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Solar cell simulation software offers an intuitive platform enabling researchers to efficiently model, simulate,
analyze, and optimize photovoltaic devices and accelerate desired innovations in solar cell technologies. This
paper systematically reviews the numerical techniques and algorithms behind major solar cell simulators re-
ported in the literature. The status, scopes, and limitations of these simulators have been critically evaluated after
recording their use in nearly two hundred published articles. For the first time, we present a comparative study of

the simulators in terms of their availability, applications, and system requirements. We anticipate that this re-
view will aid in selecting the most appropriate solar cell simulator for the numerical study of preferred type of

solar cells.

1. Introduction

Solar energy is one of the most promising clean energy sources and is
believed to be an effective alternative to fossil fuels. To harness ubiq-
uitous solar energy effectively, the photovoltaic community has come
across different kinds of solar cells; among them, crystalline silicon (c-
Si), amorphous silicon (a-Si:H), cadmium telluride (CdTe), copper in-
dium gallium selenide (CIGS), and multijunction solar cells are already
in a mature technology stage, and the rest of the cells, such as copper
zinc tin sulfide (CZTS), dye-sensitized, perovskite, quantum-dot, copper
manganese tin sulfide (CMTS) solar cells, etc., are still in the rudimen-
tary stage [1,2]. Although solar cells have been fabricated using
numerous techniques, computer-aided modelling tools or simulators are
becoming popular for providing computational assistance to researchers
and manufacturers of solar cell growth before actual mass production.
Solar cell simulators started their journey in the mid-1980s [3,4]. Rover
et al. invented the first popular solar cell simulator, PC1D, for
IBM-compatible personal computers in 1985 [4,5]. This simulation tool
was designed to visualize the characteristic response of the c-Si solar
cells. Although the initial objective for introducing these computer
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models was to demonstrate the device performance metrics in academia,
it has also gradually spread as an essential simulation tool for industrial
applications. A list of open-source and commercial packages has been
developed explicitly for modelling and numerically simulating solar
cells [6]. The PV community currently utilizes numerous
one-dimensional (1D) modelling programs, such as AMPS-1D, PC1D,
and SCAPS-1D, as well as 2D, 3D modelling tools, such as ASPIN3,
COMSOL Multiphysics, DESSIS, Silvaco ATLAS, and ASA [7-9].
Alongside these simulators, clean energy researchers are accustomed
to the energy system (comprising single source or hybrid sources)
simulation tools, such as PVsyst, HOMER, RETScreen, TRANSYS, etc.
[10]. In PV literature, only a handful of review articles have been found
on simulators that can optimize and design the energy system, simulate
the energy system’s performance, and investigate the
enviro-techno-economic feasibilities, sensitivity, uncertainty, and risk
factors of the energy system [11]. Sinha and Chandel published a review
article in 2014 [12] where the authors systematically reviewed 19
hybrid renewable energy system simulators and offered their funda-
mental insights along with the availabilities and limitations so that PV
researchers and practitioners can effectively choose the most suitable
simulator for their concerning energy system. Sharma et al. reported
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Nomenclature

ADEPT A Device Emulation Program and Tool

AFORS-HET Automat FOR Simulation of HEterostructures

AMPS  Analysis of Microelectronic and Photonic Structure

a-Si:H  Hydrogenated Amorphous Silicon

ASA Advanced Semiconductor Analysis

ARC Anti-reflecting Coating

ATLAS  Advanced Technology for Lateral Analysis and Simulation
c-Si Crystalline Silicon

CdS Cadmium Sulfide

CdTe Cadmium Telluride

CIGS Copper Indium Gallium Selenide
CMTS Copper Manganese Tin Sulfide
CZTS Copper Zinc Tin Sulfide

COMSOL Computer Solution
DSSC Dye-Sensitized Solar Cell
EQE External Quantum Efficiency

FDTD Finite-difference Time Domain

FF Fill-Factor

HIT Heterojunction with Intrinsic Thin layer
pe-Si:H  Hydrogenated Microcrystalline Silicon

Acronym Nomenclature

Jse Short-circuit Current Density

MJSC Multijunction Solar Cell

MSCS-1D One Dimensional Multijunction Solar Cell Simulator
OLED Organic Light-emitting Diode

OghmaNano Organic and hybrid Material Nano Simulation tool
PCE Photoconversion Efficiency

PC1D Personal Computer One Dimensional

PECSIM PhotoElectroChemical SIMulation software

PSC Perovskite Solar Cell

PVsyst  Photovoltaic systems

QDSSC  Quantum Dots Sensitize Solar Cell

QE Quantum Efficiency

R&D Research and Development
SCAPS  Solar Cell Capacitance Simulator
SETFOS Semiconducting Thin Film Optics Simulator

SRH Shockley-Read-Hall

Voce Open Circuit Voltage

TCAD  Technology Computer-Aided Design
TCO Transparent Conducting Oxide
TFSC Thin-film Solar Cell

another work on the simulation software [10] that reviewed and
investigated the simulators that are mainly utilized for solar photovol-
taic energy. On the other hand, Milosavljevic et al. reviewed and vali-
dated the simulator based on a case study dedicated to and developed for
PV energy [13].

However, similar to the review of energy system simulation pro-
grams, there is no such work on solar cell simulators so that anyone can
effectively select the most appropriate tool for their solar cell fabrica-
tion. This article aims to critically review the solar cell simulation tools
and delineate the overview of the current status, essential insight, fea-
tures, scopes, and limitations for identifying the most appropriate
simulator for simulating a specific type of solar cell. To the best of the
author’s knowledge, this is the first comprehensive review of solar cell
device simulators. The remaining part of the article is organized as

Light

follows: Section 2 presents the simulation procedure used in commercial
solar cell simulators and discusses device physics. Section 3 reviews the
traditional and newly emerged solar cell simulators, their operating
principles, features and limitations. Section 4 presents a comparative
analysis of the simulations that help new users choose the right ones for
their needs. Section 5 provides the overall conclusions of the study.

