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Perovskite solar cells (PSCs) have obtained great triumph in photovoltaic technologies due to their excellent
optoelectronic properties. In particular, the use of one-dimensional (1D) materials including 1D perovskites
(defined according to crystal structures) and 1D carrier transport materials (defined according to
morphology) has been widely demonstrated to be able to effectively enhance the power conversion
efficiency (PCE) and stability of PSCs because of their some unique properties. In view of the huge
contributions of 1D materials in PSCs, a comprehensive understanding of 1D materials in PSCs is
necessary. In this review, we first introduce the structure, properties, and synthesis of 1D perovskites.
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DOI 10.1039/d3ta03174h we discuss the 1D carrier transport layers. Finally, we give a plausible conclusion and outlook of 1D

rsc.li/materials-a materials in PSCs which can further facilitate the advancement of PSCs.
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1. Introduction

Perovskite solar cells (PSCs) have become one of the most
promising next-generation photovoltaic technologies owing to
their brilliant optoelectronic properties including high light
absorption coefficient, tunable bandgap, and small exciton
binding energy."” With the continuous efforts of scientists, the
power conversion efficiency (PCE) was boosted from 3.9% to
25.8% in the past ten years.*® Thus, the development of PSCs is
of significant importance for photovoltaic technologies and
green energy.
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The single-junction PSCs are either a normal structure (n-i-p)
or inverted structure (p-i-n), consisting of electrodes (trans-
parent electrode and back electrode), carrier transport layers
(electron transport layer (ETL) and hole transport layer (HTL)),
and the perovskite absorber layer; the perovskite light-
harvesting layer is sandwiched between the ETL and HTL. The
quality of each layer is crucial for the overall performance and
stability of PSCs. Among these layers, the preparation of high-
quality perovskite layers is relatively difficult. Due to the rapid
crystal growth process and ionic nature of perovskites, there are
numerous defects at grain boundaries (GBs) and the surface of
the perovskite film. These defects not only hinder carrier
transport and cause nonradiative recombination but also are
very sensitive to oxygen and water, which has a significant
negative impact on the photovoltaic performance and stability
of PSCs.'™* Moreover, the mismatched thermal expansion
coefficients between perovskite layers and carrier transport
layers would lead to lattice distortion at grain boundaries, the
residual lattice strain, and facilitated ion migration due to
reduced ion migration activation energy, which is deleterious to
the operational stability of PSCs."””*® In addition to the perov-
skite layer, a suitable charge transport layer is also necessary. A
suitable charge transport layer (CTL) should not only require
efficient charge extraction and transport but also provide good
substrates for perovskite crystallization and growth. Therefore,
developing appropriate CTL materials to ameliorate the quality
of the perovskite layer is necessary. In order to mitigate or
overcome the above issues, various strategies have been devel-
oped, mainly including interface engineering,'**® precursor
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and antisolvent engineering,'*** additive engineering,*>*
perovskite grain engineering,”® composition engineering,>*?*
dimensionality engineering,>*>”** nonstoichiometric
approach, etc. Various materials with multiple functional
groups have been employed through these strategies. Among
them, low-dimensional (LD) perovskite materials such as zero-
dimensional (0D),> one-dimensional (1D),* and two-
dimensional (2D)**** have drawn much attention because
they usually exhibited better moisture stability than 3D perov-
skites. Except for intrinsic moisture stability, it was widely
revealed that LD perovskites could effectively passivate the
defects within 3D perovskites, suppress ion migration and
mitigate residual strain at grain boundaries and
interfaces.”®**3¢ Although 0D and 2D perovskites have made
great contributions, this review only focused on discussing the
progress of 1D perovskites in PSCs. In addition to 1D perov-
skites (defined according to the crystal structure), 1D carrier
transport layers (according to morphology) are also very
attractive, which can not only provide a direct pathway for
electron transport but also provide a porous network for better
pore-filling of perovskites.’” Therefore, 1D materials play an
important role in PSCs. In view of the huge contributions of 1D
materials in PSCs, a comprehensive understanding of 1D
materials in PSCs is necessary.

Although 1D materials have been frequently applied in PSCs
and great progress has been obtained, there are few reviews
concentrated on summarizing and discussing the development
of 1D materials in PSCs.**** It is imperative to summarize the
recent developments of this topic and provide meaningful
insights for researchers. In this review, we first introduced the
structure, properties, and synthesis of 1D perovskites. Then we
discussed the recent development of PSCs based on 1D/3D
perovskite heterojunctions including bulk 1D/3D perovskite
heterojunctions and interfacial 1D/3D perovskite hetero-
junctions. Subsequently, we discussed the 1D carrier transport
layers. Finally, we gave a plausible conclusion and outlook of 1D
materials in PSCs that could improve future work in this field.

