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2D/3D perovskite heterojunctions exhibit promising prospects in the improvement of efficiency and
stability of perovskite solar cells (PSCs). However, many challenges remain in the development of high-
quality 2D/3D heterojunctions, such as a reliable pathway to control the perovskite phase and generally
poor performance in inverted (p—i—n) devices, which limit their commercialization. Fortunately, many
excellent works have proposed lots of strategies to solve these challenges, which have triggered a new
wave of research on 2D/3D perovskite heterojunctions in recent years. In this paper, the latest research
progress and the critical factors involved in the modulating mechanisms of PSCs with 2D/3D hetero-

Received 28th December 2022, junctions have been summarized and laid out systematically. The advantages of constructing 2D/3D

Accepted 2nd March 2023 perovskite heterojunctions in PSCs are highlighted, and the problems and related solutions of low-
dimensional perovskites as passivation layers towards high-performance PSCs are also discussed in

depth. Finally, the prospects of 2D/3D perovskite heterojunctions utilized in the passivation strategies to
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1. Introduction

With the exciting breakthroughs and rapid improvements
in stability and efficiency, perovskite solar cells (PSCs) are
regarded as promising candidates for next-generation photo-
voltaic devices."™® This amazing development of PSCs is mainly
due to the appealing photoelectric characteristics of perovskite
materials, such as long carrier diffusion length, superior light
harvesting capability, low defect state density and tunable
bandgaps.'®™* Furthermore, the advantages of PSCs such as
simple-preparation processing, low-cost materials, and high-
efficient performance also give perovskite materials great
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further improve the photovoltaic performance of PSCs in the future have been presented.

potential for commercial application.*>*® However, there still

exist lots of challenges on the road to commercialization of
PSCs,'”"'® such as grain boundary and interface defects,"®™*
which can lead to severe trap-assisted Shockley-Read-Hall
(SRH) complexation,**** poor long-term operation stability
due to heat-, water-, and light-induced degradation, hysteresis
and phase separation problems dictated by the incidental ion
migration.>>°

These challenges are strongly related to the defects distri-
buted at interfaces and grain boundaries in PSCs and the soft
nature of 3D perovskite materials. To address these issues,*’
many effective methods, such as composition engineering,***
perovskite precursor material engineering,’**° additive engi-
neering,’” modification®® and development of charge transport
materials,®*™*° interface engineering strategies,”””"**™*° etc,
have been developed. Due to the existence of insulating
spacers, 2D perovskites have inherent excellent long-term sta-
bility, including hydrophobicity, inhibition of ion migration,
and high formation energy.’** Thanks to the advantages of
2D/3D heterojunctions, the record efficiency of PSCs has
exceeded 25% in recent years and the operational stability of
PSCs has also been enhanced dramatically.”

Despite these impressive breakthroughs, a systematic sort-
ing and summary focusing on the structural features and
modulating mechanisms of 2D/3D perovskite heterojunctions
in PSCs is still open, especially in inverted structure devices.
Hence, we summarize various effective methods for 2D/3D
perovskite heterojunctions to control the film thickness and

This journal is © The Royal Society of Chemistry 2023
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structural phase in dimensionally reduced perovskites, and
discuss possible solutions for mitigating the limitations of 2D
layers in electron blocking and usually low current and fill
factor in inverted (p-i-n) devices. This review aims to deter-
mine the working mechanism of 2D/3D perovskite heterojunc-
tions, and outline their further development in PSCs, thus
providing reliable suggestions for further improvement of the
efficiency and stability of PSCs, and accelerates the large-scale
commercialization.

2. The working mechanism of 2D/3D
perovskite heterojunctions

The hydrophobicity of the 2D organic spacer layer gives the
perovskite materials superior moisture resistance and stabi-
lity.>®> Therefore, the introduction of a small amount of two-
dimensional perovskite as the passivation layer of 3D perov-
skite can reduce grain boundary defects and improve the stability
of PSCs.>®>° At the same time, in a regular device, the hetero-
structure induced by 2D/3D perovskite stacking usually possesses
a stepped energy level alignment, which can promote hole
extraction and transfer.°*”®> Higher and lower energy levels
are obtained in the 2D and 3D counterparts, respectively, which
effectively promotes charge transfer/extraction, thereby improv-
ing the photovoltaic performance of the device.

Heat, light, and moisture easily deteriorate conventional 3D
perovskites. Due to the organic spacer layer’s shielding power,
the 2D perovskite demonstrates inherent stability. The use
of two-dimensional perovskite surface passivation to construct
a robust covering layer has become the most widely used
method. The heterostructure film exhibits a hydrophobic char-
acter in comparison to its pure 3D equivalent films due to
increased spacer cation in the 2D capping layer, which prevents
moisture erosion. The smaller organic cations (MA or FA) and
halogens with lower activation energy in three-dimensional
perovskites are also the reasons for their degradation. Under
the influence of thermal, optical, and electric fields, these ions
with low activation energies can move about readily, creating
point defects like vacancies and defects in the crystal lattice.
Ion migration may also be a factor in hysteresis issues in PSCs
that can’t be fully rectified. It is anticipated that the dense
organic layer in the two-dimensional perovskite structure will
obstruct ions and greatly slow ion migration."’

