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Composite light-trapping structures offer a promising approach to achieving broadband absorption and
high efficiency in thin-film solar cells (TFSCs) in order to accelerate sustainable energy solutions. As the
leading material in thin-film solar technology, cadmium telluride (CdTe) faces challenges from surface

reflective losses across the solar spectrum and weak absorption in the near-infrared (NIR) range. This

computational study addresses these limitations by employing a dual light trapping technique: the top
surfaces of both the cadmium sulfide (CdS) and CdTe layers are tapered as nanocones (NCs), while
germanium (Ge) spherical nanoparticles (NPs) are embedded within the CdTe absorber layer to enhance
broadband absorption. Numerical simulations using Finite-Difference Time-Domain (FDTD) and other

methods are used to optimize the parameters and configurations of both nanostructures, aiming to

achieve peak optoelectronic performance. The results show that a short-circuit current density (Jsc) of

3538 mA cm™2 and a power conversion efficiency (PCE) of 27.76% can be achieved with optimal
nanocone (NC) texturing and spherical Ge NP configurations, an approximately 45% and 81% increase in

Jsc and PCE, respectively. To understand the enhancement mechanisms, the study includes analyses
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using diffraction grating theory and Mie theory. Fabricability of these structures is also evaluated.

Furthermore, an additional study on the effects of incident angle variation and polarization change
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1 Introduction

Sustainable energy development is one of the major aspects of
achieving sustainability, which focuses on generating clean
energy without emitting greenhouse gases. Solar cells play
avital role in achieving sustainability goals and will continue to
do so in the upcoming decades." Solar cells convert earth-
abundant solar energy into the most useful form of energy,
electrical energy. Presently, fossil fuels dominate global elec-
tricity generation, yet renewable energy sources are rapidly
closing the gap.” Although less than 5% of the present global
electricity generation contribution comes from solar photovol-
taics, and this falls short of other forms of renewable sources
like wind and hydropower, solar cells are expected to soon
overtake the latter two and contribute to 16% by the year 2030.>
By that time, the total solar manufacturing capacity is expected
to exceed 1200 GW, i.e., almost double the present capacity.?
Thin-film solar cells (TFSCs) are more sustainable compared to
the market-dominant crystalline silicon-based solar cells, since
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demonstrates that the optimal structure is robust under practical conditions, maintaining consistent

they require less material (being almost 100 times thinner),
leave reduced carbon footprint, and have a lower fabrication
cost. Cadmium Telluride (CdTe) TFSCs dominate the
commercial thin-film production and are expected to have
a market worth of 27.11 billion dollars by 2030.° Being a direct
bandgap material and having an optimal bandgap of 1.45 eV,
CdTe-based TFSCs have the potential to achieve the maximum
power conversion efficiency (PCE) possible by the Shockley-
Queisser limit.® Its high absorption coefficient allows it to
absorb almost all the photons of the solar AM 1.5G spectrum,
having only a 2000 nm thick absorber layer.” Even at this
thickness, the CdTe/CdS II-VI TFSCs are quite flexible, making
them a potential choice to be integrated into portable electronic
devices, windows, roofs, facades, electric cars, or even large-
scale commercial purposes.” From sustainability prospect, the
production of CdTe emits 6 times lower carbon dioxide than
silicon (Si) with high-throughput manufacturing methods.?
Furthermore, once it reaches the end of its lifetime, 90% of
CdTe modules can be recycled.®* CdTe TFSCs have the potential
to be thin, flexible, yet efficient enough to integrate into mini-
aturized electronic devices. However, their performance is
hindered by high surface reflection across all wavelengths and
poor light absorption in the near-infrared (NIR) region.
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Addressing these limitations is essential to fully realize their
inherent potential.

Light trapping offers a viable solution to this limitation, and
previous studies have demonstrated the potential to do so. For
example, Cetinkaya et al. have shown a functional design of
CdTe solar cells with a 1D photonic crystal, which improved fill
factor and efficiency by 15.91% and 21.10% respectively.” On
the other hand, Jain et al. used only a 100 nm thick CdTe solar
cell active layer, yet achieved a short-circuit current density (/s)
0f 29.26 mA em > with aluminium (Al) nanoparticle and Al back
reflector.” Nanograting, nanoparticles, and single-layer surface
textures have also been investigated and showed promising
results in enhancing the efficiency of CdTe solar cells.'***
However, any light trapping technique with a certain configu-
ration can only provide performance elevation across a limited
wavelength range. Broadband absorption, i.e., absorption over
a broad wavelength range, can only be achieved by employing
composite light trapping techniques. Such composite light
trapping works in turns to a specific wavelength to achieve
broadband absorption.

Additionally, previous studies have shown that by utilizing
composite light trapping techniques, absorption over a broad
wavelength can be significantly increased while achieving uni-
que properties, such as insensitivity to polarization and inci-
dent angle change, homogenization of optical fields, etc.">' In
a theoretical study, Li et al. have shown that composite light
trapping consisting of SiO, nanospheres on the front surface
and silver (Ag) hemispheres on the rear surface can achieve
absorption enhancement in both short and long wavelengths
with only a 100 nm thick a-Si absorber layer.™ In another study,
Pritom et al. have proposed a parabolic surface texture with gold
(Au) NPs on top which can provide broadband absorption
between the wavelength range of 300 nm to 1600 nm.'®
Furthermore, a similar parabolic texture with embedded
dielectric NPs can offer a 52.3% absorption gain compared to
the baseline structure.’” On the other hand, Yin et al. were
able to maintain high absorption efficiency over an incident
angle variation of 0° to 60° by combining semicircular
dielectric grooves at the front and trapezoidal metal reflector at
the back of a 100 nm thick a-Si TFSCs.*® All the mentioned
works are mainly based on either a-Si or perovskite solar cells.
However, in terms of CdTe TFSCs, such composite light trap-
ping methods are still unexplored despite the potential to
significantly improve absorption and other performance
parameters.

