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ABSTRACT

Layered  quasi-two-dimensional  (quasi-2D)/2D  perovskites  have  attracted
enormous interest in photovoltaics owing to their promising optical properties
and superior long-term structural stability. This study presents a novel design
of  perovskite  solar  cells  (PSCs)  with  a  quasi-2D/2D  bilayer  configuration
(FTO/NiO/(BA)2MASn2I7/NH3(CH2)2NH3MnCl4/BiI3/Au), which was numeri-
cally  investigated  using  the  wxAMPS  simulator  for  the  first  time.  Wherein,
the  quasi-2D  (BA)2MASn2I7 with  an  organic  spacer,  serving  as  the  light
harvester,  exhibits  appealing  stability  and  carrier  mobility,  while  the 2D
NH3(CH2)2NH3MnCl4 acts  as  a  capping  layer  that  mitigates  the  degradation
of the underlying quasi-2D perovskite. The simulation results reveal that the
quasi-2D/2D  structure  can  facilitate  the  efficient  diffusion  and  transport  of
charge carriers to the corresponding electrodes and suppress the defect state
density and carrier recombination, benefiting from the gently stepped energy
band structure.  Additionally,  this  study analyzes  the  effects  of  the  thickness
of each absorber layer, the doping concentration of the NH3(CH2)2NH3MnCl4
layer,  and  the  interfacial  layer  materials  on  the  performance  parameters  of
PSCs. We found that the thickness of (BA)2MASn2I7 has a positive impact on
the short-circuit current density (Jsc) and fill factor (FF) of the device, whereas
the thickness of NH3(CH2)2NH3MnCl4 significantly degrades the photoelectric
parameters  of  the  solar  cells.  A  moderate  doping  concentration  (3.2 × 1014
cm–3) in the NH3(CH2)2NH3MnCl4 layer can effectively reduce carrier recom-
bination  within  the  PSCs.  Finally,  the  optimal-performance  PSCs  based  on
the  quasi-2D/2D  structure  achieve  a  power  conversion  efficiency  (PCE)  of
30.09% when using an In2(O, S)3 interfacial layer, which yields a lower series
resistance  (Rs).  This  work  provides  a  novel  strategy  for  realizing  PSCs  with
both high photovoltaic performance and excellent stability.
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 1   Introduction

The  organometal  halide  bulk  three-dimensional  (3D)
perovskite solar cells (PSCs) have garnered considerable
attention  in  the  photovoltaic  community  over  the  last

decade, owing to their notable optoelectronic properties,
including a high extinction coefficient,  facile  fabrication
processability,  and  rapidly  growing  power  conversion
efficiency  (PCE)  [1–5].  The  single-junction  bulk  PSCs
have achieved a record PCE, increasing from the original
3.8%  to  over  26%  [6–10].  However,  the  poor  stability
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and photochemical  reactions  of  3D perovskite  materials
give rise to rapid degradation, which has been a barrier
to  the  prospect  of  commercialization  [11].  Hence,  to
overcome  this  drawback,  researchers  have  already
focused  on  various  experimental  and theoretical  studies
to  improve  the  stability  of  PSCs,  yielding  promising
results,  such  as  perovskite  composition  engineering,
interfacial  regulation,  defect  passivation,  and  the
processing  of  additives,  among  others  [12–15].  Inspired
by the aforementioned research tactics,  low-dimensional
quasi-two-dimensional  (quasi-2D)  or  two-dimensional
(2D) perovskites,  protected by periodic  organic  ligands,
not only exhibit facile film surface formation and solvable
processing but also display excellent optoelectronic prop-
erties  and  superior  chemical  and  thermal  stability
[16–18].  They have  been used as  absorber  layers  in  the
preparation of PSCs. This is attributed to the fact that
hydrophobic  long-chain  organic  cations  can  be  incorpo-
rated by quasi-2D or 2D perovskites, effectively preventing
the  permeation  of  moisture  in  the  perovskite  lattice
[19–21].  In  addition,  the  optical  properties  of  2D
perovskites have also received numerous research focuses
thanks to the strong quantum and dielectric confinement
effects  [22].  In  2014,  the  (PEA)2(MA)2Pb3I10 quasi-2D
PSCs were first reported by Karunadasa et al. [23] with
a  PCE  of  4.73%.  Zuo et  al. [24]  presented  the  simple
drop-casting  method  for  preparing  hybrid  perovskite
films  comprising  both  quasi-2D  and  quasi-3D  phases,
and an enhanced PCE of  16.0% was  achieved using  an
iso-butylammonium-based quasi-2D/3D perovskite  layer
in  2020.  Hailegnaw et  al. [25]  reported  quasi-2D  p-i-n
PSCs  incorporating  alpha-methylbenzyl  ammonium
iodide (MBAI) cations,  which achieved a certified PCE
in the range of 15% and demonstrated outstanding oper-
ational  stability  in  2023.  Additionally,  in  2019,  Zuo
et  al. [26]  prepared  uniform  and  highly  oriented  2D-
perovskite films using the drop-casting method, yielding
PSCs with a PCE of up to 14.9%. Yan et al. [27] fabricated
a photodetector based on Ruddlesden-Popper perovskite
microwires photodetector possessed a wider photoresponse
range and higher responsivities of 233 A/W in the visible
band  and  30  A/W  in  the  near-infrared  band  in  2023.
Zhang et  al. [28]  demonstrated ultrastable  and efficient
2D Dion–Jacobson (DJ) PSCs and achieved a maximum
stabilized PCE of 19.11% under an environmental atmo-
sphere in 2024. Nevertheless, most of the reported PCE
of single junction quasi-2D and 2D PSCs hardly exceed
20%. This is attributed to the fact that most perovskites
with  a  monolayer  quasi-2D  or  2D  crystal  structure
cannot be sufficiently absorbed by different wavelengths
of  light,  which  hinders  charge  transport  due  to  the
heterogeneous distribution of spacer layers with organic
cations  [29].  Therefore,  it  is  a  momentous  frontier  field
to explore a novel approach to improve the photoelectric
performance of quasi-2D and 2D PSCs while maintaining
stability.  In  2025,  Banerjee et  al. [30]  constructed  2D
(A43)2PbI4 (A43:  (CF3)3CO(CH2)3NH3

