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Modelling and performance analysis of a transparent
multilayer solar cell
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Abstract— Transparent solar cells have emerged as a promising
frontier in renewable energy research, offering the dual
functionality of generating electricity while maintaining
transparency. Five layers of InAs/InSb/AlGaAs/GaN/Si are
incorporated into the proposed model structure which takes the
properties of the source materials into consideration. Simulations
of electromagnetic waves are used to evaluate optical and electrical
properties. The cell is assumed to function at room temperature in
the simulated settings. The I-V curve's fill factor (F.F.) of 0.6531
corresponds to a maximum conversion efficiency of 15.2655%,
according to the data. Furthermore, at 530 nm, this combination
and device configuration show a very good transparency of up to
60%.
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I. INTRODUCTION

Solar energy, in particular, is generating a boom in interest
worldwide due to its widespread availability and environmental
benefits over conventional fossil fuels [1]. Ongoing research
encompasses different solar cell techniques, including silicon
solar cells, dye-sensitized solar cells (DSC), organic polymer
solar cells, hybrid solar cells, and CIGS solar cells [2]. Silicon
was the first material to demonstrate high efficiency [3]. It is
utilised in monocrystalline PV cells, which are at least 6% more
efficient but also more costly than polycrystalline PV cells[4].
Polycrystalline cells have a slightly imperfect structure that
hinders electron flow, though they are cheaper to produce. To
address costly silicon, there's a growing demand for materials
and methods that match efficiency while reducing expenses[5].
Researchers presented thin film PV cells (TFPV) as a low-cost
option. Thin sheets cut semiconductor use in half, cutting costs
by more than half. [6]
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Solar energy often needs much room to operate well and
provide power to a building, either in the form of roofs or land;
these solar panel space requirements are a significant barrier to
practical use. Transparent solar cells (TSCs), which solve the
problem by transforming any sheet of glass into a photovoltaic
solar cell, were created due to this constraint. These cells
efficiently utilise architectural space by generating electricity
by collecting and using waste light energy from windows in
buildings and automobiles.[7]. In terms of efficiency, single-
junction solar cells have limited carrier

mobility and short diffusion lengths, which make it hard to
widen the active charge layer for better spectrum absorption[8].
To address this, the 'tandem' concept is one of the simplest ways
to boost power conversion efficiency[9].

Recently, significant efforts have been directed towards
creating diverse tandem devices based on perovskite materials.
These efforts involve optimising critical factors like the
bandgap of absorber materials[10]. In the realm of efficiency,
InGaP/(In)GaAs/Ge multijunction solar cells emerge as
frontrunners, achieving remarkable levels of 29-32% efficiency
under varying conditions[11]. Shifting the focus towards
transparency, organic solar cells (DTDCTB: C70) take the lead
with a notable light transmission of 66.4% at 530 nm, albeit
with a trade-off in efficiency at 2.11%[12]. Hybrid thermal
evaporation—spin coating technique striking a balance between
these aspects, high-mobility hydrogenated indium oxide cells
present an intriguing compromise, yielding a 14.2% efficiency
and an impressive 72% average transmittance in the near-
infrared range[13]. Notably, polyaniline-enhanced cells
introduce a durability perspective, maintaining a 6.87%
efficiency even after enduring 1500 bending cycles,
underpinning their potential for robust applications.[14]
Wrapping up the comparison, transparent a-Si: H cells, in
tandem with thin metal electrodes, offer a versatile blend of
6.36% efficiency and 23.5% average transmittance (500-800
nm)[15].

In the current study, we describe the design and construction of
a five-layer photonic structure that offers the best interference
at each wavelength to achieve maximum efficiency while
retaining extremely excellent transparency in the majority of
the visible wavelengths.

The current work uses COMSOL Multiphysics to analyse a
five-layer system comprising five materials used in those
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layers. They are Si-Silicon, GaN- Gallium Nitride, AlGaAs-
Aluminium Gallium Arsenide, InSb- Indium Antimonide and
InAs- Indium Arsenide.

The FEMGEN software's model geometry ensures that
elements are well meshed when mesh models are created based
on variables like volume vs. circumradius, volume vs.
dimension, rate of progression, and precondition number.
Using numerical methods, the fundamental idea of thermal and
electrical impact at various temperatures has also been
described. The range of the open circuit voltage, short circuit
current and maximum power generated by the model is
discovered and thoroughly explained. The numerical
simulation is carried out using COMSOL Multiphysics
Modeling Software.

