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Abstract- In this paper, the performance of the basic (ZnMgO: Al/ZnMgO/CI1GSSe) photovoltaic device has been
improved by using the novel perovskite as a hole transport layer (HTL) material. At first, the CdS-free basic
experimental photovoltaic device with an efficiency of 20% was simulated, and the photovoltaic results were
confirmed by entering the experimental optoelectronics data into the AFORS-HET simulation tool. Further,
they optimised the thickness and doping density of the basic photovoltaic device's Front , buffer, and absorber
layers. After optimization, efficiency (n), Voc, FF and Jsc have been enhanced, but external quantum efficiency
(EQE) is still lesser than basic photovoltaic devices due to the absence of HTL material. Furthermore, a new
structure is proposed using perovskite as an HTL material and is added between the CIGSSe/Mo back ohmic
metal layers in the optimised photovoltaic device. Therefore, the proposed photovoltaic device absorbs the bulk
of blue sunlight, instantly reducing the recombination losses and enhancing the efficiency (27.96%) and EQE.
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1. Introduction

Numerous studies look into thin film materials for making affordable, highly efficient solar cells. Due to their low
manufacturing costs, high conversion efficiency of 23.35% [1, 2], and stability, chalcopyrite Cu(In:1-xGax)SSe, (Copper
Indium Gallium Sulphur Selenide) p-type semiconductor materials have recently become more well-liked. Strong p-
type conductivity, direct adjustable bandgap energy in the range of 1.11-1.69 eV to take advantage of the maximum
solar irradiation, and a greatest 3-6x10° cm® absorption coefficient of in the visible light section of the solar spectrum
are just a few of the remarkable properties of the compound semiconductor CIGSSe [3-7]. Along with the CIGSSe's
absorbing qualities, an n-type material is also necessary for a suitable P-N junction. One of the typical materials that
has demonstrated a high capacity with CIGSSe because to its transparency is zinc oxide doped with magnesium
(ZnMgO0). As solar light passes through it, it produces a photovoltaic effect. The direct bandgap of ZnMgO in the visible
range is 3.43 eV as well. The ZnMgO/CIGSSe heterojunction cell's front contact requires the transparent conducting
oxide (TCO) layer as well. This layer permits photons to enter the cell, and the active interface, which includes zinc
oxide doped with aluminium and boron, is thought of as one of the electrodes for gathering current [8]. By minimising
the impact of non-uniformity, adding a high transparent-resistive (HTR) film between the TCO and the buffer layer
using ZnMgO may increase efficiency. One of the materials utilised as an HTR layer is Magnesium-doped zinc
aluminium oxide (ZnMgO:Al).

In the past, a lot of study was done on the back surface field (BSF) layer and how it affected device performance in the
1980s [9-18]. More carriers are attracted to the CIGSSe/BSF heterojunction by using large bandgap materials as barriers,
which also helps reduce carrier losses at the back contact. Additionally, by lowering carrier recombination at the rear
contact, it improves cell efficiency. Studies in the similar situation have exposed that the use of HTL serves the same
purpose as the BSF layer in improving the operation of the photovoltaic device. A perovskite with p-type conductivity
and a broad bandgap of 1.0 to 1.7 eV is an appealing option for use as an HTL layer in the CIGSSe solar system [19].
Perovskite has been described as a non-toxic organic substance with high carrier mobility (66 cm?/\V/s) [20], long
electron-hole diffusion length [21-22], and a great absorption coefficient (1.5x10* cm™] in the visible range. All these
perovskite material properties may help enhance the efficiency of the CIGSSe photovoltaic device.

