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Abstract: With the aim of achieving high efficiency, cost-effectiveness, and reliability of solar cells,
several technologies have been studied. Recently, emerging materials have appeared to replace
Si-based cells, seeking economic fabrication of solar cells. Thin-film solar cells (TFSCs) are considered
strong candidates for this mission, specifically perovskite-based solar cells, reporting competitive
power convergence efficiencies reaching up to 25.7%. Substantial efforts have been invested in
experimental and research work to surpass the Si-based cells performance. Simulation analysis is a
major tool in achieving this target by detecting design problems and providing possible solutions.
Usually, a TFSC adopts p-i-n heterojunction architecture by employing carrier transport materials
along with the absorber material in order to extract the photogenerated electrons and holes by
realizing a built-in electric field. Eventually, this dependency of conventional heterojunction TFSCs
on carrier transport layers results in cost-ineffective cells and increases the possibility of device
instability and interface problems. Thus, the design of p-n homojunction TFSCs is highly desirable as
an essential direction of structural innovation to realize efficient solar cell operation. In this review,
a summary of the fundamentals of TFSC materials, recent design and technology progress, and
methodologies for improving the device performance using experimental research studies will be
discussed. Further, simulation analysis will be provided by demonstrating the latest research work
outcomes, highlighting the major achievements and the most common challenges facing thin film
homojunction solar cell structures and the methods to improve them.

Keywords: thin-film homojunction; perovskite-based; perovskite p-n homojunction; simulation;
heterojunction; emerging; ETL; HTL
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1. Introduction

Numerous studies have been carried out in order to produce renewable and ecofriendly
energy resources. Amongst the available alternatives, solar energy provides sustainable,
and clean energy at a moderate cost. Solar energy is directly converted to electricity using
solar cells. Various solar cell technologies involving wafer-based, thin-film, organic, and
hybrid have been researched to achieve high efficiency, cost-effectiveness, and reliability.
One of the preferable solar cell technologies is crystalline silicon (c-Si) solar cells that show
high power conversion efficiency (PCE) [1–4]. In addition to its high PCE (26.7% for a single
junction), the c-Si solar cells are popular due to their material abundance, non-toxicity,
durability, and the p-n homojunction structures, which are free from interface issues [5]. On
the other hand, c-Si suffers from high manufacturing costs compared to some other solar
cell technologies.

Several materials have been investigated as alternative absorber materials to accom-
plish low-cost and high-PCE solar devices [6]. In this regard, thin-film solar cells (TFSCs)
established from chalcogenides materials, such as CIGS, CdTe, CTSe and CISe, have been
intensively studied and have reached the commercialization phase [1]. Additionally, other
candidates are being researched, such as CZTSe and Sb2Se3 [7,8] because of their enhanced
absorption coefficient; variable bandgap; and outstanding stability [9,10]. Besides the
aforementioned inorganic thin-film technologies, dye-sensitized solar cell (DSSC) was
introduced. The DSSC uses organic dyes as light absorbers. The advantages of DSSCs
lie in their high flexibility and low production cost [11]. On the other side, DSSCs have
met challenges that are being faced to make the device structure suitable for all weather
conditions [12]. Additionally, DSSCs have low PCE compared to other technologies [13].

Amongst TFSCs, perovskite (PVK)-based solar cells are considered promising solar
cells owing to their rapidly increasing efficiency. This type of solar cell consists of a hybrid
between organic and inorganic lead (Pb), or tin (Sn) halide-based elements utilized as
active materials [14]. The PVK materials have drawn immense interest for photovoltaic
applications because of their remarkable properties, such as high absorption coefficient,
long carrier diffusion length and tunable bandgap [15–18]. PVK cells have shown great
improvement in PCE from 3.8% in 2009 [19] to 25.7% in 2022 [20,21] regarding the single-
junction architecture. This remarkable rise in PCE puts PVK solar cells at the forefront of
emerging photovoltaics [15,22].

Accordingly, TFSCs are very promising candidates for energy harvesting applications.
Considerable research studies have been conducted to further enhance their performance.
In that context, modeling and simulation of TFSCs play a very important role in studying
the new functionalities and physics phenomena of new targeted materials that can be
used as absorber materials of TFSCs. In addition, simulation helps to understand various
absorber materials’ potentials and limitations for various device applications. Since the
simulation phase predicts the performance of the cells to be enhanced before the fabrication
phase, which in turn saves time and cost, it is therefore important to utilize simulation
software to design efficient solar cells and to propose novel structures.

In a heterojunction solar cell, TFSCs contain a hole transport layer (HTL) and an
electron transport layer (ETL) to create an electric field that is responsible for the separation
of photogenerated carriers. Nevertheless, utilizing such layers increases the production cost
and complexity in addition to producing interface issues due to recombination losses and
mismatch between the different materials. The development of p-n homojunction TFSCs
can effectively boost the built-in electric field, which, in turn, improves cell performance
without facing interface problems. Several studies have focused on the development of
perovskite p-n homojunction solar cells. Cui et al. introduced the physical fundamentals of
perovskite p-n homojunctions [23]. In a concise review, N. Ali et al. examined the structure
and fabrication of homojunction solar cells, with a particular focus on materials such as
Cu2O, CuInS2, InGaN, and InP [24]. Sun et al. provided a mini review that focused solely
on perovskite solar cells. Their work examined the experimental analysis of p/n-type
perovskite materials, chemical composition, and device architecture [25].
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In this review, we perform a detailed review on thin-film solar cells in general, with
specific highlight on perovskite solar cells among the thin-film solar cells, with respect to
fundamentals of structure layers, various materials used, recent design and technology
progress, methodologies for improving device performance using experimental studies,
and discussing the most common challenges in fabrication and performance. Additionally,
our unique contribution is the survey of simulation analysis studied that demonstrates the
latest research outcomes and effect of different design parameters on performance while
highlighting the major achievements and challenges. We expect that this review can offer a
reference for homojunction TFSCs and pave the path for more development for these types
of promising device categories.

