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Organic metal halide perovskite materials have excellent photoelectric properties, and the power conver-
sion efficiency (PCE) of the perovskite solar cells (PSCs) has increased from 3.8% to more than 25%. In the
development of PSCs, innovative architectures were being proposed constantly. However, the use of the
electron transport layer (ETL) and hole transport layer (HTL) increases manufacturing costs and process
complexity. Perovskite material has ambipolar charge transport characteristics, so it could functionalize
as both the optical absorption layer and carrier transport layer (CTL). In this review, we analyzed the
p/n-type perovskite materials, perovskite p-n homojunction solar cells, and carrier transport layers-free
(CTLs-free) devices. Finally, we propose some innovative device architectures. We hope that this mini re-
view could pave way for the simplification of the architectures, promote the preparation of the low-cost
and high-efficiency devices, and accelerate the commercialization of the PSCs.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Solar energy is inexhaustible and environmental-friendly. It
could help mankind to solve the current energy and environmen-
tal challenges, as shown in Fig. 1a. Organic metal halide perovskite
is used as the light absorption layer in PSCs, as shown in Fig. 1b.
The general formula of perovskite is ABX3, where A represents
a monovalent organic cation (such as CH3NH3;*, CH(NH,),*, Cs*,
Rb™), B represents a bivalent metal ion (such as Pb%*, Sn?+, Ge2t),
and X symbolizes a halide ion (such as Cl—, Br~ or I7), as shown
in Fig. 1c [1,2]. It has high absorption coefficient [3,4], low ex-
citon binding energy [5-7], ambipolar characteristic [5,8,9], long-
distance electron-hole diffusion [10,11], and high defect tolerance
[12-14], and was used as the absorbing material in 2009 [15]. Then,
with the help of device architecture engineering [16,17], film mor-
phology engineering [18,19], energy level alignment [20,21], elec-
tron transport materials [22,23], hole transport materials [24], ad-
ditive engineering [25,26], interface engineering [27], composition
engineering [28], defect engineering [29], hysteresis optimization
[30,31], stability optimization [26,32] etc., the PCE of the device has
risen from the initial 3.8% to higher than 25% [15,33]

In the development of PSCs, innovative architectures had been
proposed constantly, as shown in Fig. 2. PSCs had experienced the
development from the liquid state to solid state. The solid-state
devices could be divided into the mesoporous and planar archi-
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tectures. The planar architectures could be divided into the regu-
lar (n-i-p) and reverse (p-i-n) architectures. Then, scientists and re-
searchers further prepared the HTL-free and ETL-free PSCs. Table 1
[4,15,34-53] summarized the evolution of the architectures and
PCEs for the devices.

Generally, the PSCs contain a HTL and an ETL to build in the
electric field, which can suppress the recombination of electrons
and holes and promote their separation. However, the use of ETL
and HTL increased the manufacturing costs and process complex-
ity. Organic metal halide perovskite had ambipolar carrier trans-
port characteristics, so it could be used as the absorption layer and
CTLs simultaneously. But the recombination probability of the elec-
trons and holes was increased significantly and the performance of
the device was poor. The establishment of the perovskite p-n ho-
mojunction could enhance the built-in potential and improve the
performance, but there was few research on this aspect [17,54].

Herein, we analyzed the p/n-type perovskite materials, per-
ovskite p-n homojunction solar cells, and CTLs-free PSCs. Finally,
we proposed some innovative architectures. We hoped that this
mini review could provide reference for the simplification of PSCs,
pave way for the preparation of low-cost and high-efficiency de-
vices, and accelerate the commercialization process.

2. Perovskite p-n junction

The first solar cell was invented in 1954. It was a silicon (Si)
solar cell based on p-n junction, as shown in Fig. 3. Due to the
huge difference of electron concentration between n-type and p-
type Si, the electrons would diffuse from the n-type Si to p-type
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Fig. 1. (a) Circuit diagram of the PSCs. (b) p-n junction in device. (c) lattice struc-
ture of the ABX3-type perovskite.

Si and holes would diffuse from the p-type Si to n-type Si. When
the diffusion force and electric field force reached equilibrium, an
internal electric field would be formed within a certain thickness
on both sides at the interface.

