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Simulation design of P–I–N-type all-perovskite solar
cells with high efficiency∗
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According to the good charge transporting property of perovskite, we design and simulate a p–i–n-type all-perovskite
solar cell by using one-dimensional device simulator. The perovskite charge transporting layers and the perovskite absorber
constitute the all-perovskite cell. By modulating the cell parameters, such as layer thickness values, doping concentrations
and energy bands of n-, i-, and p-type perovskite layers, the all-perovskite solar cell obtains a high power conversion
efficiency of 25.84%. The band matched cell shows appreciably improved performance with widen absorption spectrum
and lowered recombination rate, so weobtain a high Jsc of 32.47 mA/cm2. The small series resistance of the all-perovskite
solar cell also benefits the high Jsc. The simulation provides a novel thought of designing perovskite solar cells with simple
producing process, low production cost and high efficient structure to solve the energy problem.
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1. Introduction
As a novel third-generation solar cell, perovskite solar

cell (PSC) has caused a boom in scientific research with the
significant enhancement of the power conversion efficiency
(PCE) from 3.8% in 2009[1] to 22.1% in 2016.[2] Simpler pla-
nar configuration has been often chosen as the PSC structure
in comparison with nanoporous scaffold samples. The pla-
nar PSC commonly possesses a heterojunction architectures
with three main layers, i.e., electron transport material (ETM),
perovskite absorber and hole transport material (HTM). The
widely used ETM and HTM are TiO2 and spiro-OMeTAD, re-
spectively. However, the high temperature calcination of the
TiO2 layer and the relatively expensive spiro-OMeTAD affect
the future commercialization of the PSCs. Although many
alternatives have been used, the efficiency of the most novel
cells still lag those with TiO2 as ETM and spiro-OMeTAD
as HTM.[3–5] Some high efficiency PSC devices use organic
materials as ETM and HTM,[6] but the shortcomings of the
organic materials, such as the poor crystallinity and stability,
must be faced.

The fabricating process of the conventional PSCs with
ETM and HTM made of different material systems is in-
compatible with mass and rapid fabrication. Although the
simplified PSCs with neither HTM nor ETM have been ob-
tained, their efficiencies are still low because of the poor con-
tact with the electrodes. Researches show that the perovskites
have strong absorption coefficients,[7] long charges diffusion
lengths,[8,9] and excellent charge transfer properties.[10] Their

charge transfer properties each have an ambipolar character-
istic which shows the balanced transport lengths ln and lp for
the electron and hole. While in the bulk heterojunction so-
lar cells, the ln and lp differ by orders of magnitude.[11] Per-
ovskite films with big crystals and few pinholes are necessary
for their excellent charge transfer properties of the perovskite.
The stability of the PSC has been enhanced by the improving
the fabrication and encapsulation process.

Considering the excellent characteristics of the perovskite
and the necessity of mass and low cost production of PSCs,
we propose the all-perovskite solar cell designation similar
to the all-silicon cells. Hetero-junction with intrinsic thin-
layer (HIT) silicon solar cells have relatively high efficiency
with p–i–n structure,[12] but there are neither theoretical re-
ports nor experimental reports on all-perovskite solar cells.
CH3NH3PbI3 can be either n- or p-doped by changing the
precursor ratio or thermal annealing. The carrier concentra-
tion can also vary by six orders of magnitude.[13] These re-
sults offer the potential possibility to fabricate all-perovskite
solar cells with commercially scalable, fast, low-cost process,
which can open new synthesis routes aside the conventional
heterojunction devices. It is worth studying all-perovskite
solar cells through simulation process. Much information
about the defect, band offset and other cell parameters of
the PSCs has been obtained based on semiconductor device
principles.[14–16] The simulation can provide a novel thought
of designing simpler and more efficient perovskite solar cells
structure.
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2. Device architecture and simulation parame-
ters

The device simulator SCAPS (version 3.3.02) is used
as simulation platform. The perovskite solar cell employs
planar architecture with layer configuration of glass sub-
strate/TCO /n-type doping CH3NH3PbI3 layer (ETM)/i-type
CH3NH3PbI3 (absorption layer)/p-type doping CH3NH3PbI3

layer (HTM)/metal back contact (see Fig. 1). The n-type and
p-type doped perovskite take the place of TiO2 (ETM) and
spiro-OMeTAD (HTM), respectively. The initial parameters
set for device simulation selected from those reported theo-
retical and experimental researches[14–16] are summarized in
Table 1. Other parameters not included in Table 1 are those
that are the same as those in our previous literature.[17] Defect

layers are inserted in the interface between the layers (p/i and
i/n layer) to simulate a more realistic perovskite region with a
large number of defects.[16]

glass substrate

transparent conductive oxide (TCO)

n-CH3NH3PbI3 layer (ETM)

i-CH3NH3PbI3 (absorption layer)

p-CH3NH3PbI3 layer (HTM)

metal back contact

Fig. 1. (color online) Schematic diagram of the p–i–n-type all-
perovskite solar cell.

