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Abstract
Double-junction solar devices featuring wide-bandgap and narrow-bandgap sub-cells are capable of boosting performance 
and efficiency compared to single-junction photovoltaic (PV) technologies. To achieve the best performance of a double-
junction device, careful selection and optimization of each sub-cell is crucial. This work presents the investigation of an 
all-thin-film two-terminal (2T) monolithic homojunction perovskite (PVK)/c-Si tandem cell using Silvaco TCAD simula-
tion. The front sub-cell utilizes homojunction PVK that has a bandgap of 1.72 eV, whereas the rear sub-cell uses thin c-Si 
with a bandgap of 1.12 eV. Both cells are connected via a p++/n++ silicon tunnel diode. Experimental calibration of the 
heterojunction PVK and c-Si cells yields power conversion efficiencies (PCE) of 18.106% and 17.416%, respectively. When 
integrated into an initial PVK/c-Si tandem, the resulting cell achieves a PCE of 29.38%. To compare the performance, the 
heterojunction PVK layer is replaced with an n-p homojunction PVK layer, revealing the impact of the absence of a surplus 
built-in electric field in the perovskite film as a strong limiting factor. Further, a thorough investigation of four distinct 
structures for the n-p homojunction PVK cell is conducted. The four structures include a complete cell, electron transport 
layer (ETL)-free, hole transport layer (HTL)-free, and carrier transport layer (CTL)-free structures. The results show that 
the CTL-free structure has significant potential after applying certain optimization techniques that result in reducing surface 
recombination, enhancing the built-in electric field, and improving light absorption. With the current-matching condition 
achieved, the tandem efficiency reaches 36.37%.

Keywords All-thin-film · Homojunction · Perovskite · Thin-film c-Si · CTL-free · Tandem · Current matching

1 Introduction

Throughout numerous decades, crystalline silicon solar cells 
have been the prevailing technology in the PV industry due 
to its abundance, non-toxicity, and suitable energy band-
gap [1, 2]. Recently, manufacturing thin-film Si cells with 
wafer’s thickness less than 50 μm has been attempted. These 
cells offer substantial advantages concerning cost-competi-
tiveness, flexibility, and ease of fabrication, using traditional 
methods similar to thick c-Si cells [3–5]. However, thin-film 
c-Si devices draw a poorer PCE (around 20%) than the tra-
ditional thick c-Si cells (which is greater than 26%) [4]. A 
potential approach to enhance the PCE of a PV cell involves 
creating a tandem cell configuration, using a wide-bandgap 
front cell positioned above the thin-film c-Si bottom cell. 
Given the silicon bandgap of 1.12 eV, the front cell materi-
als require bandgap of (1.7–1.8) eV to current match both 
top and rear cells [6, 7]. Suitable wide-bandgap top cells 
for thin-film c-Si bottom cell that offer low-cost, flexibility, 
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high performance and stability have been a challenge. Over 
the past years, organic–inorganic metal halide perovskite PV 
cells occupied a remarkable consideration owing to their 
high PCEs and low-cost processes [8, 9]. Additionally, one 
attractive property for the perovskite material that makes it 
a promising material as a top sub-cell is its tunable bandgap 
(1.48 to 2.3 eV) [10, 11]. These properties make perovskites 
ideal candidates as wide-bandgap material for a tandem cell.

In a PVK/c-Si tandem, the top PVK and the rear Si 
sub-cells can be monolithically combined to produce 2-T 
tandem [12–14], or mechanically assembled, forming a 
four-terminal (4-T) tandem [15, 16]. In a 2T monolithic 
tandem, the front and back cells are linked in series, allow-
ing their open-circuit voltages (VOC) to add up. Neverthe-
less, the resultant short-circuit current (JSC) is confined by 
the cell having the minor JSC, leading to the requirement 
for current matching. Specifically, there are two common 
structures of heterojunction PVK/c-Si tandems depending 
on the structure of PVK cell design, either n-i-p PVK/c-Si 
or p-i-n PVK/c-Si [17–20]. In 2015, the first 2-T PVK/c-Si 
tandem cell has been published by Mailoa et al. [18], in 
which the front PVK cell was coupled to the c-Si homojunc-
tion bottom sub-cell by a Si tunnel junction. One year later, 
Albrecht et al. pioneered the utilization of a heterojunction 
Si-based PV cell as the rear sub-cell, leading to a series 
of PCE breakthroughs [17]. In 2017, Wu et al. presented 
developments in designing PVK/Si tandem solar cells that 
include a mesoscopic PVK front cell and a high-temperature 
Si-homojunction bottom cell. The Si-homojunction top and 
back surfaces were passivated by  Al2O3/SiNx and  SiNx films, 
respectively achieving an efficiency over 22% [21]. Later 
in 2018, Zheng J. demonstrated an efficiency of 21.8% on 
16  cm2 with  (FAPbI3)0.83(MAPbBr3)0.17 as a top absorber 
which resulted in a higher VOC [22]. Also, they developed 
an ARC layer that decreased optical losses and enhanced 
UV stability by utilizing a down-shifting material. The 2-T 
PVK/Si tandem solar cell was manufactured with an n-i-
p structured PVK top cell and an n-Si homojunction back 
cell resulting in a PCE of approximately 23% [23]. Further, 
Yoon et al. achieved high-efficiency monolithic PVK/Si tan-
dem cell by utilizing a sputtered high transparency and low 
resistivity ITO as a recombination layer, revealing a PCE 
of 25% [24]. In the middle of 2021, Chen et al. proposed a 
 SnO2-lithium chloride (LiCl) composite layer for a mono-
lithic PVK/Si tandem solar cell. Such a tandem cell achieved 
an efficiency of 25.42% [25]. Recently, Ji Yeon Hyun et al. 
demonstrated a PVK/Si tandem SC based on a conventional 
Si homojunction structure utilizing a TOPcon to improve 
VOC. They fabricated the device without the deposition of a 
recombination layer on a large area. The fabricated device 
demonstrated an efficiency of 17.3% and a VOC of 1.784 V on 
25  cm2 active area [26]. In a recent development, researchers 
from Helmholtz-Zentrum Berlin (HZB) have accomplished 