In this aspect, this paper presents a composite light trapping
technique that consists of a nanocone (NC) shaped surface
texture of both the CdS-CdTe surface layers and embedding
germanium (Ge) spherical NP into the CdTe absorber layer. The
idea is to suppress surface reflection over all the wavelengths,
especially in the CdTe absorption window (400 nm to 800 nm),
in order to maximize the J;.. Additionally, the embedded Ge NP
would facilitate necessary light trapping to increase absorption
for the rest of the wavelengths (800 nm to 1100 nm). Compared
to other texture shapes, cone-shaped texture has more desirable
performance in suppressing surface reflection for a broad
wavelength range and also shows insensitivity to incident and
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polarization angle variation."** Prashant et al recently
demonstrated that NC structured gallium arsenide (GaAs) solar
cells have achieved an average absorption of 94%, out-
performing their counterpart nanowire-shaped solar cells,
which show an average absorption of 80.8% with an angle of
incidence between 0 and 70°. Additionally, NC texture can also
function as a diffraction grating to trap light into diffraction
modes to achieve enhanced light absorption.** To realize the
highest diffraction efficiency, careful optimization of the base
diameter and height is important.”* Nevertheless, Ge NP is
considered to be an environment-friendly green material due to
its non-toxic nature.”* As found in the literature, high-index
semiconductor NPs can open doors to achieve super-
absorbing, highly efficient solar cells with unique properties
of broadband absorption, insensitivity to polarized, oblique-
angled light, and different environmental conditions.****
Semiconductor NPs with a high dielectric constant are superior
to metallic NPs in terms of ultra-low light-to-heat conversion
and simultaneous electric and magnetic resonance excitation.*
At high temperatures, noble metal NPs suffer poor thermal and
chemical stability.”**” On the contrary, semiconductor NPs are
less prone to the deterioration of absorption and scattering
efficiency at high temperatures.”® While it is true that degra-
dation of Ge NPs through oxidation is a problem, the proposed
structure is immune to this problem as Ge NPs are embedded
into the CdTe absorber layer. This isolates the Ge NPs from the
ambient oxygen to form GeO,.* Furthermore, it has been
observed that thermal stability of Ge NPs is greater when their
shape is sphere-like, in contrast to cubes and tetrahedrons.** In
addition to that, Ge nanostructures have been known to hold
structural integrity for temperatures as high as 500 °C, which is
significantly above the typical operating temperature of solar
cells.** Hence, these attributes ensure the longevity of Ge NPs to
be used in solar cells. Ge being a semi-metal NP can be
considered a viable alternative to plasmonic metal NP due to its
high refractive index.”>**** Even compared to its similar semi-
conductor NP counterparts, such as Si and titanium dioxide
(TiO,), Ge NPs possess a higher refractive index, essential to
create refractive index contrast (An) with the substrate material
(CdTe). The large refractive index contrast promotes a powerful
Mie scattering in the forward direction®* and is supported by the
simulation shown in Fig. S4. Additionally, Fig. S5 shows the
optimal Ge NPs scatter light more significantly compared to
optimal Si and TiO, NPs in the wavelength range of 800 to
1100 nm, where CdTe's absorption is poor. Along with a high
refractive index, Ge possesses some interesting properties such
as high charge carrier mobilities (ue = 3900 cm®> V™" s, uy, =
1900 cm”® V' s~ ') and narrow bandgap (0.67 eV at 300 K).** Ge is
among a few materials whose Re[e] is greater than 20, which
exceeds that of Silicon's (Re[e] = 11.70).*® Such a high positive
permittivity value allows Ge to meet the Mie resonance condi-
tion in the subwavelength regime and can have comparable
strength to the plasmon resonance of metallic NPs.** To harness
the light scattering capacity of Ge NP to the fullest and utilize it
to increase CdTe TFSCs efficiency, optimization of its size and
placement is essential.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00325c

Open Access Article. Published on 09 December 2025. Downloaded on 12/24/2025 4:27:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2 Methodology
2.1 Simulation setup

Fig. 1(a) shows a 3D view of the proposed NC texture and
embedded spherical Ge NP in a 3 x 3 array. Using the
commercially available Ansys Lumerical software package
FDTD and CHARGE suite, simulations have been carried out to
find the optimal configuration for NC texture and embedded
spherical Ge NP that results in maximum absorption and
optimal performance. Overall, the simulations can be divided
into two parts — optical simulations and electrical simulations.
Using discrete spatial and temporal grid cells (Yee cells), the
FDTD solver solves Maxwell's equations to calculate the charge
carrier generation, absorption, reflection, transmission, and
electric fields.*” For optical simulations, wavelength-dependent
material data for cadmium sulfide (CdS), CdTe, Ge, and Ag are
all taken from established sources****** and shown in Fig. S1.
Afterwards, the carrier generation data from FDTD are imported
into the CHARGE solver to calculate electrical parameters, ie.,
short-circuit current density (Js.), open-circuit voltage (V.), fill
factor, and power conversion efficiency (PCE) by solving Pois-
son's and drift-diffusion equations.

Fig. 1(b) illustrates the detailed FDTD simulation setup for
3D optical simulation. Coming from the top: glass (SiO,), CdS,
CdTe, and Ag are all stacked together to form the whole struc-
ture illuminated by a plane wave source of AM 1.5G solar irra-
diance (1000 W m™?) along the z-axis. The source wavelength
range has been taken from 400 nm to 1100 nm. Considering the
two-dimensional symmetry of both the NC texture and spherical
Ge NP, antisymmetric and symmetric boundary conditions are
imposed in the x and y direction, respectively, to infinitely
mirror the unit cell. The unit cell consists of only one pair of
CdS-CdTe NC-shaped textures and a single Ge NP. On the
contrary, to mimic the real surrounding environment, perfectly
matched layer (PML) boundary conditions are applied in both of
the z directions, where any light that either passes through the
solar cell or is reflected from the solar cell will be absorbed by
the PML layers. Here the CdS window layer and CdTe absorber
layer thickness of the baseline structure (without texture) are
taken at 100 nm and 1500 nm, respectively.* The 100 nm CdS is
ideal for avoiding lattice mismatch and defects at the
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interface.*" The performance parameters of the baseline struc-
ture (without any textures or nanoparticles) are relatively close
and consistent with those previously reported in experi-
mental*>*® and simulation studies.**** However, it is worth
mentioning that in this study, the thickness of the CdTe layer is
reduced to 1500 nm, considering its potential application in
portable devices as mentioned previously in the introduction.
The 1500 nm thick CdTe layer is sufficient to achieve high
efficiency in TFSCs.*® The subsequent 100 nm Ag metal contact
is working here as a back reflector at the bottom. Two frequency
domain power monitors are used to record the amount of re-
flected and transmitted light, one placed above the CdS layer (R
monitor that measures the power of the reflected light) and the
other below the Ag back contact (7 monitor that measures the
power of the transmitted light). The simulation will shut off
when the total energy of the simulation volume reaches 10> of
the incident maximum energy. The polarization angle and the
incident angle of the incoming light are both kept at 0° during
simulations of every study in this work, except for the polari-
zation angle and incident angle variation studies. To calculate
the electric field distribution of the absorber layer, another
frequency domain power monitor was placed along the z-axis
(not shown in the figure). There are a total of four parameters
that are being optimized in this study. NC-shaped texture's base
diameter, d.one and height, Zi.one were optimized first. It is worth
mentioning that no space was considered between the two
successive NCs, meaning the period of NC is the same as its
base diameter. Later upon obtaining the optimal texture
structure, Ge NP diameter, dg, and position, i.e., depth from
the top surface of the flat CdS layer, zg. were optimized.

All the optical simulations in Ansys Lumerical FDTD were
conducted using conformal mesh technology to achieve better
accuracy at the NC's and NP's curvature.** To further validate
convergence and reproducibility, a uniform mesh was used for
mesh sizes of 7, 8, 9, and 10 nm, respectively. The results show
less than 1% changes in J;. and absorption for the varied
uniform mesh sizes when compared with the default conformal
mesh, as shown in Fig. S2. The time step in Ansys Lumerical
FDTD is automatically calculated from the simulation mesh size
based on the Courant stability criterion.*® To confirm that time
step variation has no effect on optical results, d¢ stability factor

@ (b) (©
V4 V4
x . .
<4--- Incident light
x
— «----- R monitor
"""" Glass ------» «--------- FDTD simulation
region
Emitter
-------- GeNP -------- |
& CHARGE simulation
"""" CdTe ------ i region g
«--Ag back contact- =
———— «-----T monitor
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Fig. 1
simulation setup for electrical analysis.
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(a) 3D schematic view of the optimal structure (with NC texture & Ge NP), (b) FDTD simulation setup for optical analysis, (c) CHARGE
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(factor of theoretical maximum time step) has been varied from
the default 0.99 to 0.95 down to 0.70 with a 0.05 step size. As
shown in Fig. S3, similar to mesh convergence, the changes in
Jsc and absorption are less than 1%, ensuring numerical
stability and convergence. Both the test on the mesh and time
step convergence suggest that the results are independent of the
spatial grid and time step resolutions.