3. Importance of the precise control
of 2D phases in 2D/3D perovskite
heterojunctions

In 2D/3D heterojunctions, due to the similar unstable charac-
teristics of two-dimensional and three-dimensional perov-
skites, these structures often lack a clear interface and exact
chemical composition (such as the n value of two-dimensional
perovskites). However, there are also literature reports that in
inverted devices, although the use of 2D perovskites increases
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stability, the presence of its spatial layer also inhibits carrier
transmission.>>*®* At the device level, the 2D/3D heterojunc-
tion structure can improve the PCE and life of the device.
To date, this strategy has been most successful for perovskite
solar cells on the n-i—p, whereas for inverted devices (which are
generally more stable and easier to manufacture scale up), this
top contact passivation method (electron selective side) results
in poor PCE and long-term stability. The poor application effect
in p-i-n devices may be due to limitations in the 2D cover layer:
the electronic barrier between 3D and 2D perovskite species.
The 2D perovskite dimension (n) at the electron transport
interface of the PSC of the p-i-n structure is essential to achieve
effective top contact passivation through the 2D perovskite
passivation layer. Bai et al.®® reported that 2D perovskites as
a passivation overlay has been a great hindrance to charge
transfer due to its quantum-constrained energy level structure,
which drags down the device performance. A very small amount
of 2D ligand (2-phenylethanamine iodide) was introduced into
the antisolvent to form a 3D-2D (MAPbI;-PEA,Pb,1,) gradient
perovskite interface. This dimensional gradient layer advanta-
geously changes the interfacial energy level, thereby reducing
the charge recombination at the perovskite/phenyl-Ce;-methyl
butyrate (PCBM) interface, while promoting interfacial charge
transfer. These excellent studies opened the door to future
research on the width (n) and existence of low-dimensional
perovskites, and various efficient methods and in-depth studies
for controlling the dimension n have been illuminated to help
researchers understand the growth and working mechanism of
2D/3D perovskite heterojunctions.

4. Energy band alignment of various
3D perovskite materials in the 2D/3D
heterojunction

The 2D perovskite layer that is produced during the passivation
technique typically has a wider bandgap and a lower electric
potential than the 3D counterpart. In order to combine the
unique electrical characteristics of two-dimensional perov-
skites, people have invested a lot of energy in constructing
two-dimensional/three-dimensional heterojunctions with pre-
cise energy level alignment. Construction of 2D/3D heterojunc-
tions with a precise energy-level alignment has received a lot of
attention in an effort to combine the unique electrical features
of 2D perovskites (Table 1). The matching of energy levels at the
interface will greatly affect whether electrons and holes can
move smoothly at the interface. The ultimate photoelectric
conversion efficiency of the device is directly impacted by
how well the interface energy levels match. When a 2D/3D
perovskite heterojunction forms, the valence band position of
perovskite solar cells with n-i-p structures moves up, display-
ing a good energy level match with the hole transport material
HOMO energy level, lowering the energy level barrier at the
interface, and ensuring the efficient transmission of charge.
The correlation between the maximum value of the valence
band (VBM) and n (reduced-dimension perovskite (RDP) width)
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Table 1 The energy band arrangement of three-dimensional perovskites of different systems in the 2D/3D heterojunction structure

Carrier transport

. Control 2D layer layer
Device n Other

Perovskite structure value CBM VBM CBM VBM CBM VBM condition
CS0.0sMAg 1FA, gsPbI; p-i-n 2-4 3.93 549 3.79 551 — — Non®!
C80.03(FA0.00MAg 10)0.07PbI3 p-i-n 1,2 395 550 4.02 557 4.10 5.90 Non®*?
CS0.05(MAg.10FA.5)Pb(Io.00BT0.10)3 n-i-p 3 3.79 539 332 536 2.05 5.22 Non®?
CS0.05(MAg.10FA¢ 55)Pb(I0.00BT0.10)3 p-i-n 3 3.79 539 3.32 5.36 4.30 6.00 Non®?
(FA0.05CS0.05)0.08RD0.02Pb(Br0.03Clo.0612.01) n-i-p — 431 5.85 4.26 5.80 2.30 5.20 Non**
CS0.05(FAo.s5MAg 15)0.05PbI3 n-i-p 1 411 5.65 4.00 555 — 5.20 Non®?
(FAPDI;) 55(CSPbBr3)0.12 n-i-p — 418 5.76 3.09 576 1.50 5.30 Non®®
FAo.s5sMA, 15PbI; n-i-p — 3.99 554 3.75 530 2.28 5.22 Non®’
— n-i-p — 414 5.75 3.94 555 2.24 5.22 Non®®
FAPDI, n-i-p — 428 5.82 3.07 549 2.80 5.20 Non®’
(CsPbl,)(FAPBL,),(MAPbBI3), _,_, (FA: HC(NH,),, MA: CH;NH;)  n-i-p >3  4.07 5.65 3.67 579 — 5.22 Non”®
C50.05(FAg.53MAg 17)0.05Pb(I9.83BT0.17)3 n-i-p — 3.76 536 — 532 — 5.22 Non”!
MAPbI, n-i-p 2-4  3.90 5.50 3.20 540 — — Non”?
(FAPbI;)g.05(MAPDBBI3)0.05 n-i-p 1 401 556 3.33 571 — — SIG”®

Solid-state

in-plane

growth

is small. However, the quantum limit increases the conduction
band minimum value (CBM), which causes electrons in the
device to be blocked. Electronic blocking is conducive to devices
with an n-i-p structure, where the 2D-treated perovskite surface is
coated with a hole transport layer (HTL). However, when used in
p-i-n devices, this strategy achieves mixed results as mentioned
above. Reducing the limitations of the two-dimensional layer
can reduce electronic blocking, resulting in inverted PSCs with
excellent performance.

5. Modulation approaches of 2D
phases in 2D/3D perovskite
heterojunctions

The uneven distribution of n values in heterojunction struc-
tures often adversely affects device performance because they
severely limit electron and hole transport, and ultimately limit
the V,. of the device.”* Heterojunctions with phase pure mate-
rials (only one n value) can significantly improve the overall
performance of the device.”> Ligand chemistry is of great
significance to the thickness distribution and orientation of
2D perovskites, and plays a key role in charge transfer in 2D/3D
heterojunctions and charge transfer/extraction in solar cells.”®
The following is a diagram of several methods for controlling
the two-dimensional dimensions of two-dimensional/three-
dimensional heterojunction perovskites (Fig. 1).

