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This article explores the latest developments in single-crystal halide perovskite field-effect transistors
(FETs), focusing specifically on methods to mitigate ion migration and achieve stable operation at room
temperature. Following the discussion on the interconnections between dimensionality, lattice softness,
and defect statistics, we proceed to examine the methods of solution- and vapor-phase growth
that yield layers free of grain boundaries and characterized by a minimal presence of mobile vacancies.
The examination of composition tuning, spacer-cation engineering, and interface passivation strategies
is conducted to assess their effectiveness in increasing the activation barrier for ionic drift while
maintaining electronic transport integrity. Dielectric selection and contact metals are discussed. This
review presents a mechanism-focused framework that links crystal dimensionality, ion migration
regulation, and device geometry into practical design principles for stable single-crystal perovskite
devices. The comparison of device structures, such as coplanar, floated, and vertical architectures,
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Accepted 1st October 2025 polarization and carrier accumulation. This analysis outlines a feasible way for converting perovskite FETs
DOI: 10.1039/d5ma00713e to viable, energy-efficient logic, sensing, and photonic circuits suitable for production. The ongoing

integration of crystal design and interface engineering is anticipated to address existing stability issues
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1. Introduction

The advancements in artificial intelligence inference, edge
computing, and interconnected sensor networks have highlighted
throughput constraints and considerable power consumption.'™
Future electronic components require materials that enable quick
charge transport while allowing for low-temperature fabrication
across large areas, leading to integrated systems that operate with
minimal energy loss.>™* Among the candidate compounds, halide
perovskites have garnered considerable attention owing to their
exceptional ability to combine ionic movement with electronic
conduction.”*™® This feature increases their attractiveness for
upcoming advancements in memory, logic, and photonic
technologies.

Metal halide perovskites became known as adaptable semi-
conductors due to their ABX; lattice, which allows for extensive
ionic substitution, processing at low temperatures, and robust
optoelectronic coupling. Investigations into this family began
in 1999 with two-dimensional (2D) phenylethylammonium tin
iodide (PEA,Snl;), demonstrating that layered perovskites can
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and accelerate the commercial use of flexible and wearable technologies.

enable gate-driven transport, even in the presence of their soft
lattices."” The interest rose following the quick rise of perov-
skite photovoltaics, with three-dimensional (3D) methylammo-
nium lead iodide (MAPDI;) swiftly establishing itself as a model
channel material. Initially, MAPbI; transistors functioned
solely at low temperatures, as ionic drift and shallow defects
obscured the inherent field effect at room temperature.'5°
Pulse-biased measurements broadened the observable window
into ambient conditions by detecting carrier modulation prior
to its suppression by ion migration at extended times.

Continuous operation at room temperature was ultimately
achieved as solvent-mediated surface cleaning and vacancy
passivation minimized the presence of mobile ions in
solution-processed films. The focus then transitioned to inno-
vative compositions that might reduce toxicity issues and
enhance carrier polarity. Sn-based perovskites exhibit intrinsic
p-type behavior, while the incorporation of bismuth (Bi) and
silver (Ag) alloys presents lead-free alternatives.>*>?

In contrast to Pb-based lattices, Sn-based systems tend to
the gradual oxidation of the metal center. This process leads to
an increase in hole density, alters the electronic surroundings,
and enhances scattering, ultimately resulting in a decline
in mobility over time. Bi-based perovskites exhibit distinct
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oxidation processes that promote the formation of deep defects
and interfacial byproducts, which compromise carrier injection
and reduce the available gate window over extended operation
periods. The differences lead to varying levels of threshold
stability, hysteresis, and retention. Therefore, it is essential
to combine reactive composition management with specific
interface passivation and strong encapsulation to address these
issues. A significant advancement occurred when the fields of
composition and crystallization engineering produced fully
inorganic CsSnl; thin films exhibiting exceptional structural
coherence.”®** The results indicate that precisely adjusted
stoichiometry and lattice rigidity can effectively limit ion migra-
tion while maintaining the favorable processing conditions
characteristic of perovskites.

While these developments are promising, a thorough under-
standing of the relationships between lattice dimension, dielectric
selection, contact energetics, and ambient stress remains lacking.
The ability of the perovskite lattice to accommodate compositional
variations creates a design space. However, the same flexibility that
facilitates easy processing also encourages the formation of vacan-
cies and the movement of ions. Dielectric layers are required to
provide substantial capacitance while protecting the crystal against
moisture and energetic oxidation. Contact metals require suitable
work functions and chemical durability to prevent halide-induced
corrosion, which can result in an increase in barrier height over
time. It is essential to balance these interconnected factors to
ensure dependable switching and scalable integration.

2. Structure, dimensionality, ion
migration, and single-crystal halide
perovskites

Halide perovskites exhibit the ABX; crystal structure, charac-
terized by a monovalent A-site cation, a divalent B-site metal,
and halide anions that are positioned at the corners and faces
of corner-sharing BX, octahedra.>®?® The ionic lattice allows
for significant compositional substitution and octahedral dis-
tortion, enabling easy transitions between fully connected
three-dimensional networks and their lower-dimensional deri-
vatives. This structural flexibility results in adjustable optical
gaps, enhanced photocarrier mobility, and significant resistance
to point defects, characteristics that are driving current interest in
electronic and optoelectronic applications. The tolerance factor ¢
and the octahedral factor u determine the geometric compatibility
within the perovskite lattice.””?® The tolerance factor connects the
radii of the A-site cation and the halide, whereas the octahedral
factor evaluates the sizes of the B-site metal and the halide.**
Dimensional engineering has led to the development of two-
dimensional (2D) and quasi-two-dimensional (quasi-2D) halide
perovskites, characterized by inorganic layers interspersed
with bulky organic spacer cations, commonly represented as
(RNH3),A,_ 1B, X5,41.25°%°" As the layer number n approaches
infinity, the structure converges to the conventional three-
dimensional (3D) phase, while n equals one results in a
monolayer analog. Integer n values within these boundaries
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produce quasi-2D crystals that connect the dimensional conti-
nuum.**7** This method provides a flexible pathway for custo-
mizing thickness and composition, all while maintaining the
essential BX, structure.?®3°

Quantum confinement arises inherently in quasi-2D perov-
skites. Inorganic layers serve as quantum wells, while the organic
layers function as barriers that create dielectric contrast. The
spatial separation of carriers leads to an increase in Coulombic
attraction, resulting in higher exciton binding energies.**” These
characteristics are beneficial for light-emitting and photonic
applications, but they may pose challenges for charge separation
in photovoltaics. Effective utilization thus necessitates a careful
balance between quantum confinement and the channels for
exciton dissociation. The perovskite lattice can be conceptually
cleaved along the (100), (110), and (111) directions, resulting in
distinct families of layered materials.*®* *° Within the (100) family,
Ruddlesden-Popper phases feature alternating 2D perovskite
sheets and organic bilayers, while Dion-Jacobson phases incor-
porate divalent spacers to align adjacent inorganic layers without
lateral offset.*’ > Removal aligned with (110) results in more
intricate intergrowths, whereas sectioning along (111) generates
structures characterized by high exciton binding energies that
constrain photovoltaic efficiency. While synthetic advancements
have expanded available phases, maintaining precise control over
slab distortion, deep trap density, and spacer selection is crucial
for optimizing device performance.

