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Abstract
The multiple absorber layer perovskite solar cells (PSCs) with charge transport layers-free (CTLs-free) have drawn wide-
spread research interest due to their simplified architecture and promising photoelectric characteristics. Under the circum-
stances, the novel design of CTLs-free inversion PSCs with stable and nontoxic three absorber layers (triple Cs3Bi2I9, single 
MASnI3, double Cs2TiBr6) as optical-harvester has been numerically simulated by utilizing wxAMPS simulation software 
and achieved high power conversion efficiency (PCE) of 14.8834%. This is owing to the innovative architecture of PSCs 
favors efficient transport and extraction of more holes and the slender band gap MASnI3 extends the absorption spectrum to 
the near-infrared periphery compared with the two absorber layers architecture of PSCs. Moreover, the performance of the 
device with p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 architecture is superior to the one with the p-type-Cs3Bi2I9/n-
type-MASnI3/n-type-Cs2TiBr6 architecture due to less carrier recombination and higher carrier life time inside the absorber 
layers. The simulation results reveal that Cs2TiF6 double perovskite material stands out as the best alternative. Additionally, 
an excellent PCE of 21.4530% can be obtained with the thicker MASnI3 absorber layer thickness (0.4 µm). Lastly, the highest-
performance photovoltaic devices (28.6193%) can be created with the optimized perovskite doping density of around E15 
cm3 (Cs3Bi2I9), E18 cm3 (MASnI3), and 1.5E19 cm3 (Cs2TiBr6). This work manifests that the proposed CTLs-free PSCs 
with multi-absorber layers shall be a relevant reference for forward applications in electro-optical and optoelectronic devices.
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1  Introduction

Organic–inorganic haloid lead (Pb)-based perovskite solar 
cells (PSCs) have drawn enormous regard in the photovol-
taic community during the past decades by reason of their 
simple preparation processing, high optical absorption coef-
ficient, superior charge transport properties and outstanding 
power conversion efficiency (PCE) [1–5]. The evolutionary 
PCE of single-heterojunction PSCs has rocketed from the 
original 3.8% to above 26% [6–9]. However, the chemical 
instability and toxic nature of Pb spawns critical blackmail 
to the environment and obstacles the massive commerciali-
zation application [10]. To dispose of the issue, substituting 
Pb with the non-toxic Sn element in the MAPbI3 will be a 
latent light absorption material of the future PSCs. This is 

owing to the MASnI3 material having a narrow band gap 
which brings about the expanded optical absorption up to 
1050 nm [11]. However, Sn2+ is easily oxidized to Sn4+, 
resulting in Sn vacancies and high-concentration p-type 
doping behavior as well as an increased carrier recom-
bination rate [12–14]. Consequently, the performance of 
the device will be affected to some extent. To improve the 
performance of the Sn-based PSCs, many researchers are 
working on multi-absorber layer heterojunction solar cells 
that can generate superior performance in a longer region 
of visible spectrum. Farhadi et al. used a novel construc-
tion with a double absorbing layer (MASnI3/MAPbI3) PSCs 
to achieve 30.88% efficiency [15]. Additionally, Abedini-
Ahangarkola et al. proposed three active layer structures 
(MASnI3/MAPbI3/FAMASnGeI3) and achieved 31.44% 
high efficiency [16]. However, there are still toxic Pb ele-
ments in these perovskite layers.

In this work, an inverted p-p-n planar heterojunction 
structure PSCs with triple Cs3Bi2I9/single MASnI3/double 
Cs2TiBr6 three absorber layers are proposed. The upper 
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and lower surfaces of the MASnI3 absorber layer can be 
effectively covered by the Cs2TiBr6 and Cs3Bi2I9 absorber 
layers, respectively. Additionally, the triple Cs3Bi2I9 and 
double Cs2TiBr6 not only have ideal light absorption 
properties and non-toxic crises but also have a high level 
of stability and non-degradability [17–20]. Accordingly, 
the Cs3Bi2I9 and Cs2TiBr6 can may be similar to antioxi-
dant additives that diminish the oxidation of Sn2+ in the 
MASnI3 absorber layer. In PSCs, the common electron 
transport layer (ETL) materials are TiO2, SnO2 and ZnO. 
Wherein, the preparation of the TiO2 layer is usually 
required at a high post-annealing temperature, which indu-
bitably increases the complicacy of device fabrication [21, 
22]. Furthermore, the immediate contact of ZnO, SnO2 and 
the perovskite absorber layer will spawn the degradation 
of perovskite [23, 24]. In the same way, most used hole 
transport layer (HTL) materials such as Spiro-OMeTAD 
and PEDOT: PSS require higher preparation costs and are 
subject to stability limits [25, 26]. Based on this, to avoid 
the impacts of these detrimental factors on the efficiency 
of the PSCs and simplify the preparation process, charge 
transport layers-free (CTLs-free) PSC devices are gradu-
ally being investigated. Furthermore, the PSCs with inver-
sion construction (p-i-n) not only provide superior fixity 
but also have non-existent evident current density–voltage 
(J–V) hysteresis effect [27, 28], which shall be a novel 
exploration sphere.

Due to the experimental fabricating of the distinct lev-
els of multi-layered PSCs is costly and time-consuming, 
accordingly, the simulation studies are vital for deter-
mining reasonable materials and parameters for different 
functional layers of PSCs [29]. In our work, we simulated 
and proposed a novel inverted CTLs-free PSCs structure 
with triple Cs3Bi2I9/single MASnI3/double Cs2TiBr6 three 
absorber layers through utilizing wxAMPS simulator 
and contrasted the photoelectric characteristic with two 
absorber layers (Cs3Bi2I9/Cs2TiBr6 and MASnI3/Cs2TiBr6) 
architecture of PSCs to show the improvement of effi-
ciency in three absorber layer PSCs. We also analyzed and 
compared of the electrical and photophysical properties of 
PSCs with different p-p-n and p-n–n heterojunction struc-
tures in detail. Moreover, we concentrate on the effects of 
different double perovskite materials, the thicknesses and 
doping density of perovskite layers on the photoelectric 
characteristic of the proposed device at length to assign the 
optimum material parameters and layered heterojunction 
architectures. These results can not only pave the path for 
simplifying the device’s structure and fabricating high-
performance CTLs-free PSCs with multi-absorber layers 
but also allows us to better understand the spatial distribu-
tion of internal carriers and charge transport mechanism 
of the different structure devices.

2 � Simulation methodology and device 
configuration

In this work, the numerical simulation of PSCs has been 
carried out by employing wxAMPS software under the 
AM 1.5G solar spectrum illumination circumstance and 
the device operation temperature is taken to be 300 K. The 
wxAMPS software is available as an updated and optimized 
version with based on AMPS developed for the numerical 
simulation of devices by Professor S. Fonash of Pennsylva-
nia State University [30]. The tunnelling effect was contem-
plated in the wxAMPS mold by incorporating intra-band 
tunnelling models and trap-assisted tunnelling. The device 
performance can be analyzed under the simulation program 
through solving the Poisson equation (Eq. (1)), electrical 
and hole continuity equations (Eqs. (2) and (3)) [31]. The 
relational equations are as follows:

where ε represents the permittivity, φ represents the electro-
static potential, q represents the charge, p, n, pt, and nt are 
defined as the densities of free holes, free electrons, trapped 
holes and trapped electrons, respectively. Nd and Na repre-
sent the donor and acceptor doping concentration, G repre-
sents the generation rate, ξ represents the electric field, and 
D represents the diffusion coefficient.

