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Organic—inorganic hybrid halide perovskites exhibit exceptional properties, including prolonged charge
carrier lifetimes, high photoluminescence quantum efficiency, and remarkable defect tolerance, demon-
strating significant potential in optoelectronic applications like photoelectric detectors, light-emitting
devices, and solar cells. Despite the high intrinsic carrier mobilities, their application in field-effect
transistors (FETs) has not been well investigated. Three critical challenges currently hinder the
development of high-performance hybrid halide perovskite FETs: ion migration, bulk/interfacial defects,
and material instability. In the past few years, the application of halide perovskites as FET channel
materials has been actively advancing, not only for the development of high-performance FETs showing
stunningly improved mobilities, but also for fundamental investigation of charge transport mechanisms
Received 17th May 2025, and structure—property relationships. This article comprehensively reviews recent progress in three-
Accepted 3rd September 2025 dimensional (3D) and two-dimensional (2D) organic—inorganic hybrid halide perovskite-based FETs. We
DOI: 10.1039/d5qm00380f discuss achievements and current challenges regarding device performance and stability issues of such
hybrid materials and provide a general perspective on breaking through their bottlenecks and exploring
rsc.li/frontiers-materials future directions.
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1. Introduction to hybrid halide
perovskites and processing of
perovskite FETs

Organic-inorganic hybrid halide perovskites have distin-
guished themselves in emerging optoelectronic applications
due to their excellent properties such as a high optical absorp-
tion coefficient, adjustable band gap, long carrier diffusion
constant, low exciton binding energy and solution processing
properties, and the performance records continue to be broken
in solar cells, light-emitting diodes, photodetectors, lasers,
transistors, and more. The chemical formula of three-
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dimensional (3D) metal halide perovskites (MHPs) is generally
ABX;, where A stands for a monovalent ion, such as inorganic
Cs' or Ru', or organic cations like methylammonium (MA") or
formamidinium (FA"), B represents a divalent metal cation
(e.g., Pb** and Sn®"), and X represents halogen anions (e.g.,
Cl7, Br7, and I"). Based on this, the B and X ions form
inorganic [BXe]'~ octahedra (the B ions at the center of the
octahedra and the X ions at the corner) which are arranged
three-dimensionally by sharing the octahedral corners, with the
A cations filling the gaps between the octahedral units,"* as
shown in Fig. 1a. It’s worth noting that the layered structure of
perovskites can be obtained by using bulk organic ammonium
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Fig. 1 (a) Schematic of crystal structures for 2D, quasi-2D, and 3D metal halide perovskites.?®> (b) Determination of work function, valence band
maximum (VBM), and conduction band minimum (CBM) via ultraviolet photoelectron spectroscopy (UPS).2° (c) Schematic cross-sections for four general
organic transistor geometries: bottom gate top contact (BGTC), bottom gate bottom contact (BGBC), top gate bottom contact (TGBC), and top gate top
contact (TGTC). (d) lllustrations of operating regimes of FETs, (i), (i), and (iii), represent the linear regime, the start of the saturation regime at the pinch-off
point, and the saturation regime, respectively.” Figures reproduced with permission from: (a) ref. 23. Copyright 2021, Wiley-VCH GmbH:; (b) ref. 10.

Copyright 2022, Wiley-VCH GmbH; (d) ref. 7.

cations (such as butylammonium and phenylethylammonium)
as A-site ions. The general structure formula is A’,A, 1M, X341
(A" is +1) or A”A, M, X3, (A" is +2), where n represents the
number of inorganic [BX,]'” layers, and 2D and quasi-2D
perovskite structures can be obtained by adjusting the n
value.® Theoretically, the n of 3D perovskites is oo. In 2D
perovskites, one of the two A-site cations needs to be large
enough to separate the inorganic layer and the other should be
small enough to fill the octahedral gap.”

In addition to the crystal structure, the band structure is also
important for understanding and studying perovskites. Among
the components that constitute the structure of perovskite
crystals, the A-site cation primarily influences the crystal struc-
ture by modifying the lattice. Since it does not participate in
covalent bonding, its impact on the frontier energy bands is
minimal. Therefore, the energy density of perovskite semicon-
ductors is mainly provided by the electron cloud distribution of
the valence electron layer of B-site metals and halogens. For the
commonly used Pb/Sn-based perovskites (inorganic parts are
[Pbls]*~ and [SnIs]* "), the origin of the valence band (VB) is the
anti-bonding of the Sn/Pb-s orbitals and I-5p orbitals, and the
dominant origin of the conduction band (CB) is Sn/Pb-p
orbitals.*” In particular, Sn-5s and Sn-5p orbitals are higher
than Pb-6s and Pb-6p orbitals, so Sn-based perovskites have
strong Sn 5s-I 5p anti-bonding coupling, which not only

improves the energy level of the VB, but also reduces the band
gap.® The strong anti-bonding coupling promotes the for-
mation of tin vacancies (Vs,), which are the source of the holes,
so Sn-based perovskites exhibit more p-type characteristics.”
However, too many Vg, can induce a p-type self-doping effect
that has a negative influence on the performance of the FET
device.®

So far, there have been numerous methods to characterize
the band structure, such as ultraviolet photoelectron spectro-
scopy (UPS), ultraviolet-visible absorption spectroscopy (UV-
vis), UV-vis diffuse reflectance spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), cyclic voltammetry (CV), and density
functional theory (DFT) calculation.’™"" In general, these meth-
ods are convenient to use in combination. Taking (PEA),Snl, in
Fig. 1b as an example, firstly, the intersection of the intensity at
a high binding energy in UPS is defined as the secondary
electron cutoff energy (Ecutofr); the work function can be
determined by the difference between the incident photon
energy and E.u.of; and the intersection of the intensity at the
low binding energy represents the difference between the
valence band energy and the Fermi energy level (E, — Eg). E,
can be gained by the intersection of the epitaxial line near 0 eV
and the horizontal extension in the XPS valence band spectrum.
Next, the E, is estimated according to the Tauc plot, which is
mainly based on the formula: («hv)"" = B(hv — Eg) (n = 1/2 for
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the direct bandgap, n = 2 for the indirect bandgap). From the
above formula, it can be seen that («41)*" is only linear with 7,
so the tangent of the extension curve intersects the X-axis, and
the E, of the semiconductor material can be obtained. Also, the
band edge absorption wavelength (4,) of the semiconductor is
determined by the band gap width E,, and there is a quantita-
tive relationship between them: E, = 1240//,. Then the E; can
be obtained using the UV-vis spectrum, but this method is only
suitable for direct band gap semiconductors. Finally, E. is
obtained by converting E, and E,. The energy band diagram
of (PEA),Snl, can be determined by combining E., E,, and Eg.
The diagrams show that after replacing partly V;" by >~
doping, the Fermi level is closer to VBM, indicating that the
hole concentration increases (Fig. 1b). The CV method is used
widely to estimate ionization energy IP (or the HOMO) and
electron affinity energy EA (or the LUMO) by measuring redox
potential. The initial oxidation potential corresponds approxi-
mately to IP. The initial reduction potential corresponds to EA.
The difference between the two corresponds to the E, of the
semiconductor.

MHPs have advantages in electron transport, large-area
deposition at low temperatures, high carrier mobility, and
photoelectric conversion, which fully meet the needs of high-
performance FET development. However, the application of
field-effect transistors was far less popular than that of other
optoelectronic devices, until the last two decades have slowly
ushered in a renaissance. Field-effect transistors are electronic
switches controlled by a voltage circuit, and are the key com-
ponent of modern electronic technology due to high input
impedance, low power consumption, and fast switching
speeds. It has been widely used in various electronic products,
and its development and application are of great significance
for technological innovations and social progress. Generally,
apart from their ability to amplify signals and achieve fast
switching, the FETs also offer the advantage of low noise, as
charge transport involves only a single type of carrier (electrons
or holes).’ The basic structure of a FET usually consists of a
substrate, source electrode, drain electrode, gate electrode,
dielectric layer, and semiconductor active layer. The semicon-
ductor layer directly contacts the source and drain terminals to
form a channel, and the gate terminal is close to the channel
but separated by a thin dielectric layer. According to the
position of the deposited gate and the contact mode between
the semiconductor and the electrode, the device structure
is generally divided into bottom-gate and top-contact (BGTC),
bottom-gate and bottom-contact (BGBC), top-gate and bottom-
contact (TGBC), and top-gate and top-contact (TGTC). The
difference in the structure will affect the carrier injection and
device performance. Schematic cross-sections for four transis-
tor geometries are shown in Fig. 1c. The BGTC structure with
staggered configurations is commonly used in device fabrica-
tion, which can lead to better electrical contact because of the
large charge injection area and a slight mixing between electro-
des and semiconductors, such as Au and (PEA),Snl,. However,
transistor performance is susceptible to negative effects due to
the existence of bulk resistance on the path between the Au

View Article Online
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electrodes and the channel in the BGTC structure. This phe-
nomenon is more obvious in layered organic-inorganic per-
ovskites, because the vertical transport of the carriers injected
from the source to the dielectric interface needs to pass
through the quantum well structure between the smaller-
bandgap inorganic and larger-bandgap organic sheets under
transistor operation.'>'? There are some solutions to reduce
the bulk resistance, including the decrease of semiconductor
thickness (¢) and increase of channel length (L)."*

Highly doped silicon wafers serving as substrates and gate
electrodes simultaneously are most commonly used in the
preparation of high-quality FET devices, and the SiO, layer
is formed on the Si substrate surface by a high-temperature
(900-1200 °C) oxidation reaction.'® Nevertheless, due to its low
dielectric constant, thinner SiO, (less than 10 nm) can cause
the penetration of charge carriers and lead to high gate leakage
current, thus limiting the development of miniaturized devices.
Studies have shown that the proper integration of vdW hetero-
junctions in the device seems to offer an opportunity to
improve device performance in short-channel FETs, as a clean
van der Waals (vdW) gap is an effective tunneling barrier that
reduces the probability of carrier tunneling and thus inhibits
gate leakage current."® In addition, a heterojunction also facil-
itates hole transfer and improves device performance.'’
Another limitation of the silicon wafers is their rigidity, which
restricts the development of flexible devices.'® Thus, the sub-
strate to be selected can be rigid (such as ITO glass and bare
glass) or flexible (such as plastic, polymers, and paper) accord-
ing to the requirement of the actual application, and it is the
same for the insulation layer. Poly(methyl methacrylate)
(PMMA) has been introduced into perovskite transistors as a
dielectric because it can overcome the non-orthogonality issues
between the perovskite solvent processing and the underlying
polymers, be processed at low temperature, and has some
negligible -OH groups that can help trap -carriers.'®?°
Poly(perfluorobutenylvinylether) (Cytop) with low surface energy
induces poor wettability for any solution-processed semiconduc-
tor thin films, so it is often used as a dielectric material in a top-
gate layout.>® Of course, adjusting the surface wettability of
Cytop by surface treatment will be beneficial for subsequent
solution processing.”! Metals that match the work function of
the active channel are normally selected for the materials of
source and drain electrodes, for example, Au, Ag, Al, etc. The
semiconductor layer is the core component that determines the
conductivity of FETs. The thickness should not exceed 100 nm
since excessive thickness is not conducive to the vertical trans-
port of carriers.”” Inorganic silicon, transition metal oxides,
organic polymers, and perovskite materials have been booming
in the field of FETs in recent years. Table 1 summarizes and
compares these four mainstream semiconductor materials in
terms of mobility, stability, processability, and flexibility. Among
them, halide perovskites also take advantage of low cost, easy
manufacturing, long carrier diffusion length, low defect density,
high carrier mobility, strong PL intensity, etc., and are suitable
for the active layer of FETs. This is also the focus of this article
and will be discussed in detail below.
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Table 1 Summary of the advantages and limitations of inorganic silicon, transition metal oxides, organic polymers and halide perovskite in field-effect

transistors

Materials Advantages Limitations Ref.
Inorganic silicon High mobility Rigid 15 and 24
Extreme stability Opaque
Mature technolygy High cost
Transition metal oxides Medium mobility Scarcity of ingradients (such as indium) 24-26