In the coming sections, a brief description of TFSCs and their progress is presented.
The TFSCs, using emerging and promising active materials, such as PVK, SnS and Sb2Se3,
are experimentally and theoretically demonstrated alongside simulation work results.
Afterwards, some challenges and concerns of p-n homojunction TFSCs that should be
taken into consideration in order to enhance its PCE will be discussed, showing how the
simulations can present an insight vision to overcome the challenges by detecting the
problems and resolving them, paving the way to improve the performance of the solar cell.
Finally, we briefly discuss some of the fabrication challenges associated with one of the
most widely promoted TFSCs (PVK TFSCs), as well as how to surmount these challenges.

2. Heterojunction Thin-Film Solar Cells

Conventional heterojunction TFSCs are made by employing multiple thin film layers
of photovoltaic elements onto a substrate. The thickness of the thin film layer can vary from
several nanometers to a few of micrometers, which is remarkably thinner than traditional
c-Si cells [26]. This makes TFSCs smaller in mass, lower in resistance, and less prone to
abrasion [13,27]. In general, there are two possible configurations for the TFSC structure,
as shown in Figure 1. The first configuration (Figure 1a) allows light to enter the device
through the opposite side of the substrate “film side”. In this type of configuration, the
substrate can be opaque or transparent, and it has to sustain the mechanical stability of
the cell. For this configuration, the design started with a transparent conducting oxide
(TCO) as a top contact, through which the light enters the device followed by the ETL,
absorber layer, the HTL, and the rear contact. These layers are deposited on the top of the
substrate. The second possibility is to invert the layer stack (inverted structure) by starting
the structure with the superstrate, as shown in Figure 1b. In a superstrate configuration, the
HTL layer is deposited on the TCO-coated substrate, while the rear electrode is deposited
on the ETL. Here, since the illuminated light penetrates the cell via the superstrate, the
superstrate must be particularly transparent.
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Figure 1. Schematic structure of two possible configurations of a TFSC. (a) Basic (substrate) configu-
ration, and (b) inverted (superstrate) configuration.

By the illustration of Figure 1, a TFSC employs an absorber layer between two selective
contacts or buffering layers (ETL and HTL). Two approaches were developed to deposit the
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absorber layer: (1) the vacuum-based deposition method and (2) the solution-based deposi-
tion approach. The vacuum-based deposition approach includes different techniques, such
as sputtering, evaporation, and pulsed-laser deposition, while solution-based deposition
involves developed techniques with high functionality, such as spin-coating, sol-gel, spray
pyrolysis, chemical bath deposition, and screen-printing [28–31]. It is worth noting that the
solution-based deposition approach offers great potential for simple fabrication and low-
cost solar cells; however, it suffers from a lower stability compared to those fabricated by
vacuum-based deposition approach [32,33]. For an efficient charge collection, the absorber
material should have high mobility and a low recombination rate. ETL and HTL have a
significant role in reducing the interfacial recombination between the absorber and the
contacts. It should be as thin as possible to decrease transport resistance while being thick
enough to prevent effective charge recombination from being hampered [34]. It is worth
mentioning that the buffering layers should have large bandgaps to prevent surface charge
recombination [35]. Further, to increase the capture efficiency of the incident light, and
hence increase the PCE, the front and/or back surfaces are textured to reduce the surface
reflection of the incident light [36–38]. Finally, the photogenerated carriers are collected by
the front and back contacts of the device. Table 1 summarizes the role of each layer along
with its requirements in both configurations (either substrate or superstrate TFSC).

Table 1. List of different layers in a heterojunction TFSC along with their specific roles and essen-
tial requirements.

Layer Type Role Requirements

Substrate/Superstrate Mechanical and thermal stability Transparency (superstrate)
Front Contact Electrical contact Transparent
Buffer Layers Charge extraction, light trapping, antireflection Good band alignment
Absorber Absorbing light, charge extraction, Low recombination, high mobility, low defects
Back Contact Electrical contact High reflection

As mentioned herein, the most rapidly developing photovoltaic technology is the
perovskite TFSC. Therefore, the remainder of this section will be devoted to PVK TFSCs.
Actually, the performance of PVK TFSCs depends on their structure, which is determined by
selecting appropriate materials and deposition techniques. Normally, a PVK TFSC consists
of a perovskite absorber material sandwiched between two buffer layers, such as ETL and
HTL, to facilitate charge transfer between the perovskite absorber film and the front and
rear contacts. PVK TFSC designs can be classified into two categories: (1) mesoporous or
(2) planar architectures, depending on whether the cell type includes a mesoporous oxide
material or not. Moreover, PVK TFSCs can be categorized into two distinct arrangements
depending on the current direction: (1) conventional n-i-p (substrate configuration), and
(2) inverted p-i-n (superstrate configuration), as shown in Figure 1.

The perovskite material needs to be properly selected and constructed to maximize
solar cell efficiency. In general, the perovskites have the formula ABX3, where A and B are
the organic–inorganic cations, and X is the halide. Figure 2 depicts the crystal structure of
the PVK material. Tuning the size of the A cation is critical for achieving charge neutrality
within the lattice [39,40], while modifying the length of the B-X bond has been shown to be
significant in defining the bandgap [41].The most commonly used absorber materials in
perovskite solar cells include single-halide PVKs, such as MAPbI3 and MAPbBr3, while
mixing halides to form, for example, MAPbI3-xBrx or MAPbI3-xClx achieves bandgap
tunability, which can be altered by varying the composition (x) in the perovskite material.
Mixed-halide PVKs display varied PV performance and stability depending on the halide
ratio because of its modified structural and optical characteristics [42]. As an example,
MAPbI3-xClx has a greater diffusion length (which is about 1 micron) than MAPbI3 (about
100 nm); therefore, a fabricated device that employs MAPbI3−xClx as an absorber material
demonstrates a higher PCE compared to those using MAPbI3 as an absorber material [43].
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During the design of perovskite solar cells, one can optimize the absorber layer thick-
ness to be consistent with the diffusion length of the PVK material [44]. Furthermore, the
cation A can be modified from methylammonium (MA) to other materials, such as formami-
dinium (FA) or Cesium (Cs), to form a perovskite structure. Some efforts have been made
to develop a mixed cation PVK using the formamidinium and methylammonium cations.
An increased stability and a PCE improvement of more than 18% has been accomplished
due to this method [45–47]. Similarly, Cs-FA-MA triple-cation-based PVK TFSCs reported
a high PCE of up to 20.8%, with higher current density [48]. Moreover, lead (Pb) is a toxic
metal in nature and unsafe. To alleviate the toxicity issues, different materials, such as
nontoxic tin (Sn), bismuth (Bi) and germanium (Ge), are used as alternatives to Pb [49,50].
However, compared to lead-based PVK solar cells, the PCE observed by Pb-free PVK-based
solar cells is still inferior [51–54]. Therefore, the endeavors to substitute the lead metal need
more efforts due to the poor PCE.