When the p-n junction was illuminated, a half of photogener-
ated carriers were produced in the form of excitons and the other
were free electrons and holes. Under the function of built-in po-
tential, the majority of excitons would be dissociated into the free
electrons and holes. The electrons would be transferred to n-type
Si and then extracted by the cathode, while the holes would be
transferred to p-type Si and then extracted by the anode.

2.1. Perovskite as hole transport layer

In the HTL-free PSCs, perovskite layer should have high hole
concentration and a certain hole mobility to ensure the trans-
port and extraction of the holes. Because the ionic radius of boron
tetrafluoride (BF,, 0.218 nm) was similar to iodine (I7, 0.220 nm),

Table 2

PSCs using perovskites as the HTLs.

Device structure PCE (%) Year Ref.
FTO/TiO,/CH5NH;Pbl3/Au 728 2012  [46]
FTO/CsSnly05F0,05/N719/TiO, 10.2 2012 [59]
ITO/MAPbI3 [PCs1 BM/Cs0/Ag 11.02 2012  [47)
FTO/TiO,/MAPbI;3/Au 8.04 2013 [57]
FTO/3D-TiO,/MAPbI;/Au 12.0 2013 [60]
FTO/compact-TiO, /mesoporous-TiO, /[FAPbI; /Au 3.9 2014  [56]
FTO/compact-TiO, /mesoporous- 4.0 2014  [56]
TiO, /(MA)x(FA)1Pbls/Au

FTO/compact-TiO, /mesoporous-TiO, /MAPbI; /Au 7.7 2014  [56]
FTO/TiO, /Dye/Cs, Snlg/FTO 8.0 2014 [58]
FTO/compact-TiO, /mesoporous-TiO, /MAPbI; /Carbon ~ 8.31 2014  [61]
FTO/compact-TiO, /mesoporous-TiO, /MAPbI; /Carbon  9.08 2014 [62]
FTO/TiO/ZrO, /MAPbI; /Carbon 127 2015 [63]
FTO/compact-TiO, /mesoporous-TiO,/ 13.24 2015 [55]
MAPDbI, g5(BF4 )g.05/ZrO, [carbon

ITO/Cu, 0/MAPbI; /Cg/Bphen/Ag 9.64 2016 [64]
ITO/MAPbI; [PCq; BM/Al 12,5 2016  [65]
ITO/Graphene Oxide sheets/MAPbI;/Cso/Bphen/Ag 6.62 2017  [66]
ITO/FAPb, 5Sng 513 /PCBM/BCP/Al 794 2017 [67]
FTO/compact-TiO, /mesoporous- 1133 2017 [68]
TiO,/MAPDI; /CsPbBry I3« /M0oO3 /Ag

FTO/nano-porous TiO, sphere/MAPbI;/Carbon 14.3 2018  [69]
ITO/ MAPbI5:FATCNQ/Cgo/BCP/Cu 200 2018 [70]

Chen et al. prepared the MAPbI3 4(BF4)x polycrystalline films by
adding MABF, into the perovskite precursor solution. The result
showed that the hole mobility was improved significantly and the
films behaved as a good p-type semiconductor. In the device, per-
ovskite layer not only acted as the light absorption layer, but also
the HTL [55]. Aharon et al. prepared the HTL-free PSCs by two-
step solution process. The perovskite layer was MAPbI;, FAPbIs,
or FA; yMAxPbl3. Through the surface photovoltage spectrum (SPS)
analysis, they were all p-type semiconductors [56]. Etgar and La-
ban et al. also used MAPbI;3 as both the absorption layer and
HTL in HTL-free PSCs. The PCE was 7.28% and 8%, respectively
[46,57]. Lee et al. prepared the Cs,Snlg film by solution method
and employed it as the HTL in solid dye-sensitized solar cells
[58]. Table 2 [46,47,55-70] summarized the architectures and the
PCEs of the devices, in which perovskite layers were used as the
HTLs.

Table 1
Evolution of the architectures and the PCEs of PSCs.

Classification Device structure PCE (%) Year Ref.