2. Solar cell simulation method

The photovoltaic market and literature are enriched with a variety of
solar cells, including first-generation Si, second-generation a-Si:H-,
CdTe-, CIGS-, CZTS-, CMTS-, CFTS-, DSSC TFSC and advanced perov-
skite (PSC), tandem, multijunction, quantum dot solar cell etc. [14-16].
These cells are comprised of different layers, including substrate, hole
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Fig. 1. (a) A typical solar cell device architecture consists of the substrate, p-type absorber, n-type buffer, window, anti-reflecting, and contact layer; (b) Equivalent

circuit diagram of this solar cell adopted from Hossain et al. [19].
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transport, absorber, buffer, window, electron transport, anti-reflecting
coating, and contact layer. A typical solar cell device structure is
shown in Fig. 1. First, part of the incident light penetrates the cell and
gets absorbed by the active material (i.e., absorber layer), which con-
verts the visible light into electricity. The front side ARC layer reduces
reflection from the front surface of the cell. The solar spectrum is broad,
ranging from ultraviolet to infrared domain. However, not all the pho-
tons are absorbed equally by the absorber layer; only the photons having
energy greater than the bandgap energy of the active material are
absorbed and can contribute to the electron-hole pair generation. Some
of the photogenerated electrons and holes are lost through recombina-
tion (in the bulk and the unpassivated surfaces) and resistive losses [17].
Only the remaining electrons and holes are collected by the contacts and
can serve as a source of electricity. In Fig. 1(b), Jp, represents the
photogenerated current density of the cell. Now, part of the electricity
generated by the cell will be lost due to the recombination and parasitic
absorption losses (expressed by the dark saturation current density, Jq)
and the resistive losses (expressed by the series resistance, Rs and the
shunt resistance, Rgy) [18]. An ideal solar simulator has to consider all
these effects: carrier generation rate, optical loss, recombination loss,
parasitic absorption loss and resistive loss.

To explain how a solar cell simulator works, let us take the example
of the SCAPS-1D modelling software. It was used in the simulation of the
potential solar power under ambient conditions [20], considering the
normal global solar irradiance AM1.5G with an input power of 1000
W/m? and a temperature of 300 K [21,22]. It is possible to utilize a
combination of seven different layers as inputs with this tool, and each
layer has its own front and back contacts. It facilitates the examination
of various device properties, including current-voltage (J-V) charac-
teristics, capacitance-frequency (C-f) and capacitance-voltage (C-V)
characteristics, photoconversion efficiency (PCE), open-circuit voltage
(Voo), fill-factor (FF), short-circuit-current density (Js.), and quantum
efficiency (QE) [23]. The simulator solves Poisson’s equation, continuity
Egs. (2) and (3), and drift-diffusion Eqs. (4) and (5) for charge carriers.
dE_ p

dc e

The basic relationship between electric field strength and charge
carrier is established by Eq. (1), where E stands for electric field, p for
charge density, and ¢ for material permittivity. In semiconductor tech-
nology, the charge is divided into four distinguished constituents,
namely, donor concentration (Np), acceptor concentration (Na), elec-
tron concentration (n), and hole concentration (p).

Ipeo—n (0 ~Na +Np) &)

dn 1 din
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1 dJ
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Where U and G denote the recombination and generation rates
respectively. Hole and electron current densities are denoted by J, and
Jpe

_ do dn

Jn = pnn-— 4 Dn C)
__dp dp

Jp—,uppdx+Dpdx (5)

Asillustrated in Fig. 2, the simulation procedure starts with selecting
an appropriate simulator for any specific solar cell. Therefore, the
required optoelectronic properties, including bandgap (Eg), electron
affinity ()), dielectric constant (g), carrier density (N, Ny, carrier
mobility (up, pp), doping levels (Na, Np), and trap densities (Ny), and
simulation conditions, including airmass (AM), series (Rs) and shunt
resistance (Rgp), etc. must be arranged and inserted with the designated
dialog boxes.
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Solar Cell:

= ¢-Si, a-Si:H, thin-film Si
CdTe, CIS
CIGS, CZTS, CMTS
DSSC, PSC, hybrid-PSC
Multijunction, Q-Dot, etc.

Solar Cell Selection

Optoelectronic
Parameter Collection

Optoelectronic Parameter:
= Optical Properties
= Electrical Properties

Simulating Condition
Setting

Inserting Optoelectronic
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Simulating Condition:
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= AM Condition
= Resistances, etc.

Run Simulation

Results:
= J-V Characteristics Curve
= Performance Matrices
= Impact Determination
= Quantum Efficiency, etc.

Report Generation

Fig. 2. Schematic illustration: Basic steps for the numerical simulation pro-
cedure of a typical solar cell.

The simulator generates a list of results, including band diagram, J-V
characteristics curve, Vi, Jsc, FF, PCE, and QE, as shown in Fig. 3. Be-
sides the performance metrics, the simulation software can evaluate the
impacts of different parameters, such as thickness, absorption, carrier
distributions, recombination, etc.

More than fifty such modelling tools have been utilized in academia
and industry [10,24]; the present contribution critically reviewed
widely used solar cell simulation tools. These simulators solve the
standard solar cell equations and models with appropriate boundary
conditions, but each tool has some advantages and disadvantages; after
knowing the pros and cons of these tools, the readers and researchers
can select a simulation tool over the others. The following section
sequentially reviews ADEPT, AMPS-1D, AFORS-HET, ASA, ASPIN,
OghmaNano, PC1D, PECSIM, SCAPS-1D, SETFOS, Silvaco ATLAS and
TCAD, and COMSOL Multiphysics simulators considering the highlights,
scopes, limitations, special features, and availability.