+)/quasi-2D

(A43)2MAPb2I7 heterojunction perovskites and achieved
a  high-efficiency  device  with  32%  efficiency  through
theoretical calculations. However, such perovskite layers
still  contain  toxic  lead  elements,  which  pose  a  serious
threat to the environment.

Excitingly,  the  quasi-2D  perovskite  (BA)2MASn2I7
((C4H9NH3)2CH3NH3Sn2I7)  can  exhibit  high  carrier
mobility  and  non-toxic  characteristic,  thus  it  may  be
possible  to  improve  the  charge  carriers  transport  and
optoelectronic  properties  in  the  PSCs  [31].  To  our
knowledge,  few  review  articles  can  be  identified  on
(BA)2MASn2I7 by  reason  of  complex  calculations  in
photovoltaic  devices  [32].  Therefore,  it  is  much
significative  and  necessary  to  research  the  effect  of  the
(BA)2MASn2I7 material  on  the  photoelectric  properties
of  PSCs.  Moreover,  the  intermediate  dimension-based
perovskites  with  dissimilar  layered  quasi-2D  or  2D
perovskites  with  other  layered  perovskite  materials
incorporate  distinct  heterostructures  that  appear  to
display unique optical and optoelectronic properties [32].
Nevertheless, there are few reports regarding the excellent
photoelectric properties of intermediate dimension-based
dual  layered  quasi-2D/2D  perovskites  for  photovoltaic,
focusing on 2D/3D perovskites or 2D/3D/2D perovskites
or without including the latest results. Additionally, the
2D  NH3(CH2)2NH3MnCl4 has  also  high  resistivity  to
moisture and eco-friendliness, and behaves as a capping
layer  that  mitigates  the  degradation  of  the  underlying
quasi-2D  perovskite  in  the  quasi-2D/2D  perovskite
structure  [33].  Consequently,  the  quasi-2D/2D
perovskites  ((BA)2MASn2I7/NH3(CH2)2NH3MnCl4)  are
regarded  as  a  possible  option  to  improve  the  stability
and performance of the photovoltaic device.

In this  work,  the new structural  quasi-2D/2D bilayer
PSC  (FTO/NiO/(BA)2MASn2I7/NH3(CH2)2NH3MnCl4/
BiI3/Au) was numerically calculated and reported. Since
(BA)2MASn2I7 and  NH3(CH2)2NH3MnCl4 have  similar
layered  perovskite  structure,  the  NH3(CH2)2NH3MnCl4
as a capping layer growing on (BA)2MASn2I7 passivates
the grain boundaries of (BA)2MASn2I7 perovskite, which
is likely to derive high quality films with minor defects.
The simulation revealed that the quasi-2D/2D structure
can facilitate the efficient diffusion motion and transmis-
sion  of  charge  carriers  to  the  corresponding  electrode.
Moreover, the effects of the thickness parameters of each
absorber  layer,  the  doping  concentration  of  the
NH3(CH2)2NH3MnCl4 layer,  and  the  interfacial  layer
materials  on  the  photoelectric  characteristics  of  PSCs
are  analyzed  and  compared  by  numerical  simulation.
The  results  display  the  optimal-performance  (30.09%)
for the PSCs with the quasi-2D/2D structure.