Table 1. Simulation parameters of perovskite solar cells in this study.

Parameters TCO n-CH3NH3PbI3 Defect layer CH3NH3PbI3 (absorber) p-CH3NH3PbI3

Thickness/nm 500 10 (variable) 10 300 (variable) 100 (variable)

Band gap energy Eg/eV 3.5 1.55 (variable) 1.55 1.55 (variable) 1.55 (variable)

Electron affinity χ/eV 4 3.9 3.9 3.9 3.9

Relative permittivity ε r 9 6.5 6.5 6.5 6.5

Electron mobility
20 2 2 2 2

µn/(cm2·V·s)

Hole mobility
10 2 2 2 2

µp/(cm2·V·s)

Donor doping concentration
2.00×1019 1.00×1018 (variable) 1.00×1013 1.00×1013 0

ND/cm−3

Acceptor doping
0 0 0 0 1.00×1018 (variable)

concentration NA/cm−3

Defect density Nt/cm−3 1.00×1015 2.50×1013 1×1017 2.50×1013 2.50×1013

In Section 3, according to the parameters set above, we
investigate the photovoltaic property of the cell by adjusting
the parameters of the cell, such as the thickness values, dop-
ing concentrations, and energy band Eg values of n-, i-, and
p-type perovskite layers to obtain high power conversion ef-
ficiency. The control variable method is used during the pa-
rameter optimization, and the detailed simulation theory has

been described in our previous papers.[17,18] Table 2 shows the
simulation parameters and the cell performances in the three
optimization processes: doping, thickness and band gap op-
timization. The cell performance is evidently improved by
about 8.8% of the efficiency from the initial 17.05% to the
final 25.843%. We believe that higher PCE can be obtained by
further optimizing other parameters of the cell.

Table 2. Simulation parameters and the cell performance during the optimization.

Parameters of the n, i, p layers Cell performance

Thickness/nm Doping concentration/cm−3 Band gap energy Eg/eV Voc/V Jsc/(mA/cm2) FF /% Eff/%

Initial cell 10, 300, 100
1.00×1018, 1.00×1013,

1.55, 1.55, 1.55 1.046 21.116 77.922 17.205
1.00×1018

Doping optimization 10, 300, 100
3.00×1019 1.00×1013,

1.55, 1.55, 1.55 1.065 21.581 81.289 18.686
3.00×1019 (variable)

Thickness optimization
5, 500, 3.00×1019, 1.00×1013,

1.55, 1.55, 1.55 1.064 23.762 81.181 20.533
1000 (variable) 3.00×1019

Eg optimization 5, 500, 1000
3.00×1019, 1.00×1013,

3.38, 1.4, 1.3 (variable) 0.956 32.474 83.278 25.843
3.00×1019
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3. Results and discussion
3.1. Influences of doping concentration of n-, p-layer per-

ovskite

Doping is a very important process used to improve the
properties of semiconductors devices, such as photovoltaic
and light-emitting devices.[19,20] In silicon-based solar cells,
appropriate p- or n-type doping is controlled accurately to
achieve suitable energy position and carrier transport feature.
The composition manipulations of the Cu (In, Ga)Se2 solar
cell can realize suitable self-doping and avoid deep defects.[19]

In the light-emitting diode (LED) device, the carrier types and
densities of the active and confining regions are adjusted to en-
hance the internal quantum efficiency.[20] Increasing conduc-
tivity of the HTM by doping could bring a positive influence
on PCE of the planar heterojunction-based solar cells.[21,22]

The experiments show that an appropriate doping in the per-
ovskite can maximize the device efficiency.[23] Experimental
researches[13,24] about the p and n self-doping in CH3NH3PbI3

show that the carrier type, density, and charge transport in
CH3NH3PbI3 can be manipulated by changing the precursors
ratio or thermal annealing. MAI-rich and PbI2-rich perovskite
films are p and n self-doped, respectively. The carrier concen-
tration can be tuned in a range of six orders of magnitude.[13]

The p- or n-type ASnI3 semiconductors are also obtained by
controlling the doping levels within the Sn-based materials.[25]