The electronic bandgaps in halide perovskites exhibit signi-
ficant tunability via precise lattice substitution techniques.
While altering the B-site metal directly changes the relative
locations of the valence and conduction edges, replacing the
A-site cation with bigger alkylammonium ions changes the
covalency of the B-X bond.*®™*® Further modification is accom-
plished through the alteration of bond angles, the induction
of octahedral tilts, or the application of lattice strain. The
reduction of size to the nanoscale brings about quantum-
confinement effects, which significantly expand the possibili-
ties for tailored optoelectronic functions.’®™>* The dynamics of
ion migration indicate minimal defect formation energies and
shallow barriers to migration. The influence of external bias
can reverse the polarity of photovoltaic devices, independent of
their architecture or the chemistry of the precursors, emphasiz-
ing the significant impact of mobile species. In matrices with
fewer constraints, the orientation of organic A-site cations
collaborates to expand transport channels and affects hyster-
esis behavior.”*® Factors in the environment, including moist-
ure, thermal cycling, and illumination history, influence these
processes as aging occurs.

Single-crystal halide perovskites produced through slow cooling
or inverse-temperature crystallization demonstrate significantly
reduced point-defect concentrations and lack grain boundaries.””®
The improvement in lattice integrity extends carrier lifetimes,
reduces trap-mediated recombination, and enhances the stabi-
lity of emissive yield. The energy barrier for ion migration
increases in the absence of light, and drift currents remain
constrained even with prolonged bias applied. While migration
cannot be eradicated, enhanced crystallinity minimizes the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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presence of mobile ions, presenting a viable pathway for the
development of long-lasting devices. In addition to optical
tuning, large single crystals exhibit wider absorption onsets
compared to polycrystalline films, thus broadening the range of
the solar spectrum that can be harvested. Lower trap density
enhances carrier transport efficiency, while extended diffusion
lengths can counteract the recombination associated with
greater thickness.”*®® The collective advantages highlight
the promise of single-crystal perovskites for advanced photo-
voltaics and various optoelectronic applications, contingent
upon overcoming the challenges of scalable fabrication and
integration. Expanding on these property-defect relationships,
we subsequently choose a synthesis that reduces vacancy
formation and regulates layer orientation, ensuring that crystal
growth directly influences the ion-migration necessary for
stable Al-scale switching.

3. Synthesis of single crystal halide
perovskites

Inverse temperature crystallization presents a highly effective
method for swiftly acquiring high-quality perovskite single
crystals. The procedure is initiated with the regulated heating
of a precursor solution. With rising temperatures, the solubility
of the perovskite components decreases, leading the medium
to approach a state of supersaturation.®®> Upon reaching
a critical level of supersaturation, molecular clusters form as
nuclei, which start the process of crystallization. Additional
heating allows the arranging of dissolved species into a struc-
tured lattice, resulting in the growth of these nuclei into
apparent crystals. Following sufficient growth, reducing the
temperature ensures the stability of the product and inhibits
excessive expansion.®>®* This methodology takes advantage of
the unique solubility characteristics of lead-halide perovskites
in specific polar aprotic solvents, where solubility decreases
instead of increasing with temperature. As a result, crystals
form promptly once the solution exceeds the supersaturation
limit. The growth of single crystals requires alignment of
solvent properties and solubility characteristics. N,N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), and y-butyro-
lactone (GBL) represent the most commonly utilized options
for hybrid organic-inorganic compositions.®>*° MAPbBTr; crys-
tallizes most effectively from DMF, MAPbI; demonstrates
enhanced crystal quality in GBL, and MAPbCI; shows optimal
growth in DMSO. The production of phase-pure single crystals
adequate for advanced optoelectronic applications requires
careful solvent selection and optimal thermal gradients.
In contrast to slow evaporation or anti-solvent techniques,
inverse temperature crystallization significantly accelerates
growth time, minimizes defect density, and produces bulk
crystals characterized by narrow rocking curves, all of which
directly improve carrier mobility and the reliability of devices.

A slow cooling temperature is a practical approach for obtain-
ing single crystals, as it allows the saturated precursor solution to
exhibit reduced solubility with decreasing temperature. Peng et al.
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Fig. 1 (a) The solubility of CsPbBrz in DMSO varies with temperature.

(b) Schematic representation of the inverse-temperature crystallization
process in DMSO. (c) Optical image of the synthesized CsPbBrsz single
crystal. (d) The solubility of CsPbBrs in water is influenced by temperature.
(e) A schematic illustration depicting the process of low-temperature
crystallization in water. (f) Optical image of the synthesized CsPbBrs single
crystal. Reprinted with permission.”® Copyright 2021, Springer Nature.

have devised a strategy for low-temperature crystallization to
cultivate CsPbBr; perovskite single crystals in an aqueous
environment.”® Fig. 1a illustrates the solubility of CsPbBr; as
it varies with temperature in the optimized CsBr: PbBr, (1:2)
DMSO precursor solution. A significant reduction is observed
between 70 and 100 °C, with solubility decreasing from
0.9 ¢ mL™' to 0.7 g mL™". Fig. 1b illustrates the schematic
layout of the inverse-temperature crystallization growth proce-
dure performed in DMSO. Significantly, abundant CsPb,Br;
precipitates emerge when the solution temperature reaches
95 °C. As a result, an extra filtration step was added, leading
to the growth of pure CsPbBr; single crystals at 120 °C with the
aid of a small CsPbBr; seed. Fig. 1c displays a typical optical
photograph of the DMSO-grown CsPbBr; crystals, showing
a rectangular-prism morphology with a notable dimension
exceeding 3 mm. Even with these initiatives, producing phase-
pure, large-scale CsPbBr; crystals remains a significant challenge
due to imbalanced stoichiometry, which encourages secondary
nucleation. In contrast, Fig. 1d illustrates that in aqueous media
containing HBr, the solubility of CsPbBr; decreases progressively
with a reduction in temperature. The optimal precursor ratio of
CsBr to PbBr, is set at 1:1 for aqueous growth, and the low-
temperature crystallization strategy is depicted schematically in
Fig. le. High-quality single crystals can emerge consistently
when individual CsPbBr; seed crystals are placed at the bottom
of the container. An optical image presented in Fig. 1f illustrates
the aqueous-grown CsPbBr; crystals. A gradual cooling profile
maintains a near-equilibrium state between dissolution and
crystallization, thus promoting the growth of high-quality single
crystals.