5.1 Organic cation engineering

The two-dimensional layer of the 2D/3D heterojunction is
usually fabricated by dissolving ammonium salt in a solvent
and then depositing it on the surface of three-dimensional
perovskite film to form a two-dimensional perovskite layer.
Therefore, the most critical element is the large amine cation
at the A’ position of 2D perovskite. Fig. 2 shows the chemical
structure of the large amine cation commonly used for passiva-
tion.”” The concept of 2D/3D superposition was not proposed
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until 2018, and large amine ions were previously used as three-
dimensional defect passivators. The structure and physical
properties of solution-treated quantum wells can be adjusted
by chemical composition, such as the n value of the thickness
of the perovskite layer. Organic cationic ligands affect the
energy band structure between the two-dimensional and
three-dimensional interfaces by affecting the thickness of the
two-dimensional perovskite layer. In the 2D/3D heterojunction
structure, a higher dimension n (>5) has not been recorded.
The surface energy will change on the basis of surface
modification.”®”® With the addition of the surface ligand, the
dipole moment of the surface ligand and the direction and size
of the bond dipole with the underlying material will lead to
changes in the work function. Park et al.® reported that the
MAPbDI; membrane is exposed to the surface ligand solution for
a short time, many surface ligands will penetrate MAPDI;,
which may have a great impact on PV performance. Dimensional
changes caused by energy changes after surface ligand treatment
are one of the main reasons for PV performance differences
between different ligands. The dimensional changes of 2D in
the heterojunction structure affect the ionization energy (IE) and
electron affinity energy (EA) of the three-dimensional perovskite,
where IE and EA are equivalent to the maximum valence band
and the minimum conduction band, respectively. The application
of organic cations will have a significant impact on the dimen-
sions (n) of two-dimensional and three-dimensional interfaces in
heterojunction structures, and thus influence the band structure
between the interfaces.?'

Lin et al.®® first revealed the 2D/3D heterojunction structure,
using three-dimensional perovskite to react with n-butylamine
(BA) and n-butylamine iodide (BAI) to form a two-dimensional/
three-dimensional superimposed structure, as shown in Fig. 3(a).
After BA treatment, the XRD result of two-dimensional perovskite
(BA),Pbl, showed that the dimension (7)) was 1. For BAI-treated
films, n values of 1-4 were observed, indicating the formation of
two-dimensional perovskite mixtures with different n values
(Fig. 3(b)). The two-dimensional perovskite layer obtained with

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic diagram of the preparation process of the 2D/3D heterostructure precisely controlled phase, including organic cationic ligand, solvent

type, vacuum deposition and solid growth under pressure/heat.

two spacer molecules BA and BAI has different components. Due
to the different chemical reaction mechanisms, the composition
of the resulting two-dimensional perovskites is also different. The
iodine ions in BAI react with MAPDI; to generate MAI, resulting in
the generated two-dimensional perovskite 7 value cannot be fixed,
and BA directly reacts with MAPDI; to generate pure phase two-
dimensional perovskite. The higher the BA and BAI concentration,
the lower the efficiency of the device. This is because the formed
two-dimensional perovskite is too thick and the charge transport
performance is poor. The heterojunction structure has better
thermal stability than traditional three-dimensional perovskite
solar cells. The decrease in defect density inhibits ion migration
at both the surface and the grain boundary. The work of Lin and
colleagues provides deep insights into the chemical reaction
mechanism that forms the 2D/3D stacked structure. Different
post-processing is used to adjust the two-dimensional/three-
dimensional stacked structure, while improving the performance
and stability of perovskite solar cells. Niu and colleagues®* studied
the effects of 2D perovskites based on diammonium spacer
organic cationic ligands on the structure of 2D quantum wells
(QW) and the electronic properties of 2D/3D interfaces. The
chemical structure and concentration of the 2D layer spacer
layer have a significant impact on the properties of the two-
dimensional cover layer, including phase purity and orientation.
In the 1,6-diaminohexane ammonia (HDA)-based two-dimensional
perovskite film, the formation of the intermediate phase affects

This journal is © The Royal Society of Chemistry 2023

the crystallization process of the two-dimensional cover layer,
resulting in a wide distribution of QW phases on the three-
dimensional perovskite film (rn = 1 and n = 2 coexist), and the
crystal orientation is uneven as illustrated in Fig. 3(c). The
strong molecular interaction between the 2,2-(ethyl enedioxy)
bis(ethyl ammonium) (EDBE) cation and the inorganic [PbI]*~
plate promotes the controlled deposition of the horizontally
oriented phase pure QW structure (n = 1), which leads to better
surface passivation and carrier extraction. The increase of QW
disorder in the two-dimensional capping layer will increase the
barrier of charge transport in the vertical direction, reducing
the charge collection efficiency and corresponding device para-
meters. A stronger interaction between the EDBE spacer and
the perovskite layer results in an enhanced electron density at
the edge of the valence band and a reduced energy difference
between the perovskite and HTL boundary levels (Fig. 3(d)).
Gharibzadeh et al*” spin-coated n-butyl ammonium bro-
mide (BABr) on a three-dimensional perovskite layer, forming a
2D perovskite intermediate layer (n = 2) between the absorber
layer and the hole transport layer (HTL), forming a thin 2D/3D
perovskite heterostructure (Fig. 3(e)). When the optimal
concentration is 2 mg mL ™", the relative control of FF and Jsc
increases slightly. When the concentration is higher, FF and Jsc
decrease significantly, due to the low conductivity of the 2D
perovskite interface layer, and as the BABr concentration
increases, the thickness of the 2D perovskite increases. The
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Fig. 2 Structures, names and formulas for several types of aliphatic and
perovskite solar cells.