The current study proposes various topologies for CIGS thin film photovoltaic devices. The one-dimensional AFORS-
HET simulator is used to numerically analyse the performance of the proposed ZnMgO: Al/ZnMgO/CIGSSe/perovskite
thin-film photovoltaic device. Additionally, we show how the device performance is impacted by introducing a
perovskite layer as a HTL between the Mo metal contact and CIGSSe layer. In both basic and novel ultra-thin CIGSe
photovoltaic devices, the Eg (band of energy) of the perovskite layer as well as the thickness and doping density of the
front, buffer, and absorber layers are also explored.
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2. Modelling structure and mathematical parameters

In this study, the electrical and optical results of the basic photovoltaic device are produced and validated using the
AFORS-HET tool by entering the values of the optical and electrical parameters (provided in Table 1) into the
simulation tool. To ascertain the internal electrical properties of the CIGSSe photovoltaic device, the one-dimensional
AFORS-HET tool solves the Poisson's equation as well as the electron and hole continuity equations. The Shockley-
Read-Hall (SRH) model for bulk defects and an extension of the SRH model for interface defects are used to compute
recombination currents. The device's design, the band energy graph, the J-V plot, and the EQE versus wavelength curve
are shown in Fig. 1(a)—(d). The basic photovoltaic devices' experimental and simulated results are compared in Table
2.

Further, optimising the basic photovoltaic device's Front , buffer, and absorber layer parameters enhanced the efficiency.
Still, the EQE kept no changes due to the deficiency of an HTL material. The device structure and band energy
illustration of the optimised photovoltaic device are shown in Fig. 2 (a) and 3(a). Further, resolving the above issues by
adding the perovskite as an HTL material between the CIGSSe absorber and the molybdenum (Mo) metal contact layer
to the proposed new photovoltaic device structure. The performance of the cells is determined by the surface of the
CIGSSe films of the proposed device, which shifts the electrical junction away from high recombination at the
buffer/absorber interface. The antireflective layering effect of MgF; increases photon absorption. There is a discussion

of the additional layers in our cell in [13-17]. The device structure and band energy illustration of the proposed
photovoltaic device are exposed in Fig. 2 (b) and 3(b).
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Fig. 1. (a) Arrangement of basic photovoltaic device, (b) band energy sketch, (c) J-V plot, and (d) EQE versus
wavelength curve of the CIGSSe photovoltaic device [23]
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Fig. 2. (a) Optimised photovoltaics device structure and (b) proposed photovoltaics device structure of the CIGSSe
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Fig. 3. (a) Band energy diagram of the (a) Optimised photovoltaics device and (b) proposed photovoltaics device.

Table 1: Opto-electronic parameters utilised in the optimised and proposed CIGSSe photovoltaic devices

Electrical Parameters n- (Al-  n-(ZnMgO) p- (CIGSSe)  p- Perovskite
ZnMgO)
Thickness (nm) 100 20 800 100
Energy bandgap Egq (V) 3.771 3.43 1.2 12 to 1.8 (1.6
Highest)
Electron affinity y (eV) 4.269 4.4 4.26 4.2
Relative permittivity & 10.5 8 13.6 10 [37]
Conduction band effective density of states Nc 2.2x10% 3x10'8 3.2x108 3.64x10%8 [38]
cm?3
slalar)lce band effective density of states Ny (cm?®)  1.8x10%° 2x10% 1.5x10%° 1.36x10%° [38]
Electron mobility ze (cm?V-1s?) 100 50 100 3[39]
Hole mobility un (cm?V-1s?t) 10 10 25 2 [40]
Donor doping density Ng (cm) 1x10%° to 1x10% to 0 0
1x10% 1x10%
Acceptor doping density N, (cm™) 0 0 1x10% to 1x10Y
5x10%
Electron thermal velocity Ve (cm?s?) 1x107 1x107 3.6x10° 1x107
Hole thermal velocity Vi (cm?s™) 1x10° 1x107 1x107 1x10°
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Auger coefficient of electron Rae (cm®s™?)
Auger coefficient of hole Ran (cmPs™?)

Band to band recombination coefficient Ry, (cmds”

)

Absorption coefficient o (cm™)

Resistivity p (Q cm)

RSheet (’leq )

Intrinsic carrier concentration ni (cm™)

Total trap charge density of conduction/valance
band tail Ner (cm™®)
Electron capture cross section CBT/VBT ot (cm?)

Hole capture cross section CBT/VBT own (cm?)

E_urbach (eV)

2.2x10-%
1.1x103%
1.5x101!