 2   Simulated device configurations

To contrast and investigate the effects of different device
configurations  on  the  photoelectric  characteristic  of
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PSCs,  the  numerical  modeling  has  been  carried  out
through employing wxAMPS simulator under the illumi-
nation condition of AM 1.5G solar spectrum and operating
temperature of 300 K. The three device architectures are
depicted  in Figs.  1(a–c),  respectively,  FTO/NiO/
NH3(CH2)2NH3MnCl4/BiI3/Au  (Device1),  FTO/NiO/
(BA)2MASn2I7/BiI3/Au  (Device2)  and  FTO/NiO/
(BA) 2MASn 2 I 7/NH 3 (CH 2 ) 2NH 3MnCl 4/Bi I 3/Au
(Device3).  The  tunneling  effect  was  considered  in  the
wxAMPS  model  by  setting  trap-assisted  tunneling
models and intra-band tunneling. The wxAMPS software
can simulate that when the active material of perovskite
solar  cells  is  exposed  to  light,  the  photons  with  energy
greater than the material’s band gap will excite electrons
to  transition  from  the  valence  band  to  the  conduction
band,  leaving  holes  in  the  valence  band  and  forming
photogeneration  electron–hole  pairs  (excitons).  These
excitons  dissociate  into  free  carriers  (free  electrons  and
holes) under the action of thermal energy, and then are
separated and transported to the electrodes by the internal
electric field, forming the photogenerated current. Under

short-circuit conditions, the electron flux (photogenerated
current) is defined by the interplay of exciton photogen-
eration  in  the  active  layer,  geminate  and  non-geminate
recombination processes, and free charge carriers’ extrac-
tion [34]. The performance parameters and photophysical
parameters (such as electric field intensity and distribu-
tion,  energy  band  structure,  photogenerated  carrier
concentration,  and J–V characteristic  curve)  of  the
device  can be extracted to solve the fundamental  semi-
conductor  device  equations  (Poisson’s  equation,  hole-
electron  continuity  equations)  under  one-dimensional
conditions  through  iterative  method,  and  then  solving
for  the  vacuum  energy  levels  and  hole-electron  quasi-
fermi levels at various positions within the solar cell [35,
36]. For the proposed device configurations, the transparent
conduction  oxide  (FTO)  and  Au  are  used  as  the  front
contact  electrode  and  back  contact  electrode.  NiO
(50 nm) and BiI3 (30 nm) are utilized as the hole transport
layer  (HTL)  and  interfacial  layer,  respectively.  The
(BA)2MASn2I7 (500  nm)  and  NH3(CH2)2NH3MnCl4
(150  nm)  are  all  acted  as  light  absorption  layers.
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Fig. 1  The  schematic  architecture  of (a) NH3(CH2)2NH3MnCl4 based  PSC, (b) (BA)2MASn2I7 based,  and
(c) (BA)2MASn2I7/NH3(CH2)2NH3MnCl4 based PSC.

RESEARCH ARTICLE FRONTIERS OF PHYSICS

Guangdong Li, et al., Front. Phys. 21(10), 104201 (2026)   104201-3

 



Wherein  the  thicknesses  of  the  single  layer
NH3(CH2)2NH3MnCl4 absorber  layer  [Fig.  1(a)],  the
(BA)2MASn2I7 absorber  layer  [Fig.  1(b)]  as  well  as  the
bilayer  (BA)2MASn2I7/NH3(CH2)2NH3MnCl4 absorber
layers [Fig.  1(c)]  were all  set to 650 nm. The transport
mechanism  of  the  photogenerated  carriers  within
PSCs  can  be  as  follows:  the  electron  transmission  from
the  conduction  band  of  the  perovskite  absorber  layer
to the Au back contact electrode via the BiI3 interfacial
layer,  while  the  hole  gets  transferred  from  the  valence
band  of  the  perovskite  absorber  layer  to  the  FTO
front  contact  electrode  via  the  NiO  HTL.  The
schematic  architectures  of  the  PSCs  with  the
NH3(CH2)2NH3MnCl4,  (BA)2MASn2I7, and  (BA)2MASn2I7/
NH3(CH2)2NH3MnCl4 as their respective absorber layers
are  depicted  in Figs.  1(a)–(c),  respectively.  The  input
material parameters of the three configurations involved
in  our  simulations  are  summarized  in Table  1 [31, 33,
37–45].  Regarding  the  defect  densities  presented  in
Table 1, taking the report in this literature as an example
[46],  we  found  that  the  interface  trap  density  at  the
interface  of  the  perovskite  layer  is  relatively  high
(1×1017 cm–3),  while  the  bulk  trap  density  of  the
perovskite  layer  is  inferior  (5×1014 cm–3).  Since  the
defects at the interface are not considered in this work,
the defect  density of  each functional  layer  is  set  to  the
order  of  1014 cm–3.  Additionally,  based  on  the  tests  of
the  absorption  spectra  of  NH3(CH2)2NH3MnCl4 and
(BA)2MASn2I7 materials  in  relevant  literature,  the
NH3(CH2)2NH3MnCl4 and  (BA)2MASn2I7 exhibit  the
rough absorption edge at 685 nm and 814 nm, respectively
[47, 48].  Therefore,  both  of  these  materials  can  absorb
visible light within a relatively long wavelength range.