3. Review of the solar cell simulators
3.1. ADEPT simulator

The nanoHUB solar cell modelling tool ADEPT is a heavily used
computer program written to simulate multiple solar cells, including a-
Si:H, CIGS, CZTS, CdTe, etc. [25]. Utilizing a generalized Newton
method, this tool discretizes the standard solar cell models on a mesh,
linearizes them, determines the unknowns, and performs 1D simulation
efficiently. The latest version of the simulator, ADEPT 2.1, advances in
sparse matrix solvers that enable 2D simulations to run on a compara-
tively small workstation and can simulate the homo- and
hetero-structures, both abrupt and graded solar cells, such as c-Si, GaAs,
AlGaAs/GaAs tandem, and thin film solar cells [26].

The ADEPT simulator includes a detailed model of solar cell physics,
including the effects of carrier transport, recombination, and light ab-
sorption [27-29]. This allows the tool to accurately predict the func-
tional output of devices and optimize their characteristic under variable
conditions [30,31] and materials, such as silicon, III-V compounds, and
chalcogenides [32]. It can also be used to model the effects of
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Fig. 3. Simulated results generated from SCAPS-1D, where presents the illuminated (a) J-V characteristic curve, (b) EQE versus wavelength, (c) Energy band levels

diagram, and (d) recombination profiles of a solar cell.

temperature and bias voltage on solar cell performance [33]. This freely
available tool can be used to calculate a variety of solar cell performance
metrics, including PCE, Vi, Js, and FF [34]]; besides, the effect of
bandgap and doping concertation can be investigated [35]. ADEPT of-
fers a comprehensive suite of capabilities to model the effects of defects
and impurities in solar cells. It provides a framework for simulating solar
cell performance under non-uniform illumination [36]. The simulator
does not include interface modelling, band-to-band tunnelling, or
modelling of front and back contacts. Additionally, batch processing is
not supported, defect and recombination modelling needs to be opti-
mized, some default parameters cannot be changed, and the simulator
needs to be more user-friendly than other solar cell simulators.

3.2. AMPS-1D simulator

AMPS-1D is also a popular programming software for modelling,
designing, and simulating the performance of solar cells, including thin-
film poly-silicon pc-Si [37], a-Si:H [38], CIGS [39] and CZTS solar cells
[7]. This 1D simulator was developed for two-terminal detectors and
single-, poly- and amorphous solar cells analysis using the New-
ton-Raphson method that enriched it with comparatively superior fea-
tures than its predecessors. AMPS-1D has been widely utilized for solar
cell design, studying the sensitivity of semiconductor parameters,
modelling the optimum device structure and determining voltage
biasing conditions [40]. At the same time, this tool has been utilized to
elucidate the red kink and the transient effect in CdS/CIGS solar cells,
modelling thin-film pc-Si cells with reasonable light trapping. Besides,

this user-congenial tool can simulate more than one device at a time,
where each device is comprised of up to 30 layers with several opto-
electronic parameters [41].

The prime data-input parameters of the tool are standard AM1.5
spectra, electron affinity, permittivity, mobility, effective densities, and
doping concentration of electrons and holes. Having large numbers and
layers, the input parameters entry in AMPS is still tiresome and rela-
tively time-consuming. Moreover, results obtained from the tool are
saved on an external file; the inability to save the graphs in popular
formats such as PNG and JPEG made the tool more inconvenient. In
some cases, increasing the bias voltage can make the model unstable,
leading to a complete loss of results [42]. Furthermore, AMPS cannot
add a contact layer and substrate or observe its optoelectronic impact on
solar cells. To allow fast inputting of optoelectronic data and enhance
the visualization of the simulating results aesthetically pleasing, Liu
et al. released an updated module of the AMPS simulation software
wxAMPS [42]. This updated version can accept identical input data as
the originally written AMPS-1D and provides similar physical properties
of defects and recombination. In addition, incorporating a trap-assisted
tunnelling model makes this software more precise for multijunction
solar cell (MJSC) device simulation and optimization. To date, the
advanced module, wxAMPS is frequently utilized for simulating and
optimizing the CIGS [43], CZTS [44], DSSC [45], CZTS/CTS tandem
[46], p-i-n"/pT—i-n a-Si:H tandem solar cell [42], and PSC [47] solar
cell.
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3.3. AFORS-HET simulator

AFORS-HET is an open-source 1D simulator employed to study
multilayer homo- or hetero-junction photovoltaics and other optoelec-
tronic devices numerically [48,49]. It was developed in 2003 by A.
Froitzheim and his coworkers at Helmholtz-Zentrum Berlin (HZB) in
Germany.

This simulator is frequently utilized for modelling and simulating an
arbitrary sequence of optoelectronic device layers and interfaces by
selecting a number of boundary conditions. This tool also allows multi-
dimensional input parameter fitting to synchronize the simulated mea-
surements to actual results. This modelling tool resolves the 1D standard
Poisson and transport equations for charge carriers using the finite dif-
ference method under a list of geographical conditions for obtaining the
optimized solar cell operational performance [50]. Therefore, the prime
applications of the simulator are found to evaluate the maximum
achievable PCE for the tandem solar cell a-Si:H/c-Si, obtaining design
criteria for them and developing measurement methods for examining
the a-Si:H/c-Si interface recombination [51,52]. It offers an opportunity
to evaluate the function of different optoelectronic parameters present
in the fabrication procedure of HIT solar cells [53]. The most recent
version of this simulator, named AFORS-HET 2.5, incorporates Auger
recombination, Hurkx model, intra-band and Schottky barrier tunnel-
ling through spikes in the conduction and valence bands at interfaces to
increase its simulation scope [49].