2. 1D perovskites
2.1 Structures and properties of 1D perovskites

For the organic-inorganic metal halide perovskites, the
[PbXe]*~ octahedron is the basic structure unit. According to the
connectivity of the [PbX,]*~ octahedron, the perovskite could be
divided into 3D, 2D, 1D and 0D perovskites.** The chemical
formula of 3D perovskites is ABX;. The 3D network is con-
structed by the corner-shared [PbX¢]*~ octahedron, and small-
sized A" cations (such as Cs*, CH;NH;', etc.) occupy the gap
formed by adjacent [BXs]'~ octahedra, maintaining the elec-
trical neutrality of the system.>* When the small-sized A"
cation is substituted by a larger cation, the [BX¢]*~ octahedron
extended in the 3D direction will be isolated, thus forming
a special layered structure with alternating organic and inor-
ganic layers. When the layer becomes extremely thin, the
chemical formula changed from A,.;B,Xz,+1."® These layered
structures are similar to 3D perovskites, with two A cations
terminated at the top and bottom. It is well known that the 2D
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perovskites could be classified into Ruddlesden-Popper (RP) 2D
perovskites, Dion-Jacobson (DJ) 2D perovskites and alternating
cations in the interlayer (ACI) 2D perovskites. Their chemical
formulae are AA,_ 1B, Xs,1, A'A,_1B, X311 and A'A,B,X;,., for
RP, DJ and ACI 2D perovskites, respectively, where A’ represents
organic amine cations. The [BX,]'~ octahedron layer is sand-
wiched between organic layers to form periodic repeating units,
which are stacked vertically by the van der Waals forces. In 1D
perovskites, the edge/corner/face-shared [BX,]*~ octahedron is
connected in chains, which exhibits a linear arrangement. The
chemical formula of 1D perovskites is A'BX;, and the
morphologies of 1D perovskites are commonly nanorods or
nanowires.

The unique crystal structure of 3D perovskites endows them
with numerous physical and chemical properties, but the
coupling properties of the octahedron in three directions in
space lead to low exciton binding energy, and excitons can be
easily dissociated into free carriers. 3D perovskite crystals are
prone to decompose under ultraviolet radiation, high temper-
atures, and aqueous environments, which can accelerate the
decomposition of perovskites, and result in inferior device
operational stability.** Compared to 3D perovskites, low-
dimensional perovskites have some additional properties, due
to the quantum confinement effect and shape diversity. Due to
the confinement effect, when the electron and hole pairs are in
a 2D plane, the coulombic force between electrons and holes
would be enhanced, leading to higher binding energy.*> In
addition, in 2D perovskites, the [BXs]*~ octahedra are isolated
by the large organic cations, which protects perovskites from
moisture. Thus, 2D perovskites exhibit better humidity stability
than their 3D counterparts. However, the large organic cations
form a potential barrier to charge carrier transport in inorganic
networks. The bulk organic cations in 2D perovskites act as an
insulating spacer and 2D perovskites usually grow parallel to
the substrate, which results in limited out-of-plane charge
transport and finally leads to inferior device performance.>®
The structure of 0D materials (nanoparticles) is often disor-
dered at the GBs of 3D perovskite films, causing the scattering
of free electrons and thereby reducing electron mobility.>*** 1D
perovskites with edge/corner/face-shared [BX¢]'~ have higher
stability than 3D perovskites due to the linear arrangement of
[BXc]'™ in a shoulder-to-shoulder manner and improved skel-
eton strength of the perovskite lattice, which can protect the 1D
perovskite from invading by moisture and oxygen. Meanwhile,
the 1D perovskite often has a preferential orientation, which
could improve the crystallization and passivate the defects in
GBs, leading to high-quality perovskite films and accordingly
high-performance devices.

2.2 Synthesis of 1D perovskites

2.2.1 Vapor phase method. The vapor phase method is
considered to be an effective method for fabricating 1D semi-
conductor nanowires.®”* Ha and co-authors synthesized
MAPDCI; nanowires via a two-step vapor phase method.®® They
first deposited PbCl, nanowires in a mica substrate through
chemical vapor deposition, then, the vapor phase amine halide
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molecules reacted with PbCl, and converted to the perovskite.
The vapor phase method is also widely used in the preparation
of high-stability all-inorganic perovskites. Chen and co-authors
reported a vapor phase method to synthesize single-crystal
CsPbX; (X = Cl, Br, I) nanowires with controllable preferential
crystal orientation.®® Moreover, Park and co-authors obtained
single-crystal CsPbX; (X = Cl, Br, I) with adjustable band gap by
tuning the composition ratio of halides.*

2.2.2 Solution-phase method. The solution-phase method
is more economical compared to the vapor-phase method. In
2014, Horvath and co-authors first synthesized MAPbI; nano-
wires through a low-temperature solution-phase method.®”
Through the slip-coating process, nanowires with a mean width
of 50 to 400 nm and a length over 10 um were obtained. In
addition, Fu and co-authors made a great triumph in halide
perovskite synthesis by putting the pre-deposited PbI, film into
various concentrations of MAI/isopropanol solutions. It was
found that high MAI concentration could form thermodynam-
ically favorable lead iodide complex ions (Pbl,*>") until satura-
tion. Then, Pbl,>~ ions reacted with MA" ions to grow single-
crystal MAPDbI; nanowires.*”® After this work, multiple perov-
skite nanowires were synthesized.*”°

2.2.3 Colloidal method. The colloidal method is a very
important method for synthesizing perovskite nanowires. For
example, Zhu and co-authors mixed MAX, PbX,, and long-chain
amine halide salt in a polar solvent, then put the solution into
a lower polarity solvent, and obtained perovskite nanowires.”” The
hot-injection method is usually employed to synthesize all-
inorganic perovskite nanowires. For instance, Zhang et al. injec-
ted the Cs precursor into the PbX, solution with oleylamine and
oleic acid at 150 to 250 °C, and for the first time obtained all-
inorganic CsPbX; nanowires.”” Based on this method, they also
fabricated perovskite nanowires with controllable composition and
diameters in later work.””* After that, the colloidal method was
used to synthesize perovskite nanowires with more precise control.