a remarkable advancement in PV technology, setting a new 
world PCE record of 32.5% for a PVK/Si tandem, as offi-
cially accredited [27].

Most research endeavors have been directed towards the 
advancement of heterojunction-PVK/c-Si tandems, espe-
cially, the p-i-n PVK/c-Si tandem cells. On the other hand, 
some research has made great advances in developing the 
functioning of the p-n homojunction PVK single junction 
cell [28]. The first p-n homojunction PVK was realized by 
Danekamp et al. in 2018, utilizing the vacuum deposition 
of stoichiometrically tuned  MAPbI3 [29]. In the same line, 
Cui el al. designed a thin film PVK featuring a homojunc-
tion, combining p-type and n-type PVK layers, resulting in 
efficiencies of up to 21.38% [30]. However, the practical 
research is still going on in full swing to improve the per-
formance of p-n homojunction PVK single-junction devices 
[28]. At present, studying the tandem cell that connects a 
wide-bandgap p-n homojunction PVK as a top cell with a 
bottom thin-film relatively narrow-bandgap cell can have a 
great attention. This comes from its relatively high VOC due 
to the extra built-in electric field, low-manufacturing cost, 
and its flexibility. Thus, the integration of p-n homojunction 
PVK cell and a cheap c-Si thin-film cell can accomplish 
higher PCEs than single-junction cell. In addition to its 
higher efficiency, p-n homojunction PVK/thin-film Si tan-
dem devices have the advantages of lightweight and flexibil-
ity that render them well for a wider variety of applications.

Notably, most of the previously aforementioned studies 
utilized Carrier Transport Layers (CTLs) in their struc-
tures due to their effective role in extracting and collecting 
photogenerated carriers. These layers include the Electron 
Transport Layer (ETL) and the Hole Transport Layer (HTL). 
The ETL collects and transports the electrons generated in 
the perovskite layer to the cathode, while the HTL transports 
the holes to the anode. However, CTLs may have drawbacks 
in some cases. One of these drawbacks is that ETL materials 
like  TiO2 generally require a high temperature annealing to 
attain good electrical characteristics which is not suitable 
for flexible cells [31, 32]. Moreover, some HTL materials 
like Spiro-OMeTAD have high prices which results in surg-
ing the cell cost [33]. Furthermore, ETL and HTL materials 
may have quite poor carrier mobilities, resulting in charge 
carrier transportation losses throughout the photogenerated 
carrier extraction mechanism [34]. Hence, to address these 
issues, simplifying the cell structure by excluding all the 
CTLs becomes necessary. Consequently, designing a high-
efficient wide-bandgap n-p homojunction PVK omitting 
all CTLs as a front sub-cell, then combining this sub-cell 
to an optimized thin-film c-Si as a back sub-cell can boost 
the performance of a 2-T monolithic tandem cell. In this 
way, numerical simulations are used as an effective way for 
estimating the overall performance of n-p PVK/c-Si tandem 
cells and may be used to further identify the features of such 
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type of tandems. Till this moment, very little works studied 
tandems with a p-n homojunction PVK as a wide-bandgap 
front cell and/or utilizing c-Si thin-film rear cell [35–37].

This work proposes a 2-T monolithic tandem device con-
necting a n-p homojunction PVK (1.72 eV) as a top cell 
with a thin-film Si (1.12 eV) as a rear cell utilizing p++/
n++ Si tunnel junction between the two sub-cells. Employ-
ing all thin films can result in flexible tandems that may be 
exploited in different applications such as wearable devices. 
As a first step, to validate the Silvaco ATLAS simulator, 
the standalone heterojunction PVK and c-Si PV devices are 
calibrated against experimental studies, utilizing relevant 
geometrical and physical parameters. Next, the front sub-
cell is designed, and the performance is compared using 
several structures: n-p hetero-homojunction (complete) PVK 
with CTLs, ETL-free n-p homojunction PVK, HTL-free n-p 
homojunction PVK, and CTL-free n-p homojunction PVK. 
Then, the design of the CTL-free n-p homojunction PVK 
is improved, and its performance is optimized employing 
different techniques. After boosting the performance of the 
thin-film Si cell, the optimized all-thin-film n-p PVK-homo-
junction/thin-film c-Si tandem is then simulated. Finally, the 
current-matching point (CMP) is examined. We believe that 
our optoelectronic simulation findings offer valuable insights 
into a promising technology that has the potential to serve as 
an alternative design, enhancing the PCE of tandem devices.

2  Simulation Approach and Device 
Arrangement

This section outlines the configuration of the initial all-thin-
film n-i-p PVK/c-Si tandem cell. We commence by review-
ing the fundamental physical models employed in the initial 
tandem solar cell design. Afterwards, we present calibrated 
thin-film structures for both the n-i-p PVK front sub-cell 
and the thin-film Si rear sub-cell, relying on experimental 
PV devices, along with their relevant factors. Finally, the 
construction of the initial tandem solar cell is complete.

