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Abstract
Compared to conventional solar cells, quantum dot solar cells (ODSCs) have drawn a lot of attention
due to their hybrid structure, low production cost, and greater power conversion efficiency.
Nevertheless, carrier recombination in the quasi-neutral region (ONR) continues to limit their
performance. The electron transport layer (ETL) and hole transport layer (HTL) are two of the layers
that are most important in determining the overall efficiency of the device. The SCAPS-1D simulator
was used in this work to conduct a numerical investigation with indium gallium zinc oxide (IGZ0) as
the ETL, CdS as the buffer layer, SbsSesz as the absorber layer, and PbS as the HTL. After optimizing
the device construction, doping concentrations were thoroughly examined. In this work, the SCAPS-1D
simulation program was used to conduct a thorough numerical analysis of a QDSC structure. Lead
sulfide (PbS) is the HTL, cadmium sulfide (CdS) is the buffer layer, antimony selenide (Sb2Ses) is the
absorber layer, and IGZO is the ETL in the suggested device architecture. Key photovoltaic
characteristics, such as fill factor, open-circuit voltage, short-circuit current density, and total power
conversion efficiency, were thoroughly examined in relation to material selection and layer
arrangement. In order to lower recombination losses and enhance charge carrier extraction, the effects
of doping concentration modifications in the transport and absorber layers were carefully investigated
after initial device optimization. The modified device reached a maximum power conversion efficiency
of 35.67% thanks to the improved performance of IGZO.
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INTRODUCTION

Given the rapid advancement of technology and population expansion, modern science and
technology have a crucial role to play in meeting the increasing need for sustainable and clean energy
[1]. Making the switch to renewable energy sources is crucial to reducing pollution brought on by
excessive fossil fuel use and maintaining the natural equilibrium of Earth's ecosystems [2]. Solar energy
is particularly plentiful among renewable sources;
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present global energy and electricity consumption, showcasing solar power as a vital alternative for
future energy systems. As a result, solar cells and photovoltaic technologies are widely used to
effectively transform sunlight into electrical energy, making clean power generation possible for utility-
scale, industrial, and household applications. As a result, solar cells are frequently used to transform
sunlight into electrical power.

Owing to their superior light absorption and extended carrier diffusion lengths, organic—inorganic
hybrid perovskite solar cells (PSCs) are attractive options for next-generation photovoltaic technology.
The power conversion efficiency (PCE) of PSCs has significantly improved since their first report in
2009, increasing from 3.8% to 25.7% in just ten years [3—5]. Despite this rapid development, the poor
durability of perovskite materials in the presence of moisture, heat, and extended light exposure makes
their large-scale commercialization difficult [3].

Because they can effectively convert solar photons into electrical energy, quantum dot solar cells
(QDSCs) have attracted interest as possible substitutes for upcoming photovoltaic systems [6].
Nanoscale semiconductor crystals, which offer special optoelectronic characteristics, size-dependent
tunable bandgaps, and dimensions smaller than the exciton Bohr radius, are used as absorber materials
in QDSCs [7].

In a conventional solar cell arrangement, the absorber layer is positioned between the electron
transport layer (ETL) and the hole transport layer (HTL). However, QDSCs frequently have poor PCE
because of their low carrier concentration and mobility [8—15]. Extensive research has focused on
investigating appropriate materials for each device layer to improve efficiency and practical
applications to overcome these restrictions.

The ETL and HTL have the greatest impact on the overall performance of all layers in a solar device
[8, 16—18]. Thus, it is crucial to choose materials that are both affordable and capable of producing high
PCE. With a PCE of 13.94% when combined with a PbS—TBAI quantum dot absorber and PbS—EDT
HTL, TiO; is currently one of the most widely utilized ETL materials [19].

In this study, a device with a suitable electron transport material was modeled to construct and
analyze an effective QDSC. The suggested structure uses WS, as the ETL placed on indium-doped tin
oxide (ITO), PbS—EDT as the HTL, CdS as the buffer layer, and Sb,Ses as the absorber layer [20-23].

Following a thorough examination of this arrangement, indium gallium zinc oxide (IGZO) was used
in place of the WS, ETL, and the modified apparatus was thoroughly examined.

The photovoltaic performance metrics of both device designs, including the fill factor (FF), PCE,
short-circuit current density (Jsc), and open-circuit voltage (Voc), were assessed and compared.
Furthermore, the impact of the HTL doping density was examined.