To simplify the architecture of the device and discuss 
the impact of utilizing multiple absorber layers on the PSC 
performance, the simulation is depicted on CTLs-free 
device architecture with an inversion p-p-n planar hetero-
junction construction comprising the Cs3Bi2I9 absorber 
layer (Fig. 1a), p-type MASnI3 absorber layer (Fig. 1b), 
Cs2TiBr6 absorber layer (Fig. 1c), transparent conduction 
oxide (FTO), and gold (Au) photocathode, as displayed in 
Fig. 1d. From Fig. 1a − c, the crystal structure of Cs3Bi2I9 
shows the hexagonal P63/mmc space group where BiI6 octa-
hedra share faces to form [Bi2I9]3− anions [32]. The MASnI3 
is a cubic structure and forms a tetragonal symmetry with 
the P4mm space group at ambience conditions [33]. Addi-
tionally, the double perovskite Cs2TiBr6 has a similar cubic 
structure with MASnI3. Figure 1e displays the energy level 
diagram of distinct functional layers in the proposed inverted 
PSC. The differences in electron affinities and band gaps of 
three different materials give rise to the band offset of the 
interface. It can be observed that the negative conduction 
band (Ec) offset of − 0.77 and − 0.28 eV are formed at the 

(1)d(−�(x)d�∕dx)∕dx = q[p(x) − n(x) + N
+

d
(x) − N

−

a
(x) + pt (x) − nt (x)],

(2)dpn∕dt = Gp − (pn − pn0)∕�p − pn�pd�∕dx − �p�dpn∕dx + Dpd
2
pn∕dx

2
,

(3)dnp∕dt = Gn − (np − np0)∕�n − np�nd�∕dx − �n�dnp∕dx + Dnd
2
np∕dx

2,
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interfaces of Cs3Bi2I9/p-type MASnI3 and p-type MASnI3/
Cs2TiBr6 heterojunction, respectively. Additionally, there is 
also a negative valence band (Ev) offset of − 0.15 and − 0.42 
eV are formed at the interfaces of Cs3Bi2I9/p-type MASnI3 
and p-type MASnI3/Cs2TiBr6 heterojunction, respectively. 
Therefore, the negative Ec offset promotes electron trans-
mission from the Cs3Bi2I9 layer to the photocathode, and 
the negative Ev offset can be in favor of hole transmission 
from the Cs2TiBr6 layer to the FTO. The materials param-
eters used in our simulations were summarized from rela-
tional literature as seen in Table 1 [11, 17, 19, 34–36]. The 
electrons and holes thermal velocity are all 107 cm/s. The 
materials defect states are neutral Gaussian distribution in 
each functional layer and the defect energy level is situated 
in the band gap (Eg) center. Additionally, the holes and elec-
trons capture cross sections are all set to 10−14 cm2 in each 
functional layer.

3 � Results and discussion

3.1 � Comparison of Cs3Bi2I9/Cs2TiBr6, MASnI3/
Cs2TiBr6 and Cs3Bi2I9/ MASnI3/Cs2TiBr6 active 
layer PSCs

The J − V curves of the PSCs with triple Cs3Bi2I9/dou-
ble Cs2TiBr6, single MASnI3/double Cs2TiBr6, and triple 
Cs3Bi2I9/single MASnI3/double Cs2TiBr6 absorber layers 
are displayed in Fig. 2a. Table 2 displays the minute device 
performance parameters derived from our simulation. The 
detections in Fig. 2a and Table 2 manifest that open-circuit 
voltage (Voc) increases from 0.9935 V for Cs3Bi2I9/Cs2TiBr6 
absorber layer PSC to 1.0709 V for MASnI3/Cs2TiBr6 
absorber layer PSC. This enhancement in Voc can be attrib-
uted to the smaller band gap of MASnI3 which involves the 
band offset at the interface of absorber layers and built-in 

Fig. 1   Crystal structure of a Cs3Bi2I9, b MASnI3, and c Cs2TiBr6. d Schematic architecture and e energy level diagram of the inverted p-p-n het-
erojunction PSCs
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potential (Vbi). Nevertheless, a slight reduction is perceived 
in Voc (1.0569 V) of the Cs3Bi2I9/MASnI3/Cs2TiBr6 absorber 
layer PSC may be due to the inferior energy barrier at the 
interface of Cs3Bi2I9/MASnI3 absorber layer. Additionally, 
a remarkable increment of short-circuit current density (Jsc) 
appears at the Cs3Bi2I9/MASnI3/Cs2TiBr6 (19.9235 mA/
cm2) and MASnI3/Cs2TiBr6 (14.6741 mA/cm2) absorber 
layer PSCs concerning the Cs3Bi2I9/Cs2TiBr6 absorber layer 
counterpart (12.4054 mA/cm2). This is owing to the smaller 

band gap of MASnI3 and more absorber layers can facili-
tate a wider range of photon absorption [16]. Eventually, 
the highest PCE (14.8834%) of the device was obtained by 
simulating the PSC of the triple Cs3Bi2I9/single MASnI3/
double Cs2TiBr6 configuration. This is attributed to the Jsc 
and fill factor (FF) being substantially elevated.

To further contrast the PSCs’ characteristics of these 
three configurations, Fig. 2b − d show the energy band dia-
grams of the proposed PSCs configuration with different 

Table 1   Materials parameters of the theoretical simulated PSCs

Parameters Cs3Bi2I9 p-type MASnI3 n-type MASnI3 Cs2TiBr6

Thickness (µm) 0.2 0.2 0.2 0.2
Relative permittivity εr 9.68 8.2 8.2 10
Electron affinity χ (eV) 3.4 4.17 4.17 4.47
Band gap Eg (eV) 2.03 1.41 1.41 1.6
Effective conduction band density Nc (cm−3) 4.98 × 1020 1 × 1018 1 × 1018 1 × 1019

Effective valence band density Nv (cm−3) 2.11 × 1020 1 × 1018 1 × 1018 1 × 1019

Electron mobility μn (cm2/(V⋅s)) 4.3 1.6 1.6 44
Hole mobility μp (cm2/(V⋅s)) 1.7 1.6 1.6 2.5
Acceptor density NA (cm−3) 1 × 1011 1 × 1017 0 0
Donor density ND (cm−3) 0 0 1 × 1012 1 × 1013

Defect density Nt (cm−3) 2 × 1015 2.5 × 1012 2.5 × 1012 1 × 1014

Fig. 2   a J − V curves and b, c, d energy band diagrams of the different PSCs with triple Cs3Bi2I9/double Cs2TiBr6, single MASnI3/double 
Cs2TiBr6, and triple Cs3Bi2I9/single MASnI3/double Cs2TiBr6 absorber layers
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absorber layers. As can be seen in Fig. 2b − d, the built-
in potentials which are defined by the energy level differ-
ence of the Ec at the beginning of the absorber layer and 
the end of the absorber layer, are 1.46, 1.34, and 1.48 V 
for Cs3Bi2I9/Cs2TiBr6, MASnI3/Cs2TiBr6, and Cs3Bi2I9/
MASnI3/Cs2TiBr6 absorber layer PSCs, respectively. The 
larger Vbi can effectively facilitate the separation and migra-
tion of carriers in the device, which will be more condu-
cive to higher open circuit voltage [37]. However, this Vbi 
value is inconsistent with Table 2 which presents that the 
minimum and maximum Voc (0.9935 and 1.0709 V) cor-
responding to the Cs3Bi2I9/Cs2TiBr6 and MASnI3/Cs2TiBr6 
absorber layer PSCs, respectively. This is attributed to the 
overlarge band offset at the Ec and Ev interface of Cs3Bi2I9 
and Cs2TiBr6 which is adverse to the transport of charge 
carriers in Fig. 2b. Besides, this large band offset perchance 
brings about the probability of more carrier recombination. 
Consequently, overlarge band offset and inferior carrier 
transport can seriously affect the Voc and PCE of the device 
even if an ideal value of the Vbi in this device. As can be 
seen from Fig. 2c and d, two lesser band offsets of 0.32 and 
0.52 eV are bespoke at the Ec and Ev interface of MASnI3 
and Cs2TiBr6, respectively. The lesser band offset will be 
favorable for the better separation and transmission of charge 
carriers from the perovskite layer to the electrode. However, 
In Fig. 2d, the Cs3Bi2I9-MASnI3 junction eventuates the 
energy band upward bent. The upward bending of the energy 
band not only hinders the transmission of electrons from 
the Cs3Bi2I9 absorber layer to the MASnI3 absorber layer 
but also prompts more recombination of holes and electrons 
inside the Cs3Bi2I9 absorber layer and near the interface of 
Cs3Bi2I9/MASnI3. As a consequence, the reason for the Voc 
(1.0569 V) of the Cs3Bi2I9/MASnI3/Cs2TiBr6 absorber layer 
PSCs is marginally lower than that of the MASnI3/Cs2TiBr6 
absorber layer PSCs (1.0709 V) can be explained the Voc of 
the device is affected by the carrier recombination. Addition-
ally, it is worth mentioning that the three absorber layers of 
perovskite are more conducive to the transport and extrac-
tion of more holes from the valence band to the electrode 
and the hole quasi-Fermi energy level (Fp) is approach to 
the valence band, as depicted by the valence band curve 
in Fig. 2d. There is no doubt that the Jsc of the Cs3Bi2I9/

MASnI3/Cs2TiBr6 absorber layer PSCs can be prominently 
augmented. According to the above analysis, the PSCs con-
figuration with three absorber layers shows the best Jsc and 
PCE.