2.1  TCAD Physical Modeling

Various software packages are available for examining the 
performance of solar cells, whether single-junction or tan-
dems, including Silvaco [38], SCAPS [39], COMSOL [40], 
and wxAMPS [41]. In this study, all simulations are carried 
out by utilizing Silvaco Atlas device simulator. The electri-
cal simulation involves applying the drift–diffusion model 
and solving Poisson's equation and continuity equations for 
both charge carriers (electrons and holes). Proper selection 
of physical models in Silvaco Atlas is crucial, and this work 
incorporates the physical models employed for designing 
the tandem structure. Considering the c-Si bottom cell, the 

Shockley–Read–Hall recombination model incorporating 
doping dependency (CONSRH) is activated. Additionally, 
Auger recombination is considered, particularly for regions 
with doping levels greater than 1 ×  1018  cm−3 [42, 43]. To 
account for radiative recombination, the OPTR model is 
activated, even though its effect on practical Si-based cell 
performance is marginal. Bandgap narrowing effects are 
also included using the BGN model. Further, the mobil-
ity model incorporates the FLDMOB model for electric 
field dependence and the CONMOB model for concentra-
tion dependence, which is confirmed experimentally for Si 
and valid for a temperature of 300 K. Considering the n-p 
homojunction PVK cell, the SRH recombination is impor-
tant due to observed recombination in this structure. Further-
more, Auger recombination (AUGER) is enabled to address 
recombination mechanisms in high-doped regions.

It is worth noting that the electrical connection between 
the two distinct cells of the tandem has two important 
aspects, (1) To create an ohmic contact and facilitate car-
rier extraction from neighboring cells with opposite polari-
ties; and (2) to encourage the recombination of electrons 
and holes from these cells. This can be done by introducing 
a tunnel junction between the two cells or incorporating a 
recombination layer. This study introduces the interconnec-
tion between the two cells of the tandem utilizing the tunnel 
junction. To characterize the tunneling currents of the p–n 
junction, we employ the non-local band-to-band tunneling 
model (BBT.NONLOCAL) [38], which effectively accounts 
for the tunneling induced by the high doping in the tunnel 
diode.

2.2  Silvaco ATLAS Validation and Simulation 
Parameters

Here, we carry out a calibration process for the n-i-p PVK 
cell by modeling a thin-film configuration via the physical 
parameters accessible from literature [44]. The different lay-
ers of the initial n-i-p PVK structure, which is taken from 
an experimental work of [44], are shown in Fig. 1a. Basi-
cally, it consists of three main layers, the ETL, the PVK 
absorber, and the HTL. Experimentally, the intrinsic PVK 
(CsFAPbIBr) of 1.72 eV bandgap energy is sandwiched 
between a 40 nm thick n-type compact  TiO2 as an ETL and 
a 50 nm thick p-type Spiro-OMeTAD as an HTL to cre-
ate a heterojunction PV cell. All previous cell technological 
parameters are captured from the fabricated PVK solar cell 
[44]. Other parameter values, including the doping concen-
tration of each layer and various factors listed in Table 1, are 
derived from pertinent literature, as indicated in the table 
[38, 45–50]. In the simulation process, the work function 
of the FTO electrode is adjusted at 4.4 eV, whereas that of 
the back electrode (Au) is set to be 5.1 eV. In addition, the 
surface recombination velocity serves as a fitting parameter 
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that differs according to the material quality. Notably, it 
primarily occurs at the interface between the PVK and the 
CTL. For our simulation, we utilize a surface recombination 
velocity of 1 ×  104 cm/s for both the PVK/TiO2 and PVK/
Spiro-OMeTAD interfaces. As for the contacts' surfaces, the 
surface recombination velocity is set to 1 ×  107 cm/s for both 
the  TiO2/FTO and Spiro-OMeTAD/Au interfaces.

Utilizing the previous specifications and the listed physi-
cal and geometrical parameters in Table 1, the energy band 
diagram, and the current density–voltage (J-V) characteris-
tics are presented in Fig. 1b and c, respectively. Figure 1b 
demonstrates the band bending, indicating the emergence 
of the built-in potential in the active film in a manner that 
adequately separates electrons towards the ETL and holes 

Fig. 1  a Main n-i-p perovskite structure involving design factors, b Energy band profile after contact at the dark condition, c J-V curves under 
AM1.5G illumination for both calibrated (Blue) and experimental (red) n-i-p PVK solar cells

Table 1  Parameter set of different materials utilized in the design of tandem cell

Parameter TiO2 [46, 49, 50] PVK [45, 47] Spiro-OMeTAD 
[46, 48]

c-Si [38]

Energy gap, Eg 3.2 1.72 2.91 1.12
Affinity, χ 3.95 4 2.32 4.05
Relative permittivity, εr 9 6.6 3 11.7
Electron mobility, µn 20 8.16 1 ×  10–4 Default Values of ATLAS
Hole mobility, µp 10 8 1 ×  10–4

Cond. Band Effective DOS,  NC  (cm−3) 1 ×  1021 2.2 ×  1018 2.2 ×  1018 2.8 ×  1019

Val. Band Effective DOS,  NV  (cm−3) 2 ×  1020 1.9 ×  1019 1.9 ×  1019 1.04 ×  1019

Donor Concentration,  ND  (cm−3) 3.5 ×  1018 - - Depending on Layer 
(Mentioned in the main 
paragraph)

Acceptor Concentration,  NA  (cm−3) - 1 ×  109 3 ×  1017
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towards the HTL. Figure 1c depicts the J-V characteris-
tics under the influence of AM1.5G illumination for the 
calibrated (simulated) structure along with the experi-
mental structure. The calibrated cell records the follow-
ing results, JSC = 19.79 mA/cm2, VOC = 1.249 V, Fill Fac-
tor (FF) = 73.26%, and PCE = 18.106% that are in a decent 
match with the experimental results obtained from REF [44]. 
Table 2 demonstrates the match between the calibrated and 
experimental data, emphasizing the validation of the simula-
tion model applied in the Atlas device simulator.

