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TOPICAL REVIEW — Emerging photovoltaic materials and devices

Surface modulation of halide perovskite films for
efficient and stable solar cells
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As the main distribution place of deep-level defects and the entrance of water, the interface is critical to determining
both the power conversion efficiency (PCE) and the stability of perovskite solar cells (PSCs). Suitable interface design can
dramatically passivate interface defects and optimize energy level alignment for suppressing the nonradiative recombination
and effectively extracting the photogenerated carriers towards higher PCE. Meanwhile, a proper interface design can also
block the interface diffusion of ions for high operational stability. Therefore, interface modification is of great significance to
make the PSCs more efficient and stable. Upon optimized material choices, the three-dimensional halide perovskite graded
junction layer, low-dimensional halide perovskite interface layer and organic salt passivation layer have been constructed
on perovskite films for superior PSCs, yet a systematic review of them is missing. Thus, a guide and summary of recent
advances in modulating the perovskite films interface is necessary for the further development of more efficient interface

modification.

Keywords: perovskite solar cells, interfacial engineering, surface modulation, organic salt surface layer

PACS: 73.40.Lq, 68.65.—k, 68.35.—p, 81.05.Hd

1. Introduction

Halide perovskite solar cells (PSCs) are on their way to-
wards the urgent requirement of low-cost renewable clean en-
ergy. Halide perovskites are a kind of semiconductors com-
monly with the formula of ABX3, where A is monovalent
cations of MA' (CH3NHJ ), FAT (NH,-CH=NH; ) and Cs™,
B is divalent cations of Pb%* and Sn?*, and X is halides
of I-, Br~ and C1~.[!3] These materials have been demon-
strated to have excellent photoelectric properties such as high
light absorption coefficient, long carrier lifetime and diffu-
sion length, high carrier mobility, low exciton binding energy,
and adjustable band gap.>°! These advantages make halide
perovskites very suitable for light absorbers in solar cells. ']
Based on rich experience in dye sensitized solar cells, organic
solar cells, thin film solar cells and silicon solar cells, great
progresses have been obtained on PSCs. Device configura-

(11

tions are the basic for fabricating PSCs,!!!! halide perovskites

were initially adopted as dyes in dye sensitized solar cells in

(121 Now they are mostly in the form

the form of quantum dots.
of thin films sandwiched between selective contact of charge
transport layers (CTLs), forming n—i—p PSCs with the elec-
tron transport layer (ETL) deposited on the window substrate
and p—i—n PSCs with the hole transport layer (HTL) deposited

on the window substrate. The p—i—n PSCs are also commonly

TThese authors contributed equally.
#Corresponding author. E-mail: zhaoqing@pku.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac1fe0

called inverted PSCs. The concept of planar and mesoscopic
PSCs, which is determined by whether the functional layer
is in the form of planar type or mesoscopic type, is also put
forward. To improve the photovoltaic performance of PSCs,
large deals of researches are focused on the morphology con-
trol and composition optimization of halide perovskite films, a
kind of device configuration.!'3-18] Therefore, the efficiency of
PSC has been rapidly improved in recent years and the highest
certificated PCE for PSCs had been boosted to 25.5%.!1) Re-
cent papers also reported certificated PCE of 25.2% for both
planar and mesoscopic n—i—p PSCs.[?%2!] In addition to PCE,
PSCs’ life span had been also greatly enhanced from minutes
to hundreds and thousands of hours.!?>°! Further pushing
PSCs towards outdoor applications in the near future is widely
expected.

In addition to morphology and components, the interface
is also critical to the photovoltaic performance of PSCs, as
has been demonstrated in efficient silicon solar cells and other
semiconductor devices with various interface structures.30-3?]
Due to the imperfection of crystals at the interfaces, defects
are formed and bring nonradiative recombination, leading to
efficiency loss. Moreover, interface is the initial entrance for
water to degrade the perovskite lattice. PSCs have interfaces
between halide perovskite films and adjacent charge transport

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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materials together with interfaces between charge transport
materials and electrodes. Those interfaces can be modulated
to optimize the performance of PSCs. On one hand, these
interfaces are constructed by the adjacent layers. Therefore,
adjusting the chemical compositions, surface properties and
electronic properties of functional layers in PSCs can influ-
ence the properties of the interfaces.[>*7! On the other hand,
the interfaces can be also modulated by inserting an additional
interface layer.!***! Among various interfaces in PSCs, those
related to perovskite films are more concerned. 1:4%]