Liquid dye-sensitized solar cell FTO/compact-TiO, /mesoporous-TiO,/CH3NH3Pbl;/Liquid Electrolyte/Pt/FTO 3.81 2009 [15]
FTO/compact-TiO, /mesoporous-TiO, /CH3NH3Pbl; QDs/Liquid Electrolyte/Pt/FTO 6.5 2011 [34]

Mesoporous “n-i-p” FTO/compact-TiO, /mesoporous-TiO, /CH3NH3 Pbl; /Spiro-OMeTAD/Au 9.7 2012 [35]
FTO/compact-TiO, /mesoporous-Al, 03 /CH3 NH3 Pbl, Cl/Spiro-OMeTAD/Ag 10.9 2012 [36]
FTO/compact-TiO, /mesoporous-TiO, /(FAPbI3 )o g5(MAPbBI3 )o.15/PTAA/Au 17.9 2015 [37]
FTO/compact-TiO, /mesoporous-TiO, [FAPbl; /PTAA/Au 20.1 2018 [38]

Planar “n-i-p” FTO/compact-TiO, /CH3;NH3Pbl;_ Cly/Spiro-OMeTAD/Au 114 2013 [39]
FTO/compact-TiO, /CH3;NH3 Pbl; 4 Cly /Spiro-OMeTAD/Ag 15.4 2013 [40]
ITO/PEIE/Y:TiO, /CH3 NH3 Pbl; 4 Cly /Spiro-OMeTAD/Au 19.3 2014 [41]
ITO/EDTA-SnO; [FAg 95 Csp.05Pbl3 /Spiro-OMeTAD/Au 21.52 2018 [42]

Planar “p-i-n” ITO/PEDOT:PSS/CH;3 NH3Pbls/Cgo/BCP/Al 3.9 2013 [43]
ITO/PEDOT:PSS/CH;3; NH;3Pbls /PCq BM/AL 7.4 2013 [4]
ITO/PEDOT:PSS/CH3 NH3Pbls._ Cl, /PCBM/Al 115 2014 [44]
ITO/NiO/CH3NH3Pbl3/PCg; BM/ALD-TiO, /Ag 18.3 2018 [45]

HTL-free FTO/compact-TiO, /mesoporous-TiO,/CH3NH3 Pbl; /Au 7.28 2012 [46]
ITO/CH3NH;Pbls/PCq1 BM/Cso/Ag 11.02 2012 [47]
FTO/compact-TiO, /mesoporous-TiO, /CH3 NH3 Pbls/Au 10.49 2014 [48]
ITO/CH3NH;Pbls/Cg/BCP/Ag 16.0 2015 [49]

ETL-free ITO/CH;3;NH;Pbls /P3HT/Spiro-OMeTAD/Ag 135 2014 [50]
FTO/CH3NH;3Pbl;_Cly/Spiro-OMeTAD/Au 14.14 2015 [51]
FTO/CH3NH;3Pbl; /Spiro-OMeTAD/Au 18.20 2017 [52]
FTO/BCP/CH;3;NH;Pbls/Spiro-OMeTAD/Ag 19.07 2018 [53]
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Fig. 2. Development of the architectures: (a) liquid dye-sensitized solar cell; (b) mesoporous “n-i-p”; (c) planar “n-i-p”; (d) planar “p-i-n”; (e) planar “n-i-p”- ETL free; (f)
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Fig. 3. Si solar cell based on p-n junction.

2.2. Perovskite as electron transport layer

Normally, the devices had no selectivity for electrons and holes
in the ETL-free PSCs. The serious carrier recombination would oc-
cur at the interface between the perovskite and the cathode. Cui
et al. modulated the semiconductor type of the film by controlling
the annealing temperature. When the temperature was increased
from room temperature to 150 °C, the semiconductor was con-
verted from p-type to n-type. The p-n junction was composed of
an n-type perovskite layer and a p-type hole transport layer. And
the p-n junction improved the directional transport ability and re-
duced the recombination probability for electrons and holes. Fi-
nally, the PCE of the ETL-free PSCs could reach 15.69% [71]. The
semiconductor type of film was closely related to the precursor

