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Direct correlation between open-circuit voltage
and quasi-fermi level splitting in perovskite solar
cells: a computational step involving thickness,
doping, lifetime, and temperature variations for
green solutions
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In this study, a 1D perovskite-based solar cell was simulated using COMSOL, incorporating CHzNHzGels
(organic in-organic hybrid) as an absorber layer, SnO, as the electron transport layer (ETL), and Cu,Te as
the hole transport layer (HTL). The simulations reveal that reducing the ETL's thickness enhances current
density (J), although the maximum output power (Pmax) diminishes with ETL's thickness. Conversely,
increasing the absorber layer's thickness boosts open-circuit voltage (Voc) and efficiency, exhibiting
direct relation between V.. and quasi-Fermi level splitting. Furthermore, variations in HTL thickness do
not significantly affect Vo or Pmax. Notably, Vo and Pnax both increase with acceptor density,
conversely, increase in donor density leads to declines in both Vo and Ppyax. While extending the
electron—hole (e—h) lifetime within the ETL results in marginal efficiency improvements, significant
enhancements in the e-h lifetime within the absorber layer substantially improve performance.
However, the efficiency remains unaffected by variations in the e-h lifetime of the HTL. Additionally,
higher operating temperatures adversely impact device performance, reducing J, Vo, Pmax fill factor,
and overall efficiency. This study provides critical insights into optimizing material properties and device
parameters for experimental applications, underscoring the potential of CHsNHzGels-based perovskites
as viable candidates for next-generation photovoltaic technologies.

1. Introduction

Global energy consumption has surged by over 50% in the past
two decades, driving a corresponding rise in carbon dioxide
emissions.” The energy sector fulfils more than 80% of global
energy demand and contributes approximately 75% of green-
house gas emissions worldwide.>* With energy demand pro-
jected to grow by 25% in the coming years, renewable energy is
expected to meet nearly 40% of the global supply by 2040,
underscoring the critical need for sustainable solutions like
solar energy.” Among renewable sources, solar energy has
gained significant traction due to its abundance and capacity to
meet a substantial portion of global energy needs. In particular,
perovskite solar cells (PSCs) have garnered attention for their
high efficiency, low production costs, and ease of fabrication,
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with reported power conversion efficiencies (PCEs) reaching
~25.5%.%” Approaching the performance of conventional
silicon-based solar cells, PSCs represent a promising avenue for
the global energy transition. The layered structure of PSCs
comprises an electron transport layer (ETL), a perovskite
absorber layer (PVK), and a hole transport layer (HTL), working
synergistically to optimize light absorption and charge separa-
tion, critical for their efficiency and stability.*®

The ETL plays a pivotal role in selectively transporting elec-
trons from the PVK layer to the electrode while blocking holes,
thereby minimizing recombination losses. Tin dioxide (SnO,) is
a widely used ETL material due to its high electron mobility,
wide bandgap (~3.6 eV), and excellent optical transparency,
enabling efficient electron conduction and sunlight
penetration.’** Additionally, SnO, offers superior thermal and
chemical stability, can be fabricated at low temperatures, and
resists degradation under UV exposure.""” Its compatibility
with diverse fabrication methods, including sputtering and
solution processing, further enhances its versatility. Collec-
tively, these properties significantly boost the stability and
efficiency of PSCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The PVK layer is the core of the solar cell, responsible for
absorbing sunlight and generating electron-hole (e-h) pairs.
For organic in-organic hybrid, lead (Pb)-free methylammonium
germanium iodide (CH;NH;Gel;) serves as a greener alternative
to conventional perovskites, achieving PCE exceeding 18.01%."®
Here, CH;3NH; is organic while Ge and I are in-organic parts in
PVK material. Its high absorption and optimal bandgap (~1.6
eV) facilitate efficient photon conversion across the visible
spectrum.”?® Furthermore, CH;NH;Gel; offers long carrier
diffusion lengths and high charge mobility, essential for
reducing recombination losses and enhancing device perfor-
mance.> It exhibits a favorable tolerance factor (¢t = 0.97), which
lies within the empirical range of 0.97-1.03, making it an ideal
perovskite candidate.”” Although slightly distorted, this value is
still considered within the acceptable margin for stable perov-
skite structures. Existing literature confirms the viability of
MAGel; in photovoltaic application, highlighting its distorted
orthorhombic or tetragonal symmetry—structurally compa-
rable to MASnI;. In this context, various studies have explored
the stability and electronic properties of Ge-based perovskites,
identifying MAGel; as a promising, lead-free alternative.”*">

After optimizing the lattice parameters via VESTA, the cubic
perovskite unit cell of CH;NH;Gel;'s crystal structure is gener-
ated, as shown in Fig. 1(a). This material strikes an ideal
balance between sustainability and photovoltaic (PV) efficiency,
making it a strong candidate for next-generation solar cells.