Also, Yuan et al. reported the controllable growth and fabrica-
tion of lead-free MASnI; perovskite single crystals utilizing an
inverse-temperature crystallization method with GBL as the
solvent.”" A thorough examination of process parameters, such
as precursor concentration, temperature ramp profile, and solvent
composition ratio, enables the accurate adjustment of nucleation
and crystal growth kinetics, ensuring dependable scalability.

Mater. Adv., 2026, 7, 2579-2594 | 2581
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The quantitative analysis reveals the unique solubility behavior
of MASnI; in GBL. The verification of high experimental
reproducibility follows, using the unique solubility profile
and the process of inverse-temperature crystallization. The
repeated use of a space-confinement technique results in the
preparation of MASnI; single-crystal thin films with micron-
scale thickness, which is considered optimal for the efficiency
of tin perovskite solar cells. The MASnI; single-crystal thin
films demonstrate distinct single-crystalline characteristics,
featuring significant optical absorption with a clear band-
edge onset, phase-pure X-ray diffraction patterns, and no
detectable Sn(v) signatures in X-ray photoelectron spectra.
Also, Yu et al. demonstrated that the steady-state inverse-
temperature crystallization method has been developed to
precisely regulate the growth process of single crystals by
controlling the growth speed, resulting in a constant growth
rate as the temperature increases.”” Fig. 2a demonstrated that,
following the conventional inverse-temperature crystallization
protocol, the solution temperature typically rose at a steady rate
of approximately 0.5 °C h™* during this experiment. However,
since the speed of crystal growth is influenced by temperature,
ensuring a consistent heating slope resulted in an uneven rate
of single-crystal growth. As a result, the dynamics of crystal-
lization were adjusted to achieve steady-state growth, ensuring
that the expansion of crystals occurred at a consistent rate
during the entire growth cycle. By employing this strategy,
growth speeds obtained through conventional
temperature crystallization and the inverse-temperature crystal-
lization method were summarized in Fig. 2b. Growth rates were
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Fig. 2 (a) The temperature—time profile associated with the process of

crystal growth. (b) The rate of growth of single crystals grown using the
inverse-temperature crystallization method and the steady-state inverse-
temperature crystallization method. (c) The nucleation curve alongside the
solubility curve of MAPbBr3 in DMF solvent. (d) The diagram illustrates
the distinctions using inverse-temperature crystallization methods. (e) The
images of single crystals were cultivated using the inverse-temperature
crystallization method. (f) The diagram illustrates the distinctions using
steady-state inverse-temperature crystallization methods. (g) The images
of single crystals cultivated using the steady-state inverse-tempera-
ture crystallization method. Reprinted with permission.”> Copyright
2024, Wiley-VCH GmbH.
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calculated by graphing volume against time and differentiating
the resulting curve at consecutive temperature checkpoints.
This methodology yielded quantitative evidence indicating that
the inverse-temperature crystallization method exhibited quasi-
linear kinetics, whereas the conventional inverse-temperature
crystallization demonstrated significant acceleration. The
concentration of the solution consistently decreased as the
temperature increased while the rate of crystal growth intensi-
fied, illustrating the influence of temperature on the dynamics
of crystallization. To clarify the growth behavior in greater
detail, nucleation and solubility diagrams of MAPbBr; were
illustrated in Fig. 2c, dividing the concentration-temperature
domain into unsaturated, stable, and unstable regions. Identi-
fying the operational route within the stable window required a
careful equilibrium between supersaturation and thermal driv-
ing force. Deviations into the unstable field-initiated burst
nucleation, resulting in increased defect densities and destroy-
ing optical clarity. In the unsaturated region, the solution
remained below saturation levels, effectively preventing nuclea-
tion; any temporary nuclei or crystals quickly dissolved.

In contrast to traditional inverse-temperature crystallization,
the steady-state protocol maintains the solution within a stable
region throughout the growth process, which is essential for
producing high-quality crystals. Inconsistencies in crystal qual-
ity were explained by comparing the nucleation and growth
routes for inverse-temperature crystallization, as illustrated
schematically in Fig. 2d and f. Ring-like textures observed in
specimens grown through inverse-temperature crystallization
resulted from temporal fluctuations in growth velocity, leading
to the development of non-linear expansion zones. At the same
time, the depletion of solute around the growing crystals
limited the expansion in their central areas. In contrast, the
inverse-temperature crystallization method ensured meticu-
lously controlled growth rates, thereby preventing the for-
mation of non-linear domains. As a result, crystals grew
uniformly after nucleation, and a higher initial heating rate
accelerated supersaturation, enabling specimens to reach the
vertical limit swiftly and avoid non-linear patterns. Fig. 2e and g
illustrate photographic comparisons of crystals generated
through the inverse-temperature crystallization technique and
the inverse-temperature crystallization method, respectively.
Examination revealed no significant difference in size between
the crystals generated by the two methods.

The process of anti-solvent crystallization offers a straight-
forward method for producing large perovskite single crystals.
The method takes advantage of the differences in solubility
between the growth solvent and a volatile anti-solvent by care-
fully controlling vapor diffusion; the liquid composition within
the vessel is gradually altered until supersaturation occurs and
nuclei begin to form.”>”> Following this, an influx of vapor
allows a gradual decrease in solubility, enabling several nuclei
to develop into centimeter-scale bulk crystals. This approach
offers a significant benefit due to its limited dependence on
thermal control. In contrast to inverse-temperature crystal-
lization, the evolution of crystals in this method is predomi-
nantly influenced by mass transfer rather than heating. As a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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result, the processes become more straightforward in terms of
reproducibility and scaling, as the need for precise temperature
control, specialized devices, and significant thermal gradients
is eliminated. Consistent crystal quality can thus be attained
under ambient or only slightly elevated temperatures.