disordered 2D-RP perovskite layer has limited electrical con-
ductivity, and only a very thin layer can passivate the 2D/3D
perovskite heterostructure. When the BABr concentration is
optimal, the work function drops from 4.27 eV (control) to
3.94 eV (target), and the different valence band/orbital struc-
tures of the two-dimensional/three-dimensional perovskite
heterostructure change significantly in spectral shape over
the entire energy range. Compared with the 3D perovskite
reference, the VBM of the 2D/3D perovskite heterostructure
decreased by 0.24 eV (Fig. 3(f)). The band alignment of wide
bandgap perovskite solar cells has been improved by adding
BABr to prepare two-dimensional pure phase QWs. The
research of Gharibzadeh and colleagues also proves that in
2D/3D heterojunctions, precise control of the 2D perovskite
phase is more advantageous than uneven phase distribution.
Niu et al.® reported that in 2D/3D films, regardless of fluorina-
tion or composition engineering, template growth of quantum
wells is a common characteristic. In a highly parallel-oriented
2D/3D film, the diffraction arc of the quantum well has no
periodic characteristics, which indicates that QWs has the
characteristics of being induced to grow using a three-
dimensional template. The 2D/3D film of the aliphatic spacer
n-butyl ammonium- (BA-) and 4,4,4-trifluorobutyl ammonium-
(FBA-) group showed phase purity (z = 2) QWs. The films of the
aromatic spacers phenylethyl ammonium- (PEA-) and 4-fluoro-
phenyle-thyl ammonium- (FPEA-) groups showed phase impu-
rities (n = 1 and n = 2 coexist) QWs. Compared with fluorinated

4132 | Chem. Commun., 2023, 59, 4128-4141
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aromatic amines recently reported in the 2D hybrid organic—inorganic

films, the presence of anisotropic rings in 2D/3D films based on
PEA and BA is significantly reduced, which means that the
randomness of the quantum well is higher when the spacer is
fluorinated. Compared with fluorinated films, the presence of
anisotropic rings in 2D/3D films based on PEA and BA is
significantly reduced, which means that the randomness of
the quantum well is higher when the spacer is fluorinated. For
the non-fluorinated spacer layer, QWs obtained a better out-of-
plane orientation.

Sam et al.®” proposed to use a very dilute 2D ligand solution
(1 mM) and extend the exposure time, which can affect the
quantum well distribution without increasing the harmful
thickness of the 2D layer. The research results obtained a film
with a mainly 7 = 1 structure. With the extension of the soaking
time, the n = 2 diffraction increases with the increase of
the soaking time. The perovskite lattice components are
highly unstable. Cation exchange and insertion reactions
can occur at room temperature, including the complete con-
version of pure Pbl, to n =1 or n = 2 by exposure to the ligand
solution, so that the soaking time of the precursor body
fluid has an impact on the dimension. Zhang et al.”* reported
that a MAPDI;—(BA),(MA),_Pb,l;,.; three-dimensional-two-
dimensional perovskite planar heterojunction was realized
through a simple ion exchange process between the BAI and
MAPDI; interface. 3D MAPDI; is pre-deposited during the spin
coating process, and the solvent concentration is controlled
by dropping a high concentration of BAI tert-butanol solution

This journal is © The Royal Society of Chemistry 2023
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(a) Schematic of the perovskite film treated by BA to form a 2D/3D stacking structure. (b) Absorption spectra of BA-treated MAPbIs films and

BAI-treated MAPbIs films with different reaction times. Reproduced with permission.2¢ Copyright 2018 American Chemical Society. (c) Corresponding
line-cut profiles from GIWAXS patterns of 2D/3D films along the in-plane directions. (d) Energy-level alignments between the 2D and 3D components
(in the model |- and EDBE-based 2D/3D heterostructures, as calculated at the DFT/HSE-SOC level). Reproduced with permission.®? Copyright 2022,
Wiley-VCl(e) Schematic of the solar cell based on wide-bandgap Csg.17FAg.83Pb(lo.6Bro.4)s perovskite thin-film absorber layers with a 2D-RP interlayer
processed by depositing BABr solution on top of the perovskite. (f) UPS measurements of the secondary electron cutoff, the valence band, and the VBM
region of the 3D perovskite and the 2D/3D perovskite. Reproduced with permission.>” Copyright 2019, Wiley-VCH. (g) The eight ligands used in the study.
(h) TA spectra of films treated with 3F-PEA using the quasi-2D treatment. (i) Schematics of the standard 2D treatment and the quasi-2D treatment
producing n < 2 RDPs and n > 2 RDPs, respectively. Reproduced with permission.® Copyright 2022, Nature Publishing Group.
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(20-100 mg mL ™", the solvent is isopropanol) to adjust the layer
width distribution. The exciton absorption peaks of 2D perovs-
kite species can be observed at 570 (n = 2), 605 (n = 3) and
645 nm (n = 4) in the UV-visible spectrum when the concen-
tration of tert-butanol solution is 20-100 mg mL™", and the
n value is relatively simple when the concentration is 40 mg mL™".
The maximum valence band values of 3D and 2D perovskites
treated with 40 mg mL~" BAI are —5.5 eV and —5.4 €V. A small
VBM difference (0.1 eV) allows hole extraction, while the differ-
ence in the CBM between the two-dimensional and three-
dimensional layers effectively prevents electron transfer. The
optimal band alignment between the 3D perovskite layer and
the 2D perovskite passivation layer is achieved by adjusting the
BAI solution concentration. Proppe et al.®® reported that combin-
ing 2D and 3D perovskites in heterostructures has been shown to
take advantage of the high efficiency of most 3D active layers and
combine it with the improved stability of the thin 2D top layer.
The researchers used the ligand 4-vinylbenzylammonium to form
a perovskite quantum well (PQW) on a 3D perovskite layer. It has a
highly similar structure to phenethyl ammonium, and the para
position of the aromatic benzene ring has an additional terminal
vinyl. This extended conjugation helps absorb ultraviolet light
(~250 nm), allowing direct photoexcitation to trigger photoche-
mical crosslinking.® After the vinyl in the ligand is activated by
ultraviolet light, a new covalent bond is formed between the PQW.
Orderly n = 1 and n = 2 PQW are formed on top of the 3D active
layer in the 2D/3D heterostructure. The heterojunction top layer is
exposed to UV light to activate the vinyl in the ligand to form new
covalent bonds between the 2D layers. The researchers used
ultraviolet photoelectronic spectroscopy (UPS) to estimate the
valence band edges of 3D and 2D/3D films, and found that the
edge of the 2D perovskite band increased by about 0.3 eV relative
to the 3D perovskite. Chen et al.’" reported that in bulk halide
perovskite films, the average layer thickness is adjusted by chan-
ging the ratio of 2D ligands to 3D perovskite precursors in the
solution. Quasi-2D perovskite films made of fluorinated and non-
fluorinated PEA ligands will form different QW structures. The
researchers tested the PEA-based ligand with fluorine in Fig. 3(g)
and found that it had a significant impact on the QW distribution.
3-Fluoro-phenethylammonium (3F-PEA) produces most 2D/3D
heterojunctions with n = 3 (Fig. 3h). As shown in Fig. 3(i), this
strategy can increase the layer width of the two-dimensional
perovskite in the two-dimensional/three-dimensional hetero-
structure, and can generate n > 3 two-dimensional perovskite
overlays. This study also found that n-r stacked ligands form a
wider two-dimensional perovskite cover layer due to the slower
crystallization rate, which inhibits the formation of a narrower
two-dimensional passivation layer.”® This is confirmed by films
treated with hexamine (HA) and octamine (OTA) ligands, which
indicate that the presence of n > 3 RDP increases with the
increase of ligand length. Phenethyl ammonium (PEA) forms a
2D cover layer with dimensions (n) of 2 and 3, while 3F-PEA
forms dimensions (n) of 3. Compared with PEA, the specific
orientation and arrangement of ligands caused by fluorine
atoms in 3F-PEA introduces greater strain, which manifests
as greater distortion, so larger perovskite flakes are required to
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completely release the additional strain. Therefore, the optimal
point of n = 3 is formed in the formation energy of 3F-PEA. The
2D passivation layer with a covering layer of n > 3 will be
beneficial to the performance of p-i-n solar cells by reducing
the carrier transmission resistance. Compared with standard
2D processing equipment, the performance improvement of
quasi-2D (n > 1) processing equipment mainly comes from FF
and Jsc improvements.