1774

composition, processing conditions, and preparation methods (such
as evaporation, solution). And it could be modulated from n-type
to p-type, or vice versa correspondingly. Wang et al. found that
the semiconductor type was essentially determined by the intrin-
sic defects in films. The composition of perovskite precursors and
annealing temperature could affect the intrinsic defects. Theoreti-
cal analysis showed the relative size of formation energy for the
intrinsic defects in MAPbI; films: Vpo, < Vi-< Pbi2+< Vma+. In
the system of Pbl,-rich or MAI-deficient, there was a tendency to
form Vi-, rather than Pbi2+ or Vya+. And the film tended to be-
have as the n-type semiconductor. However, in the system of MAI-
rich or Pbl,-deficient, there was a tendency to form Vp,, rather
than Vi-. And the film tended to exhibit a p-type feature [72]. By
adding antimony chloride (SbCl;) into the precursor solution of
MAPbI;_Clx, Huang et al. introduced Sb3+ into the crystal struc-
ture of perovskite, which made the MAPb;_,Sbyl3 4 Clx film behave
as an n-type semiconductor. The X-ray diffraction (XRD) patterns
showed that the introduction of Sb3* did not change the lattice
structure of MAPbI3_,Clx. In addition, the optical absorption spec-
tra showed that the band gap did not change significantly. The
Hall effect measurement showed that the electron concentration
in MAPbI;_Cly film was about 7.2 x 10 cm~3 when the doping
concentration was 0. But when the doping concentration was 2%,
the electron concentration in MAPb;_ySbyls_,Clx film was increased
to 8.3 x 1016 ¢m~3 and the conductivity reached 2.19 x 106 Q-1
cm~!. In the device, perovskite layer was used as both the ab-
sorption layer and ETL. The p-n junction was constructed between
the doped n-type perovskite film and p-type HTL. Accordingly, the
PCE was increased from 7.71% to 12.62% [73]. Graphite materials
were abundant, cheap, environmentally friendly, and stable and
they could extract holes and block electrons. Wei et al. constructed
the p-n junction between the perovskite layer and graphite elec-
trode. By optimizing the interface contact, the PCE of the device
increased from 2.60% to 11.02% [74]. Table 3 [50-53,71,73,75-86]
showed the architectures and the corresponding PCEs, in which
perovskites were used as the ETLs.
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Table 3
PSCs using perovskites as the ETLs.

Device structure PCE (%)  Year Ref.

ITO/CH3NH; Pbls /Spiro-OMeTAD/Ag 13,5 2014 [50]
ITO:Cs,CO3/CH3NH;Pbl; /Spiro-OMeTAD/Au 15.1 2014 [75]
FTO/CH3NH3Pbls xClx /Spiro-OMeTAD/Ag 10.67 2015 [76]
ITO/CH; NH;Pbls /Spiro-OMeTAD/Ag 114 2015 [77]
ITO/FAPbI; /Spiro-OMeTAD/Au 12.70 2015 [78]
FTO/CH;NH;Pbls_, Cl, /Spiro-OMeTAD/Au 13.26 2015 [51]
FTO/CH3NH;Pbls_ Cl, /Spiro-OMeTAD/Ag 11.07 2016 [79]
FTO/CH3NH3Pbls :Ceo/Spiro-OMeTAD/Au 136 2016  [80]
FTO/n-type CH;NH;Pbl;/Spiro-OMeTAD/Au 15.69 2016 [71]
FTO/CH;NH;Pbl; /HTL/Au 18.20 2017 [52]
FTO/CH3NH;Pbls /Spiro-OMeTAD/Au 19.22 2017 [81]
FTO/MAPb_, Sby 5., Cly /Spiro-OMeTAD/Ag 12.62 2018 [73]
FTO/FAO,83CS()_17Pb(10_6Bl'o_4)3/SDiI‘O-OMETAD/AU 13.8 2018 [82]
ITO/PTAA/CH; NH;Pbl, [Ti/Cu 18.1 2018 [83]
FTO/CH;NH;Pbl; /Spiro-OMeTAD/Au 185 2018 [84]
FTO/BCP/mixed perovskite/Spiro-OMeTAD/Ag 19.07 2018 [53]
ITO/CSU_05FA(]_SMAO_15Pb12_55Bl'0_45/Spil'0-OM€‘TAD/AU 195 2018 [85]
FTO/FA¢.75 MAg 25 Pbl; 5Brg 5 /Spiro-OMeTAD/Au 20.1 2019 [86]

2.3. Perovskite p-n homojunction solar cells

The underlying physical principles in p-n junction had been
studied for decades and most photovoltaic devices based on con-
ventional inorganic semiconductors (such as GaAs, CIGS, and CdTe)
were invented. Because the perovskite possessed ambipolar carrier
transport characteristics, it could be used as the CTL. Some re-
search teams had prepared the perovskite p-n homojunction solar
cells.