Qin reported the synthesis of a CsPbBr;/Cs,PbBrs composite
material featuring a hexagonal tower structure, achieved
through a rapid anti-solvent vapor-assisted technique.”® The
methylene chloride acts as an anti-solvent, volatilizing at
approximately 40 °C when heated and subsequently entering
the precursor solution in a gaseous form. The solubility of
cesium, lead, and bromide ions in methylene chloride is
significantly lower compared to their solubility in DMF. When
the DMF solution is combined with dichloromethane, the
CsPbBr;/Cs,PbBrs composite material precipitates from the
mixed solution. The duration of this reaction process ranges
from 3 to 10 min, contingent upon the volatilization tempera-
ture. During the anti-solvent vapor-assisted experiment, the
introduction of anti-solvent vapor into the precursor solution
induces a localized change in solubility near the gas molecules.
This rapid alteration leads to significant precipitation, allowing
for uniform crystallization of the material within a brief
period, ultimately yielding a composite material with excellent
dispersion.

Also, Ding et al. introduced a strategy for regulating crystalli-
zation kinetics aimed at the mass production of thin Cs;Bi,Br,
platelet single crystals through an anti-solvent-mediated cool-
ing crystallization method.”” Cs3Bi,Br, single crystals produced
via the conventional slow-cooling crystallization method,
without the use of ligands or spatial confinement, exhibited
polyhedral geometries. A protocol for additive-mediated slow-
cooling crystallization was established to modulate kinetic
parameters, resulting in the successful production of thin
Cs;3Bi,Bry single crystals. The additive-mediated slow-cooling
crystallization strategy successfully produced batch-scale plate-
like Cs;3;Bi,Bry crystals characterized by uniform morphology,
significant lateral dimensions, and a notably shortened pre-
paration time. Thin Cs;Bi,Brg crystals appeared 3 s following
the injection of the anti-solvent in Fig. 3a. An image obtained
through scanning electron microscopy (SEM) displayed a plate-
let with a smooth surface, measuring approximately 152 pm in
lateral dimension and around 1.5 pm in thickness Fig. 3b. The
energy-dispersive X-ray spectroscopy (EDS) mapping and spec-
tra presented in Fig. 3b validate the uniform distributions of
Cs, Bi, and Br, as well as the anticipated stoichiometry of
Cs;Bi,Bry. The X-ray diffraction (XRD) patterns for polyhedral
Cs;3Bi,Brg grown by conventional slow cooling crystallization
and platelet crystals produced by additive-mediated slow-
cooling crystallization are shown in Fig. 3c. Each reflection
corresponds to the characteristic Cs;Bi,Bry peaks, demonstrat-
ing impurity-free crystal growth. Reflections aligned with the
{001} facets of the thin platelets displayed remarkably intense
signals, indicating a pronounced crystallographic orientation.
The selected-area electron diffraction (SAED) pattern, as shown
in Fig. 3d, exhibits clearly defined hexagonal spot sets, con-
firming the single-crystal nature and outstanding crystallinity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Images recording the reaction process following the injection of
anti-solvent throughout 300 s. (b) SEM and EDS mapping images of
Cs3BisBrg platelets are presented. (c) The XRD pattern of the CszBiBrg
polyhedra and CszBi>Brg platelets is presented. (d) Selected area electron
diffraction pattern of a thin CssBi,Brg platelet. (€) XRD patterns and
(f) optical images of Cs3Bi,Brg platelets have been obtained and analyzed.
(g) Correlation of intensity ratio lpo3/l102, dimensions/thickness of the
Cs3BixBrg platelets, and the proportion of anti-solvent. (h) Schematic
representation illustrates growth behavior influenced by the regulation of
crystallization kinetics. Reprinted with permission.”” Copyright 2025, The
Royal Society of Chemistry.

The growth of reduced-dimensional lead-free metal halide
perovskite via additive-mediated slow-cooling crystallization
was systematically examined, focusing on the effects of the
proportion and identity of the anti-solvent on crystal morpho-
logy. The XRD pattern shown in Fig. 3e demonstrated a
progressive increase in the relative intensity of {001} reflections
as the anti-solvent content increased. Concurrently, thin hexa-
gonal platelets emerged gradually, with their lateral dimen-
sions expanding in Fig. 3f. The morphological evolution shows
in Fig. 3g, where the dimension-to-thickness ratio reaches its
maximum at approximately 100. As shown in Fig. 3f, the lower
formation energy of Cs;Bi,Br, crystal facets oriented perpendi-
cular to the z-axis resulted in the introduction of an anti-
solvent, which created a rapid crystallization kinetic driving
force. This immediately increased growth velocities along the
x and y directions, ultimately leading to the formation of

Mater. Adv., 2026, 7, 2579-2594 | 2583
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Cs;3Bi,Bry platelets. The additive-mediated slow-cooling crystal-
lization synthesis demonstrated that a high anti-solvent frac-
tion contributed to an accelerated kinetic factor, promoting the
growth of larger, thinner Cs;Bi,Bry platelet single crystals.
Batch reproducibility was confirmed through various prepara-
tions, and the optical clarity of the resulting platelets was found
to be appropriate for optoelectronic characterization.

In solution-based methods, the production of single crystals
typically involves the gradual evaporation of the solvent from a
precursor. As molecules transition from the liquid phase, the
concentration of solute increases until the point of super-
saturation is achieved, leading to the formation of nuclei. The
gentle warming of the solution can enhance evaporation, a
notion similar to inverse temperature crystallization. However,
the solubility profile in an evaporation-driven scheme remains
lower than that observed in inverse temperature crystallization.
The growth rate is determined by the intricate balance between
the supply and removal of solvent, requiring precise control
over temperature, airflow, and vessel geometry to achieve uni-
form large crystals. It is essential to choose a solvent that
dissolves the halide salts to a moderate extent without excessive
dissolution. An intermediate affinity solvent enables gradual
supersaturation, inhibits spontaneous nucleation, and pro-
motes a continuous layer-by-layer addition process, resulting
in centimeter-scale perovskite single crystals.

With the resulting single crystals available, the device layout
and dielectric/contact selections are determined to align fields
and minimize ionic screening, effectively converting crystal
quality into the FET metrics that dictate AI inference efficiency
(threshold stability, subthreshold slope, ON/OFF ratio, and
mobility).