The HTL completes the charge separation process by
extracting and transferring holes from the PVK layer to the
electrode. Copper telluride (Cu,Te) is a promising HTL mate-
rial, offering high hole conductivity (>100 cm® V™" s7'), excel-
lent thermal and chemical stability, and proper energy level
alignment with the PVK layer.? Its high work function and p-
type conductivity enhance hole extraction while minimizing
recombination losses. Cu,Te also boasts a simple binary
composition, low toxicity, earth abundance, a direct bandgap of
~1.10 eV, and a notable absorption coefficient (>10* cm™").27-3
These properties, coupled with its operational stability and
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and back contacts at room temperature. The SnO,/CH;NH;-
Gel;/Cu,Te configuration enhances PSC performance by maxi-
mizing charge transfer and reducing recombination losses. The
precise energy band alignment among SnO,, CH;NH;Gel;
(MAGels), and Cu,Te, as shown in Fig. 1(b), is critical for opti-
mizing charge dynamics and device performance. It can be seen
that the energies of valence band (E,), conduction band (E.),
electron fermi energy level (Eg,), and hole fermi energy level (Eg;,)
of each layer are well matching and ensuring the smooth
pathway for the removal of electron and hole towards respective
electrodes. SnO,'s wide bandgap prevents electron recombina-
tion and directs electrons toward the top contact, while the
alignment between MAGel; and Cu,Te facilitates efficient hole
transport. This well-engineered SnO,/CH3;NH;Gel;/Cu,Te
architecture achieves efficient photon absorption, charge
separation, and carrier transport with minimal recombination
losses, demonstrating the potential for high-performance solar
energy conversion at room temperature. This design not only
boosts device efficiency and stability but also addresses envi-
ronmental concerns through the use of non-toxic materials,
positioning it as a viable solution for sustainable and efficient
solar energy generation.

2. Numerical modelling

The primary objective of a solar cell is to understand how light-
generated charge carriers (electrons and holes) respond to
internal electric fields.** The simulation process requires for
solving three equations: the Poisson equation, the continuity
equations for electrons and holes, and the current density (/)
equations. Each equation plays a distinct role in characterizing
the solar cell's overall behaviour. The Poisson equation (eqn (1)
& (2)) governs the electrostatic potential generated by charge
distribution within the device:

dw(x) _ p)
d e )

scalability, make it a valuable component for improving the dE 42w (x)
efficiency and longevity of PSCs. > de
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(a) Crystal structure of CHsNHzGels perovskite material, (b) energy band alignment of ETL, PVK layer, and HTL to ensure the smooth

pathway for removal of electron and hole from absorbing layer towards respective electrodes, and (c) schematic illustration of working of solar

cell highlighting the role of thicknesses of ETL, PVK, and HTL.
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Here in eqn (1) & (2), E represents electric field, ¥ denotes the
electrostatic potential, g is the electron charge, and ¢ is the
dielectric constant of the semiconductor material. The hole and
electron concentrations are represented by p and n, respectively,
while N,~ and Np' refer to the densities of ionized acceptors
and donors, respectively. Additionally, p. and n, represent the
concentrations of trapped holes and electrons, respectively, and
x is the position coordinate within the material.** This formula
connects the p-n junction parameter space charge with the
electric field. The conservation of charge carriers in the device is
described by the continuity equations (eqn (3) & (4)) for elec-
trons and holes, which take into consideration the temporal
and spatial fluctuations in carrier concentrations brought on by
generation, recombination, diffusion, and drift in the electric
field:

.
_R=
Tt G 0 3)
~3J,
G—R=0 4
> (4)

Here, in eqn (3) & (4), for electrons, the generation and
recombination rates are denoted by G and R, whereas the J is
represented by J,,, while the comparable parameters for holes
are represented as G, R, and J,,. These equations capture the
charge carrier's movement and interaction under internal and
external stimuli.**** In eqn (5) & (6), J describes the combined
effects of drift and diffusion on charge carrier flow:

on

Jy= (]En#n + ana (5)
on

Jp = qEpu, + ‘lea (6)

Here, in eqn (5) & (6), g is the elementary charge, u, and u, are
electron and hole mobilities, D, and D, are diffusion coeffi-
cients, and E is the electric field.*>*® The equations highlight the
interplay between the electric field and concentration gradients.
The generation rate of carries due to light absorption is given by

(eqn (7)):
G(x) = ale ™™ 7)

Here, in eqn (7), I, is the incident light intensity (AM 1.5 stan-
dard spectrum is taken as reference here), « is the absorption
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coefficient, and x represents depth.*” The exponential term
describes the attenuation of light intensity as it penetrates the
material. After generation of charge carriers, depending upon
lifetime of these charge carrier, there happens recombination of
charge carriers too. One of the types of recombination, there is
Shockley-Read-Hall (SRH) recombination (and observed in this
study), and it is given as (eqn (8)):

_ (np — nopo)
(P + po) + p(n + o)

(8)

This mechanism involves trap states or defects, with 7,, and
7, denoting the lifetimes of electrons and holes.*® There may be
the probability of radiative recombination in working of solar
cell, so it is given as (eqn (9)):

R = B(np — ngpg) 9)

Photons are produced by the recombination of electrons and
holes in direct-bandgap semiconductors. Recombination is
dependent on the product of electron and hole concentrations
(np) and their equilibrium values ngp,, and the radiative
recombination coefficient is denoted by B.** These equations
are discretized and solved over the geometry of the solar cell in
COMSOL.* By solving these equations concurrently, COMSOL
offers a comprehensive simulation of the solar cell's perfor-
mance, including efficiency, current-voltage characteristics,
and other crucial parameters. The optimized initial parameters
for 1D SnO,/CH;NH;Gel;/Cu,Te solar cell are tabulated in
Table 1.