Fig. 1(c) illustrates the CHARGE simulation setup for 2D
electrical simulation. Although the optical simulations were
conducted for only a single period, the generation data was then
averaged and unfolded for multiple periods for the electrical
simulations. To successfully collect the charge carriers, an
emitter, and a base metal contact were placed at the top and
bottom, respectively. No generation data were considered under
the top emitter metal contact to account for the shadowing
effect. The p-type CdTe layer and n-type CdS layer were
uniformly doped at a concentration of 2 x 10"* em? and 1.1 x
10"® em ™, respectively.*® Finally, to obtain the P-V and J-V
characteristics curve of the solar cells, a voltage sweep from 0 V
to 1.2 V with a 0.05 V step size was considered to run the
simulation. Fill factor and PCE were also calculated from the P-
V and J-V curves. The CHARGE parameters for the electrical
simulations are tabulated in Table S1. Lumerical scripting
language and Python were used to extract, analyze, and plot the
data collected from the optical and electrical simulations.

2.2 Numerical analysis

The finite-difference time-domain (FDTD) method, used to
perform the optical simulations of the design, solves Maxwell's
equations without approximating any physical components.
The generation rate, absorption plot, and electric field plot are
generated using FDTD method, as described in the later parts of
this study.

Depending on its property, a material can transmit, reflect,
and absorb a certain percentage of photons that strike it. In the
context of a solar cell, it is desirable for the substrate to absorb
as much of the incident light as possible, so that more of the
photons are used to generate electron-hole pairs for current
generation. Thus, the relative absorption is an important factor
for the solar cell light absorbing material. The absorption is
calculated using the following formula,*

A(X) =1 =R = T 1)
where A(4) is the absorption, R(4) is the reflection, and T(2) is the
transmission as a function of wavelength (1) of the incident
light for the material.

The optical power absorption per unit volume (P,ps) is
calculated as follows,*®

Pos(r,w) = —0.5| E(r,w)*Im[e(r,w)] (2)

which in turn is used to derive the following expression for the
generation rate, G(r), of the light source in FDTD,**

Paslr.0) g o JE(r.0)PImfe(r, )]
hw ’ h

G(r) = ®3)
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where w is the angular frequency, E is the complex electric field,
and Im(€) is the imaginary part of the dielectric constant
associated with loss.

The generation rate is exported in CHARGE to calculate the
electrical parameters, such as Js, Vo, PCE, and fill factor. The
quantum efficiency of a solar cell is the ratio of the power of the
light absorbed by solar cell (P,ps(2)) to the power of the light
incident (P;,(4)) on it, as given in the equation below ,*

Pabs(;{)
Piu(l)

QE(2) = (4)
Jsc is the maximum amount of current generated per unit area
by the solar cell under short-circuit condition, i.e., the voltage is
0, when light is incident on the solar cell. Each photon is
depicted to generate an electron ideally, and the following
formula is used to calculate Jg,*®

JSC = QJ%QE(A)IAM 1_5(3(/\)(1} (5)

where e is the charge of an electron, A is the wavelength, 4 is the
plank’s constant, ¢ is the speed of light, and Iny 1.56(4) is the
spectral irradiance of incident light.

Voe is the output voltage of a solar cell under open-circuit
condition, i.e., when the current through the solar cell is 0 A.
Thus, it is also the maximum cell voltage when no photocurrent
is generated due to the dark current and photocurrent gener-
ated being equal. It is calculated using the formula,*®

Voe= —In{—=+1 6
: (,0 ©

where n is the ideality factor, k is the Boltzmann constant, 7T is
the temperature in Kelvin, I, is the light-generated current, and
I, is the dark saturation current.

Fill factor (FF) is ratio of the maximum possible power
output (Ppax) of a solar cell to the product of its respective J.
and V,.. It is also an indication of the quality of the solar cell,
since a larger fill factor indicates a more optimal performance of
the solar cell. It is calculated using the formula,*®

Pmax

FF = &
JSC X VOC

(7)

PCE is the key parameter determining how much of the
incident power on the solar cell is converted to useful electrical
energy, and it is dependent on the other important electrical
parameters — Jg., Voc, and fill factor - as shown below ,**

FF x Jo. x Vi

PCE = P

(8)

where Py, is the total power incident on the solar cell, typically
100 mW cm ™2 according to the AM 1.5G solar model.*

3 Results and discussions
3.1 Nanocone texture optimization

This section systematically optimizes the morphology of the
CdS-CdTe NC texture and embedded spherical Ge NP, followed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by their underlying enhancement mechanism. It has been
shown through grating analysis and Mie analysis that texture
and NP are desirable options for achieving broadband light
absorption. This section extends further to compare the opto-
electronic performance parameters of bare CdTe TFSCs, NC
textured CdTe and NC textured CdTe with embedded Ge NPs,
respectively. The final subsection includes polarization and
angle of incidence analyses of the optimal structure.

The initial target of this study is to achieve an optimal texture
configuration for which the reflection is minimal, and the
absorption is maximum for the NC textured CdTe TFSCs. To
achieve this, NC shaped texture of both CdS-CdTe layers has
been optimized by varying the cone height and diameter at the
same time. Electrical performance parameters like Jq., Ve, fill
factor, and PCE are all taken into consideration to achieve the
optimal morphology for the NC texture.

Fig. 2 shows the performance variation of J., Vo, fill factor,
and PCE when the NC height and diameter are varied. The cone
height was varied from 50 nm to 400 nm with an increment of
50 nm, whereas the base diameter was varied from 300 nm to
900 nm with a 100 nm increment. It is worth mentioning that
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both parameters were varied at the same time to find the
optimal point in the two-dimensional solution space. By
changing the structural parameters of NC texture, /. can be
significantly improved compared to bare CdTe TFSCs.** From
Fig. 2(a), one can easily infer that, for a fixed base diameter, J;.
tends to increase with the increase of cone height. An increase
in height also means an increase in aspect ratio, which can be
defined as a ratio of height to base diameter. The highest J. of
32.09 mA cm 2 (see Table S2) was achieved for a cone base
diameter and height of 600 nm and 400 nm, respectively,
making the aspect ratio equal to 0.67. Such aspect ratio is found
to be a factor in achieving the maximum J,. for other solar cells
with similar types of top surface texturing.’” Compared to bare
CdTe TFSCs, this is a 31.93% enhancement (J,. for bare CdTe is
24.33 mA cm ™). The reason for this increase can be attributed
to the increase in diffused transmission of light. That is to say,
with the increase in height, surface texture contributes to the
increase of light transmission and reduces reflective losses.”
Unlike J,., the V,. change in Fig. 2(b) is somewhat different. The
highest achievable V,. was 930.4 mV for an NC base diameter
and height of 500 nm and 50 nm. Compared to bare CdTe
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Fig. 2 Contour plot of photovoltaic parameters, i.e., (a) short-circuit current density (Jsc), (b) open-circuit voltage (V,), (c) fill factor, and (d)
power conversion efficiency (PCE), as a function of NC texture height (heone) and base diameter (deone). Jse. Voo fill factor, and PCE for bare CdTe

TFSCs are 24.33 mA cm™2, 978 mV, 0.6455, and 15.36%, respectively.
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TFSCs (Vo = 978 mV), this is only 5.04% lower. Clearly, surface
recombination plays a crucial role when determining the V.
since any textured surface will eventually increase the surface
coverage and so can also be expected to increase surface
recombination rates. Fig. 2(c) shows the maximum fill factor of
0.8355 was achieved for the highest aspect ratio point, where
the base diameter of the cone is minimum (300 nm) and height
is maximum (400 nm). Adding texture has significantly
improved the quality of the solar cell with respect to base CdTe
TFSCs (fill factor for bare is 0.6455) and can be credited to the
improved carrier collection. Finally, the PCE of the solar cell
with the variation of NC height and base diameter is found to
follow the same trend as Ji. because the change in Jg. is
significant and contributes more to determining the PCE
compared to the other two parameters i.e. V,. and fill factor. The
highest PCE of 24.62% was achieved for NC base diameter and
height of 600 nm and 400 nm, respectively, a 60.28% increase
compared to the bare CdTe TFSC (see Table S2).