Conversely, the thin-film c-Si cell had been calibrated in 
our previous work [1]. The fabricated cell comprises three 
major layers, namely the emitter, base, and back surface field 
(BSF) films. The base thickness is 20 μm [4]. For precise 
calibration, various parameters, including doping densities 
and layer thicknesses of the emitter and BSF, are meticu-
lously adjusted to ensure a nice fit between the simulated 
device performance and the experimental information. 

Specifically, the emitter, base, and BSF have doping concen-
trations of 5 ×  1018  cm−3, 5 ×  1017  cm−3, and 5 ×  1018  cm−3, 
respectively. Moreover, both the emitter and BSF layers have 
thicknesses of 100 nm and 1000 nm, respectively. Figure 2a 
introduces the cross-sectional schematic for the calibrated 
silicon solar cell showing the thicknesses and doping con-
centrations for each layer, while Fig. 2b depicts the energy 
band diagram of the calibrated silicon solar cell.

After executing ATLAS simulations, the performance 
parameters are extracted for the simulated thin-film c-Si cell, 
involving VOC, JSC, FF, and PCE. To validate the simulation 
results and the accuracy of the physical parameters, a com-
parison is made with the experimental values reported in [4] 
(Table 3). Further, the simulated illuminated J-V characteris-
tics are plotted alongside the experimental results in Fig. 2. 
The good agreement between the simulation and measure-
ments in Fig. 2c confirms the accuracy of the ATLAS simu-
lator for calibrating this specific type of PV cell.

Table 2  TCAD results for the n-i-p PVK calibrated PV cell compared 
to experimental data

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

Experimental Results 
[44]

1.240 19.83 73.70 18.130

TCAD Calibration 
Results

1.249 19.79 73.26 18.106

Fig. 2  (a) Structure of the calibrated c-Si solar cell, (b) Energy band diagram at dark condition, and (c) Experimental and simulated curves of 
the J-V under AM1.5G illumination

Table 3  TCAD simulation results for the thin-film c-Si calibrated PV 
cell in comparison with experimental information

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

Experimental Results 
[4]

0.6180 35.30 78.30 17.300

TCAD Calibration 
Results

0.6142 34.86 82.40 17.416
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2.3  Initial n‑i‑p PVK/c‑Si Device Structure

In this section, the previous two calibrated, n-i-p PVK cell 
and thin-film c-Si cell, are combined and connected to form 
an initial n-i-p PVK/c-Si tandem. The suggested configu-
ration of the initial n-i-p PVK/c-Si is depicted in Fig. 3a 
indicating its design parameters. As mentioned earlier, the 
wide-bandgap n-i-p PVK is connected to the thin-film c-Si 
via p++/n++ Si tunnel junction that acts as a recombination 
layer. From the electrical point of view and according to 
Kirchhoff’s voltage law, the resultant VOC is the summation 
of the separate VOC for each cell. In addition, the current 
drawn by the tandem is coordinated by the lower current 
transported either through the front sub-cell or the back sub-
cell. The initial tandem solar cell is simulated under spec-
trum of AM1.5G. Table 4 records the performance factors 
of the initial tandem, while Fig. 3b illustrates the illuminated 
J-V curves of the front, back, and tandem devices. As indi-
cated in Table 4, the VOC of the tandem equals the VOC of the 
two sub-cells, while the total current is limited to the current 
drawn by front sub-cell leading to a PCE of 29.38%.

3  Results and Discussion

This section introduces, firstly, the impact of replacing the 
intrinsic PVK in n-i-p PVK single junction PV cell by an 
n-p homojunction PVK on the performance parameters of 
the single-junction cell. This is done by studying four dif-
ferent structures, complete hetero-homojunction cell, ETL-
free n-p homojunction PVK cell, HTL-free n-p homojunc-
tion PVK cell, and CTL-free n-p PVK homojunction cell. 
Next, the performance of both standalone n-p homojunction 
PVK and thin-film c-Si cells are optimized. Accordingly, 
these optimized cells are connected to form the optimized 
all-thin-film n-p homojunction PVK/c-Si tandem device. 
Finally, the optimized cell is redesigned in order to achieve 
current-matching condition.

3.1  Design of n‑p Homojunction PVK

In this subsection, the complete structure of FTO/TiO2/n-
p homojunction PVK/Spiro-OMeTAD/Au is designed and 
analyzed. In addition, the effect of omitting ETL, HTL, and 
both ETL and HTL is introduced.