 3   Results and discussion

The J–V characteristics  curves  of  the
NH3(CH2)2NH3MnCl4 (2D),  (BA)2MASn2I7 (quasi-2D),
and (BA)2MASn2I7/NH3(CH2)2NH3MnCl4 (quasi-2D/2D)

separately  as  the  light  absorption  layer  PSCs  are
displayed in Fig. 2(a). Table 2 presents the comparisons
of  the  detailed  PSCs  performance  parameters  acquired
from  our  simulation.  The  conspicuous  detections  in
Fig. 2(a) and Table 2 bespeak that short-circuit current
density (Jsc) and open-circuit voltage (Voc) increase from
16.76  mA/cm2 and  0.90  V  for  the  2D  absorber  layer
PSC to 24.97 mA/cm2 and 1.17 V for the quasi-2D/2D
absorber  layer  structure,  respectively.  This  significant
increment  in  performance  parameters  can  be  related  to
the  narrower  band  gap  of  (BA)2MASn2I7 and  quasi-
2D/2D  structure,  which  modulates  the  band  alignment
at  the  interfaces  of  each  functional  layer  and  brings
about the extended photogeneration in a broad range of
photon  spectrum.  In  addition,  the  2D  perovskite  layer
with  a  wider  band  gap  placed  above  the  quasi-2D
perovskite  layer  with  a  narrower  band  gap  can  fully
absorb short-wavelength light, enhancing the absorption
rate  of  the  entire  solar  spectrum.  This  enables  greater
utilization of solar energy to generate more photogeneration
carriers,  thereby  achieving  the  higher Jsc [49].  Contrast
of  the J– V curves proclaims that albeit  the Jsc and Voc
of the quasi-2D/2D structure are marginally lower than
those  of  the  quasi-2D  absorber  layer  device,  the  quasi-
2D/2D device manifests better PCE due to its higher fill
factor (FF).

The  energy  band  diagrams  of  PSCs  with  different
configurations  are  illustrated  in Figs.  2(b)–(d)  (under
the  illumination  condition  of  AM  1.5G  solar  spectrum
and applied voltage of –0.3 V) and Figs. 3(a)–(c) (under
the  dark  condition  and  without  bias),  respectively.  As
established in Fig. 3, the barrier height (qVbi) of the p–n
junction can be defined by the conduction band energy
level difference of the light absorption layer at the interfaces
of NiO/absorber and absorber/BiI3. The built-in potential
(Vbi)  is  an equilibrium property that is  obtained in the
dark  and  without  bias  [50].  The  value  of Vbi in  the
energy band diagrams can be estimated by the difference
between the conduction bands on both sides of the interface
between  the  absorber  and  transport  layers  divided  by

 

Table  1 Material parameters of the simulated PSCs.

Parameters NiO [37, 38] (BA)2MASn2I7 [31, 39] NH3(CH2)2NH3MnCl4 [33, 40] BiI3 [41–45]
Thickness (nm) 50 500 150 30
Relative permittivity εr 11.75 5.44 6 5.78
Electron affinity χ (eV) 2.1 3.5 4.17 4.10
Band gap Eg (eV) 3.6 1.554 1.8 1.72
Effective conduction band density Nc (cm–3) 2.5×1020 – 1×1018 2.5×1019

Effective valence band density Nv (cm–3) 2.5×1020 – 1×1019 2.5×1019

Electron mobility μn (cm2·V–1·s–1) 1×10–3 168.5 1.6 600
Hole mobility μp (cm2·V–1·s–1) 1×10–3 255 1.6 200
Acceptor density NA (cm–3) 1×1019 0 3.2×1015 1×1016

Donor density ND (cm–3) 0 0 0 1×1016

Defect density Nt (cm–3) 1×1014 1×1014 1×1014 1×1014

FRONTIERS OF PHYSICS RESEARCH ARTICLE

104201-4   Guangdong Li, et al., Front. Phys. 21(10), 104201 (2026)