From a thermodynamic basis, the difficulty of growing
phase pure high-n-element compounds is increased. Calorime-
try measurements show that high-n-value compounds have an
unfavorable enthalpy of generation (AHy). The pure high-n-
value RP phase is thermodynamically unstable. As n increases,
the Gibbs free energy (AG) stabilizes sharply, which limits the
possibility of product formation. Therefore, systems that can
explain larger n values may not be synthesized in pure phase
form.”>®® 1t is not difficult to understand why in 2D/3D
heterojunctions, the high n-value 2D phase usually exists in
the form of mixed phase. The n-value of the thickness of the
two-dimensional perovskite layer in the heterojunction often
also affects the work function and energy band structure
between the two-dimensional and three-dimensional inter-
faces.”®°'"%* When a heterojunction is applied to device equip-
ment, the transfer of energy from the CBM is greater than the
transfer from the VBM. This increase in CBM will introduce an
energy barrier for electron transfer to the ETL. Therefore,
although the increase in VBM is expected to have a positive
impact on the hole extraction and hole blocking properties of
the HTL and ETL interfaces, respectively, the corresponding
increase in CBM energy should have a negative impact on the
electron extraction of the ETL interface. Changing the width (n)
of the two-dimensional passivation layer film will change the
energy distribution of the resulting material. When 2D/3D
heterojunction structures are used in trans devices, it can
also be found that the CBM mismatch between the interfaces
leads to large electron blocking, which affects the photovoltaic
parameters.

5.2 Solvent engineering

Solution spin coating is the most common method to struc-
ture the 2D/3D perovskite heterojunction in which two-
dimensional perovskites could be used as the passivation layer.
Usually, the precursor solution of ammonium salt or amine
molecule is directly spin-coated on the three-dimensional
perovskite film, and the two-dimensional passivation layer is
obtained by in situ growth. Achieving solution treatment of
heterogeneous structures is a long-term challenge for halide
perovskites because solvent incompatibility can destroy the
underlying layer and result in the formation of mixed phases.
Therefore, it is necessary to summarize in detail the types of two-
dimensional perovskite passivation layer solvents that have been
reported.

Most of the organic cations that form 2D perovskites use
isopropyl alcohol (IPA) as their precursor solvent. Due to its
polarity and ability to form hydrogen bonds, IPA can effectively
dissolve organic cations such as MA" or FA" on the surface of
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three-dimensional perovskite.”* This results in mixing (different
n values) of two-dimensional passivating layers on 2D/3D
heterojunction surfaces. Due to the small gap in formation
energy between different layer structures, when the surface is
treated with halogen ammonium salt, the number of layers of
perovskite will be uncontrollable, so there will be a variety of
low-dimensional perovskites with different layers in the film.
After the solution is post-treated, dimension-reducing perov-
skites with n = 1/2 are almost universally formed in 2D/3D
structures. 888,959

It is well known that the various properties of the solvent,
such as the dielectric constant and the solubility of the pre-
cursor, will affect the reactivity of the material. In the deposi-
tion process of the two-dimensional perovskite passivation
layer, improper use of its precursor solution will have an
adverse effect on the underlying three-dimensional perovskite,
so that a two-dimensional/three-dimensional heterostructure
cannot give full play to its maximum advantages. IPA is a common
solvent for surface passivation of perovskite films.**°” However,
conventional deposition methods using protic polar solvents
(mainly IPA) can lead to instability of the underlying perovskite
layer and adverse degradation of device properties. The properties
of two-dimensional perovskite synthesized in situ are very impor-
tant to the selection of solvent. Currently, IPA is not suitable for all
materials.”°*° Researchers need to make specific analyses for
different materials to choose the most suitable solvent.