Figure 4 shows the four different structures for n-p PVK-
homojunction-based devices, complete structure (hetero-
homojunction), ETL-free, HTL-free, and CTL-free n-p 
PVK-homojunction-based structures. The complete struc-
ture (Fig. 4a) is typical to that of Fig. 1a but replacing the 
intrinsic PVK layer by an n-p homojunction PVK. The total 
thickness of the homojunction PVK is kept being 400 nm. 
However, the ratio between the thickness of the n-type PVK 
and p-type PVK is determined to be as reported in [30, 51]. 
Furthermore, the minimum doping concentration for both 
n-type and p-type PVK should be higher than 1 ×  1016  cm−3 
in order to form an effective p–n junction [51]. Hence, a 
doping density of 5 ×  1016  cm−3 is selected for n-type and 
p-type PVK. The used surface recombination at the interface 
between  TiO2/n-type PVK and p-type PVK/ SpiroOMeTAD 
is 1 ×  104 cm/s, while the surface recombination at contact/
ETL and HTL/contact is 1 ×  107 cm/s.

As indicated in Fig. 5a, the n-p homojunction PVKs 
present an extra built-in electric field within the photoac-
tive material, leading to the movement of holes towards 
the HTL and electrons towards the ETL. This additional 
field facilitates the efficient transport of the photo-excited 
current, resulting in reduced overall recombination rates 

Fig. 3  a Schematic structure 
of the initial n-i-p PVK/c-Si 
tandem, and b J-V characteristic 
curves for top, rear, and tandem 
devices

Table 4  Performance parameters for top PVK cell, rear thin-film Si 
cell, and initial PVK/c-Si tandem cell

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

Top n-i-p PVK cell 1.249 19.79 73.26 18.106
Bottom thin-film c-Si 0.614 34.86 82.40 17.416
Initial tandem cell 1.865 19.80 77.18 29.380
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(Fig. 5b), leading to an increase in JSC. Figure 5c shows the 
energy band diagram for the n-p homojunction PVK cell 
along with the quasi-fermi levels for electron and hole for 
n-p homojunction PVK and n-i-p PVK cells. It is clear from 
the Fig. 5d that the difference of (EFn-EFp) for n-p homojunc-
tion PVK cell is marginally greater than that of the n-i-p 
PVK structure thanks to the induced electric field result-
ing in higher VOC of the complete n-p homojunction PVK 
cell compared to that of the n-i-p PVK structure, causing 
enhanced PCE. A comparison between the performance 
parameters of n-p homojunction PVK and the intrinsic n-i-p 
PVK heterojunction cells is listed in Table 5. These perfor-
mance parameters are plotted as J-V characteristics curves 
in Fig. 5e.

Figure 6 displays a comparative analysis of the perfor-
mance of the aforementioned four structures to detect the 
limiting causes for the PCE. Figure 6a shows the external 
quantum efficiency (EQE) of the four different structures. 
Clearly, the CTL-Free cell generates the minimum JSC as 
the lack of ETL and/or HTL cause severe surface recom-
bination, while the spectral response of the ETL-free and 
CTL-free cells in very short wavelength range is greater than 
that of the complete structure and HTL-free cell because of 
the parasitic absorption losses in the ETL. As a result, omit-
ting CTLs or one of them may hinder the JSC as illustrated 
in Fig. 6b. The initial n-p homojunction PVK, ETL-free, 
HTL-free, and CTL-free cells exhibit JSC of 19.93, 17.286, 
17.438 and 13.746 mA/cm2, respectively, resulting in PCEs 
of 20.77%, 12.97%, 15.88%, and 8.79%, respectively. As 
predictable, the initial n-p homojunction PVK cell demon-
strates the best cell performance while the CTL-free cell 
exhibits the worst one. The performance parameters for each 
structure are summarized in Table 6.

Increasing carrier transport capabilities through the 
device can improve the performance of CTL-free cells. To 
enhance the carrier transportation, it is required to create an 
additional built-in electric field in the PVK film. As previ-
ously mentioned, the doping concentration is a key factor 
to create an efficient n-p junction. The higher doping con-
centration results in a greater electric field at the junction 
interface, leading to improved carrier transport and reduced 
recombination. This is favorable for increasing VOC. Con-
tinuously increasing the doping concentration makes a very 
thinner width of the depletion layer of n-p junction resulting 
in a poor carrier extraction which is harmful to JSC. In such 
a case, studying the effect of doping concentration in the 
performance of the CTL-Free cell is crucial. Furthermore, 
to boost the performance of the CTL-free cell, an increase in 
absorber thickness is essential to improve light absorption. 
In this way, the next section discusses different approaches 
for enhancing and increasing the functioning of CTL-free 
n-p homojunction PVK cell.

3.2  Design of High‑Efficient CTL‑Free n‑p 
Homojunction PVK Cell

In this section, an enhancement to the performance of the 
CTL-Free n-p homojunction PVK solar cell is discussed. 
The surface recombination loss is one of the main limiting 
factors to PCE. So, introducing interlayers between the 
absorber and the contacts can reduce the surface recom-
bination. Furthermore, studying the effect of doping con-
centration and the thickness of the absorber can be helpful 
to improve the performance of such cells. Thus, the per-
formance enhancement of the CTL-Free n-p homojunction 
PVK solar cell is carried out in three independent steps, 

Fig. 4  Schematic structure for 
four different n-p PVK-homo-
junction-based single junction 
solar cell a hetero-homojunction 
(Complete) cell, b ETL-free 
cell, c HTL-free cell, and d 
CTL-free cell
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applying front surface field (FSF) and BSF layers, opti-
mizing the absorber thickness, and finally optimizing the 
doping concentration of the absorber.