To guarantee successful carrier collection, the material to be employed in ETL and HTL
must have the necessary band alignment with respect to the photoactive film [55,56]. To
satisfy the required band alignment, a variety of materials can be used as transport layers,
which can be organic or inorganic. The most popular material for HTL is spiro-OMeTAD,
which costs ten times higher than the cost of the gold and platinum [57]. Moreover, some
studies indicate that using organic materials for HTL can cause poor stability for the
perovskite solar cells. An inorganic HTL seems to be a good alternative because of its low
cost and intrinsic chemical stability [58,59]. The transport layer materials should be carefully
selected to ensure there is less contact between them and the perovskite film to reduce
charge carrier recombination. Various inorganic materials that can be used as an HTL, such
as nickel oxide (NiO) [59–61], cuprous oxide (Cu2O) and cupric oxide (CuO) [62–64], copper
indium disulfide (CuInS2) [65,66], and copper zinc tin sulfide (CZTS) [67]. Additionally,
ETL makes a substantial contribution to the PCE and device stability. TiO2, ZnO, CdS,
PCBM, SnO2, and other materials [68–73] are examples of ETLs. The most often used ETL
material now is SnO2. Compared with TiO2, SnO2 has higher mobility, wider bandgap,
and superior optical transmittance [74]. This leads to the enhancement of collecting and
transporting charge carriers.

The improvement in the PCE of the PVK TFSCs is notably limited by the carrier
recombination mechanisms in the PVK film itself or interfaces between the layers, even
when employing heterojunction architectures. Therefore, it is mandatory to minimize the
carrier recombination rates inside the perovskite film to improve the performance of the
cell. One technique is to improve the fabrication processes and thereby decrease defect
sites in PVK layers [75–77]. Other strategies, such as compositional engineering [45,47]
and alternative architecture design [78–80], have been investigated to minimize the carrier
recombination losses. Recently, ETL-free or HTL-free PVK TFSCs have been demonstrated
to have good potential due to their advantages of simple architectures and easy manufac-
turing. In such a case, the perovskite material can be used as an absorber layer and a carrier
transport layer, simultaneously, thanks to its ambipolar transport characteristics; however,
the PCE measured using structures without ETL or HTL is still not as significant since the
recombination probability increases [81–83].
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3. Homojunction Thin-Film Solar Cells

Extensive research is essential to enhance the PCE of solar cells by gaining an in-
depth understanding of their physics and equivalent modeling. Numerical simulations can
predict the impact of physical modifications on device performance and test the viability of
novel design concepts without actual production. One new route that has utilized numerical
simulation to understand and study the underlying mechanism is the p-n homojunction
structure. For instance, the perovskite material by itself can form a homojunction structure
owing to its unique self-doping characteristic, which leads to minimizing the usage of
external impurities that causes the formation of carrier recombination centers [84,85].
Moreover, PVK-based homojunctions can leverage the strong experience and technology
established in conventional inorganic solar cells, such as Si-based homojunctions, thus
offering promising future potential. In the following sections, the fundamentals of the
perovskite p-n homojunctions will be investigated along with previous experimental and
theoretical works.

3.1. Perovskite p-n Homojunction

In this subsection, the basic architecture and fundamentals of the PVK p-n homo-
junction are presented. Further, experimental studies and developments in this field are
introduced. Additionally, findings on cell performance optimization and the structural de-
sign of PVK p-n homojunctions using simulation analysis are discussed, giving theoretical
guidance for this type of TFSC.

3.1.1. Fundamentals of Perovskite p-n Homojunction

As mentioned earlier, the physical basics underlying p-n junctions have been explored
for years, resulting in the invention of most PV cells based on traditional inorganic semi-
conductors, such as silicon and gallium arsenide. The perovskite p-n homojunction is
comprised of two PVK films of distinct (or opposite) doping categories, one is n-type and
the other is p-type, which are joined together at the junction. While the solution method
can be utilized in preparing the first film, it cannot be used to prepare the second film
since this would destroy the first layer. In addition, perovskite can be produced by the
double-source evaporation system [86]. The realization of a certain electrical doping type of
the perovskite material can be achieved by either intrinsic defects or extrinsic doping [87].
The intrinsic defects can be induced by different methods, such as growth conditions [88,89],
and the proportion of the precursor components [90]. For instance, n-type doping can
be produced from MAPbI3 layers with Pb2+-rich/MA+-deficient/I-deficient precursors,
while p-type doping can be achieved with MA+-rich/Pb2+-deficient. Further, the intrinsic
defects or self-doping can be controlled by the temperature and time of the annealing
treatment [88,91]. On the other hand, extrinsic doping involves the insertion of impurity
atoms into the crystal atoms. The introduction of some elements, such as sodium, copper,
and oxygen, can create acceptor impurities under iodide-rich and lead-poor conditions [92].
Additionally, n-doping can be attained by the partial substitution of lead in PVK with tin
or antimony, or the partial composition of iodide by chlorine [93]. Thus, the intrinsic and
extrinsic defects are appropriate methods to adjust the carrier concentration and, hence,
Fermi levels in perovskites.