4. Performance parameters of
perovskite FETs

A FET operates as a three-terminal device that utilizes an
applied electric field to guide charge through a semiconductor
system, serving as a fundamental component of contemporary
electronics. The architecture features a gate electrode, accom-
panied by source and drain contacts, with a thin semiconductor
film connecting these contacts and a gate dielectric that
ensures electrical isolation of the gate while maintaining con-
trol over the channel. When appropriate voltages are applied to
the gate (Vgs) and drain (Vpg), the gate potential reorganizes
carriers within the channel, thus controlling the current flow
between the source and drain.”®”? Two fundamental layout
families prevail in the fabrication practices of contemporary
manufacturing. In floated configurations such as top gate
bottom contact and bottom gate top contact, the semiconduc-
tor is positioned between the dielectric layer and the metallic
electrodes. The substantial overlap reduces contact resistance
and significantly enhances drive current across various levels.
Coplanar formats such as bottom gate bottom contact and top
gate top contact position the dielectric on the same side of
the semiconductor as the electrodes, thus simplifying the
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lithography process.?>®' However, this geometry frequently
results in an uneven charge density near the channel, where
Schottky barriers typically form. The presence of unwanted
capacitance due to gate overlap can reduce the apparent
mobility and interfere with switching speeds. The process of
selecting a layout requires optimal electrical performance, such
as ease of manufacturing, cost efficiency, yield, and scalability.
Floated designs enhance carrier injection, whereas coplanar
configurations integrate seamlessly with conventional pattern-
ing techniques.

Coplanar layouts provide a straightforward approach for
scaling across extensive substrates, as they align seamlessly
with existing lithography, printing, and encapsulation pro-
cesses, while accommodating web handling for flexible foils.
Floated architectures offer enhanced contact injection; how-
ever, they typically necessitate more precise alignment and
multilayer stacking, which can complicate yield and reliability
when subjected to bending in comparison to planar methods.
Vertical transistors present an intriguing combination of
density and short-channel control. However, they depend on
precise thickness management and conformal patterning of
stacked electrodes. This positions them as promising candi-
dates for specialized high-performance pixels and neuro-
morphic tiles, though they are not yet fully prepared for roll-
to-roll or panel-level manufacturing. Electrical factors signifi-
cantly influence overall throughput, requiring attention to
mechanical alignment and backend compatibility. The biases
applied to the gate and drain collaboratively establish the
electric-field distribution throughout the channel, which in
turn influences the behavior of the FET.?>%* As Vs exceeds a
certain threshold, carriers accumulate at the semiconductor-
dielectric interface, and their surface density corresponds to
the gate overdrive level. If Vgg remains beneath that threshold,
the channel does not possess carriers and stays inactive.*®”
The onset voltage indicates the threshold at which the drain
current surpasses the inherent noise level. The subthreshold
slope indicates the rate at which current transitions from OFF
to ON, thus reflecting the overall interface trap density and the
capacitance of the gate insulator. The ON/OFF current ratio
measures the extent to which the conductive state exceeds
leakage, serving as a crucial indicator of device reliability.***°
The strength of coupling is influenced by the thickness of
the oxide and its breakdown field, while the channel length
can range from a few micrometers to several hundred. Broad
channels produce quantifiable current for preliminary evalua-
tion.°*®> High permeability oxides or polymer insulators
enable the use of thinner gate films and lower operating
voltages; however, they also present challenges concerning
interface dipoles and long-term thermal endurance. The selec-
tion of electrode material has a significant impact on the final
electrical performance and stability metrics of the device. The
use of evaporated gold in p-type transport aligns with the
valence band, facilitating hole flow, while alternative metals
adjust their energy levels to achieve n-type or ambipolar
conduction. Silver (Ag), nickel (Ni), and titanium (Ti) show
instances where the band alignment is adjusted to favor
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electrons or effectively balance both types of carriers.
metals considered inert can chemically react at the perovskite
surface when subjected to bias or illumination, leading to the
formation of interfacial compounds or experiencing halide
corrosion. This ongoing evolution progressively modifies injec-
tion barriers during extended operation. Monolayers designed
on bottom contact electrodes can efficiently adjust work func-
tion without changing the bulk metal; however, this method is
significantly less accessible in top contact configurations.
A dual-gate platform enables distinct potentials above and
below the channel, allowing for precise tuning of carrier
density, which enables the selection of electron or hole flow
as needed for adaptable circuits.’®°® Opposite-polarity voltages
applied to the two gates enable the coexistence of different
carrier types within a single channel, a crucial characteristic for
complementary logic constructed from a semiconductor layer.
The formulation of dielectrics plays a crucial role in determin-
ing the reliability of devices, particularly in terms of breakdown
strength and stability. A polymer insulator applied directly onto
perovskite effortlessly adheres to surface irregularities, provid-
ing effective protection against unwanted ambient moisture for
the grains. The process of atomic layer deposition for oxide
dielectrics offers enhanced breakdown strength and sustained
lower leakage, contingent upon maintaining gentle processing
temperatures and chemicals suitable for the sensitive perovs-
kite interface.’®'% The capacitance of the gate insulator deter-
mines the effective bias window, and any charge that becomes
trapped at the interface alters the threshold, making it challeng-
ing to evaluate mobility with precision and comprehensiveness.
Mobile ions serve as a notable and enduring contributor to
hysteresis and general temporal drift in devices. These species
fully modify channel conductance and modify local potentials at
electrodes, subsequently leading to variations in injection bar-
rier height. Maintaining control over ion motion through com-
position tuning, passivation, or encapsulation is essential for
achieving stability in large-area arrays.

In addition to reducing uncontrolled drift, single-crystal perov-
skite FETs can be tailored to harness subtle, field-programmable
ionic redistribution at specifically designed interfaces. This cap-
ability allows for conductance updates and synaptic weighting akin
to transistors, which are enabled by electrical or optical pulses.
By combining defect-lean lattices with asymmetric contacts and
dual-gate field profiles, the same architecture can alternate between
stable switching and reconfigurable analog states, establishing
these devices as viable components for Al-ready neuromorphic
hardware. The subsequent case studies in 3D single-crystal FETs
exemplify these design principles, showing how surface chemistry
and contact energetics transform material and layout selections
into consistent performance at room temperature.