The physical perception about the device performance 
of the proposed PSCs configuration with different absorber 
layers is revealed. The calculated electric field distribu-
tion, generation rate diagram, recombination rate diagram, 
and the external quantum efficiency (EQE) curves of PSCs 
are drawn as given in Fig. 3a − d, respectively. As can be 
observed in Fig. 3a, the electric field at the interface of 
p-type MASnI3/n-type Cs2TiBr6 with Cs3Bi2I9/MASnI3/
Cs2TiBr6 absorber layer PSCs is slightly lower than MASnI3/
Cs2TiBr6 absorber layer PSCs, this meaning that the thick-
ness or doping of the absorber layer is still not adequately 
designed. Accordingly, more parameters need to be opti-
mized to elevate device performance as will be done here-
after. Additionally, the contrary electric field distribution 
direction appears at the Cs3Bi2I9/MASnI3 interface. The con-
trary electric field behavior undeservedly influences the car-
rier collection, which heightens the recombination trend near 
the interface of Cs3Bi2I9/MASnI3 and results in the Voc of the 
three absorber layer PSCs being slightly lower. This result 
can also be reflected in Fig. 3c. As presented by the genera-
tion rate-recombination rate diagrams in Fig. 3b and c, as 
observed highest carrier generation rate occurs at the surface 
or interface of the absorber layer in all device configurations 
(Fig. 3b). This may be interpreted as the presence of hetero-
junctions at the interface of the absorber layer. Moreover, the 
overall carrier generation rate of the MASnI3/Cs2TiBr6 and 
Cs3Bi2I9/MASnI3/Cs2TiBr6 absorber layer PSCs is higher 
than that of Cs3Bi2I9/Cs2TiBr6 absorber layer PSCs. This can 
be elucidated by the fact that the presence of MASnI3 with 
the smallest band gap and three absorber layers can absorb 
enough ultraviolet–visible light in both device architectures, 
implying the generation of higher carrier concentration and 
the Jsc and PCE sensibly improved. As can be observed in 
Fig. 3c, the low and even recombination rate occurs inside 
the MASnI3 and Cs2TiBr6 absorber layer. Nevertheless, 
the recombination losses significantly increase inside and 
near the top of the Cs3Bi2I9 absorber layer. This is mainly 
due to the overlarge band offset and the upward bending of 
the energy band at the interface of Cs3Bi2I9/Cs2TiBr6 and 
Cs3Bi2I9/MASnI3, respectively, as also illustrated in Fig. 2b 
and d. This also indicates that there are more defects inside 
and near the top of the Cs3Bi2I9 absorber layer. Therefore, 
the material parameters in the Cs3Bi2I9 absorber layer need 
to be additionally designed and optimized.

As depicted by the EQE response in Fig. 3d, the absorp-
tion spectrum of Cs3Bi2I9/Cs2TiBr6 absorber layer PSCs is 
around the wavelength of 770 nm. Nevertheless, in the case 
of the MASnI3/Cs2TiBr6 and Cs3Bi2I9/MASnI3/Cs2TiBr6 
absorber layer PSCs, the MASnI3 absorber layer with a low 

Table 2   Performance parameters of the devices with different 
absorber layers

Device structure Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

FTO/Cs3Bi2I9/Cs2TiBr6
  /Au

0.9935 12.4054 10.7956 1.3305

FTO/MASnI3/Cs2TiBr6
  /Au

1.0709 14.6741 58.0687 9.1251

FTO/Cs3Bi2I9/MASnI3
  /Cs2TiBr6/Au

1.0569 19.9235 70.6818 14.8834
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band gap broadens the absorbance spectrum to the near-
infrared wavelength range (around 870 nm), effectively 
facilitating the augmentation of photo generated electric and 
Jsc [31]. Additionally, it is worth noting that the Cs3Bi2I9/
MASnI3/Cs2TiBr6 absorber layer configuration exhibits 
the highest EQE in the visible light range compared to the 
Cs3Bi2I9/Cs2TiBr6 and MASnI3/Cs2TiBr6 absorber layer 
configuration. The EQE can be described by

where λ and Pin represent the total incident light power and 
light wavelength, respectively. It can be seen from Eq. (4) 
that the EQE in the visible light range is directly propor-
tional to Jsc. Therefore, the Cs3Bi2I9/MASnI3/Cs2TiBr6 three 
absorber layer configuration becomes efficient in terms of 
photon absorption. The Jsc and PCE of the three absorber 
layer PSCs can be enhanced remarkably.

3.2 � Three absorber layer PSCs with two different 
p‑p‑n and p‑n–n heterojunctions

In the PSC devices’ structure, different heterojunction 
structures will have specific effects on the spatial dis-
tribution and transmission of charge carriers [38]. Fig-
ure 4a and b depict the different device architecture dia-
grams of the proposed three absorber layer PSCs with 

(4)EQE = 1240 × Jsc∕� × Pin,

the p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 and 
p-type-Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 het-
erojunction structure, respectively. Combining the PSCs 
J − V curves with different heterojunction structures in 
Fig. 4c and the electric field diagrams in Fig. 4d, it can be 
observed clearly in Fig. 4a that the strongest electric field 
(E1) in the upward direction is generated at the interface 
of p-type-Cs3Bi2I9/p-type-MASnI3, which is owing to the 
existence of the concentration difference at the interface. 
Furthermore, an intense electric field (E2) in the downward 
direction is generated at the interface of p-type-MASnI3/n-
type-Cs2TiBr6 due to the presence of the p-n heterojunc-
tion. The electrons and holes in the device are separated 
and transported under the driving of the built-in electric 
field. The holes in Fig. 4a are transported from the n-type-
Cs2TiBr6 absorber layer down to the FTO electrode. In vir-
tue of the existence of E1 in the opposite direction of the 
hole transport, the transport and extraction of the hole are 
emasculated to a certain extent, thus impacting the Jsc of the 
devices. Nevertheless, in Fig. 4b, a weak electric field (E3) 
in the downward direction is generated at the interface of 
p-type-Cs3Bi2I9/n-type-MASnI3, and a weaker electric field 
(E4) in the upward direction is generated at the interface of 
n-type-MASnI3/n-type-Cs2TiBr6. Since the downward direc-
tion of E3 is slightly higher than the upward direction of 
E4, the remaining electric field in the downward direction 
will be more favorable for the transport and extraction of 

Fig. 3   Diagrams of PSCs internal physical parameters with different absorber layers, a electric field distributions, b generation rate diagrams, 
c recombination rate diagrams, and d external quantum efficiency curves
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the hole compared to Fig. 4a. Therefore, it can be perceived 
from the performance parameters of devices with different 
heterojunction structures in Table 3 that the PSCs of p-type-
Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 heterojunction 
structure has higher Jsc (22.3157 mA/cm2) than the value 
(19.9235 mA/cm2) from the PSCs of p-type-Cs3Bi2I9/p-type-
MASnI3/n-type-Cs2TiBr6 heterostructure. It is also worth 
noting that the Voc and FF of PSCs with p-type-Cs3Bi2I9/p-
type-MASnI3/n-type-Cs2TiBr6 heterostructure are higher 
than those of PSCs with p-type-Cs3Bi2I9/n-type-MASnI3/n-
type-Cs2TiBr6 heterostructure, which is perchance attrib-
uted to the diminution of series resistance and the strong 
electric field facilitates the separation of electrons and holes 
in the PSCs of the p-type-Cs3Bi2I9/p-type-MASnI3/n-type-
Cs2TiBr6 heterojunction structure, effectively downgrading 
the recombination loss of carriers.