The PVK p-n homojunction is then integrated into the perovskite-based standard
planar structure by either substrate or superstrate architecture (Figure 3a provides an
example to the superstrate architecture). As displayed in Figure 3a, the PVK p-n homo-
junctions offer an additional built-in electric field in the absorber material, where the holes
and electrons transfer toward HTL and ETL, respectively. This extra field induces the
adapted transportation of the photo-generated current, thus lowering the carrier recom-
bination rates. Additionally, the value of the open-circuit voltage for such a cell depends
on quasi-Fermi-level splitting (En

F − Ep
F) of the PVK under illumination, where En

F and Ep
F

are the quasi-Fermi levels of electron and holes in the n- and p-region of the perovskite
p-n homojunction. The quasi-Fermi levels are determined by the doping concentration of



Energies 2023, 16, 4402 7 of 23

both regions, photo-generation, and the recombination of charges [94]. With increasing
photo-generation, the quasi-Fermi levels shift closer to the conduction and valence bands,
and the open-circuit voltage is increased. Regarding recombination, the deep-level trap
states in the forbidden band will hinder quasi-Fermi splitting, thus dramatically limiting
the open-circuit voltage improvement [95]. The energy level diagram of the PVK-based p-n
homojunction is shown in Figure 3b, and the main carrier flow mechanisms are illustrated
in the figure. When the incident photons are captivated by the n-type and p-type layers, the
resultant charge carriers are created in both films. Then, the electron and holes will drift
in opposite paths. After that, the electrons are injected into the ETL and transferred to the
front contact while the holes are injected into the HTL and collected at the back contact.
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3.1.2. Recent Progress in Perovskite p-n Homojunction

Here, the recent progress and development in perovskite p-n homojunction, experi-
mentally and theoretically, are reviewed. In the experimental subsection, the studies start
with the initial thoughts for designing and developing the perovskite p-n homojunction.
Then, some of the efforts to boost the performance of the PVK homojunction cells are pre-
sented, including: (i) surface modification of perovskite film, (ii) utilizing graded bandgap
perovskites, and (iii) simplifying the architecture of the perovskite homojunctions. Next,
tremendous effort had been taken in order to pave the way to achieve some important
aims in the simulation of perovskite p-n homojunction, such as studying and exploring the
features of some emerging and promising active materials, investigating the design of PVK
TFSCs with/without one or both of HTL/ETL, and studying the bandgap gradient of the
active materials and the influence of variation design parameters on the cell performance.
The simulation studies are presented in the upcoming subsection.

A. Experimental Progress

The perovskite p-n homojunctions have been implemented experimentally and suc-
cessfully developed using different fabrication and design techniques, proving to possess
significant potential for variety of applications. In 2018, Danekamp et al., utilized the
vacuum deposition of stoichiometrically tuned MAPbI3 to prepare the perovskite p-n homo-
junction [85]. Then, they integrated the perovskite p-n homojunction (of a 600 nm thickness)
with carrier transport materials to establish the planar perovskite p-n homojunction solar
cell. Figure 4a depicts a general schematic layout of such perovskite solar cell. Different
types of active layers had been utilized, such as p-type perovskite, intrinsic perovskite,
n-type perovskite and perovskite p-n homojunction. In comparison with fabricated devices
using a p-type, i-type or n-type absorber (using the same environmental conditions), a
limited short-circuit current of 16.8 mA/cm2 is achieved by the homojunction structure
(see Figure 4b) [85]. In addition, the device with p-n homojunction showed a decent charge
extraction and reduced recombination rates, as evident from the higher fill factor (80%)
and higher open-circuit voltage (1.1 V). In another context, Cui et al., have used a mixed
deposition technique that combines one-step spin-coating and vacuum vapor deposition
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to realize the perovskite p-n homojunction [96]. Figure 4c illustrates the perovskite thin
film with a homojunction composed of p-type and n-type PVK films, as designed by Cui
et al. This structure showed an enhanced PCE over the conventional p-i-n architecture
due to the directed carrier flow and reduced recombination losses owing to the increased
built-in electric field. The authors utilized two different perovskite materials: MAPbI3
and FA0.15MA0.85PbI3. A certified PCE exceeding 20%, which is 3% higher than its cor-
responding p-i-n configuration, was achieved in the MAPbI3 homojunction cells due to
the rise in both open-circuit voltage and short-circuit current (see Figure 4d). Moreover,
FA0.15MA0.85PbI3 homojunctions are examined and incorporated into perovskite solar cells,
resulting in efficiencies of up to 21.38%.

As mentioned earlier, extrinsic doping can adjust the carrier concentration and the
position of the Fermi level in PVKs that form perovskite homojunctions, which can be used
to modify the surface of the perovskite film. In addition, a methodology to regulate the
majority carrier type based on extrinsic doping has been reported by Chang et al., which
contributed to the performance optimization of PVK TFSCs. They incorporated alkali
elements, such as Na+, K+, and Rb+, into the PVK film and demonstrated its influence
on the majority carrier type of the PVK layer [97]. They found that doping perovskite
with alkali can convert the undoped PVK film from an undoped n-type to a doped p-type.
Further, Ren et al. modified the surface properties of PVK layers by Ar+ bombardment
(Figure 3e), causing in situ n-type doping at the surface of p-type PVKs, which enhanced
the self-powered photo-response of perovskite film [98].Energies 2023, 16, x FOR PEER REVIEW 9 of 25 
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Figure 4. (a) Schematic of the perovskite thin-film solar cell utilized by Danekamp et al., where the
active layer varied among p-type, i-type, n-type, each of a thickness 600 nm, and p-n homojunction
with a thickness 600 nm; each type has a thickness of 300 nm [85], (b) J–V curves under illumination for
the solar cell of (a) [85], (c) the perovskite p-n homojunction fabricated by Cui et al. which is composed
of p-type and n-type perovskite layers [96], (d) J–V curves of the perovskite p-n homojunction realized
by Cui et al. [96], and (e) representative diagram process of Ar+ bombardment to induce an n-type
perovskite [98].
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Additionally, the electric field augmentation caused by the graded junction design
is an efficient way for facilitating carrier transport in PVK TFSCs. Sun et al. realized a
perovskite p-n homojunction with a graded bandgap using a simple three-step dynamic
spin-coating technique (Figure 5a). Using electrical doping, they were able to achieve a
gradually decreasing PVK bandgap, starting at 1.53 eV on the side facing the light and
decreasing to 1.27 eV on the other side as the doping changed from n-type to p-type
(Figure 5b) [99]. The development of a graded bandgap perovskite homojunction fostered
oriented carrier transport in PVK TFSCs and diminished reliance on the ETL and HTL
(Figure 5c). Additionally, Xiang et al. established a quadruple-cation perovskite layer,
which formed many graded perovskite homojunctions, and a PCE of 22.0% has been
obtained [100].