Two interfaces including the bottom and the top interfaces
are related to perovskite films (Fig. 1). The bottom interface is
near the substrate on which the perovskite film is deposited, [+’]
which is greatly influenced by the surface electronic properties
of the under layer. The top interface is on the top of perovskite
films and in contact with the hole transport layer for n—i—p
PSCs or electron transport layer for p—i—n PSCs.[**! This in-
terface can be adjusted by modulating the surface of the per-
ovskite film. Modulation of both interfaces has contributed a
lot to various breakthroughs of PSCs. Tan ef al. introduced
chloride on top of TiO, and passivated defects at the interface
between TiO, and the halide perovskite, boosting the PCE of
n—i—p planar PSCs to 21.4%.3%) Jiang et al. treated the top
surface of perovskite films with phenethylammonium iodide
(PEAI) to passivate defects at the interface, boosting the PCE
of n—i—p planar PSCs to a record of 23.32%.**! Yoo et al. ob-
tained a certificated PCE of 25.2% for n—i—p planar PSCs by
treating the top surface of perovskite films with alkylammo-
nium bromide.?®) Luo ef al. treated halide perovskite films
with guanidinium bromide to make the surface more n type,
boosting the PCE of inverted p—i—n planar PSCs to approach
21%.151 Wang et al. treated CsPbl; film with choline iodine,
boosting the PCE of n—i—p planar inorganic PSCs to 18.4%.[46]
Jeong et al. obtained a certificated PCE of 25.2% for n—i—p
mesoscopic perovskite solar cells by treating perovskite films
with octylammonium iodide (OAI).[>!! Optimizing the inter-
face has also contributed a lot to the stability enhancement of
PSCs.[2639471 Although both interfaces have been optimized
to improve the performance of PSCs, the top interface gains
more attention since the surface of halide perovskite films can
be modulated more easily. Various chemicals, including salts,
small molecules, polymers, metal oxides and nano particles
have been adopted to construct top interface layers for PSCs.
Among those chemicals, halide salts are the most widely used.
They can form several kinds of interface layers with halide
perovskite films and have contributed a lot to the PCE and sta-
bility enhancement of PSCs (Fig. 1 and Table 1).

In this review, we focus on progresses on modulating the
top surface of perovsktie films via halide salts for efficient and
stable PSCs. We summarize attempts on constructing three-
dimensional (3D) halide perovskite graded junction layer for
better energy level alignment and preferred carrier transport in

PSCs to enhance the charge extraction efficiency. We also re-
view the popular work of treating halide perovskite films with
organic halide salts to construct low-dimensional halide per-
ovskite interface layer and interface passivation layer to sup-
press non-radiative recombination. We expect these results
could provide guidance for further research on more efficient
interface modification toward more efficient and stable PSCs.

2
©
(2]
3
Perovskite =
£
=
| B
i (@)
; £
' ©
v‘ 8 O
1 - © o o o 0o o o o o0 o
i ___ Low-dimensional halide ___
i perovskite interface layer
Canduchve ‘ :\6\»64—,6(:6L\6»>606(,6c6rQ;
transparent L Do)

substrate

o o0 ¢

PSCs -Halide salt interface Ia)//el:

Fig. 1. Top interface layer constructed by halide salts for PSCs.

2. Constructing a 3D halide perovskite graded
Jjunction interface layer

Constructing a graded junction in solar cells is beneficial
for optimizing energy level alignment to enhance built-in elec-
tric field, which could help to enhance preferred extraction of
carriers and suppress nonradiative recombination by inhibit-
ing the undesired diffusion of photogenerated carriers.”3] Al-
though the built-in electric field in PSCs is generally formed
by the n-type electron transport layer and the p-type hole trans-
port layer, a proper graded junction layer can still make sense.
An important property of halide perovskites is that their com-
positions can be adjusted accordingly, and the perovskites
with different compositions possess different bandgaps, en-
ergy band structures and electronic properties.[*! Therefore, a
graded interface junction on perovskite films can be designed
flexibly based on component regulation to enhance the perfor-
mance of PSCs.

Li et al. constructed a graded heterojuction by preparing
CsPbBr,I5_, layers with varied x from 0 to 0.7 on the top of
MAPbI; film, which enhanced the PCE of hole-conductor-
free PSCs from 8.16% to 11.33% (Figs. 2(a)-2(c)).[*8] Hole-
conductor-free PSCs are a type of device which does not adopt
conventional hole conductors such as Spiro-OMeTAD, PTAA
or NiO.?274 Such devices benefit a lot from the excellent
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Table 1. Summary of top interface layer constructed by halide salts for PSCs.