Here, FF is defined as the ratio of the maximum output power to the product of Voc and Jsc, PCE is
computed as the ratio of the maximum output power to the incident solar power, Jsc is the maximum
current density generated under short-circuit conditions, and Voc is the maximum voltage produced
when no external current flows.

Additionally, the impacts of the shunt and series resistances were investigated. For both devices,
contour charts showing the link between ETL thickness and bandgap were created, and the effect of the
operating temperature on device performance was investigated. An ideal device configuration was
determined after a thorough comparison of the outcomes.
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DEVICE STRUCTURE AND OPERATION

With approximately half of its energy falling into the infrared portion of the spectrum, the Sun alone
can supply the world's ever-expanding energy needs [24]. The capacity of QDSCs to efficiently capture
energy from the infrared spectrum is one of their main advantages over traditional solar cells. An ETL,
absorber layer, buffer layer, and HTL constitute the four-layer device structure used in this study. Figure
1 shows the entire device architecture [16, 17, 25, 26].

ITO, as depicted in Figure 1, is connected to a WS, layer that functions as the ETL and as the front
contact through which incident solar energy enters the device [26, 27].

Because they lead to increased stability, improved adhesion, and decreased sheet resistance, electrical
characteristics are more important than optical transparency. ITO films are better suited for this
application than fluorine-doped tin oxide (FTO) films because they are smoother, can be deposited over
larger regions, and require lower processing temperatures. Cadmium sulfide (CdS) serves as the buffer
layer and antimony triselenide (Sb,Se3) as the absorber layer.

The Sb,Ses absorber was interfaced with CdS at the device junction, allowing for effective incident
radiation absorption. The PbS—EDT HTL was covered with a layer of gold (Au) for the back contact.

In the changed device arrangement, ITO was maintained as the front contact, but IGZO replaced WS,
as the ETL. The buffer layer in this structure is CdS, the absorber is Sb,Ses, and the HTL is PbS—-EDT.
After analysis, the device structure that was first calibrated, ITO/WS,/CdS/Sb,Se3/PbS-EDT/Au, was
redesigned as ITO/IGZ0O/CdS/Sb,Ses/PbS/Au. Higher electron mobility, a wider bandgap, increased
efficiency, environmental friendliness, and more affordable fabrication are just a few of the advantages
of IGZO over WS,.

SCAPS

By simulating the quantum dot layer as an efficient semiconductor absorber, SCAPS can be utilized
to model and study the electrical performance of QDSCs. Quantum dots in QDSCs offer significant
light absorption and size-dependent band gaps; these characteristics can be integrated into SCAPS by
varying the bandgap energy, electron affinity, density of states, and defect levels. By establishing bulk
and interface defect distributions, SCAPS can be used to study the localized states and increased
recombination, which are frequently introduced by quantum dots.

To learn how dot size, defect density, and interface quality impact device performance, researchers
can use SCAPS to mimic the J-V characteristics, quantum efficiency (QE), and recombination
mechanisms of QDSCs.

/777

~<— ITO 100 nm
<— 1GZO 50 nm

<— CDS 60nm

= SbZSe3 60 nm

=~ 44— PbS 5 nm

Figure 1. Diagram of a solar cell.
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Additionally, it aids in assessing the band alignment and charge transport constraints between the
transport and quantum dot layers. Overall, SCAPS offers a useful and efficient paradigm for
maximizing the design of QDSCs by connecting the material characteristics of quantum dots to
macroscopic device behavior.

RESULTS AND DISCUSSION

The QDSC simulated using SCAPS-1D software exhibited steady and effective device performance
in terms of current density—voltage (J—V) characteristics. The current density remained nearly constant
at approximately 40 mA/cm? as the applied voltage increased from 0.2 V to approximately 0.85 V,
suggesting efficient charge carrier production and transport, as well as effective photon absorption by
the quantum dot absorber layer.

This flat current region indicates that the device structure has a low series resistance and low
recombination losses. The open-circuit voltage (V.c) of the QDSCs is represented by a significant fall
in the J-V curve about 0.9-0.95 V. After this, the current density quickly decreased and turned negative,
indicating the cut-off region when the device stopped providing power. The prominent knee of the curve
indicates good junction quality and a high fill factor.