 



the  elementary  charge q [51].  Therefore,  the Vbi is  the
qVbi divided  by  the  elementary  charge q (q =
1.602×10–19 C  ≈ 1  eV),  they  are  0.79  V,  1.55  V,  and
1.51  V  for  2D,  quasi-2D,  and  quasi-2D/2D  absorber
layer  PSCs,  respectively.  The  larger Vbi can  effectively
reduce  the  separation  and  migration  of  carriers  [52],
therefore,  the  highest  and  lowest Voc (1.23  V  and
0.90  V)  correspond  to  the  quasi-2D  and  2D  absorber
layer  PSCs,  respectively.  Furthermore,  the  large
conduction  band  offset  between  the  NiO  HTL  and  the
absorber  layer,  effectively  prohibiting  the  electrons  at
the HTL. Meanwhile, the study found that in Fig. 2(b),
the  energy  band  curves  of  the  PSCs  based  on  the  2D

absorber  layer  show an upward bending.  This  not  only
directly leads to the reduction in Vbi, but also results in
the  electron  energy  at  the  ordinate  near  the
NiO/NH3(CH2)2NH3MnCl4 interface  being  lower  than
that  in  the  NH3(CH2)2NH3MnCl4 absorber  layer,  which
will  seriously  hinder  the  transport  and  extraction  of
charge carriers to the electrode. Therefore, the performance
of  the  device  is  relatively  poor.  In Fig.  2(d),  the  most
worth noting that the quasi-2D/2D dual  absorber layer
designed  in  this  study  features  a  gentle  stepped  energy
band  structure,  and  there’s  no  bending  of  the  energy
band.  This  structure  reduces  the  band  offset  at  the
NH3(CH2)2NH3MnCl4/BiI3 interface, effectively minimiz-
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Fig. 2  (a) The J–V characteristics curves and (b–d) energy band diagrams of three PSC configurations (under the illumination
condition of AM 1.5G solar spectrum and applied voltage of –0.3 V).

 

Table  2 Comparisons of the performance parameters of the PSCs with different configurations.

Device configurations Voc (V) Jsc (mA·cm–2) FF (%) PCE (%)
FTO/NiO/NH3(CH2)2NH3MnCl4/BiI3/Au 0.90 16.76 70.33 10.67
FTO/NiO/(BA)2MASn2I7/BiI3/Au 1.23 25.28 69.25 21.51
FTO/NiO/(BA)2MASn2I7/NH3(CH2)2NH3MnCl4/ BiI3/Au 1.17 24.97 78.58 23.01

RESEARCH ARTICLE FRONTIERS OF PHYSICS

Guangdong Li, et al., Front. Phys. 21(10), 104201 (2026)   104201-5

 



ing the energy loss required for electron diffusion at the
interface of NH3(CH2)2NH3MnCl4/BiI3, while being more
conducive  to  improving  the  transport  and  extraction
efficiency  of  charge  carriers.  Additionally,  despite  the
relatively  large  valence  band  barrier  at  the
NiO/(BA)2MASn2I7 interface  can  impede  the  drift
motion  of  holes,  but  the  greater  electron  and  hole
concentration  differences  appear  at  the  interface  of
NiO/(BA)2MASn2I7 [Fig. 4(a)] and lower carrier recom-
bination  at  the  NiO/(BA)2MASn2I7 interface  of  the
quasi-2D/2D PSCs [Fig.  4(c)].  Therefore,  more  holes  in
the  (BA)2MASn2I7 absorber  layer  can  be  transported
and  extracted  to  the  NiO  layer  through  diffusion
motions  at  the  interface  of  NiO/(BA)2MASn2I7.  More-
over,  we  also  hypothesize  that  holes  can  also  pass
through  the  barrier  via  quantum  tunneling  due  to  the
thin  NiO  HTL  (Hence  the  high Jsc (24.97  mA·cm–2,
Table  2)  was  generated).  Consequently,  this  quasi-
2D/2D  structure  can  effectively  improve  the  FF  and
PCE of the PSCs [53, 54].

Further  calculations  on  the  carrier  concentration
distributions of the proposed PSCs with different config-