II. THEORY AND METHODOLOGY

The electrical and optical components of the proposed model
are examined in two steps utilising the 3D Finite Element
Method (FEM) to determine the fundamental properties of each
domain and their performance. The finite element method
(FEM) is a computational approach to approximate boundary
value problems resulting from partial differential equations. It
is a mathematical approach often used to solve various
engineering problems. Using the mesh construction technique,
the entire domain of the structure is partitioned into discrete
areas.
| |

Lo

si[ Window Domain, D1]

GaN[Absorber Domain,D-2]

AsGa“_xJAI{xJ[Barrier Domain,D-3]

InSb[Active Domain,D-4]

InAs[Contact Domain.D-5]

Fig 1: Domain Structure of transparent solar cell.

In Fig 1, Silicon (Si) and gallium Nitride Zinc Blende (GaN)
work as the window&absorber materials having 12 eV 3.2 eV
bandgap, respectively.

Eg (total band gap) (X)= (1.422 eV+) x (1.2475 eV)where x<0.45 or
x=0.3 Alo3Gao7As works as the barrier, 0.17 eV & 0.354 eV
bandgap of indium Antimonide (InSb) & Indium Arsenide
(InAs) respectively as the active layer of bottom cell & ohmic
metal contact which terminal voltage is OV.

From the equation 1 to 6, these equations work for all domains

at room temperature (300K) to find e proper result, its relative
permittivity as €., bandgap as Eg, electron affinity as yo,
effective density of states, valence and conduction band as Ny
& N, electron &hole mobility as p, & pp. Those values are
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taken from Table 1 for all materials. lus-minusp™ = p-n +

N = Ng 1

a(Ef0-EC) a(EfV-ECf0)
n = NCye KBTI ; p= NVye KBTI (2)
Jn = nunVEC + gDnVn — qnDnVIn(NC) + qnDn, thVIn(T);

n

Dn = unKBTG . 3
Jp = qpupVE(V — q%Dpr + qpDpVIn(NV) — qpDptVIn(T);
Dp = upKBTG (W) (4)

E.=nr’= —(V+ x0),EV=—V+ x0+Eg,0) 5)
Efo = Veq,adj — V0, bias (6)

In the model, the continuity/ Heterojunction works in equation
7, which works with boundaries 2 to 5. No continuation exists,
but a continuous quasi-fermi level works as its model.
Efm,1=Efn2 Ef1=Ep2Di=D2 (7)

Automatic initial values are working from 1 to 5 domains.
Equations8 and9 which are work for electric potential and
barrier potential as equation (7)

N *\_ eNg
cD(x)—eES‘i (xn. x— %)Jresz x5(0 < x <xp,) (®)
Vil G = 2= (Naxi + Noxtj) ©)
TABLEI

The wavelength of photons in different energy [8]

Colour Wavelength | Frequency | Photon
@) (F) energy

Violet 380-450nm | 668- 2.75-3.26eV
789THz

Blue 450-495nm | 606- 2.50-2.75eV
668THz

Green 495-570nm | 526- 2.17-2.50eV
606THz

Yellow 570-590nm | 508- 2.10-2.17eV
526THz

Orange 590-620nm | 484- 2.00-2.10eV
508THz

Red 620-750nm | 400- 1.65-2.00eV
484THz

Infrared 700-1050nm | 430THz- 1.24meV-
300GHz 1.7eV

COMSOL Multiphysics 5.6a software was used to model the
thin film solar cell. Five layers make up the entire device
construction, as shown in Figure 1. The structure used for this
investigation is based on a well-known scientific work cited as
Ref. [16], which has achieved a remarkable global record
efficiency of 12.6%.
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III. MODEL DESIGN

Fig 2: Model geometry

The photo absorption has been estimated, carrier photo-
generation, carrier collection, and efficiency of this device
taking into account the coupled optical and electrical
simulation. To achieve this, we connected three multi-physics
modules in COMSOL: the Semiconductor module, the Heat
Transfer in Solid module, and the Electromagnetic Waves
(Frequency domain) module. For the computation of the total
photo-generation (Gtot), the Electromagnetic Waves module
needed the optical constants, light intensity, and ideal
conductor's characteristics. Within the semiconductor module,
we included trap-assisted recombination and Shockley-Read-
Hall: SRH recombination processes, requiring the materials and
electrical characteristics.

