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ABSTRACT

The utilization of perovskite and crystalline-silicon (c-Si) light absorbers in
multijunction solar cells presents an exciting opportunity to surpass the efficiency limit of
the industry's leading single-junction c-Si solar cells. In this work, we used the Solar Cell
Capacitance Simulator (SCAPS-1D) to simulate a monolithic tandem junction solar cell. The
solar cell consists of two types of materials: low bandgap and high bandgap. These are layers
of perovskites and Si, divided by a window layer of zinc oxide (ZnO), a buffer layer of
cadmium sulfide (CdS), a recombination layer of Spiro-MeOTAD/silicon, and a heavily
doped back surface field layer formed from n™Si to prevent recombination at the back
surface. The impact of di fferent series and shunt resistances, as well as perovskite layer

thickness and bandgap, on solar cells' photovoltaic performance has been investigated.
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1. Introduction

Methylammonium lead triiodide (CH3NH;3Pbl;) is a viable contender for the wide-
bandgap absorber, especially with the current surge in organic-inorganic lead halide
perovskite photovoltaics. CH;NH;Pbl;, which has a 1.55 eV bandgap, has developed into an
effective absorber of light because of its low inherent voltage loss, sharp absorption edge,
charge carrier diffusion lengths longer than 1 pum,[1] and inexpensive processing costs.
Tandem solar cells, which use perovskite material that can be produced at a lower
temperature and has an tuneable bandgap of 1.48 to 2.23 eV [3], are a viable approach to

attain high efficiency at a cheap cost. Presently, multi-junction solar cells offer a promising
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approach to achieve ultrahigh efficiencies by integrating absorber materials with different
band-gap energies into a single photovoltaic device [4, 5, 6, 7]. For tandem solar cells, PSCs
combined with Silicon [8] & Copper Indium Gallium Selenide (CIGS) [9] are hence more
suitable. The top sub-cell in the tandem device architecture catches high energy photons and
efficiently transforms them into high open-circuit voltage with little loss because of its wide
bandgap. Owing to its narrow bandgap, the sub cell at the bottom absorbs the remaining
photons having low energy. For the bottom sub cell, usually, Silicon is preferred as it gives
the best photovoltaic performance as a whole along with excellent absorption of light for
near-infrared photons. According to research, the perovskite/silicon monolithic approach for
tandem configuration has shown a maximum efficiency of about 30%, theoretically [10].

The sub-cell for the top in a tandem cell made up of hydrogenated amorphous silicon oxides
(a-Si0,:H) was presented by Si et al., and a power conversion efficiency of 11.4% was
reported using a cell structure as a-Si0,:H/a-Si:H/pc-Si:H/uc-Si:H [11]. The thin film solar
cell quadruple junction of the form a-Si:H/a-Si:H/uc-Si:H/pc-Si:H was then developed by
Urbain et al. with an efficiency of 13.2%. This thin film solar cell showed high open voltage
(Vo) due to which it was employed in an integrated photoelectrochemical water splitting
system [12]. Liu et al. obtained a high open circuit voltage (V,.), more than 3 eV and a
power conversion efficiency of 15.03% using a configuration as follows: a-SiC,:H/a-Si:H/a-
Si;_«Gex:H/pc-Si:H [13]. A monolithic structure with tandem design for a solar cell
composed of pervoskite/c-Si was proposed by S. Albrecht et al. For the window layer, they
utilized MoOs, and for the buffer layer, they used Spiro-MeOTAD. They were able to
achieve an efficiency of 16.8% [14]. F. Sahli et al. [15] put up a fresh concept in solar cells
with tandem structure made up of perovskite/Silicon-heterojunction (SHJ). They found
22.7% efficiency using nanocrystalline silicon (nc-Si:H) for the recombination layer. S.
Essig et al. built a four terminal multijunction device with an overall efficiency of 32.8%
utilizing an n-Si wafer for the bottom sub-cell and two distinct materials (GaAs and InGaP)
for the top sub-cell [16]. A novel design for a monolithic tandem junction solar cell was put
out by J. Zheng et al. It employs perovskite (Cs, 17FAsPb(Bry71y7);) for the top sub-cell and
homo-junction silicon for the bottom sub-cell. After controlling for a number of variables,
they attain 21.8% efficiency [17]. A new tandem solar cell structure showing an efficiency of
30.2% was published by H. Ferhati et al. using CZTSSe for the bottom sub-cell and a
Se/Ti/Se for the top sub-cell [18]. Recent work by K. Eike et al. tuned the 1ZO front
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electrode and the perovskite absorber in various layers of the perovskite/silicon tandem to
get a decreased PCE of 26.0% and J. noticeably greater than 19 mA/cm’ [19].