3. Results and discussion
3.1 Effect of ETL thickness on solar cell performance

The ETL, PVK layer, and HTL are considered as pivotal layers in
solar cell formation, and their thicknesses play a critical role in
the output performance, as illustrated schematically in Fig. 1(c).
The thinner ETL exhibits higher current densities due to effi-
cient charge transport, as electrons generated in the absorber
layer encounter minimal resistance while traversing the ETL.
So, to analyze the effect of different ETL thicknesses on solar
cell performance, it is varied from 10-90 nm, and current
density-voltage (J-V) and power-voltage (P-V) characteristics
are shown in Fig. 2(a). The P-V characteristics, indicating that

Table 1 The initial optimized parameters for 1D SnO, (ETL)/CHsNHzGels (PVK layer)/Cu,Te (HTL) solar cell

Parameters ETL PVK HTL
Relative permittivity 10 10 10

Band gap (eV) 3.5 1.9 1.19
Electron affinity (eV) 4 3.98 4.1
Effective density of states, valence band (cm™?) 2.2 x 10" 1 x 10" 1.8 x 10"
Effective density of states, conduction band (cm ™) 2.2 x 10"® 1 x 10" 7.8 x 10"
Electron mobility (m* v ™' s™1) 50 16.2 500

Hole mobility (m* V' s™") 12 2.1 100
Electron lifetime, SRH (ns) 1000 1 1

Hole lifetime, SRH (ns) 1000 1 1
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Fig. 2 (a) J-V and P-V characteristics at different ETL thicknesses (nm), and its effect on (b) Jsc, Voo, Pmax. FF, and efficiency, (c) J-V and P-V

curves at different PVK thicknesses (nm), and its effect on (d) Jsc, Voo, Pmax. FF. and efficiency, (e) J-V and P-V response at different HTL

thicknesses (nm), and its effect on (f) Jsc, Voo, Pmax. FF, and efficiency.

maximum power output (Py,,x) decreases with increasing ETL
thickness due to resistive losses and recombination effects,
which reduce optical transmittance and become more
pronounced at higher voltages.**> Fig. 2(b) present the varia-
tion in short-circuit current density (J/s), open-circuit voltage
(Voe)s Pmax fill factor (FF), and efficiency, showing that thinner
ETLs (~10 nm) yield higher J,. (179.940 A m™?) due to reduced
resistance and improved charge collection efficiency, enabling
more photogenerated electrons to reach the contacts. The V.
remains relatively constant (1.011 V at 10 nm and 1.009 at 90
nm) across a range of ETL thicknesses, as V,. is primarily
determined by material properties and energy level alignment
at interfaces, with SnO, maintaining effective energy alignment
irrespective of thickness. The P, shows a significant decline
(from 155.043-129.420 W) as ETL thickness increases (from 10-
90 nm), driven by higher series resistance (R;) and recombina-
tion losses associated with thicker ETLs, which impairs overall
device performance. Similarly, the FF slightly declines (from
85.226-84.989%) with increasing ETL thickness due to rising Ry,
which hampers efficient electron transport and reduces the
device's ability to transmit power under ideal conditions.
Finally, the power-dependent efficiency declines largely from

Table 2 The effect of ETL's thicknesses on output characteristics of
1D SnO,/CH3NH3Gels/Cu,Te solar cell

ETL thickness  Js Voe Prnax FF Efficiency
(nm) Am?) v W %) (%)

10 179.940 1.011 155.043 85.226 15.504

30 170.410 1.010 146.475 85.103 14.647

50 162.490 1.010 139.653 85.094 13.965

70 156.190 1.009 134.064 85.068 13.406

90 150.920 1.009 129.420 84.989 12.942

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

15.504% at 10 nm to 12.942% at 90 nm. Table 2 presents the
detailed values of output characteristics of 1D SnO,/CH;NH;-
Gel;/Cu,Te solar cell at different ETL's thicknesses.

3.2 Effect of PVK thickness on solar cell performance

The J-V characteristics reveal that thicker absorber layers
enhance photon absorption, generating more e-h pairs and
increasing J, as shown in Fig. 2(c).***® However, beyond an
optimal thickness (around 700 nm), resistive and recombina-
tion losses escalate, impairing charge collection efficiency and
causing a decline in J, particularly at higher voltages. Similarly,
the P-V characteristics show that thicker layers improve
absorption and charge generation, excessive thickness intro-
duces resistive and recombination losses, reducing power
output and illustrating the trade-off between absorption and
recombination, as shown in Fig. 2(c). Fig. 2(d) shows that the J.
increases (from 69.30-167.22 A m™?) with absorber thickness
(ranging from 100-900 nm), due to enhanced light absorption
and charge carrier generation. However, as thickness increases,
light absorption saturates, and additional thickness amplifies
recombination rates, limiting effective charge collection, and
consequently exhibits asymptotic behaviour beyond a certain
thickness. In contrast, the V,. initially rises with thickness
(1.10 V at 100 nm and 1.20 V at 900 nm) due to improved light
absorption and quasi-Fermi level splitting, exhibiting direct
relation between V,. and quasi-Fermi level splitting, as shown
in Fig. 2(d). Nevertheless, V,. saturates (~1.203 V) beyond
a threshold thickness as resistive and recombination losses
counterbalance further carrier generation gains. Moreover,
Fig. 2(d) expresses that the Py, increases from 68.06 at 100 nm
to 120.69 W at 700 nm but then starts to decline (117 W at 900
nm) due to elevated resistive and recombination losses.
Furthermore, the FF diminishes as thickness increase (from