2.2.4 Template method. Owing to the limited control over
the nucleation and crystallization process, it is difficult to
synthesize perovskite nanowires with desired shape and
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geometry by the solution-phase method. To obtain desired
structure, utilizing templates is an effective way. Ashley and co-
authors employed anodized aluminum oxide (AAO) templates
to synthesize perovskite nanowires.”” They added the MAPbI;
solution into the AAO pores and removed the excess liquid,
followed by an annealing process. They obtained uniform
MAPDI; perovskite nanowires with a diameters range of 50—
200 nm. Besides, Oener and co-authors obtained uniform
perovskite nanowires by adopting the AAO template.” They first
dropped the precursor solution on the AAO template, followed
by a reduced pressure, which enabled the precursor solution to
fill the pore and extruded from the free-standing template. After
thermal annealing, highly ordered free-standing perovskite
nanowires were obtained. More importantly, by adjusting the
template aperture, the size distribution of perovskite nanowires
could be well controlled.

3. 1D/3D perovskite heterojunctions

Although 3D perovskites have excellent optoelectronic proper-
ties, the solution process leads to numerous defects in GBs and
surfaces. In addition, the intrinsic characteristics of ion nature
and low formation energy induce ion migration and degrada-
tion during the operation condition. In contrast, 1D perovskites
have enhanced lattice strength and are protected by organic
cations, which enables 1D perovskites to have better stability
than 3D perovskites. Furthermore, 1D perovskites can amelio-
rate charge transfer and reduce nonradiative recombination
because of their conductive properties. Thus, combining 1D
perovskites and 3D perovskites is expected to improve the PCE
and stability of PSCs. Here, we discussed the advancements of
1D/3D perovskite heterostructures in PSCs from the perspective
of bulk or interfacial heterojunctions (Table 1).

3.1 Bulk 1D/3D perovskite heterojunctions

Notorious defects always exist in GBs and inside of perovskite
filmS, leading to nonradiative recombination and resulting

Table 1 Summary of photovoltaic parameters of PSCs based on 1D perovskites. PVSK represents perovskite

1D perovskites Device structure Jsc(MAem™) Voo (V)  FF(%)  PCE (%)  Ref.
PbBr,-PZPY and Pbl,-FAI-PZPY FTO/c-TiO,/m-TiO,/PVSK/PTAA/Au 21.70 1.080 77.00 18.10 77
DEAECPDI; ITO/SnO,/PVSK/spiro-OMeTAD/Ag 24.00 1.220 78.00 22.90 78
HAPDI,Br FTO/c-TiO,/m-TiO,/PVSK/spiro-OMeTAD/Au 24.69 1.108 78.00 21.20 79
TFPbI; FTO/c-TiO,/m-Ti0,/PVSK/ZrO,/carbon 23.26 1.012 73.70 17.42 56
TPPbI; ITO/PTAA/PVK/Cg¢/BCP/Cu 24.70 1.150 81.00 22.90 80
EMIMPbDI, FTO/c-TiO,/SnO,/PVSK/spiro-OMeTAD/Ag 23.10 1.069 78.10 22.14 81
TAPbDI; ITO/SnO,/PVSK/spiro-OMeTAD/Au 25.10 1.180 81.00 23.87 82
FEAPDI; FTO/m-TiO,/PVSK/spiro-OMeTAD/Au 21.20 1.06 79.00 18.00 83
TBPPbI; FTO/c-TiO,/m-TiO,/Sn0O,/PVK/spiro-OMeTAD/Au 23.90 1.06 76.00 19.30 84
Me;SPbI; ITO/SnO,/PVSK/spiro-OMeTAD/Ag 24.64 1.140 78.57 22.07 85
FA(CBA)PbI, ITO/SnO,/PVSK/spiro-OMeTAD/MoO;/Ag 25.00 1.148 76.47 21.95 86
(m-PBA)Pb,I, ITO/SnO,/PVSK/spiro-OMeTAD/Au 25.52 1.155 80.88 23.84 87
TAPDI; FTO/c-TiO,/PVSK/spiro-OMeTAD/Au 22.81 1.080 77.00 18.97 88
BnPbl; ITO/PTAA/PVSK/Cg0/BCP/Ag 23.72 1.130 78.99 21.17 89
PbI,(Phen) ITO/SnO,/PVSK/spiro-OMeTAD/Ag 25.40 1.120 82.00 23.3 90
iprPbl; FTO/SnO,/PVSK/spiro-OMeTAD/Au 25.77 1.170 80.70 24.43 91
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inferior performance of PSCs.**>**** Thus, effectively passiv-
ating defects to reduce nonradiative recombination and
improve PCE has always been a focus of science researchers.”
Fan and co-authors first reported bulk 1D/3D perovskite heter-
ojunctions by introducing 2-(1H-pyrazol-1-yl)pyridine (PZPY)
into the 3D perovskite precursor solution.”” After the incorpo-
ration of PZPY, the PZPY group reacted with FAI via conjugated
hydrogen bonds, and as an insert cation along both sides of the
[PbXe]*~ (Fig. 1a). The 1D PbBr,-PZPY and 1D PbI,-FAI-PZPY
perovskites were formed, and the dendritic morphology 1D
perovskite exhibited a linear arrangement [PbX,]'~ octahedra
connected in a chain along one direction, which effectively
passivated the defects at GBs, leading to stronger photo-
luminescence (PL) intensity and longer carrier lifetime. As
a result, the device with PZPY realized a champion PCE of
18.1%. Kong and co-authors introduced 2-diethylaminoethyl-
chloride hydrochloride (DEAECCI) into the 3D perovskite
precursor and formed a 1D DEAECPbDI; perovskite.”® With the
increased concentration of DEAECCI, the peak intensity ratio of
(001/011) of perovskite increased, which indicates that the
DEAECCI had a preferential orientation growth in the (001)
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direction. In addition, the binding energy of Pb*>" was shifted to
the lower area. As shown in Fig. 1b and c, the modified film also
showed a stronger PL intensity and a longer PL lifetime
compared to the control film, indicating that the defects
passivated and suppressed the nonradiative recombination.
Thus, they achieved a champion PCE of 22.9%, while the
control was 20.9%. Yu and co-authors utilized the hydrazinium
(HA") cation as the additive to form the 1D HAPbI,Br perov-
skite.” When HA" was added into 3D perovskite, the HA" was
prone to coordinate with [PbX¢]'~ through strong hydrogen
bonds at the GBs (Fig. 1d), improving the crystallinity and grain
size. In addition, the 1D ribbon structure prevented the
formation of 3-FAPbI; and promoted the growth of a-FAPbI;
through cation exchange. Further, the 1D ribbon filled the GBs,
effectively passivating the defects at GBs and suppressing
nonradiative recombination. Therefore, the HA'-modified
perovskite film displayed a higher PL intensity and prolonged
carrier lifetime. Based on this modification, they realized
a champion PCE of 21.20%, higher than the control of 19.36%.
Wu and co-authors incorporated thiopheniformamidine
hydrochloride (TFCI) as the passivator in the perovskite film.*®
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Fig. 1 (a) lllustration of bulk 1D/3D perovskite heterojunctions.” Copyright 2018, Wiley-VCH. (b and c) PL and TRPL spectra of control and
DEAECCI-doped 1D/3D perovskite films.”® Copyright 2021, Wiley-VCH. (d) Illustration of the distribution of 1D perovskite in bulk 1D/3D
perovskite heterojunctions.” Copyright 2021, Elsevier. (e and f) Pb 4f XPS pattern and TPV spectra of both 3D and 1D/3D perovskite films.*¢