Good stablibity
Transparent
Excellent flexibility
Low processing cost
Suitable for printing
High mobility

Low processing cost

Organic polymers

Halide perovskite

2. Working mechanism of perovskite
FETs

The operating mechanism of FETs commonly involves the
following physical processes: applying a gate voltage (V) cre-
ates an electric potential between the source and drain electro-
des to form a conductive channel; carriers are injected and
aggregated into the channel under an electric field; applying a
drain voltage (V4) generates an electric potential to drive the
aggregated carriers from the source to the drain electrode,
including vertical and horizontal charge carrier transport.”'
When V, and Vg4 are applied simultaneously, a controlled
current will be formed between the source and the drain
electrodes, and basic operating regimes are illustrated in
Fig. 1d. Some basic conditions are explained: (1) the positive
V, will induce the injection of negative charges (electrons) at
the dielectric/semiconductor interface, and the negative V,
leads to the accumulation of positive charge (holes); (2) the
amount of charge accumulated in the channel is proportional
to the gate voltage and the capacitance (C;) of the insulator;
(3) the induced charge generated by the applied voltage needs
to fill the deep traps at the interface before it can move freely, in
other words, the applied V, must be higher than the threshold
voltage (Vin), so the effective V, is Vy — Vin.'®?* The channel
potential at the source and the drain is 0 and Vg, respectively. If
only the V, is applied, there will be no source-drain bias (Vqs),
and the potential difference V() at the source and the drain will
be the same, indicating that the carrier concentrations in the
channel are uniform. When a small Vg, is applied (Vg5 « Vg —
Vin, Fig. 1d-i), a linear gradient relationship of the charge
density will form from source injection to drain extraction.
This phase is called the linear regime of FETs, and the source-
drain current (I4) in this region increases linearly with the
increase of V4. As the V45 continues to increase and reaches
a point of Vg5 = Vg — Vi, the V() at the drain declines to 0, at
which the channel is “pinched off” (Fig. 1d-ii). At the same
time, a carrier depletion zone is created in the channel, and the
difference between the local potential V,) and the V, is below
Vin, Which means that there is not enough electric field to drive
the extra carriers to the drain. In the depletion region, a space-
charge-limited saturation current Iq s Still can flow across the
narrow depletion zone under a relatively high electric field

Low mobility 27 and 28
Poor stability
Poor stability 29 and 30

Toxic (Pb)

force. Furthermore, the Vg, increases continuously (Vgs >
Vg — Vin, Fig. 1d-iii), and the depletion zone will be lengthened
and the channel will be shortened slightly. The I; remains
unchanged as the Vg, increases due to the existence of the
depletion zone, and the working region is called the saturation
region.

The working regime can be reflected in the volt-ampere (I-V)
characteristic curve to better understand the working mecha-
nism of FETs. As shown in Fig. 2a-i, the curve of I changes with
Vas at a certain gate voltage is called the output characteristic
curve. The Iy changes linearly when Vg4 is small and remains
constant at a large bias. When the device is at the point of
pinch-off, the output characteristics appear as the inflection
point between the linear region and the saturated region. As
displayed in Fig. 2a-ii and iii, the curve in which I, varies with
Ve under an unaltered Vg is defined as a transfer characteristic
curve. The two figures show the transfer characteristic of the
linear region and the saturated region respectively, during device
operation. Important performance parameters, including field-
effect mobility (1), the ratio of I,,/Is, threshold voltage (Vy,), and
subthreshold swing (SS), can be calculated based on output/
transfer characteristic curves. The u is mainly used to evaluate
the carrier transmission speed, which determines the switching
response speed of the device and can be extracted from the
transfer characteristic curve. For the linear region, the formula
Wi = W C Ve é a7 X g—ll/(; is used, where L is the channel length
that is the distance between source and drain electrodes, W is
the channel width that is the width of the source and drain
electrodes, and C; is the capacitance of the gate-channel. For the
saturation region, the pug, is independent of V45 and can be

2
2L /I .
- WTC, x (a@ . Ion/Ioff is the

ratio of the drain current of FETs in the on-state and the off-
state, which reflects the switching performance of the device
under a particular gate voltage. A high I,,/I,¢ means higher
stability, anti-interference ability, and driveability, so a higher
value is desirable. The threshold voltage is the minimum voltage
required for a semiconductor to form a conducting channel. The
Vin is the intersection (Iy = 0) of the linear part of the linear
transfer characteristic curve that extends to the horizontal
coordinate of V,. The V, in the saturation region is obtained

gained via the formula p,,
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Fig. 2 (a) Representative current—voltage characteristics of an n-channel FET: (i) shows output characteristics curves; (ii) shows transfer characteristics
in the linear regime, indicating the onset voltage (Vo) when the drain current increases abruptly; (iii) shows transfer characteristics in the saturation
regime, indicating the threshold voltage (Vi) where the linear fit to the square root of the drain current intersects with the x-axis.>? (b) Energy-level
diagram showing electron injection from the metal electrode (Al, Ag, and Au) to (PEA),Snl, via Ceo.3* (c) Schematic of the energy levels in different Sn-
based perovskites and electron transfer process from (PEA),Snl, to the molecular dopants (p-doping).” Figures reproduced with permission from: (a) ref.
32. Copyright 2007, American Chemical Society; (b) ref. 34; (c) ref. 7. (d) Scheme of the 2D perovskite structure (n = 1) and quantum wells with type |, type
I, and reversed type | energy alignment. (e) Development roadmap of representative perovskite FET mobility based on different types of halide perovskite.

from the I4'?-V, curve using the same method as above. SS

indicates the switching ability between the device’s on and off
states. For the extraction of the SS, firstly, the I;-V, curve is log-
processed to obtain the semi-log plot (loglq-Vy). Then, the
corresponding onset voltage (V,,), when the I increases signifi-
cantly, is found as the starting point of the subthreshold region,
and the Vy, is the endpoint. Next, the semi-log plot in the
subthreshold region is fitted linearly, and the reciprocal of the
slope (dV,/d(log I)) is SS. In conclusion, an excellent FET device
should have a high mobility, a high I,./I,¢s, a low operating
voltage, a small subthreshold swing, high stability, and high
consistency.

During the operation of perovskite FETs, charge carriers are
transported through the inorganic octahedra. However, the
energy band edge of perovskites and the Fermi level of the
source/drain materials make it difficult to maintain unity, so
the existence of an injection barrier makes carrier injection
tough.’® For an organic-inorganic hybrid perovskite, electrons
(n-channel FETs) or holes (p-channel FETs) also need to be
injected into the band edges. Similarly, if the work function of
the electrode metal is not consistent with the band edges, an
injection barrier and non-ohmic contact can be introduced.*>

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

Compared with the coplanar geometry of BGBC and TGTC,
TGBC and BGTC have an interleaved geometry, so the source
and drain overlap with the gate, which can provide a larger
charge injection area. Other efforts have been focused on
taking electrode materials with low work function or inserting
carrier injection layers between electrodes and semiconductors
to reduce the injection barrier.*® The LUMO level of Cg is
—4.17 eV, which is between the CBM of (PEA),Snl, (—3.65 eV)
and the Er of Ag (—4.56 eV) and Au (—4.76 eV), making electron
injection easier compared with injection directly from the
electrode (Fig. 2b).>* Alternatively, using low work function Al
as the electrode can also relax the injection barrier. The VBM of
various Sn-based perovskites with different halogens is com-
pared with the LUMO levels of hole dopants F,-TCNQ and
MoO; in Fig. 2c.” As the p orbitals of halogens change from
iodine and bromine to chlorine, the VBM is correspondingly
transferred to lower energy levels. The closer the LUMO level of
the dopant is to the VBM of perovskites, the more favorable it is
to extract electrons, leaving more holes to fill the trap, thus
increasing mobility. In particular, organic spacer cations in the
organic-inorganic hybrid perovskites separate the inorganic
layers, thus forming a quantum well structure composed of
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organic barriers and inorganic wells.®> As shown in Fig. 2d, in
type I, the LUMO and HOMO energy levels of organic compo-
nents are shallower or deeper than the CBM and VBM, respec-
tively, with very large HOMO-LUMO gaps. By extending the
conjugated ligand length, band alignment between organic and
inorganic parts can be adjusted to make the quantum well
structure appear type II or anti-type I."* Based on long-chain
conjugated ligands, taking a selenophenol conjugated ligand to
replace partly thiophene, which can be conducive to reducing
the band gap of the ligand by increasing the HOMO energy level
due to selenium having a larger and looser outermost electron
cloud, thus can help the improvement of the orbital overlap
and charge carrier mobility.*

Mobility is one of the main goals of the halide perovskite
FET revolution. Fig. 2e summarizes the breakthroughs and
representative works in the development process of halide
perovskite FETs in the past 20 years. The performance has
been greatly improved, and it is just a matter of time before it is
on par with champion silicon. In this review, we briefly intro-
duce the device structure, working principle, and performance
parameters of FETs; the basic principle of MHPs, including
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crystal structures and band energy structures. Recent develop-
ments of 3D and 2D halide perovskites and the mechanism of
temperature and other influencing factors on mobility are
reviewed and discussed. Next, the causes of poor FETs’ stability
of halide perovskites are analyzed, and the strategies to
improve the stability are summarized. Finally, new ways and
future directions to further improve MHP FET performance are
outlined.

3. Three-dimensional halide
perovskite FETs

The all-inorganic metal halide perovskite CsSnl; is equipped
with an extremely high hole mobility of ~585 cm*V ' s, and
has great potential for the preparation of high-performance
p-channel transistors, but few reports have been published.*®
Recently, the all-inorganic p-channel CsSnlz-based FETs with
BGTC structures (Fig. 3a-i) optimized by precursor engineering
(SnF,-modified CsI precursor solution) demonstrated a mobi-
lity of over 50 cm® V~' s™! and an on/off current ratio of over
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Fig. 3 (a) (i) BGTC TFT structure based on CsSnls perovskite. (ii) Transfer characteristics of optimized CsSnls (Csl/Snl, = 1.25) perovskite channels