urations  indicate  that  the  quasi-2D/2D structure  yields
higher  electron  concentration  near  the  interface  of
NH3(CH2)2NH3MnCl4/BiI3, as shown in Fig. 4(a), which
means that more electrons can be transported to the Au
back contact electrode. Additionally, the greater electron
and hole concentration differences appear at the interfaces
of  each  functional  layer  in  the  quasi-2D/2D  structure.
The large carrier  concentration differences  will  be more
conducive to the diffusion motions of the carriers, effec-
tively improving the mobility of the carriers. As can be
observed  from  the  current  density  distributions  of  the
three configurations of PSCs in Fig. 4(b) that the total
current  density  of  the  quasi-2D/2D  PSCs  is  slightly
lower  than  that  of  the  quasi-2D  PSCs,  which  matches
the Jsc of the quasi-2D/2D PSCs being marginally below
that  of  the  quasi-2D PSCs in Fig.  2(a).  The calculated
recombination  rates  in  different  layers  of  the  three
configurations are presented in Fig. 4(c). It can be seen
that  although  the  recombination  rate  of  the  quasi-
2D/2D PSCs in the (BA)2MASn2I7 layer is mildly lower
than that of the quasi-2D PSCs, the more recombination
in  the  NH3(CH2)2NH3MnCl4 layer  (0.55–0.7  μm) of  the
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Fig. 3  (a–c) The energy band diagrams of three PSC configurations (under the dark condition and without bias).
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quasi-2D/2D PSCs compared to the other two structures
of  the  PSCs.  Accordingly,  some  parameters  in  the
NH3(CH2)2NH3MnCl4 layer need to be further optimized
to elevate device performance.

The thickness of the absorber layer is a decisive factor
will directly affect the generation of excitons and carrier
separation, which is the dominant factor in determining
the performance of the PSCs [35, 55]. The effect of quasi-
2D  (BA)2MASn2I7 absorber  layer  thickness  on  the
performance  parameters  and  PCE  of  the  quasi-2D/2D
structure device with the assessment range from 300 nm
to 700 nm is presented in Figs. 5(a) and (b). Among the
simulated  results,  the  device  performance  parameters
(Jsc,  FF,  and  PCE)  barring Voc are  enhanced  evident
with the expansion of (BA)2MASn2I7 thickness.  The Jsc
is  steadily  improved  from  24.04  mA/cm2 to
25.31 mA/cm2 with the (BA)2MASn2I7 thickness enlarging
from  300  nm  to  700  nm.  This  is  attributed  to  the
evidently  enhanced  photon  absorption  under  the  larger
absorber layer thickness. Nevertheless, the FF and PCE
decrease  marginally  as  the  (BA)2MASn2I7 thickness
exceeds  600  nm,  which  due  to  the  too  large
(BA)2MASn2I7 thickness  may  cause  an  enormous  boost
in  the  charge  carriers  recombination  rates  and  higher
series  resistance.  Furthermore,  as  can  be  observed  in

Fig.  5(c),  the  energy  level  gap  is  gradually  expanded
with  the  increase  of  the  (BA)2MASn2I7 thickness.  The
excessively  large  energy  level  gap  increases  the  energy
loss  required  for  carriers’ diffusion  at  the
(BA)2MASn2I7/NH3(CH2)2NH3MnCl4 interface,  as  well
as the recombination loss of carriers, resulting in the loss
of Voc.  Accordingly,  the Voc drops  gradually  as  the
increasing  (BA)2MASn2I7 thickness  in Fig.  5(a).  The
highest  PCE  (23.12%)  is  attained  when  the  optimum
thickness (600 nm) is used in our simulation study.

The  effect  of  the  2D  NH3(CH2)2NH3MnCl4 absorber
layer  thickness  on  the  quasi-2D/2D  structure  PSCs
performance  parameters  and  PCE  are  computationally
simulated  by  executing J–V analysis,  as  shown  in
Figs.  5(d)  and (e).  The  performance  parameters  are  all
getting  worse  as  the  NH3(CH2)2NH3MnCl4 absorber
layer thickness increases. It is well known that the carriers
inside  2D perovskite  have  shorter  diffusion  lengths  and
lower mobilities compared to 3D perovskite [21]. There-
fore,  the  thicker  NH3(CH2)2NH3MnCl4 absorber  layer
will  increase  the  carrier  recombination  probability  to  a
large extent, this can also be verified from the calculated
recombination  rate  curves  in Fig.  5(f),  and  hence  the
PCE of the device declines profoundly. Additionally, the
high stability 2D perovskite layer can be also behaved as
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Fig. 4  (a) The carrier concentration distributions, (b) current density distributions, and (c) recombination rate diagrams
of the PSCs with three device configurations (under the illumination condition of AM 1.5G solar spectrum and applied voltage
of –0.3 V).
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a capping layer to avoid the degradation of the bottom
perovskite  layer  and  elevate  the  stability  of  the  entire
quasi-2D/2D structure PSCs [20]. In our proposed struc-
ture,  the  optimal  PCE  (24.77%)  is  derived  when  the
smaller  thickness  of  the  NH3(CH2)2NH3MnCl4 absorber
layer is 100 nm.