Jason et al.'® experimentally proved that the commonly
used isopropanol has a negative effect on the treatment of
the upper layer of three-dimensional perovskite, and reported a
selective precursor dissolution strategy using linear alkyl
ammonium bromide and chloroform (CF) as the precursor
solvent and solute of the 2D perovskite cover layer. As shown
in Fig. 4(a), IPA can effectively dissolve formamidine iodide due
to its high polarity and ability to form hydrogen bonds, while
CF has very limited solubility in FAI. The solubility of n-hexyl
ammonium bromide (CgBr) used for in situ synthesis of the two-
dimensional passivation layer in the two solvents shows the
opposite trend, of which the solubility of C¢Br in CF is higher
than that of IPA. Through performance and other related tests,
it can be proved that the experiment transfers the high-quality
two-dimensional cover layer to the three-dimensional perovskite
without negatively affecting the underlying three-dimensional
perovskite layer (Fig. 4(b and c)). This literature lays the founda-
tion for subsequent research on the solvent selection of two-
dimensional perovskite as the passivation layer, so as to avoid the
destruction of the solvent on three-dimensional perovskite and
the formation of an inferior phase. Randi et al.”* applied ammo-
nium iodide oleate (OLAI) molecules to form a Ruddlesden
Popper phase 2D perovskite layer with chloroform as the solvent.
The surface defects of 3D perovskite are post-treated, and the
dimension n of 2D perovskite fragments is adjusted by adjusting
the annealing conditions from a lower temperature to a higher
temperature. Because the higher n layer has a lower formation
energy. Therefore, the dimension n = 1 of the D perovskite
passivation layers prepared by thermal annealing (TA)."*"
However, after post-treatment with OLAI molecules at room
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temperature (RT), the high-dimensional 2D perovskite layer domi-
nates (n > 2), as shown in Fig. 4(d and e). The energy difference
between Ey and VBM of the samples prepared at room tempera-
ture was wider, indicating that the N-type characteristics of 3D
perovskite films after treatment were enhanced. The valence band
value of the target is closer to the CBM of the electron transport
layer (Cq) at the n-type contact, allowing more efficient charge
transfer between the perovskite and the Cg, electron selection
layer. The energy distribution of RDP can be adjusted by adjusting
its layer width (n).

In addition, adding a small amount of N,N-dimethyl-
formamide (DMF) to the traditional solvent isopropanol has
also been shown to be effective in constructing 2D/3D hetero-
junction structures. This may be because the two solvents in the
solvent mixture can dissolve different parts of the molecule,
so that the solubility of the mixed solvent is better than that of
any single solvent, thereby avoiding the formation of inferior
phases.

Zhou et a reported a new strategy for dissolving 2-phenyl-
ethanamine iodide (PEAI) and DMF in isopropanol as additives to
improve the efficiency and stability of two-dimensional/three-
dimensional perovskite films. A schematic diagram of this is
shown in Fig. 4(f). Adding DMF as a polar solvent to the MAI/
PEAI solution, DMF can dissolve the top of the three-dimensional
perovskite, which can promote PEAI to penetrate the perovskite to
form the best 2D/3D perovskite heterostructure, which is con-
ducive to passivation of the trap state and enhanced charge
transport. MAI to reduce the ratio of 2D ligand ions to
a-position cations. The research results show that the PCE of
the equipment prepared by the new strategy exceeds 22%, and the
filling factor (FF) is as high as 83.6%. In the absence of any
packaging, after the device is exposed to air for 1000 h, the PCE is
still as high as 91% (Fig. 4(g))-

As mentioned earlier, the suitable solvents for different
two-dimensional cover layer materials should be specifically
analyzed according to the properties of the materials. There are
many organic cations for constructing low-dimensional perov-
skites in 2D/3D heterojunctions, and it is difficult to formulate
a standard to measure the suitability of the solvent. However,
for the method of directly synthesizing high purity 2D perov-
skite powder, dissolving it in solvent and then spin coating to
construct a 2D/3D heterojunction, without using organic cations
to consume excess Pbl, to form 2D perovskites, a suitable solvent
becomes relatively easy to screen.

Although the dielectric constant and the Gutman donor
number are two different properties, they are related to each
other. The dielectric constant refers to the ability of a substance
to maintain an electric charge, and for a solvent, it refers to
its ability to solvate solute molecules and separate ions.
Generally speaking, solvents with a large dielectric constant
have a greater ability to separate ions, and they also have a
strong solvation ability. In short, it determines the ability of the
solvent to dissolve any ionic compound by screening the
Coulomb attraction between ions.'®'** The Gutmann donor
number essentially measures the alkalinity of the Lewis base of
the solvent molecule, and measures the degree to which
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Fig. 4 (a) Solubility of FAl and C¢Br in CF and IPA illustrating the appropriateness of using CF for the LP treatment. (b) J-V curve of 3D/LP (conventional)
and 3D/LP (SPD strategy) PSCs. (c) Grazing incident XRD (GIXRD) of 3D perovskite treated without any solvent (control), with neat IPA, or with neat CF. ‘a’
corresponds to the 3D perovskite diffraction peak and #' corresponds to the Pbl, diffraction peak. Reproduced with permission.1°® Copyright 2019,
Royal Society of Chemistry. (d) Schematic illustration of 2D perovskite passivation with different n layers under thermal annealing at 100 °C and a room-
temperature process. (e) Integrated intensity of GIWAXS data along g,. Reproduced with permission.? Copyright 2022, American Association for the
Advancement of Science. (f) Schematic procedure for the preparation of mixed 2D/3D perovskite thin films by a three-step spin-coating method.
(g) llumination stability of devices under constant AM 1.5G light, without excluding ultraviolet light and moisture stability of devices under ambient air
with RH% 50% for 1000 h without excluding room light. Reproduced with permission.1°2 Copyright 2019, Wiley-VCH. (h) Plot showing different solvents
based on the dielectric constant (¢,) and the Gutmann number (Dy) to identify the differences in the solubility of the 3D and 2D perovskite powders for
making a 3D/2D bilayer stack. (i) Solubility of RP BA;MA,_1Pb,l3,41 (n = 1 to 4), DJ, (4AMP) MAPb,l,, and ACI, (GA)MA,Pb,l,-based 2D perovskites in the
solvents MeCN, TMS, and PC as shown. Reproduced with permission.>® Copyright 2022, American Association for the Advancement of Science.
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coordination compounds are formed between the solvent and
the cation (high donor number) or between the precursor itself
(low donor number). Solvents with high Gutmann numbers will
strongly coordinate with divalent metals, thereby inhibiting the
formation of molecular clusters.