The energy band curves of the proposed PSCs with differ-
ent heterojunction structures have been shown in Fig. 5a. In 
contrast with the energy band curve of the p-type-Cs3Bi2I9/p-
type-MASnI3/n-type-Cs2TiBr6 heterojunction PSCs, there is 
no upward bending of the energy band at the interface of 
the absorber layer of the PSCs with p-type-Cs3Bi2I9/n-type-
MASnI3/n-type-Cs2TiBr6 heterojunction structure. Conse-
quently, the recombination of the carrier at the interface of 
the absorber layer with p-type-Cs3Bi2I9/n-type-MASnI3/n-
type-Cs2TiBr6 heterojunction PSCs is lower, resulting in 
fewer defects. Both electrons and holes will be transported 
from the position with high energy values to the position 
with low energy values, which will be more conducive to 
the transport and extraction of carriers. This also demon-
strates again the high Jsc of PSCs with p-type-Cs3Bi2I9/n-
type-MASnI3/n-type-Cs2TiBr6 heterojunction structure. Fig-
ure 5b shows the variation curves of the carrier concentration 
values of PSCs with different heterojunction structures. We 
observe that there are hole and electron concentration dif-
ferences at the interfaces of p-type-Cs3Bi2I9/p-type-MASnI3 
and n-type-MASnI3/n-type-Cs2TiBr6, which is the reason 
for the presence of positive electric fields at the interface of 
these two absorber layers. Furthermore, it is worth mention-
ing that the concentration of the collective hole is higher 
than the electron concentration within both the p-type-
Cs3Bi2I9 and p-type-MASnI3 absorber layers. However, 
the overall electron concentration is higher than the hole 

Fig. 4   Device architecture diagrams of the three absorber layer PSCs with the a p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 and b p-type-
Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 heterojunction structure, respectively. c J − V curves and d electric field distributions of the different 
heterojunction PSCs

Table 3   Performance parameters of the devices with different hetero-
junction structures

Heterojunction structure Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

FTO/p-type-Cs3Bi2I9/p-
type-MASnI3/n-type-
Cs2TiBr6/Au

1.0569 19.9235 70.6818 14.8834

FTO/p-type-Cs3Bi2I9/n-
type-MASnI3/n-type-
Cs2TiBr6/Au

1.0373 22.3157 58.9315 13.6412
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concentration in the n-type-MASnI3 and n-type-Cs2TiBr6 
absorber layers. Correspondingly, the p-type perovskite 
absorber layer will be more favorable for the transmission 
of more electrons to the n-type perovskite absorber layer, 
and the n-type perovskite absorber layer will be more con-
ducive to the transport of more holes to the p-type perovs-
kite absorber layer. Accordingly, more holes and electrons 
are generated in the p-type and n-type perovskite absorber 
layers, respectively. As can be seen from the overall carrier 
concentration values in Fig. 5b, the p-type-Cs3Bi2I9/p-type-
MASnI3/n-type-Cs2TiBr6 heterojunction produces higher 
electron and hole concentrations compared to the p-type-
Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 heterojunction. 
Therefore, the high carrier concentration leads to high Voc in 
p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 heterojunc-
tion PSCs. From the recombination rate curves of the PSCs 
with different heterojunction structures in Fig. 5c, it can be 
observed that the recombination rate in the p-type-Cs3Bi2I9/
p-type-MASnI3/n-type-Cs2TiBr6 absorber layer is lower than 

that in the p-type-Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 
absorber layer. Additionally, in the carrier life time curves 
of PSCs with different heterojunction structures shown in 
Fig. 5d, the carrier life time is only meaningful for minority 
carriers. The minority carriers are electrons in p-type per-
ovskite semiconductors, and the minority carriers are holes 
in n-type perovskite semiconductors. Then it is evident that 
the carrier life time in the p-type MASnI3 absorber layer is 
higher than that in the n-type MASnI3 absorber layer, and the 
n-type-Cs2TiBr6 absorber layer in the p-type-Cs3Bi2I9/p-type-
MASnI3/n-type-Cs2TiBr6 heterojunction PSCs has a higher 
carrier life time compared to the p-type-Cs3Bi2I9/n-type-
MASnI3/n-type-Cs2TiBr6 heterojunction PSCs. Combined 
with the above analysis, as can be concluded that PSCs with 
p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 hetero-
junction structure have higher Voc, FF as well as PCE due to 
less carrier recombination and higher carrier life time inside 
the absorber layers. The following are further studies on the 
PSCs with p-p-n heterojunction structure.

Fig. 5   a Energy band diagrams, b carrier concentration distributions, c recombination rate curves, and d carrier life time curves of the different 
heterojunction PSCs
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3.3 � Three absorber layer PSCs with different double 
perovskite materials

The double perovskite materials of the proposed three 
absorber layer PSCs play a crucial role in transporting 
electrons from the perovskite layer to the metal electrode 
[39]. Since Cs3Bi2I9 and MASnI3 are already optimal tri-
ple perovskite absorber layer materials and single per-
ovskite absorber layer materials in our simulated three 
absorber layer PSCs. Accordingly, to simplify the content 
of our manuscript, the impact of utilizing various dou-
ble perovskite materials (Cs2TiBr6, Cs2TiF6, Cs2TiCl6, 
Cs2TiI6) on the photoelectric performance of the pro-
posed three absorber layer PSC is merely investigated 
in this section. The details of double perovskite materi-
als parameters used in our simulations were summarized 
from cognate literature as displayed in Table 4 [20, 36, 
39, 40]. The J − V curves and performance parameters of 
three absorber layer PSCs with various double perovskite 
materials are presented in Fig. 6a and Table 5, respec-
tively. The detections in Fig. 6a and Table 5 display the 
highest Jsc in the three absorber layer PSCs with dou-
ble Cs2TiBr6 materials. Combining the carrier life time 
curves and energy band alignment of PSCs with various 
double perovskite materials in Fig. 6b and c, respectively. 
It can be interpreted clearly that the highest carrier (hole) 
life time occurs in the Cs2TiBr6 absorber layer and more 
holes can be transported and extracted into the conduc-
tive substrate. Nevertheless, the maximum Voc and FF 
occur in the PSCs with double Cs2TiF6 materials, which 
is attributed to the ideal band alignment at the interface of 
p-type-MASnI3/n-type-Cs2TiF6 and lower carrier recom-
bination loss in the Cs2TiF6 and MASnI3 absorber layers 
from Fig. 6d. To sum up, the maximum Voc and FF give 
rise to the highest PCE of 16.1736% when the Cs2TiF6 
is regarded as the double perovskite material of the three 
absorber layer PSCs.