3.1.1 Reflectance spectra analysis for nanocone texture. In
the previous subsection, 600 nm and 400 nm were found to be
the respective optimal base diameter and height of NC texture
to achieve the highest PCE as well as Js. In this subsection,
reflectance spectra will be analyzed to understand the perfor-
mance improvement.

Fig. 3(a) depicts the reflectance spectra for bare CdTe TFSCs
and CdTe TFSCs modified with the optimal NC structure ob-
tained in the previous section. Reflection from the top surface of
the solar cell mainly occurs due to the refractive index
mismatch of two different layers.>® It can be realized from
Fig. 3(a) that optimal NC texture can suppress reflection from
the top surface over almost all the wavelengths from 400 nm to
1100 nm. This is due to the fact that an optimally textured top
surface works as an effective medium of graded refractive index
as the cross-section starts from zero (at the apex of NC) and
reaches the maximum (at the base of NC) as the light goes to the
substrate. This allows index matching between glass and CdS-
CdTe layers and thus reduces reflection from the top surface.?”
Additionally, NC texture breaks the incoming wavefront's
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uniformity and focuses it into a specific direction to be absor-
bed.** Out of all the wavelengths, between 400 nm and 800 nm
(absorption window of CdTe), the average reflection came down
to almost zero, owing to the pitch or base diameter of the
optimal NC. As discussed in the previous theoretical studies, in
terms of the light trapping prospect of the texture structure, the
base diameter or pitch has to be close to the targeted wave-
length.*>*° Since surface texture is suitable for applications in
the visible wavelength range, a 600 nm base diameter of NC is
optimal and aligns with the target wavelength (midpoint of
visible wavelengths). Fig. 3(b) portrays the side-by-side average
reflection and absorption for the bare CdTe TFSCs and CdTe
TFSCs modified with optimal NC texture. Flat-surfaced bare
CdTe TFSCs absorb almost 64% of incoming photons, whereas
the remaining 36% are lost as reflective losses. Optimal NC
texture, on the other hand, brings down the reflective losses to
only 14%, allowing 86% of the photons to be absorbed by the
absorber layer. Optimal NC texture scatters incoming trans-
mitted light in different oblique angles, causing them to travel
longer than they would have if the surface were flat®” as visually
illustrated in Fig. 4(a). Even if the incident light gets reflected by
one cone surface, it might reflect the light to the second cone
surface for it to be transmitted into the absorber layer, resulting
in more absorption as shown in Fig. 4(b). Moreover, this scat-
tered light, then again, might be scattered back into the
absorber layer by the back reflector and front texture. This
multiple internal reflection largely increases the optical path
length and so the absorption.*” In addition to texture, NP later
contributes to scattering light in the forward and other direc-
tions within the absorbing substrate as illustrated in Fig. 4(c) to
aid unabsorbed photons in being absorbed. Further analysis in
support of these mechanisms is discussed in the later sections.

3.1.2 Nanocone texture grating analysis. Nanophotonic
texture, whose dimension is within the order of the wavelength,
can not only reduce reflection from the top surface but also trap
light in the absorber layer through diffraction by working as
a diffraction grating.*®** The NC texture designed in this study
also falls within the category of two-dimensional diffraction
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—
g
=
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7 .
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(a) Reflection spectra, (b) average reflection—absorption for bare CdTe TFSCs and NC textured CdTe over the wavelength range of
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Fig.4 Depiction of (a) path length increase in the presence of NC texture, (b) reflection of light at the top surface and subsequent transmission of
the reflected light into the CdTe absorber layer in the presence of NC texture, (c) high-intensity light scattering of the embedded Ge NP in the

CdTe absorber layer.

grating, and so a grating analysis is essential to understand the
mechanism of absorption enhancement. Any periodically
arranged uniform texture can transmit and reflect the diffracted
light to create constructive interference of light. These
constructive interferences of light are called transmitted
diffraction orders and reflected diffraction orders as shown in
Fig. 5(a). For two-dimensional grating, the diffraction equation
can be written as,®

. . mA
sin @,,,,, cos ¢,,, = sin 6 cos ¢ + D 9)

X

(10)

. . . . na
sin 6,,,, sin ¢,,, = sin 0 sin ¢ + —
: y D,
where 6 and ¢ denote the polar and azimuth angle of the inci-
dent light, respectively, 4 is the wavelength for which diffraction
order location will be calculated, 6,,, and ¢,,, are respective
polar and azimuth angular location of (m,n) diffraction order,
and finally D, and D), are the grating period in the x and y-axis
directions. For a normal incident light and an equal grating
period in both axis directions, the above two equations can be
reduced to the following,

D i 0"1’1
Vm:+nt= % (11)

Far-field effect originating from a diffraction grating can
enhance light absorption by increasing the path length and
focusing light into specific diffraction modes.>* To visually
understand each supported diffraction order, a far-field semi-
sphere is often used to locate all the orders along with their
angular location and strength. Fig. 5(c-h) depicts the polar and
azimuth angular location of all supported orders for the optimal
NC texture grating with a color bar to indicate their strength. To
be specific, while Fig. 5(c)-(e) shows all the transmitted orders
at wavelengths of 450, 750, and 1050 nm, respectively,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 5(f)-(h) shows all the reflected orders for the same wave-
lengths. As seen in Fig. 5(b), the number of supported trans-
mitted orders is significantly higher than the supported
reflected orders, indicating the optimal NC texture can reduce
the reflective losses and simultaneously contribute to coupling
light into the absorber layer through the far-field effect. The
number of supported orders seems to be going down with the
increase in wavelength meaning the NC texture has more
desirable properties in the shorter wavelength region compared
to longer wavelengths. Also, the transmitted orders are found to
be focused at the center of the hemisphere at 450 nm wave-
length and expanding at the later two wavelengths, meaning the
path length increases at longer wavelengths and thus improves
photon capture probability.

3.2 Embedded Ge nanoparticle optimization

In this part, the focus is to optimize the spherical Ge NP size,
i.e., diameter and its position. It is important to highlight that
the NP optimization was done on the previous optimized
texture structure where both the CdS-CdTe surface layers were
textured as NCs with a base diameter and height of 600 nm and
400 nm, respectively. Since the Ge NP has been embedded into
the CdTe absorber layer, its position is defined as the depth
(Zge) from the top CdS flat surface. Both the Ge NP's diameter
and depth have been varied at the same time and Jy, Vo, fill
factor, and PCE are all taken into consideration to achieve the
optimal position and size for Ge NP.