RSC Adv, 2025, 15, 15618-15629 | 15621
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Table 3 The effect of PVK's thicknesses on output characteristics of 1D SnO,/CHsNH3zGelz/Cu,Te solar cell

PVK's thickness (nm) Joe (Am™?) Voe (V) Prax (W) FF (%) Efficiency (%)
100 69.302 1.1094 68.0640 88.52859 6.8064
300 110.200 1.1680 106.8628 83.02371 10.6862
500 136.170 1.2010 118.4200 72.41034 11.8420
700 154.300 1.2030 120.6900 65.01892 12.0690
900 167.220 1.2030 117.1350 58.22813 11.7135

88.52% at 100 nm to 58% at 900 nm), as shown in Fig. 2(d),
because higher resistive and recombination losses hinder the
device's ability to operate near its optimal power point. Finally,
the efficiency initially improves with absorber thickness (from
6.8 to 12.06% within 100 to 700 nm) due to enhanced light
absorption and increased current generation, as shown in
Fig. 2(d). However, efficiency saturates or marginally declines
after beyond the optimal thickness of 700 nm, as recombination
and resistive losses dominate. All these output characteristics of
1D SnO,/CH;NH;Gel;/Cu,Te solar cell at different PVK's
thicknesses are listed in Table 3.

3.3 Effect of HTL thickness on solar cell performance

Fig. 2(e) presents the J-V characteristics at varied HTL thick-
nesses ranging from 10-90 nm, and demonstrate that thinner
HTLs facilitate effective hole transport due to reduced resis-
tance, resulting in higher J. As HTL thickness increases, resis-
tance grows, elongating the hole transport path, which
diminishes J and increases the likelihood of charge recombi-
nation.** Similarly, the P-V characteristics reveal that optimal
HTL thickness (around 10 nm) achieves peak power output by
minimizing resistive losses and recombination, while thicker
HTLs (~90 nm) exhibit reduced power output due to increased
R,. Furthermore, Fig. 2(f) shows the variation in Js, Voc, Pmax, FF,
and efficiency for different HTL thicknesses, elucidates that the
Jse reduces slightly from 161.110 A m > at 10 nm to 160.280 A
m~ 2 at 90 nm, as photocarrier generation is governed by the
absorber layer as well as HTL thickness. Marginal reductions
(from 161.1 to 160.2 A m2) in J,. at higher thicknesses (~90
nm) result from slight resistance and recombination losses,
though these effects are negligible. The V,, slightly increases
(from 0.8480 V at 10 nm to 0.8545 V at 90 nm) since the HTL
primarily facilitates hole transport and electron blocking,
without affecting the absorber's properties and it varies Py ax

Table 4 The effect of HTL's thicknesses on output characteristics of
1D SnO,/CH3NH3Gels/Cu,Te solar cell

HTL thickness  Jsc Voc Pryax FF Efficiency
(nm) Am?) (V) W) ) (%)

10 161.110 0.8480 79.458 58.159 7.945

30 160.690 0.8518 79.164 57.836 7.916

50 160.430 0.8536 79.008 57.694 7.900

70 160.310 0.8543 78.942 57.641 7.894

90 160.280 0.8545 78.924 57.625 7.892

15622 | RSC Adv, 2025, 15, 15618-15629

(~79.458-78.924 W) under HTL thicknesses. Similarly, the FF
reduces lightly (58.159-57.625%), as the HTL balances R, and
shunt resistance (Rg,). Neither overly thin nor thick HTLs
dominate in this range, maintaining effective charge extraction
and transport. Finally, likewise Py,.x, the efficiency follows the
same decreasing trend (ranging from 7.945% at 10 nm to
7.892% at 90 nm) across the HTL thickness range, as it directly
co-relates with the stable V., Js., and FF. The comprehensive
numerical output characteristics of 1D SnO,/CH;NH;Gels/
Cu,Te solar cell at different HTL's thicknesses are enlisted in
Table 4.