3.2.1  Reduction of Surface Recombination

As previously mentioned, improving the performance of 
CTL-free cell can be accomplished by lowering the surface 

Fig. 5  a Electric Field Distribution, b Recombination rate throughout 
the device for both intrinsic (n-i-p) and hetero-homojunction (com-
plete) structures, c Energy band diagram of complete n-p homo-
junction PVK cell along with the quasi-fermi level for both intrinsic 

(n-i-p) and hetero-homojunction (complete) structures, and d J-V 
characteristics curves for n-p homojunction PVK cell and intrinsic 
n-i-p PVK cell

Table 5  Performance parameters for n-p homojunction PVK cell and 
intrinsic n-i-p PVK cell

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

n-i-p PVK cell 1.249 19.79 73.26 18.106
n-p Homojunction PVK 1.256 19.93 83.08 20.770
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recombination losses between the PVK absorber and the 
contact. One method to alleviate the mechanism of the 
surface recombination arising at FTO/PVK and PVK/Au 
interfaces is designing the cell utilizing front surface field 
(FSF) and BSF films. The FSF and BSF films are made 
of perovskites that have a high doping density and a thin 
thickness. Based on the CTL-free structure in Fig. 4d, the 
design of an effective CTL-free n-p homojunction PVK cell 
is exhibited in Fig. 7a. The absorber layer thickness is kept 
being 400 nm. Following [51], The n-type emitter thickness 
is set at approximately 44 nm with a doping level of 5 ×  1016 
 cm−3, while the p-type base has a thickness of nearly 356 
nm with a doping of 5 ×  1016  cm−3. Additionally, after an 
optimization process, the n-doped FSF and p-doped BSF 
are designed to have thicknesses of 5 nm and 50 nm, respec-
tively, with a high doping density of 5 ×  1019  cm−3 each.

The energy band profile in Fig. 7b illustrates the role of 
the FSF and BSF in the structure. The energy band dia-
gram reveals a downward bending of the energy band with 
the FSF film and an upward bending with the BSF film, 
mainly due to the high doping impact. This implies that the 
FSF film enables the passage of electrons towards the con-
tact and restricts the transfer of holes, while the BSF layer 

aids in hole migration towards the contact electrode and 
inhibits electron transport. This behavior is advantageous 
for enhancing charge collection, reducing surface recom-
bination (as shown in Fig. 7c), and hence improving the 
PCE. Considering the electric field distribution, the field 
is shown to be significantly increased at the interfaces of 
FSF and BSF (Fig. 7d, the electric field distribution). This 
can significantly improve the functioning of CTL-free n-p 
homojunction PVK cell. As a result, the JSC drawn by the 
structure with FSF and BSF is greater than that of the struc-
ture without FSF and BSF (Fig. 7e, J-V characteristics). The 
n-p homojunction PVK cell having both FSF and BSF films 
demonstrates the highest performance, where an efficiency 
of 19.704% is achieved, whereas the cells with no FSF and 
BSF exhibit the lowest performance, recording an efficiency 
of just 8.79%.

3.2.2  Effect of Absorber Thickness and Doping Density

The optimization of CTL-Free with FSF and BSF can 
be accomplished by increasing the absorber thickness to 
improve the light absorption. The thickness of the absorber 
is varied from 400 nm to 5 µm. As expected, the available 
photocurrent (APC) increases with widening the absorber 
layer thickness and gradually saturate at 3 µm (Fig.  8). 
Beyond an absorber thickness of 3 µm, the incremental 
increase in optical absorption becomes insignificant and 
can be disregarded. This reflects directly on the behavior of 
JSC depending on the absorber thickness. Figure 9a shows 
that the JSC rises when the absorber thickness increases to 
3 µm. The change in JSC after 3 µm is very small and can 
be neglected. Consequently, the PCE will be increased till 
3µm-thick of absorber (Fig. 9b). Continuing to increase 
the absorber thickness has no PCE enhancement but does 

Fig. 6  a EQE, and b J-V char-
acteristics, of four various struc-
tures of n-p homojunction PVK, 
initial, ETL-free, HTL-free, and 
CTL-free configurations

Table 6  A summary of the performance parameters for four different 
structure of n-p homojunction PVK cell

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

n-p Homojunction 
PVK

1.256 19.930 83.08 20.77

ETL-Free Cell 0.931 17.286 80.66 12.97
HTL-Free Cell 1.112 17.438 81.88 15.88
CTL-Free Cell 0.825 13.746 77.58 8.79
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reduce the Fill Factor marginally, resulting in inferior cell 
performance. So, we select 3 µm to be the optimum absorber 
thickness.

Moreover, the doping concentrations of both types of the 
absorber have a direct influence on improving the carrier 

transportation through the n-p junction and hence refining 
the performance of the CTL-free homojunction PVK with 
FSF and BSF. On the other hand, the high doping concentra-
tions make the depletion region of the n-p junction narrower, 
resulting in a wider quasi-neutral region. In this context, the 
carrier moves by diffusion process, that leads to a weak car-
rier extraction, which is harmful to JSC. In our simulation, 
the doping density of both n-type PVK and p-type PVK lay-
ers are varied from 5 ×  1016 /cm3 to 5 ×  1019 /cm3. Studying 
the dependency of the PCE on the doping concentrations of 
PVK is introduced in Fig. 10. It is clear that the PCE has its 
peak value (24.09%) at n-type doping and p-type doping of 
1 ×  1017 /cm3 and 7 ×  1017 /cm3, respectively.