Fig. 6 illustrates the performance variation of Js., Vo, fill
factor, and PCE when the Ge NP diameter and position are
varied. The NP diameter was varied from 50 nm to 300 nm with
an increment of 50 nm, whereas the position was varied from
500 nm to 1200 nm from the top of the CdS surface with 100 nm
increments. It is noteworthy to mention that the increase in
position means the NP is embedded deeper into the CdTe
absorber layer. Here, Fig. 6(a), (b) and (d) reveal a similar
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pattern where better Js., Voe, and PCE results were achieved
when the Ge NP size was bigger compared to the smaller ones.
In those cases, the NP position matters less than the NP size.
The reason can be attributed to the fact that the Ge nanosphere
shows size-dependent light scattering properties spanning the
whole visible to NIR region and the scattering intensity
increases with the increase in size.>® However, in the case of the
fill factor, the trend is slightly different, and one may conclude
that the NP position is prominent in terms of change compared
to the NP size. Yet, all the performance parameters, including
the fill factor, demonstrate the highest value for the NP's
diameter and depth of 300 nm and 500 nm, respectively. The
highest Jg, Vo, fill factor, and PCE was found to be 35.38 mA
cm~?,933.2 mV, 0.8406, and 27.76%, respectively (see Table S3).

Nanoscale Adv.

When compared with the only optimal NC textured structure,
this optimized Ge NP with NC texture adds more than 20% PCE
enhancement, while the performance of the rest of the param-
eters were also elevated, as shown in Table 1. This supports the
fact that composite light trapping can provide a means to ach-
ieve highly efficient CdTe TFSCs.

The proposed design concept, i.e., NC-shaped texturing of
the top surface and embedding Ge NP in the absorber layer, is
translatable to other TFSC platforms. However, the choice of NP
material, its placement, and size should be tailored according to
the solar cell's absorbing material, as light scattering is highly
sensitive to these parameters. Additionally, NC's morphology
also plays a vital role in suppressing surface reflection; thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Contour plot of photovoltaic parameters i.e. (a) short-circuit current density (Jsc), (b) open-circuit voltage (V,), () fill factor, and (d) power
conversion efficiency (PCE) as a function of Ge NP position (zge) and diameter (dge). Jsc, Voo, fill factor, and PCE for bare CdTe TFSCs are 24.33 mA

cm™2, 978 mV, 0.6455, and 15.36%, respectively.

optimization will be necessary when integrating it into other
thin-film solar cell technologies.

3.2.1 Ge nanoparticle Mie scattering analysis. Mie theory
can effectively use Maxwell's equations to calculate the scat-
tering of a spherical particle illuminated with a monochromatic
plane wave in a homogeneous medium.* Typically, illuminated
NP within the range of incident light wavelength typically shows
strong forward light scattering. Such strong scattered light can
be harnessed by photosensitive material like solar cells to
increase its absorption. Furthermore, Mie's theory can also
provide the angular distribution of scattered light that varies
with the change in NP size, refractive index, and incident light
wavelength.®* Two of the main parameters that are calculated

using Mie theory are scattering and absorption cross-section
often denoted as Cgeae and Caps, respectively.®” The scattering
cross-section is defined as the total scattered power by the
spherical particle with respect to the power per unit area of the
incident light.**** Similarly, the absorption cross-section is
defined as the same except this time total absorbed power by
the spherical particle takes the numerator position of the ratio.
Oftentimes, these two parameters are normalized to the
geometrical cross-section of the scattering or absorbing
objects.”” The scattering and absorption cross-sections of
a spherical NP can be calculated using the following formulas,*

Cscalt = %kﬂasph,yz

(12)

Table 1 Performance comparison of bare CdTe TFSCs, NC textured CdTe TFSCs and NC textured CdTe TFSCs with embedded Ge NP,

respectively

Configuration Jse (MA cm™?) Voe (MV) Fill factor PCE (%)
Bare CdTe TFSCs 24.33 978 0.6455 15.36
NC textured CdTe 32.09 928.7 0.8259 24.62
NC textured CdTe with embedded Ge NP 35.38 933.2 0.8406 27.76

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cabs = klm[asph] (13)
where k(= 27/A) represents the wavenumber of the incident
light and gy, is the polarizability of the spherical particle
expressed as,

agn, = 3V {M} (14)

enp + 2&im
Here, V symbolizes the volume of the particle, and e, and &g,
are the permittivity of the NP and the surrounding medium,
respectively.
To normalize against the geometrical cross sections, the
following formulas are used,**

Cubs

Qavs = ;) (15)
Qscatt = T;:izu (16)

Here, r is the radius of the spherical particles.

Fig. S4(a and b) presents the normalized scattering and
absorption cross sections, respectively, for Ge NPs with diam-
eters between 50 nm and 300 nm, with an increment of 50 nm.
It is evident from these two figures that, except for the 50 nm
diameter Ge NP, normalized scattering cross sections are higher
compared to the absorption cross sections. To effectively
measure this parameter, the scattering to absorption cross-
section ratio was plotted in Fig. S4(c). Here, it is clear that as
the size increases, Ge NP tend to scatter more light than it
absorbs, which is consistent with the previously reported liter-
ature.”*>* The highest scattering to absorption cross-section
ratio was achieved for the 300 nm diameter Ge NP, which is
close to 4 at above A = 1000 nm. Furthermore, in contrast to
smaller Ge NP, as the diameter of the Ge NP increases, red
shifting is observed in the scattering cross sections. Finally,
Fig. S4(d) depicts the absorption, scattering, and extinction
cross sections (sum of the absorption and scattering cross
sections) for 300 nm diameter Ge NP.

In the context of this work, these results justify why 300 nm
sized Ge NP and 500 nm NP position resulted in the highest J,,
Voo, fill factor, and PCE. As 300 nm Ge NP scatters more light
compared to the other NP sizes, it increases the possibility of
low-frequency photons being absorbed by the CdTe absorber
layer since most of the photons of NIR range light remain
unabsorbed.® This might be due to the fact that embedded NPs
in the absorber layer redistributes the optical field to result in
a homogenization of the optical field (HOF).* This can signifi-
cantly increase the carrier generation at longer wavelengths.
Furthermore, the placement of the NPs is immensely important
considering their light-scattering properties and the direction
in which they scatter light. For example, if the NP is scattering
light in the downward direction and placed at the bottom of the
absorber layer, it would not effectively contribute to absorption
enhancement, since scattered light does not have enough
absorber material to be coupled with. Thus, when the optimal
Ge NP is placed at 500 nm depth i.e. closer to the top surface, its
forward scattered light can pass through a sufficiently large
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portion of CdTe absorber material, giving a chance to generate
more charge carriers.