Device configuration Treating chemicals Interface Performance - Stability - — Ref.
type Vo Jse FF PCE Aging Aging Remaining
(V) (mA/em?) (%) condition time PCE
FTO/TiO2/MAPbI3/MoO3/Ag CsPbBr,I3_, NCs GII 095 19.2 62.1 1133 5°C 200 h 70% [48]
FTO/TiO,/CsPbl; QDS/Spiro/Ag CsPbl; QDs GII 1.25 14.9 71.0 13.20 / / / [49]
FTO/TiO,/MAPDI3/P3HT/Au CsPbl,Br;_, QDs GJI / / /  17.60 MPP, encapsulated, 10000 h stable [50]
65% RH, 25 °C
FTO/C60/CsPbl; 5sBr; s/HTL/Ag FAPbI, 5Br 5 GII 111 21.0 75.0 17.48 unencapsulated, 400 h 85% [51]
65 °Cin Ny
FTO/TiO,/MAPDIz/Carbon MABr GJI 1.07 20.8 73.0 16.2  unencapsulated, 55 days 85% [52]
25°C, 30% RH
FTO/TiO2/MAPbI3/Au MABr GII  1.07 21.5 75.0 17.36 / / / [53]
FTO/TiO,/Perovskite/Au Snl, GJII  1.13 26.0 72.0 2127 / / / [54]
ITO/PTAA/PVK/C60/BCP/Cu InBr3 GII  1.18 235 80.2 2220 MPP, encapsulated, 1000 h 93% [55]
room temperature
FTO/TiO,/PVK/P3HT/Au HTAB LDI 1.14 249 79.9 22.80 MPP, encapsulated 1370 h 95% [47]
ITO/PTAA/PVK/PCBM/BCP/Ag S-benzyl-L-cysteine LDI  1.19 22.3 75.7 20.14 under illumination of 300h 84% [56]
full intensity unencap-
sulated, in N»,
FTO/TiO,/PCBM/PVK/Spiro/Au BAI LDI 120 23.9 79.3 2277 / / / [57]
FTO/TiO,/MAPbI;3/Spiro/Au PEAI LDI 1.08 18.6 73.0 1494 / / / [58]
FTO/TiO,/PVK/Spiro/Au FEAI LDI  1.09 25.7 78.4 22.09 MPP, unencapsulated, 1000 h 90% [59]
40%RH
FTO/TiO,/ZrO,/Carbon/Perovskite FEAI LDI 1.02 222 76.7 17.47 unencapsulated, 1000 h 95% [60]
25 °C, 50-70%RH
FTO/TiO,/PVK/Spiro/Au A431 LDI 1.12 22.8 77.8 2.00 MPP,45°C 200 h 100%  [61]
FTO/TiO,/PVK/Spiro/Au CeBr LDI 1.16 24.5 82.3 2340 / / / [62]
FTO/SnO,/PVK/Spiro/Au BAI LDI 1.18 24.6 84.0 24.63 MPP, encapsulated, 1620 h 98% [63]
room temperature
ITO/SnO,/PVK/Spiro/Au PEAI HSI  1.16 24.9 81.4 23.56 / / / [44]
ITO/PTAA/PVK/C60/BCP/Cu Chlorine chloride HSI 1.14 23.7 78.0 21.00 MPP 26 h 86% [64]
ITO/NiO,/CsPbl3;/PCBM/BCP/Ag PEAI HSI / / / 17.05 25%RH 200 h stable  [65]
FTO/TiO,/PVK/Spiro/Au PEAI HSI  1.03 229 78.0 18.56 / / / [66]
ITO/SnO,/PVK/Spiro/Au CH;30-PEAI HSI  1.18 25.0 77.8 2298 / / / [67]
FTO/TiO,/PVK/Spiro/Au HBAI HSI 1.16 25.1 79.0 23.10 room  temperature, 500h 102%  [68]
RH < 20%
FTO/TiO2/MAPbI3/Spiro/Au MAI HSI / / /1720 / / / [69]
FTO/TiO,/PVK/Spiro/Au tBBAI HSI 1.14 25.1 82.1 23.50 MPP 500 h 95% [70]
FTO/PEDOT/PVK/Au TFMBAI HSI  1.15 22.7 76.8 20.56 unencapsulated, 1300 h 84% [71]
65%-75% RH
FTO/TiO,/MAPbI3/Spiro/Ag TEAI HSI / / / / unencapsulated, 500 h 94% [72]

55%RH

GIJI, graded junction interface layer; LDI, low-dimensional halide perovskite interface layer; HIS, halide salt interface layer; PVK, perovskite; Spiro,

Spiro-OMeTAD; FTO, fluorine-doped tin oxide; ITO, tin-doped indium oxide.

hole transport properties of halide perovskites and are devel-
oped to reduce the cost and improve the stability of conven-
tional PSCs.[751 However, due to the absence of hole conduc-
tors, charge extraction between perovskite and the electrode is
significantly restricted and charge recombination is also much
more serious at the interfaces than conventional PSCs, leading
to much lower PCE.!! Tailoring energy band alignment via
the formation of graded junction in those devices holds poten-
tial to improve the PCE of hole-conductor-free PSCs. To build
the graded heterojunction in the hole-conductor-free PSCs, the
CsPbBr,I3_, nanocrystals were first prepared and then spin
coated on the MAPbI; films. CsPbBr,I3_, nanocrystals have
larger bandgap than MAPbI3 and their conduction band min-
imum (CBM) and valence band maxium (VBM) are higher
than those of MAPbI;. When stacked on top of MAPbI3, the

graded heterojunction was formed, which could direct the flow
of electrons and holes to the preferred direction. Moreover,
the Br contents in CsPbBr,I3_, nanocrystals were further var-
ied to form different compositions with different energy band
structures. It is found that the higher the Br content is, the
higher the CBM and the VBM are. Based on this characteris-
tic, the grade of the junction was further increased from 1 to 2,
3 and 4 to help create the hole channel and provide more en-
ergy barriers to reduce the reverse photocurrent inside the de-
vices. The multi graded heterojunctions enhanced the hole ex-
traction efficiency and charge transport in the devices. Gener-
ally, Br can exchange with I to form mixed halide perovskites,
which could make the bandgap of MAPbI3 become larger.!””!
Here, the monochromatic incident photon-to-electron conver-
sion efficiency (IPCE) results indicated that the bromide in the
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nanocrystals did not substitute iodide in the active layer signif-
icantly. Thus, the absorption region of the device derived from
IPCE was not changed when CsPbBr,I3_, nanocrystals were
introduced. As a result, the PCE of hole-conductor-free PSCs
was significantly improved. Similarly, Yuan et al. also con-
structed a graded homojunction by stacking CsPbls perovskite
quantum dot layers with different bandgaps and boosted the
Voc of the device to 1.25 V.[*1 Cheng et al. explored the multi-
ple functions of CsPbBr,I5_, quantum dot layer on perovskite
films.[’% They found that the QD surface layer could reduce
trap states, assist the formation of preferred energy level align-
ments and affect the morphology and charge transport proper-
ties of HTLs. These positive effects benefited the performance
of PSCs significantly.