5. 3D single-crystal halide perovskite
FETs

Recent advancements in crystal engineering and interface
design have sparked renewed interest in 3D halide perovskite
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single-crystal FETs. This section provides the essential strategies
and performance metrics that helped achieve stable, low-
hysteresis operation in 3D perovskite single-crystal FETs. She
et al. revealed that a three-step, solution-driven approach for
surface cleaning and passivation effectively reduced ionic defect
populations at halide perovskite MAPbI; surfaces, all while pre-
serving the integrity of the crystal lattice."”" The process began
with an initial rinse that removed loosely attached defective
components, followed by a healing phase that maintained the
film’s surface structure while allowing ionic vacancies to recom-
bine and ended with a final rinse. The carrying out of the trilogy in
a tert-amyl alcohol/cyclohexane co-solvent achieved an optimal
balance of polarity. The relevant precursors and ionic impurities
maintained adequate solubility to migrate toward or away from
the interface. At the same time, the extraction of methylammo-
nium or iodide, in addition to slow dissolution-recrystallization
dynamics that could compromise the lattice, was effectively
avoided. The treatment effectively inhibited ionic defect migration
and produced FETs that exhibited minimal hysteresis in both p-
type and n-type operating modes. Following electrical character-
ization revealed that threshold voltages shifted by less than 1 V
during extended bias cycling in ambient humidity, emphasizing
the chemical durability provided by the surface protocol across
numerous cycles. The further refinement of contact resistance
and grain morphology presents a promising opportunity for
achieving additional performance enhancements. The devices
using this approach demonstrated n- and p-type mobilities of
3.0 cm®> V' 57! and 1.8 em® V' s, respectively, at 300 K;
additionally, n-type transport achieved 9.2 cm®* V™' 57" at 80 K.

Also, Senanaya et al. clarified the sources of operational
instabilities and developed a feasible approach to address
them, resulting in RboCsFAMAPbDI; FETs that demonstrate mini-
mal hysteresis, stable threshold voltages (AVy, < 2 V over
10 hours of continuous operation), and room-temperature
mobilities exceeding 1 em® V' s~ *, which provides exceptional
electronic performance.’®® The integration of various A-site
cations, such as strain-relieving Cs and passivation-focused
Rb, proves to be an effective strategy for reducing vacancy
populations and limiting ion migration in perovskite FETs.
This approach enhances operational stability and charge trans-
port when subjected to electric stress. Furthermore, subjecting
the perovskite layer to positive-azeotrope solvent treatments
that act as Lewis bases or acids significantly reduces defect
density. It dramatically enhances both performance and long-
term stability for n-type or p-type perovskite electronic devices
functioning in ambient conditions.

Zhou et al. presented a method for polymer grain-boundary
passivation that effectively managed harmful ion migration in
methylammonium lead iodide MAPbI; FETs.'® The chosen
additive, polycaprolactone, effectively passivated MAPI; bound-
aries, resulting in a significant reduction of hysteresis in the
transistor transfer curves compared to pristine MAPbI; devices
prepared under the same conditions. Furthermore, the addi-
tion of polycaprolactone enhanced the ON/OFF ratio to 50 and
the mobility to 3 x 107° cm® V~ ' s~ " at a loading concentration
of 1 mg mL™", whereas the untreated transistors exhibited
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values of 40 and 1 x 10> em® V' s'. At the maximum
concentration of polycaprolactone, measured at 4 mg mL ™,
the MAPDI; transistor exhibited the least amount of hysteresis.
It even showed potential for ambipolar transport, differing
from the dominant n-type charge-carrier behavior observed in
the control group of pristine devices. The results corresponded
to the successful reduction of iodide ion migration and simul-
taneous passivation of boundary-associated traps by polycapro-
lactone. This was supported by an observed increase in the
measured activation energy (E,) for ion motion following
the incorporation of the additive, accompanied by improved
photoluminescence emission intensity and an extended decay
lifetime.

Also, Zou et al. outlined a method for constructing high-
performance perovskite FETs that functioned at room tempera-
ture, utilizing a Schottky junction formed between a monolayer-
graphene source contact and a MAPbBr; microplate.'®* Fig. 4a
and b illustrate pseudo-color images of the microplates, each
with a thickness of 3.88 um. The images demonstrate an
exceptionally smooth surface and a well-defined perimeter.
Fig. 4c illustrates the architecture of the device. In this struc-
ture, the graphene layer served as the bottom source electrode,
directly interfacing with the perovskite active layer, while an Au
film operated as the top drain electrode. The output curves
presented in Fig. 4d were collected at various gate voltages,
illustrating effective gate control. The transistor exhibited
ambipolar transport due to the presence of a gate-tunable
Schottky barrier situated between the graphene electrode and
the perovskite lattice, which assisted the dynamic regulation of
carrier-injection barriers via electrostatic gating. The operating
principle has been explained through the energy-band align-
ment depicted in Fig. 4e. Graphene exhibited a work function
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Fig. 4 (a) Pseudocolor plot and (b) 3D pseudocolor plot of the MAPbBr3
microplate. The thickness is 3.88 um. (c) Schematic illustration of the FET
based on MAPbBrs; microplates. (d) The output characteristics under
different gate biases. (e) The band structure under (i) negative gate
voltage and (ii) positive gate voltage at zero drain—source bias. (f) The
transfer characteristics. (g) The statistics of carrier mobilities of 20
devices. Reprinted with permission.’®* Copyright 2022, American Chemical
Society.
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that could be adjusted around its charge-neutrality point.
Due to the weak electrostatic shielding and low state density
of graphene, the barrier height at the graphene-perovskite
interface exhibited significantly greater sensitivity to gate bias
compared to the barrier at the Au-perovskite interface located
above. With negative gate bias applied, holes were collected at
the graphene/perovskite interface, causing a downward shift in
the graphene Fermi level. This shift led to a decrease in the
hole-injection barrier, resulting in a significant negative, hole-
dominated drain current. On the other hand, applying a
positive gate bias elevated the graphene Fermi level, creating
a significant barrier to hole movement and facilitating electron
injection; as a result, the direction of the drain-source current
changed. This adjustable Schottky barrier demonstrated signi-
ficant improvements in the ON/OFF ratio and current density.
The FET displayed a U-shaped transfer curve with clear p-type
and n-type branches at varying Vgg, as illustrated in Fig. 4f, thus
confirming its ambipolar behavior. During the sweep of Vgg
from —60 V to —27 V, with the drain-source voltage Vpg held
constant at —20 V, the device exhibited a clear transition
between off and on states, achieving an ON/OFF ratio of
2.64 x 10 and a current density of 2.69 A cm ™. Fig. 4¢g presents
a summary of the statistical mobility distribution derived from
20 identically processed FETs. The saturation mobilities were
measured at 23.39 cm” V' s~" for electrons and 14.93 cm® V" s~
for holes. Regardless of whether the transistor was biased into an
n-channel or p-channel window, the exceptional field-effect
metrics were traced to two factors. The drain-to-source electric
field was oriented parallel to the gate-induced field, significantly
reducing ion-migration effects.

