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In this article, the thin-film solar cell (TFSC) based on Copper-Indium-Gallium-Diselenide (CIGS) absorber layer
and low-cost ultra-thin BaSiz Back Surface Field (BSF) with the framework of Al/SnOs:F/buffer-
layer/CIGS/BaSis/Mo/Substrate have been proposed. To enhance the performance and reduce the toxicity, the
Cdo.cZnosS (alloy of CdS and ZnS) and ZnSe have been used as suitable buffer layers as a replacement for
conventional toxic CdS buffer layers. The proposed TFSC also aims to be cost-effective, therefore the thickness of the
CIGS layer has been optimized (varied from 0.1-1 um). With the CdosZnosS and ZnSe buffer layers, the proposed
TFSC achieves the maximum conversion efficiency (CE) of 28.11 % and 27.72 %, respectively for the optimized CIGS
thickness of 0.8 um and BaSiz BSF layer thickness of 0.3 um. Further, the proposed TFSC has been investigated for
variation in defect density of the CIGS absorber layer. Additionally, the results obtained for the proposed TFSC show
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improvement in the performance from the previously reported CdS-based TFSC.
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1. INTRODUCTION

The fast depletion of traditional energy sources such as
fossil fuels has prompted concern about the development of
highly efficient, dependable, clean, and affordable
renewable energy sources [1]. The solar cell is the best
substitute to dominate the increase in worldwide power
shortage crises [2]. Therefore, several research on different
composite materials for thin-film solar cells (TFSC) namely a-
Si, Cadmium-Telluride (CdTe), Copper-Zinc-Tin-Sulfide
(CZTS), Copper-Indium-Gallium-Diselenide (CIGS), CZTSSe
and organic resources has been carried to achieve the
maximum conversion efficiency (CE) at relatively low
fabrication cost [3-5].

The most commonly explored CIGS-based TFSC is
relatively non-toxic compared to CdTe-based TFSC, due to
the absence of toxic cadmium (Cd) material [6]. The CIGS
offers high CE, and a high absorption coefficient (greater
than 105cm-1) and hence can be considered a suitable
candidate for reliable photovoltaic applications. The alloying
of the CIGS material provides the tuning capability of the
bandgap over the span of 1.04-1.67 eV [7]. Nevertheless, the
high-cost value of CIGS solar cells is attributed to the
deficiency of rare metals like Gallium (Ga) and Indium (In).
Therefore, the CIGS absorber thickness must be reduced for
low-cost fabrication of TFSC [8].

In the device structure of TFSC, the buffer layer plays
an important role, as it secures the absorber layer from
high-energy ions when sputtering from the window layer.
Generally, the CIGS-based TFSCs frequently utilize CdS as
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are toxic and hazardous to the environment [11]. Therefore,
to reduce the toxicity Cdi-,Zny,S buffer layer can be an
attractive candidate, as its offers a tunable bandgap in the
range 2.42 eV (CdS) and 3.62 eV (ZnS), putting it one step
ahead of other materials [12]. Increasing Zn composition,
the bandgap of Cdi-yZn,S increases enabling low
wavelength photons through the device. The content of Zn
in Cdi-,yZnyS is varied to make it less toxic as much as
possible and makes it suitable for photovoltaic devices. In
this context, Moradi et al. [13] achieve the maximum CE of
21.32 % for the 20 % Zn in Cd: -,ZnyS/CIGS solar cell reach
to a CE of around 21.32 %. Whereas, Hamri et al. [14], 60 %
of Zn content archives high CE of 23.71 %.

The current losses in the CdS buffer layer are due to its
narrow bandgap and parasitic absorption. Therefore, the
higher bandgap material (Zinc oxides, selenide, and
sulfides) is used as an alternative buffer layer of CdS in the
extensive research. ZnSe has a greater bandgap than the
CdS buffer layer which is the most promising material and
a better alternative to CdS. However, higher bandgap
materials face some interfacial electrical issues [15]. Also,
another reason to use ZnSe instead of CdS is to reduce the
toxicity of the CdS-based buffer layer.