The  doping  concentration  refers  to  the  number
density of impurity atoms doped into perovskite materi-
als, and it is a momentous parameter for regulating the
conductivity type (n-type/p-type) and carrier concentra-
tion  of  perovskite  materials.  Additionally,  the  doping
concentration  can  directly  affect  the  photoelectronic
properties of PSCs, such as Vbi, carriers’ generation and
recombination [56, 57]. The simulation study on doping
concentration  is  equivalent  to  changing  the  carrier
concentration by introducing impurity  atoms or  defects
(bulk doping), and altering the separation and transport
efficiency of charge carriers by regulating the position of
the conduction band bottom or valence band top of the
material. Accordingly, comprehending the doping physical
perception is exceedingly prominent in the fabrication of
efficient PSCs. Figures 6(a) and (b) present the impact
of  NH3(CH2)2NH3MnCl4 acceptor  doping  concentration
(NA) on J–V curves and energy band distributions of the
quasi-2D/2D structure PSCs, respectively. From a prac-
tical  point  of  view,  the NH3(CH2)2NH3MnCl4 NA varies
from  3.2×1012 cm–3 to  3.2×1020 cm–3.  The Voc and  FF
downgrade  evidently  with  the NA of
NH3(CH2)2NH3MnCl4 exceeding  3.2×1014 cm–3.  The

lower Voc is  associated  with  the  decrease  of  barrier
height  (non-equilibrium  state)  [as  shown  in Fig.  6(b)]
caused by the heavier NA. This is due to the heavier NA
eventuates  the  upward  bending  of  the  energy  bands  at
the  interface  of  (BA)2MASn2I7 absorber  layer  and
NH3(CH2)2NH3MnCl4 absorber  layer  (the  transport  of
electrons  will  be  blocked),  and  the  upward  shift  in  the
energy  band  curves  of  the  NH3(CH2)2NH3MnCl4
absorber layer. Additionally, this result can be interpreted
from  the  PCE  and  recombination  rate  diagrams  in
Figs.  6(c)  and  (d),  respectively.  It  can  be  definitely
noticed  that  there  is  more  carrier  recombination  when
the  NA of  the  NH3(CH2)2NH3MnCl4 absorber  layer
surpasses 3.2 ×1014 cm–3 [as shown in Fig. 6(d)]. Accord-
ingly, more carriers will be captured by the defects, and
carriers cannot be sufficiently separated and transported
to the corresponding electrode. Therefore, from a practical
point of view, the efficient PSCs devices (26.47%) can be
yielded  when  the  moderate NA (3.2×1014 cm–3)  in  the
NH3(CH2)2NH3MnCl4 absorber layer.

The  proposed  PSCs  configurations  have  distinct
combinations  of  interfacial  layers  to  assess  the  device
performance  whilst  considering  the  same  interfacial
layers doping concentration (1×1016 cm–3). Figures 7(a)
and  (b)  display  the  effects  of  various  interfacial  layers
such as BiI3, WS2, In2(O, S)3, SnS2, and ZnSnO on J– V
characteristic  curves  and  electric  field  distributions  of
the  quasi-2D/2D  structure  PSCs,  respectively.  These
interfacial  layers’ detailed  material  parameters  are
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Fig. 5  Effect  of  quasi-2D  (BA)2MASn2I7 absorber  layer  thickness  on  the (a) device  performance  parameters, (b) PCE,
(c) energy band diagrams, and 2D NH3(CH2)2NH3MnCl4 absorber layer thickness on the (d) device performance parameters,
(e) PCE and (f) recombination rate curves (under the illumination condition of AM 1.5G solar spectrum and applied voltage
of –0.3 V).
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displayed in Table 3 [58–60]. The detailed PSCs’ perfor-
mance  parameters  for  different  interfacial  layers  are
presented  in Table  4.  Combined  with Fig.  7(a)  and
Table 4, the Jsc of the five different interfacial layers of
PSCs  has  hardly  changed.  Nevertheless,  the  ZnSnO
interfacial  layer  PSCs  have  a  maximum Voc (1.56  V),
this is owing to the quasi-2D/2D double-layer structured
solar  cells  similar  to  tandem  solar  cells  designed  by  us
have  the  potential  to  break  through  the
Shockley–Queisser  (S–Q)  theoretical  efficiency  limit  of
single-junction solar cells. Moreover, the strongest built-
in  electric  field  near  the  interface  of
NH3(CH2)2NH3MnCl4/BiI3 (space  charge  region)  based
on ZnSnO interfacial layer PSCs [as shown in Fig. 7(b)].
The large electric field will facilitate the separation and
extraction of carriers. Additionally, the WS2 and In2(O,
S)3 interfacial  layers  PSCs  have  greater  FF  and  PCE.
The  series  resistance  (Rs)  of  the  different  interfacial
layers PSCs, as exhibited in Fig. 7(c). The Rs originate
from the metal contacts that interlink the PSCs and the
layers that make it up [61]. The Rs is obtained by calculating