Copyright 2021, Wiley-VCH.
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After adding the TFCI into the 3D perovskite film, the X-ray
photoelectron spectroscopy (XPS) showed that the binding
energy of Pb>" was shifted to the lower area and the character-
istic peak of metallic Pb disappeared (Fig. 1e), demonstrating
that the deep-level defects passivated, besides, the SCLC and
TPV exhibited a lower trap density and longer carrier recombi-
nation lifetime (Fig. 1f), which is consistent with XPS. As
aresult, a champion PCE of 17.42% for the device with TFCl was
achieved while the PCE of the device without TFCI was 12.01%.

In addition to pursuing the high performance of PSCs,
stability is also an indispensable part of PSCs. In order to
ameliorate the situation, Jiao and co-authors introduced tribu-
tyl(methyl)phosphonium iodide (TPI) into a 3D perovskite
precursor solution to convert perovskite GBs to 1D perovskite.*
As exhibited in Fig. 2a and b, the TPPbI; powder had no clear
color change after 12 h water soaking, while the MAPbI;
changed to yellow just within 10 s, which demonstrated that the
1D TPPbI; perovskite had strong water resistance, which could

(@)
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protect the 3D perovskite from the moisture invade. Further, the
TPI-treated 3D perovskite films also kept their original structure
and no Pbl, appeared under 100 mW cm > light soaking in
ambient air for 120 min (Fig. 2b). All of the above results
showed that the 1D TPPbl; perovskite could stabilize 3D
perovskites in either moisture or light. In addition, the 3D
perovskite film with TPI displayed a higher PL intensity and
longer carrier recombination time than the control, demon-
strating that the defects in GBs were effectively passivated. As
aresult, they realized a champion PCE of 22.9% higher than the
control of 22.0%. And the device with TPI exhibited better
stability and only a 7.8% reduction after 1900 h under 1 sun
illumination at 55 °C, while the PCE of the control device
decreased by 20.3% after 1877 h. Wei and co-authors employed
the ionic liquid (IL) 1-ethyl-3-methylimidazolium  tri-
fluoroacetate (EMIMTFA) in perovskites to passivate defects and
improve the stability of PSCs.*' After the incorporation of
EMIMTFA, they found that the crystal structure had a stronger
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(a) Picture of 3D perovskite powder before and after soaking in water for 10 s. (b) Picture of 1D/3D perovskite powder before and after

