extensive costs [69,70]. Therefore, the optimum
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Fig. 7. (a) J-V characteristics, (b) P-V characteristics, (c) 7pcg, and (d) FF for the single junction cSi-based thin-film PV solar cell utilizing the MTHN structure with different
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Fig. 8. (a) Effects of p on J,, and V,, with different A,

pis 10'® cm~2 in this work. Finally, we vary Np = 1018-10'° cm~3 to
keep N, = 5x 10'8 cm™3 to observe the effects of the emitter region
doping concentration. The variation of N, in the range has a negligible
impact on the performance of the PV solar cells.

In order to compare the electrical performance of the MTHN SJTF
solar cell without taking the MTHN structure into account, we sim-
ulated a planar 12 pm thin-film silicon solar cell and calculated its
electrical characteristics. Fig. 9 compares the planar and MTHN SJTF
solar cells in their performances of J,. and 7pcg, considering differ-
ent values of p. Increasing p does not significantly impact J,, but
improves #pcg by ~1.5% for both cases. The MTHN SJTF solar cell
shows approximately twice J, and #pcg than the planar thin-film solar

Table 5

p» Where symbols [, @, and 0 indicate h,, =5.0, 7.5, and 10 pm, respectively. (b) Effects of p on npcy with different &,,.

Comparison of electrical performances of the proposed MTHN SJTF solar cell with those

in existing literature.

PV solar cells

Jy. (mA cm™2) npce (%) Ref.
Si nano-wire 27.5 7.53 [71]1
Si nano-pencils 28.5 8.7 [72]
cSi nanopillars 36.89 14.83 [731
Ultra-thin ¢Si NS 23.7 12.3 [24]
a-Si:H (thin film) 16.36 10.2 [74]
c-Si:H (thin film) 29.72 11.9 [74]
Si (TF mini-module) 29.7 10.5 [75]
cSi nano-honeycomb 30 11.0 [76]
¢Si thin film (12 pm) 17.71 8.65 This work
MTHN SJTF solar cells 30.61 16.14 This work

cell. In addition, detailed comparisons of various thin-film solar cell

structures from existing literature with the proposed MTHN solar cell
are presented in Table 5.
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Fig. 9. Comparison between a planner structure of 12 pm thin-film and MTHN SJTF cSi solar cells of (a) J,, and (b) npc considering different values of p.

Recently, cSi solar cells with inverted-pyramid nanostructures and
a flexible, free-standing 2.7 pm-thick ultra-thin film achieved an ef-
ficiency of 12.3% experimentally [24]. In contrast, an efficiency of
14.83% was demonstrated using optimized silicon nanopillars with an
average diameter of 600 nm and height of 1.5 pm [73]. These results
are close to the simulated efficiency of MTHN SJTF solar cells, suggest-
ing the possibility of experimentally achieving this work’s promising re-
sult. Additionally, this work shows that SJTF solar cells not only reduce
material costs but also produce maximum output power by employing
the novel MTHN structure inspired by Chlamydomonas reinhardtii.

5. Conclusion

In summary, we proposed a single junction cSi-based thin-film PV
solar cell utilizing the MTHN structure inspired by Chlamydomonas rein-
hardtii. The optical performance is obtained with an outstanding LAE
of 94% for both TE- and TM-polarized light for the optimized MTHN
structure, showing enhanced light absorption capability irrespective of
the incident light’s polarization. We exploited the heterogeneity within
the MTHN structure for enhanced light absorption, coupling intense
electric field intensity between the nanopillars. The resulting J,, and
V,. of the proposed MTHN SJTF solar cell are 30.61 mA cm~2 and 0.634
V, respectively, considering &, = 10 pm. The calculated maximum #pcg
is 16.14% with FF = 83.2%, the highest for a cSi-based SJTF PV solar
cell utilizing only a solid nanopillar structure. The calculated 5pcg does
not vary much with nanopillar dimensions. However, npcg increases
by ~1.5% when p changes from 10'* to 10'® cm=3. Therefore, the
proposed MTHN structure-based cSi SJTF PV solar cell can contribute
to efficiently converting solar energy into electrical power for practical
realization and widespread deployment.
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