In the current study, we analyzed a monolithic multijunction series-connected solar cell
having two perovskite/silicon layer terminals using the SCAPS-1D program. We have
examined the effects of bandgap and layer thickness of the perovskite on the PV
performance of multijunction solar cells. The influence of series resistance and the shunt
resistance on the efficiency of solar cells was also analyzed.

2. Simulation Methodology

Figure 1 illustrates the arrangement of the tandem solar cell being analyzed, comprising
seven distinct layers: (i) the window layer, (ii) buffer layer, (iii) light absorber layer with
broad bandgap, (iv) tunnel junction, (v) light absorbing layer having narrow bandgap, (vi)
layer for back surface field, and (vii) metal contacts. The window layer serves to shield the
upper cell surface while facilitating the transfer of photons coming from the sunlight into the
light absorbing layer to enhance power generation. Zinc oxide (ZnO) is chosen for its
excellent transport properties, including a broad bandgap and a high conductivity of n-type
[20]. A buffer layer is strategically placed to minimize the absorption losses and direct
minority charge carriers to their particular contacts. Its wide bandgap ensures more photons
reach the absorber layer and reduces interface recombination, a common issue in
heterojunctions. Cadmium sulfide (CdS) is commonly applied for buffer layers due to its
optical transparency, broad bandgap, strong electrical properties, low resistivity and high
coefficient of absorption [21]. The absorber layer having wide bandgap, typically composed
of perovskite material, acts as the top sub-cell, offering high efficiency, affordability,
versatility, and partial translucency [22]. The tunnel junction, forming the fourth layer,
mitigates optical and electrical losses between the two absorber layers, preventing the
formation of a reverse-biased pn junction and thus, halting current flow. Silicon constitutes
the bottom absorber layer, with a strongly doped p-type silicon back surface field employed
to minimize carrier recombination losses. Table 1 provides a comprehensive overview of the

parameters for each material utilized in the configuration.
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Figure 1: Schematic structure of the proposed tandem junction solar cell.

Table 1: Values of various parameters used in the present simulation.

Spiro-

n-Zno n-CdS Perovskite | MeOTAD P-Si
Parameters [20] [21] [22] [24] n-Si [25] P**Si
Thickness, pm 0.01 0.02 0.5 0.02 0.02 80 0.1
Bandgap, Eg (eV) 3.37 2.44 1.5 3 1.1 1.1 1.1
Electron affinity, Xe (eV) 4.45 4.4 3.9 2.2 4.05 4.05 4.05
Dielectric constant, €, 9 10 6.5 3 11.9 11.9 11.9
Density of states in conduction
band, NC (cm-3) 2.20E+18 | 2.20E+18 | 2.20E+18 | 2.20E+18 | 2.80E+19 | 2.80E+19 | 2.80E+19
Density of states in valence band,
NV (cm-3) 1.80E+19 | 1.80E+19 | 1.80E+19 | 1.80E+19 | 2.60E+19 | 2.60E+19 | 2.60E+19
Mobility of electron pn (cm2/Vs) 100 100 2| 2.00E-04 | 1.04E+03 | 1.04E+03 | 1.04E+03
Mobility of holes, pp (cm2/Vs) 25 25 2| 2.00E-04 | 4.21E+02 | 4.21E+02 | 4210 +2
Donar concentration ND (cm-3) 1.00E+17 | 1.00E+18 | - - 1.00E+16 | - -
Acceptor concentration NA (cm-3) | - - 1.00E+14 | 2.00E+16 | - 1.00E+14 | 1.00E+22

The suggested model was created in SCAPS-1D, and AM 1.5 illumination was used for
every simulation. Belgium's University of Gent created the one-dimensional program
SCAPS. [26, 27, 28, 29, 30]. The software possesses the capability to accurately measure the
following parameters: temperature, light bias, generation and recombination profile,
illumination from both the p-side and n-side, capacitance-voltage and frequency
spectroscopy, band structure of heterojunctions, short-current density, open-circuit voltage,

quantum efficiency, and fill factor [30]. In earlier research, it has been widely used to
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simulate different kinds of solar cells [31], [32], [33], [34], [35]. We focused on the electrical

characteristics of tandem solar cells in our analysis, which includes the Poisson equations for
electrons and holes as well as continuity.
3. Results and Discussion
The solar cell should be built to absorb as many incoming photons as possible in order to
increase efficiency. We simulated a tandem cell by layering a perovskite material with a
wide bandgap (1.5 eV) atop a silicon layer, with a tunnel/recombination layer in between to
maximize solar photon absorption. Silicon, known for its ability for the absorption of
photons of high-wavelength (such as those in the near-infrared region), is selected as the
optimal material for the sub-cell at the bottom in tandem junction solar cells, while the sub-
cell at the top absorbs low-wavelength photons (in the visible range).As a result, more
photons are absorbed than would be possible with a single absorber layer, improving the
solar cell's power conversion efficiency [36]. Moreover, the tandem technique will lessen
silicon's thermalization losses caused by its narrow bandgap. In the sections that follow, we
adjusted and refined a number of crucial cell parameters in order to increase the suggested
structure's efficiency.