processed from the Pb-substituted (10 mol%) precursor containing 7 mol% SnF, as additive. /4 in (i) indicates the gate leakage current.®” Reproduced
from ref. 37 with permission from the Springer Nature. (b) (i) Optical photograph (1), optical microscopy image (2), and AFM topography image (3) of
large-area epitaxial single-crystal CsPbBrs thin films. (i) A sketch of the coplanar TCTG FET structure with large-area epitaxial single-crystal CsPbBr3 thin
films as a channel.*! Reproduced from ref. 41 with permission from the Wiley-VCH GmbH. (c) Transport mechanisms (i) in the CHsNH3Pblz perovskite
structure (which is depicted in (i).*” Reproduced from ref. 47 with permission from the Springer Nature. (d) Schematic representation of the proposed
polarization mechanism of mobile ionic species in CHsNH3Pblz perovskite, under the influence of the external applied gate field (V).>* Reproduced from
ref. 51 with permission from the American Chemical Society. (e) (i) Transfer characteristics of the TFTs with MASnXz (X = I/Br/Cl, simultaneous Br (2 mol%)
and Cl (6 mol%) substitution) perovskite channel layers. (ii) lllustration of the passivation effects of a V, defect by a Cl anion.®® Reproduced from ref. 63
with permission from the Springer Nature. (f) Schematic of the optimized FPEA-modified FASnlz FET structure. The insets show the structure of FASnl3
and the chemical structure of PEAI and F-PEAL®” Reproduced from ref. 67 with permission from the American Chemical Society. (g) Transfer
characteristics at low temperature (80 K) of the devices with Au, PEDOT: PSS, and PFBT-modified Au as source/drain electrodes (inset: FET device
configuration).”” Reproduced from ref. 77 with permission from the Wiley-VCH GmbH.
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10® (Fig. 3a-ii), which has been compelling.’” The SnF, additive
in the precursor solution alleviates the p-type self-doping effect
induced by the oxidation of Sn*" to Sn**, and produces high-
quality and uniform films by regulating the crystallization rate.
Furthermore, the team selected a stronger hole inhibitor anti-
mony fluoride (SbF;) to replace tin fluoride (SnF,) in trace
amounts, which can alleviate the phase segregation and deep
defects caused by excessive SnF,, and the prepared film has
better crystallinity.*® Huo et al. reported a van der Waals
epitaxial borderless ultra-thin CsPbBr; single crystal FET in
which sample transfer is assisted with PVA polymer, showing
Unote and Iop/Iog of 0.32 ecm™> V' s7" and 6.7 x 10°, respec-
tively. In addition, at low temperatures, the o and Ion/Iog can
be increased to 1.04 cm 2V~ s™' and 1.3 x 10*, respectively.>
Among them, vdW epitaxy is not strictly limited to the lattice
matching between the epitaxy layer and the substrate, which is
conducive to the growth of large-area 2D single crystals with
excellent quality. Furthermore, CsPbBr; single crystals selec-
tively nucleate on the surface of the electrode material silver,
resulting in a perovskite/silver heterostructure, which will
provide a well-contacted semiconductor/metal interface. The
Ag particles, with a small curvature radius and high surface
energy on the surface of SiO,, can induce CsPbBr; to nucleate
and grow into large single crystals, then the single crystal
connect Ag particles to form BGBC devices with mobility up
to 2.3 em > V' s71.%° With the help of gas phase epitaxial
deposition technology, CsPbBr; can grow a macroscopically
large-area and thick-controlled single crystal film with a
smooth and flat surface and almost no defects (Fig. 3b-i). In
the prepared coplanar geometry device (Fig. 3b-ii), the long
channel is not only beneficial to the investigation of the
inherent transmission characteristics, but also helps to reduce
the influence of contact resistance. The intrinsic mobility is
30 em > V' 57! at room temperature, and increased to
250 cm 2 V' s~ when the temperature is declined to 50 K.*!
However, the potential challenge of all inorganic 3D-perovskite
devices stems from the inherent phase instability. For instance,
CsSnl; is essentially a phase change material with four poly-
morph states: yellow phase (Y) with a one-dimensional double
chain structure and black orthorhombic phase (B-y) with a
three-dimensional perovskite at room temperature; at 425 K,
the Y phase is transformed into black cubic phase (B-a); and the
black phases (B-a, B-B, B-y) can transform reversibly through
melting and crystallizing.*® The B-y crystal is easily affected in
ambient condition, can be quickly converted into a polycrystal-
line Y phase, losing the monocrystalline properties, and even-
tually decompose.*®*> A FET based on conjugated polymer PFO
and CsPbl; nanocrystals composite films exhibit typical I-V
characteristics at temperatures 200-300 K, but the saturation
characteristic is lost at temperatures below 200 K, which may be
attributed to reduced conductivity of the PFO polymer and the
phase transition of CsPbl; (from a cubic phase at T > 300 K to a
tetragonal phase with a temperature between 150 K and 300 K,
to an orthorhombic phase at T < 150 K).** The phase transition
weighs heavily on the performance and even limits the applica-
tion of the materials, such as degrading the switching
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operation in real-time.** The preparation of low-dimensional
perovskites with surface effects and nano-effects, such as
quantum dots, nanosheets, nanorods, and nanowires, can
improve phase stability.”> Adding phase stabilizers or passiva-
tors is also an effective strategy. For instance, Lee et al. synthe-
sized a stable cubic phase by doping the bismuth iodide as the
phase stabilizer in CsPbl; and added KBr as the passivating
agent to decrease the defect density, showing high hole mobi-
lity (10 em > V' s7") and on/off current ratio (10%).**
Compared with inorganic three-dimensional perovskites,
organic-inorganic hybrid 3D perovskites are rarely used in
the field of FETs, it is dwarfed by its booming development
in other fields (i.e., solar cells, light emitting diodes, and
photoelectric detectors), the reason behind this may be the
gate field effect shielding caused by ion migration.*® Such ion
migration resulting in an unusual behavior, including current-
voltage hysteresis, large dielectric responses at low frequencies,
and reduced effective carrier mobility, while ions accumulating
at the interface between electrode and semiconductor under a
long-time bias will cause the healing of vacancies and reduce
contact resistance so as to rise the current.*”*° Numerous
studies have been conducted on methylammonium lead iodide
(CH3NH;PbI;), as it shows a very outstanding power conversion
efficiency in solar cell applications, and its crystal structure is
displayed in Fig. 3c-i. The inorganic components of the crystal
are corner-sharing [Pblg]*~ octahedron units, with CH;NH;"
cations inserted into the octahedral space as A-site cations,
accompanied by 12 iodide ions. At room temperature, the
CH;NH;PbI; lattice is in equilibrium concentration of anionic
(V") and cationic (Vp,>" and Vi,*) vacancies and supports
vacancy-mediated diffusion. There are three main ion transport
behaviors (Fig. 3c-ii): the migration of the I" along the edge of
the [Pblg]*"; the Pb>" migrates diagonally along the (110)
direction in the cubic cell units; the MA" migrates to the
vacancies of the nearby A-site cations.”””° The polarization
effect is sensitive to ion migration. As shown in Fig. 3d, when
the gate voltage is applied to provide energy, the dipolar
molecule cations are arranged by moving ions, thus generating
electric field shielding, inhibiting the accumulation of carriers,
and obstructing the channel conduction.’® The ions mainly
migrate along the grain boundaries of the polycrystalline
perovskites (grain boundary polarization), and further, the
relatively conductive grains are isolated by the electrically
insulated grain boundaries, causing enhanced space charge
polarization along the grain boundaries.”"*> When the tem-
perature changes, the crystal structure of the CH3;NH;PbI;
changes from the orthorhombic phase to the tetragonal phase,
which has a larger cage scale and is conducive to the movement
of I~ or MA*.>® These ions cause electron disturbances, trap-
ping electrons or dispersing their motion. It has been found
that doping small cations such as Cs’ can alleviate lattice
strain, which roots in the size mismatch between A-site cations
and lead halide cages in perovskites, and strain relaxation
occurs through ion vacancy, thus inhibiting ion migration.*®
The ferroelectric copolymer poly(vinylidene fluoride-co-
trifluoroethylene) (PVDF-TTFE) is used as the dielectric, which
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is expected to overcome the problem of gate field shielding
caused by ion migration. The dipole polarization in the ferro-
electric dielectric layer forms a local electric field while the gate
is positively biased, which can induce a higher surface charge
density (7-8 uC em™?) than MAPbI; (5 uC cm™?), so even if the
gate field shielding effect still exists, it can accumulate charge
at the interface and form a conductive channel.>**> Moreover,
the FETs operating with DC bias at all three electrodes induces
strong ion migration and MA" cation polarization, but AC bias
at the gate, especially at high frequencies, is supposed to hinder
the ion migration and polarization of MA", thereby improving
device efficiency.* Interestingly, the hysteresis in the current-
voltage loop caused by ion migration in perovskites is detri-
mental to the performance of FETs but can confer artificial
synaptic memory states on different time scales.’®*” The ion
migration can be characterized by changing the voltage sweep
rate, because the ions and charge carriers flow simultaneously
at a slow sweep rate, while at a fast sweep rate, only the drift of
charge carriers happens.>®

Despite the limitation of ion migration, the enthusiasm for
researching 3D halide perovskites based on methylamine
spacer cations has not diminished. Early studies have found
that the MAPbI; TFT device has bipolar charge transfer beha-
viors, and mainly exhibits p-type behaviors, which enable it to
absorb light energy and produce electron-hole pairs upon light
irradiation.” This interesting phenomenon makes MAPbI, play
an important role in photovoltaic systems. Yu et al. developed
a vertical MAPDbI;/ITO Schottky junction transistor with the
injection-controlled gating mechanism that is more easily
transported to the top drain after electron injection, avoids
the influence of ion migration at the interface of semiconduc-
tor/dielectric layer, and the vertical channel facilitates the
formation of a strong electric field at low voltage.®® Under the
same conditions, mixed-halide perovskite films often show
better mobility than their single-halide perovskite counterparts.
On the one hand, partial chlorine substitution may play a major
role in the improvement of performance, because chlorine acts
as a crystallization-retarding and -directing agent to regulate
the crystallization process of perovskites, and the high quality
of the film is usually shown with a uniform morphology.®"*>
The Br anion competes with the I anion and forms stronger
coordination with metal ions, regulating the nucleation and
crystallization kinetics of perovskite films.®® On the other hand,
the mixed-halide perovskites tend to form polycrystals, produ-
cing low carrier scattering, and have a long carrier diffusion
length of about 1 pm.** Zhu et al. reported a tin-based mixed
halide 3D perovskite (MASnX3, X =1, Br, Cl) (Fig. 3e-ii), in which
the use of tin-based perovskites can significantly reduce Froh-
lich interactions due to the polarity of the lead-halide bond,
thereby increasing room-temperature charge-carrier mobility.®*
A small amount of Br and Cl co-replacing can improve film
quality and passivate vacancies. Negligible hysteresis can be
observed at different scanning rates (from 0.4 to 4 V s~ '), with
high mobility (20 ecm® V~* s™), high on/off current ratio (107),
and low threshold voltage (0 V) (Fig. 3e-i). The formamidine
cation (FA') as an A-site cation can be used to prepare 3D
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perovskites with low band gaps, such as FAPbI; with a band gap
of 1.4 eV and MAPDI; with a band gap of 1.57 eV, and also with
a small injection barrier. Based on the mixed-cationic
FAosMA, »5Csg,5Pbl; perovskite FETs, which show lower off
current compared to MAPDI;, resulting in a higher on/off
current ratio (about an order of magnitude improvement).®®
The multi-cationic strategy also involves the addition of large
organic ligands namely, on the basis of the 3D halide perovs-
kites, introducing the organic cationic ligands used for 2D
perovskites, and can realize ordered crystallization. High-
performance (the y of 15.1 cm® V™" s~ " and minimal hysteresis)
and stable 3D FASnlI; were reported based on the additive
engineering strategy (Fig. 3f), that is, adding the organic
ammonium salt additive (PEAI or FPEAI) into the precursor
solution to obtain a highly crystalline film with a better
orientation, meanwhile adding a small amount of SnF, to
reduce tin vacancy by inhibiting the oxidation of Sn>*.*”"* It is
also noteworthy that the SnF, compensator can improve perfor-
mance efficiently thanks to the hydrogen bonds between the F~
and the FA', and other counterparts such as Snl, or Sn(Ac), have
no hydrogen bonding assistance.®® The FPEAI-modified devices
work much more efficiently than the PEAI because FPEAI can be
adsorbed on the surface of FASnI; to form a stronger Sn-I bond,
forming a more hydrophobic surface, and can also passivate the
defects at grain boundaries, resulting in a lower trap density.®”*®
Such multi-cationic engineered high-quality films with large
organic ligands can not only promote carrier transport, but also
reduce the contact barrier with the top electrodes.®® Also, the
band bending of Sn-Pb mixed perovskites result in a reduced
band gap because the ionic radius of Sn** (1.35 A) is smaller than
that of Pb*" (1.49 A).”° One example has mixed A-site cations
(Cs-FA) and mixed B-site metals (Pb-Sn), with the optimal
combination being Csg 15FAq s5sPbg sSng sl;, and exhibits a high
hole mobility of 5.4 cm* V™' s at room temperature.”* The
mechanism for the inhibition of ion migration has been clar-
ified: (1) when 25% Sn replaces Pb, there is a transition from n-
type transport to p-type transport, and the negative gate bias
leads to the accumulation of positively charged ions (A" and B>"),
and the mobility rate of positively charged ions is lower than that
of halogen-based ions in Pb-based perovskites; (2) the optimized
CsFA component mitigated MA™-induced dipolar disorder.”"”>
The monocrystalline films of hybrid perovskites have better
performance than polycrystalline ones in terms of carrier
mobility, diffusion length, and defect inhibition. The polycrys-
talline thin films obtained by spin coating are not compatible
with the traditional lithography process, and subsequent pat-
terning and integrated device arrays are limited. Some studies
have indicated that films prepared by physical vapor deposition
usually have better quality than those prepared by solution
methods, and the thickness can be precisely regulated.”® For
example, MAPbI; perovskite films prepared with the aid of low-
temperature vapor deposition manifest high surface coverage,
low roughness, and large grain size.”* The film deposited at a
slow rate yields a low nucleation density with large grain sizes,
while the film deposited at a fast rate shows a high nucleation
density.>® Wang et al. deposited Pbl, and MAI step by step and
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selectively controlled crystal nucleation and growth by using
alternate hydrophilic/hydrophobic patterns on the substrate
surface to obtain a regular array of perovskite microcrystals.”®
The FET transfer characteristics are n-type (high negative gate
bias allows a slight p-type), and the on/off current ratio is on the
order of 10°. Using the space-constrained inverse temperature
crystallization method to produce morphologically super-
smooth top and bottom planes, results in a high-quality semi-
conductor/dielectric interface in the channel.”® Field-effect
mobilities at room temperature are as high as 4.7 and
1.5 em® V' 57" in p- and n-channel devices, on/off current
ratios are 10* and 10°, respectively, and have low on-off
voltages. MAPbBr; seems to be more prone to ion migration
than MAPbI; under similar process conditions, so relatively little
research has been done on MAPbBr;. High-quality MAPbBr;
single crystal is grown with an optimized antisolvent gas-assisted
crystallization method, and the conductive polymer poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and
the self-assembled single layer pentafluorophenthiophenol (PFBT)
was used as the surface modification layer to eliminate the adverse
electrochemical reaction between the semiconductor and the gold
electrode.”” It can be observed that the on-current increases
significantly, the off-current decreases, the on/off current ratio
increases from 10> to 10° over that of the device with unmodified
Au electrodes, and the hole mobility extracted by the transconduc-
tance method can reach ~15 cm® V' s™' at a saturation state
(Fig. 3g). The vertical field-effect transistors (VFETs) based on a
graphene/MAPbBr; single crystal Schottky junction were prepared
by Left et al, which can not only shorten the channel length to
extract a high carrier mobility (23.4 cm® V™' s %), but also change
the height of the Schottky barrier at the Schottky junction interface
by modulating the gate voltage, promoting or preventing hole
injection, and making the device perform bipolar transmission.”®