The first layer of perovskite could be prepared by solution
method. However, the second layer could not be prepared by so-
lution method, otherwise the first layer would be destroyed. The
perovskite films could also be prepared by the double source evap-
oration system [40]. By controlling the evaporation rate of MAI
and Pbl,, the p-type and n-type perovskite films could be de-
posited sequentially. Finally, the perovskite p-n homojunction was
constructed. Due to the establishment of the built-in electric field,
the carrier recombination rate was reduced significantly and the
directional carrier transport was enhanced. Accordingly, the PCE
was increased to 14.7% [87]. Cui et al. had prepared the n-type
and p-type MAPbI3 films by controlling the stoichiometric ratio of
precursors. By constructing the perovskite p-n homojunction, the
PCE was increased from 17.76% to 20.80%. Their work demonstrated
that constructing perovskite p-n homojunction could be a valid al-
ternative to enhance the performance of the device [88]. Ou et al.
prepared the n-type perovskite film with a certain thickness. Then,
the MoO3; was introduced into the surface of the film, which con-
verted the n-type film with a thickness of 20 nm into p-type. The
built-in potential and depletion width were 0.5 eV and 10 pm, re-
spectively [89]. Sun et al. prepared the n-type (FA,MA)Pb(CI, Br,
)3 and p-type FAPb;,Snxl; films sequentially in the device and
the corresponding PCE could reach 21.4% [90]. Chen et al. spun
the guanidine bromide (GABr) isopropanol solution on the sur-
face of perovskite film, followed to form a certain layer of n-type
GAxFAg gCsg2Pb(lg7Brg 3,x3)3 at the perovskite/Cgq interface by an-
nealing. The PCE of the device was increased from 17.16% to 18.19%
[91]. Ren et al. prepared the p-type perovskite films by control-
ling the stoichiometric ratio of precursors. Then, an n-type per-
ovskite layer with a certain thickness was achieved on the surface
by Art bombardment. Finally, a perovskite p-n homojunction was
constructed successfully [92]. Xiao et al. showed that the applied
electric field could make point defects migrate in films and cause
the aggregation on the surface, as shown in Fig. 4. The aggregation
could produce the n-type and p-type doping [93].
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Fig. 4. The n-type and p-type doping in perovskite by external electric field.

The double layers (MAPbI3/MAPbIxBrs_,) was formed by coat-
ing the amines bromide (MABr) solution on the top of MAPbI3.
The double layers promoted the hole extraction and reduced the
recombination probability. Finally, the PCE could reach 16.2% [94].
Table 4 [74,87-92,94,95] summarized the architectures and the
PCEs of the perovskite p-n homojunction solar cells.

In a word, the perovskite p-n homojunction could enhance the
built-in electric field. The built-in electric field could suppress the
recombination of electrons and holes and make the electrons and
holes migrate to the cathode and anode side in the opposite di-
rection. For the PSCs with ETL and HTL, constructing perovskite
p-n homojunction could further improve the performance of the
device. Regard to CTL-free PSCs, the perovskite p-n homojunction
could be used to simplify the architecture and ensure the PCE si-
multaneously.

2.4. Conclusion

Based on the above analysis, we took the MAPDI; as an ex-
ample to summarize the preparation of p-type and n-type per-
ovskite films and analyze the internal mechanism. These methods
for modulating the majority carrier type in perovskite could pave
way for the fabrication and investigation of the perovskite p-n ho-
mojunction solar cells.

(I) The electronic conductivity of the perovskite film could be
tuned by changing the molar ratio of the precursors (Pbl,/MAI).
When Pbl,/MAI > 1, the film tended to behave as an n-type
semiconductor. When Pbl,/MAI < 1, the film tended to behave
as a p-type semiconductor.