The simulation of carrier concentration control is imple-
mented to clarify the influence of the doping concentration on
the performance of the p–i–n all-perovskite solar cell. Figure 2
shows the variations of the performance parameters (Jsc, Voc,
FF , Eff) with doner concentration ND in the n layer (or accep-
tor concentration NA in the p layer) ranging from 1013 cm−3 to
1019 cm−3 and constant value 1×1018 cm−3 of NA (ND). All
the performance parameters vary in a better direction with ND

and NA increasing from 1013 cm−3 to 1019 cm−3. When the
ND and NA both reach 1019 cm−3, the PCE of the solar cell is
18.38% and larger than the initial 17.20% with the ND and NA

both kept at 1018 cm−3.
Figure 3 shows the variations of band diagrams of the p–

i–n peroskite solar cells with doping concentration of the n-
and p-layers (ND and NA) both changing from 1013 cm−3 to
1019 cm−3. The electric potential between n and p layers is
enhanced with the increase of doping concentration. This en-
hanced electric field can further prompt the separation of the
photon-generated carriers, reduce the recombination rate (see
lines 1 and 2 in Fig. 4), and then improve the cell performance.
However too high a doping concentration would cause higher
recombination, and the semiconductive conductivity behavior
of the perovskite would change into metallic conducting be-
havior. All these are harmful to the carrier transportation and
then the solar cell performance.[26] Figure 5 shows the current
density voltage curves with and without doping concentration

optimizations of the n- and p-layer perovskite (see lines 1 and
2 in Fig. 5). Slight improvements of the cell performance with
the Jsc of 21.58 mA/cm2, Voc of 1.07 V, FF of 81.29%, and
PCE of 18.69% are obtained (see Table 2).

1014 1015 1016 1017 1018 1019

16.2
16.8
17.4
18.0

1.032

1.040

1.048

1.056

21.0

21.3

75.0

77.5

80.0

E
ff
/
%

V
o
c/

V
J

sc
/
m

A
Sc

m
-

2

Doping concentration ND/cm-3

Doping concentration NA/cm-3

(a)

1014 1015 1016 1017 1018 1019

13.5

15.0

16.5

0.90

0.96

1.02
20.7

20.9

21.1

73.5

75.0

76.5

78.0
F
F
/
%

(b)

E
ff
/
%

V
o
c/

V
J

sc
/
m

A
Sc

m
-

2
F
F
/
%

Fig. 2. Variations of the cell performance with ND (a) and NA (b).

300 500 700 900 1100

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0

0.5

1.0

Ev

E
n
er

g
y
/
e
V

Depth from the cell surface/nm

Ec

NA ↼ND↽ change form

1015 to 1019 cm-3

NA ↼ND↽ change form

1015 to 1019 cm-3

Fig. 3. (color online) Variations of the band diagrams with different
doping concentrations (1015 cm−3, 1017 cm−3, and 1019 cm−3) of per-
oskite solar cells of the n-/p-layer.

028803-3



Chin. Phys. B Vol. 26, No. 2 (2017) 028803

500 510 520 1010 1020 1030

5

10

15

20

25
R
ec

o
m

b
in

a
ti
o
n
 r
a
te

/
1
0

2
1
 c

m
3
Ss

Depth from the cell surface/nm

initial ↼NA/ND/1019 cm-3,

Egi/Egp/Egn/. eV)

↼Egi↪Egp↪Egn/.↪.↪. eV)

doping optimization

Eg optimization

1

2

3

↼NA/ND/1019 cm-3)

Fig. 4. (color online) Variations of the recombination rate during opti-
mization.

0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30 4

3
2

initial
doping optimizition
thickness optimizition
Eg optimizedC

u
rr

en
t 

d
en

si
ty

/
m

A
Sc

m
-

2

Voltage/V

1

Fig. 5. (color online) Vatiations of I–V curves during optimization.

3.2. Influence of perovskite thickness

For the conventional PSCs, the main roles of the HTM
and ETM (n and p layers) are to provide built-in electric
field and make carriers move to the electrode effectively.
The i layer is the main photon absorber and generates car-

riers. For our novel all-perovskite p–i–n cell, besides the
charges transfer, the n and p layers also bring on light ab-
sorbing. The perovskite solar cell with double light absorbers
(FTO/ZnO/MAPbI3/MAPbBr3/CuSCN/Au) has been first de-
signed by Zhang et al.[27] The thickness of each layer in the
PSC would influence the carrier production, transportation,
and then have an effect on the device performance.