The evaporation rather than solution-processed method to
stack FAPbI,Br;_, on top of CsPbl,Br3_, was also adopted
by Zhang et al. to prepare graded perovskite layers for opti-
mizing energy band alignment.3!! They found that the CBM
and VBM of evaporated FAPbI,Br;_, were higher than those
of CsPbl,Brs_,. Such energy band structure optimized the
energy-band alignment and improved the device’s PCE from
14.61% to 17.48% with higher open circuit voltage (Voc),
short circuit current density (Jsc) and fill factor (FF). With a
similar conceive but more facile method, Liu et al. realized in
situ growth of perovskite stacking layers for hole-conductor-
free PSCs with carbon electrodes (Figs. 2(d)-2(f)).?! In
this method, MABr was spin coated directly onto the as-
prepared MAPbI3 layer with excess Pbl,. The excess Pbl;
mostly presented on the top surfaces or at the boundaries
and reacted with MABTr to in situ form MAPb,Br;_,. The
spectrum of MAPbI3/MAPbIBr;_, film exhibited a slight
blue shift when compared with MAPDI; film, probably due
to ion exchange and penetration of Br. The Fermi level of

(a) h* (b) ’a

Ec

Er s

9 VIO
___________ CsPbBro7l2s
| CsPbBrosl2z
CsPbls

MAPbDI3

eeeeeX

MAPbI3/MAPDI,Br;_, film shifted upward for about 0.31 eV
when compared with MAPbI; film, and the VBM and CBM
shifted upward of about ~ 0.23 eV and ~ 0.25 eV accord-
ingly. The changed surface energy band structure affected the
charge carrier dynamics by optimizing the energy level align-
ment in the devices, and enhanced the charge transport and
suppressed the charge recombination. As a result, the back-
ward scanning PCE of the device was booted from 11.3%
to 16.2%. Ruan et al. also realized the in situ growth of
MAPbI3/MAPbIL,Br;_, film for hole-conductor-free PSCs.!
The MAPDI,Brs_, layer was prepared by evaporating MABr
onto the MAPDI3 layer to substitute partial iodide with bro-
mide. The authors demonstrated that the MAPbI,Brs_, layer
could work as an electron blocking layer which aligned the en-
ergy level alignment between the metal electrode and MAPbI3,
and blocked charge recombination at the interface. The de-
vices” PCE was enhanced from 12.05% to 17.36% with the
Voc increased from 936 mV to 1047 mV.

Except for halide regulation, the B site cation can be also
adjusted to form graded junction in PSCs. Generally, B-sites
cations for halide perovskites include Pb and Sn. Sn-based
perovskites prefer to behave as p-type semiconductors.!8]
Sun et al. designed a graded homojunction in PSCs by cou-
pling a 1.53 eV n-type bottom lead-based perovskite layer and
a 1.27 eV p-type top mixed Pb/Sn perovskite layer (Fig. 3).[4
To fabricate the graded junction, Pbl, layers were deposited
first, then organic halide salts containing FAI, MABr and
MACI were deposited. Snl, dissolved in anisole, which would
not dissolve the bottom perovskite, was deposited lastly. An
interesting phenomenon was that the absorption region of the
graded Pb/Sn perovskite red-shifted to some extent but showed
no obvious absorption edge. The stabilized PCE of the graded
Pb/Sn perovskite-based device was 20.98%, which was much

—=—ungrade
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- 5
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Fig. 2. (a) Schematic diagram for device structure; (b) schematic diagram for charge transport, and (c) device performance of hole-conductor-free
solar cells with graded CsPbBr,I3_, layers. 8] (d) Schematic diagram for device structure, () schematic diagram for energy diagram, and (e) PCE

distribution of hole-conductor-free PSCs with in situ grown graded MAPbI,Brs_,.

[52]
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Fig. 3. (a) Schematic diagram for the device structure, (b) schematic diagram for charge transport and (c) device performance of PSCs with graded

Pb/Sn junction. 34!

higher than the mixed Pb/Sn-based devices and the Pb-based
devices. Moreover, the graded junction weakened the influ-
ence of charge transport layers (CTL) on PSCs’ performance
(Fig. 3(c)). CTL in PSCs can not only extract photo-generated
charges, but also suppress charge recombination. The weak-
ened influence indicated that the graded heterojunction could
serve as CTL and promoted oriented carrier transport.