By adjusting design parameters, we optimized our solar cell's
performance and gained valuable insights into its behaviour
under various conditions. With a height of 800 nm, the
uppermost layer is modelled as Si. The subsequent layer, the
300 nm-deepGaN layer, is positioned behind this one. By
simulating InSb and InAs layers at a thickness of 50 nm each,
the interface between the GaN layer and the AlGaAs layer is
created, and the AlGaAs layer thickness is maintained at 50 nm
as we got better results in this thickness. InSb, which may be up
to 50 nm thick, comes next, followed by InAs, the last layer,
which is likewise 50 nm thick. Based on vector positioning
considering air thickness the cell has a total size of 200 nm 200
nm 2950 nm. The referenced research and the material library
in COMSOL Multiphysics are used for incorporating material
characteristics.[16]

As found in Fig.2 material science-controlled network is
determined for the calculation. The mesh configuration utilized
in this study is based on a previous reference (Ref. [16]. The
model's geometry makes use of an adjustable mesh, providing
customization over variables such as the maximum and
minimum element sizes, maximum element growth rate, and
curvature factor.
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Fig 3: Mesh model

Careful consideration is given to achieve optimal resolution in
narrow regions. A swept-type meshing approach is applied to
all domains, with specific emphasis on the AlGaAs, InSb, and
InAs layers due to their thin nature, necessitating finer meshing
for accurate representation.

To bring a better quality of machine structure from previous
machine quality, we used the most extreme equivalent and least
component size of 18.75nm.There is bring a change of its
machine size fine to most extreme level.For the complete
geometry, the prior article defines a user-controlled mesh, as
seen in 2.

The maximum and lowest element sizes for each domain
individually mesh at 52.2 nm and 2.24 nm, respectively. With a
curvature factor of 0.3, the maximum element growth rate is set
at 1.35..As we found in Fig. 3 material science-controlled
network is determined for the calculation. The most extreme
component size is set to be 10nm, and the least component size
is equivalent to 18.75 nm. The greatest component development
rate is characterized to be 0.1, with the arch element as 0.8.

The chosen mesh configuration accurately represents the
geometry while balancing computational efficiency.In the
extent of this work, skewness quality measurement is picked in
Fig. 3 Mesh model.The premise of picking this measurement
over others is the grounds thatthis measurement is viewed as
exceptionally dependable and is most famous in displaying
procedures. The measure characterizes the lattice components
as per their precise skewness. Elements deviating from the ideal
lattice (concerning huge or little points) are punished.

Skewness near or equivalent to 1 is characteristic of an ideal
cross-section component, while skewness near 0 addresses a
declined part. Accordingly, in light of the skewness quality
measurement, the characterized network is reasonablefor
further examination.[17].
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TABLE I1
Parameter of optical-electrical and thermal properties from COMSOL Multiphysics 5.6a

Parameter Si GaN AlGaAs InSbh InAs
Relative permittivity€, 11.7 9.7 12.9 16.8 15.15
Conduction band/valence band 132x2.8e'/1¥ | 1¥2x2.3e!¥/13%x | - 132x8e'%/1¥2x1.4e | 1¥2x1.68e'3/1¥?x1.27e'
(Nc/Nv)) 2x1.04e" 8e'’ 15
Electron mobility/hole mobility (u./p,) | 1450/500 1000/350 - 7.7¢*/850 4e/5¢?
Electron affinity (A) 4.05 4.1 - 4.59 4.9
Bandgap (E,) 1.12 32 N 0.17 0.354
Electron lifetime/Hole lifetime (t /t,) | 10us/10us 0.1ns/0.1ns 32ns/32ns 5x10%/5x10°8 3x10%/3x10°8
Acceptor/ Donor(Na/Np ) 1e'/1e'¢ 1e'/1e'¢ 4.3e"/1e!° le'/1e'® le'/1e'®
Thermal conductivity, (K) 131 130 55-212xdef.x+248 18 27

xdef.x?
Space-charge thickness (p) 2329 6070 5320-1560xdefx 5770 5680

TABLE III

The value of the refractive index and extinction coefficient
of all domain materials.[18-22]

Material Refractive Extinction Thickness

index(n) coefficient(k) (nm)

Si 3.88163 0.01896923 800
GaN 2.37966 0 300
AlnGagnAs 3.81027 0.03467778 50
InSb 4.25505 1.801727 50
InAs 3.96317 0.6065408 50

TABLE IV

x-composition of Al)GanAs ;Eg(x) eV as Band gap, A¢
[nm] as wavelength gap. [23]

X Eg(x) Ag

0 1.422 872
0.05 1.48 838
0.10 1.55 800
0.15 1.61 770
0.20 1.67 743
0.25 1.73 717
0.30 1.80 689
0.35 1.86 667
0.40 1.92 646
0.45 1.98 626
0.50 2.00 620
0.55 2.02 614
0.60 2.05 605
0.65 2.07 599
0.70 2.11 588
0.75 2.16 574
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Fig 4 : Energy band gap of Alp.3Gagw.7As alloys where
x=0.3 based on table 3

In Fig.4,x-composite vs bandgap shows that the bandgap of
AlGaAs alloys increases as the fraction of aluminum
increases. This means that AlGaAs alloys with a higher
fraction of aluminum will absorb light with shorter
wavelengths. For example, Alo3Gap7nAs alloys have a
bandgap of 1.9 eV, meaning they will absorb light with
wavelengths of 650 nm or less.