soaking in water for 12 h.8 Copyright 2022, Science. (c) XRD pattern of the 3D perovskite film before and after exposure to air at room
temperature. (d) XRD pattern of the 1D/3D perovskite film before and after exposure to air at 70 °C.8* Copyright 2022, Wiley-VCH. (e) Residual
tensile strains of the 3D and 1D/3D perovskite film. (f) Young's modulus of the 3D and 1D/3D perovskite film.82 Copyright 2023, Wiley-VCH.
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orientational preference in the vertical direction to the
substrate than the control though grazing incidence wide-angle
X-ray scattering (GIWAXS) measurement and there is a new
diffraction ring at g, = 7.3 nm™ " corresponding to the 1D
perovskite EMIMPbI;. The stronger PL intensity and elongated
charge carrier lifetime imply the reduced defects density in 1D/
3D perovskite heterojunction than the control. Further, the
space-charge-limited current (SCLC) also showed that the trap
density value decreased to 2.91 x 10"® cm * from 5.32 x 10"
cm?. Thus, the defects in the perovskite film with EMIMTFA
were passivated effectively. More importantly, the EMIMTFA-
modified 3D perovskite film kept its initial properties either
in the air at room temperature or 70 °C annealing for 7 days. As
a result, the EMIMTFA-modified device obtained a champion
PCE of 22.14% higher than the 18.93% for the control device.
Even with continuous illumination for 550 h, 88% of its original
PCE remained, while the control device only maintained about
40%. Chen and co-authors developed a cross-linkable monomer
TA-NI for self-healing PSCs. The dynamic disulfide bonds,
hydrogen bonds, and ammonium groups enable the TA-NI to
have excellent mechanical properties. The low glass transition
temperature further confirms the stretchability. When entering
the elastic region, the TA-NI elastomer could fully recover. With
the addition of TA-NI, the GIWAXS exhibited a new character-
istic peak at ¢ = 0.54 A, and the Pbl, peak decreased signifi-
cantly, which could be attributed to the 1D TAPbI; perovskite.
Based on the formation of 1D TAPbI; perovskite, the residual
tensile strains of the 3D perovskite film reduce from 15.34 MPa
to 4.28 MPa and Young's modulus decreased from 65.26 GPa to
30.28 GPa. Thus, the 1D TAPbI; perovskite could release the
residual tensile strain through strain compensation. As a result,
they achieve a champion PCE of 23.87% and 21.05% for rigid
and flexible PSCs. Moreover, the flexible PSCs with a 1D/3D
heterostructure maintained 94% of their initial PCE after
bending 4000 times at a 5 mm radius, and with 1 h storage at
room temperature, the PCE recovered to 97%.

3.2 Interfacial 1D/3D perovskite heterojunctions

In addition to bulk 1D/3D perovskite heterojunctions, interfa-
cial 1D/3D perovskite heterojunctions also play an important
role in PSCs including passivating surface defects, modulating
the energy level alignment and suppressing ion migration,
leading to high performance and stability.?*3>°1%

In 2016, Bi and co-authors employed the fluorinated cation
CF;CH,NH;" (FEA") to tune the morphology of the perovskite
layer.®* With the addition of FEAI, the perovskite film exhibited
better morphology with low surface roughness, enhanced
coverage, and more regular crystallites compared to the control
film. The energy-dispersive X-ray spectrometry (EDS) showed
that the fluorine element mainly existed on the surface of the
crystal. Based on this distribution and the hydrophobicity of the
fluorine alkyl group, the perovskite film with FEAI exhibited
a large water contact than control, which implies that the
perovskite film with FEAI had better moisture resistance. As
a result, the FEAI-modified device achieved a champion PCE of
18.0%, and maintained 92% of its initial value after storage for
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120 days in ambient air, while the PCE of control was 15.4% and
declined 21% under the same storage conditions. Kaneko and
co-author employed 4-tert-butylpyridinium iodide (TBPI) as the
capping layer onto the perovskite film.** After being spin-coated
with TBPI, the gradient-structured 1D TBPPbI; perovskite layer
stacked parallel to the 3D perovskite, the XPS showed that the
peak of Pb*" shifted to lower binding energy, and the PL spectra
exhibited enhanced intensity, and TRPL results displayed
a longer carrier lifetime, demonstrating that the surface defects
passivated and reduced nonradiative recombination. In addi-
tion, as a result, they achieved a maximum PCE of 19.3% higher
than the control of 18.3%. Ge and co-authors added trime-
thylsulfonium iodide (Me;SI) into perovskite film and formed
a 1D Me;SPbI; nanoarray structure.®® After modification with
Me;SI, the XPS pattern of the 1D/3D perovskite film showed that
the binding energy of Pb>" was lower, and the characteristic
peak of Pb® was diminished. Further, the PL intensity of the 1D/
3D perovskite film was more uniform and higher than the
control, and the TRPL showed a longer carrier lifetime,
implying that the 1D perovskite passivated the surface defects,
reduce the nonradiative recombination, and facilitate charge
extraction and transport. As a result, they realized a maximum
PCE of 22.07%. In addition, the 1D perovskite displayed better
aprotic properties due to the enhanced water contact angle, and
the device kept 97% of its original PCE after storage at ambient
with 50% relative humidity (RH) for 1000 h. Wang and co-
authors introduced 4-chlorobenzamidine hydrochloride
(CBAH) to passivate the surface defects.** Upon CBAH treat-
ment, the binding energy of Pb** shifted to a higher area,
confirming that CBAH reacted with Pbl,, arching on the surface
of the perovskite film and forming a 1D nanorod structure
(Fig. 3a) and thus the surface defects passivated. Further, the
higher PL intensity and elongated carrier lifetime revealed that
the nonradiative recombination was suppressed, which agrees
with the XPS result. As a result, the CBAH-treated device realized
a champion PCE of 21.95%. The Lewis base or acid could be
coordinated with Pb**, which enabled it a good defect passiva-
tor in the PSCs. Chen and co-authors introduced 1,3-bis(ami-
nomethyl)benzene dihydroiodide (m-PBAI,) to form 1D (m-PBA)
Pb,I perovskite as the capping layer on 3D perovskite.*” With
the modification of 1D perovskite, the ultraviolet photoemis-
sion spectroscopy (UPS) showed a valence band maximum
(VBM) of —6.00 eV for the 1D/3D heterojunction, while the that
of the control is —5.92 eV, implying that the capping layer could
cause effective charge carrier quenching and Shockley-Read-
Hall recombination. In addition, the XPS showed the Pb*
characteristic peak at lower binding energy, thus the Pb-related
defects are passivated by the introduced m-PBAI,. And the
enhanced PL intensity and elongated carrier lifetime further
confirmed that the defects were effectively passivated. As
a result, they obtained a champion PCE of 23.84%. Moreover,
with the capping layer, the water contact angle was increased
from 52.91° to 76.03°, leading to better water resistance and
thus the PSCs kept their 90% initial PCE after aging for 2000 h
in ambient air.