In addition to the above methods to construct the graded
junction by introducing different A-site cations, B-site cations
or X-site anions to form different halide perovskites, halide
perovskites can also be doped to form graded junction. Previ-
ous studies have demonstrated that halide perovskites can be
self-doped by non-stoimetric compositions.!”*81 When lead
iodide in halide perovskites is excessive, the prepared per-
ovskites tend to be n doped. When halide organic salt is exces-
sive, the prepared perovskites tend to be p doped. Luo et al.
prepared a more n-type perovskite film via solution-processed
secondary growth (SSG) technique for inverted planar per-
ovskite solar cells and improved the stabilized PCE of the
inverted PSCs to 21%.!*] The SSG was conducted by coat-
ing guanidinium bromide (GABr) on the perovskite films for
secondary growth. GABr digested the residual Pbl, in the
perovskite films and led to over 100-meV shift of the sur-
face potential. Such treatment made the perovskite films more
n-type by decreasing their work function from 5.02 eV to
4.42 eV. The more n-type feature brought occupation of va-
cant traps in perovskite films and reduced trap-assisted recom-
bination. Meanwhile, the more n-type perovskite films were
also beneficial for charge selections from the surfaces. These
benefits suppressed non-radiative recombination in SSG per-
ovskite films with greatly increased photoluminescence quan-
tum yield. As a result, the surface treatment reduced inverted
PSCs’ voltage loss to 0.41 V and led to a high Vpoc of 1.21V,
which is 100 mV higher than that of the devices without treat-
ment.

Cations in some halide salts could also substitute lead in
halide perovskites to induce n-doping. Lu et al. realized n dop-
ing of halide perovskites’ surface via treating with InBr3 for
planar inverted perovskite solar cells.!3>! Bromide substituted
the iodide while In3* substituted Pb®>* and donated an elec-
tron for n doping. Such doping led to the optimized energy
level alignment by an intriguing n/n* homojunction, result-
ing in the enhancement of built-in electric field and reduction

of electron injection barrier. Similarly, Huang et al. incorpo-
rated Sb as shallow donors to n-dope halide perovskites. 8]
The n-doping also led to the formation of enhanced built-in
electric field for ETL-free PSCs and improved the device’s
PCE to 12.62%. In addition to n-doping, Noel et al. realized
p doping of halide perovskite by treating perovskite films with
the strongly oxidizing molybdenum tris(dithiolene) complex
of Mo(tfd-COCF3 )3, 8% which increased the work function of
the halide perovskites from 4.67 eV to 5.13 eV. The optimized
energy band alignment enhanced charge extraction at the in-
terface and boosted the PCE to near 21%.

3. Constructing a low-dimensional halide per-
ovskite interface layer

In addition to preparing a graded halide perovskite on
top of halide perovskite films, a low-dimensional halide per-
ovskite surface layer can also be beneficially constructed
to improve the efficiency and stability of PSCs. Low-
dimensional halide perovskites including two-dimensional
(2D) and quasi-two-dimensional halide perovskites are im-
portant derivatives of common three-dimensional (3D) halide
perovskites. 8384 These low-dimensional halide perovskites
are formed by replacing common A cations including MA, FA
and Cs in ABX3 with larger organic cations such as butylam-
monium (BA) and PEA, whose ion sizes exceed the tolerance
limit of 3D perovskites, thus those larger organic cations serve
as spacers to slice the 3D perovskites in specific crystal planes
to form two-dimensional perovskites. One typical formula
of low dimensional halide perovskites is (A’)24,— 1B X3n+1,
known as the Ruddlesden—Popper (R-P) halide perovskites. (3]
The n represents the number of Pblg_ layers between two
A’ layers. When n = oo, the R-P perovskites become 3D
perovskites. The properties of R-P perovskites can be ad-
justed by changing the A’ cations and n. A lot of stud-
ies have demonstrated that low-dimensional perovskites have
much better stability than those 3D perovskites, especially
the stability against moisture.®*3°1 The bandgaps of low-
dimensional perovskites are generally larger than their 3D ana-
logues. Based on these characteristics, constructing a thin R-
P perovskite layer on 3D perovskite films has been explored

and demonstrated to be very effective for efficient and stable
PSCs, [56-58.90-92]
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Fig. 4. (a) The device structure of n—i—p perovskite solar cells based on the P3HT hole transport material with the low-dimensional halide perovskite
interface layer formed by HTAB. (b) GIWAXS patterns of halide perovskite films with and without the low-dimensional halide perovskite interface
layer. (c) Performance comparison of n—i—p perovskite solar cells based on the P3HT hole transport material with and without the low-dimensional

halide perovskite interface layer.[47]

Jung et al. fabricated efficient and stable perovskite so-
lar cells by preparing a thin wide-bandgap halide perovskite
layer (WBH) on the narrow-bandgap perovskite films (NBH)
(Fig. 4).171 The WBH was formed by spin coating n-hyxyl
trimethyl ammonium bromide (HTAB) on the NBH surface
to form the double-layered halide perovskite structure (DHA).
The formation of low-dimensional WBH was demonstrated
by the 2D grazing-incidence wide-angle x-ray scattering (GI-
WAXS) patterns, which exhibited a distinct signal at g, of
0.39 A~!'. The WBH layer was about 12 nm thick and found
to prolong the charge lifetime in the devices significantly.
More importantly, the WBH layer led to self-assembled
poly(3-hyxylthiophene) (P3HT) hole transport layer and af-
fected its morphology and electronic properties, thus vio-
lently enhanced the HTL’s mobility from 107> cm?-V~!.s~!
to 0.1 cm?>-V~!.s~!. The self-assembling of P3HT was con-
sidered to be induced by the interaction alkyl chain in HTAB
with P3HT polymer. The PCE of PSCs was also improved
from 15.8% to 23.3% with improved Vpc from 0.925 V to
1.145 V and released hysteresis. Moreover, the WBH layer
improved the operational stability of PSCs, maintaining 95%
of the initial PCE after 1370 h, while the control PSCs de-
graded seriously within 100 h.