1.2x105 [23]
1.3x10°[24]
18.7 [23]
1x10% [25]

1x10'®

3x101
3x1015
0.18 [24]
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1.5x10% [26]
1.2x10%2[26]
2x10% [27]

2.2x10° [28]
2x10 [29]
28.9x10° [30]
0.246x10%
[30]

1x10% [31]

5x10°%3 [31]
1x10°%5 [31]
0.531[32]

1x10%8 [33]
1x107%8 [33]
8x10 [33]

1.45x10° [33]
3 x10* [34]
1x102 [35]
1x10% [35]

1x10%

1x104
1x101°
0.04 [36]

6x102° [41]
1x10%° [41]
7x10%1 [42]

7x10* [39]
1.144x103 [39]
1.47x10°
2x10% [39]

1x10% [43]

1x10°17 [43]
1x10°%5 [43]
0.016 [43]

Table 2: Simulation and experimental output results of the three basic CIGSSe TFSCs.

Structure of photovoltaic device Type of structure Voc (MV)  Jsc FF n (%)
(mA/cm?) (%)
Experimental 695.00 39.30 73.16 20.00
[(Al/Ni)/MgF2/ZnMgO:Al/ZnMgO/CIGSSe/Mo] [32]
Simulation 695.40 39.37 73.41 20.10

3. Results and discussion

4.1. Effects of bandgap energy on the performance CIGSSe/Perovskite proposed TFSC

The basic photovoltaic device lacks the energy required to lessen the photogenerated minority carrier recombination
losses seen in the p-CIGSSe semiconductor layer without the HTL layer. Furthermore, a proposed inorganic/organic
photovoltaic device is created by adding p-type perovskite as an HTL between the CIGSSe absorber and Mo back metal
contact layer. The inorganic/organic photovoltaic device being presented has enough energy to increase the # (%) and
EQE of the structures by decreasing the losses of recombination caused by the carriers minority.

The effect of the perovskite's bandgap energy and electron affinity as an HTL on the performance of the photovoltaic
parameters of the proposed photovoltaic device is shown in Table 3. The efficiency (1), Voc, FF and Jsc constantly rise
up to 1.6 eV energy bandgap as the affinity of electron of the CIGSSe layer and the perovskite as an HTL rises. The
band energy is directly related to the Voc=Eg/q. Additionally, as the height of the barrier rises above the perovskite
layer's 1.6 eV band energy, fewer holes are transported towards the back metal contact region and more photogenerated
carriers are generated in the p-CIGSSe layer. The performance parameters of the proposed photovoltaic device slightly
decline while above E;>16 eV.

Table 3: Fluctuations in the electron affinity and Eq of the perovskite HTL layer cause a deviation in performance

metrics.

Eq of x of perovskite (V)  Voc (MV) Jsc (MA/cm?) FF (%) 1 (%)
perovskite

(eV)

1.2 4.28 775.3 41.28 80.63 25.80
1.3 4.18 806.3 41.59 80.97 27.16
1.4 4.08 808.3 41.60 81.37 27.36
15 3.98 810.3 41.61 81.67 27.53
1.6 3.88 815.3 41.67 82.31 27.96
1.7 3.78 808.3 41.63 82.13 27.63
1.8 3.68 807.3 41.59 82.10 27.56