The wavelength-dependent photo-response of the device is demonstrated by the quantum efficiency
(QE) characteristics of the QDSCs derived from the SCAPS-1D simulation, as shown in Figure 2.
Higher surface recombination losses and absorption in the front window or buffer layers are responsible
for the comparatively low QE in the 300400 nm range. The QE continuously improves as the
wavelength increases from 400 nm to approximately 700 nm, indicating better photon absorption within
the quantum dot absorber layer and more effective charge carrier generation and collection, as shown
in Figure 3.

The QE curve steadily approaches saturation in the longer wavelength range beyond 700 nm,

indicating that most of the input photons are efficiently absorbed and transformed into charge carriers.
This behavior validates the potent light-harvesting capacity of QDs throughout a wide spectral range.
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Figure 2. J-V Characteristics of solar cells.
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Figure 3. Quantum efficiency derivative versus wavelength graph.

CONCLUSION

In this study, we used the SCAPS-1D modeling program to systematically build and analyze a high-
performance QDSC. We examined how important device layers, especially the HTL and ETL, affect
the overall device performance. An optimal device design was successfully created using IGZO as the
ETL, CdS as the buffer layer, Sb,Ses as the absorber layer, and PbS as the HTL. Charge transport and
collection were improved, and carrier recombination in the quasi-neutral area was greatly decreased by
careful material parameter and doping concentration adjustment. Consequently, the suggested QDSC
demonstrated a significant improvement over traditional designs, with a maximum PCE of 35.67%.
These results demonstrate the great potential of IGZO-based quantum dot solar cells for next-generation
photovoltaic applications and validate that careful selection and optimization of transport layers are
critical for boosting QDSC performance.

REFERENCES

1. Sharma S, Jain KK, Sharma A. Solar cells: In research and applications—A review. Mater Sci Appl.
2015;6(12):1145-55. doi:10.4236/msa.2015.612113.

2. Bagher AM, Vahid MM, Mohsen M. Types of solar cells and application. Am J Opt Photonics.
2015;3(5):94-113. doi:10.11648/j.ajop.20150305.17.

3. Ranabhat K, Patrikeev L, Revina AAA, Andrianov K, Lapshinsky V, Sofronova E. An introduction
to solar cell technology. J Appl Eng Sci. 2016;14(4):481-91. doi:10.5937/jaes14-10879.

4. Kibria MT, Ahammed A, Sony SM, Hossain F, Shams-Ul-Islam. A review: comparative studies on
different generation solar cells technology. 5th International Conference on Environmental Aspects
of Bangladesh (ICEAB 2014), Bangladesh. 2014. Paper ID: E33. p. 51-53.

5. Bagher AM. Solar cell quantum dots. Am J Renew Sustain Energy. 2016;2(1):1-5.

6. Ekimov Al Onushchenko AA. Quantum size effect in three-dimensional microscopic
semiconductor crystals. JETP Lett. 2023;118(Suppl 1):S15-7. doi:10.1134/S0021364023130040.

7. El-Sayed MA. Small is different: Shape-, size-, and composition-dependent properties of some
colloidal semiconductor nanocrystals. Acc Chem Res. 2004;37(5):326-33. do0i:10.1021/ar020204f.
PMID: 15147173.

8. Ashoori RC. Electrons in artificial atoms. Nature. 1996;379(6564):413-9. doi:10.1038/379413a0.

9. Collier CP, Vossmeyer T, Heath JR. Nanocrystal superlattices. Annu Rev Phys Chem.
1998;49(1):371-404. doi:10.1146/annurev.physchem.49.1.371. PMID: 15012432.

10. Reimann SM, Manninen M. Electronic structure of quantum dots. Rev Mod Phys.
2002;74(4):1283-342. doi:10.1103/RevModPhys.74.1283.

© STM Journals 2026. All Rights Reserved 19



Design and Analysis of Quantum Dot Solar Cell Using SCAPS-1D Software Gupta and Pal

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bawendi MG, Steigerwald ML, Brus LE. The quantum mechanics of larger semiconductor clusters
(“quantum dots”). Annu Rev Phys Chem. 1990;41(1):477-96. doi:10.1146/annurev.pc.41.100190.
002401.

Bagher AM. Quantum dots applications. Sens Transducers. 2016;198(3):37-43.