3.4 Effect of acceptor concentration on solar cell
performance

At lower voltages, J improves with higher acceptor density (N,)
due to increased charge carrier concentration in the p-type
region, which strengthens the electric field in the depletion
region. This stronger field facilitates the separation of photo-
generated e-h pairs, reducing recombination losses and
enhancing J, as shown schematically in Fig. 3(a). The -V and P-
V characteristics at different N (ranging from 1 x 10" to 1 x
10*® cm™?) for HTL layer, are shown in Fig. 3(b).** The
stronger electric field in the depletion region accelerates the
further reducing
recombination and R, leading to linear growth in J,. (from
160.35 at 1 x 10" to 172.23 Am > at 1 x 10*° cm ), as shown
in Fig. 3(c). Moreover, Fig. 3(c) shows that V,, rises (from 0.95 to
1.27 V) with N, as the strengthened electric field enhances
quasi-Fermi level splitting, intrinsic potential, and charge

separation of photogenerated carriers,

carrier separation while minimizing recombination and Rg. The
Pphax significantly improves (79.36 to 122.64 W) with increasing
N,, as shown in Fig. 3(c), as the enhanced electric field opti-
mizes the separation and collection of photogenerated carriers,
reducing recombination losses and boosting J and voltage.
However, Auger recombination and increased Rs may limit
further gains at very high doping level. Additionally, Fig. 3(c)
presents the FF and efficiency, showing that the FF also rises
steadily (52-56%) with N,, as improved intrinsic potential and
reduced recombination losses enhance carrier collection effi-
ciency and conductivity. Similarly, efficiency increases approx-
imately linearly (7.9-12.2%) with N, due to enhanced Vi, Jsc,
and FF, which result from improved charge carrier extraction
and reduced recombination. At very high doping levels, effi-
ciency gains may plateau or decline slightly due to increased
resistive losses and carrier-carrier interactions such as Auger

recombination. Overall, higher N, enhances materials

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration exhibiting the role of donor/acceptor concentrations of ETL and HTL on solar cell performance, (b) J-V and P-V

characteristics at different acceptor concentrations, and its effect on (c) Jsc. Voo, Pmax. FF, and efficiency, (d) J-V and P-V curves at different
donor concentrations, and its effect on (e) Jsc, Voc, Pmax. FF, and efficiency.

Table 5 The effect of acceptor concentrations (Na) on output char-
acteristics of 1D SnO,/CH3NHzGels/Cu,Te solar cell

Np(em™@) Jee (Am™?) Voo (V) Pmax (W) FF (%)  Efficiency (%)
1x 10  160.35 0.95 79.366  52.10050  7.9366
1x 10  163.41 1.01 87.451 52.98644  8.7451
1x 107  166.31 1.06 95.680  54.27464  9.5680
1x10"®  168.18 1.12 102.816  54.58437 10.2816
1x 10"  169.84 1.18 110.799  55.28583 11.0799
1x10*°  172.23 1.27 122.640  56.06859 12.2640

conductivity and reduces R, optimizing solar cell performance
within the observed range. Table 5 presents the detailed values
of all output characteristics at different N, for 1D SnO,/CH;-
NH;Gel3/Cu,Te solar cell.

3.5 Effect of donor concentration on solar cell performance

The J-V and P-V characteristics at varying donor concentrations
(Np) from 1 x 10" to 1 x 10" cm™3, as shown in Fig. 3(d), to
check their effects on solar cell performance.* Fig. 3(e) presents
the variation in Js., Voe, Pmax, FF, and efficiency at different Np,
explaining that the Ji. abruptly decreases from 181.03 at 1 x
10" to 154.89 A m 2 at 1 x 10'® ecm®, and then saturation

Table 6 The effect of donor concentrations (Np) on output charac-
teristics of 1D SnO,/CH3NHzGels/Cu,Te solar cell

ND (Cmis) Jsc (A miz) Voc (V) Pmax (W) FF (0/0) Efﬁciency (0/0)
1x 10"  181.03 1.35 121.815  49.84441 12.1815
1x 10  172.23 1.27 122.64 56.06859 12.264
1x 107  157.48 1.21 118.35 62.10942 11.835
1x10"®  154.89 1.2 116.37 62.60895 11.637
1x 10  154.47 1.2 116.34 62.76300 11.634

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

trend follows (~154.47 A m~?). At lower Np, J,. increases rapidly
due to enhanced carrier generation and separation driven by
a stronger electric field. As Ny, rises further, the electric field
becomes sufficiency to collect most carriers, causing Ji. to
saturate. Similarly, V,. declines as Ny increases (from 1.35 to
1.21 Vin the range of 1 x 10"°-1 x 10"” ecm™?), because at lower
Np, awider depletion region creates a stronger electric field and
higher built-in potential. As Np rises, the depletion width
narrows, and junction recombination increases, slightly
reducing V,.. Beyond a certain Np, V. stabilizes as the built-in
potential saturates (~1.2 V). However, the Py, is high for lower
Np and it reduces sharply as the densities increase (from 121.81
at 1 x 10" to 116.34 W at 1 x 10'® em™®). Moreover, the FF
increases at low Np, where high R limits current delivery effi-
ciency. As Ny, rises, Ry decreases, improving carrier collection
and FF (49.84-62%). On the other hand, the efficiency initially
declines (from 12.18 to 11.63%) slightly before stabilizing as Ny,
increases. Table 6 shows the all-output parameters of 1D SnO,/
CH;NH;Gel;/Cu,Te solar cell for varying Np.