4.2. Impact of thickness and donor doping density of the Al doped ZnMgO front layer

Now, we look into how the front layer's thickness influences the performance of the optimized and CIGSSe/Perovskite
based proposed solar cell efficiency. The Al doped ZnMgO front layer thickness for 100 nm and donor carrier density
of 10%° cm™ are shown to be effective in Fig. 4(a). This variation demonstrates that as ZnMgO: Al thickness rises, cell
efficiency falls monotonically. The highest possible level of electrical efficiency might be attained with a ZnMgO: Al
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layer that is 100 nm thick. The ZnMgO: Al front layer is where photons first come into contact with the solar cell. As a
result, the thickness of the top layer affects how electron-hole pairs occur. A thickness of 100 nm corresponds to the
greatest degree of efficiency. This is comparable to earlier discoveries reported in references [44, 45]—Fig. 4(b). As
seen in this figure, the efficiency increases with donor carrier density of the front layer ZnMgO: Al between 10" and
10% cm™ and then stays constant at 102 cm?. It yields a value of 27.96% at 10%° cm™ donor carrier density. The rationale
for this is that a boost in doping may improve the collection of photogenerated carriers, increasing conversion output.
We cap the base's optimised doping level at 10° cm™, This is consistent with earlier discoveries reported in references
[44, 45].
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Fig. 4. Difference of n (%), Voc, Jsc, and FF by the modification of (a) thickness and (b) Nq density of the ZnMgO:
Al TCO layer.

4.3. Impact of donor doping density and thickness of ZnMgO buffer layer

As exposed in Figs. 5(a) and (b), the effect of the buffer ZnMgO layer on the cell performance of the optimized and
proposed photovoltaic device was investigated (b). The ZnMgO buffer layer's donor carrier density and thickness were
adjusted from 10" to 102 cm and 10 to 50 nm, respectively. The figures show that the Voc, Jsc, FF, and efficiency
decrease as ZnMgO thickness increases but increase as ZnMgO carrier density increases. The increase in Voc, Jsc, FF,
and efficiency with increasing ZnMgO carrier density of > 102° cm demonstrates that recombination of the minority
charge carrier reduces with increasing ZnMgO donor carrier density. The rise in fill factor may be accredited to a drop
in Rs (series resistance) as donor ZnMgO density increased. This was reflected in the # (%), reaching a maximum
efficiency of 27.96 % at ZnMgO carrier density and thickness of 102° cm™ and 20 nm, respectively.
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Fig. 5. Variation of Voc, Jsc, FF and efficiency by the dissimilarity of (a) thickness and (b) donor doping density of
the buffer ZnMgO layer.

4.4. Effect of thickness and N, doping density of the CIGSSe absorber layer
Fig. 6 (a) shows the impact of the optimised and proposed device's CIGSSe thickness on solar efficiency with a fixed
carrier density of 1x10'7 cm. We see that the Voc, Jsc, FF, and efficiency increase monotonically and linearly as
CIGSSe thickness increases. More carriers are created when CIGSSe thickness increases. At the time of maximum
power, higher current results from more carriers. Furthermore, according to Fig. 6(a), the absorber layer should be as
thick as 800 nm, at which time the efficiency of the proposed device will be at its highest or 27.96 %.
Figure 6(b) displays the efficiency variation of the optimized and proposed photovoltaic systems with an 800 nm
thickness of CIGSSe films as a function of the acceptor carrier density. The Voc, FF, and efficiency quickly improve
for the optimised device from 18.44 % to 24.06 % and for the proposed device from 23.25 % to 27.96 % when the
acceptor carrier density of the CIGSSe absorber layer is increased from 1x10%° to 5x10% cm™. Beyond 1x10% cm®, the
efficiency values are nearly constant, reaching a maximum of 27.96% for carrier density equal to 1x10%" cm3,
The Jsc of the cell is given as follows:

Jo

5 & b Eg \( aVoc
Jgc (MA/cm?) = - ITI gN.N,e KT +ﬁqNCNVe KT |l e BKT —1 (1)
nNa pNg

The cell's Voc (open-circuit-voltage) is represented by:

Eg
Voe (MV) = BT 1n (1+ Jo eKTJ (2)
q
The fill factor (FF) of the cell is given by:
FE (96) = 2M 109 @A)
Jsc *Voc

The 5 (%) of a photovoltaic device is given as:
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Where, the hole/electron length of diffusion, Boltzmann constant, temperature, charge of electron, electron/hole
diffusion coefficients, maximum current density, maximum voltage, minority carrier current densit, output power, diode

ideality factor, and input power are denoted by Li/Ly, K, T, , Da/Dp, In, Vm, Jo, Pout, B, and Pin.
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Fig. 6. Variant of Voc, Jsc, FF and efficiency by the variation of (a) thickness and (b) donor doping density of the
absorber CIGSSe layer.