Siraj et al.>® recently reported in detail the selection require-
ments of low-dimensional perovskites in two-dimensional/
three-dimensional heterojunction. The solvent selection of
the two-dimensional cover layer takes advantage of the two
basic characteristics of the treated solvent, namely the dielec-
tric constant (¢;) and the Gutman donor number (Dy), which
controls the coordination between the precursor ions and the
solvent. A solvent that satisfies both the dielectric constant
> 30 and the Gutman donor number, 5 < Dy < 18 keal mol ™,
can effectively dissolve the 2D perovskite powder during pro-
cessing such as spin coating, scraping coating or groove mold
coating, and will not dissolve or degrade the underlying 3D
perovskite film (Fig. 4(h)). According to the two basic charac-
teristics of the selection of four solvents, respectively aceto-
nitrile (MeCN), tetramethyl sulfone (TMS), propylene carbonate
(PC), and ethylene carbonate (EC), which can dissolve 2D halide
perovskite powder well without causing damage to the lower
three-dimensional perovskite (Fig. 4(i)).

After more than ten years of perovskite photovoltaic
research, spin coating and general solution treatment are still
the most extensive methods for manufacturing PSCs. However,
spin coating is very wasteful, the solvent has corrosion pro-
blems and is toxic and harmful to the environment and human
body, and is not suitable for upgrading commercial applica-
tions. This means that other methods must be developed to
achieve industrial-scale manufacturing of perovskite photovol-
taic devices.

5.3 Mechanical pressing method

Mechanical pressing is expected to contribute to the combi-
nation of 2D and 3D perovskites. The SIG process provides a
highly crystallized 2D (BA),Pbl, layer with controllable thick-
ness deposition on top of the 3D film without any quasi-2D
phase (n > 1). Jang et al.”® reported a strategy for growth in the
solvent-free solid phase plane, growing a highly crystallized 2D
(C4HoNH;),PbI, film on a 3D perovskite, which may make the
constructed heterojunction structure highly complete. They
used a SIG process to grow the two-dimensional cover layer
by applying pressure and heat to ensure the complete charac-
teristics of the interface contact between the two layers in the
entire device. The SIG process avoids the formation of inferior
phases to a certain extent.

5.4 Vacuum deposition method

Vacuum deposition is another solvent-free technology suitable
for assembling multilayer films by using integrated 2D
perovskites.'®® The vacuum processing of perovskite eliminates
problems such as the solubility limit of the deposited 2D
perovskite precursor solution or the need for orthogonal sol-
vents to process multilayer devices.'*®'%” It can well control the
thickness of the film and the deposition of a high-purity
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semiconductor. Lin et a reported that through the
surface evaporation molecular exchange between BAI and
MAPDI; films, a full steam preparation of 3D-2D planar perov-
skite heterojunction for solar cells was provided. First, the
150 nm PbI, film is evaporated on the FTO/TiO, substrate,
and then exposed to the MAI vapor environment at 180 °C for
30 min. Finally, the formation of the 2D cover layer is com-
pleted by exposing the prepared MAPbI; film to the BAI vapor
(Fig. 5(a)). The transformation of the available form of SEM
proceeds over time, and a surface with a smaller layer structure
is observed after 60 min of reaction Fig. 5(b-d). X-Ray diffrac-
tion is obtained after BAI steam treatment, the diffraction peak
does not change until the processing time is increased to
20 min, corresponding to the two-dimensional perovskite dif-
fraction peaks of # = 1 and n = 2 (Fig. 5(e)). UV-Vis spectra also
confirmed the presence of 2D (n = 1-3) perovskites in 3D
MAPDI; perovskites (Fig. 5(f)). Studies have shown that large
alkylammonium BA has been inserted into the 3D-MAPbDI;
structure, and the distance between the inorganic [Pbls] layers
is expanded by replacing MA to form a 2D perovskite in the
film. Experiments have confirmed that vacuum deposition can
regulate the n-value distribution of two-dimensional perov-
skites in a heterojunction through stem treatment time. As
the time exposed to steam increases, the VBM of the device
becomes deeper. This means that the holes flowing to the Au
back contact will encounter an increasing barrier. This VBM
offset will cause holes to accumulate at the interface, resulting
in a decrease in Jsc (Fig. 5(g)). La-Placa et al.'** reported 2D/3D/
2D perovskite heterostructures prepared by a dual-source
vacuum deposition process, as shown in Fig. 5(h). The inter-
action between the 3D and 2D phases and the charge transport
characteristics of the 2D passivation layer in the complete 2D/
3D interface are investigated. It allows fine control of film
thickness and deposition of high-purity semiconductor. The
2D/MAPDI;/2D perovskite heterostructure was prepared by
using pure MAPbI; (3D) and pure phenethyl ammonium iodide
(PEA,PbL,, 2D). Unlike the case where 2D is formed after
precursor body fluid treatment, vacuum deposition has
observed that although there is a large open circuit voltage,
the charge transmission is reduced and the evidence for surface
passivation is insufficient. No transfer of charge and energy
from the two-dimensional film to the 3D film was observed in
the MAPI active layer. This may be due to the irreversible
orientation of the 2D perovskite passivation layer relative to
lead methylammonium iodide (growth parallel to the substrate
and hinders charge transmission) and the low dimension of the
formation of the 2D passivation layer (n is generally 1). Using
2D perovskite as the passivation layer in p-i-n devices, the
decrease in PCE is mainly due to the decrease in current and
filling factor."'® The ionization energy (IE) shown in Fig. 5(i)
can be used to estimate the maximum value of the valence band
(VBM) in the intrinsic semiconductor. The IE of MAPI is 5.0 eV,
while the IE of PEA,PbI, film is 5.5 eV. This means that there is
a hole extraction energy barrier of about 0.5 eV, which supports
the serious decline in FF observed when PEA,Pbl, is deposited
between HTL and MAPI, as illustrated in Fig. 5(j).
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Fig. 5 (a) Schematic diagram of the growth of MAPDbIz—(BA),(MA),_1Pb,ls,.1 hybrid structures. The n value describes the perovskite layer numbers
between two layers of BA molecules. (b—d) SEM images of the perovskite thin films without (b) and with 5 min (c) and 60 min (d) BAI vapor treatment.
(e) XRD patterns and (f) UV-Vis spectra of perovskite films with different times for BAl vapor treatment. (g) Calculated VBM. As the charging effect cannot
be fully excluded from the current data, absolute values cannot be taken seriously. Reproduced with permission.**® Copyright 2019, Elsevier Ltd.
(h) Schematic diagram of the vacuum deposition 2D/3D perovskite heterojunction strategy. (i) Air Photoelectron spectroscopy (APS) for vacuum
deposited MAPI and PEA,Pbl, thin films. (j) Flat band energy diagram with measured ionization energies (IE) and estimated electron affinity taking into
account the bandgap of the two materials. Reproduced with permission.*** Copyright 2019, American Chemical Society.