3.6 Effect of ETL electron-hole (e-h) lifetime on solar cell
performance

It is obvious that the photo-induced charge carriers have life-
time at nanoscale, which may be longer or shorter depending
upon the incident light and material's properties. If carriers
have shorter lifetime, it may increase the recombination losses,
while on the other hand, there is greater probability of low
recombination if charge carriers have longer lifetime. In this
case, due to longer life span, the charge carriers may have
enough time from the creation to collection at electrodes, and
contribute to the enhanced performance of solar cell. Fig. 4
shows that there are two red and blue spheres labelled as having
shorter and longer lifetimes, respectively, where red spheres are
unable to be collected at respective electrode. Fig. 5(a) shows the
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Fig.4 Schematic illustration exhibiting the role of e-h lifetime of ETL,
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J-V and P-V characteristics in lifetime range of 1-1000 ns,
revealing that increasing e-h lifetimes enhance current at
a given voltage by reducing recombination losses, resulting in
steeper curves and improved carrier collection efficiency.*>*
Similarly, the P-V characteristics show that the maximum
power point shifts to higher voltages as power output rises with
extended lifetimes, due to more carriers contributing to both
current and voltage. This leads to a higher J,. (172.23-173.5 A
m?) as longer lifetimes allow more carriers to be captured
before recombining, as shown in Fig. 5(b). Furthermore,
Fig. 5(b) represents the V,. also increases (1.27-1.28 V) with e-h
lifetime (1-100 ns), but after 100 ns, it starts to reduce again.
Moreover, the Pp,,x improves (from 122.64 to 123.65 W) with
longer lifetimes as reduced recombination enables more
carriers to generate power, plateauing near optimal efficiency.
Additionally, Fig. 5(b) shows FF and efficiency measurements,
expressing that the FF slightly decreases from 56 to 55% but
then starts to achieve again 56% at higher lifetime (~1000 nm).
Overall, efficiency, which depends on V., Js., and FF, rises from
12.26 to 12.36% with e-h lifetime as recombination losses
diminishes, eventually stabilizing (~12.36%) near the theoret-
ical maximum efficiency. Table 7 summarizes the output
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Table 7 The effect of ETL's electron—hole (e—h) lifetime on output
characteristics of 1D SnO,/CH3zNH3Gels/Cu,Te solar cell

ETL's e-h Jse Voc Proax FF Efficiency
lifetime (ns) (Am™?) (\%] W) (%) (%)

1 172.23 1.27 122.64 56.06859 12.264

10 173.37 1.28 123.55 55.67482 12.355
100 173.49 1.28 123.64 55.67684 12.364
1000 173.5 1.27 123.65 56.11654 12.365

parameters at varying e-h lifetimes for ETL in 1D SnO,/CH;-
NH;Gel;/Cu,Te solar cell.

3.7 Effect of PVK electron-hole lifetime on solar cell
performance

Fig. 5(c) presents the J-V and P-V characteristics across various
e-h lifetimes (1-1000 ns), revealing that longer lifetimes reduce
recombination losses, resulting in improved j,. and steeper
curves near the V,.>* Furthermore, the P-V characteristics,
showing that the maximum power point shifts to higher voltage
and power values as carrier mobility improves and recombina-
tion decreases. The Js. increases from 173.5 to 182.14 A m >
with lifetime (1-1000 ns), and after this it may saturate, as
shown in Fig. 5(d), due to enhanced carrier collection efficiency,
reflecting near-intrinsic performance. Additionally, Fig. 5(d)
presents that the V,. rises with lifetime (1.28-1.31 V), and
attains the saturation afterwards, driven by better quasi-Fermi
level separation and reduced energy losses. Similarly, the Pp,ax
increases significantly at shorter lifetimes (from 123.65 W at 1
ns to 166.88 W at 1000 ns), saturating for longer durations as
recombination losses decline. Moreover, the FF gradually rises
(55-69%), as shown in Fig. 5(d), reflecting reduced energy losses
and improved charge transport. The efficiency rapidly improves
(12.36-16.68%) at shorter lifetimes and plateaus at 16.6%, as
shown in Fig. 5(d), indicating optimal performance from
cumulative enhancements in Vi, Js, FF, and P, with

~ =]ns =—1ns 200 1ns 1ns ——1ns ——Ins
= 180 (a) 10ns E B (C) 10ns ; 180 (e) 10ns
< 135 10ns < 150 \ 10ns 135 / — 10ns
= 100ns = Va 100ns  x 100ns
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Fig.5 (a) J-V and P-V characteristics at different e—h lifetime (ns) in ETL, and its effect on (b) Jsc, Voo, Pmax. FF, and efficiency, (c) J-V and P-V

curves at different e—h lifetime (ns) in PVK, and its effect on (d) Jsc, Vo, Pmax. FF. and efficiency, (e) J-V and P-V response at different e—h lifetime
(ns) in HTL, and its effect on (f) Jsc, Vo, Pmax. FF, and efficiency.
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Table 8 The effect of PVK's electron—hole (e—h) lifetime on output characteristics of 1D SnO,/CHsNHzGels/Cu,Te solar cell

PVK's e-h lifetime (ns) Jee (Am™?) Voe (V) Prax (W) FF (%) Efficiency (%)
1 173.50 1.28 123.650 55.67813 12.3650
10 181.23 1.31 159.269 67.08569 15.9269
100 182.04 1.31 166.166 69.67934 16.6166
1000 182.12 1.31 166.881 69.94843 16.6881

diminishing returns beyond a certain lifetime. This behaviour
underscores PVK's intrinsic efficiency potential and high-
performance operation. Table 8 presents the output character-
istics at varying e-h lifetimes for PVK layer in 1D SnO,/CHj;-
NH;Gel;/Cu,Te solar cell.