Kamat PV. Quantum dot solar cells: The next big thing in photovoltaics. J Phys Chem Lett.
2013;4(6):908-18. doi:10.1021/jz400052¢e. PMID: 26291355.

Sogabe T, Shen Q, Yamaguchi K. Recent progress on quantum dot solar cells: A review. J Photonics
Energy. 2016;6(4):040901. doi:10.1117/1.JPE.6.040901.

Carey GH, Abdelhady AL, Ning Z, Thon SM, Bakr OM, Sargent EH. Colloidal quantum dot solar
cells. Chem Rev. 2015;115(23):12732-12763. doi:10.1021/acs.chemrev.5b00063.
PMID:26106908.

Ren Z, Sun J, Li H, Mao P, Wei Y, Zhong X, et al. Bilayer PbS quantum dots for high-performance
photodetectors. Adv Mater. 2017;29(33):1702055. doi:10.1002/adma.201702055. PMID:
28639380.

Zhang X, Johansson EMJ. Reduction of charge recombination in PbS colloidal quantum dot solar
cells at the quantum dot/ZnO interface by inserting a MgZnO buffer layer. J] Mater Chem A.
2017;5(1):303—-10. doi:10.1039/C6TA07775G.

Ray J, Chaudhuri TK, Panchal C, Patel K, Patel K, Bhatt G, Suryavanshi P. PbS-ZnO solar cell: a
numerical simulation. J Nano Electron Phys. 2017;9(3):03041. doi:10.21272/jnep.9(3).03041.
Zhao T, Goodwin ED, Guo J, Wang H, Diroll BT, Murray CB, et al. Advanced architecture for
colloidal PbS quantum dot solar cells exploiting a CdSe quantum dot buffer layer. ACS Nano.
2016;10(10):9267—73. doi:10.1021/acsnano.6b03175. PMID: 27649044.

Burgelman M, Verschraegen J, Minnaert B, Marlein J. Numerical simulation of thin film solar cells:
practical exercises with SCAPS. International Workshop on Numerical Modelling of Thin Film
Solar Cells (NUMOS), Gent, Belgium. Ghent (Belgium): UGent and Academia Press; 2007. p.
357-366.

Chen SH, Lin WT, Chan SH, Tseng SZ, Kuo CC, Hu SC, Peng WH, Lu YT. Photoluminescence
analysis of CdS/CIGS interfaces in CIGS solar cells. ECS J Solid State Sci Technol.
2015;4(9):P347-P350. doi:10.1149/2.0041509;ss.

Kibria MT, Ahammed A, Sony SM, Hossain F, Shams-Ul-Islam. A review: comparative studies on
different generation solar cells technology. 5th International Conference on Environmental Aspects
of Bangladesh (ICEAB 2014), Bangladesh. 2014. Paper ID: E33. p. 51-53.

Leilaeioun M, Holman ZC. Accuracy of expressions for the fill factor of a solar cell in terms of
open-circuit voltage and ideality factor. J Appl Phys. 2016;120(12). doi:10.1063/1.4962511.

Liu M, de Arquer FPG, Li Y, Lan X, Kim GH, Voznyy O, et al. Double-sided junctions enable
high-performance colloidal quantum-dot photovoltaics. Adv Mater. 2016;28:4142-8.
doi:10.1002/adma.201506213. PMID: 27038256.

Zhang X, Santra PK, Tian L, Johansson MB, Rensmo H, Johansson EMJ. Highly efficient flexible
quantum dot solar cells with improved electron extraction using MgZnO nanocrystals. ACS Nano.
2017;11(8):8478-87. doi:10.1021/acsnano.7b04332. PMID: 28763616.

Yang X, Hu L, Deng H, Qiao K, Hu C, Liu Z, et al. Improving the performance of PbS quantum
dot solar cells by optimizing ZnO window layer. Nano-Micro Lett. 2017;9(2):24. doi:10.1007/
s40820-016-0124-2. PMID: 30460319.

Ding C, Zhang Y, Liu F, Kitabatake Y, Hayase S, Toyoda T, et al. Understanding charge transfer
and recombination by interface engineering for improving the efficiency of PbS quantum dot solar
cells. Nanoscale Horiz. 2018;3(4):417-29. doi:10.1039/C8NH00030A. PMID: 32254129.

© STM Journals 2026. All Rights Reserved 20