In this work, we aim to improve the CE of TFSC with
reduced cost and reduced use of toxic material. To achieve
the aim, an ultra-thin BaSis-based Al/SnOq:F/ buffer layer
/CIGS/BaSiz/Mo/ Substrate TFSC with Cdo.cZno.4S and ZnSe
buffer layers has been proposed. To reduce cost, the CIGS
layer thickness has been varied from 0.1-1 um. The
proposed TFSCs have been optimized for different

a buffer layer [9], [10]. However, the materials-based-on-Cd—struetural —parameters. The TFSC structure has been
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simulated using a 1-D solar cell capacitance simulator
(SCAPS-1D) to extract photovoltaics performance
parameters such as open-circuit voltage (Vic), Short circuit
current density (Js), Fill Factor (FF) and Conversion
efficiency (7). The proposed TFSC has been further
investigated for the bulk-defect density of the absorber
layer.

2. DEVICE STRUCTURE, METHODOLOGY AND
MATERIAL PARAMETERS

The propsed TFSC device structure (Al/SnOgz:F/buffer
layer/CIGS/BaSiz/Mo/Substrate) is shown in Fig. 1, which
consists of p*-type BaSiz as a BSF layer, CIGS as a p-type
absorber layer, CdosZnosS and ZnSe as an n-type buffer
layer and n*-type SnOs: F which serves as a window layer.
Aluminum (Al) and Molybdenum (Mo) are two different
metals used as front contact and back contact having the
work function of 4.06 eV [16] and 4.95 eV [17], respectively.
The buffer layer (Cdo.sZnosS, ZnSe) constructs a p-n
junction with the absorber layer (CIGS). The sunlight
inserts through the window layer. The electron-hole pairs
are generated at a p-n junction by the absorption of photons.
Simulation of the proposed TFSC structure is under the
standard solar spectrum AM 1.5 G with 1 KW/m?2 light
intensity.

The performance of CIGS-based TFSC is investigated in
various stages. Firstly, the thickness of the CIGS layer has
been varied from 0.1-1 um. For the optimized thickness,
bulk defect density has been varied from 102-10¢ ¢cm -3, In
the simulation, the parameters listed in Table 2 have been
used.

Front grid (AD

Fig. 1 — Schematic view of proposed TFSC

Table 1 — Electronic properties in general

NV | Valence Band effective Density of State, NV (cm -3)

ETV | The thermal velocity of the electron, (cm-s-1)

HTV | The thermal velocity of the hole, (cm-s-1)

MDN | Mobility of electron, g (cm2V-1g-1)

MDP | Mobility of hole, wn (cm2V -1s-1)

ND | Donor density, Np (cm -3)

NA Acceptor density, Na (cm-3)

NT Bulk defect density, V; (cm -3)

TH Layer thickness (um)

EG Band gap, E. (eV)

CHI | Electron affinity, y (eV)

DC Dielectric Permittivity, &

NC Conduction Band effective Density of State, N (cm -3)
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3. RESULT AND DISCUSSION

The proposed CIGS-based TFSC configuration
(Al/SnO2:F/ buffer layer /CIGS/BaSios/Mo/ Substrate) with
Cdo.6Zno.4S and ZnSe as a buffer layer has been examined to
enhance the photovoltaic performance. The parameter
variation of the proposed TFSC based on CIGS is depicted
in Figs. 2 and 3. The following section illustrates the output
photovoltaic parameters (Voc, Jse, FF and 7) for the optimum
configuration of thickness and bulk defect density of the
absorber layer at the operating temperature of 300 K.

Table 2 — The physical parameter of materials used for simulation

Parame nt*- n- n- p- p-
ters SnO2:F ZnS Cdo.6Zno.sS CIGS BaSi:
(unit) [8] [15] [12] [15] (8]
TH 0.05 0.05 0.05 0.1-1.0 0.3
EG 3.6 2.9 2.83 1.2 1.3
CHI 4.0 4.2 4.26 4.0 3.3
DC 9.0 10 9.23 13.6 11.17
NC |2.2x1018 2x1018 | 2.1x1018 | 2x 107 [2.6x 101°
NV [1.8x101°(1.8 x 1019 1.7x 10 [1.5x 10| 2 x 1019
ETV 1x107 | 1x107 1 x 107 1x107 | 1x107
HTV 1x107 | 1x107 1 x 107 1x107 | 1x107
MDN 100 70 70 100 820
MDP 25 3 20 25 100
ND 1x 101 | 5.5 x 107 1 x 1016 0 0
NA 0 0 0 2 x 1016 | 5x 1018
NT 1x 101 | 1x 1015 1x 101 [2.5x 10| 1 x 1015
Defect SA SA SA SD SD
type