The phenomenon that most 3D perovskite transistors exhi-
bit field-effect behaviors and superior performance at low
temperatures is related to the elimination of the shielding
effect. It is still a limiting factor for the development of 3D
perovskites, and the optimal solution has not yet been found.
The investigations of temperature-dependent effects explain
charge transfer mechanisms in the perovskite materials, which
helps to better understand the relationship between mobilities
and temperature. Soci and his co-workers’ research found that
the transfer performance of MAPDI; is strongly temperature-
dependent.*® There is almost no gate modulation behavior
when the temperature is above 198 K, the n-type transmission
is displayed at temperatures below 198 K, the p-type transfer is
observed at 98 K, and a bipolar transmission behavior is
displayed at 78 K (Fig. 4a-i). The mobilities corresponding to
different temperatures are shown in Fig. 4a-ii. It can be
observed that the hole and electron mobilities increase nearly
100 times when the temperatures are lower than 198 K, which is
related to the elimination of the shielding effect induced by ion
migration. The MA" cation-related phonon interaction is
quenched at low temperatures. The discrepancy in mobilities
is also related to the phase structures at different temperatures
(Fig. 4a-iii), the calculated result shows that the mobility of the
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orthorhombic phases is better than that of the tetragonal
phases. The work of Senanayak et al. suggests that the mobi-
lities in different temperature regions meet distinct power-law
behaviors (uper ~ poT ’), which are closely related to the film
quality.”® Specifically, the smaller particle sizes lead to a larger
film mobility exponent and a higher defect concentration (Fig.
4b-i). In the dielectric mismatch spectra (Fig. 4b-ii), the char-
acteristic relaxation frequency appears at T > 240 K, indicating
that the charge transport is affected by ion migration. The
inhibition of ion migration in region II is attributed to the
reduction of MA" polarization disorder, while the orthorhombic
phase is dominant in region I. It is important to note that
mobilities do not always increase with decreasing temperature.
Fig. 4c and d-i both show the unconventional mobility-
temperature dependence. In Fig. 4c, the mobility increases
with the decreasing temperature, showing a power exponential
relationship of u ~ T7~>%’ in the range of 260 K to 300 K.** The
abnormal phenomenon below 260 K comes from the thermal
activation of the current in the phototransistors exposed to the
473 nm laser. Fig. 4d-i shows that the expected mobility-
temperature dependence did not occur in region 2, which can
be explained as follows: (1) the prepared perovskite is a single
crystal with low defect density and is barely influenced by
defects at a low temperature. (2) With the decrease in tempera-
tures, ion migration is weakened, and ions gather at the
semiconductor/dielectric interface under the electric field.
These mismatched ions can create scattering as charge impu-
rities, resulting in the reduction of mobilities in region 2. The
increased mobilities of region 1 are mainly due to the limited
hindrance of phonons and ions to carrier transport at very low
temperatures (Fig. 4d-ii).*® Usually, the temperature exerts a
great impact on the performance of 3D halide perovskite
transistors, which is not conducive to long-term development.

4. Two-dimensional halide perovskite
FETs

To date, although lots of halide perovskite FETs with promising
performance are 3D structures, the pioneering halide perovskite
FETs are using layered hybrid structures, (CeHsC,H,NH;),Snl,
(Fig. 5a). Back in 1999, Mitzi combined the advantages of easy self-
assembly of PEA and high carrier mobility of inorganic semicon-
ductors, and since then has stimulated the research enthusiasms
of 2D hybrid halide perovskites. According to whether the organic
cations are monoammonium, divalent, or alternating cation, the
Ruddlesden-Popper (RP) phases (A'»A, 1B,X3.+1), the Dion-
Jacobson (DJ) phases (A”A,,_1B,Xs,+1), and alternating cations in
the interlayer (ACI) phase (A’A,B,X3,+1) are formed respectively,
and the structure diagram is shown in Fig. 5b.®“®' Layered PR
phase (PEA),Snl, transistors operate in a cumulative mode when a
negative gate bias is applied, exhibiting a p-channel transmission
behaviour with the mobility of 0.62 cm® V! s™*, which compar-
able to amorphous silicon deposited under vacuum.®” In the
subsequent research, the effects of fluorine substitution at differ-
ent positions of the benzene ring was investigated based on
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Fig. 4 (a) (i) Ambipolar transfer (top) and output (bottom) characteristics of CHsNHzPbls FETs obtained at 78 K. Solid and dashed curves are measured
with forward and backward sweeping, respectively. (ii) Temperature dependence of field-effect electron and hole mobilities. (i) Calculated temperature
dependence of hole (red curves) and electron (black curves) mobility in tetragonal (T = 300 to 160 K) and orthorhombic (T = 160 to 77 K) phases of

CH3NH=Pbls. The crystal unit cells of the two phases are shown as insets.*

% (b) (i) The curves of ueer — T with different interlayers at the S—D contacts

depicting three different regimes of charge transport with a power law behavior: u ~ uoT 7. Region I: inorganic cage vibrational disorder (y ~ 0.2 to 0.4);
region Il: dominated by the polarization fluctuation of MA*; region Ill: dominated by ion migration (y ~ 4.1 to 5.3). (i) Corresponding dielectric loss
measurement as a function of frequency and temperature.”® (c) Temperature-dependent transfer curves of MAPbls/C8BTBT hybrid FETs in the dark, the
inset shows a band-like behavior in the relationship between mobility and temperature above 260 K.** (d) (i) Temperature dependence of the transistor
mobility. (i) Schematic diagram of the operating mechanism regarding the charge carrier transport.>® Figures reproduced with permission from:

(a) ref. 46. Copyright 2015, Springer Nature; (b) ref. 79. Copyright 2017;
Chemical Society.

(PEA),Sn1,.** On the one hand, the crystal structures can be
modified, that is, the average length of the Sn-I bonds can be
changed to reduce octahedral distortion as much as possible, and
the structures of (4-FPEA),Snl, and (PEA),Snl, are most similar.
On the other hand, the fluorine substitution can improve the
solubility and the underlying hybrid structures, thus affecting the
film quality. The grain sizes of (3-FPEA),Snl, and (4-FPEA),Snl,
are relatively large, and the FET performances are better. Apart
from regulating the crystal structures, plentiful efforts have been
made in the fabrication methods. Although the solution methods
have advantages in terms of operation and cost, the quality and
reproducibility of the films are affected by solubility and wett-
ability, which indirectly affect the device performance. After
(PEA),Snl, was vacuum vapor hot deposited on the silicon
wafer treated with UV-O; and octadecyltrichlorosilane (OTS),
the film morphology and crystallinity can be improved, and
the electrical performances of the FET also are improved
(mobility of 0.78 cm® V™' s, threshold voltage of —1.7 V, and
on/off current ratio of 4.2 x 10°).%" As another promising
fabrication method, the low-temperature melting process is
also relatively simple and economical, as well as it does not involve
problems of solubility and solvent removal.*> The mobilities

(c) ref. 33. Copyright 2016, Elsevier; (d) ref. 39. Copyright 2017, American

(Usat = 2.6/in = 1.7 ecm® V' s 1), on/off current ratio (10°),
and reproducibility of (3/4-MeOPEA),Snl, FETs obtained by low-
temperature melting are improved.®®

(PEA),Snl,, as the most widely explored 2D tin-based hybrid
perovskite candidate, is also looking for breakthroughs, espe-
cially in addressing low mobilities caused by carrier defects,
poor film quality, contact resistance, and injection barriers.
Most FET devices based on (PEA),Snl, are mainly fabricated
using solution-processing techniques. Therefore, understand-
ing the precursor’s colloidal chemistry and crystallization
kinetics is critical. Ryu et al. introduced MACI into the
(PEA),Snl, precursor solution, which facilitated the formation
of (PEA),SnI,~MACI intermediate complexes. This approach
not only mitigated the issues of undesired rapid crystallization
but also enabled the large intermediate molecules to serve as
nucleation sites, thereby promoting the Ostwald ripening pro-
cess and the growth of larger crystalline.®® Moreover, precursor
aging—a pre-treatment step for precursor solutions—has been
demonstrated to be essential. Opportune aging facilitates the
conversion of unreacted and aggregated large clusters in the
fresh precursor into smaller, more stable colloids, thereby
eliminating the poor coordination of Snl, as well as improving
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both nucleation and crystal growth.?” Interestingly, high per-
formance FET devices have also been obtained by improving
the quality of the semiconductor-dielectric interface. The
introduction of a self-assembled monolayer rich in ammonium
iodide (NH3I-SAM) between the silica dielectric and the
(PEA),Snl, semiconductor induces the inorganic layer to align
parallel to the substrate, which facilitates more orderly crystal-
lization and enhances carrier transport (Fig. 5¢). Moreover, the
composition of the NH;I-SAM eliminates excess Sn** that
causes hysteresis, reducing the chance of carrier scattering
and increasing the hole mobility to 5.7 cm® V~' s~'. Further-
more, the hole injection barrier was reduced by inserting
molybdenum oxide (MoO,), and the polymer Cytop was
replaced as the gate dielectric layer to optimize the FET devices
with the TCTG structure. The optimized mobility is as high as
15 em® V! 571,58 In a follow-up study, the (PEA),Snl, film was
prepared by the combination of vacuum vapor deposition