Recently, Yuan et al. regulated the bandgap of the inorganic perovskite CsPbI3 quan-
tum dots (PQDs) by controlling their size [101]. They designed a gradient band alignment
(GBA) homojunction made of three films of PQDs with various bandgaps to generate an
aligned gradient energy profile. A high open-circuit voltage of 1.25 V and a PCE of 13.2%
have been reached [101]. In addition, Zhang et al. developed a PVK p-n homojunction to
demonstrate an efficient quantum dots photovoltaics with the thickness of the absorber
over 1.2 µm (Figure 5d) [102]. A champion efficiency of 15.29% is achieved by the p-n
homojunction’s realization of a broader depletion area, which also makes charge transfer
easier and decreases carrier recombination.Energies 2023, 16, x FOR PEER REVIEW 10 of 25 
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Figure 5. (a) Illustrative diagram of fabrication processes of mixed Pb/Sn perovskite, Pb-based
perovskite, and graded Pb/Sn perovskite, reproduced from Sun et al. [99], (b) the energy band
diagram of the graded Pb/Sn perovskite [99], (c) J–V characteristics of perovskite solar cells with
various cell structures based on graded Pb/Sn perovskite [99], and (d) a complete p-n homojunction
device that is fabricated using pristine CsPbI3 QDs and F6TCNNQ-doped CsPbI3 QDs [102].



Energies 2023, 16, 4402 10 of 23

Carrier transport layers, either ETL or HTL, in the conventional perovskite hetero-
junction architectures play a remarkable role in extracting the photo-generated holes and
electrons. Eliminating one or both of these layers can degrade the performance of such
cells. However, PVK homojunctions can attain the extraction and transportation of the
photo-induced carriers without the carrier transport layers via the induced built-in field
created by the homojunction. Consequently, the direct conjunction of the homojunction
and contacts may produce a basic device without the ETL and HTL, eliminating the costly
organic materials [87]. In this context, Cui et al. attempted to eliminate the ETL and HTL in
order to build a simple solar cell with a completely independent homojunction and a PCE
of about 8% [96]. In the same manner, Sun et al. pointed out that the dependency of the
perovskite homojunction on the carrier transport layer had been weakened. They designed
a PVK TFSC with an ETL-free configuration that showed a PCE of 18.7% and an HTL-free
type with a PCE of 11.1%. When both the ETL and HTL were removed, the recorded PCE
was 10.3% [99]. Although the device structure is simplified, the interface recombination
becomes a serious problem due to the direct contact between the metal electrode and the
PVK layer, limiting cell performance. The problems of interfacial breakage, metal ion
transport and carrier recombination are inevitable. Accordingly, the simplified devices
need to be further optimized for improved performance using interface engineering, defect
passivation, dopant concentration management, and other methods.

A summary of some experimental perovskite p-n homojunction is listed in Table 2.
The table illustrates the structure of the cell when it is conventional (utilizing both an ETL
and HTL), ETL-Free, HTL-Free, or CTL-free. Additionally, the method used to design
each perovskite p-n homojunction solar cells, along with an indication of the electrical
performance of each cell, is presented.

Table 2. Experimental studies for perovskite p-n homojunctions along with their structure, method of
fabrication, and performance parameters.

Study Structure Method VOC (V) JSC (mA/cm2) FF (%) PCE (%) Year

[85] Conventional Vacuum Deposition 1.095 16.8 79.7 14.7 2018

[96]

Conventional (MAPbI)

Combined Deposition

1.13 23.86 77.5 20.8

2019Conventional (FAMAPbI) 1.12 24.23 80.5 21.88

CTL-free — — — 8.08

[97]

Conventional (MAPbI)

Two-solution Deposition

1.00 18.67 38.42 7.17

2019
Conventional (MAPbI+0.04NaI) 0.99 12.18 49.32 5.94

Conventional (MAPbI+0.04KI) 1.01 16.58 45.58 7.63

Conventional (MAPbI+0.04RbI) 1.02 18.78 35.83 6.85

[98] Conventional Spin-coating — — — — 2020

[99]

Conventional, Graded Pb/Sn

Simple three-step
dynamic spin-coating

1.14 25.9 72.6 21.4

2020
ETL-free, Graded Pb/Sn 1.11 25.3 66.1 18.7

HTL-free, Graded Pb/Sn 1.03 22.7 47.4 11.1

CTL-free, Graded Pb/Sn 0.89 23.6 49 10.3

[100] Conventional Two-step spin-coating 1.136 24.28 79.7 22 2020

[101] Conventional 1.25 — — 13.2 2021

[102] Conventional Spin-coating 1.251 17.12 0.74 15.29 2021

B. Progress in Modeling and Simulation of PVK TFSCs

Aside from the experimental investigations stated above, numerical simulations are
useful for expecting the performance of PVK TFSCs and may be used to further identify the
features of PVK homojunctions. A collection of software packages is accessible in order to
examine the solar cell performance (whether single-junction or tandem cells), incorporating
Silvaco [103], SCAPS [104], COMSOL [105], and wxAMPS [106]. The operational assump-
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tion of any simulation tool is based on concurrently solving semiconductor transport
equations and Poisson’s equation on a predefined mesh.

Using the SCAPS 1D and based on the structure of perovskite p-n homojunction cell
reported by Cui et al. [96], T. Kirchartz, and D. Cahen conducted a theoretical investigation
on the doping effect on the performance of PVK TFSCs [107]. According to the design
specifications reported in [96], they found, using the aid of band diagrams of PVK TFSCs,
that the doping densities of n-type and p-type perovskites measured using the Hall effect
(ND = 8 × 1012 cm−3 and NA = 8 × 109 cm−3), as reported in [96], are not sufficient for
creating the p-n junction. Their finding relies on two important criteria. The first criterion is
that the doping concentrations of the two layers of a p-n homojunction have to be at certain
levels in such a way as to guarantee that the depletion width produced by the doping must
be significantly smaller than the total photoactive film thickness. According to this criterion,
a minimum doping density of 1 × 1016 cm−3, given the reported absorber layer thickness
of 500 nm, was calculated. Even with a density of 8 × 1012 cm−3, the highest doping
concentration reported in [96], the minimum thickness of the depletion width is 20 µm,
which is much wider than the thickness of PVK TFSCs. The second criterion is the product
of the doping densities of n-type (ND) and p-type (NA) must exceed the product of charge
carrier concentrations, n and p, at the maximum power point. At the maximum power
point, the product np ≈ 6.1 × 1024 cm−6 (reported in [96]) is higher than the maximum
value of the product (NDNA ≈ 6.4 × 1022 cm−6). Thus, they concluded that 1016 cm−3