The proposed structure of n-p homojunction PVK solar 
cell utilized FSF and BSF layer with doping concentrations 
of 5 ×  1019 /cm3 and thicknesses of 5 nm and 50 nm respec-
tively, the total (sum) thickness of the two PVK layers is 
selected to be 3 µm where the n-type layer share about 1:9 
ratio of the total absorber thickness. Finally, the doping 
concentration for such layers are 1 ×  1017 /cm3 and 7 ×  1017  
/cm3 for n-type and p-type PVK. Table 7 summarizes the 
performance parameters of the proposed PV cell in three 

Fig. 7  a Schematic of efficient n-p homojunction PVK with FSF and 
BSF, b Energy band diagram of the n-p homojunction PVK with FSF 
and BSF, c Surface recombination for the device with and without 

FSF and BSF, d Electric Field Distribution for both devices, and e 
J-V characteristics curves for both devices

Fig. 8  The available photocurrent of CTL-Free n-p homojunction 
PVK with FSF and BSF at different absorber thickness
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steps. First, utilizing FSF and BSF, second, optimizing 
the absorber thickness, and finally optimizing the doping 
concentration of n-type and p-type absorbers. The J-V and 
EQE characteristics of the proposed n-p homojunction PVK 
cell are displayed in Fig. 11. The proposed single PVK cell 

presents an improvement in the light absorption, especially, 
at the range of higher wavelength. This leads to higher JSC. 
Also, the proposed cell implies a high VOC thanks to the 
optimized doping concentration that makes a strong built-
in field.

Fig. 9  Performance parameters 
of CTL-Free n-p Homojunction 
PVK with FSF and BSF when 
altering the absorber thickness 
(a) JSC and VOC, and (b) FF and 
PCE

Fig. 10  Contour map for the 
dependency of the PCE of the 
proposed PVK single-junction 
on the doping concentration of 
n-type and p-type PVK absorber

Table 7  Performance 
parameters of the proposed 
n-p Homojunction PVK cell 
compared to the CTL-free Cell

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

CTL-Free Cell 0.825 13.746 77.58 8.790
Applying FSF & BSF 1.326 17.294 86.00 19.704
Optimizing Absorber thickness 1.318 21.276 84.07 23.573
Optimizing absorber doping conc 1.338 21.020 85.65 24.090
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3.3  Design of High‑Efficient Standalone Thin‑Film 
c‑Si Solar Cell

In this section, an optimization technique to boost the per-
formance of thin-film Si single junction cell is presented. 
The optimization technique follows three steps: (i) varia-
tion of emitter doping (ii) changing the base doping and 
(iii) changing the BSF doping (Fig. 12). The emitter is 
designed to have a high doping concentration. The dop-
ing level of the emitter is changed from 1 ×  1018 /cm3 to 
1 ×  1021 /cm3. The maximum achievable PCE happens at a 
doping value of 1 ×  1021 /cm3 for the emitter, after which 
the PCE starts to degrade. On the other hand, the base 

doping concentration is optimized when varying from 
1 ×  1016 /cm3 to 1 ×  1020 /cm3 while keeping the emitter 
doping concentration constant at 1 ×  1020 /cm3. The maxi-
mum PCE is recorded to be greater than 20% at doping of 
1 ×  1016 /cm3.

Furthermore, the BSF film, heavily doped at the bottom 
side of the cell, acts as a barrier hindering the flow of minor-
ity carriers toward the back contact. For low doping concen-
trations, the electric field at the interface is ineffective, lead-
ing to reduced collection efficiency of photo carriers at the 
contact. Conversely, increasing the doping level in the BSF 
film leads to a greater electric field at the interface. Conse-
quently, the barrier for minority carrier transfer toward the 
back region is enhanced. This reduction in surface recom-
bination results in higher values of VOC and JSC, thereby the 
PCE of thin-film Si cell is optimized. Here, the BSF dop-
ing level is varied in the range 1 ×  1018 /cm3—1 ×  1021 /cm3 
while keeping the emitter and base doping densities constant 
at 1 ×  1020 /cm3 and 1 ×  1016 /cm3, respectively. The doping 
density of the BSF is optimized at 1 ×  1020 /cm3. Beyond this 
level, the performance of the optimized Si cell is saturated. 
The J-V curve as well as the EQE spectrum of the optimized 
thin-film Si cell is portrayed in Fig. 13. Table 8 lists the 
performance metrics of the optimized thin-film Si single 
junction device.

3.4  Design of All‑Thin‑Film PVK/c‑Si Tandem Cell

Here, we propose an all-thin-film PVK/c-Si tandem cell uti-
lizing the previously optimized standalone wide-band n-p 

Fig. 11  a J-V characteristics curves, and b EQE of the proposed n-p 
homojunction PVK solar cell