Ion migration is a common problem, which induces lattice
degradation during operation conditions and has been widely
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reported to be able to deteriorate device stability.>>*”~'* There-
fore, improving device stability not only enhances the water or/
and oxygen resistance of perovskite film but suppresses ion
migration is also important. Gao and co-authors utilized a short
organic conjugated molecule thiazole ammonium iodide (TAI)
to create a 1D TAPbI; perovskite capping layer on 3D perov-
skite.®® With the TAI modification, the TAI reacted with PbI,
forming a smooth capping layer, which works as an encapsu-
lating layer for the bulk 3D perovskite. Then, EDS was per-
formed to determine the interdiffusion of silver (Ag) and iodine
(), as shown in Fig. 3b and c, there is almost no interdiffusion
in the 1D/3D perovskite heterojunction structure, while in the
control film, the Ag existed in 3D perovskite, and I migrated to
the Ag layer, which confirmed that the 1D perovskite could

18598 | J. Mater. Chem. A, 2023, 11, 18592-18604

effectively suppress ion migration. Besides, the PL and TRPL
spectrum 1D/3D perovskite film displayed stronger intensity
and longer carrier lifetime than the control, respectively, indi-
cating that the 1D capping layer passivated the surface defects,
and reduced nonradiative recombination. As a result, a cham-
pion PCE of 18.97% with negligible hysteresis had been ob-
tained for the 1D/3D device and retained 92% of their initial
PCE after aging for 1500 h in the dark with the temperature of
20 £ 5 °C and RH of 20 + 10%. Zhan and co-authors introduced
benzimidazole iodide (BnI) in the perovskite precursor solu-
tion.® After incorporating Bnl, the Bn" coordinated with Pbl,
through a Lewis acid-base reaction and formed 1D BnPbl;
perovskite, which was mainly distributed at the buried inter-
face. With the 1D structure, the contact potential difference

This journal is © The Royal Society of Chemistry 2023
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(4¢pp) increased from 18 mV to 33 mV, resulting in lower
surface potential than the bare 3D perovskite, facilitating
charge extraction and transport and passivation of defects.**>%
In addition, when the perovskite film was illuminated from
both sides, the 1D/3D perovskite film exhibited the same peak,
while the 3D perovskite film showed a 4 nm shift, indicating
that the 1D/3D perovskite film suppressed charge accumula-
tion, enhancing the activation energy of ion migration. Further,
the activation energy under an electro-strictive response was
calculated to be 0.15 eV for the 1D/3D perovskite film, higher
than that of the 3D perovskite film of 0.08 eV, and the ion
conductivity decreased from 0.36 x 107° S em ' to 0.26 x
107° S em ™!, demonstrating that ion migration in the 1D/3D
perovskite film was more difficult. As a result, the 1D/3D
perovskite device achieved a champion PCE of 21.17% and
retained 95.3% of its original PCE after 3072 h illumination
under 1 sun in a nitrogen atmosphere. Chen incorporated 1,10-
phenanthroline (Phen) to form 1D perovskite as a passivating
layer.”* With Phen treatment, the 1D perovskite Pbl,(Phen)
formed on the surface of the 3D perovskite film through the
reaction between Phen and excessive Pbl,. The XRD showed
that the Pb** peak of the 1D/3D perovskite film was lower than
that of the control, indicating that the Pb-related defects were
effectively passivated. More importantly, the XRD pattern of the
perovskite/Ag sample showed the obvious peak of the 3-phase
and Agl for the 3D perovskite film, while the signal in the 1D/3D
perovskite film was quite low. Thus, the 1D structure not only
passivated surface defects but alleviated the ion migration. As
a result, the 1D/3D perovskite displayed a champion PCE of
23.3% and kept 80% of its original PCE after aging for 800 h in
ambient air (50% RH). Chen and co-authors treated the surface
of the perovskite film with benzimidazolium salts.”* After
modification, the benzimidazolium group reacted with the
[Pblg]*~ chain and constructed 1D iprPbl; perovskite, uniformly
distributed on the surface of the 3D perovskite film. With the 1D
perovskite, the 1D/3D film exhibited its original morphology
after 50 h aging at 85 °C and 60% RH. In contrast, the 3D film
exhibited an apparent yellow phase, confirming that the 1D/3D
perovskite film had better water and thermal resistance.
Further, when the device with and without the 1D perovskite
was subjected to 100 h 1 sun illumination with 85 °C heat, the
time-of-flight secondary ion mass spectrometry (TOF-SIMS)
showed the signal of gold (Au) throughout the entire device in
the bare 3D perovskite-based device, while the 1D/3D
perovskite-based device showed almost no Au signal (Fig. 3d
and e), demonstrating that the 1D perovskite film effectively
suppressed ion migration. In addition, the 1D/3D perovskite
film showed a stronger PL intensity with a smaller blueshift and
longer T,yerage cOmpared to the 3D perovskite film, implying that
the defects eliminated and suppressed nonradiative recombi-
nation. Further, the surface contact potential increased from
—34.3 mV to 79.8 mV, and the VBM enhanced from —5.22 eV to
—5.35 eV, facilitating the hole extraction and transfer. As
a result, the 1D/3D perovskite-based device achieved a cham-
pion PCE of 19.61% for the 18 cm? and 18.0% for 56 cm® and the
1D/3D perovskite-based module retained 93% of its original
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PCE after aging for 1250 h under ambient conditions (25 °C,
40% RH).