First, the variations of the PSC performance with the ab-
sorber layer thickness from 100 nm to 1000 nm are examined,
with the thickness values fixed at 100 nm and 10 nm for the
p and n layers, respectively. With the increase of the i-layer
thickness, Jsc and Voc first increase rapidly, then Jsc grows
slowly to a saturation value and Voc drops when the thickness
exceeds 500 nm (see Fig. 6(a)). The PCE of the cells reaches
a maximum value when the thickness of the i-layer is almost
500 nm. Besides absorbing more photons, the thicker absorber
can induce longer transfer route of the photon-generated car-
riers of photons, which causes higher recombination. So an
appropriate thickness of the absorber is needed for the good
cell performance. The i-layer thickness is set to be an opti-
mized value of 500 nm in the following explorations of the
influences of the n- and p-layer thickness.

The variations of photoelectric property with n layer
thickness in a range from 1 nm to 100 nm are shown in
Fig. 6(b). The thickness values of the p layer and i layer are
set to be 100 nm and 500 nm, respectively. When the n-layer
thickness increases from 1 nm to 100 nm, the cell efficiency
and other photovoltaic parameters decrease. So it is benefi-
cial to reduce the n-layer thickness appropriately for the good
PCE. The simulation shows that the closer to the surface the
i layer, the more conducive to the absorbing of sunlight the
i layer is. The thickness of n layer cannot be reduced unlimit-
edly to zero, otherwise this p–i–n structure would turn into a
Schottky barrier structure, which is not good for collecting the
carriers. Taking into account the preparation processes, we set
5 nm as the optimized value of the the n-layer thickness.
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Fig. 6. Variations of cell performance with layer thickness in the p–i–n-type PSC.
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Analogously, we discuss the influence of the p-layer
thickness on device (see Fig. 6(c)). Let p layer increase from
100 nm to 1000 nm, then the optimized i- and n-layer thick-
ness values will be 5 nm and 500 nm, respectively. Because
of the carrier diffusion length in the PSC is on the order of
1 µm, we do not set the p layer to be thicker than 1 µm. With
p-layer thickness increasing, Jsc, Voc, and PCE gradually in-
crease, while the FF is degraded because the series resistance
increases with the increase of the p-layer thickness. The PCE
of the solar cells almost reaches a maximum at p-layer thick-
ness of 1000 nm.

3.3. Influence of band gap of perovskite

Experiments show that the band gap of the halide
perovskites can be adjusted in a range between 1.17 eV
and 4.09 eV by tailoring their inorganic and or-
ganic components.[28–32] None of the band gaps of the
CH3NH3Sn1−xPbxI3 compounds do not follow the Vegard’s
law (two extremes of 1.55 eV and 1.35 eV, respectively),
but each of them has a narrower band gap of 1.17 eV.[30]

The experimental optical band gap of the TMAPbBr3

(TMA = trimethylammonium cation) is 3.45 eV,[31] which is
higher than that of the CH3NH3PbCl3 (3.0 eV).[28] Calcula-
tion shows that the band gaps of the Cs2AX ′2X4 (A = Ge,
Sn, Pb; X ′, X = Cl, Br, I) can change form 0.49 eV to
4.09 eV.[32] In the paper by Albrecht et al., they first sim-
ulated the perovskite/c-Si tandem cells with different per-

ovskite band gaps, and showed the optimized band gap of
the perovskites that yields the highest device efficiency.[33] A
MAPbBr3 (Eg = 2.25 eV) –MAPbI3 (Eg = 1.55 eV) tandem
solar cell has been also fabricated with a high Voc of 2.2 eV.[34]

In the conventional PSC, the band gap of the perovskite
absorber has a significant influence on optical absorption of
the cell. While for the all-perovskites solar cell, the HTM and
ETM layer made of perovskite material also absorb the light.
The band matchings of the p, i, n layers of the all-perovskites
would benefit the improvement of the cell efficiency. The Eg

influences of n and p layer on battery properties are discussed
based on the former optimized doping concentration and layer
thickness. The cell performance changing with the band gap
of the layers is shown in Fig. 7. During the Eg of n layer in-
creasing from 1.55 eV to 3.2 eV, the performance is improved
gradually and then saturated at about 3.3 eV (see Fig. 7(a)).
The high n-layer band gap can promote the short wave ab-
sorption and cut the thermalization losses caused by absorbing
higher energy photons through using the next absorber with
small band gap energy. The Voc increases with the increase of
the i-layer band gap, while the Jsc decreases because less and
less photons can be absorbed. When the i-layer band gap is
about 1.4 eV, the efficiency reaches a peak. A similar trend is
found for the influence of the p-layer gap on the cell perfor-
mance, and the a maximal efficiency of about 1.35 eV can be
obtained.
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Fig. 7. Variations of cell performance with the band gap of the layer in the p–i–n type PSC.