donor and acceptor concentrations would have been capable of fulfilling both conditions.
In this way, several researchers have gone on to investigate the influence of doping

concentration and other parameters, emphasizing the relevance of simulation in under-
standing and analyzing cell performance. To optimize the performance of the PVK-based
homojunction TFSCs, Sengar et al. started with experimentally verified device models
(see Figure 6a) to investigate the effects of the thickness of the junction, the electric field,
and the defect density on the performance of the homojunction PVK TFSC by simulation
using SCAPS [108]. They reported that increasing the thickness of n-type absorber has a
positive impact on short-circuit current, however, it decreases the open-circuit voltage (see
Figure 6b). On the other hand, increasing the defect density deteriorates both the short-
circuit current and open-circuit voltage (see Figure 6c). Further, a greater electric field in
the homojunction can reduce the charge carrier recombination losses (see Figure 6d). With
the help of open-circuit voltage and short-circuit current enhancement, their simulation
results have showed a PCE value of 23.52%, which is higher than its counterpart of the
heterojunction-based devices, thanks to low defect density and higher electric field.

Furthermore, Li et al. thoroughly analyzed the impact of various materials for ETLs
and HTLs, absorber layer thickness, and interface defect concentrations on the performance
of perovskite homojunction TFSCs [109]. They optimized the performance by using TiO2
and Spiro-OMeTAD as ETL and HTL materials, respectively. Moreover, the defect density
of the p-type PVK and the thickness of absorber have been optimized. The efficiency of
an optimized cell can reach 27.10% [109], demonstrating the substantial performance of
the homojunction cell. In addition, He et al. reported and analyzed the effect of doping
perovskite absorbers in a p-n homojunction (Figure 7a) using three different types of HTL:
NiO, Si, and Spiro-OMeTAD [110]. Among the three different materials, the NiO showed
the best performance, even when compared to a p-i-n cell utilizing the same materials
applied as HTLs. Finally, they reported that homojunction PVK TFSCs enhanced the built-in
potential and supports the improvement in the open-circuit voltage, thereby increasing the
PCE. Moreover, Maram et al. introduced a proposed inverted p-n homojunction structure
utilizing an ultra-thin HTL (Figure 7b), reporting a PCE of 13% [111]. The proposed cell
is based on a reported structure [96]. In addition, they have revealed the importance of
using various inorganic HTL materials, such as CuAlO2, due to their chemical and thermal
stabilization, cheapness, and high transparency in comparison to organic HTL material.
Utilizing CuAlO2 as an HTL for the inverted p-n homojunction cell resulted in a PCE
of 16.48%.
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configuration of MAPbI3 and an inverted TFSC with ultra-thin Cu2O film as HTL reported by
Maram et al. [111] (c) schematic structure of carbon-based perovskite p-n homojunction, and (d) J−V
characteristics for the optimized carbon-based n-i-p perovskite and the optimized carbon-based
perovskite p-n homojunctions [112].

All the previous simulation studies relied on investigating variations in certain pa-
rameters to optimize the performance of PVK p-n homojunction TFSCs; however, some
theoretical research studies have gone to investigate homojunction p-n PVK TFSCs differ-
ently. One of these studies involved omitting the use of an HTL and/or ETL. Lin et al. built
an HTL-free carbon-based perovskite homojunction model (Figure 7c) to discuss the influ-
ence of perovskite doping densities, thickness values, carrier mobilities, and defect densities
on the cell performance using SCAPS simulator [112]. In this study, the authors obtained
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an optimized PCE greater than 25%, which is considerably exceptional to conventional
HTL-free PSCs (Figure 7b).

Furthermore, Y. Da and M. Xie simulated four different configurations, including a
standard n-i-p solar cell, ETL-free n-i-p solar cell, HTL-free cell, and perovskite p-n homo-
junction solar cell by omitting the carrier transport layers (Figure 8a) [113]. They then
compared its performance with that of n-i-p, ETL-free n-i-p, and HTL-free n-i-p structures
(Figure 8b,c). They reported that the all-free p-n homojunction solar cell introduced the
greatest PCE (26.3%) among all different structures by optimizing its electrical and optical
properties [113]. In the same line of thought, Khan et al. utilized a SCAPS simulator to
realize a PVK TFSC by omitting both the ETL and HTL with significant charge extraction
potential [114]. They have studied and optimized the influence of some important param-
eters of the p-type layer on the performance of PVK TFSCs, such as the defect density,
charge-harvesting capability, and acceptor density. Additionally, they optimized the charge
transport at the interface of the p-type and the carbon electrode. Following the previous
optimization technique, a PCE of 15.6% has been achieved.
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Figure 8. (a) Schematic structures, (b) electrical performance, and (c) optical performance for
four different configurations of PVK TFSCs introduced by [113], and (d) schematic structure
of TCO/WS2/MAPbI3(n)/MAPbI3(p)/MoO3/Metal of graded MAPbI3(n) PVK TFSCs reported
in [115].

Moreover, some researchers have studied the effect of the graded doping concentration
of the absorber film using simulations. In this context, R. Yousuf and G. Qazi designed
a uniformly and non-uniformly doped perovskite absorber film on p-n homojunction
perovskites as TCO/WS2/MAPbI3(n)/MAPbI3(p)/MoO3/Metal (Figure 8d) [115]. Their
study reveal that the electric field induced by the non-uniform doping concentration has
the same direction of the electric field generated by the p-n junction and are therefore
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constructively added together. They found that the grading in the doping of absorber layer
improved the electric field, which enhanced the performance parameters of the PVK TFSC
by 7.48% to record a PCE of 28.26%.