IV. SIMULATION, DISCUSSION, RESULTS

At fig 5, an energy level diagram has been shown at room
temperature where the quasi hole and valence band overlap
and the valence band increases up to 0 points and slightly
overlaps with the quasi electron.
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Fig 5: Energy level diagram

Fig 6: Carrier concentration of semiconductor

The change of concentration of junction of Alx)Ga(ixAs is
shown in this figure 6, 1le'’[cm’] donor is taken as
concentration for intersection and 4.3e'°[cm?] as acceptor
concentration also working for the junction. Free transporters
are anticipated to absorb radiation with energy below the
retention edge. The free opening retention coefficient is
generally autonomous of frequency, while free electron
ingestion shifts asA2.In the free-transporter retention locale,
the lessening coefficient increases with temperature and is a
comoponent of matrial deoping.

Fig 7: Doping level of semiconductor
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Fig.7 shows donor concentration is approximatelythe same
at 10'5[1/cm?] point, but acceptor concentration shows near
1020[1/cm®]. Np._ is 1e'[ecm?], and N 4 is 4.3¢'? [cm?]. Both
are the centralization of the giver and acceptor molecules
individually. In the space-charge area, the convergences of
greater part charge transporters decline quickly. This reality
permits us to utilize the supposition that the space charge.

Fig 8 : Shockley-Read-hall recombination

In this fig. 8 above, SRH shows the recombination rate
changes as the generation rate also changes its own position.
The generation rate is staying approximately near to
1015(1/cm3xs) position.

Fig 9: Electric potential of model semiconductor

In this Fig.9, Electric potential achieve quadratic dependence
distance of the energy band diagram, which goes through
inside the junction where the magnitude of this electric
potential of x=xn is equal to barrier potential.

Electric potential is the p region starting from -4.6V and
saturates when it crosses the p region and entersthe n region.
After a certain time, it fell down to -5V.The electric potential
increase or is highest in the p-n junction. Here, the x-axis plot
or arc length from 10%7 to 10?2 is the highest p-n junction
place where voltage works 4.6 to 4.9V.But when the
potential goes to 10?3 regions, and the voltage is works at -
5, there is no p-n junction, and that's why the electric
potential decrease until it goes to zero at the edge of the plot
or cell.
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Fig 10: [-V plot of model semiconductor

Fig 11: P-V, I-V plot in model semiconductor

From Fig. 10 and 11, We obtained Fill factor = 0.6531 (I-V
and P-V curves), enabling us to read off important working
characteristics like the open circuit voltage 0.61 V, the short
circuit current 38.3179 mA, and the maximum power 21.81
mW. From Fig. 10(P-V plot), we got efficiency=0.152655 or
15.2655%& its maximum power as Pmax=0.0153W. In P-V,
full control 1is approximately 21.81 mW, which
comesfromthe I-V curve.

Fig 12: Temperature- Current plot (1D)
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Fig 13: Temperature-Current plot(2D)

TABLE V

The temperature value of sunlight heating vs creating
terminal current in solar cell for temperature 310 K to
400K.

Temperature Terminal Temperature Terminal
(K) current (mA) (K) current (mA)

360.00 38.540

310.00 38.545

360.00 38.540

330.00 38.545 350.00 38.541

360.00 38.541 310.00 38.545

330.00 38.545 390.00 38.542

370.00 38.540 340.00 38.545
390.00 38.541
310.00 38.545
350.00 38.541

The model needs the irradiance of the incident sunlight,
reflection off the module's top surface, and the module's
electrical operational point to be heated. The P.V. module's
ability to absorb sunlight in areas not covered by solar cells
and the solar cells' ability to absorb low-energy (infrared)
light. For temperature 300K, there is a temperature
difference ata certain point. For the 1D plot, the current is
38.3129mA at 198K point and 38.3183mA at 239K. But for
2D plots,the temperature is highest below cells where light is
absorbed highest level. Its shape also showsa square.