3.1 Impact of CIGS Absorber Layer Thickness on the
Photovoltaic Performance

The impact of varying the thickness of the absorber
layer on the photovoltaic parameter of solar cell is examined
by simulation of two different structures based on
Cdo.6Zno.4S/CIGS and ZnSe/CIGS. For each structure, the
absorber layer thickness is tuned from 0.1-1 pum, the buffer
layer thickness is 0.05 um. Fig. 2 depicts the influence of
variation of CIGS layer thickness on Vi, Js, FF and CE (7).
For the structure Cdo.6Zno.«S/CIGS the decrease in Vo from
0.97 to 0.89 V and a considerable rise of Jsc is noticed from
23.40 mA/em? to 41.87 mA/ecm?2, whereas FF reduced from
80.66 % to 75.09 % and CE goes up from 18.21 % to 28.11 %
and for the structure ZnSe/CIGS the Vochas been dropped
from 0.96 V to 0.89 V and a noteworthy enhancement in Js
is noticed from 22.26 mA/cm? to 41.34 mA/cm?2, whereas a
reduction in FF from 80.32 % to 75.11 % and CE increases
from 17.20 % to 27.75 % as given in Fig. 2. The increase in
reverse saturation current density (Jo), promotes the charge
carrier recombination, and is responsible for the reduction
in Voc.

The increase in short circuit current is mostly owing to
the fact that an absorber layer having a larger thickness
permits more photons of long-wavelength to be absorbed,
resulting in increased carrier production [1]. The internal
resistance increases when the absorber layer thickness is
increased. The depletion was accelerated as a result of the
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Fig. 2 — Effect of absorber layer thickness variation on photovoltaic
parameter: (a) Voc and Js, (b) Fill Factor and Conversion efficiency (7)

increased resistance, lowering the Fill factor [18]. Two
aspects that need to be kept in the simulation study to
determine the CE of TFSC are light absorption and carrier
transfer. Light absorption becomes a major factor with a
thin absorber layer since all carriers can radially reach the
associated electrode. Light absorption becomes saturated
when the thickness of the absorber layer crosses the
threshold value, and carrier moments correspond to a key
factor. The relation between these two parameters draws a
conclusion which can be seen in Fig. 2(b) that increasing
thickness above 0.8 um has no more effect on CE of CIGS
based TFSC. The TFSC having very thin CIGS absorber
layer corresponds to low CE as the CIGS would not be able
to absorb all the incoming light falling on its surface. In the
same way, the absorber layer having a thickness greater
than the optimum value results in increased recombination
of created carriers as the journey of photo-produced carriers
gets longer than earlier.

3.2 Impact of Bulk Defect Density of CIGS Absorber
Layer on the Photovoltaic Performance

The bulk defect density of single-donor-type changed from
1 x 1012 to 1 x 1016 cm 3 of the CIGS layer, to study the impact
of variation on the performance parameter of TFSC, while
other layers have the same defect densities as mentioned in
Table 2. Fig. 3 depicts the affect of different defect density
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levels on the TFSC performance characteristics. As the defect
density rises, the values of Vi, Js, FF and CE reduces for both
structures. For ZnSe/CIGS structure; <Jsc drops from
40.73 mA/cm? to 38.91 mA/cm?, Voe drops from 1.05V to 0.75 V
and FF drops from 84.28 % to 61.67 %. As a result, the CE
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Fig. 3 — Effect of bulk defect density variation of absorber layer on
photovoltaic parameter: (a) Vo and Ji, (b) Fill Factor and Conversion
efficiency (7)
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Fig. 4 — The J-V characteristic of the proposed TFSC
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drops from 36.04% to 17.92%, and similarly for
Cdo.6Zno.4S/CIGS structure Jsc drops from 41.29 mA/cm? to
39.41 mA/cm?2, Vi drops from 1.05 V to 0.75 V, and FF drops
from 84.27 % to 60.51 %, and CE from 36.55 % to 17.83 %.
With the increase in defect density, the risk of electron-hole
recombination before the carriers approach the junction and
produce current also rises. It means that the higher the
defect density is, the lower rate of electron-hole pair
formation will be. Defects can quickly degrade photovoltaic
performance, reducing the CE of TFSCs. To improve the
proposed TFSC output, the defect density should be kept to
a minimum value.

Using optimized parameters, obtained current density—
voltage (J-V) curve is illustrated in Fig. 4. The thickness of
0.05 um is used for Cdo.eZnosS, ZnSe, and FTO layer also
0.8 um and 0.3 um are employed for CIGS and BaSi: layer,
respectively.