4. 1D carrier transport layers

Carrier transport layers (CTL) play an important role in PSCs. The
development of CTLs is critical to achieving stable and efficient
PSCs. Traditional ETL or HTL films are usually based on meso-
porous nanoparticles, which could not absorb light efficiently
due to the short diffusion length (~100 nm), and it is hard to fill
the pore network with the perovskite. In contrast, the 1D CTL
often has a single crystal or oriented structure, which could
transport carriers effectively. Furthermore, the 1D CTL usually
exhibits an open-pore structure that the perovskite could fully
and uniformly fill into the pores, which could improve the
contact and decrease the void, and finally ameliorate the
performance of PSCs.'®"” Thus, the 1D CTL is a promising
material for high-performance PSCs. Here, we discussed the
recent progress of PSCs based on 1D CTLs as follows.

Han and co-authors have grown 1D SnO, nanowires (NWs)
on the F:SnO, (FTO) substrate through a vapor-liquid-solid
reaction.'” Based on the adjustment of temperature, time and
oxygen flow rate, they obtained the optimized SnO, NWs with
300 nm long and 20 nm thickness. These SnO, NWs are paral-
leled with axial direction with sparse stack, facilitating the
perovskite pore-filling. After being integrated into the PSC
device, the SnO, NW-based device exhibited a higher electron
diffusion coefficient than the traditional mp-ETL devices,
leading to higher photon-to-current efficiency, confirming that
the 1D SnO, NWs had better electron-collection efficiency. As
a result, they achieved a champion PCE of 14.2% with a higher
fill factor (FF). Tao and co-authors employed 1D TiO, NWs to
ameliorate the interface."® The 1D film showed a larger porosity
and surface area, which was better for the pore-fill of perovskite,
resulting in uniformly distributed perovskite crystals with
alarger size than the nanoparticle ETL. Thus, the device with 1D
TiO, NWs obtained a champion PCE of 12.78%, while the
nanoparticle-based device was 9.59%. Lee and co-authors 1D
mesoporous silica (mSiO,) nanorods on the compact TiO, layer
through a modified Stober method."* The randomly stacked
mSiO, nanorods provided more voids for the penetration of
perovskite, increasing the precursor infiltration and pore-
filling. With the mSiO, nanorods, the perovskite film showed
stronger PL intensity and longer PL decay lifetime, indicating
that the electron transport had been improved. In addition,
electrochemical impedance spectroscopy (EIS) spectra showed
a lower interfacial charge transfer resistance of the PSC device
with mSiO, nanorods compared to the device without mSiO,
nanorods. As a result, they obtained a champion PCE of 13.91%
while that of the control was 12.36%. Wu and co-authors had
grown 1D TiO, on the FTO substrate via the solvothermal route
as the ETL.”” The ETL exhibited an NW morphology with
a diameter of 5-15 nm and an open structure. Besides, the 1D
TiO, NWs had a preferential orientation along the c-axis direc-
tion, which facilitated the perovskite pore-filling, inducing
reduced charger carrier collection path length (Fig. 4a). Further,
the 1D TiO, NWs on the FTO substrate showed a higher optical
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(a) Illustration of nuclei density and crystal growth of perovskite on TiO, NWs.3” Copyright 2016, Wiley-VCH. (b) The transmittance of ZnO

and ZnO:l film. (c) Energy level alignment of the PSCs with different ETLs.** Copyright 2017, Royal Society of Chemistry. (d) /-V curve of the hole-
only device with different HTLs. (e) Energy level diagram of two HTLs with perovskite.*** Copyright 2023, Elsevier.

transmittance and haze factor than the bare FTO, demon-
strating that the 1D TiO, NWs film ameliorates the light har-
vesting and trapping capability. Based on these properties, the
PL of perovskite on the 1D TiO, NWs quenched significantly
compared to the perovskite film deposited on the bare FTO
substrate, indicating that the fast charge extraction and transfer
between the perovskite and the 1D TiO, NW ETL. As a result, the
PSC devices with 1D ETLs realized a champion PCE of 16.04%.