3.8 Effect of HTL electron-hole lifetime on solar cell
performance

Fig. 5(e) depicts the J-V and P-V characteristics at different e-h
lifetimes (1-1000 nm), highlighting the impact of recombina-
tion in Cu,Te (HTL).***® At shorter lifetimes, strong recombi-
nation significantly reduces current at higher voltages, whereas
longer lifetimes dimmish recombination losses, allowing more
charge carriers to reach the electrodes. Moreover, the P-V
characteristics, revealing that short e-h lifetimes (1 ns) result in
low power output due to its high recombination in the HTL.
Fig. 5(f) shows the variation in Js., Voc, Pmax, FF, and efficiency,
explaining that the J,. remains relatively constant (~173.5 A
m ™) across different lifetimes because HTL's high conductivity
minimizes recombination, even at shorter lifetimes, allowing
most photogenerated carriers to contribute to the current. The
stability of J. indicates its dependence on the active layer's light
absorption and Cu,Te's intrinsic properties, which ensure effi-
cient hole extraction and transport regardless of lifetime vari-
ations. The V,. changes in the range of 1.27-1.28 V with e-h
lifetime, as longer lifetimes reduce recombination losses,
enabling better charge separation and preservation. Short life-
times result in fewer available carriers, lowering V.., while
longer lifetimes (e.g., 1000 ns) allow V,. to reach its maximum
due to Cu,Te's ability to suppress recombination through effi-
cient hole transport. Similarly, the P, also remains invariant
and achieves 123.65 W at all lifetime values. Furthermore, the
FF follows same trend as V. is behaving in this measurement
but the efficiency remains relatively stable (~12.36%) across
different e-h lifetimes. The output characteristics at varying e-h
lifetimes for HTL in 1D SnO,/CH;NH;Gel;/Cu,Te solar cell are
tabulated in Table 9.

Table 9 The effect of HTL's electron—hole (e—h) lifetime on output
characteristics of 1D SnO,/CH3NH=Gels/Cu,Te solar cell

HTL's e-h Jse Voe Prhax FF Efficiency
lifetime (ns) (Am™2) (V) (W) (%) (%)

1 173.5 1.27 123.65 56.11654 12.365

10 173.5 1.28 123.65 55.67813 12.365
100 173.5 1.27 123.65 56.11654 12.365
1000 173.5 1.28 123.65 55.67813 12.365

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

In the lifetime variational study, both front and back
contacts were assumed to be ohmic to minimize interfacial
resistance, but the carrier lifetime remains a crucial factor
influencing solar cell performance. Simulating carrier lifetime
is essential because it affects recombination rates and ulti-
mately impacts current density and fill factor. Even with ohmic
contacts, charge carriers must pass through ETL and HTL,
where short lifetimes can lead to significant recombination
losses. Additionally, lifetime simulations provide insight into
defect-related trap-assisted recombination mechanisms within
the device layers. By incorporating carrier lifetime into COMSOL
simulations, we ensured more realistic modeling of charge
transport and efficiency, avoiding overly idealized results.

Furthermore, in this study, we examined the impact of
carrier lifetime as a means to understand the influence of defect
density on solar cell performance. Defect density is closely
linked to carrier lifetime and significantly affects recombina-
tion dynamics and quasi-Fermi level splitting, ultimately
influencing the V,.. While in this study, there is no explicit
simulation of defect density, its effects were captured indirectly
through lifetime and recombination rate simulations, aligning
with realistic experimental conditions.

3.9 Effect of temperature on solar cell performance

It is a common misconception that higher temperatures
enhance solar energy generation; however, in reality, the
opposite is true. As the temperature rises, the kinetic energy of
photo-generated charge carriers increases, which in turn
elevates the rate of recombination. This enhanced recombina-
tion diminishes the separation efficiency of electron-hole pairs,
ultimately leading to a reduction in the overall efficiency of the
solar cell. Fig. 6(a) illustrates this phenomenon, where two solar
panels are depicted under different thermal conditions. The
panel exposed to elevated temperatures is associated with a red
battery icon in the bottom left corner, indicating lower power
output. In contrast, the panel operating at a lower, more
optimal temperature is accompanied by a green battery icon,
signifying higher energy retention and efficiency. This visual
representation effectively highlights the adverse impact of high
temperature on solar cell performance. The J-V and P-V char-
acteristics between 285-320 K, as shown in Fig. 6(b), revealing
the output behaviour of solar cell. The V,,. decreases with rising
temperature due to a narrowing bandgap and increased charge
carrier recombination, which reduces the built-in potential and
net carrier density. In this study, a narrow temperature range
(35 K) was chosen deliberately to simulate realistic operational
fluctuations that PVK solar cells, such as CH;NH;Gel;, would
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different device's operating temperature (K), and its effect on (c) Jsc, Voc, Pmax FF, and efficiency.

experience under near-ambient terrestrial conditions. This
approach allowed to observe how practical temperature varia-
tions affect key parameters like quasi-Fermi level splitting, Jg,
Voes FF, and efficiency.