Apart from quantitatively measuring the scattered light
through scattering and absorption cross-sections, a far-field
scattering plot is also important, considering it can provide
fundamental insight into the direction of the scattered light. Ge
being a high-indexed semiconductor NP can trap light via far-
field light coupling of scattered light and nearfield coupling of
localized light.>* To calculate far-field scattering, a 300 nm
diameter Ge NP was illuminated with a TFSF source as shown in
Fig. 7(a) and the direction of incident light is from the positive
towards the negative z-direction. Fig. 7(b) defines the angle in
each plane with respect to the x, y, and z axes. Fig. 7(c-f) pres-
ents far-field scattered light in the x-y plane, Fig. 7(g-j) for the
y-z plane, and Fig. 7(k-n) for the x-z plane along with a color
bar representing the intensity of light. All these far-field angular
distributions are plotted against four different wavelengths of
500, 900, 1000, and 1100 nm marked at the top of each column
in Fig. 7 grid. The far-field radiation pattern at a wavelength of
500 nm provides the baseline pattern, where the contribution of
Ge NPs is minimal compared to the near-infrared (NIR) wave-
lengths of 900, 1000, and 1100 nm, where the Ge NPs signifi-
cantly contribute to light absorption. From Fig. 7(g-n), one can
deduce that the angular far-field distribution of the y-z and the
x-z plane shows the scattered light is only focused in the z-
direction (at 270°), meaning almost all the light is scattered in
the forward direction and there is very little (if any) backward
reflection of the incident light from the Ge NPs. On the other
hand, Fig. 7(c-f) shows an alternating dipole resonance between
the direction of electric and magnetic fields with the change in
wavelengths for the x-y plane. Subwavelength Ge NP can
demonstrate both electric and magnetic dipole resonance as
described in previous literature.®® The direction of both electric
and magnetic dipole lobes is transverse to the direction of
incident light. However, the light intensity of this dipole
response (10~ order) is comparatively less than the forward
scattered light (10~ ** order) in the direction of incident light in
the y-z and x-z plane. In the y-z and the x-z plane, it can be seen
that with the increase of incident light wavelength, the light
scatters forward (at 270°) at a wider angle. This eventually
increases the optical path length with the help of the metal back
reflector leading to enhanced absorption.** This further vali-
dates why the absorption of CdTe TFSCs is significantly
enhanced in the wavelength range of 800 nm to 1100 nm, as
shown in the absorption plots in the later sub-sections.

3.3 Comparative analysis of bare CdTe TFSCs, nanocone
textured CdTe, and nanocone textured CdTe with Ge NP

3.3.1 Broadband absorption spectra analysis. To under-
stand the individual and combined performance enhancement
by the optimal NC texture and Ge NP, absorption spectra over
the whole wavelength region of 400 nm to 1100 nm have been
shown in Fig. 8(a). For better understanding, the whole wave-
length range has been divided into two regions. The 400 nm to
800 nm wavelength region and 800 nm to 1100 nm wavelength
region are shaded with two different colors, considering short

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(9), and (k) denote the direction of the incident light, electric field, and magnetic field polarization respectively.

and long wavelength regions, respectively, in terms of solar cell
absorption. In the short wavelength region (400 nm to 800 nm),
the average absorption of the CdTe absorber layer without any
light trapping is already over 80% (Fig. 8(c)) due to its high
absorption coefficient. Yet, the absorption of this region is even
further elevated with the help of the NC surface texture and
reaches 98% as seen in Fig. 8(c). The optimal NC surface texture

© 2025 The Author(s). Published by the Royal Society of Chemistry

(dcone = 600 nm, Acone = 400 nm) not only reduces the light
reflection but also works as a medium of light trapping to
redirect light into the absorber layer at this wavelength range.
Since most of the short wavelength light is absorbed within
a few hundred nanometers of CdTe layers, it appears that the Ge
NP does not play any significant role in further increasing the
incident light absorption at this range. However, when it comes
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textured CdTe and NC textured CdTe with Ge NP.

to the long wavelength region (800 nm to 1100 nm), 300 nm
diameter Ge NP placed 500 nm below the CdS top surface, along
with optimal NC texture, can raise the average absorption to
91%, which is more than double the average absorption of bare
CdTe TFSCs (42%) as shown in Fig. 8(d). Moreover, the contri-
bution of the optimal NC texture can not be denied in the long
wavelength range, which can alone increase average absorption
to 70% without Ge NPs. This implies that the optimal NC
surface texture can work as an excellent anti-reflection medium
over all the wavelength ranges along with providing light trap-
ping at the same time. Considering the total wavelength of
400 nm to 1100 nm, CdTe TFSCs with optimal NC surface
texture and embedded Ge NP can provide a 95% average
absorption, suggesting the broadband absorption compared to
bare CdTe (64%) or with only the NC texture (86%) as seen in
Fig. 8(e). To compare how much the absorption has been
elevated compared to bare CdTe TFSCs, the enhancement factor
h(2) corresponding to each wavelength have been plotted in
Fig. 8(b). The following equation is used to calculate the
enhancement factor,

absorption of CdTe TFSCs with texture and/or NP at 2
absorption of bare CdTe TFSCs at A

h(2) =

17)

Nanoscale Adv.

Fig. 8(b) reveals that the highest enhancement has taken
place in the long wavelength range due to the weak absorption
of CdTe TFSCs at this range. Compared to only NC texture
configuration, CdTe with optimal NC texture with Ge NP can
provide higher enhancement in this wavelength region. The
inset figure in Fig. 8(b) shows the enhancement factor in the
short wavelength region. The reason the enhancement factor
tends to remain between 1.1 to 1.3 is that the absorption of bare
CdTe TFSCs is already high in this region. Similar to average
absorption, J;. contribution over certain wavelength ranges is
plotted in Fig. S6(a—c). For 2 = 400-800 nm, J,. elevates from
18.77 mAcm 2 t022.78 mA cm ™ ? in a similar manner of average
absorption for NC texture with and without Ge NP as seen in
Fig. S6(a). However, NC texture increases Js. to almost double
(6.63 mA cm %) and embedded Ge NP with NC texture to more
than three times (11.65 mA cm™*) compared to bare CdTe
TFSCs (3.45 mA cm ™) when A = 800-1100 nm, as shown in
Fig. S6(b).

3.3.2 Electric field analysis for TM mode polarization.
Fig. 9(a-p) demonstrates the electric field distribution plot for
the wavelengths of 545 nm, 785 nm, 935 nm, and 1035 nm for
all three configurations. Since the electric field distribution for
all the wavelengths can not be practically shown in this work,
these four wavelengths are chosen as they show more light-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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matter interaction than other wavelengths do. The four
columns of the Fig. 9 grid correspond to the four wavelengths of
545 nm, 785 nm, 935 nm, and 1035 nm, respectively. The first
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three rows belong to the bare CdTe TFSCs, optimal NC-textured
CdTe TFSCs, and NC-textured CdTe TFSCs with embedded Ge
NP, respectively. Since it is hard to illustrate the complex light-
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Fig. 9 Electric field distribution plot for bare CdTe TFSCs (a—d), NC textured CdTe (e—h), and NC textured CdTe with Ge NP (i-l) for the
wavelengths A = 545 nm, 785 nm, 935 nm, and 1035 nm. (m—p) Normalized 3D electric field distribution plots for NC textured CdTe with Ge NP.
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matter interaction in the 2D plane, a 3D electric field distribu-
tion of optimal NC texture with embedded Ge NP has also been
plotted for those four wavelengths in the fourth row of the Fig. 9
grid.