Figure 8 shows the influences of the band matching of
the i and p layer on the cell performance when the band gap
of the n layer is set to be the optimized value 3.38 eV. These
plots illustrate some important results. First, the i layer plays
a leading role in influencing the Voc, and the higher the band
gap of the i layer, the higher the obtainable Voc is. Second, with
i-layer band gap increasing the Jsc decreases because of the re-
duction of the optical absorption of the photons with lower en-

ergy than the band gap energy. Third, the larger the difference
in band gap between the i and p layers, the lower the filling
factor and the efficiency of the cell are. This is because the
larger gap difference can lead to the larger series resistance.

Under the condition of smaller calculating steps than
the former, the best band gap matching can be obtained (see
Fig. 9) with the Eg values of n-, i-, and p-layers perovskite be-
ing 3.4 eV, 1.4 eV, and 1.3 eV, respectively. It can be seen from
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Fig. 5, which shows the comparison between current density–
voltage curves in different optimization processes. The I–V
characteristic relation of the solar cells is improved signifi-
cantly after band gap has been further optimized.
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Fig. 8. (color online) Influences of the band matching of the i and p
layers on the cell performance, with the band gap being 3.38 eV of the
n layer.
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After comprehensively optimizing the parameters of dop-
ing, thickness and Eg, the cell performance is significantly im-
proved: Jsc reaches 32.47 mA/cm2, Voc 0.956 V, FF 83.278%,
and PCE 25.843%. The cell performance is evidently in-
creased: the efficiency is increased from an initial value of
17.05% to a final value of 25.843%, i.e., its increament reaches
about 8.8%. The band matchings of the n, i, p layers dramati-
cally expand the absorption spectrum to the larger wavelength

about 980 nm and the quantum efficiency also increases at the
short wavelength about 350 nm (see Fig. 10). The increase
of Voc is mainly due to Jsc significantly increasing up to about
11.3 mA/cm2 larger than the initial value (see Table 2). The
high Jsc is primarily driven by the widened absorption spec-
tra (see Fig. 10) and lowered recombination rate (see line 3 in
Fig. 4). The all-perovskite solar cellhas smaller series resis-
tance than the conventional PSC, so its I–V curve near the Voc

is very steep (see Fig. 5).[35] The small series resistance also
benefits the high Jsc. The using of perovskite as the carriers
transporting layer and the matching of the cell energy band
make a full exploration of the good charge transporting prop-
erty of perovskite. All these can promote the more absorptions
of the light and the lower recombination, so we obtain high
short circuit current Jsc in the p–i–n-type all-perovskite solar
cell.
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Fig. 10. (color online) Plots of quantum efficieny versus wavelength
during optimization.

Yet to date, there has been no report about the theoret-
ical research nor experimental research of the all-perovskite
solar cells, future efforts should focus on the realization of
the new planar p–i–n structure PSC in experiment. Fortu-
nately, the successful fabrication of the MAPbBr3–MAPbI3

perovskite–perovskite tandem solar cell by simple lamination
gives us some useful inspirations on the preparation process.
Nonsolvent dripping, spray coating, evaporation process or in-
serting insoluble layer between the function layers of the all-
pervoskite solar cell would avoid solving the pervoskite layers
during the cell fabrication. Some insoluble materials, such as
graphene oxide[36] and PTPTB[37] are used in the photoelec-
tric devices, especially in the tandem polymer solar cell. Two-
step scheme employed cross linking of the polymer is used
to form the insoluble and thermally stable contact layer in the
perovskite solar cells.[38,39] In our next paper, we will focus on
the influence of the insoluble layer inserting on the cell perfor-
mance.
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4. Conclusions
A new kind of p–i–n-type all-perovskite solar cell with

planar structure is designed and analyzed by using one-
dimensional device simulator. The influences of the doping
concentration, the band gap width and the thickness of n, i,
and p layers on the performances of the solar cells are inves-
tigated. The results reveal that the n- and p-layer perovskite
can work well both as transporting layer and as absorber layer.
The adjustment of the band matching of the i and p layers can
influence the Jsc and the Voc, which can guide the future de-
sign of the tandem solar cell to achieve current match or high
Voc. The band matched cell shows obviously improved perfor-
mance with widened absorption spectra and lowered recombi-
nation rate. After comprehensively optimizing the parameters
mentioned above, the cell can obtain the encouraging results:
the Jsc reaches 32.47 mA/cm2, Voc 0.956 V, FF 83.278%, and
PCE 25.843%. The results are conducive to designing simpler
and more efficient new perovskite cell structure in the future.
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