The application of the AFORS-HET tool is limited to low to medium-
doped optoelectronic devices. However, the tool cannot accurately
model and simulate the highly doped poly-silicon materials and trans-
parent conductive oxide (TCO) layers [49]. Moreover, the various con-
tact resistance measuring techniques like TLM (transfer length method)
or Cox measurements cannot be dealt with by AFORS-HET [54]. In
addition, this simulator does not take into account some of the crucial
characteristics related to intermediate buffer layers in multilayer cell
structures [55].

3.4. ASA simulator

The ASA is an exceptionally designed solar cell simulator package for
modelling multilayer amorphous and crystalline semiconductor devices
[56]. This 1D steady-state device simulator, written in the ANSI C, was
developed by Zeman et al. [57] at the Delft University of Technology. An
integrated optoelectrical approach has been incorporated into the soft-
ware. The optical model, termed ’'GenPro (GP)’, computes
photo-generated charge carriers’ generation profiles in devices with
smooth and/or uneven surfaces [58]. The optical model comes in four
different versions in this tool for modelling smooth and rough semi-
conductor interfaces, analyzing ray and wave optics combination effect,
and incoherent and semi-coherent treatment.

The electrical model of the ASA simulator solves the semiconductor
equations to provide insight into the transport system. The defect-pool
model allows the user to calculate the defect-states distribution in the
solar cell, making ASA an ideal optimization tool for thin-film, c-Si
wafer-based and tandem solar cells. The current version of this simu-
lator, ASA7 [59], is available with a web-based user interface and can be
used for performing the fast simulation of the JV curves, fill factors and
efficiencies of thin-film a-Si:H [60] and pc-Si:H solar cells [61].

3.5. ASPIN simulator

ASPIN is a comprehensive numerical simulator used to simulate
transport at heterojunction semiconductor devices under steady-state
conditions. The development process of this simulation program star-
ted in the late 80's of the past century [62] at the University of Ljubljana
[63]. The conventional drift-diffusion model (Poisson’s continuity and
charge transport linearized differential equations) and the
thermionic-field emission model make up the foundation of this tool.

Solar Energy Advances 5 (2025) 100077

Hence, a multi-layer heterostructure’s internal electrical characteristics
and other external properties can be computed accurately [64]. The
modified Gummel algorithm has been incorporated into the simulator to
decrease execution time while maintaining identical precision levels and
increasing robustness. Moreover, inserting the trap-assisted tunnelling
theory into this simulator facilitates the treatment of a p-i-n/p-i-n tan-
dem cell as a whole.

The current iteration of the software is ASPIN3, which enables 2D
analysis of structures. It permits the simulation of lateral transport, grain
boundaries, and mixing of various materials [65]. ASPIN3 boosts its
modelling strength by considering Auger, SRH, and dangling bond
recombination mechanisms. Moreover, ohmic and Schottky contacts
and isolating surfaces are the contact interfaces it supports. ASPIN3, in
integration with the SunShine optical simulator, has been intensively
used to simulate a-Si:H/pc-Si:H and CIGS solar cells [66,67]. The 2D
geometry of ASPIN3 is limited to the rectangular structure only [65].
Moreover, this tool cannot be used to simulate a textured TCO layer
since a particular optical model would be required for it [68].

3.6. OghamNano simulator

OghamNano is a cross-platform optoelectronic solar cell simulator
that can be utilized to simulate the performance metrics of PSCs, poly-
mer-, c-Si-, a-Si:H- and CIGS solar cells [69]. OghmaNano was formerly
known as Gpvdm, developed by the C++ platform, supported by Py-
thon, and freely accessible to users. To achieve precise and accurate
modelling, OghamNano employs advanced techniques, including
drift-diffusion and transfer matrix models for organic solar cells [70].
The simulation of perovskite solar cells incorporates mobile ion models
and is enhanced through ray tracing models [71,72]. Moreover, it offers
automatic fitting to experimental data, facilitating the extraction of
crucial parameters for accurate model calibration [73,74]. Its capabil-
ities extend to various optoelectronic measurements, both transient and
steady-state, such as dark/light JV curves, CELIV transients, dark/light
photo-CELIV transients, transient photocurrent and voltage,
intensity-modulated photocurrent spectroscopy, and voltage transients
of arbitrary shapes [75,76]. Furthermore, OghamNano encompasses
EQE calculation, Suns-V,., Suns-Jg, and PL/EL measurements, allowing
for a comprehensive assessment of device performance under different
conditions [77,78]. The platform empowers researchers and engineers
to observe the effect of numerous optoelectronic properties on device
performance, including mobility, energetic disorder, doping, and
recombination [79,80].

OghamNano boasts an array of powerful physical models, a highly
optimized multi-trap level SRH solver, and effective circuit models for
arbitrary circuits [81,82]. Band-to-band recombination is considered,
and the platform supports ray tracing, transfer matrix models, voltage
transients of arbitrary shapes, and calculation of reflection profiles [83].
A 3D thermal solver and interface dipole doping model also contribute
to the platform’s robust simulation capabilities [84,85]. The solver
might require enhanced convergence because of the complex mathe-
matical solutions involved in drift diffusion. If the solver is given a
problem that is hard to solve, it may need help finding the answer
accurately, resulting in errors. The solver may show an error if the
electron/hole trap state and carrier concentrations are set below the
default value.

3.7. PC1D simulator

The widely utilized simulation software, PC1D, is specifically
designed to optimize the first-generation c-Si solar cells [86]. This is the
first solar cell simulation tool written in the Pascal language and
installed on IBM-compatible personal computers [3,4]. However,
currently, it allows users to simulate the electrical and optical behaviour
of various types of solar cells, including homo-junctions, hetero--
junctions, and tandem cells [87-90]. The simulation speed, user
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interface and continual updates to the latest cell models are responsible
for its wide use [91]. To develop the primitive version of the PC1D
simulator, the Newton-Gummel method, as well as the intra-band and
trap-assisted tunnelling model, was employed. Nevertheless, the latest
version (imd-PC1D 6.0) of this simulator employs Fermi-Dirac statistics
[92] and a number of some of the latest models, such as light absorption,
carrier diffusion, drift, and recombination models for performing solar
cell efficiency modelling, simulation, optimization, characterization,
and impact investigation [93,94].