For the planar CdTe TFSCs, the Fabry-Perot resonance mode
constructed from the constructive and destructive interference
of incoming and reflected lights can be seen in Fig. 9(a-d).*
Additionally, the thickness and width of this Fabry-Perot reso-
nance mode can be seen increasing with the increase in wave-
length. As for optimal NC texture, having a constant periodicity
allows it to work as a diffraction grating.®® Broadband absorp-
tion through NC texture can be achieved in two ways.”® The
texture layer significantly suppresses the reflective losses at
shorter wavelengths and focuses light into the absorber layer as
seen in Fig. 9(e-f). On the other hand, at longer wavelengths,
CdTe is less absorptive, and therefore incident light can not be
absorbed in a single path length, i.e., path taken by light to
travel without being reflected. With the help of the back
reflector, the diffraction distribution pattern arises as seen in
Fig. 9(g and h), increasing the optical path length to several
folds.*”” For both the NC texture and Ge NP configuration, the
electric field distribution plot (Fig. 9(i and j)) is somewhat
similar to the only NC texture configuration at 545 and 785 nm
owing to the fact that Ge NP contributes less to the light
coupling due to its low scattering cross-section at these wave-
lengths, as described in the previous section. However, at long
wavelengths i.e. 935 nm and 1035 nm, Ge NP can be found to
increase light coupling through its strong forward scattering
mechanism and near field effect demonstrated in Fig. 9(k and 1)
and also in the 3D field distribution of Fig. 9(o and p). Being
a radiative process, Far-field scattering transfers energy through
the emission and propagation of photons.*® On the other hand,
non-radiative near-field enhancement can substantially amplify
incoming light intensity by concentrating light into a small
volume.® Several hotspots are visible at 1035 nm (Fig. 9(1)),
suggesting the strong light coupling in the presence of Ge NP
can contribute to the electron-hole pair generations and thus
increase the overall PCE.” Clearly, optimal NC texture and Ge
NP configuration together provide an improved method to
utilize light to increase carrier generation at both short and long
wavelengths compared to the other two configurations.
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3.3.3 P-V & J-V curve analysis. The current density vs.
voltage (J-V curve), and output power vs. voltage (P-V curve)
have been plotted in Fig. 10(a and b), respectively. The figures
suggest that tapering the top surface of both the CdS-CdTe layer
in a NC shape with a base diameter of 600 nm and a height of
400 nm can significantly enhance the current density. Adding
a 300 nm diameter Ge NP embedded 500 nm below the top
surface can even increase the current density further. Despite
the reduction in solar cell voltage in both cases, the solar cell
quality, ie., fill factor, increases, contributing to achieving
a higher cell output power compared to the bare CdTe TFSCs as
seen in Fig. 10(b). Finally, the absorption spectra of bare CdTe
TFSCs has been plotted against the optimal structure that is
modified with a NC texture and Ge NP. Fig. 10(c) shows that the
bare flat structure suffers from poor absorption over many of
the incident light wavelengths, especially in the NIR region. On
the contrary, the optimal structure absorbs almost all the
incoming light of solar spectrum AM 1.5G, owing to its excellent
anti-reflection and light trapping properties over broadband
wavelengths. Table 2 compares the performance parameters of
the proposed structure with that of other recently investigated
CdTe TFSCs. It is evident from the table that the dual light
trapping technique used in this study, as well as in the study by
Ferdoushi et al.,”® provides superior performance compared to
the single light trapping technique. The reason lies in the fact
that dual light trapping allows addressing low absorption in
different wavelength ranges individually. Both the experimental
and simulation studies are listed in Table 2. In terms of J,, this
study produces the second-best result (35.38 mA cm ™ 2) and the
highest PCE of 27.76% amongst all the studies in Table 2.

It is worth noting that the optimal structure proposed in this
study incorporates various recombination mechanisms,
including Shockley-Read-Hall, radiative, and auger recombi-
nation, as outlined in Table S4. Additionally, when the series
resistance (R; = 1.5 ohm ¢cm™?)® of the emitter was added into
the structure, the fill factor and PCE are found to drop from
0.8406 to 0.7890 and 27.76% to 26.19%, respectively. The
remaining J. (35.38 mA cm %) and V. (0.9381 V) values remain
fairly similar to the optimal parameter values. Another type of
loss considered in the proposed structure is parasitic absorp-
tion by the CdS window layer. As shown in Fig. S7, it absorbs
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Fig. 10

(@) J-V curve, (b) P-V curve for bare CdTe TFSCs, NC textured CdTe and NC textured CdTe with Ge NP, (c) spectral intensity received

and absorbed for bare CdTe TFSCs and proposed CdTe TFSC modified with NC structure and embedded with Ge NP with respect to AM 1.5G

incident solar radiation.
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Table 2 Performance comparison of the proposed structure with recently studied CdTe TFSCs

Solar cell structure Light trapping technique  Ji. (mA cm™?) Vo (V) Fill factor ~ PCE (%) References
Si0,/Si(DBR)/ZnTe/CdTe/CdS/ZnO/FTO/glass  SiO,/Si (DBR) 10.98 1.201 0.82 10.39 71
FTO/Sn0,/CdS/CdTe/MoO;/(MgF,/M005)* 1D-PC 17.23 0.960 0.63 10.47 7
ITO/CdS/CdTe/Ag Micro-texturing 24.29 0.798 0.57 10.98 72
Au/ZnO/CdS/CdTe/Au ZnO nanopillar 16.90 1.008 0.75 12.60 73
Ag/CdS/CdTe/Al(coating)/glass(grating)/Ag Nano-grating 30.52 1.020 0.75 23.48 10
ZnS/CdTe/BSF/DBR Si/Al,0; DBR 25.04 1.065 0.88 23.94 74
ITO/CdS/CdTe/Au/Ni NW SC & ITO FS 41.56 0.871 0.73 26.45 75
Glass/Ag/CdS/CdTe/Ge/Ag NC texture & Ge NP 35.38 0.933 0.84 27.76 This work

around 9% of the total incoming light, especially in the wave-
length region below 525 nm. Future studies may focus on
achieving improved surface and interface quality, as well as the
use of alternative materials for the window layer and the metal
contact, which can be expected to further increase the Js. and
PCE of the proposed solar cells.

3.4 Polarization & incident angle variation analysis

Although all the simulations conducted in this study are for TM
polarized light in normal incident angle, the actual sunlight is
unpolarized light and follows an oblique solar path. This is even
more true if the solar cell is being used in a country located far
from the equator, where the incident angle is further sloped.
Therefore, incident and polarization variation studies are crit-
ical to gain a better understanding of the phenomenon of light
interaction with the NC structures and embedded Ge NPs in the
CdTe TFSC. Fig. 11(a) shows the polarization angle variation
from 0° to 90° as a function of incident light wavelengths for the
CdTe solar cells with optimal NC texture and embedded Ge NP.
It is essential to note that 0° corresponds to the TM polarized
light whereas 90° refers to TE polarized light. Additionally, the
absorption remained the same for all polarized angles since
both the NC texture and Ge spherical NP have x-y axial
symmetry. This means the optimal structure obtained in this
study can keep a consistent performance for any polarized light.
Next, the incident angle has been varied from 0° to 70° as
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a function of incident light wavelengths for the same optimal
structure. The results shown in Fig. 11(b) are consistent with the
previously reported study, where the nanotextured front
surfaces have shown almost no significant efficiency degrada-
tion of the solar cell over an incident angle of 0° to 70°.%77
However, it can be observed that the absorption at longer
wavelengths is more pronounced, which can be attributed to
the optical path length change resulting from the increase in
incident angle. Despite this, the average absorption is main-
tained well above 85% over all the angle variations, as shown in
Fig. S8. The optimal NC texture plays an important role in this
aspect, providing enhanced absorption over a broad wavelength
range and large incident angle variation.” This further supports
the robustness of the optimal structure obtained in this study
and its insensitivity against polarization and incident angle of
the incoming solar radiation.