The vacuum deposition method can also be used for large
area and high throughput treatment of perovskite. Feng et al.'*®
prepared large area uniform and high-quality perovskite films
on rigid (400 cm?) and flexible (300 cm?) substrates. In addition, a
low temperature vacuum annealing process was developed to
produce high density formamidine perovskite films. The study
found that the performance of perovskite solar cells is seriously
affected by the vacuum annealing temperature. When the anneal-
ing temperature is optimized to 60 °C, the efficiency of the
resulting perovskite solar cell will be increased to 21.32%, which
is the highest efficiency of perovskite solar cells manufactured
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using a vacuum deposition process. Thanks to the solvent-free
and air-free environment, perovskite solar cells prepared using a
vacuum deposition process exhibit excellent long-term stability.

Both mechanical pressing and vacuum deposition methods
can prepare a high-purity phase 2D cover layer for passivation
of 3D perovskites to form a complete interface. However, the
dimension (n) formed by the two strategies is very low, usually
approximately equal to 1, and its preparation process takes
several hours, which increases manufacturing costs. In addition,
long-term deposition has an adverse effect on the oxide buried
layer, which is not conducive to device performance.
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6. Summary and outlook

In this review, we summarized the latest progress of 2D/3D
heterojunctions in PSCs, including the filter rules of precursors,
the mechanisms of defect passivation, the adjusting methods of
dimensional (n) distribution and the fabrication process of 2D/3D
heterojunctions. In addition, some emerging challenges in the
efficient utilization of 2D/3D perovskite heterojunctions in PSCs,
such as controlling the regulation of film thickness, and the low
current and filling factor caused by electronic blocking in the 2D
layer of inverted (p-i-n) devices, have been elaborated and the
potential solutions for these challenges have also been discussed
in depth.

The selection of the precursor solvent of two-dimensional
perovskite for a 2D/3D heterojunction has a great influence on
the characteristics of carrier transport and energy band
arrangement at the crystal surface of the grain boundary.
By changing the precursor solvent, the two-dimensional
perovskites in the heterojunction can form different n-value
distributions. Improper solvent selection will lead to the for-
mation of inferior phases at the heterojunction interface.
Therefore, researchers should not only consider whether the
solvent dissolves the two-dimensional ligand, but also whether
the solvent has an adverse effect on the three-dimensional
perovskites. The composition of three-dimensional perovskites
is different, and the suitable two-dimensional perovskite ligand
solution may also be changed. For constructing heterojunction
structures, solution characteristics such as the dielectric con-
stant and Gutman donor number could be considered to screen
suitable organic ligand solutions for forming two-dimensional
perovskite layers according to different three-dimensional perov-
skite systems. Hence, the solubility of the solution to organic
cations should also be one of the options for screening suitable
solvents.

In addition, the 2D perovskite size (n) at the electron
transport interface in the pin structure is critical for effective
top contact passivation. The uneven distribution of the n value
of the 2d perovskite layer in the heterojunction structure will
limit the transmission of electrons and holes. When two-
dimensional perovskites are formed, different ligands produce
different n distributions. The organic matters with larger
volume possess a slower embedding speed, which leads to a
larger n value, thus making the film thicker with the increase of
the layer width. 2D perovskite films prepared by fluorine-
containing organic cations may be of greater value in p-i-n
devices because they can form different quantum well struc-
tures. At present, organic cation engineering and solvent type
adjustment only play a role in regulating the » value but cannot
accurately control the dimension of the two-dimensional
perovskite. Fortunately, the SIG process can regulate the crystal
orientation of the 2D phase on 3D perovskite films, and the
n-phase distribution can be strictly controlled. Using pre-
synthesized pure two-dimensional perovskites with different n
values, the target two-dimensional perovskite can be combined
on the three-dimensional perovskite without loss through the
high temperature and high-pressure process of SIG.

This journal is © The Royal Society of Chemistry 2023
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Recently, a study on constructing 2D/3D heterojunction
structures through the fabrication of a 2D perovskite layer on
the 3D perovskite surface has made remarkable achievements
in terms of higher efficiency and better stability. And the 2D/3D
heterojunction structure of metal halide perovskites is widely
used in various photoelectric devices, including solar cells,
photodetectors, light-emitting diodes (LEDs) and lasers. These
plentiful application scenarios have confirmed that the 2D/3D
heterojunction possesses attractive potential for overcoming
the inherent disadvantages of perovskite materials and improving
the performance of perovskite devices. For perovskite solar cells,
the current device efficiency (PCE) based on the 2D/3D hetero-
junction structure exceeded 25% with outstanding stability
even under long-term continuous illumination.” Accordingly,
we believe that this 2D/3D perovskite layered heterojunction
will lay a solid foundation for the commercial application of
perovskite solar cells in the foreseeable future.
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