Yang et al. reported that the epitaxial synthesis of all-in-
organic halide perovskite CsPbBr; single crystals was achieved
under near-ambient conditions through a simple yet controlled
solution method.'® Two representative crystalline substrates,
SrTiO3, and mica, serve as lattice templates for growth, corres-
ponding to ionic epitaxy and van der Waals epitaxy, respec-
tively. The process of epitaxial deposition of CsPbBr;
single crystals on both layers occurs within a space-confined
geometry. In this environment, a supersaturated precursor film
gradually transforms into the perovskite phase, all while mini-
mizing convective flow. Micrographs obtained from optical
microscopy (Fig. 5a) and scanning electron microscopy (SEM,
Fig. 5b) show that the crystals grown on SrTiO; display mirror-
flat facets and lateral dimensions nearing several hundred um,
a scale that is advantageous for device integration. The deli-
neated rectangular shape directly illustrates the cubic symme-
try that is intrinsic to the CsPbBr; lattice. High-resolution
atomic force microscopy (AFM, Fig. 5c¢) provides additional
confirmation of a pristine, even, and uniform surface with a
root-mean-square roughness of <1 nm, demonstrating the
exceptional quality of the sample and the remarkable unifor-
mity of thickness across the terrace. Thermal evaporation was
employed to deposit Ti/Au source-drain contacts onto the
CsPbBr; crystal. This was succeeded by the application of a
250 nm poly(methyl methacrylate) (PMMA) film, which serves
as the gate dielectric while maintaining the epitaxial alignment
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Fig. 5 (a) Optical image depicting the CPB single crystal, characterized by
a regular rectangular shape, positioned on the SrTiOs substrate. (b) Top-
view SEM image of the CsPbBrs single crystal. (c) Tapping-mode AFM
topography imaging reveals the smooth and uniform surface of the
epitaxially grown single crystal. (d) Diagram illustrating the structure of
the FET. (e) Top view of the FET device utilizing a CsPbBrs single crystal,
incorporating PMMA as the gate dielectric. (f) Dual-sweep transfer curves
of the FET at a source—drain voltage of —1 V. Reprinted with permission.1°®
Copyright 2021, American Chemical Society.

with the underlying SrTiO; support (Fig. 5d). A Ti/Au stack was
subsequently utilized as the gate electrode, carefully deposited
on the PMMA layer. Fig. 5e presents a detailed top-view optical
micrograph of the completed FETs, showing an active channel
length (L) of 50 pm and a channel width (W) of 300 um,
dimensions that effectively balance current drive and parasitic
resistance. Fig. 5¢ presents dual-sweep transfer curves, specifi-
cally the source-drain current (Ips) as a function of the gate
voltage (Vss) obtained from the CsPbBr; single-crystal device,
which operates within a stable p-type transport regime. The
outstanding electrical performance is attributed to atomically
coherent epitaxy, which produces crystals free of threading
dislocations or planar faults that could serve as deep centers.
The transfer characteristics show minimal hysteresis, a trait
that has been consistently documented but rarely addressed
in the context of solution-processed halide perovskite electro-
nics. Fig. 5f demonstrates that the hysteresis observed during
extensive continuous and cyclic operation at room tempera-
ture for each CsPbBr; single-crystal FET is insignificant, even
when subjected to bidirectional gate bias. Ion migration,
caused by vacancy or interstitial defects, serves as the primary
mechanism that induces hysteresis, which partially shields
the gate electric field. This results in moderate field-effect
mobility and constrained operational stability in halide
perovskite FETSs.

Bruevich et al. reported the intrinsic charge conduction
regime in lead halide perovskite FETs, showing a transport
landscape that had previously been obscured by defect-
mediated scattering.’®® This significant development arises
from three synchronized advancements. Initially, the enhanced
vapor-phase epitaxy method yields extensive single-crystal
CsPbBr; films characterized by atomically smooth terraces
and remarkably low levels of structural defects and electronic
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traps, specifically within the range that influences device
performance. Additionally, thin film and surface diagnostics,
such as X-ray diffraction and photoelectron spectroscopy, vali-
date the exceptional chemical purity and crystallographic order
of the material. Also, perfect trap-free transistors exceeded all
previous performance benchmarks. These devices enable direct
assessments of intrinsic FET and gated Hall mobilities as they
relate to temperature variations. As the temperature decreases,
the mobility increases from approximately 30 ecm® V' s7*
under ambient conditions to around 250 cm> V' s™" at 50 K,
distinctly showing band-like transport constrained by phonon
scattering.

Zhou et al. demonstrated that a FET constructed from a
CsPbBr; microplatelet through van der Waals epitaxial growth,
where a monolayer graphene substrate acted as the source
contact and established a vertical Schottky junction.'®” Fig. 6a
presents a schematic representation of the vertical device.
In this configuration, the SiO, layer on the silicon wafer served
as the gate dielectric, allowing the applied gate potential to
effectively penetrate the graphene and modulate charge popu-
lations within the CsPbBr; crystal. The graphene served as both
the source and drain electrodes: one section stayed on the basal
graphene sheet. In contrast, another section was positioned on
the CsPbBr; microplate, creating a vertical stack with the gate
bias vector in a line parallel to the drain-source bias vector.
Fig. 6b and c present optical microscopy images of the 3.88 pm
thick microplate acquired prior to and following Au deposition.
The photographs demonstrated that the evaporated metal on
the CsPbBr; surface was positioned on a plane separate from
that of the graphene substrate, thus validating the intended
step geometry. A cross-sectional SEM was recorded after metal

60 -5 40 -3 20 -0 0 10
Vg (V)