3.5 Proposed fabrication technique

Over the years, the fabrication process of CdTe TFSCs have been
streamlined industrially.® While optimizing the proposed
structure in this study, one of the goals was its ease of fabrica-
tion by implementing additional steps to existing processes.
Hence, additional methods for the NC structure and embedding
of Ge NP have to be adopted to fabricate the proposed structure
shown in Fig. 1. The suggested fabrication process is summa-
rized in Fig. 12. CdTe TFSCs are generally fabricated in a top-
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Fig. 11 Absorption as a function of (a) polarization angle, (b) incident angle for optimal NC textured CdTe with embedded Ge NP.
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Fig. 12 The step-by-step procedure for fabricating the proposed structure, (a) circular SiO, hard mask on soda lime glass, (b) wet etching of
inverted NC array using KOH, ethanol, and deionized water solution, (c) CdS layer deposition by closed-spaced sublimation (CSS), (d) CdTe layer
deposition by CSS until the depth of Ge NP formation, (e) array of semicircular inverted pits by electron beam lithography (EBL), (f) growth of Ge
NP by molecular beam epitaxy (MBE), (g) deposition of remaining CdTe absorbing layer, (h) Ag back contact deposition by magnetron sputtering.

down approach, ie., CdS (window layer) is deposited on
a substrate, then CdTe (absorber layer), and then the back
contact.*” Similarly, top-down approach was taken by Tavakoli
et al., where layers of a perovskite solar cell were deposited on
a plastic textured with hexagonally ordered inverted NC struc-
ture, essentially, the plastic substrate acted as the mold for the
NC texture formation.*® This approach can be adopted to
potentially fabricate the NC textures in the proposed structure.
Industrially, soda lime glass is used as a substrate for CdTe
TFSC production due to its minimal parasitic light absorption
and cost effectiveness.’

Ding et al. devised a method to imprint high resolution
images based on inverted nanopyramid textures on Si wafers
and also claimed the method can be applied to produce nano-
wires and nanoholes.** This method can potentially be adopted
to imprint square arrays of inverted NCs by preparing the
computer-aided design (CAD) file containing the NC pattern to
produce the SiO, hard mask directly on a soda lime substrate
using laser ablation. Soft mask is not a reliable approach for
this task, as it has been previously reported that the desired
features cannot be attained while etching nanopatterns on
silicon. This is because the soft mask has weak resistivity to the
caustic etchants.®” Soft masks also lead to undercut, leading to
further disfiguration of desired nanopatterns.®* Subsequently,
the NCs can be produced using wet etching solution comprising
potassium hydroxide (KOH), ethanol, and deionized water.
Additionally, potassium hydroxide was used by Sakai et al. as an
etchant to produce microstructures on soda lime.** So, this
method of NC texturing may be potentially used on soda lime
substrate as well. To deposit the CdS and CdTe layers, chemical
bath deposition (CBD) and closed space sublimation (CSS) can
be used, respectively.® Ruiz-Ortega et al. fabricated CdS

Nanoscale Adv.

ultrathin films with thickness ranging from 27 nm to 48 nm
using CSS, hence, the CdS window layer thickness of 100 nm for
the proposed configuration is potentially achievable.?*

For the next part, the deposition of CdTe layer has to be done
in two steps for enabling the placement of a Ge NP array. This
could be thought of as a layer-by-layer approach where CdTe
filled up to a thickness, then fabrication and placement of Ge
NP, then again deposition of CdTe as depicted in Fig. 12(d-g).
This approach was taken for embedding Ag NPs in amorphous
Si by Santbergen et al. and also an almost similar approach can
be seen for embedding SiO, NPs in organic solar cells, where
a mixture of PEDOT:PSS and SiO, NPs was spin coated onto
a substrate and then P3HT:PC61BM was deposited on top.*>%¢
Henceforth, CdTe can potentially be deposited using CSS by
maintaining substrate temperature at 500 °C up to a thickness
of 400 nm so that Ge NP can be placed.® Bollani et al. reported
a procedure to embed ordered arrays of gallium (Ga) NPs on the
surface of Si substrate, where pit arrays acting as place holders
were patterned on to the Si using electron beam lithography
(EBL), and the Ga NPs were grown using molecular beam
epitaxy (MBE) in the ordered pits.*” Although Ju et al. reported
a less intensive and less expensive method, i.e., colloidal
synthesis, the desired size and perfect array cannot be achieved
through this method.*® This method could potentially be
expanded to CdTe, where the pit arrays could be textured onto
CdTe using EBL and the Ge NPs could be produced using
molecular beam epitaxy following the methodology of Aouassa
et al., where they deposited Mn-doped Ge NPs on to SiO, thin-
films for solar cell applications.®

Once Ge NPs are implanted, CdTe deposition can be
continued for another 800 nm to attain a final thickness of
1500 nm of the absorber layer. Moving forward, the structure is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to be annealed in the presence of chlorine (Cl) atmosphere, also
known as Cl treatment or activation treatment, where Cl is
supplied by cadmium chloride (CdCl,), or alternatively
magnesium chloride (MgCl,), which is non-toxic and
cheaper.*” This ensures the recrystallization of the CdTe
removing lattice defects from the CdS/CdTe heterojunction
interface and reduce lattice mismatch.® This step can be fol-
lowed by a chemical treatment of the CdTe surface using Br,-
methanol or a mixture of HNO3;/HPO; acids to create a Te-rich
layer. This step has the potential to facilitate alignment
between the valence band of CdTe and the work function of the
metal contact.® Lastly, the Ag back contact can be deposited
using magnetron sputtering following the methodology
proposed by Eze et al.*®

Conclusions

In conclusion, the results presented in this computational study
reveal that a composite light-trapping technique combining NC-
shaped surface texturing and embedded Ge NPs can signifi-
cantly enhance light absorption in CdTe TFSCs, achieving 95%
absorption compared to 64% in CdTe TFSCs without any light-
trapping approach. The NC texture, optimized with a 600 nm
base diameter and a 400 nm height, effectively reduces surface
reflection across the incident light spectrum. Additionally, it
acts as a diffraction grating, directing light into the absorber
layer to increase carrier generation by extending optical path
lengths. Embedding 300 nm Ge NPs at a depth of 500 nm from
the top surface helps address the weak absorption of CdTe at
near-infrared wavelengths. Scattering cross-sections calculated
using Mie theory reveal that, upon light incidence, the Ge NPs
exhibit strong forward-scattering behavior, coupling scattered
light deeper into the CdTe absorber and enhancing current
density. The optimal NC texture with Ge NPs yields the highest
simulated values for short-circuit current density (Js.) at 35.38
mA cm %, open-circuit voltage (V,.) at 933.2 mV, fill factor at
0.8406, and power conversion efficiency (PCE) at 27.76%.
Furthermore, additional analyses indicate that the performance
of this structure is stable under varying polarization angles (0°
to 90°) and incident angles (0° to 70°) of the incident solar
radiation, demonstrating its robustness for practical applica-
tions. This resilience can potentially make the optimized CdTe
TFSCs viable for integration into miniaturized electronic
devices. Although the optimal solar cell structure has not been
fabricated in this computational study, a fabrication process
has been proposed based on the established fabrication-related
literature. Future work will focus on actual device fabrication to
establish performance benchmarks, aiming for a cost-effective
approach without compromising efficiency.
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