Liu et al. adopted pentafluoro-phenylethylammonium
(FEA) cations to form a low-dimensional perovskite surface
layer of (FEA),Pbl; on 3D perovskite films (Fig. 5(a)).l>"]
FEA cations were introduced by dipping the 3D perovskite
films in FEAD’s solution and the thickness of the surface
(FEA),Pbly had a superhydropho-
bic character, which decreased the perovskite film’s surface

layer was about 9 nm.

energy effectively and reduced unencapsulated PSCs’ effi-
ciency loss from 57% to 10% after working at maximum
power point for 1000 h under light soaking in ambient con-
dition with humidity of 40%. Moreover, the (FEA),Pbly
layer improved the PCE of PSCs from 20.62% to 22.16%
with enhanced Vpc from 1.045 V to 1.096 V. Similarly,
Chen et al. treated hole-conductor-free perovskite solar cells
with FEAI to form low-dimensional halide perovskite inter-
face layer between carbon and three-dimensional halide per-
ovskite, boosting the PCE to 17.47%.[%"1 Zhang et al. found
that the introduction of fluorine shortened the average phenyl

ring centroid—centroid distances and enhanced charge trans-
port across adjacent inorganic layers.[%3
FEAI more suitable for the low-dimensional halide perovskite
interface layer. Cho et al. synthesized a new fluorosis
organic cation (CH3)3CO(CH,)3NH; (A43) to form low-
dimensional perovskite surface layer on top of 3D perovskite
films (Fig. 5(b)).1* In addition to depositing A43 solution
directly onto 3D perovskite films for the formation of low-

! This would make

dimensional layer, it is also demonstrated that adding A43
into the 3D perovskite precursor could also lead to the for-
mation of low-dimensional surface layer due to phase segre-
gation. The A43 surface layer improved the hydrophobicity
of the perovskite films. The surface layer also improved the
PCE of PSCs from 17.98% to 20.13% with V¢ from 1.04 V
to 1.11 V. Sutanto et al. eliminated interfacial recombination
losses in hybrid perovskite solar cells by constructing 2D/3D
perovskite interfaces via the 2-TMABr salt (Fig. 5(c)).[*>! The
interface formed a p—n junction and reduced Vo losses at the
interface in PSCs, resulting in a Voc of 1.19 V which was
touching the potential theoretical value.

Solution-processed methods for preparing the low-
dimensional perovskite layers are mainly based on isopropyl
alcohol (IPA) solvent. Yoo et al. found although it was com-
monly believed that IPA did not dissolve halide perovskites se-
riously, TPA could in fact degrade halide perovskite films. !
IPA dissolves organic salts such as FAI effectively and treat-
ing perovskite films with IPA led to the formation of Pbl,. %]
Therefore, developing a solvent which can dissolve organic
salts for low-dimensional perovskite and can not dissolve
halide perovskites is of great importance for surface treat-
ment of 3D perovskite films. Yoo et al. found that an anti-
solvent of chloroform (CF) was a good choice since it can dis-
solve n-hexylammonium bromide (C¢Br) for low-dimensional
perovskites very well and dissolve halide perovskite little
(Fig. 5(d)).1%%] Treating with C¢Br in CF suppressed the non-
radiative recombination and improved the device performance
from 21.3% to 22.3%. Needing to point out, other antisolvents
including chlorobenzene and toluene can not dissolve either
halide perovskites or CgBr, indicating they can not be applied
to replace CF. From this point of view, once an organic salt is
selected for low-dimensional halide perovskites, it is better to
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develop a well compatible solvent system which can dissolve
the corresponding organic salt but can not dissolve the halide
perovskites.

Besides spin coating and dipping, Jang er al. devel-
oped a solid-phase in-plane growth method to prepare a
2D perovskite surface layer for efficient and stable PSCs
(Fig. 6).19%] This method benefits from the ion migration
and exchange properties of halide perovskites. As shown
in Fig. 6, the 2D (BA),Pbly perovskite film and the 3D
(FAPbI3)0.95(MAPDBr3 ) 95 perovskite film were firstly pre-
pared on substrates respectively. Then, both films were
stacked under pressure and heated for a period of time to in-
duce the nucleation and growth of 2D perovskite layer on 3D

() FEA® R F (b)

S .

(©)

2D perovskite
@ <-‘> (*) NAAAN S s
Y
E)—/Z’-TMABr

Au counter electrode

NH;Br

()0(‘)04‘)(‘)0(

BEBOBLE
00.0000
><><‘> )(‘;0404 28

Spiro-OMeTAD

3D perovskite
3 c-TiO/mp-TiO,/SnO,

perovskite films. Compared with solution-processed methods,
such solid-state reaction avoided the formation of unintended
phases and made the thickness control of 2D perovskite layer
more conveniently. The (BA),Pbly surface layer reduced sur-
face trap-assisted non-radiative recombination and improved
the charge lifetime in (FAPbI3 )g.95(MAPbBr3)0 05 from 0.2 ps
to 1.1 pus. Besides, the (BA),Pbly surface layer exhibited typi-
cal p-type semiconductor properties and formed p—p isotype
heterojunction with the 3D perovskite, which increased the
built-in potential (Vy;) of the device from 1.087 V to 1.194 V.
As aresult, the PCE of the device was improved from 22.39%
to 24.59% with Vg increased from 1.098 V to 1.185 V.
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in precursor
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Fig. 5. Halide organic salts of (a) FEAL (b) A43, (c) 2-TMABT, (d) CeBr for the low-dimensional halide perovskite interface layer for PSCs.[59:02.94.95]
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Fig. 6. (a) Schematic diagram of the solid-phase in-plane growth method of (BA),Pbl, interface layer for PSCs. (b) GIWAXS signals for the (BA),Pbly
interface layer. (c) The cross-sectional image, energy level bending and (d) device performance of PSCs with (BA),Pbly interface layer. [63]
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4. Constructing a halide salt interface layer