(II) Heterovalent doping could modulate the majority carrier type
in perovskite. The introduction of monovalent ions (such as
Ag*, Na*, K*, and Rb™) could make the film behave as a p-type
semiconductor, while the introduction of trivalent ions (such as
Sb3* and Bi3*) could make the film behave as an n-type semi-
conductor.

(IIT) Annealing temperature and time could also affect the semicon-
ductor type of the perovskite. High temperature (100-150 °C)
and long-term annealing treatment could make the film behave
as an n-type semiconductor, while low temperature (< 100 °C)
and short-term annealing treatment could make the film be-
have as a p-type semiconductor.

The molar ratio of the precursors, heterovalent doping, and an-
nealing process could affect the defect type (Vpy2s, Vi-, be*. and
Vma+) in perovskite. The majority carrier type was closely related
to the defects, and could be reflected by the position of Fermi level
(Eg). We reproduced the schematic energy level diagram of some
perovskite films including the position of Eg, as shown in Fig. 5
[71-73,88,96-99].

3. Devices without any carrier transport layer (CTLs-free)
The ambipolar characteristic of the perovskite materials en-

dowed them with great potential to construct the CTLs-free PSCs.
The photo-induced excitons could be dissociated into free electrons
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Table 4
The perovskite p-n homojunction solar cells.
Method Device structure PCE (%) Year Ref.
Solution FTO/Ti0, /CH3NH;3Pbls/Candle soot 11.02 2014 [74]
Solution and vacuum vapor deposition Si/SiO, /n-type CH3NH;Pbl;/p-type CH;NH3Pbl; - 2018 [89]
Vacuum vapor deposition ITO/HTL/p-type CH3NH3Pbls/n-type CH3NH3Pbls/ETL/Au 14.7 2018 [87]
Solution FTO/compact-TiO, /mesoporous-TiO, /CH3NH3Pbl; /CH3NH;3 PblBrs_ /Carbon 16.2 2019 [94]
Solution ITO/TiO; /Csp.25FA¢.75Pbl3 [CsPbls /Spiro-OMeTAD/MoOx /Al 17.39 2019 [95]
Solution ITO/PTAA/FAo 5 Cs0.2Pb(lo.7Bro3)3/GAxFAg 8 Cs0.2Pb(lo.7Bro31x/3)3/Co0/BCP/AE 18.19 2019 [91]
Solution and vacuum vapor deposition FTO/compact-Ti0, /n-type CH3NH3Pblz/p-type CH3NH;3Pbl;/Spiro-OMeTAD |Au 20.80 2019 [88]
Solution and vacuum vapor deposition FTO/compact-Ti0, /n-type FAg.15MAgg5Pbls/p-type FAg15MAggsPbls/Spiro-OMeTAD/Au 21.38 2019 [88]
Solution and surface treatment ITO/p-type perovskite/n-type perovskite/Au Failure 2020 [92]
Solution FTO/n-type perovskite/p-type perovskite/Au 103 2020 [90]
Solution FTO/SnO,/n-type perovskite/p-type perovskite/Au 111 2020 [90]
Solution FTO/n-type perovskite/p-type perovskite/Spiro-OMeTAD/Au 18.7 2020 [90]
Solution FTO/SnO,/n-type perovskite/p-type perovskite/Spiro-OMeTAD/Au 214 2020 [90]
? IIIII (b) IIIIIIIII
hﬂsylmuaj_ S pacrRy "j’_'}_(f__el ______________________ I Fermi level (Er)
Illllii ii IIIIIIIII Energygapcenter(EM)
active layer: CHsNH3Pbls CHiNH3PbIs active layer: CH3NH3Pblx CH3NH:Pbls
annealing: nonc 60 100 130 150 nonc 60 100 130 60 |
molar ratio: 0.30 065 100 120 1.70 03 065 1.0 1.7
’ (PbI2/MAI)
©

I

Energy level (E, . — ==
VB
active layer: CH(NH2)2Pbls
doping: 0% 2%
molar ratio: 030 065 100 120 170 Sb*
(PbI2/FAI)

active layer: CHiNH:PbIxxClx CHINHiPbI3.xCl

Energy level (I: eV)