3.4 � Effect of Cs3Bi2I9/MASnI3/Cs2TiF6 absorber layer 
thicknesses on the performance of the three 
absorber layer PSCs

The thicknesses and photoelectric parameters of the 
absorber layer have become decisive factors affecting the 
performance of the PSCs [41]. We have devised seven 
combinations of the Cs3Bi2I9/MASnI3/Cs2TiF6 absorber 
layer thicknesses (noted from A to G) while maintaining 
the overall thickness of the three absorber layers invariant 
at 0.6 µm. Figure 7a and b and Table 6 display the perfor-
mance parameters of the device with different Cs3Bi2I9/
MASnI3/Cs2TiF6 absorber layer thicknesses. The exces-
sive absorber layer thickness may eventuate an evident 
increment in the carrier recombination and series resist-
ance, whereas the thin absorber layer thickness perchance 
induces less shunt resistance [42]. Among the simulated 
results with various three absorber layer thicknesses. We 
can observe case C (0.1/0.4/0.1 µm) in which the thick-
est MASnI3 absorber layer (400 nm) bespeaks the high-
est PCE of 21.4530% corresponds to an evident enhance-
ment compared to the PCE of case A (0.2/0.2/0.2 µm 
(16.1736%)). On the one hand, this enhancement in PCE 
is due to the increasing thickness of the MASnI3 absorber 
layer, which has the narrowest band gap (1.41 eV) and 
can hasten a wider range of photon absorption, thus more 
photogenerated carriers are generated. On the other hand, 
the Cs3Bi2I9 absorber layer can be comprehensively cov-
ered with the increasing of MASnI3 thickness, effectively 
eschewing the direct contact between the Cs2TiF6 absorber 
layer and the Cs3Bi2I9 absorber layer. Consequently, not 
only the series resistance is possibly reduced, but also the 
leakage is effectively avoided. However, when the thick-
ness of MASnI3 absorber layer is less than 0.4 µm, the 
Voc and Jsc shall gradually dilute with the increasing of 
the Cs3Bi2I9 or Cs2TiF6 absorber layer thickness. This is 
attributed to the excessive Cs3Bi2I9 or Cs2TiF6 absorber 

Table 4   Materials parameters of the double perovskite

Parameters Cs2TiBr6 Cs2TiF6 Cs2TiCl6 Cs2TiI6

Thickness (µm) 0.2 0.2 0.2 0.2
Relative permittivity εr 10 18 19 18
Electron affinity χ (eV) 4.47 4.3 4 4.2
Band gap Eg (eV) 1.6 1.9 2.23 1.8
Effective conduction band density Nc (cm−3) 1 × 1019 1 × 1019 1 × 1019 1 × 1019

Effective valence band density Nv (cm−3) 1 × 1019 1 × 1019 1 × 1019 1 × 1018

Electron mobility μn (cm2/(V⋅s)) 44 4.4 4.4 4.4
Hole mobility μp (cm2/(V⋅s)) 2.5 2.5 2.5 2.5
Acceptor density NA/cm−3 0 1 × 1019 1 × 1019 1 × 1019

Donor density ND/cm−3 1 × 1013 1 × 1019 1 × 1019 1 × 1019

Defect density Nt/cm−3 1 × 1014 1 × 1014 1 × 1014 1 × 1014
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layer thickness with a wide band gap eventuating more 
defects and carrier recombination losses inside and at the 
interface of the absorber layer, and the carriers need to be 
diffused over a longer distance before reaching the cor-
responding electrodes.

3.5 � Effect of Cs3Bi2I9 acceptor doping concentration 
on the performance of the three absorber layer 
PSCs

The doping concentration of the absorber layer has become a 
crucial factor for regulating the photoelectronic properties of 
PSCs, which directly affects the generation and transport of 
photogenerated carriers, hence involving the performance of 
the device [43, 44]. From a practical point of view, we took 

Cs3Bi2I9 acceptor doping concentration between E10 cm−3 
and E15 cm−3 to maintain the rationality of device param-
eters. The impacts of Cs3Bi2I9 acceptor doping concentration 
on J − V curves and energy band distributions are plotted in 
Fig. 8a and b, respectively. The performance parameters of 
three absorber layer PSCs with various Cs3Bi2I9 acceptor 
doping concentrations are displayed in Table 7. Figure 8a 
and Table 7 display that the Jsc and Voc improve smoothly 
with the Cs3Bi2I9 acceptor doping concentrations increases. 
The bending of the energy band increases in the Cs3Bi2I9 
absorber layer giving rise to the enhancement of Vbi, as seen 
in Fig. 8b, and the larger Vbi can effectively facilitate the 
separation and migration of carriers toward corresponding 
electrodes, thus making for a higher Voc. Additionally, this 
result can be interpreted from the electric field diagrams in 
Fig. 8c and d. It can be noticed definitely that the strong-
est electric field is generated at the interface of MASnI3/
Cs2TiF6 when the Cs3Bi2I9 acceptor doping concentration 
is increased to E15 cm−3, which facilitates the transport 
and extraction of carriers. The Jsc and FF are all improved 
marginally with the increased doping concentration of the 
Cs3Bi2I9 absorber layer, which can be elucidated by

(5)NA = 2��0∕(qW
2).

Fig. 6   a J − V curves, b carrier life time curves, c energy band diagrams and d recombination rate curves of the three absorber layer PSCs with 
various double perovskite materials

Table 5   Performance parameters of three absorber layer PSCs with 
various double perovskite materials

Parameters Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Cs2TiBr6 1.0569 19.9235 70.6818 14.8834
Cs2TiF6 1.1468 19.2192 73.3815 16.1736
Cs2TiCl6 1.0621 19.2255 66.2122 13.5203
Cs2TiI6 1.1118 19.4532 72.7802 15.7416
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In Eq. (5), W and NA represent depletion region width 
and acceptor doping concentration, respectively. With 
increased Cs3Bi2I9 acceptor doping concentration, the 
depletion layer width narrows as Cs3Bi2I9 acceptor dop-
ing concentration increases, lowering the impediment to 
majority carrier movement and thus improving the FF. In 
the case of Jsc, the collection of photogenerated carriers 
may be diminished with the increases in neutral region 
width, making for higher bulk recombination. In that 
way, the Jsc may be affected somewhat. Nevertheless, the 
Jsc shows a slow growth inclination. This is attributed to 
the increased Cs3Bi2I9 doping concentration resulting in 
the energy band bending of the Cs3Bi2I9 absorber layer 
in Fig. 8b, thus facilitating that the carriers can be effi-
ciently transported. Additionally, it can be also seen from 
the hole concentration and electron concentration curves 
in Fig. 8e and f that both hole concentration and electron 
concentration are all significantly increased in the Cs3Bi2I9 

absorber layer and Cs2TiF6 absorber layer, respectively, 
with the increasing of Cs3Bi2I9 acceptor doping concen-
trations. Then more electrons and holes can be efficiently 
transported and collected to the respective electrodes. 
Consequently, it can be concluded that when the dop-
ing concentration is extracted E15 cm−3 in the Cs3Bi2I9 
absorber layer shall yield 23.7982% high-performance 
photoelectric devices.

3.6 � Effect of MASnI3 acceptor doping concentration 
on the performance of the three absorber layer 
PSCs

Figure 9a and b depict the alterations in J − V curves and 
energy band distributions of the three absorber layer PSCs 
as a function of different acceptor doping concentrations 
(E14 cm−3 − E19 cm−3) in the MASnI3 absorber layer, 
respectively. The relevant performance parameters of PSCs 
are plotted in Table 8. As can be observed in Fig. 9a and 
Table 8, the Voc and FF improve continuously with increased 
doping concentrations of the MASnI3 absorber layer. This 
can be also interpreted by Eq. (5), the width of the deple-
tion layer in the MASnI3/Cs2TiF6 heterojunction narrows as 
MASnI3 acceptor doping concentration increases, lowering 
the impediment to majority carrier movement and thus the 
existence of majority carriers (holes) in the p-type MASnI3 
absorber layer heightening the FF. From energy band curves 
in Fig. 9b, when the doping concentration exceeds E16 cm−3 
in the MASnI3 absorber layer, two lesser band offsets in 
the conduction band and valence band at the interface of 
Cs3Bi2I9/ MASnI3 can be conducive to the improvement of 
Voc. Additionally, the stronger electric field at the interface 

Fig. 7   Effect of Cs3Bi2I9, MASnI3 and Cs2TiF6 absorber layer thicknesses variation on a Voc and Jsc, b FF and PCE of the three absorber layer 
PSCs

Table 6   Device performance parameters for the thicknesses of three 
absorber layers in cases A to G

Case thickness of 
Cs3Bi2I9/MASnI3/
Cs2TiF6 (µm)