Fig 14: Treanparency vs wavelength (3D)
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In Figure 14, the transparency feature was applicable to the
entire module. At a temperature of 300[K], all materials
absorbed photon energy from the Sun's light. The top part of
the module utilizes Si material to collect photon energy, and
some of that energy was also allowed to pass through the
module as a result of Si's transparency. The GaN material
absorbs photon energy and contributes to the transparency of
the module. AlGaAs acted as a p-n junction, allowed photon
energy to pass through the entire module and contributing to
its transparency. The active layer of InSb and the bottom
layer of InAs material collected photon energy through their
wavelengths and distributed it throughout the module.
Overall, the module had a transparency of approximately
60[%], which was given the appearance of a transparent solar
module.

Fig 15: Absorption vs Wavelength

In this Fig 15, the slight bandgap Si, InSb, and InAs afford
the extreme outcomes during the procedure of energy light
absorption. InAs resources with extremely low bandgap’s
exhibition the extreme stages of absorption. Number of
photon absorbed= Total absorption/Energy of one photon
For Si,GaN, AlGaAs,InSb,InAs ,the energy of one photon
1.12[eV], 3.79[eV], 2.48[eV], 2.84[eV], 2.37[eV]; total
absorption 394% or 3.94, 394% or 3.94, 450% or 4.50,429%
or 4.29, 504% or 5.04; the number of photon absorbed 3.517
[eV], 1.039 [eV], 1.81 [eV], 1.51 [eV], 2.13[eV] for
wavelength 1100 [nm], 525 [nm], 800 [nm], 700 [nm], 840
[nm].

Fig 16(a): Transparency rate vs Wavelength with Si
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Fig 16(b): Transparency rate vs Wavelength without Si

For fig 16 (a) and 16 (b) , the high transparency rate of
Si,InSb,InAs layers where light intensity is extremely high
in top and bottom level whether photocurrent is also
enlarged.In fig 16(a) and fig 16(b) where high absorption
working for Si and inSb materials and there transparency rate
quite similar that’s why when one is active another one is
invisible. With the help of the highest wavelength,the
absorbance level is too high for Si material, which is acting
as the electron transport layer.

For GaN material, photon light absorbing for wavelengths
364 & 375 [nm] is not working for photon light absorbing
cause of ultraviolet light. The visible range can be observed
in the cells with the Si,GaN, AlGaAs, InSb, and InAs.The
transmission peaks around 510 nm in the cell with the
various thicknesses indicating the five materials. The
transmission is due to the smaller bandgap of the active layer
around 0.17 eV of its highest wavelength, 700nm. For InSb
material, photon light absorbing for wavelength 350 [nm]
works for ultraviolet light, which is not for photon light
absorbing. This layer is working to collect a much higher
transparency rate.

TABLE VI
Comparison between different cells

Name of solar | Year Open Fill Efficiency
cell circuit factor {1M%)
voltage (F.F.)
(Vnc)
Perovskite 2014 1.07 57.9 6.4%
cells [24] 4
TiO, nanotube | 2015 0.68 0.71 7.1%
film [25]
Dye-sensitized | 2015 0.73 0.68 8.22%
solar cells[26]
Quantum 2020 0.58 0.52 13.49 %
Dotcells[27]
Proposed 2023 0.61V 0.6531 15.2655%
Model

Several types of transparent cells have been developed, such
as perovskite, dye sanitized, and Quantum Dot. However, the
efficiency of many of these is still poor. Prior reports have
revealed that dye sanitized performed low stability under
UV-illumination [28] and insufficient control of the surface
morphology of perovskite, causing low efficiency.
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Due to high absorption and conductivity of AlGaAs,[29] and
si exhibits high transparency and good conductivity [30]
have been effectively utilized in our work inside; the
effectiveness of transparent multi-coupled with low
concentrator photovoltaic system was investigated. The
results show that the system-coupled devices' overall
performance is 15.2655% higher than other technology.

V. CONCLUSION

In summary, we have created transparent, near-infrared
absorbing planar solar cells that are suitable for inclusion
into architectural glass. These cells have a maximum power
conversion efficiency of 15.2655% and an average visual
transmission of 60%, which is sufficiently transparent to be
used on structural glass. Here we examined the optical and
electrical behaviour of cells. Our optical generation rate
calculations, in particular the current-voltage characteristics,
are presented. Due to the solid thermal conduction of layer
thickness, the thermal trends of the cell have improved. The
impact of temperature change and doping concentration on
additional layers will be analyzed in further research. Finally,
these devices serve as a roadmap for developing high-
efficiency, high-transparency solar cells that could be used
in glass to produce electricity, cut cooling costs, and recycle
energy.
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