3.1 Effect of perovskite layer
As the proposed design revolves around a monolithic tandem solar cell, an inter-band tunnel
connection is established to link the two absorber layers in series. Achieving an effective
tandem device requires careful consideration of matching of current amid the top and bottom
sub-cells and the incident photons transmission. This balance can be attained by the
thickness adjustment and by regulating the bandgap of the sub-cell at the top [37]. Balancing
Jsc in each sub-cell is crucial, as it is limited in tandem junction solar cells, connected in
series, by the lowermost current of the sub-cell [38]. Initially, the perovskite sub-cell
bandgap was altered from 1.3 to 1.7 eV to enhance efficiency, as this parameter highly
influences the cell's photovoltaic performance [39]. As illustrated in Fig. 2, it is noticed that
efficiency decreases as bandgap grows. It is also investigated how bandgap affects quantum
efficiency (Q.E.), and as Fig. 3 illustrates, Q.E. seems to vary more at shorter wavelength
ranges. Subsequently, the top sub-cell's thickness is adjusted between 0.1 and 1.0 um. As
demonstrated in Fig. 4, efficiency increases as thickness increases. The optimal thickness of
0.50um is chosen for the top sub-cell in this case since it is noticed that after that, the rate of

efficiency rise with perovskite layer thickness slows down. The significant efficiency
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achieved with narrow thickness can be attributed to minimal losses due to recombination,
like Shockley-Red-Hall (SRH) recombination, which usually arises in bulk devices [36].
These findings validate the substantial influence of the top sub-cell on the photovoltaic
properties of the solar cell.
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Figure 2: Variation of solar cell efficiency with bandgap of perovskite layer
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Figure 3: Influence of bandgap on the quantum efficiency v/s wavelength curve

25
20

15

Efficiency(%)

10

0 0.2 0.4 0.6 0.8 1 1.2
Thickness of Perovskite layer(um)

Figure 4: Effect of the thickness of perovskite layer on the solar cell efficiency
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3.2 Effect of Shunt Resistance

It is not possible to immediately extrapolate from shunts' impact on single junction solar
cells to multijunction solar cells. Just as shunted silicon solar cells within a module, shunt
resistance effects in MJSCs can impact the V,. and P, voltage ranges while not affecting
current generation [40]. The solar cell's efficiency was examined by adjusting the shunt
resistance from 500 to 5000 Ohm cm?, as depicted in Figure 5. It was noted that the solar
cell's efficiency rose with increasing shunt resistance. Since the presence of shunts provides
extra pathways for the current and lowers the coupling current, the influence of shunt
resistance on coupling effects is substantial. The unintentional current leakage routes that
avoid the photovoltaic junction and produce shunt currents decrease as the shunt resistance
rises. More of the generated current passes through the designated photovoltaic channel
when leakage currents are lower. Because there is less leakage, the effective current is
higher, which improves performance.
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Figure 5: Variation in solar cell efficiency with shunt resistance

3.3 Effect of Series Resistance
As presented in Fig. 6, the series resistance of the multijunction solar cell was attuned from 1
to 10 Ohm cm’ to assess its effect on efficiency. It is apparent that the efficiency of the solar
cell declines noticeably with increasing series resistance. The semiconductor bandgap has a
major role in determining the amplitude to which series resistance influences cell efficiency
[41]. Low bandgap materials seem to have higher series resistance losses. Indeed, because

low bandgap materials can absorb light over a wide range of wavelengths, larger
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photocurrent is created in them at fixed illumination intensity. As a result, their electrical
properties deteriorate more quickly than those of high bandgap materials. The cell design
must prioritize minimizing series resistance, and by carefully adjusting the electrical gaps in
the multijunction, the negative impact of series resistance losses can be significantly
lessened.
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Figure 6: Variation in efficiency of the multijunction solar cell with series resistance.
4. Conclusion
One of the most encouraging technologies for achieving high efficiency solar to electricity
conversion is multi-junction (MJ) solar cells. In the present work, we studied the potential
efficiencies of a tandem solar cell made of perovskites and silicon under single-sun radiation.
High efficiency solar cells are presented by the suggested model as a result of incoming
photons' broadband absorption. By choosing the right perovskite layer bandgap, the multi-
junction cell's performance is improved, and it is discovered that high efficiency is achieved
with a perovskite material with an E, = 1.5eV. Reducing the perovskite layer's thickness to
0.5um improves the structure even further. Analysis was also done on the impact of series
and shunt resistance on photovoltaic performance. These parasitic resistances must be
identified and understood since they are essential for analyzing how PV modules function
when working in real-world scenarios and for predicting probable failures.
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