Halide salts are introduced to not only form the low-
dimensional perovskite interface layer, but also form an inter-
face layer to passivate surface traps, together with forming a
hydrophobic layer and even stabilizing metastable perovskite
phase of CsPbl; and FAPbI;. (0497981 Passivating defects at the
interfaces is an important strategy to improve the performance
of solar cells, as has been well demonstrated in various kinds
of silicon solar cells. For PSCs, the perovskite films are gen-
erally polycrystalline and abundant of defects are located on
the surfaces and grains boundaries. With the morphology and
composition of halide perovskite films being optimized better
and better, those defects, which lead to obvious V¢ loss, be-
come the main constraint that limits the PCE of PSCs towards
the theoretically Shockley—Queisser limit for single-junction
non-concentrated solar cells. Therefore, developing efficient
strategies to passivate these defects in PSCs is very important
and draws intensive attention. Introducing halide salts with
large organic cations to incorporate with halide perovskite to
improve PSCs’ performance has been tried long, and they are
demonstrated effective again and again for defect passivation
and performance enhancement.

PEA and their derivatives are the mostly adopted organic
cations for the interface layer. Wang et al. treated FAPbI3 films
with amines, benzylamine and phenethylamine, and found that
the amines especially the benzylamine could stabilize the per-
ovskite films for months in moisture air due to the hydropho-
bic aromatic group.®”! In this work, the applied species is the
amines, rather than their halide salts. Li et al. prepared FAPbI;
films via sequential deposition method and added some PEAI
in the FAI solution.®”! Tt is found that PEAI passivated de-
fects at lattice surface and grain boundaries. Meanwhile,
PEALI increased the energy barrier for the transformation of

(a)

Spiro-OMeTAD
PEA|
o*¢ Formamidine

Perovskite

@ Lead
© lodide

e
"f_ Phenylethylamine
3

3 lodide vacancy

black FAPbI; to yellow FAPbI3 and also improved the hy-
drophobicity of the perovskite films. As a result, the sta-
bility and PCE of FAPbIz PSCs were enhanced significantly.
Li et al. also treated cesium-containing perovskite films with
PEAI and demonstrated the improved moisture resistance of
the films.[®3 Similarly, Yoo et al. found that treating per-
ovskite films with PEAI can effectively improve the lifetime
of carriers and release hysteresis of the fabricated PSCs. [0

More importantly, by treating the surface of FA-MA
based perovskite films with PEAI, Jiang et al. obtained a
certificated PCE of 23.32% with Vpc loss of only 0.35 'V,
and broke the efficiency record of planar PSCs (Fig. 7).[*4]
Ideal factor, lifetime of photogenerated carriers and transient
photovoltage measurements of the fabricated devices clearly
demonstrated the effective passivation effect. In this work, the
authors also attempted to clarify whether it is PEAI itself or the
low-dimensional halide perovskite formed by PEAI that con-
tributed to the PCE enhancement. It was found that deposit-
ing PEAI at room temperature without annealing increased the
carrier lifetime from 0.3 us to 2 pus. While, when the PEAI was
annealed, the PL lifetime decreased to be similar with the con-
trol sample. This result suggested that annealing removed the
passivation effect of PEAI. XRD results showed that annealing
led to the formation of low-dimensional PEA,Pbly. Therefore,
it is PEAI itself that has much better passivation effect rather
than the low-dimensional perovskite.

Making clear what characteristics of the cations influ-
ences the passivation effect is the key to select or design
organic cations. Zhuang et al. studied the electron den-
sity of the benzene ring on the passivation effect by intro-
ducing electron-donating groups or withdrawing groups to
PEA (Fig. 8(a)).[°”! The results indicated that the electrostatic
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Fig. 7. (a) The device structure of planar n—i—p PSCs with a PEAI interface passivation layer. (b) Influence of annealing temperature on PEAI’s passivation
effect. (c) Ideal factor, (d) transient photovoltage and (e) j—V curves of planar PSCs with and without the PEAI interface passivation layer. [44]
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interaction between benzene ring and the under-coordinated
Pb>* was responsible for the defect passivation. Electron-
donating groups were more beneficial for the electrostatic in-
teraction. PEAI containing methoxyl (CH30-PEAI), which is
a typical electron-donating group, led to the increasement of
carrier lifetime from 0.95 ps to 2.93 us with Vpoc increased
from 1.11 V to 1.18 V and PCE increased from 19.98% to
22.98%. Yang et al. tailored the molecular structures of the
organic passivators by varying functional groups for inverted
PSCs (Fig. 8(b)).["%1 They found that negative and positive
defects in halide perovskites could be passivated by carboxyl
and amine groups via the electrostatic interaction while the
aromatic structures could passivate the neutral iodine defects.
Based on such finding, D-4-tert-butylpheneylalanine (D4TBP)
with both amino and carboxyl groups was designed as a new
passivator and led to a V¢ of 1.23 V with V¢ deficit of 0.34 V
for 1.57-eV perovskite.