Transport direction ( )
—_—

Organic cation
[opmetne]

INAD) e
YN A €« P¢
@ AA & a2 &
’
©= Acation vV PEA*
= B cation
O= X anion
J Inorganic
ybri
c %
Si0, gate dielectric 'S r,l o
n++-Silicon substrate
BDA*

(d)

‘élma 000

P0000000 0 v c

2 HOOOBBDD v M
I . I A ' . i . ' A i A | A i . i - ]/ a

berrrd

(4Tm),Snl,

Ruddlesden-Popper (RP) phase

el

View Article Online

Materials Chemistry Frontiers

technology and hydrophobic octadecyl trichlorosilane self-
assembled monolayer (OTS-SAM) surface treatment, while the
solution method has limitations in hydrophobic surfaces.'
The contact resistance between the semiconductor layer and
the source/drain electrodes will hinder the judgment of the true
electrical performance of the transistors. Long-channel perovs-
kite field-effect transistors (channel length L = 1-3 mm) help
minimize the adverse effects of contact resistance and electrical
polarization (i.e., ion drift or displacement in the perovskite
lattice caused by an external electric field).*' To evaluate the
true carrier mobility of (PEA),Snl, FETs, Matsushima et al.
designed a device with a long channel."* The results showed
that both mobility of the p-channel and n-channel increased
with the increase of L, and remained constant in the larger L
region, from which the extracted hole and electron mobility are
26 and 4.8 ecm”® V™' s7', respectively. This is because the
lengthening of the L reduces the contribution of the contact
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resistance to the overall resistance. The p-channel and n-
channel are gained via transforming metal electrodes with
different work functions so that they are favorable for hole or
electron injection. The mobility-temperature dependence was
tested in the temperature range of 20 to —70 °C, and the results
indicated that the mobility declined with the decrease in
temperatures, which may correspond to a heat-activated
mechanism. In most cases, the mobility-temperature depen-
dence is inversely proportional. The layered structures of 2D
perovskites inhibit ion migration to a large extent, so the
reason for the increase of carrier transport capacity at lower
temperatures may be that the crystal structure is frozen, so the
lattice vibration is slowed down, and the lattice distortion is
reduced correspondingly.®® Hu et al. found that the carrier
transport mechanism is different in the high-temperature
region (280-300 K) and the low-temperature region (70-
260 K).”° The activation energy of the high-temperature region
is one order of magnitude higher than that of the low-
temperature region. The low activation energy at low tempera-
tures sheds light on shallow defects dominating. With the
increase in temperatures, most shallow traps are filled with
activated carriers, but the hysteresis is more obvious, indicating
that deep traps dominate in the high-temperature regions.
Recently, n-conjugated organic ligands inspired by pheny-
lethylamine have attracted extensive attention. Bulky =-
conjugated organic semiconductor ligands with a relatively
larger dielectric constant in 2D perovskite can alleviate dielec-
tric mismatch between the organic ligand layer and the adja-
cent inorganic octahedral frame, and can be inserted into the
lattice of halide perovskites to modify the crystal structure and
act as natural protective layers to improve stability. Gao et al.
pioneered a 2D tin-based perovskite (4Tm),Snl, based on linear
n-conjugated oligothiophene ligands, the FET characteristic
showed an improved mobility of 2.3 cm® V™' s~ compared to
pure (PEA),Snl, without any treatment assistance.”® The side
view of the (4Tm),Snl, crystal structure is displayed in Fig. 5d-i.
There are two main reasons for the increase in performance.
One reason is the presence of electrostatic interactions and
hydrogen bonding between amino group and iodine, which
leads to a shorter Sn-I bond length in (4Tm),Snl, (3.11 A) than
that in (PEA),Snl, (3.13 A), as well as reduced N-I distance.
Another reason is that the larger grain size reduces the number
of grain boundaries, thereby decreasing defect density and
suppressing ion migration. Further, for the molecular design
of conjugated ligands, TT was synthesized using fused-
thiophene rings with larger conjugated planes (Fig. 5d-ii).
The introduction of TT molecular reduces the nucleation
density, successfully regulates the crystallization kinetics of
perovskite, and obtains the (TT),Snl, perovskite films with
orderly crystallization and large grain size, the FET mobility
up t0 9.35 cm? V' s~ ! and the on/off current ratio is more than
10°.? In addition, by analyzing the crystal structure, it is found
that (TT),Snl, has a larger bond length distortion index and a
smaller Sn-I-Sn angle than (4Tm),Snl,, and the in-plane lattice
is more contracted so that the structure is more stable. Exten-
sion of the ligand conjugated planes and corresponding
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enhanced intermolecular interactions help adjust nucleation
dynamics. Zhang et al. synthesized 2D perovskite based on a
fused ring n-conjugated pyrene-O-ethyl-ammonium (POE) ligand
(Fig. 5e) with large conjugated planes, and employed a high-
boiling-point Lewis alkaline solvent to control crystallization.”?
Larger grains have been obtained, and the resulting FET device
showed excellent stability and repeatability.

2D lead-based perovskites have been less studied than 2D
tin-based perovskites, which may be related to the stronger
Frohlich interactions, but it is equally important for the develop-
ment of perovskite transistors.”® Tin and lead are located in the
same main group, have similar outer electronic structures and ionic
radii, and mixing in any proportion causes little lattice distortion.
Sn-Pb mixed perovskite (PEA),Sn,Pb, I, can significantly improve
film quality and environmental stability.”> Because the Lewis acidity
of Sn*" is stronger than that of Pb*", the rapid crystallization of tin-
based perovskite leads to poor film quality, while the Sn-Pb mixed
perovskite is conducive to improving the crystallinity. The improve-
ment of environmental stability is reflected in which the Pb-I bond
is stronger than the Sn-I bond, and the [Pblg]' octahedra do not
provide I for further oxidation of Snl, when the perovskite
degrades to generate Snl,. Qiu et al. prepared 2D lead-based halide
perovskites (BA),(MA),_1Pb,ls,.; with different n values and used
NH,CI as an additive to induce ordered crystallization, and SnO, as
a spacer layer to improve charge injection.”® The mobility raised
with the increase of the n value and shows that the champion
mobility (5.73 x 107° em® V' s™') at room temperature when n = 4,
the on/off current ratio was 10* and the hysteresis was negligible
(Fig. 5f). With the increase in the number of repeats (n value), the
optical band gap and exciton binding energy decrease, which is
expected to further increase the mobility of organic-inorganic
hybrid perovskite transistors.®*°” The 2D perovskites (n = 1) tend
to be parallel to the substrate, which is conducive to lateral charge
transport, and quantum wells formed by alternating organic/inor-
ganic layers can effectively prevent vertical ion migration. However,
the vertical transport of charge is also limited due to the existence
of quantum well structures. Appropriately increasing the n
value to form a quasi-2D perovskite could promote vertical charge
transport and further improve mobility. By mixing NMA" (1-
naphthylmethylamine cation) and FA" to separate single, double,
and multilayer inorganic octahedral planes [Pblg]" ", self-organizing
multi-quantum well perovskite NMAFAPD,I, (NFPL,) is designed to
endow perovskite transistors with bifunctional characteristics, not
only presenting high mobility (>20 cm”> V" s ') and on/off current
ratio (>10°), but also showing efficient and stable infrared or near-
infrared emission.”® Guo et al. compared some basic properties of
2D (PEA),Pbl,, quasi-2D (PEA),(MA),_1Pb,ls,; (n = 6), and 3D
MAPbIL;."® Among them, the reduction of dimension leads to
smoother film, prolonged carrier lifetimes, and enhanced environ-
mental stability; however, vertical conductivity increases as the
dimensionality rises. It can be seen that quasi-2D perovskites are
conducive to vertical charge transport while maintaining the advan-
tages of low-dimensional perovskites.

The diamine cation in 2D DJ phase perovskite is directly
connected to the upper and lower inorganic layers, which not
only eliminates the van der Waals gap in the RP phase and
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weakens the quantum well effect, but also enhances the elec-
tron coupling between the layers by shortening the distance of
the inorganic layers, which is conducive to the out-of-plane
charge transfer. Nevertheless, little attention is given to the DJ
phase perovskites. Recently, the DJ phase perovskite BDASnI,
prepared with 1,4-butanediamine (BDA) as an organic ligand
showed a much lower average out-of-plane effective mass
(0.159m,) than (PEA),Snl,, indicating that electron transport
in the out-of-plane direction of BDASnl, is more favourable.
The exciton binding energy of BDASnI, (56 meV) is also much
smaller than that of (PEA),Snl, (174 meV), which is attributed
to the weakening of the quantum well effect.”® Low exciton
binding energy may not be conducive to the fabrication of light-
emitting devices, but efficient exciton separation and charge
transport are suitable for FETs. The bandgap-temperature
relationship model showcased that the band gap of BDASnl,
is dominated by thermal expansion when the temperature is
lower than 140 K (thermal expansion affects the band structure
by changing the lattice constant), and dominated by the
electron-longitudinal optical (LO)-phonon interaction (the elec-
tron-phonon interaction affects the band structure by lattice
vibration) as the temperature increases.’*® (PEA),Snl, is domi-
nated by thermal expansion below 120 K, and as temperature
rises is influenced by both thermal expansion and the electron-
phonon interaction. Meanwhile, the energy difference (4dgp =
Egpssox — Erpsox) between the bandgaps at 320 K and 80 K of
BDASNI, (—20.07 meV) and (PEA),Snl, (—64.83 meV) are calcu-
lated respectively, reflecting the contribution of the electron-
phonon interaction for the temperature evolution of bandgap
over a temperature range in the perovskite films. The results
showed that the contribution of the interaction to BDA is small,
indicating that the DJ phase perovskite has a more stable
structure and weakens the heat-induced electron-phonon cou-
pling. The advantages of the DJ phase perovskites applied to
FET are analyzed from multiple perspectives, and its develop-
ment is considered to be very promising. Qiu et al. proposed a
strategy of coordinating alkyl ammonium salt spacers with the
NH,SCN additive to regulate the crystallization process of
BDASnl, films, in which the introduction of a spacer layer
helps to reduce defect density.®" The optimized film has
excellent morphology, high mobility (1.61 ecm®* V' s7'), and
on/off current ratio (4.7 x 10°), and the conduction current of
the unpackaged FET is almost unchanged after 150 days in the
nitrogen atmosphere. Some studies have investigated the odd-
even effects of linear alkyl-chains spacers on charge transport.
A very recent result indicates that ligands containing even-
numbered alkyl chains (4, 6, or 8) facilitate the formation of
layered 2D DJ phase perovskites and exhibit excellent electrical
properties. In contrast, ligands with odd-numbered alkyl chains
(3, 5, or 7) disrupt the formation of the 2D structure.'®
Compared with aliphatic diamine cations, aromatic diamine
cations have a larger dielectric constant, which can effectively
reduce the dielectric mismatch between the organic layer and
the inorganic layer, thus mitigating the dielectric confinement
effect. Park et al. prepared 3-(aminomethyl) piperidine tin
iodine (3AMPSnl,) and 4-(aminomethyl) piperidine tin iodine
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(4AMPSnl,) DJ phase perovskites (Fig. 5¢).'°" Among them, the
difference in the position of aminomethyl group will form
different hydrogen bond environment and affect the holistic
perovskite lattice. For example, the 3-site aminomethyl-
substituted perovskite has smaller layer spacing and better
symmetry, so the perovskite lattice is more robust, and the
saturation mobility and the on/off current ratio are better than
4AMPSnl,. For all this, the types of diamine cationic ligands
used for the preparation of the DJ phase perovskites are still
few. The material diversity is to be explored, and better perfor-
mance of their FET devices is further expected.