PC1D provides tools for characterizing and modelling material
properties such as the energy bandgap, refractive index, and doping
concentration. It allows users to extract important parameters of solar
cells, such as the ideality factor, series resistance, and shunt resistance,
from experimental data. PC1D calculates and predicts the performance
parameters of solar cells, including the [-V characteristics, Vg, Jsc, FF,
PCE, etc. [95]. The software facilitates the optimization of solar cell
parameters to maximize device performance. For example, a c-Si solar
cell with 20.35% PCE has been simulated using a PC1D simulator [96]. It
enables users to study the effect of various design and process parame-
ters on cell performance, such as the effect of bandgap and electron
affinity of ZnO on the overall performance of n-ZnO/p-Si solar cells [97],
the impact of ARC layers on c-Si- and CdTe- solar cell [87,98], emitter-
and base-thickness, and doping density [95] etc. have been investigated.

The PC1D tool has been utilized for numerous computational ap-
plications for first- and second-generation solar cells. The software as-
sists in predicting the performance of different solar cell configurations,
allowing researchers to compare and evaluate various designs before
fabrication [99]. This software aids in studying the impact of material
properties and composition on solar cell performance, enabling re-
searchers to explore new materials to improve device efficiency. Besides
these numerous scopes, the user experiences few limitations during the
simulation using this tool. PC1D utilizes simplified models to simulate
solar cell behaviour, which may only capture some of the complexities
and nuances present in real-world devices. This tool is primarily a 1D
simulation software, assuming the modelled devices are homogeneous
along the vertical axis. Additionally, there is no option to observe the
effect of bus bars and fingers on the solar cells, which carry the current
from the individual solar cells.

3.8. PECSIM simulator

Dr Matthias Schmid and his research team at Ziirich University of
Applied Sciences developed the state-of-the-art PECSIM simulator for
solar cells, especially analyzing and optimizing dye-synthesized solar
cells (DSSCs) [100]. The simulator can only be used with a valid license
for either Mathematica or Mathematica Player Pro. A comprehensive
electrical and optical model that describes all physiochemical and op-
tical processes of DSSC serves as the foundation for PECSIM. The
ray-tracing algorithm [101] based optical model considers the succes-
sive internal light reflections within the cell and the antireflection
coating characteristics. The injection, transportation, and recombina-
tion of charge carriers are taken into account in the electrical model. The
simulator offers four parameter-driven modules: steady-state, imped-
ance, transient, and loss analysis. The cell’s time-dependent character-
istics and output power, the transient decay of photocurrent and
photovoltage, and the standard measurement of losses due to optical and
electrical processes can be accurately modelled by these modules.

PECSIM facilitates the user in computing some solar cell performance
parameters, like J-V curve, Jsc, Voc, FF, PCE, and quantum efficiency.
The quantitative study of energy conversion losses provided by the tool
helps to improve the stability and overall efficiency of the DSSC.
Moreover, the software can be used to implement the coupled optical
and electrical model of the quantum dots-sensitized solar cells [102]. A
congenial graphical user interface is provided by PECSIM so that a user
can quickly understand the complex interactions among the different
components of the solar cell. Hence, it facilitates the development of
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solar cell optimization strategies.
3.9. SCAPS-1D simulator

SCAPS-1D is another frequently used tool specially developed for
second-generation solar cells, including CIGS- and CdTe-based solar
cells [103]. The application of this program has been extended to c-Si
cells, thin-film GaAs-, a-Si:H- and micromorphous Si solar cells [104].
Developers have provided a dedicated website and repository where
users can access the latest versions of SCAPS 1D. This open-source
program is freely available [22].

The key features of SCAPS include accommodating up to 7 semi-
conductor layers and the option to grade almost all parameters based on
local composition or cell depth. It includes parameters like electron af-
finity (x), dielectric constant (¢), bandgap (Ey), carrier distributions (N,
Ny), threshold voltages (Vinn, Vinp), carrier mobility (up, up), doping (Na,
Np), and trap densities (Ny) [22]. Besides, it incorporates graded band
gaps and a new model for intra-band tunnelling, improving the accuracy
of current transport simulations. SCAPS considers various recombina-
tion mechanisms and defect levels in materials and interfaces, ac-
counting for their charge state and impact on recombination [22,104]. It
also takes into account the optical properties of defect levels, enabling
the study of impurity photovoltaic effects and metastable transitions
between defects [105]. Tunnelling effects are considered, including
intra-band tunnelling and tunnelling to and from interface states [106].
The tool now simulates multivalent defects, addressing limitations of
other tools, and provides accurate modelling of their effect on solar cell
performance [107-111]. It can also model meta-stabilities in thin film
solar cells based on chalcopyrite materials, accurately simulating the
behaviour of intrinsic defects undergoing configuration changes and
lattice relaxations [112-114]. Carriers can be generated internally or
through user-defined inputs, and various illumination sources are
available [115]. SCAPS calculates energy bands, carrier concentrations,
and currents at specific working points, enabling analysis of J-V char-
acteristics, AC impedance, and spectral response [16]. The tool also
allows for easy calculation of admittance spectra and facilitates the
interpretation of admittance data by comparing them with
capacitance-voltage measurements [116,117]. SCAPS supports batch
calculations, offers customization options, and provides an intuitive user
interface with additional features like curve fitting and interpreting
admittance measurements [118,119]. The ultra-high PCE and other
CZTS solar performances have been simulated using SCAPS-1D [120].