4.5. Falling of J-V plot and EQE by the variation of CIGSSe acceptor doping density

The ratio of the absorbing photons and output charge carrier kanow as a EQE. Figures 7(a) and (b) illustrate the impact
of J-V plot and EQE against wavelength spectra for various CIGSSe layer Na concentrations. Eq . (5) mentioned below
shows that EQE is directly correlated to the Jsc. So, increment in the Na density from 1x10% to 5x10* cm results in
reduction in hole collections at the CIGSSe absorber layer that will increase the depletion width at the n-side and also
increases the Jo. The CIGSSe layer-based proposed photovoltaic device reveals extreme efficiency conversion at N, =
1x10Y cm’®,

Jo
124 124 v,
_ D - ocC
Jgc mATem2) =| PN anonye KTAGM 20 ay e KTAGM) || g BKT _g
LnNa LpNg
EQE(4)= o) )
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4.6.

Assessment of basic optimised and proposed photovoltaic devices

The photovoltaic properties of basic optimised and proposed devices are compared in Figs. 8(a)-(b) in terms of EQE
against wavelength and J-V plot. The proposed photovoltaic parameters performance comparison with recently
published research is shown in Table 4. The results indicate that the proposed photovoltaic device performs better than
the recently published study.
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Fig. 8. () J-V plot and (b) EQE versus wavelength performance comparison of the basic, optimised and proposed

photovoltaic device.

Table 4: Analysing the electrical characteristics of recently published and proposed TFSC devices.

Thickness Thickness(n ~ Thickness(nm)/mate Thickness(n  Voc  Jsc FF 7 Year/Referen

(nm)/materi  m)/ rials of the absorber m)/ (mV) (mA/c (%) (%) ces

als of the materials of layer materials of m2)

Front layer the  Dbuffer BSF or HTL
layer

700/Al- 124/ZnMgO  2200/CIGSSe NA 695.0 39.30 73.1 20.0 2018/[23]

ZnMgO 0 6 0

200/Al-ZnO  100/i- ZnO 1000/ CIGS NA 805.3 34.47 84.1 23.3 2022/[1]
50/CdS 1 5

300/ZnO:Al  50/ZnO 800/CIGS 1200/CIGS 900  36.13 81.6 26.7 2022/[46]
30/ZnMgO 1 8

150/Zn0O 50/CdS 600/CIGS 10/MoS; 783  40.30 84.9 26.8 2022/[14]

7 1

100/ZnMgO  50/ZnMgO  1000/CIGSSe 50/CZTGSe 8079 4161 822 27.6 2021/[13]

‘Al 0 3
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50/Zn0O:B 10/ZnMnO  2500/CIGSSe 10/Cu20 807.9 43.95 812 28.8 2021/[12]
9 6

100/ZnMgO  20/ZnMgO  800/CIGSSe NA 730.4 39.81 81.4 24.0 Optimised

‘Al 4 6

100/ZnMgO  20/ZnMgO  800/CIGSSe 100/Perovsk  815.3 41.67 82.3 27.9 Proposed

Al ite 1 6

4, Conclusion

The current research examines the consequences of the perovskite HTL as a back-contact layer on the proposed
photovoltaic device. At the start of the work, the photovoltaic results of the conventional photovoltaic device structures
are validated by the AFORS-HET software simulation tool. Further, by optimising the thickness and doping density of
the conventional photovoltaic device's Front , buffer, and absorber layers, the efficiency, Voc, FF, and Jsc are enhanced.
The conventional photovoltaic device has shown some drawbacks, like photogenerated leakage current due to the
absence of HTL. Here, a novel structure is designed using perovskite HTL in the conventional photovoltaic device. The
new structure was designed by inserting perovskite HTL material between the back ohmic contact and the CIGSSe
layer. The newly proposed photovoltaic device improves photovoltaic characteristics like #=27.96%, Voc=815.3 mV,
FF=82.31, and Jsc=41.67 mA/cm? while reducing the photogenerated reverse saturation current.
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