In compared to polycrystalline perovskites, 2D single crystal
perovskites generally show a perfect layered structure, an
adjustable band gap, excellent optical properties, significantly
reduce defects, and increase carrier diffusion length, which is
also an indispensable part of the preparation and fabrication of
perovskite FET devices. Dou et al. prepared 2D Pb-based atom-
ically thin single crystals (C,HoNHj3),PbBr, by a solution
method, which exhibited strong light luminescence at room
temperature, enriching the 2D hybrid perovskite system.'** To
fabricate transistors on a single crystal (C,HoNHj3),PbBr,, the
large-area single-crystalline graphene film is introduced as
protective layer as well as source and drain electrodes.'®® When
using acetone cleans the substrate covered with single crystals,
the single crystal perovskite covered by graphene is not
destroyed, and then the graphene protective layer is slightly
damaged by etching as the source/drain electrode, and the gap
of about 100 nm is retained, the treatment process is shown in
Fig. 6a. Shen et al. prepared millimeter-sized single crystal
perovskite (PEA),CsSn,l, by incorporating Cs into 2D hybrid
perovskite (Fig. 6b).% In the FET performance test, the source-
drain current increases as the gate voltage decreases, thus
exhibiting p-type transmission with hole mobility up to
34 em® V™' 57! at 77 K. However, such a high carrier concen-
tration might make the semiconductor degenerate, leading
metallic characteristics, so the transfer characteristic curve
cannot be fully switched off. For (PEA),Snl, single crystal
FET, crystals were grown from the precursor solution via cool-
ing method that was grew at —25 °C for overtnight.'®* The
surface was rough due to the coating residue, and the smooth
crystal surface was peeled off by tape to ensure adequate
contact with the electrode (Fig. 6c-ii). The champion device
has mobility of up to 40 ecm® V' s and no significant
hysteresis (Fig. 6c-i and iii). The results of single crystal FETs
with lower grain boundary density, smaller structural disorder,
and low defects are closer to the intrinsic carrier transport
characteristics of perovskite materials. However, compared
with the preparation of polycrystalline thin film devices, the
single crystal device is more precise and complex, usually
showing low yield in fabrication.

5. Stability issues in perovskite FETs

3D perovskites are generally more susceptible to degradation by
environmental influences such as humidity, high temperature,
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and ultraviolet light.”® In addition, a screening effect due to ion
migration in 3D perovskites field-effect transistors is inevitable.
Although the bulky organic ligands in 2D perovskites have been
used as natural barriers, challenges remain in terms of long-
term stability, environmental operation, and repeatability,
which are reflected in the degradation of perovskite layers,
ion migration, defects, hysteresis, abnormal device parameters,
oxidation, and electrochemical reactions at the interface of
semiconductor/electrode, etc.

5.1 Vacancy defects

The degradation of perovskite caused by iodide loss is a serious
problem, which can generate positively charged iodide vacan-
cies and thus doping semiconductors.’®® For instance, it has
been reported that the degradation of perovskite film acceler-
ated when exposed to iodine vapor, long-term thermal anneal-
ing, applied large electric field, and affected by superoxide from
oxygen and photogenerated electrons. Perovskite degradation
leads to positively charged iodine vacancies and free electrons,
and resulting in n-type doping. It is a spontaneous process and
can accelerated by vacuum and light (Fig. 7a). Encapsulating a
thin layer of graphene on the surface of the perovskite layer can
prevent the escape of iodide. Zhao et al. prepared 2D (PEA),Pbl,
single crystal perovskite/graphene heterostructures FETs and
found that graphene coating can prevent iodide loss to improve
the stability of FETs.'°® Due to the difference between the initial
Fermi level and the work function, the shift of perovskite single
crystals to the graphene channel will cause charge transfer
between them. The continuous transfer of excess electrons
induces upward bending of the energy band at the interface
between the perovskite layer and the graphene, and the Fermi
level shifts relative to the Dirac point of the graphene.

An univalent cation (Cu') is incorporated into (PEA),Snl,
because its ionic radius (77 pm) is smaller than that of Sn**
(118 pm) to avoid causing lattice distortion.'°® The results show
that cation segregation along the grain boundary, the grain
boundary passivation, and Cul's excellent conductivity are
beneficial to hole transport, which improves the transistor
performance, with a twofold increase in the mobility and
significantly reduced hysteresis. Na* also tends to form gaps
to passivate grain boundaries and improve film quality.'®” The
anion $> passivates the electron defect caused by iodine
vacancy via replenishing the Vj, increasing the hole
concentration.’® In addition, xanthate dopants, as the source
of $*>7, also act as nucleation sites in the films, inducing crystal
growth and promoting continuous perovskite films with low
surface roughness. The monovalent pseudohalide anion
HCOO is similar in size to the halide anions and has a higher
chelating ability to metal ions. When it partially replaces the I"™
in CsFASnI; perovskite, it can delay the perovskite crystal-
lization process through ion exchange and improve the crystal
quality and device performance.'®® Metastable Sn** can be
thermally transformed into Sn®>', and two holes (h*) are
released at the same time. This phenomenon motivated Liu
et al. to add deliberately Snl, as an additive into (PEA),Snl, to
form p-doping, and the conductivity is increased by nearly five
orders of magnitude.'® With the increase of doping amount,
the grain size also increases gradually. The extra I also
compensates for the iodine vacancy, so the defect density is
reduced. Molecular doping is different from ion doping in that
it does not replace any ions in the crystal and can control the
charge or defect density without affecting the lattice or band
gap.'"* The large ionic radius of formamidine ion often leads to
lattice strain, and it has been found that the strain relaxation of
the methyl ammonium chloride (MACI) additive on the
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perovskite lattice can stabilize the o phase and balance the
strain.""" At the same time, adding tetramethyl ammonium
hexafluorophosphate (TMA-PF6) to multidentate anchors unco-
ordinated lead can not only regulate the morphology and
crystallinity of the perovskite film, but also remove the surface
defects.

In addition to eliminating the factors that destroy the
stability of the FETs from the perovskite structure level, it can
also be regulated during the preparation of the films. Sirrin-
ghaus and his co-workers invented a surface defect passivation
method (C-H-C) by first cleaning the weak adhesion defects on
the surface of the MAPDI; film (C), then healing the halogen
vacancy defects formed by the volatilization of the organic
halide (H), and finally cleaning again to remove any residual
ions introduced by the first cleaning step (C) (Fig. 7b)."'* The
combination of polar and non-polar solvents is preferred. The
introduction of surface passivation technologies can effectively
inhibit ion migration on the surface, and the mobility value is
as high as 4 em® V'' s at room temperature.

5.2 Degradation mechanism

Matsushima et al. monitored the degradation process of the
(PEA),Snl, film exposed to oxygen.''® As time went on, the
absorbance decreased, the XRD peak intensity decreased and
the peak widened, SEM also showed that the film become
discontinuous, but there was no significant change in a dry
or a humid nitrogen atmosphere (Fig. 8a). The oxidation-
induced degradation process from the precursor to the perovs-
kite to the device is shown in Fig. 8b.''* Because of the 4f

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

orbital in the Sn atomic structure is not fully occupied, result-
ing in weak nuclear attraction for the lone pair electrons in the
5s orbital, the existence of active lone pair electrons causes the
instability of Sn-based perovskites.® Even in a nitrogen-filled
glove box, the evaporation of solvents during film deposition
may introduce oxygen. When the tin-based perovskite is
exposed to water and oxygen, the [Snlg]*~ absorbs water and
hydrolyzes into Snl,, which is easily oxidized to SnO, or Snl, is
formed when there is excess 1".°> Snl, is first hydrolyzed with
H,O0 to form HI, which is then oxidized by O, to form I,. When
perovskites are exposed to I,, their degradation accelerates,
resulting in the formation of more Snl,."'*> Degradation root in
oxidation leads to lattice instability, which induces the for-
mation of Vg,. Superoxide O*>~, generated by the photoreduc-
tion of oxygen through photoexcited electrons, can effectively
trap electrons and promote the degradation of perovskites.""®
The presence of surface defects leads to poor coordination
between halide and metal ions, resulting in the formation of
deep defects and ultimately deteriorating device performance.*
Moreover, the rapid oxidation of Sn(u) by oxygen molecules,
which replace halogen defects or gap sites in perovskites, can
induce the generation of Vg,,, which will cause a P-doping effect
and seriously compromise the stability of device operation.
Fortunately, the reversibility of P-doping and film recovery for
(PEA),Snl, transistors exposed to trace oxygen can be achieved
by storing them under vacuum conditions (~10~* Torr) for a
period of time.'"”

Polymers are not only excellent candidates for insulation
layers, but also commonly used additives for perovskites.
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Pbls (0.1 M)/P3HT FETs in ambient conditions.* Figures reproduced with

permission from: (a) ref. 113; (b) ref. 114. Copyright 2023, Wiley-VCH GmbH; (c) ref. 31; (d) ref. 124. Copyright 2023, American Chemical Society.

Multiple interactions between functional groups in the polymer
and perovskite components can effectively passivate defects
and improve the overall performance of transistors. As shown
in Fig. 8c, when blend with the polymers (poly(vinyl alcohol)
(PVA), poly(ethylene oxide) (PEO), and PMMA), the hydrogen
bonds can be formed between the oxygen-containing groups and
the halogen or ammonium ion from perovskites; the coordina-
tion bond would happen between the ether bond in PEO and
Sn**; and the nucleophilic addition exists between the ester
carbonyl group in PMMA and the halogen in (PEA),Snl,. Among
them, the Sn-O coordination inhibits the oxidation of Sn**, thus
preventing p-type hole depletion in (PEA),Snl, transistor opera-
tion and realizing ambipolar transport.>"''® Some electronega-
tive small molecules, such as cyanuric acid,"* chloromethyl
phosphonic acid,*** and pentanoic acid,"*" stabilize the surface
Sn** through coordination and the localized electron density,
thereby inhibiting the oxidation of Sn>*. In situ polymerization of
polymer monomers in the perovskite films forms a polymer
network that not only helps to bind the perovskite grains tightly,
but also weaken coordination between polymer groups and the
perovskite, resulting in a pinhole-free and passivated film,
thereby improves the stability of the device.'*?