The program does not account for interference phenomena or optical
confinement, such as texture and ray tracing. Despite its strengths, the
program struggles to achieve convergence at high forward voltages.
Additionally, SCAPS is limited to performing calculations in the fre-
quency domain and cannot calculate transient phenomena. Handling
interference phenomena, optical confinement effects, and texture using
ray tracing would enable more realistic simulations involving light-
matter interactions. Enhancing convergence at high forward voltages
would ensure stability and reliable results under extreme operating
conditions. Introducing time domain calculations would allow the
analysis of transient phenomena, providing a comprehensive under-
standing of device behaviour.

3.10. SETFOS simulator

The solar cell simulator package, SETFOS, can be employed to model
the electrical and optical properties of semiconductor devices. This
powerful and CPU-efficient simulator written in Java [121] was devel-
oped by Professor Ruhstaller, Fluxim AG [122], and specifically
designed to create cutting-edge thin-film optoelectronic technologies.
The latest version of this commercial software, SETFOS 5.4, was released
in July 2023.

The simulator has been developed mainly to study organic
semiconductor-based solar cells [123], perovskites [124] and other thin
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film devices [125]. The emission, drift-diffusion, absorption, and
advanced optics modules are incorporated here to simulate various
optical properties and charge transport characteristics. Using
multi-target and multi-variable optimization allows the user to look
inside devices in ways that cannot be done through experiments. This
helps the user understand device performance. In order to simulate the
scattering, absorption, and re-emission of light from nanoparticles or a
quantum dot film, this tool also offers a 2D ray-tracing engine [126]. A
hardware platform for the universal characterization of various solar
cells and OLEDs, called Paios [122], can be combined with SETFOS to
introduce an integrated simulation-characterization approach in AC,
DC, and transient domains and also for parameter extraction and model
validation. This software’s speed, reliability, and flexibility facilitate a
variety of solar cell applications, particularly in optimizing device
structures or in the fundamental research of device physics.

3.11. Silvaco ATLAS and TCAD

ATLAS is a flexible and expandable platform designed for simulating
1D, 2D, and 3D semiconductor devices. The framework is built using
contemporary software engineering methods, emphasizing reliability,
maintainability, and extensibility. Several mathematical models and
equations, including Poisson’s equation, carrier continuity equations,
and transport equations, along with a discretization of the equations, are
implemented in ATLAS such that they can be employed with the finite
element grid that serves as the simulation domain’s representation. The
equations are efficiently solved by the general-purpose device simulator,
providing precise and dependable semiconductor device simulation re-
sults [127]. The tool is developed by a combination of C and C++ and is
used in conjunction with VWF interactive and automation tools, along
with ATHENA, UTMOST and SMARTSPACE. All forms of Single junc-
tion, multifunction silicon, thin film, perovskite, organic, quantum dot
and III-V compound solar cells can be simulated by Silvaco ATLAS.

This ATLAS simulator offers a comprehensive range of features,
including DC, AC small-signal, and full-time-dependent simulations
[128]. It encompasses drift-diffusion and dynamic transport models,
considering lattice heating [129,130]. Heterojunctions with graded and
abrupt bandgaps, amorphous and polycrystalline materials, and opto-
electronic interactions with ray tracing are supported by the simulator
[131,132]. It accommodates general circuit environments, considers
stimulated emission and radiation, and incorporates Fermi-Dirac and
Boltzmann statistics [133,134]. Advanced mobility models, heavy
doping effects, and full acceptor and donor trap dynamics are included
[135,136].

The simulator handles various contact types (Ohmic, Schottky,
insulating), considers SRH, radiative, Auger, and surface recombination,
and impacts ionization effects [137,138]. It accounts for floating gates,
band-to-band and Fowler-Nordheim tunnelling, hot carrier injection,
and quantum transport models [139-141]. Thermionic emission cur-
rents are also modelled in the simulation [142,143]. Users specify
problems, defining the structure, models, and bias conditions for simu-
lation. Defects, trap, and recombination models are usable only for
thin-film with thin-film transistor products. ATLAS can predict electrical
characteristics based on physical structures and bias conditions. It is
quicker, cost-effective, and offers information not easily measurable.

TCAD is a well-established and trusted solution for thousands of
users from diverse fields in the semiconductor industry [144]. The op-
tical module of the simulator is a specialized 2D and 3D tool that focuses
on modelling light absorption and photoelectric effects in nonplanar
semiconductor devices. TCAD can simulate monocrystalline and poly-
crystalline silicon solar cells with thin-film and tandem models. The
program is developed by a C++ platform along with the Silvaco
parameter library. Users can access the software with an annual sub-
scription, academic and evaluation license.

Silvaco TCAD software can be used to study the impact of changing
the thicknesses of the p-type and n-type contact regions in Si-solar cells
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[145]. This tool assists the users in exploring the performance charac-
teristics of thin film solar cells that consist of a-SiC:H, pc-Si, and a-SiGe:H
layers [146]. Besides, Silvaco TCAD is utilized to investigate the effects
of 3-D texturing in Si-solar cells, aiming to enhance optical absorption
[147]. This tool has also been utilized to investigate the impact of sur-
face texturing on GaAs-solar cells to address the optical losses that have
been limiting the overall efficiency of photovoltaic devices [148]. In
addition, TCAD is used to study and analyze the performance limits of
tandem micromorph (a-Si:H/pc-Si:H) and triple-junction (a-Si:
H/a-SiGe:H/pc-Si:H), polymer, perovskite solar cells [149-153] and
investigate and optimize of ultrathin CIGS solar cells [154].

Simulation and performance optimization of n-type Interdigitated
back contact Silicon heterojunction (IBC-SiHJ) solar cells can also be
studied using this software, along with quantum dot solar cells [133,
155]. Simulation of partial dopant-free asymmetric silicon hetero-
structure solar cells (P-DASH) can be conducted by Silvaco TCAD [156].
This tool can also be utilized to investigate the influence of base doping
level, size and grain-boundary effect, double back surface field layer
consequences, electrical characteristics of Passivated Emitter and Rear
Contact (PERC) solar cell, recombination effects, the impact of phos-
phorus ion implantation, the effect of the heavily doped silicon wafer,
light trapping mechanism, effect of microscopic defect, the effect of
protonic radiation [157-166].