Fig. 6(c) presents the Js, Voey Pmax, FF, and efficiency,
revealing that the J;. marginally decreases with temperature
(from 154.49 at 285 K to 154.27 A m™ 2 at 320 K), reflecting the
dominance of recombination over thermal carrier generation
and potential material or interfacial degradation, while V,. and
Phax reduce negligibly at higher temperatures. Similarly, the FF
also declines (from 65.02 to 64.71% in range of 285-320 K), due
to increased resistive losses in the SnO, and Cu,Te transport
layers, while overall efficiency drops from 12.08 to below
12.00%, driven by reduced Vo, Pmax, and FF.°>% These trends
highlight the sensitivity of CH3;NH;Gelz-based solar cells to
temperature variations and emphasize the need for effective
thermal management to maintain optimal performance. The
effect of temperature on output characteristics of 1D SnO,/
CH;NH;Gel;/Cu,Te solar cell is summarized numerically in
Table 10.

This study simulated key parameters—Ilayer thicknesses,
doping concentrations, carrier lifetimes, and temperature

Table 10 The effect of device's operating temperature on output
characteristics of 1D SnO,/CH3NH=Gels/Cu,Te solar cell

Temperature  J. Voc Prax FF Efficiency
() @am? v W (%) (%)

285 154.49 1.203 120.85 65.02504 12.085
290 154.43 1.202 120.78 65.06672 12.078
295 154.34 1.201 120.52 65.01860 12.052
300 154.25 1.200 120.45 65.07293 12.045
305 154.33 1.200 120.33 64.97441 12.033
310 154.20 1.197 120.20 65.12173 12.020
315 154.26 1.201 120.05 64.79863 12.005
320 154.27 1.201 119.90 64.71347 11.990

15626 | RSC Adv, 2025, 15, 15618-15629

variations—to optimize the performance of a PVK solar cell. The
thickness of ETL, PVK, and HTL layers was systematically varied
to balance light absorption, charge transport, and recombina-
tion losses; overly thick ETL/HTL layers can increase series
resistance and reduce efficiency. Doping concentration were
adjusted to fine-tune the built-in electric field, improve energy
level alignment, and enhance carrier extraction. Carrier lifetime
was analyzed as a measure of recombination, with longer life-
times indicating better charge collection and fewer losses due to
trap-assisted recombination. Simulating a range of lifetimes
also provided insights into how defect densities affect device
efficiency. Temperature variations were considered to reflect
real-world conditions, as elevated temperatures increase
recombination and internal resistance, degrading performance.
A narrow realistic temperature range was chosen to evaluate
thermal stability without extending beyond the intended scope
of the study.

CH;NH;Gel; is a promising lead-free perovskite, but its
performance is currently limited by sub-optimal band align-
ment, high defect densities, and degradation due to moisture
sensitivity of Ge-based materials. These issues lead to reduced
charge extraction, increased recombination, and compromised
long-term stability. Additionally, fabrication challenges,
particularly in interface engineering, hinder consistent device
optimization.

4. Conclusion

The escalating global challenges of climate change and
dependence on environmentally hazardous energy sources have
catalyzed the pursuit of sustainable and eco-friendly energy
solutions. Among these, solar energy has emerged as a highly
efficient, and over the past decades, extensive research has
focused on developing advanced materials. In this regard,
organic in-organic hybrid perovskite (PVK) materials, particu-
larly CH3;NH;Gel;, have garnered substantial interest as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorber layers due to their exceptional multifunctional prop-
erties. For this PVK material, using COMSOL, the 1D SnO,/
CH;NH;Gel;/Cu,Te solar cell is simulated. The study revealed
that performance of solar cell is critically influenced by the
thicknesses of electron transport layer (ETL), PVK layer, and
hole transport layer (HTL), as well as by doping concentrations,
carrier lifetimes, and device's operating temperature. Thinner
ETLs (~10 nm) yield higher current densities, enhanced power
output, and superior efficiency, whereas thicker ETLs exhibit
diminishing performance. Similarly, the PVK layer achieves
optimal performance at ~700 nm, balancing photon absorption
and charge collection efficiency, with efficiency declining
beyond thickness. Specifically, open-circuit voltage (Vo)
enhances as the PVK layer's thickness increases due to quasi-
Fermi level splitting, expressing the direct relation between
Voe and quasi-Fermi level splitting. Moreover, HTL thicknesses
near 10 nm facilitate effective hole transport with minimal
resistive losses, maintaining stable power and efficiency, while
thicker HTLs (~90 nm) introduce minor performance declines.
Furthermore, adjustments in acceptor and donor concentra-
tions (N, Np) significantly influence carrier dynamics, with
higher N, enhancing short-circuit current density (Jsc), Voc, and
efficiency, whereas higher donor densities stabilize perfor-
mance but induce saturation trends in J. and V.. Additionally,
extending electron-hole (e-h) lifetimes from 1-1000 ns mark-
edly improves Jg, Voe, and power output (Py.). Finally, the
overall performance including Js, Voc, Pmax, fill factor, and
efficiency reduce as temperature increases (285-320 K). This
study aids for optimizing material properties and device
parameters for experimental purposes and encourages the
potential of CH3;NH;Gels-based perovskite materials as poten-
tial candidates for next-generation photovoltaic applications.
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