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

A 0.2/0.2/0.2 1.1468 19.2192 73.3815 16.1736
B 0.4/0.1/0.1 1.1544 12.5742 74.1557 10.7642
C 0.1/0.4/0.1 1.1904 24.5295 73.4706 21.4530
D 0.1/0.1/0.4 1.1339 18.0953 70.9085 14.5492
E 0.3/0.15/0.15 1.1460 16.0215 73.6804 13.5283
F 0.15/0.3/0.15 1.1678 22.0727 73.2437 18.8801
G 0.15/0.15/0.3 1.1364 18.9724 73.1056 15.7618
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of Cs3Bi2I9/ MASnI3 and MASnI3/Cs2TiF6 when the doping 
concentration of MASnI3 absorber layer exceeds E17 cm−3, 
as displayed in Fig. 9c, further facilitating the separation and 
transport of carriers, and thereby enhancing the Voc of the 

device significantly. Nevertheless, the Jsc diminishes gradu-
ally as the doping concentration of the MASnI3 absorber 
layer increases, this is due to the collection of photogen-
erated carriers being impeded as the increases in neutral 

Fig. 8   Effect of Cs3Bi2I9 acceptor doping concentration variation on a J − V curves, b energy band diagrams, c and d electric field, e hole con-
centration and f electron concentration curves of the three absorber layer PSCs
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region width under the high doping concentration, induc-
ing a gradual increase in bulk recombination. As can be 
seen obviously from the current density curves of the car-
riers in Fig. 9d, the hole current density is also diminished 
gradually as the MASnI3 absorber layer doping concentra-
tion increases, which directly affects the Jsc of the device. 
Therefore, the excessively high doping concentration of 
the MASnI3 absorber layer should not be selected. Over-
all, based on the above analysis, the high PCE of 25.0713% 
can be successfully obtained when dominating the MASnI3 
absorber layer doping concentration at about E18 cm−3.

3.7 � Effect of Cs2TiF6 donor doping concentration 
on the performance of the three absorber layer 
PSCs

The donor doping concentration is also a momentous 
parameter, which directly impacts the photoelectric per-
formance of the device. Therefore, an exploration of the 
impact of the Cs2TiF6 donor doping concentration on the 
performance of the three absorber layer PSCs was con-
ducted. Figure 10a and Table 9 present the J–V curves 
and performance parameters of the three absorber layer 
PSCs as a function of the donor doping concentration 
of the Cs2TiF6 absorber layer variations from E19 cm−3 
to 3.5E19 cm−3. The Voc, FF, and PCE improve with the 
increases of Cs2TiF6 doping concentration from E19 
cm−3 to 1.5E19 cm−3 and then decline marginally as the 
Cs2TiF6 absorber layer doping concentration increases 
from 1.5E19 cm−3 to 3.5E19 cm−3. However, the Jsc 
changes barely with the increasing doping concentra-
tion of the Cs2TiF6 absorber layer. The PCE reaches 
the maximum when the Cs2TiF6 absorber layer doping 
concentration is 1.5E19 cm−3. From the carrier con-
centration curves (Fig. 10b) and electric field distribu-
tion (Fig. 10c), respectively, it can be visibly seen that 
the electron concentration inside the Cs2TiF6 absorber 

Table 7   Performance parameters of three absorber layer PSCs with 
various Cs3Bi2I9 acceptor doping concentrations

Cs3Bi2I9 doping 
concentration (cm−3)

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

E10 1.1596 24.5276 73.3815 20.6603
E11 1.1904 24.5295 73.4706 21.4530
E12 1.2271 24.5357 75.3780 22.6952
E13 1.2380 24.5580 77.1516 23.4560
E14 1.2395 24.6131 77.6182 23.6789
E15 1.2397 24.7322 77.6191 23.7982

Fig. 9   Effect of MASnI3 acceptor doping concentration variation on a J − V curves, b energy band diagrams, c electric field and d carriers’ cur-
rent density curves of the three absorber layer PSCs
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layer and the electric field strength at the interface of 
MASnI3/Cs2TiF6 all increase gradually with the increase 
of Cs2TiF6 doping concentration. Additionally, there are 
fewer carriers’ recombination when the doping concentra-
tion of the Cs2TiF6 absorber layer surpasses E19 cm−3 (as 
shown in Fig. 10d). Accordingly, fewer carriers will be 
trapped by the defect, and more carriers will be efficiently 
separated and transported to the corresponding electrode. 
In summary analysis, it can be determined explicitly that 
a moderate donor doping concentration (1.5E19 cm−3) in 
the Cs2TiF6 absorber layer will yield 28.6193% optimal-
performance PSCs devices.

4 � Conclusions

A numerical simulation investigation on the novel design 
of CTLs-free inverted PSCs with triple Cs3Bi2I9/sin-
gle MASnI3/double Cs2TiBr6 absorber layers has been 
unfolded in this work to pick the optimal conditions by 
employing wxAMPS software. The simulation demon-
strates that the three absorber layer architecture of PSCs 
is more conducive to the transport and extraction of 
more holes from the valence band to the electrode and 
has better photoelectric characteristics than that of the 
two absorber layers architecture of PSCs, and the higher 
PCE (14.8834%) of the simulated device with Cs3Bi2I9/
MASnI3/Cs2TiBr6 heterojunction has been obtained. 
Meanwhile, the simulation results illuminate that the 
electrical and photophysical properties of the device with 
p-type-Cs3Bi2I9/p-type-MASnI3/n-type-Cs2TiBr6 hetero-
junction architecture (p-p-n) is superior to the one with 
p-type-Cs3Bi2I9/n-type-MASnI3/n-type-Cs2TiBr6 hetero-
junction architecture (p-n–n) due to less carrier recom-
bination and higher carrier life time inside the absorber 
layers. The oxidation of Sn2+ in MASnI3 materials will 
result in p-type doping of the MASnI3 layer. Therefore, 
we also believe that the p-type MASnI3 is generally caused 
by the quantitative oxidation of Sn2+ may have a posi-
tive impact on devices of Sn-based perovskites under our 

Table 8   Performance parameters of three absorber layer PSCs with 
various MASnI3 acceptor doping concentrations

MASnI3 doping con-
centration (cm−3)

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

E14 1.2246 27.7240 65.0079 22.0709
E15 1.2246 27.2014 66.2816 22.0792
E16 1.2250 25.2849 72.7471 22.5332
E17 1.2397 24.7322 77.6191 23.7982
E18 1.2793 24.4813 80.0519 25.0713
E19 1.3037 22.9641 81.4962 24.3981

Fig. 10   Effect of Cs2TiF6 donor doping concentration variation on a J − V curves, b carrier concentration distributions, c electric field, and 
d recombination rate curves of the three absorber layer PSCs
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device structure (p-p-n). Additionally, after optimizing the 
parameters of each absorber layer, we obtained the larger 
Voc and FF give rise to the better PCE of 16.1736% when 
the Cs2TiF6 is regarded as the double perovskite material 
of the three absorber layer PSCs. Varying the thickness of 
each absorber layer, it was revealed that the thicknesses 
of absorber layers have a remarkable influence on the Jsc 
of the device, and the thicker MASnI3 absorber layer can 
obtain an excellent PCE of 21.4530%. Lastly, the highest-
performance (28.6193%) photoelectric devices can be 
created with the optimized doping density of around E15 
cm3, E18 cm3, and 1.5E19 cm3 in the Cs3Bi2I9 absorber 
layer, MASnI3 absorber layer, and Cs2TiBr6 absorber layer, 
respectively. This work not only simplifies the fabrication 
process of the devices but also allows us to better under-
stand the spatial distribution of internal carriers and charge 
transport mechanism of the different structure devices. 
What's more, this work will also tender theoretical guid-
ance for the large-scale fabrication of high-performance 
CTLs-free inverted PSCs with multi-absorber layers.

Acknowledgements  This work was supported by the National Key 
R&D Program of China (Grant No. 2018YFA0704300) and the 
Natural Science Foundation of Jiangsu Province of China (Grant No. 
BK20201285). The authors are grateful to Dr. Yiming Liu, Prof. Angus 
Rockett of University of Illinois and Prof. S Fonash of the Pennsylva-
nia State University for providing the wxAMPS program used in the 
simulations.

Authors’ contributions  GL: Conceptualization, Methodology, Formal 
analysis and investigation, Writing—original draft preparation. MX: 
Writing—Review & Editing, Supervision, Funding acquisition. ZC: 
Writing—Review & Editing. All authors read and approved the final 
manuscript.

Availability of data and materials  The data that support the findings of 
this study are available from the corresponding author, upon reason-
able request.