TCAD is computationally expensive, especially for 3D simulations
with complex geometries. Users must have a good understanding of
semiconductor physics, device modelling, and simulation techniques to
use this tool effectively. The accuracy of the simulations depends on the
accuracy of the device models, which are typically based on experi-
mental data. Therefore, users need to have a good understanding of the
underlying physical processes and accurate material parameters to
achieve reliable and meaningful results.

3.12. COMSOL multiphysics

COMSOL Multiphysics simulation package has been rarely used in
simulating solar cell structures until recently [167]. Unlike 1-D simu-
lation platforms like SCAPS or AMPS, COMSOL can perform thermal
analysis and heat distribution mapping to the surrounding environment
and other conducting layers. The semiconductor module in COMSOL
allows it to solve the drift-diffusion model of carrier transportation. The
electromagnetic waves module maps the optical photogeneration pro-
file, while the heat-transfer module maps and analyses the thermal
profile across the device structure. These modules can be coupled
together to simultaneously produce a combined output containing
photogeneration, recombination and heat profile in three dimensions
(3D). Integrating optical-electrical-thermal modules provides a
comprehensive understanding of the underlying device physics
involved. Modelling complex structures in 3D and combining all three
modules can offer significant challenges in terms of computational re-
sources and the user’s expertise level.

4. Comparative analysis

For performing successful simulation, most of the simulator receives
the input dataset, including solar irradiance, layer thickness, dielectric
constant, bandgap, electron affinity, electron and hole mobility, the
density of states, carrier distribution, defect density, etc. [168,169]. It
generates performance metrics, such as short-circuit current, reverse
saturation current, current-voltage characteristics response, open circuit
voltage, maximum power point, fill factor, and efficiency. More than 50
such simulators have been found in the literature, but it takes much
work to choose an appropriate one [24,170,171]. These solar cell sim-
ulators employ different sets of semiconductor equations or models to
solve the required performance metrics of several kinds of solar cells.
This article elucidates the overall simulation procedure of SCAPS-1D
with proper illustrations for CuMnSnS4 (CMTS) solar cells in section
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2. However, an attempt has been made to critically review the research
methods that are used in the simulation tools, especially for the visu-
alization of the impacts of using different simulators on the achievable
results from similar initial data sets or common scenarios that could
strengthen the arguments for recommendations for which type of
simulator is more suitable for which type of solar cells. But, considering
the volume of the review work, it is impractical to describe all results
from 12 simulators individually in a single report with practical exam-
ples. Therefore, the present review summarizes the scope, availability,
and limitations to facilitate the selection of the most appropriate simu-
lation tool for the numerical study of solar cells. The study has revealed
that PCID is the baseline programming tool for the c-Si solar cell.
One-dimensional AMPS is an easy-to-access tool, mainly utilized for
thin-film devices, but its data input procedure is comparatively
time-consuming. To resolve this issue, an advanced program of
AMPS-1D, wxAMPS, offers the user a congenial data entry interface.
This tool offers advanced capabilities for modelling materials with high
defect densities, band tails, and other characteristics commonly
observed in thin film photovoltaics compared to the SCAPS-1D [42].
Nevertheless, the SCAPS-1D simulator can consider the defect pa-
rameters of the 1% and 2"¢ generation solar cells; this unique feature
made the tool more reliable in producing relatively accurate perfor-
mance metrics than the others. Besides these frequently used tools, the
ASA simulator is the best for amorphous devices, and OghmaNano,
PECSIM, and SETFOS have been employed mostly for organic solar cells,
and AFROS-HET, ATLAS, and TCAD are frequently utilized for hetero-
junction solar cells. Among the genres, ADEPT, AMPS-1D, SCAPS-1D,
and TCAD simulators have the capability to perform simulations for
multiple solar cell devices. Besides the single-junction solar cell simu-
lations, ADEPT, ASA, SETFOS, ATLAS, and TCAD tools possess addi-
tional features to simulate comparatively lower-efficiency tandem cells.
However, advanced TCAD and wxAMPS simulation software versions
have additional features to simulate III-V multijunction solar cells.

Table 1
Comparative summary of the solar cell simulators.
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However, these tools have been developed based on the standard model
of the single-junction solar cells; recently, a new simulation tool, MSCS-
1D, has been released for high-efficiency multijunction solar cells [172]
that has been developed using the dedicated multi-junction solar cell
model. Table 1 compares the different simulators with respect to the
inventor, availability, development platform, system requirements and
available features.

Besides these well-established 12 simulators, recently, the PV com-
munity has also been utilizing other tools, including DFT [187], FDTD
investigation [188], and MATLAB [189] for the simulation of different
solar cells. In addition, a list of new simulation tools has been introduced
recently, such as CoBoGUI, EDNA, Lumerical, Microwave Studio, Opti-
wave, PC3S, Quokka, QS Cell, MSCS-1D, OPV lab, SARAH (IBC), Sol-
core, Solis, etc. Table 2 briefly describes the recently released
comparatively less-known solar cell simulation software.