Device packaging is an important post-processing strategy to
improve stability and serve as the most direct approach to

3112 | Mater. Chem. Front., 2025, 9, 3096-3124

inhibit film degradation. Moreover, effective packaging can
accelerate the transition of perovskite FETs form the experi-
mental stage to commercial applications. The conjugated poly-
mer poly(3-hexylthiophene-2,5-diyl) (P3HT) is hydrophobic and
protects the perovskite layers by preventing the diffusion of
water molecules through the air. P3HT-encapsulated perovskite
FETs exhibit a significant mobility compared with also popular
Cytop-encapsulated perovskite FETs, which is attributed to the
high capacitance polymer as a dielectric that can increase the
induced charge carrier density.®>***'** In addition, conjugated
polymers can effectively reduce the surface trap of perovskites
by passivating the A-site cations and X-site anion defects.'** In
Nketia-Yawson’s research work, the polymer encapsulation
layer (P3HT) is processed through the orthogonal solvent, and
the interface functionalization layer (IFL) can be formed on the
top of the perovskites (MAPbI;) without destroying the perovs-
kite layers, and play the role of hydrophobic protection and
interface defect passivation (Fig. 8d). The MAPbI;/P3HT FETs
with a perovskite-polymer hybrid channel can improve signifi-
cantly mobility to 10.65 & 0.84 cm® V' s~ ' (pure P3HT with a
mobility of 6.22 + 1.87 em® V' s7'), and it has good air
stability, with only a slight decline in transfer characteristics
after 168 hours of exposure to air."** However, the hole mobility
decreases with increasing thickness, possibly due to trapping of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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holes in the perovskite channels and the perovskite/IFL inter-
face, as well as increased resistance to charge transport in the
vertical direction.

5.3 Ion migration and hysteresis effect

Fig. 9a describes the influence mechanism of ion migration on
the performance of FET.”® The mobile ions in the perovskite
accumulated at the source/drain electrode, and the built-in
electric field in the opposite direction is driven by the source
and drain voltage, which hinders the transport of charge
carriers. Moreover, the anion at the source and the cation at
the drain cause the downward and upward band bending,
respectively, thus increasing the carrier injection barrier or
contact resistance, which adversely affects the performance of
FETs. At the same time, these mobile ions in perovskite are also

View Article Online
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the origin of shallow defects, such as tin vacancy (Vs,), lead
vacancy (Vpp), and iodine vacancy (Vy). Uncoordinated I~, Sn**,
Pb*', and oxidized Sn*" accumulate at the interface, surface, and
grain boundary, which are the main source of deep defects.””
Shallow defect tin vacancies Vg, in tin-based perovskites is taken
as an example to understand the adverse effects of defects. As
shown in Fig. 9b, free-falling holes get trapped in the negatively
charged Vg, and hole de-trapping requires additional activation
energy such as light or heat. It takes only a few microseconds for
the carrier from getting trapped to de-trapped, but this process
delays drift transmission and reduces the overall mobility of
carriers. The tetrafluoro-tetracyanoquinodimethane (F4-TCNQ)
and molybdenum trioxide (MoO;) molecules are rich in electro-
negative atoms (F, N, and O), which exhibit strong electron
withdrawing properties and can cause doping of p-type molecules,
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Fig. 9 (a) Schematic diagrams of the working mechanism of the (PEA),Snl, transistor without ion migration (I) and the Pb-containing perovskite

transistors with ion migration (Il), as well as the corresponding band bending at the source/drain electrodes (I11).%° (b) Schematic of the charge transport:
charge trapping/de-trapping mechanism and occupation of trap states in pristine and doped-(PEA),Snl,.” (c) Evolution of PL spectra of (PEA),Snl4 and
(4Tm),Snly thin films in air.%2 (d) (i) Illustrations of carrier transport in small-grain and large-grain-based (TT),Snl, thin films. (i) The chemical structures of
4Tml and TTI. (i) AFM image and corresponding section analysis of a (TT),Snl, crystalline seed. (iv) PL image of the (TT),Snl4 thin film.%2 (e) Schemes for
(PEA),Snl4/semi-CNT hybrid TFTs and TFT transfer characteristics with or without semi-CNT content at a scan rate of 1V s~ Figures reproduced with
permission from: (a) ref. 95. Copyright 2021, Wiley-VCH GmbH; (b) ref. 7. Copyright 2022, Wiley-VCH GmbH; (c) ref. 91. Copyright 2019; (d) ref. 92.
Copyright 2021, American Chemical Society; (e) ref. 126. Copyright 2019, American Chemical Society.
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then the electrons in electron-hole pairs will be consumed and
left free holes to achieve continued hole transport.” Besides, the
defect state trap at the interface may cause abnormal negative
difference resistance (NDR) phenomena in the output character-
istic curve.'*

Current-voltage hysteresis is a great challenge for FET
devices to operate continuously at the same threshold
voltage.”*® Sn®" is mentioned in Section 3 as a source of
hysteresis, because the accumulation of Sn** ions under bias
reduces the number of holes in the channel by reducing the
effective field strength of the gate or acting as a hole scattering
center by coulomb repulsion, resulting in hysteresis.'>*® Some
charge transport layers, such as ZnO, while reducing the
electron extraction barrier, can also adsorb oxygen molecules
and capture electrons, making their surfaces negatively
charged. When these trapped electrons combine with the
photo-generated holes, oxygen will be released, resulting in
the current hysteresis effect.'> Other causes of hysteresis
include prolonged voltage bias, defect-induced scattering, mod-
ulation of charge transport by trapping and de-trapping pro-
cesses, and tunneling caused by heavy doping.**'*® Moreover,
in the top-contact device structure, the electrochemical reaction
between the metal and the semiconductor will be detrimental
to the stability of the device, such as the oxidation of Au in
MAPDBr;-based FETs (3Br~ — 3e + Au — AuBr;), which is
verified by high-resolution XPS and time-of-flight secondary
ion mass spectrometry.””

Recent advances have been focused on improving the stabi-
lity of perovskite FETs, and many improvement strategies have
been proposed in terms of crystal structure, film quality, grain
boundary/defect passivation, processing technology, and so on.
A large number of studies have indicated that introducing large
aromatic or aliphatic organic cations into two-dimensional
organo-inorganic hybrid perovskites is very critical to the
environmental stability of perovskites. In particular, the bulky
and hydrophobic conjugated ligands not only have advantages
in regulating crystal structure but also have outstanding stabi-
lity for perovskite films.'°"%> For example, (4Tm),Snl, thin
film remained in the air for a month and maintained red
photoluminescence, while (PEA),Snl, thin film degraded after
only one night, and the PL spectra evolution of the two films in
the air also confirmed this result (Fig. 9c). In general, ion
migration at grain boundaries is faster, and small grains result
in more grain boundaries, creating more defects and barriers
for lateral charge transport (Fig. 9d-i). The reduction of grain
boundaries leads to suppressed ion migration, alleviating
hysteresis.®® Compared with 4Tm molecule, the TT molecule
structure shows a larger conjugated plane (Fig. 9d-ii), and
introduction of fused thiophene rings in the organic ligand
enhance the intermolecular interactions, thus (TT),Snl, thin
film showed morphology with large grain size, and exhibited
decent stability in both crystal structure and environment
(Fig. 9d-iii and iv).”* Moreover, optimizing the fabrication pro-
cess is also an effective way to obtain large grain sizes. For
organic ligands with larger molecular weight, increasing the
annealing temperature is not only suitable for the recombination
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of organic and non-organic groups in the precursor but also
helpful for increasing crystallinity and grain size.”*> When
chlorobenzene is used as antisolvent, ethanol with a higher
boiling point is added at the same time, the morphology of the
film can be adjusted to obtain a high-quality film with a single
grain size of 5 um, and compared with pure chlorobenzene as
antisolvent, the film has fewer pinholes and higher coverage. This
is because the polar ethanol could dissolve the excess reactant
precipitated upon the addition of chlorobenzene."**'*® The binary
solvent system, combined with chlorobenzene and ethyl acetate as
the antisolvent in the spin-coating process, can promote nuclea-
tion and directional crystallization as well as improve the quality
of the film, and ethyl acetate is relatively environmentally
friendly."*® Thermal spin coating is also an effective means to
increase grain size, and its effect on the performance of FETs is
the synergistic result of temperature and grain boundary."*° The
migration of defect-state ions is mainly concentrated at the grain
boundary, which is inhibited at low temperatures and promoted
at high temperatures. The thermal spin coating results in a large
grain size and less influence of temperature on the properties. The
roughness of the films annealed at low pressure is smaller, which
is conducive to the reduction of the contact resistance between
the semiconductor and the electrode.™"

The embedded conjugated polymer-wrapped semiconducting
carbon nanotubes (semi-CNTs) have a natural transmission
channel, so coupling them with low-dimensional perovskite
(PEA),Snl, is equivalent to opening up a ‘“‘green channel” for
carrier transmission, reducing the capture and scattering of
carriers."*® The results suggest that (PEA),Snl, doped with
semi-CNTs has significantly reduced current-voltage sweep hys-
teresis and enhanced operational stability, and has the lowest
trap density (2.06 x 10'* em™?) when the doping amount is 10%
(Fig. 9e). The sorted single-wall carbon nanotubes (95%
s-SWCNTs) doped into the mixed-perovskite (MA; ,FA,)Pb-
(I, _,Br,); via a solution method can improve the on/off current
ratio by four orders of magnitude (up to 10”) compared to the
unsorted ones, and the mobility is up to 32.25 cm®> V"' s7"."*? In
addition, there are van der Waals and Coulomb force interac-
tions among carbon nanotubes, the ionic components, and
solvent molecules in the precursor solution, and the inherent
dispersibility of the nanotubes makes the film uniform and
continuous without pinholes. Thus, the reduction of defects
and charge scattering results in an improved performance.

2D/3D perovskite films, prepared by mixing a small amount
of 2D perovskites in 3D perovskites, generally exhibit better
crystal orientation, resulting in higher -crystallinity and
improved stability. Moreover, 2D/3D perovskites appear to be
less affected by grain boundaries and pinholes because charge
transport primarily occurs in the inorganic octahedral layers
between 3D grains near the substrate, and the electrical coupling
between grains is sufficient to support carrier transport with
little effect from pinholes."® For example, FPEA ligands are
doped into 3D FASnI;, and due to their large dipole moment, the
resulting 2D/3D perovskite tends to grow parallel to the sub-
strates. It enhances transverse carrier transport, resulting in
significantly improved hole mobility (12 cm® V' s™") and on/
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off current ratio (>10%), with increased operational reliability
and environmental stability."** Furthermore, a small amount of
Cs is added based on FPEA to passivate defects and regulate
ordered crystallization. The FETs with low-defect channel inter-
faces created by the three-cation project show high hole mobility
(70 em? vt —1)‘135

Zhu and co-workers reported a series of common strategies
for improving the performance and stability of transistors
(Fig. 10a)."*° The first is the self-passivation strategy, that is,
excess precursor components (i.e., PEAI) are used to fill the
grain boundaries, reducing the capture of charge carriers by
defects. When the mole ratio of PEAI to Snl, reaches 2.4, the
transfer characteristics of FETs are improved obviously
(Fig. 10b). FPEAI was also introduced in Chao et al.’s study to
self-passivate grain boundaries through surface recrystalliza-
tion and improve stability significantly due to FPEAI's hydro-
phobicity more than PEAI’s."*” Self-passivation in this work
also involves the addition of elemental tin powder to inhibit the
oxidation of Sn** by the redox reaction. The same self-
passivation strategy can also be accomplished with iodized
metal salts. When the conventional annealed film is applied
to further DMF solvent annealing, the residual MAI and Pbl,
will form MAILPbL,:DMF solvate with DMF, thus eliminating
the adverse effects of Pbl, accumulated at the grain boundaries,
passivating the grain boundaries, reducing vacancy-mediated
ion migration, and thus enhancing the charge transport.®*'3®
The second is grain crystallization engineering. Different from
the large grain size achieved by Gao et al. through regulating
organic ligands, the focus of this work is to study the formation
and decomposition of PEAI-Snl,-Lewis-base (i.e., DMSO, GBL,
and NMP) intermediates during the crystallization process of
perovskites.”"*> Compared with DMSO, urea has a higher
boiling point and larger dipole moment, which can better
enhance the passivation effect of Lewis intermediate and
promote grain growth.'*° Other research groups have also
focused on the passivation of grains by solvents. The use of
diethyl sulfide (DES) as an additive in the MAPDbI; precursor can
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react with Pb>" to form a strong intermediate chelate complex,
and it is easier to obtain high crystallinity perovskite thin films
with good environmental stability. At the same time, AlO, with
high capacitance as the dielectric layer can achieve stable
operation at the low operating voltage, with an average satura-
tion mobility of about 18.8 cm> V' s™* (the highest measured
value is 23 em? V! s71).2*° The solvent combination of DMF,
DMSO, and HI is considered suitable for the formation of thin
films in air. Among them, HI promotes uniform nucleation,
DMF has a low boiling point and high vapor pressure, and the
strong Lewis base property of DMSO can induce strong coordi-
nation with Pb>", which leads to rapid crystallization of the film
and the formation of the large grain size.’'® The results show
that the device performance in air is better than that in
nitrogen, and it is speculated that water and oxygen in air also
contribute significantly to defect passivation. The third is to use
the passivation effect of trace oxygen on iodine vacancy to
achieve p-doping, to improve the performance of (PEA),Snl,
(p-channel) FETs. The charge density calculated by DFT sheds
light on the mechanism of iodine vacancy passivation. The
charge density is delocalized when there is an iodide vacancy
defect, and localized when the iodide vacancy is occupied by
oxygen molecules (Fig. 10c). Besides, reproducibility is also an
important indicator for the fabrication of FET devices using the
solution method, and it is closely related to every sub-process in
the preparation process. Zhu et al. have reported a detailed and
reproducible method for fabricating high-performance haloge-
nated tin perovskite thin-film transistors based on solution
engineering.'*' This approach provides an important tutorial
manual for standardizing fabrication processes and effectively
addresses reproducibility challenges.