Declarations 

Competing interests  The authors declare that they have no competing 
interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Urbani, M., Torre, G.D.L., Nazeeruddin, M.K., Torres, T.: Phth-
alocyanines and porphyrinoid analogues as hole- and electron-
transporting materials for perovskite solar cells. Chem. Soc. Rev. 
48(10), 2738–2766 (2019)

	 2.	 Brenner, T.M., Egger, D.A., Kronik, L., Hodes, G., Cahen, D.: 
Hybrid organic—inorganic perovskites: low-cost semiconductors 
with intriguing charge-transport properties. Nat. Rev. Mater. 1(1), 
15007 (2016)

	 3.	 Ke, W., Mao, L., Stoumpos, C.C., Hoffman, J., Spanopoulos, 
I., Mohite, A.D., Kanatzidis, M.C.: Compositional and solvent 
engineering in Dion–Jacobson 2D perovskites boosts solar cell 
efficiency and stability. Adv. Energy Mater. 9(10), 1803384 (2019)

	 4.	 Zhu, C., Niu, X., Fu, Y., Li, N., Hu, C., Chen, Y., He, X., Na, G., 
Liu, P., Zai, H., Ge, Y., Lu, Y., Ke, X., Bai, Y., Yang, S., Chen, P., 
Li, Y., Sui, M., Zhang, L., Zhou, H., Chen, Q.: Strain engineering 
in perovskite solar cells and its impacts on carrier dynamics. Nat. 
Commun. 10(1), 815 (2019)

	 5.	 Fang, H., Raissa, R., Abdu-Aguye, M., Adjokatse, S., Blake, G.R., 
Even, J., Loi, M.A.: Photophysics of organic-inorganic hybrid 
lead iodide perovskite single crystals. Adv. Funct. Mater. 25(16), 
2378–2385 (2015)

	 6.	 Kojima, A., Teshima, K., Shirai, Y., Miyasaka, T.: Organometal 
halide perovskites as visible-light sensitizers for photovoltaic 
cells. J. Am. Chem. Soc. 131(17), 6050–6051 (2009)

	 7.	 Sajid, S., Huang, H., Ji, J., Jiang, H., Duan, M., Liu, X., Liu, B., 
Li, M.: Quest for robust electron transporting materials towards 
efficient, hysteresis-free and stable perovskite solar cells. Renew. 
Sustain. Energy Rev. 152, 111689 (2021)

	 8.	 Liu, C.M., Chen, J.L., Gao, P.: Enhanced perovskite photovoltaics 
with non-conjugated polymers: recent developments and future 
prospects. ACS Appl. Polym. Mater. 6(7), 3573–3610 (2024)

	 9.	 Zhao, Y., Ma, F., Qu, Z., Yu, S., Shen, T., Deng, H.X., Chu, X., 
Peng, X., Yuan, Y., Zhang, X., You, J.: Inactive (PbI2)2RbCl sta-
bilizes perovskite films for efficient solar cells. Science 377(6605), 
531–534 (2022)

	10.	 Zhao, X., Yang, D., Sun, Y., Li, T., Zhang, L., Yu, L., Zunger, 
A.: Cu-In halide perovskite solar absorbers. J. Am. Chem. Soc. 
139(19), 6718–6725 (2017)

	11.	 Jayan, K.D., Sebastian, V.: Comprehensive device modelling and 
performance analysis of MASnI3 based perovskite solar cells with 
diverse ETM, HTM and back metal contacts. Sol. Energy 217, 
40–48 (2021)

	12.	 Lazemi, M., Asgharizadeh, S., Bellucci, S.: A computational 
approach to interface engineering of lead-free CH3NH3SnI3 
highly-efficient perovskite solar cells. Phys. Chem. Chem. Phys. 
20(40), 25683–25692 (2018)

Table 9   Performance parameters of three absorber layer PSCs with 
various Cs2TiBr6 donor doping concentrations

Cs2TiBr6 doping 
concentration (cm−3)

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

1E19 1.2793 24.4813 80.0519 25.0713
1.5E19 1.3012 24.4844 89.8337 28.6193
2E19 1.3011 24.4844 89.7787 28.6008
2.5E19 1.3011 24.4845 89.7292 28.5842
3E19 1.3010 24.4846 89.6886 28.5705
3.5E19 1.3010 24.4846 89.6508 28.5577

http://creativecommons.org/licenses/by/4.0/


	 Frontiers of Optoelectronics           (2024) 17:18    18   Page 16 of 17

	13.	 Song, T.B., Yokoyama, T., Aramaki, S., Kanatzidis, M.G.: Perfor-
mance enhancement of lead-free tin-based perovskite solar cells 
with reducing atmosphere-assisted dispersible additive. ACS 
Energy Lett. 2(4), 897–903 (2017)

	14.	 Song, T.B., Yokoyama, T., Logsdon, J., Wasielewski, M.R., Ara-
maki, S., Kanatzidis, M.G.: Piperazine suppresses self-doping 
in CsSnI3 perovskite solar cells. ACS Appl. Energy Mater. 1(8), 
4221–4226 (2018)

	15.	 Farhadi, B., Ciprian, M., Zabihi, F., Liu, A.: Influence of contact 
electrode and light power on the efficiency of tandem perovskite 
solar cell: numerical simulation. Sol. Energy 226, 161–172 (2021)

	16.	 Abedini-Ahangarkola, H., Soleimani-Amiri, S., Rudi, S.G.: Mod-
eling and numerical simulation of high efficiency perovskite solar 
cell with three active layers. Sol. Energy. 236, 724–732 (2022)

	17.	 Haque, M.M., Mahjabin, S., Khan, S., Hossain, M.I., Muhammad, 
G., Shahiduzzaman, M., Sopian, K., Akhtaruzzaman, M.: Study 
on the interface defects of eco-friendly perovskite solar cells. Sol. 
Energy 247, 96–108 (2022)

	18.	 Islam, M.T., Jani, M.R., Shorowordi, K.M., Hoque, Z., Gokcek, 
A.M., Vattipally, V., Nishat, S.S., Ahmed, S.: Numerical simu-
lation studies of Cs3Bi2I9 perovskite solar device with optimal 
selection of electron and hole transport layers. Optik (Stuttg.) 231, 
166417 (2021)

	19.	 Mercy, P.A.M., Wilson, K.S.J.: Design of an innovative high-per-
formance lead-free and eco-friendly perovskite solar cell. Appl. 
Nanosci. 13(5), 3289–3300 (2023)

	20.	 Moiz, S.A., Albadwani, S.A., Alshaikh, M.S.: Towards highly 
efficient cesium titanium halide based lead-free double perovs-
kites solar cell by optimizing the interface layers. Nanomaterials 
(Basel) 12(19), 3435 (2022)

	21.	 Zhang, L., Chen, S., Wang, X., Wang, D., Li, Y., Ai, Q., Sun, 
X., Chen, J., Li, Y., Jiang, X., Yang, S., Xu, B.: Ambient inkjet-
printed high-efficiency perovskite solar cells: manipulating the 
spreading and crystallization behaviors of picoliter perovskite 
droplets. SOL RRL. 5(5), 2100106 (2021)

	22.	 Yang, B., Wang, M., Hu, X., Zhou, T., Zang, Z.: Highly efficient 
semitransparent CsPbIBr2 perovskite solar cells via low-tempera-
ture processed In2S3 as electron-transport-layer. Nano Energy 57, 
718–727 (2019)

	23.	 Mahmood, K., Swain, B.S., Amassian, A.: Double-layered ZnO 
nanostructures for efficient perovskite solar cells. Nanoscale 6(24), 
14674–14678 (2014)

	24.	 Mohamad Noh, M.F., Arzaee, N.A., Safaei, J., Mohamed, N.A., 
Kim, H.P., Mohd Yusoff, A.R., Jang, J., Mat Teridi, M.A.: Eliminat-
ing oxygen vacancies in SnO2 films via aerosol-assisted chemical 
vapour deposition for perovskite solar cells and photoelectrochemi-
cal cells. J. Alloys Compd. 773, 997–1008 (2019)