Recently, the interest in designing and simulating PVK TFSCs with emerging mate-
rials, especially lead-free materials, has increased as the lead-based perovskite materials
suffer from the toxic nature of lead, which hinders their commercialization. Tin (Sn), ger-
manium (Ge), and other candidates are alternate metals for replacing lead in perovskite
structures [54,116–119]. Most of the research studies investigated the lead-free perovskite
materials in heterojunction structures [120–128]; however, the p-n homojunction-based lead-
free PVK TFSC exploration still requires more attention to attain the optimum material for
perovskite with/without an ETL and/or HTL. The first study to examine a lead-free hybrid
hetero-homojunction PVK TFSC was carried out by M.S. Salem et al. [129]. They presented
a lead-free hybrid hetero-homojunction PVK TFSC based on an n-type MASnI3/p-type
MASnI3 (Figure 9a). The cell working flow was thoroughly investigated using SCAPS
for numerical analysis. In addition, the HTL-free cell was optimized considering doping,
work function of the back contact, and defect density. Further, they utilized different ETL
materials, such as ZnO and TiO2, at different defect density. When utilizing HTL-free
structure with ZnO as an ETL (Figure 9b,c), a PCE of 19.37% was obtained. Finally, Table 3
lists the available studies that simulated and modeled PVK p-n homojunction solar cells,
showing the best performance analysis for each cell.
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Table 3. Modeling and simulation studies for perovskite p-n homojunctions along with their perfor-
mance parameters.

Study Device Structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) Year

[108] Au/Spiro-OMeTAD/p-MAPbI/n-MAPbI/TiO2/FTO 1.14 25.85 77.94 23.52 2021

[96] FTO/TiO2/n-type/p-type/Spiro-OMeTAD/Au 1.142 23.43 73.9 19.79 2019

[109]
[Basic] Au/Spiro-OMeTAD/p-MAPbI/n-MAPbI/TiO2/FTO 1.11 20.64 79.06 18.19

2021
[Optimized] — — — 27.1

[110]
Al/ZnO/n-MAPbI/p-MAPbI/NiO/ITO 1.11 18.685 86.33 17.9

2021
[Optimized] 1.093 20.185 86.56 19.1

[111] Ag/PC61BM/n-MAPbI/p-MAPbI/CuAlO2/ITO 1.161 19.24 73.87 16.48 2021

[112] FTO/TiO2/n-MAPbI/p-MAPbI/Carbon 1.15 25.03 86.89 25.07 2020

[113] CTL-free homojunction 1.19 24.74 89.5 26.35 2022

[114] CTL-free homojunction 0.8012 24.93 78.1 15.6 2022

[115]
TCO/WS2/MAPbI3(n)/MAPbI3(p)/MoO3/Metal 1.15 26.55 87.94 26.81

2021
TCO/WS2/(Graded)MAPbI3(n)/MAPbI3(p)/MoO3/Metal 1.164 27.606 87.89 28.26

[129] HTL-free (lead-free) 0.948 26.48 77.2 19.37 2021
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3.2. Other Candidates for p-n Homojunction

It is important to investigate earth-abundant and nontoxic photoactive materials to
achieve eco-friendly solar cells. In this context, a lot of effort has been put forward to
introduce new materials as emerging absorber candidates, such as SnS and Sb2Se3 [10,130].
Kawanishi et al. fabricated, for the first time, an SnS-based p-n homojunction TFSC by the
deposition of a p-type SnS layer on a single Cl-doped n-type SnS crystal. They achieved
an open-circuit voltage of 360 mV and a PCE of 1.4% [131]. The open-circuit voltage
can be further enhanced by reducing the recombination losses due to the defects in the
p-type SnS. The short-circuit current can also be enhanced by improving the design of
such cells so that more light can be absorbed by the n-type SnS. In addition, Sb2Se3 has
attracted considerable scientific interest in recent years as cost-effective PV material. Liang
et al. implemented an effective ion-doping technique to boost the performance of Sb2Se3-
based TFSCs [130]. They prepared Sn-doped and I-doped Sb2Se3 by magnetron sputtering,
enabling the first fabrication of the substrate structure of an Sb2Se3 quasi-homojunction
TFSC with an arrangement of Mo/Sb2Se3-Sn/Sb2Se3-I/ITO/Ag (Figure 10a). This cell
recorded a PCE of more than 2% (see Figure 10b), clearly demonstrating the potential
and the need for further exploration. Further, Ren et al. built a TFSC based on Cu-doped
(p-type) and I-doped (n-type) Sb2Se3 using magnetron sputtering [10]. They studied the
influence of absorber thickness on the carrier lifetime, diffusion length, and trap density. A
thicker absorber layer led to an enhancement in charge carrier collection efficiency, a longer
electron diffusion length, and a lower defect concentration. They obtained the following
cell performance parameters: VOC of 294 mV, JSC of 20 mA/cm2, FF of 41%, and PCE of
2.41%. These results again demonstrate the need for more research.
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Figure 10. (a) Schematic diagram of the preparation process of the Sb2Se3 quasi-homojunction TFSC,
and (b) J−V curve for the Sb2Se3 quasi-homojunction TFSC. Reproduced from [130].

Theoretically, Shaker et al. utilized Sb2Se3 to construct and thoroughly investigate
a non-toxic hybrid hetero-homojunction and homojunction TFSC (Figure 11a) [1]. To
optimize the cell performance, they examined the effect of the thickness and the doping
concentration of the two types of absorber materials. When the optimization of the absorber
parameters was performed, PCE values of 7.75%, 10.08% and 8.79% had been achieved for
CdS-based, ZnOS-based, and homojunction TFSCs, respectively (Figure 11b) [1].

Another line of thought is to consider another promising material, such as SnS, as an
absorber material in TFSCs that can be embedded to form and design perovskite-based
tandem cells. In this context, Farshad Jafarzadeh et al. reported a PCE of 23.3% for an
SnS homojunction TFSC by optimizing the thicknesses, carrier concentrations, and defect
density of the absorber layer [132]. After that, they successfully implemented a tandem
perovskite solar cell utilizing an SnS p-n homojunction cell as the bottom cell. The current
matching between the top and bottom cells was successfully achieved (Figure 11c). Addi-
tionally, they reported that most of the photon energy at shorter wavelengths is absorbed
in the PVK sub-cell and those at the longer wavelengths in the SnS sub-cell (Figure 11d).
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Finally, they achieved a PCE of 28.92% for the tandem solar cell. Table 4 summarizes some
experimental and theoretical studies for new candidates for p-n homojunctions.
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Table 4. List of some experimental and theoretical studies for new candidates p-n homojunctions.