Table 3 — Summary and comparison of photovoltaic performance of
proposed TFSC with reported CIGS based TFSC

Structure Voe e FF %) Reference
(Buffer/Absorber) | (volt) | (mA/em?) | (%) 7t No.
CdS/CIGS 0.74 |34.47 83.09 [21.30 [[9]
CdS/CIGS 0.75 [38.7 79.18 [22.92 [19]
CdS/CIGS 0.80 |35.64 84.75 |24.17 [7]
CdS/CIGS 0.88 |36.09 86.49 |27.65 [20]
ZnSe/CIGS 0.90 [40.65 75.76 [27.72  |Proposed
Cdo.6Zno.sS/CIGS [0.90 [41.21 75.76 [28.11  |Proposed
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4. CONCLUSION

The performance of a CIGS-based TFSC has been
thoroughly explored in this study. By utilizing two different
buffer layers: Cdo.sZno.sS and ZnSe, the output performance
parameters are determined by varying the thickness of the
absorber layer and bulk defect density. SnOs: F (FTO)
window layer, buffer layer Cdo.sZnosS, and ZnSe have a
thickness of 0.05 um, and the CIGS absorber layer has a
thickness of 0.8 um. Structure (Cdo.sZno.4S/CIGS) for a
defect of 2.5 x 104 cm -3 has CE (7) of 28.11%, with Js of
41.21 mA/cm2.The structure (ZnSe/CIGS) with the same
defects represents CE of 27.72 % with Js of 40.65 mA/cm?2.
FF is the same for both structures 75.76 % with Vi of
0.90 Volts. The toxicity of CIGS solar cells is being reduced
by 40 % by substituting CdS with Cdo.sZno.4S, and with
ZnSe as a buffer layer, the toxicity is negligible. This study’s
optimization may result in the generation of a highly
efficient and innocuous CIGS-based TFSC. Its ultrathin
layer architecture led to its cost-effectiveness.
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IlokpameHna NpoOayKTUBHICTD 31 SHHKEHHAM TOKCUYHOCTI cousuHol 60arapei CIGS i3 Bukopucranuam
yasTpaToukoro mapy BaSi: BSF

Km. Kanchan, Anupam Sahu, Shivangi Yadav

Department of Electronics and Communication Engineering,
Madan Mohan Malaviya University of Technology Gorakhpur, India

V wmiit crarti mpejcrasiieHo ToHKOmTBKoBHi consunwmit enemenT (TFSC) mHa ocHOBI morsimHA0UYOro Iapy Miji-
igmia-ramio-guceneniny (CIGS) 1 wmemopororo ymasrpatomkoro BaSiz Back Surface Field (BSF) iz wapkacom
Al/SnOzF/oydepunit  map/CIGS/BaSies/Mo/minknaaka Oysm 3ampomonoBani. I[o6 migBummte edeKTHUBHICTD 1
amenmutu TokcuuHicTb, CdoeZnosS (cmae CdS i1 ZnS) Ta ZnSe Oynu BUKopmcTaHl AK BiAmOBimHI OydepHi mapnm
3aMICTh 3BHUYAMHMX TOKCHYHMX Oydepumx mapis CdS. 3ampomonoBammit TFSC Takosk moBuHeH OyTH €KOHOMIYHO
edexruBHUM, ToMmy ToBimHY Imapy CIGS Gymo omrumizoBamo (Bapimoerbest Bif 0,1-1 mrm). 3 OydepHUMEH IIapaMu
Cdo.6Zno.sS and ZnSe sampomnonoBauuit TFSC mocsirae marcumasnproi edexrusHocti neperBopenss (CE) 28,11 % i
27,72 % sBigmoBigHo s omruMmizoBamol ToBmmEM CIGS 0,8 mxm i mapy BaSiz BSF 0.3 mxm.Kpim Toro,
sampororopanuit TFSC 6y mocmimkennii Ha 3MiHy HIIbHOCTI medextie morsiuHandoro mapy CIGS. Kpim Ttoro,
pesyabTaTh, oTpuMaHi miIsa sampormoHoBanoro TFSC, mokasyoTh mOKpalleHHsa TPOAYKTUBHOCTI HMOPIBHSAHO 3 paHiIle
3apeectpoBaruM TFSC ua ocuosi CdS.

Kimouori cmosa: CIGS, CdosZnosS, ZnSe, TorkoruniBkoBmii coustHmit esieMenT, Edexrusricts mepersoperss, SCAPS-1D.
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