	25.	 Petrus, M.L., Music, A., Closs, A.C., Bijleveld, J.C., Sirtl, M.T., 
Hu, Y., Dingemans, T.J., Bein, T., Docampo, P.: Design rules for 
the preparation of low-cost hole transporting materials for perovs-
kite solar cells with moisture barrier properties. J. Mater. Chem. A 
Mater. Energy Sustain. 5(48), 25200–25210 (2017)

	26.	 Neophytou, M., Griffiths, J., Fraser, J., Kirkus, M., Chen, H., 
Nielsen, C.B., McCulloch, I.: High mobility, hole transport materi-
als for highly efficient pedot:pss replacement in inverted perovskite 
solar cells. J. Mater. Chem. C Mater. Opt. Electron. Devices. 5(20), 
4940–4945 (2017)

	27.	 Hao, L., Li, T., Ma, X., Wu, J., Qiao, L., Wu, X., Hou, G., Pei, 
H., Wang, X., Zhang, X.: A tin-based perovskite solar cell with an 
inverted hole-free transport layer to achieve high energy conversion 
efficiency by SCAPS device simulation. Opt. Quantum Electron. 
53(9), 524 (2021)

	28.	 Zheng, J., Hu, L., Yun, J.S., Zhang, M., Lau, C.F.J., Bing, J., Deng, 
X., Ma, Q., Cho, Y., Fu, W., Chen, C., Green, M.A., Huang, S., 
Ho-Baillie, A.W.Y.: Solution-processed, silver-doped NiOx as hole 
transporting layer for high-efficiency inverted perovskite solar cells. 
ACS Appl. Energy Mater. 1(2), 561–570 (2018)

	29.	 Lakhdar, N., Hima, A.: Electron transport material effect on perfor-
mance of perovskite solar cells based on CH3NH3GeI3. Opt. Mater. 
99, 109517 (2020)

	30.	 Liu, Y., Sun, Y., Rockett, A.: A new simulation software of solar 
cells—wxAMPS. Sol Energ Mat Sol C. 98, 124–128 (2012)

	31.	 Duan, Q., Ji, J., Hong, X., Fu, Y., Wang, Z.Y., Zhou, K., Liu, X., 
Yang, H., Wang, Z.Y.: Design of hole-transport-material free 
CH3NH3PbI3/CsSnI3 all-perovskite heterojunction efficient solar 
cells by device simulation. Sol. Energy 201, 555–560 (2020)

	32.	 Tewari, N., Shivarudraiah, S.B., Halpert, J.E.: Photorechargeable 
lead-free perovskite lithium-ion batteries using hexagonal Cs3Bi2I9 
nanosheets. Nano Lett. 21(13), 5578–5585 (2021)

	33.	 Lü, X., Wang, Y., Stoumpos, C.C., Hu, Q., Guo, X., Chen, H., 
Yang, L., Smith, J.S., Yang, W., Zhao, Y., Xu, H., Kanatzidis, M.G., 
Jia, Q.: Enhanced structural stability and photo responsiveness of 
CH3NH3SnI3 perovskite via pressure-induced amorphization and 
recrystallization. Adv. Mater. 28(39), 8663–8668 (2016)

	34.	 Jayan, K.D.: Bandgap tuning and input parameter optimization for 
lead-free all-inorganic single, double, and ternary perovskite-based 
solar cells. SOL RRL. 6(4), 2100971 (2022)

	35.	 Hao, L., Wu, J.: Replacing the electron-hole transport layer by dop-
ing: optimization of tin-based perovskite solar cells from a simula-
tion perspective. Ecs J Solid State Sc. 10(10), 105002 (2021)

	36.	 Moiz, S.A., Alahmadi, A.N.M.: Design of dopant and lead-free 
novel perovskite solar cell for 16.85% efficiency. Polymers (Basel) 
13(13), 2110 (2021)

	37.	 Cao, R.N., Xu, F., Zhu, J.B., Ge, S., Wang, W.Z., Xu, H.T., Xu, R., 
Wu, Y.L., Ma, Z.Q., Hong, F., Jiang, Z.M.: Temperature-dependent 
time response characteristic of photovoltaic performance in planar 
heterojunction perovskite solar cell. Acta Phys. Sin. 65(18), 188801 
(2016)

	38.	 Chen, W., Li, D., Chen, S., Liu, S., Shen, Y., Zeng, G., Zhu, X., 
Zhou, E., Jiang, L., Li, Y., Li, Y.: Spatial distribution recast for 
organic bulk heterojunctions for high-performance all-inorganic 
perovskite/organic integrated solar cells. Adv. Energy Mater. 10(35), 
2000851 (2020)

	39.	 Mamta, Maurya, K.K., Singh, V.N.: Sb2Se3 as an HTL for Mo/
Sb2Se3/Cs2TiF6/TiO2 solar structure: performance evaluation with 
SCAPS-1D. Heliyon 8(10), e10925 (2022)

	40.	 Chakraborty, K., Choudhury, M.G., Paul, S.: Numerical study of 
Cs2TiX6 (X = Br-, I-, F- and Cl-) based perovskite solar cell using 
SCAPS-1D device simulation. Sol. Energy 194, 886–892 (2019)

	41.	 Haider, S.Z., Anwar, H., Wang, M.: A comprehensive device mod-
elling of perovskite solar cell with inorganic copper iodide as hole 
transport material. Semicond. Sci. Technol. 33(3), 035001 (2018)

	42.	 Pindolia, G., Shinde, S.M., Jha, P.K.: Optimization of an inorganic 
lead free RbGeI3 based perovskite solar cell by SCAPS-1D simula-
tion. Sol. Energy 236, 802–821 (2022)

	43.	 Du, H., Wang, W., Zhu, J.: Device simulation of lead-free 
CH3NH3SnI3 perovskite solar cells with high efficiency. Chin. Phys. 
B 25(10), 108802 (2016)

	44.	 Bag, A., Radhakrishnan, R., Nekovei, R., Jeyakumar, R.: Effect of 
absorber layer, hole transport layer thicknesses, and its doping den-
sity on the performance of perovskite solar cells by device simula-
tion. Sol. Energy 196, 177–182 (2020)



Frontiers of Optoelectronics           (2024) 17:18 	 Page 17 of 17     18 

Guangdong Li   Guangdong Li 
received his M.S. degree in the 
Institute of Electronics Science 
and Technology in 2021 from 
Beijing Information Science 
and Technology University, 
China. He is currently working 
toward the Ph.D. degree in the 
School of Physics at Southeast 
University, China. His research 
interests are mainly on lead-
free perovskite solar cells, and 
low-dimensional materials. 

Mingxiang Xu  Mingxiang Xu 
received the Ph.D. degree from 
Zhejiang University, China, in 
1999. He is currently a Profes-
sor with Southeast University, 
China. His research interests 
include perovskite solar cells 
and optoelectronic materials.

Zhong Chen  Zhong Chen 
received his Ph.D. degree in 
the School of Physics in 2023 
from Southeast University, 
China. He currently teaches at 
Chizhou University, China. His 
research focuses on thermoe-
lectric materials.


	Design and simulation investigations on charge transport layers-free in lead-free three absorber layer all-perovskite solar cells
	Abstract
	1 Introduction
	2 Simulation methodology and device configuration
	3 Results and discussion
	3.1 Comparison of Cs3Bi2I9Cs2TiBr6, MASnI3Cs2TiBr6 and Cs3Bi2I9 MASnI3Cs2TiBr6 active layer PSCs
	3.2 Three absorber layer PSCs with two different p-p-n and p-n–n heterojunctions
	3.3 Three absorber layer PSCs with different double perovskite materials
	3.4 Effect of Cs3Bi2I9MASnI3Cs2TiF6 absorber layer thicknesses on the performance of the three absorber layer PSCs
	3.5 Effect of Cs3Bi2I9 acceptor doping concentration on the performance of the three absorber layer PSCs
	3.6 Effect of MASnI3 acceptor doping concentration on the performance of the three absorber layer PSCs
	3.7 Effect of Cs2TiF6 donor doping concentration on the performance of the three absorber layer PSCs

	4 Conclusions
	Acknowledgements 
	References