CsPbBrs

active layer: CH3NH3PbIx

%  2.5% doping(Ag"): 0% 0.23% 0.48% 0% 05% 10% 25% 5%

Fig. 5. (a) Influence of the annealing temperature (0-160 °C) [71,96]. (b) Influence of the molar ratio for the precursors [72,97]. (c) Influence of the molar ratio for the

precursors [88,97]. (d) Influence of the heterovalent ion doping [73,98]. (

and holes in the absence of the CTLs owning to the low binding
energy. Long carrier diffusion length and high carrier mobility al-
lowed the carriers to pass through the perovskite layer and be ex-
tracted by the electrodes. The preparations of a continuous, com-
pact, smooth, and flat perovskite film, suitable energy level, and a
p-n junction inside the device were imperative to a high efficiency
CTLs-free PSCs.

The perovskite p-n homojunction, containing a p-type
FAPb,_4Snxl3 layer and an n-type (FA, MA)Pb(Cl, Br, I); layer,
was prepared in a CTLs-free PSCs. The PCE could reach 10.3% [90].
By controlling the molar ratio of the perovskite precursors, Cui
et al. prepared an n-type and a p-type films sequentially. In the
device, the perovskite films were used as both the absorption
layer and the CTLs. The corresponding PCE could reach 8.08% [88].
Theoretical calculation showed that the CsSnlz had a direct band
gap of 1.3 eV. At room temperature (300 K), it behaved as a p-type
semiconductor with an exciton binding energy of 18 meV [100].
Chen et al. prepared the CTLs-free PSCs by using CsSnl; as the
absorption layer. However, the PCE was only 0.9% [101]. Duan et al.

) Influence of the heterovalent ion doping [98,99].

had prepared the CTLs-free PSCs by employing CsPbBr; and carbon
materials as the absorption layer and electrode. The initial PCE
was only 2.35%. But the PCE could be increased to 4.10% after the
interface optimization [102]. Table 5 summarized the architectures
and PCEs of the CTLs-free PSCs.

4. Summary and outlook

In summary, we analyzed the p/n-type perovskite materials,
perovskite p-n homojunction solar cells, and CTLs-free PSCs. In or-
der to construct the CTLs-free perovskite p-n homojunction solar
cells, we could learn the preparation methods of p-type and N-
type perovskite films from the different studies. It should be noted
that the electrode layers would directly contact with the perovskite
layers. And the contact quality was generally poor. In order to opti-
mize the interfaces, we could refer to the methods in the CTLs-free
PSCs.

Carbon materials had an ability of extracting holes from the
perovskite layer and their properties could be adjusted by con-
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Table 5

Devices of the CTLs-free PSCs.
Method Device structure PCE (%) Year Ref.
Vacuum vapor deposition ITO/CsSnl3 /Au/Ti 0.9 2012 [101]
Solution FTO/CsPbBr3/Carbon 4.10 2018 [102]
Solution and vacuum vapor deposition FTO/n-type perovskite/p-type perovskite/Au 8.08 2019 [88]
Solution FTO/n-type perovskite/p-type perovskite/Au 103 2020 [90]

()

carbon

carbon

any p-type perovskite any n-type perovskite

any n-type perovskite any p-type peroyskite

TCO

[ o

carbon carbon

any n-type perovskite

p-type carbon n-type carbon

any n-type perovskite any p-type perovskite

l TCO

n-type carbon

Fig. 6. Some innovative architectures of the PSCs.

trolling the doping level and the preparation process. In addition,
transparent conductive oxide (TCO) played a role of transmitting
sunlight and extracting carriers in PSCs. And its semiconductor
type could also be changed by doping. If the N-type or p-type TCO
could be used as both the CTL and electrode, the architecture of
the device could be further simplified. In view of this, we proposed
some innovative architectures, as shown in Fig. 6.

In the future, employing carbon materials and TCO as the elec-
trode and CTL, using perovskite materials as the absorption layer,
and constructing the p-n junction in device were expected to sim-
plify the architecture and ensure the PCE of the device simulta-
neously. We hoped that this mini review could pave way for the
simplification of the architectures, promote the preparation of low-
cost and high-efficiency devices, and accelerate the commercializa-
tion of the PSCs.
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