the  total  of  several  resistances  from every  active  mate-
rial, each of which has its bulk resistances, including the
resistance at the interface between functional layer semi-
conductors and metal contacts. The lower Rs and electron
affinity  appear  at  the  WS2 and  In2(O,  S)3 interfacial
layers  PSCs,  thus  generating  superior  FF  and  PCE.
These  results  indicate  that  extracting  the  interfacial
layer  of  PSCs  with  low  series  resistance  can  be
conducive  to  achieving  optimal  device  performance.
Consequently,  the In2(O, S)3 interfacial  layer is  utilized
in  our  device  configuration  has  derived  optimal  PCE
(30.09%).

 4   Conclusions

The  computation  simulation  study  on  the  novel  design
of  inverted  bilayer  PSCs  having  the  configuration
FTO/NiO/quasi-2D/2D/BiI3/Au  with  carrier  transport
mechanism  has  been  performed  for  the  first  time  by
carrying  out  the  wxAMPS  simulator.  The  simulation
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Fig. 6  Impact of acceptor doping concentration of NH3(CH2)2NH3MnCl4 on (a) J– V curves, (b) energy band distributions,
(c) power conversion efficiency,  and (d) recombination rate diagrams (under the illumination condition of  AM 1.5G solar
spectrum and applied voltage of –0.3 V).
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revealed  that  the  quasi-2D/2D  structure  can  facilitate
the efficient diffusion motion and transmission of charge
carriers  to  corresponding  electrode  and  suppress  the
defect state density and carrier recombination benefiting

from  the  gentle  stepped  energy  band  structure  and
there’s  no  bending  of  the  energy  band,  thereby  the
higher FF (78.58%) and PCE (23.01%) for the proposed
quasi-2D/2D structure PSCs have been achieved. Addi-
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Fig. 7  (a) J–V characteristic curves, (b) electric field distributions, and (c) series resistance of PSCs with different interfacial
layers (under the illumination condition of AM 1.5G solar spectrum and applied voltage of –0.3 V).

 

Table  3 Material parameters of the interfacial layers.

Parameters WS2 [58] In2(O, S)3 [59] SnS2 [60] ZnSnO [60]
Thickness/nm 30 30 30 30
Relative permittivity εr 13.6 13.5 10 9
Electron affinity χ (eV) 3.95 3.85 4.24 4.29
Band gap Eg (eV) 2.1 2.1 2.24 2.7
Effective conduction band density Nc (cm–3) 2×1018 1.8×1019 7.32×1018 2.2×1018

Effective valence band density Nv (cm–3) 2×1018 4×1013 1.8×1019 1.8×1019

Electron mobility μn (cm2·V–1·s–1) 100 400 50 30
Hole mobility μp (cm2·V–1·s–1) 25 210 50 5
Acceptor density NA (cm–3) 1×1016 1×1016 1×1016 1×1016

Donor density ND (cm–3) 1×1016 1×1016 1×1016 1×1016

Defect density Nt (cm–3) 1×1014 1×1014 1×1014 1×1014
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tionally, by optimizing the thickness parameters of each
absorber  layer,  and  the  doping  concentration  of  the
NH3(CH2)2NH3MnCl4 absorber layer, it was demonstrated
that the thickness of (BA)2MASn2I7 has a positive influence
on  the Jsc and  FF  of  the  device,  and  the  optimum
(BA)2MASn2I7 thickness  (600  nm)  can  obtain  high  cell
efficiency.  Nevertheless,  the  thickness  of
NH3(CH2)2NH3MnCl4 has  a  negative  influence  on  the
performance parameters of the device. This is attributed
to  the  inferior  carrier’s  diffusion  length  and  mobility
inside  the  2D  perovskite.  The  thicker
NH3(CH2)2NH3MnCl4 absorber  layer  will  increase  the
carrier recombination probability to a large extent, and
the  PCE  of  the  device  will  decline  profoundly.  Hence,
the  optimal  PCE  (24.77%)  can  be  derived  when  the
minor  thickness  (100  nm)  of  the  NH3(CH2)2NH3MnCl4
absorber  layer.  The  performance  of  the  device  can  also
be  effectively  heightened  with  the  moderate  doping
concentration  (3.2×1014 cm–3)  in  the
NH3(CH2)2NH3MnCl4 absorber layer. Lastly, the optimal-
performance  (30.09%)  photoelectric  devices  can  be
created  with  the  In2(O,  S)3 interfacial  layer  PSCs  of
lower  series  resistance  (Rs).  This  study  will  tender  a
theoretical basis for the fabrication of high-efficiency and
stable PSCs.
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