Study Material Method VOC (mV) JSC (mA/cm2) FF (%) PCE (%) Year

[131] SnS Sputtering deposition 360 7.5 53 1.4 2021

[130] Sb2Se3
Magentron sputtering combined with

post-selenization treatment 280 22.45 34.51 2.17 2021

[10] Sb2Se3 Magentron sputtering 294 20 41 2.41 2020

[132] SnS
Simulation (Standalone) 410 26.75 69.45 7.62

2022
Simulation (Optimized standalone) 800 ~33 85 23.3

[1] Sb2Se3

Simulation (Hybrid homojunction with CdS as ETL) 643 32.17 59.06 12.23

2022Simulation (Hybrid homojunction with ZnOS as ETL) 707 33.29 70.13 16.51

Simulation (Homojunction with No ETL) 671 27.61 67.87 12.58

4. Challenges of PVK TFSCs

For perovskite solar cell material designs, there are several important challenges and
considerations that should be taken into account. For PVK TFSC fabrication, various
low-cost methods are generally used, such as spin-coating, sequential deposition, doctor
blade, Inkjet printing, hybrid chemical vapor deposition, and dip-coating. Most high-PCE
PVK TFSCs are fabricated using spin-coating [133,134]. However, it is not commercially
viable for large-sized solar cell fabrication mainly due to loss of uniformity [134]. A
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variety of substitute methods for depositing the PVK TFSC layers is available and have
been investigated to achieve requirements, such as uniformity and defect-free crystals.
In addition, the PVK inner composition, particularly the perovskite layer itself, is highly
sensitive to the ambient atmosphere (presence of oxygen and the relative humidity level).
Therefore, building an industrial establishment to successively deposit the perovskite
device layers while preserving an inert atmosphere is quite complicated and expensive.
Consequently, the selection of moisture- and oxygen-resistant layers is a step toward
simplifying and reducing the cost of the manufacturing process [134].

On the perovskite materials level, they benefit from the exceptional ability to regulate
their physical properties, including the thin film phenomenon and direct bandgap. In this
context, p- or n-type PVK layers can be fabricated by defect engineering, using self-doping
by means of engineering the precursor compositions and process circumstances, or by
extrinsic doping achieved through introducing impurity atoms to the crystal. Perovskite
materials have possible high doping densities for improved electric fields, yet the increase
in doping density escalates defect density. It is essential to find the balance between higher
doping and lower defect density. This involves discovering more proper PVK self-doping
and extrinsic doping approaches [87]. While simplifying the device structure by removing
the ETL and HTL, interfacial recombination becomes severe due to the direct contact
between electrode and PVK layer, limiting cell performance. Thus, it is compulsory to
further optimize the simple device with interfacial engineering and defect passivation.

In general, with the continuous progress in development of PVK solar cells, the
short operational lifetime under environmental conditions is a main challenge impeding
commercialization [133]. It is then necessary to understand the degradation mechanisms of
a PSC device in order to overcome the stability challenges. Degradation mechanisms can
be divided mainly into two categories according to the cause: intrinsic and extrinsic [134].
Intrinsic degradation is correlated to the cell process, including defects on crystal structure
and reactivity between adjacent layers, whereas extrinsic degradation is related to the
environmental factors, such as moisture, oxygen, high temperatures, ultraviolet radiation,
and exposure to outside air, that all directly contribute to several degradations at the
device level, occurring at several interfaces concurrently [135]. High temperatures can
easily cause the degradation of the perovskite crystal structure and phase [136]. In order
to enhance the stability of PSCs, several factors must be taken into account, including
material engineering, novel device structure design, HTM and ETM layer, and electrode
materials’ preparation and encapsulation method. To sum up, Table 5 provides a summary
to illustrate the challenges of PVK TFSCs.

Table 5. Summary of the PVK TFSCs challenges.

Challenge Reason Suggested Solution

Loss of uniformity for large-sized solar
cell fabrication Deposition techniques are not efficient Investigating substitution methods for

depositing PVK TFSC layers

PVK layers have high defect density High doping concentrations
Discovering more proper PVK
self-doping and extrinsic
doping approaches

Severe interfacial recombination
Removal of the ETL and HTL, and
direct contact between electrode and
PVK layer.

Optimize the device with interfacial
engineering and defect passivation

PVK solar cells short operational lifetime
under environmental conditions

- Defects on crystal structure
- Reactivity between adjacent layers
- Sensitivity to moisture, oxygen,
ultraviolet radiation
- High temperatures

Material engineering, novel device
structure design,
electrode materials,
encapsulation method
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5. Conclusions

In this review, conventional heterojunction TFSCs, specifically PVK TFSCs, alongside
their advantages and drawbacks are investigated. One of these drawbacks is the recombi-
nation losses, particularly at the interface between the absorber and the carrier transport
layers, which push the research into omitting the carrier transport layers even though it
affects the observed PCE. Homojunction TFSCs are considered a fresh route to overcome the
recombination losses and hence improve the performance of the TFSCs. In this context, the
fundamentals of p-n homojunctions, especially the perovskite p-n homojunction, alongside
their experimental and theoretical progress are deeply reviewed; however, we believe that
some new absorbers candidates, such as SnS and Sb2Se3, can pave the way for solar cells
that are more efficient, abundant in nature, and environmentally benign.

Additionally, this review argues that numerical simulations are an essential method-
ology for testing the viability of a novel technology. Furthermore, by using numerical
simulations, the effect of physical and technical aspects on device performance can be easily
examined. Despite the presence of some previous efforts, we think that further extensive
research is still needed to find the best material for lead-free perovskite p-n homojunctions,
along with the presence or absence of a ETL and/or HTL. Further, bandgap grading is
another effective technique to simplify the design of perovskite p-n homojunction, which
had been intensively studied by experiments while its simulation study needs more effort.
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