5. Conclusion

The present contribution provides an overview of the leading solar
cell simulation programs, detailing their scope, availability, and limi-
tations. Notably, advancements in computer capacity and speed have
significantly enhanced the features, speed, applications, and availability
of these simulators in recent years. The overall simulation procedure has
been explained with an example simulator model being used for an
emerging solar cell, which gives a clear idea of how these simulators
work and calculate device parameters. Additionally, it includes a
comparative analysis of the simulators to identify the most suitable
simulation tools for extracting characteristic parameters. This system-
atic review is expected to assist the photovoltaic community in selecting
the appropriate simulator tool for numerically exploring novel cell
structures, and their fabrications for accelerated development.
Furthermore, this study is expected to serve as a valuable reference for
modelling, simulation, characterization, and in-depth analysis of the

Simulator Inventor Availability  Development Platform System Requirements Simulating features
ADEPT Gray et al. [25, Free of cost FORTRAN 77 Windows, MAC, Linux ¢-Si SC, FTSC including, CIGS, OVC/CIGS, CdTe, a-Si:H, GaAs, and
1731 AlGaAs/GaAs tandem SC
AMPS-1D Fonash et al. Free of cost ~ FORTRAN Windows 95/98/2000/NT and ¢-Si, TFSC including, a-Si:H, CIGS, CZTS, and PSCs. Additionally, it
[40,174] XP, recent versions can simulate and analyze the different impacts that affect solar cell
AFORS- Froitzheim et al. Free of cost FORTRAN, C Linux, Windows NT, 95 and a-Si:H, n-MoSe,/p-Si and a-Si:H/c-Si tandem SCs
HET [48,175] more recent versions
ASA Zeman et al. Paid FORTRAN (Old Windows 95/98/Me, NT3.5/ a-Si:H, In addition: pc-Si:H, PSC/Si and a-Si:H/pc-Si:H tandem SC
[176,177] version), C (New NT4/2000/ Vista/7 or Linux
version)
ASPIN Smole et al. Free of cost ~ C, Python Linux, macOS, and FreeBSD a-Si:H In addition: CIGS, a-Si:H/C-Si. a-Si:H p-i-n heterojunction
[178,179] solar cell
Ogham MacKenzie et al Free of cost C++, Python Windows Polymer, C-Si, a-Si:H, PSC, and CIGS solar cells.
Nano [180]
PC1D Rover et al. [4, Free of cost  FORTRAN, C Windows 95/98/ME/XP/NT 1% gen ¢-Si SC, but having capability to simulate most of the SC,
181] including tandem (Ing »Gag.gN/p-Si) SC. It can simulate and
analyze the different impacts on solar cell.
PECSIM Schmid et al Free of cost Mathematica Windows, MAC DSSC, Quantum Dots Sensitize Solar Cells (QDSSCs), and PSC
[100,182]
SCAPS-1D Burgelman et al. Free of cost C++ Windows 95, 98, NT, 2000, XP, 2nd gen TFSC, including, CIGS-, CdTe-, a-Si:H, CuyFeSnSey,
[20,183] Vista, Windows 7 and recent CupMnSnSey, GaAs-, jic-Si- SC, and tandem cell
versions
SETFOS Ruhstaller [122, Paid Java Windows, MAC Organic solar cell; Additionally, PSC, QDs, PSC/Si tandem SCs
184]
Silvaco Ivan Pesic [185, Paid C, C++ Window, MAC Organic solar cell, CZTS, tandem solar cell, photodetector
ATLAS 186]
TCAD Ivan Pesic [150, Paid C, C++, FORTRAN Windows, Linux, MacOS CMOS, power, memory, image sensors, solar cells, and analog/RF

185]

devices
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Table 2
Brief description of newly developed solar cell simulators.

Inventor and Features

Organization

Simulator

CoBoGUI Eidlloth et al, [190] ISFH This tool is a script collection based on
MATLAB and COMSOL that can simulate
¢-Si-, concentrator-, and thin-film solar
cell but not feasible to simulate organic

and perovskite solar cell.

EDNA Mclntosh et al., [191]
Australian National
University

This tool analyses the recombination and
collection associated with phosphorus or
boron emitter, can determine the emitter
saturation current and the collection
current of an emitter diffusion with
Fermi Dirac statistics but models work
only for crystalline silicon solar cell.

PC3S Paul A. Basore [192] PV
Specialist Services

PC3S was developed on MS Excel to
calculate surface parameters, specific to
silicon crystalline solar cells, such as 3D
surface texture, doping profiles, surface
recombination velocity, and optical
surface coatings, which serve as inputs
for PC3D.

Quokka Andreas Fell [193]
Australian National
University

This simulation tool was developed on
MATLAB to simplify charge carrier
transport equations, result in a model
that is computationally inexpensive
without a loss of generality for silicon
solar cell only.

QS Cell Cuevas et al., [194]
Australian National
University

This tool was developed for modelling
characterization of silicon wafer and
solar cells in the context of the impact of
carries mobility and recombination on
device performance.

MSCS-1D Kowsar et al., [172] This tool is developed for multijunction

BCSIR solar cell, is capable to modelling and
simulation of III-V based tandem, and
MJSC, but cannot simulate the
performance matrix of single junction

solar cell.

The tool simulates the I-V characteristics
of organic solar cells with bilayer or
planar heterojunction configuration
with flux at D-A interface carrier
generation and bi-molecular
recombination, but does not have any
defect model.

OPV lab Ray et al., [195] Purdue
University, NNC

SARAH Saint-Cast et al., [196]
(IBC) Fraunhofer ISE

SARAH employs the diffusion resistance
concept and the superposition principle
to simulate the prevalent IBC cell design,
featuring line p+ and n+ diffusions and
a front surface field.

Solcore Alvarez et al., [197] This tool provides a multi-scale, Python-
Imperial College of based library for modelling solar cells
London (I11-V, Si, Ge, Sn) and semiconductor
alloy materials but cannot calculate
multi junction characteristics under
radiative coupling and illumination
condition.

Solis Sidi Hamady [198]
Université de Lorraine

This tool implements drift-diffusion
transport model, various
recombination’s, supports anode and
cathode parameters, and handles
spontaneous and piezoelectric
polarization, allowing flexibility in
simulating heterostructure solar cells
but cannot simulate tandem cell.
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influence of different parameters on the performance metrics of solar
cells.
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