In addition to the better perovskite pore-filling, conductivity
and energy level alignment are also important to the perfor-
mance of PSCs. Batmunkh and co-authors incorporated single-
walled nanotubes (SWNT) into the 1D TiO, nanofiber (SWNT-
TiO, NFs) as the ETL to ameliorate the PCE of PSCs."*> With the
doping of SWNTs, the sheet resistance (R;) was decreased
significantly, enhancing the conductivity and accelerating the
charge transport. Moreover, the CBM of THE TiO, ETL was
calculated to be 0.58 eV, while the work function of the SWNT-
TiO, NFs ETL was 0.35 €V, higher than the CBM of the TiO, ETL,
leading to higher Voc. As a result, the SWNT-doped device
realized a champion PCE of 14.03, while that of the control
device was 8.16%. Zheng and co-authors utilized the iodine-
doped ZnO (ZnO:I) nanorod as the ETL."** With the incorpora-
tion of I, the ZnO:1 ETL displayed an improved transmittance
than the ZnO ETL, implying that the ZnO:I ETL ameliorated the
light harvesting capability. Moreover, the work function of

18600 | J Mater. Chem. A, 2023, 11, 18592-18604

ZnO:I also decreased to 4.71 eV from 4.79 eV of ZnO, and the
internal resistance of ZnO:I-based PSCs decreased to 33.5 Q
from 59.8 of ZnO-based PSCs, improving the electron extraction
and transport. The PL and TRPL spectrum exhibited lower PL
intensity and shorter PL lifetime, further confirming the effi-
cient electron extraction between the ZnO:I ETL and perovskite
interface. As a result, the ZnO:I-based PSCs achieved a cham-
pion PCE of 18.24%, higher than that of the ZnO-based PSCs of
10.79%. Hu and co-authors employed 1D cation-doped TiO,
nanorods with embedded fullerene (Cgo:M-TiO,, M = Fe, ferrum
or Co, cobalt) as the ETL in inverted PSCs."** With the treatment
of metal cations, the conductivity slightly improved from 0.56
mS m " of pristine Cg to 0.66 mS m ™" of C40:Co-TiO,, leading
to higher electron mobility. In addition, the doped metal cation
alleviated the energy level mismatch. Before doping, the CBM
difference between the perovskite and Ceq was 170 meV, after
incorporating the metal cation, the energy level mismatch
decreased to 40 meV and 90 meV, and the ameliorated energy
alignment led to efficient interfacial charge transfer. As a result,
the device doped with Co cations achieved a champion PCE of
22.13%. Yin and co-authors Zn-doped NiOy (Zn:NiOy) to change
the optoelectronic properties of NiOx.'® They utilize the
template-assisted cation exchange strategy to convert the ZnO
nanorod arrays into NiOx nanorod arrays. After Zn was doped
into NiOyx, the conductivity of Zn:NiOx was increased to 5.85 x

This journal is © The Royal Society of Chemistry 2023
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10™* S ecm ™!, and the Fermi level and valence band maximum
were reduced to 4.69 eV and —5.34 eV, which is more aligned
with the perovskite (—5.40 eV). All of these facilitated the
transportation of holes and reduced the recombination. The
stronger PL quenching and shorter carrier lifetime of TRPL were
also observed for the Zn:NiOx/perovskite sample, which is
consistent with the above result. As a result, a champion PCE of
19.83% with an enhanced V¢ of 1.14 V was achieved. Further,
the stability is also improved and 82% of the initial PCE was
maintained after storing for 600 h in ambient air.

5. Summary and outlook

This review is focused on the recent development of 1D mate-
rial-based PSCs with high performance and stability. Although
some achievements have been made in 1D material-based PSCs,
there are still some issues that need to be addressed.

Compared to 3D perovskites, systematic research on 1D
perovskites is lacking. For example, the current synthesis method
of 1D materials is still trial-and-error. With the existence of
machine learning techniques,"****® Lu and co-authors predicted
numerous perovskite structures based on previous databases."*’
Maybe these techniques could guide us to synthesize the perov-
skite structure we desired. Further, most of the 1D perovskites
were obtained by additive engineering or interface modification.
Although these methods are very simple, it is difficult to precisely
control the size of 1D perovskites and their distribution in 3D
perovskites. Thus, how to control the size and distribution needs
in-depth research. In addition to the synthesis and distribution,
the photophysical processes and optoelectronic properties of 1D
materials also should be investigated deeply. Finally, it is highly
expected to simultaneously construct 1D/3D bulk and interfacial
heterojunctions in order to minimize bulk and interfacial non-
radiative recombination losses.

Apart from 1D perovskites, developing 1D carrier transport
layers is also very important for further enhancing photovoltaic
performance by facilitating interfacial carrier extraction and
transport and inhibiting interfacial nonradiative recombina-
tion. In spite of obtaining some advancements, the correlation
between the structure and morphology of 1D carrier transport
layers and device performance as well as interfacial carrier
dynamics should be deeply uncovered. It is imperative and
important to precisely control the orientation, size, morphology
and optoelectronic properties of 1D carrier transport materials
for maximizing their potential.

Last but not least, the stability of PSCs still has a long way to
go before commercialization. Thus, the degradation mechanism
based on different factors (oxygen, water, heat, etc.) should be
investigated systematically. The stability enhancement mecha-
nisms of 1D materials in PSCs should be clearly revealed in order
to guide the design of more effective 1D materials to advance the
development of perovskite photovoltaic technology.
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