6. Conclusions and perspectives

To sum up, we briefly introduce the working principle of FETs
and the related physical properties of a halide perovskite

10+

PEAI:Snl, —— 1.6
—20
—24
—28

Oxygen ¥
Occupation,

40 20 0 20
Vs (V)

(a) Schematic diagrams of self-passivation by adding slightly excess PEAI, anti-oxidation engineering by Sn powder, halide element effect, grain

crystallization control by an adduct approach, and device. (b) Transfer characteristics of perovskite TFTs made from precursors with different mole ratios
PEAI:Snl, = X:1, X =16, 2.0, 2.4, and 2.8, respectively (Vps = —40 V). (c) lodide vacancy and oxygen molecule occupying the iodide vacancy (isosurface
level of 0.09).*® Figures reproduced with permission from: ref. 136. Copyright 2020, Wiley-VCH GmbH.
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transistor. The research progress of 2D/3D organic-inorganic
hybrid halide perovskite FETs, including tin- and lead-based
perovskite polycrystalline films or single-crystals, is reviewed.
The factors affecting the performance of FETs are discussed in
terms of ion migration, oxidative induced degradation, deep/
shallow defects, current-voltage hysteresis, device parameter
anomaly, electrochemical reaction of a semiconductor/elec-
trode interface, etc. The general strategies of grain engineering,
additive engineering, grain boundary passivation, defect passi-
vation, mixed perovskite, and packaging technology to improve
film quality and stability were summarized. Although basic
issues such as low mobility, poor film quality, and the ability to
operate at room temperature have been gradually improved,
possibilities of improvement are further expected in the stable
operation in air, applications of large areas and microelectro-
nics, good reproducibility, control of crystallization dynamics,
and excellent FET characteristics.

In organic and inorganic hybrid perovskites, especially the
design of organic molecular ligands in 2D perovskite can
diversify materials as well as achieve targeted device perfor-
mance improvement. The emerging “OSiP”, known as organic
semiconductor-incorporated perovskites, offers vast opportu-
nities for tailoring the energy landscape, carrier dynamics, and
transport properties. Through the molecular engineering strat-
egy of substituents and heteroatoms to control the ligand
planarity, intra/intermolecular interaction, and energy level, it
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is expected to achieve the regulation of physical properties,
processing properties, and carrier transport types. In general,
applying conjugated organic molecules as ligands in 2D per-
ovskites is conducive to construct large crystalline regions, so
as to alleviate the capture of carriers by defects at the grain
boundaries (Fig. 11a-i). Meanwhile, the large crystalline region
is also a natural domain limited platform. The variation of the
conjugated planes will also be reflected in HOMO/LUMO
energy levels, and it is possible to achieve bipolar carrier
transport when suitable energy level structures are deliberately
designed. Introducing conjugated polymers is the most direct
and effective way to increase the number of conjugated planes,
but the polymer as an organic ligand has great challenges in
either in situ polymerization or crystal structure integrity.
Besides, the doping strategy applied in halide perovskites is
very useful for the intentional engineering of carrier density, so
most studies use the direct mixing method, which also seems
to play a role in the passivation of grain boundaries. However, it
is often confused with the passivation of additive engineering,
making it difficult to truly understand the purpose of doping.
Given this, it is meaningful to clarify the definition and method
of doping in future research.'*>

Mixed-dimensional vertical heterojunction (such as 2D/3D
and 1D/3D heterojunction) is a new method to combine the
advantages of different dimensional perovskites without con-
sidering the phase distribution of low-dimensional perovskites
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Fig. 11 Schematic diagram of optimization of high-quality perovskite thin film field-effect transistors. (a) The strategy of macrocrystalline perovskite
regulated by organic ligands for (i), the strategy of multi-dimensional perovskite heterojunction for (ii), the strategy of multi-ligands “alloy” perovskite for
(iii), and the strategy of mixed RP and DJ phase perovskite for (iv). (b) The strategy of passivation interface with polymers. (c) The potential application of
perovskite FETs in artificial synapses.}*® Reproduced from ref. 146 with permission from the Wiley-VCH GmbH.
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and has outstanding advantages in promoting ordered crystal-
lization (Fig. 11a-ii). Inspired by the design philosophy of mixed
halide perovskite FA;_,_,MA,Cs,Pbl;_.Br,, we assume some
ligand alloy systems on the basis of the structure of 2D
perovskites could also bring some opportunities. For instance,
the phenylethylamine in (PEA),Snl, is partially replaced by the
thiophene ligand (thiophenethylamine) with a similar ligand
length to form a new perovskite (PEA, ,TEA,),Snl,, and the
crystallization process is expected to be regulated by controlling
the ligand content (Fig. 11a-iii). Realization of Janus structures
in 2D perovskites is challenging yet worth trying using ligand
alloy strategies. Mixed RP and DJ phase 2D perovskites are
another possibility (Fig. 11a-iv), their energy level structure and
bandgap can be adjusted via regulating the proportion between
RP and DJ phase ligands. Compared with single RP or DJ phase
perovskites, mixed phase perovskites have the advantages of
both structures, showing better stability and higher carrier
mobility.

For the preparation of high-quality perovskite field-effect
transistors, it is not solely necessary to pay attention to the
development and innovation of perovskite materials, but also
to solve the contact problem between the semiconductor layer
and the electrode or insulation layer. As mentioned above, the
interface between the source/drain electrode and the semicon-
ductor determines the carrier injection efficiency when the FET
is operating, while the interface between the semiconductor
layer and the insulator layer determines the carrier transmis-
sion performance. Modifying the source/drain surface could
reduce the contact resistance through adjusting the electrode
work function, meanwhile SAMs can help prevent electroche-
mical reactions at the electrode/perovskite interface upon bias-
ing of the devices. However, in the process of source/drain
interface modification, a problem that needs to be attended to
is corrosion of electrodes, which also needs to be avoided. The
optimization of the insulation layer interface is mainly to
decrease the defect intensity, lessen the interface polarization,
and induce ordered perovskite films. Polymers having
abundant natural functional groups, good solution processing
properties, are competitive candidates for promoting grain
boundary healing and regulating crystallization (Fig. 11b). As
an interface functionalized layer, conjugated polymers allow
the use of a high-capacitance electrolyte dielectric in perovskite
FETs, enabling excellent gate modulation with low driving
voltages. Conjugated polymers can not only passivate interface
defects, but also provide additional carrier transport pathways,
or form a multi-dielectric layer structure to gain excellent
dielectric performance and controllable film thickness.">* We
assume it is highly possible to realize high mobility as well as
operational stability through interfacial functionalization of
perovskites using conjugated polymers. Natural polymers like
cellulose are rich, environmentally friendly, and low-cost. Due
to its good mechanical properties and chemically inert nature,
cellulose that can stabilize the crystal structure; its high tough-
ness can resist crack growth; its rich functional groups can
passivate defects; and its long chain has a good ability of grain
boundary positioning. Therefore, using cellulose to optimize

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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the interface is also a good choice. It also can contribute to the
dielectric constant of the insulation layer.'**4°

At the same time, the accurate extraction of mobility is also
acritical challenge. The actual charge transport process is
affected by complex factors, likely phonon scattering, ion
migration, polarization disorder, hysteresis, contact resistance,
and dynamic scattering, so the high mobilities reported in
many reports are likely to be overestimated.®® In the presence
of large contact resistance, the inherent mobility can only be
obtained at high voltage; therefore, to obtain accurate mobility,
linear fitting should be performed at high voltage.”> The
mobility of a MAPbBr; single crystal FETs extracted by the
transconductance method is 15 em> V™' 57" (effective mobility
is about 10 em® V' s, and the confidence factor is about
88.7%.”” In general, there are differences between i, and pgae
of the same device, and the py;, is lower than the true value,
which may be related to the charge transfer involving the trap
state."®” The existence of hysteresis leads to a deviation in the
calculation of mobility.® Therefore, the accurate extraction of
mobility is of great significance to the evaluation of FET
performance. Firstly, we need to define a standard that the
expected carrier should be extracted when there is a linear
relationship (¢ = pen) between carrier density (n) and conduc-
tivity (o), that is, both linear and saturated regions of the
transfer characteristic curve need linear dependence, and it is
inaccurate to extract mobility only in a very limited linear
range.'*® Then, the following suggestions are made to improve
the reliability of device mobility. The use of a vertical field effect
transistor (VFET) may help reflect the intrinsic mobility
because the vertical current is not dependent on the surface
defect.”® Moreover, this structure is conducive to realizing
short-channel devices, increasing current density and the car-
rier extraction rate, and decreasing the carrier scattering
rate."*® The smoother surface of the film, the lower probability
of carrier scattering, and the preparation of high-quality films
is also the premise to ensure accurate mobility.'*® Reliability
factor correction for non-ideal characteristics to obtain accu-
rate mobility is recommended.’® Moreover, the pattern proces-
sing is carried out to make the channel width and length close
to the defined values, in order to eliminate the influence of
redundant channels and fringe effect, so as to obtain the real
carrier mobility."*° If necessary, Hall effect measurements can
also be performed to confirm estimated mobility values.

Halide perovskite FETs usually exhibit significant hysteresis,
which may originate from ion migration, charge capture, and
ferroelectric effects. Lots of efforts have been made to mitigate
this phenomenon. Interestingly, the hysteretic behaviours
become valuable properties for an artificial synapse, which
require gradual modulation of responses, resembling flexible
regulation of charge conductance and retention of synapse in
neural networks (Fig. 11c). For example, the (PEA),PbBr,/C8-
BTBT heterojunction films displayed conversion of various
synapse behaviours under electron or light stimulation.'”!
The incorporation of (PEA),PbBr, induces trap states, resulting
in the heterojunction FET displaying more significant antic-
lockwise hysteresis compared to the pristine C8-BTBT device. At
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the same time, halide perovskites can provide efficient light
signal perception and conversion capabilities for artificial
synapses. Coupled with the rich material system and relatively
simple preparation process of halide perovskites, we expect that
the utilization of halide perovskite FETs for artificial synapses
has a bright future.
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