Yang et al. applied the mixture CF3(CF;),CH,NH;3I
(HBAI) and FAI to treat the surface of perovskite films and
passivated the surface traps effectively (Fig. 8(c)).[®8] Mean-
while, the surface layer optimized the energy level align-
ment and enhanced the charge extraction. The PCE of the
device was boosted to 23% with average 80 mV Vpc en-
hancement. Quaternary ammonium salts were also demon-
strated effective for post treatment to passivate defects on
Zheng et al. found that
ammonium halides NRIX’ could passivate ionic defects in

the surface of perovskite films.

halide perovskites with their negative- and positive-charged
components.[®* Treating perovskite films with choline chlo-
ride improved the PCE of inverted p—i—n PSCs to a certified
value of 20.59% with reduced Vo deficit of 0.39 V. Wang et
al. found that treating the surface of inorganic CsPbls halide
perovskite with choline iodide could passivate defects and ad-
just the energy level alignment at the interfaces at the same
time, leading to a big progress of inorganic perovskite solar
cells with a stable efficiency of 18.4%.146] Lu et al. treated
FAPbDI; films with choline chloride to passivate defects and re-
duced Voc deficit of PSCs to as low as 0.33 V (Fig. 8(d)).[1°1

Other studies demonstrated that not only large cations can
be applied as the surface treatment layer, MAI can also be
adopted. Hawash et al. deposited an ultrathin MAI layer on
MAPDI; films to optimize the interface energetics and enhance
the device performance.[%”! Song et al. prepared atomistic sur-
face passivation of MAPbI3 via MAI for x-ray detectors and
realized high sensitivity.!1%%)

In addition to the passivation effect, the functional groups
of the passivators can be also adjusted to enhance device sta-
bility against moisture and heat. Oliver et al. found that ben-
zylammonium bromide brought more stable passivation effect
than PEAI at high temperature.!!%! Zhu et al. introduced 4-
tert-butyl-benzylammonium iodide (tBBAI) passivator and re-
tarded nonradiative charge carrier recombination significantly,
improving the PCE from 20% to 23.5% (Fig. 9(a)).["") The
tert-butyl group improved the hydrophobicity of perovskite
against moisture and improved the long-term operational sta-
bility of the device. Fluorine was introduced to further im-
prove the hydrophobicity of the passivator. Li et al. intro-
duced 4-(Trifluoromethyl)benzylamine (TFMBA) to form an
ultrathin passivation layer (Fig. 9(b)). Benefiting from the
hydrophobic benzene ring and fluorinated alkyl group, unen-
capsulated PSCs maintained 84% of the initial PCE after ag-
ing under 65%-75% humidity of 1300 hours.['%! Zhu et al.
also greatly enhanced the stability and PCE of PSCs with the
help of TFMBA passivation layer which boosted the PCE from
20.9% to 23.9%. The device retained 96% and 97% of its ini-
tial efficiency after maximum power point tracking for 500 h
and exposure to ambient conditions with a relative humidity of
60% to 70% for 1100 hours.!”! Other organic salts with hy-
drophobic groups were also adopted to enhance the stability
of PSCs against moisture. Yang et al. assembled hydropho-
bic tertiary and quaternary alkyl ammonium cations on the
perovskite surface to enhance the water-resisting properties,
making perovskite films stable under high relative humidity of
around 90% for over 30 days.[””! Not only the cations could
enhance the moisture resistivity of halide perovskites, the an-
ions could also realize such goal. Yang et al. enhanced the
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stability of PSCs by treating perovskite films with ammonium
sulfate.l'%1 Tt is found that ammonium sulfate reacted with
halide perovskites to form lead oxysalt capping thin layers
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and enhanced the water resistance of the perovskite films. The
treatment made PSCs maintain 96.8% of their initial PCE after
1200 hours’ operation at maximum power point at 65 °C.
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Fig. 9. (a) The tBBAI (b) TEMBALI interface passivation layer for PSCs to passivate defects for higher PCE and prevent moisture for higher

stability. [70-71]

5. Conclusion

In this review, we summarized recent works on mod-
ulating the surface of halide perovskite films to passivate
defect and optimize energy level alignment. These strate-
gies significantly reduced Vpoc loss and improved charge
extraction efficiency for higher efficiency. Treating per-
ovskite films with halide salts is the most facile and effec-
tive method for interface modulation. Halide salts can form
the graded three-dimensional halide perovskite interface layer,
low-dimensional interface layer and halide salt interface pas-
sivation layer according to their size and structure. Among
them, PEA and their derivatives, fluorine-containing cations,
quaternary ammonium, and guanidinium are present popular
cations for the interface treatment. Although it is not sure
which anion or which halide anion is better, the fact that bro-
mide can substitute iodide and induce morphology change
while chloride can bring additional passivation effect is widely
believed. Further clarifying the inherent influence of cations
and anions on interface modulation is of great importance for
designing more suitable halide salts for more efficient and sta-
ble PSCs in the future.
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