Fig. 12  PCE dependency on (a) Emitter doping concentration, (b) base doping density, and (c) BSF doping concentration for the thin-film Si 
single junction cell
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homojunction PVK cell as a front sub-cell and the optimized 
thin-film c-Si as a rear sub-cell. Both top and rear sub-cells 
are attached using the p++/n++ Si tunnel diode. The tunnel 
diode must not absorb any portion of the incident solar irra-
diation spectrum. This is achieved by fulfilling two design 
specifications: first, ensuring the diode is heavily doped, 
and second, making both the n-region and p-region of the 
diode very thin (few nanometers) [52]. A schematic of the 
optimized tandem device is established in Fig. 14. The n-p 
homojunction PVK/c-Si thin film tandem records the fol-
lowing performance parameters, VOC = 1.99 V, JSC = 21 mA/
cm2, FF = 90.17%, and PCE = 37.68%. Figure 15 depicts the 
J-V curves and EQE spectra for the front cell, bottom cell, 
and tandem cell. Clearly, the VOC of the tandem is the sum-
mation of both VOC of the top and rear cells, while the cur-
rent is limited by the current drawn by the top cell as it is the 
minimum current (Fig. 15a). Furthermore, Fig. 15b shows 
the simulated EQE of the all-thin-film PVK/c-Si tandem 
cell. Notably, the top n-p PVK cell absorbs photon of lower 
wavelength range while the bottom cell absorbs photon of 
higher energy. These illustrate the effectiveness of the tunnel 
diode utilized for connecting both top and rear cells.

Moreover, to comprehend the CMP, the front absorber 
thickness is varied from 400 nm to 5 µm, keeping the bot-
tom absorber thickness constant at 20 µm and changing 
the thickness of its emitter to 800 nm and the BSF layer 
thickness to 500 nm. Figure 16a displays the variation in 
JSC of the front and bottom devices against the thickness 
of the front absorber, indicating considerable dependence 
of the top absorber thickness. As the top absorber thick-
ness widens, the JSC of the front sub-cell improves while it 

decreases at the rear sub-cell. The reason behind this trend 
is that with increasing thickness of the top absorber, more 
photons are absorbed, leading to less light being transmit-
ted to the rear sub-cell. A CMP occurs at JSC = 20.9 mA/
cm2 and is satisfied top absorber thickness of 2.18 µm. 
Under this condition, the performance of the all-thin-film 
n-p homojunction PVK/c-Si tandem is simulated where 
the corresponding J-V characteristics of front, rear, and 
tandem PV cells are illustrated in Fig. 16b. Again, the 
value of VOC of the tandem equals 1.95 V, approximately, 
the sum of those of top (1.321 V) and bottom (0.622 V) 
cells, resulting in an efficiency of 36.37%.

Finally, a comparison between our optimized proposed 
2-T monolithic all-thin-film tandem cell and other tandem 
structures is provided as given in Table 9. Some of the 
highlighted tandems are based on experimental studies, 
whereas others are obtained through numerical simula-
tions. All studied of PVK/c-Si are based on n-i-p PVK 
structure instead of n-p homojunction PVK. The results 
indicate the great effectiveness of utilizing the n-p-homo-
junction PVK based tandems.

4  Conclusion

In this simulation work, we introduced a 2-T monolithic all-
thin-film PVK/c-Si tandem design. The top sub-cell involves 
a wide-band n-p homojunction PVK cell having a bandgap 

Fig. 13  a J-V characteristics curve, and b EQE of optimized thin-film 
c-Si solar cell

Table 8  Performance metrics of the thin-film c-Si solar cell

VOC [V] JSC [mA/cm2] FF [%] PCE [%]

Optimized thin-film c-Si 0.66 39.21 83.86 21.71

Fig. 14  Schematic structure of the all-thin-film PVK/c-Si tandem cell
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Fig. 15  a J-V characteristics 
curve, and b EQE, for the 
optimized top sub-cell, bottom 
sub-cell, and tandem cell

Fig. 16  a JSC of the front sub-
cell and bottom sub-cell versus 
the top absorber thickness, and 
b J-V curves for top, back, and 
tandem cells at current match-
ing condition

Table 9  Comparative analysis 
of selected tandem solar cells, 
including different experimental 
and simulation studies

Structure Method VOC [V] JSC [mA/cm2] FF [%] PCE [%] Ref

2-T n-i-p PVK/Si Exp 1.65 11.5 75 13.7 [18]
2-T p-i-n PVK/Si Exp 1.78 14 79.5 18.1 [17]
4-T n-i-p PVK/Si Exp 1.808 - - 29.65 [15]
2-T PVK/Si Exp 1.57 16.54 75.14 19.38 [20]
2-T PVK/Si Exp 1.98 20.24 81.2 32.5 [27]
2-T PVK/Si Sim 1.76 16.01 86.7 24.4 [53]
2-T PVK/Si Sim 2.01 18.81 83.61 31.67 [54]
2-T p-n PVK/CIGS Sim 2.25 25.8 73.02 30.71 [37]
2-T n-p homojunction 

PVK/c-Si
Sim 1.95 20.9 89.33 36.37 This Study
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of 1.72 eV, while the rear cell is based on c-Si whose band-
gap is 1.12 eV. To validate the performance of both stan-
dalone sub-cells, we calibrated the n-i-p PVK cell and the 
c-Si cell against experimental data. Then, we investigated 
the impact of the n-p homojunction PVK through four differ-
ent configurations, highlighting the significance of replacing 
the heterojunction PVK layer with the n-p homojunction 
PVK layer. The optimization process involves studying the 
dependency of the performance of the n-p homojunction 
PVK cell on the absorber layer thickness, absorber layer 
doping concentration as well as optimizing the bottom c-Si 
cell. Upon designing the PVK/c-Si tandem device to meet 
the CMP, we achieved remarkable results, including a high 
VOC of 1.95 V and a high efficiency of 36.37%. These results 
indicate significant progress compared to the initial design 
that utilized an n-i-p PVK. The success of this study opens 
up possibilities for flexible, and highly efficient perovskite 
tandem devices.
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