Fig. 6 (a) A schematic illustration of the vertical transistor using CsPbBrs.
(b) Optical image showing a typical CsPbBrs single-crystal that has been
grown on a graphene substrate through the process of van der Waals
epitaxy. (c) Optical image of the CsPbBrs single-crystal following the
thermal evaporation of metal electrodes. (d) Cross-sectional SEM image
of CsPbBrz following thermal evaporation. Carrier transport diagrams for
(e) vertical and (f) planar transistors, respectively. Output characteristics of
(g) vertical transistors and (h) planar transistors. Transfer characteristics
of (i) vertical transistors and (j) planar transistors. Reprinted with
permission.®” Copyright 2020, The Royal Society of Chemistry.
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evaporation to rigorously verify the deposition strategy, as
shown in Fig. 6d. A typical cuboid associated with the single
crystal was observed, enveloped by a thin metallic layer, with an
additional layer of the same metal also applied to the substrate.
Fig. 6e illustrates that the conductive channel length matched
the thickness of the CsPbBr;, and this exceptionally short
pathway provided the device with swift response and field-
effect characteristics. The issue of ion migration, typically a
concern in perovskite electronics, was low in this instance due
to the alignment of the gate field and the drain-source field in
the same direction. Conversely, planar transistors experience
gate screening due to the movement of ions, as illustrated in
Fig. 6f. The output characteristics illustrated in Fig. 6g revealed
that the drain-source current Is increased as the gate voltage
Vis became more negative, signifying p-type majority transport.
The significant variation of Ins with Vgs demonstrated remark-
able gate modulation. Fig. 6i illustrates that the ON/OFF ratio
exceeded 10° at room temperature, exceeding similar MoS,
devices by approximately one to 2 orders of magnitude. The
measured planar channel length was 20 pm, significantly
exceeding that of the vertical counterpart. At a drain bias of
—0.5 V, the planar output curve depicted in Fig. 6h exhibited a
nearly flat response. Even when Vps was increased to —5 V,
substantial current was observed only with considerable gate
swings, resulting in an ON/OFF ratio of only 5 x 10%, which is
approximately three decades lower than that of the vertical
device. Fig. 6j presents the transfer curve of the planar transis-
tor obtained at Vps = —5 V. As Vs approached —40 V, the
current steadily reached a saturation point. The current density
measured was 0.01 A cm ™2 at Vpg = —5 V and Vgg = —60 V, which
is 3 orders of magnitude lower than that observed in the vertical
configuration.

Halide perovskites exhibited exceptional optical character-
istics that were utilized in the development of phototransistors
with improved responsiveness. Nonetheless, the constraints
of limited current modulation at ambient temperature, signifi-
cant environmental sensitivity, a lack of dependable patterning
techniques, and moderate carrier mobility have impeded
advancements in perovskite phototransistors. This has
resulted in experimentation being confined mainly to rigid
silicon or glass platforms, where improv ed morphological
quality could be guaranteed in advance. Khorramshabhi et al.
recorded the modulation of ambient temperature currents in
MAPbI; phototransistors.'®® The resulting phototransistor
used a top-gate architecture with a lateral drain-channel-
source arrangement. Phototransistor functioned in both lin-
ear and saturation regimes in the absence of light and under
white illumination, producing varying current ranges that
corresponded to the specific optical excitation conditions
applied. The transistor demonstrated p-type transport char-
acteristics, with an estimated field-effect mobility of approxi-
mately 1.7 x 10 > em®> V' ' s,

Driven by the existing constraints in 3D lattices, utilize
layered 2D single crystals, where the dielectric confinement and
spacer-cation manipulation enhance ionic activation barriers,
allowing lower-voltage, memory-compatible Al circuits.
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6. Layered 2D single-crystal halide
perovskite FETs

Layered 2D halide perovskite single crystals present an appeal-
ing alternative to their 3D, showing enhanced dielectric
confinement, superior moisture and thermal durability, and
significantly reduced ion migration. The implementation of
these features results in reduced hysteresis and enhanced bias
stability, which together expand the functional range for low-
power, high-gain FETs. The following section emphasizes
the essential synthetic approaches and device designs that take
advantage of these benefits to realize millimeter-scale 2D
perovskite FETs with competitive electronic performance.
Ulaganathan et al reported the growth of phase-pure,
millimeter-scale, 2D (BA),FAPD,I, single crystals using a slow-
evaporation, constant-temperature solution method.'*® Fig. 7a
depicts the FET fabricated from a single crystal and exposed to
a 488 nm laser. The I, was observed under a constant Vpg in
both dark and illuminated conditions; as illustrated in Fig. 7b,
the current exhibited a linear increase with rising photon flux.
Fig. 7c demonstrates the relationship between the extracted
photocurrent and the incident laser power (P), whereas Fig. 7d
shows the responsivity (R;) measured at 488 nm. A peak R; of
approximately 5.0 A W' at 3.5 uW was attained without
implementing any supplementary sensitization strategy.
Adjusting the back-gate voltage (V) proved to be a signifi-
cant tool for further improvement. As Vg was varied from
0 to +120 V, there was a substantial increase in R;, reaching
63 AW, Fig. 7e illustrates transfer curves obtained within the
range of —80 V to +120 V, showing a significant increase in
channel current with positive gating. This behavior confirmed
n-type conduction and validated that electrons acted as the
predominant carriers within the (BA),FAPb,I, lattice. Fig. 7f
illustrates the progression of R; about gate bias, demonstrating
a steady increase from 3.8 AW at 0 Vto 63 AW ' at +120 V.
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Fig. 7 (a) A schematic illustration of the (BA),FAPb,l; FET device is
presented. (b) Ips—Vps curves were measured in the absence of light and
during laser exposure at varying intensities. (c) The relationship between
irradiance and photocurrent of the device. (d) Responsivity is a function of
illumination intensity that ranges from 3.5 to 98 pW at a wavelength of
488 nm. (e) The Ips—Vpg curve was obtained. (f) The R, of the (BA),FAPb,l,
photodetector is presented as a function of Vg Reprinted with
permission.*%° Copyright 2021, Wiley-VCH GmbH.
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Qiu et al. presented a low-temperature solution method for
the synthesis of (BA),(MA);Pb,l;; 2D FET.''® FETs were con-
structed by placing a SnO, buffer between the substrate and the
single-crystal layer, along with the incorporation of NH,CI into
the precursor. The oxide buffer in line the perovskite layer
parallel to the surface, whereas the chloride salt enhanced
crystalline order and concurrently passivated electronic traps
via gentle doping. The interaction of these factors limited ion
migration while enhancing effective charge transport. The
completed transistors exhibited room-temperature mobilities
almost 1072 cm? V™! 57! and an ONJ/OFF ratio close to 10,
demonstrating minimal hysteresis throughout the sweeping
cycles.

Halide perovskites that include chiral organic ligand mole-
cules exhibit sensitivity to both left- and right-handed circularly
polarized light, which could facilitate selective detection of
circularly polarized light. Hu et al investigated the photo-
responses in chiral ((S)-(—)-o-methyl benzylamine),Pbl, and
((R)(+)-o-methyl benzylamine),Pbl,, referred to as (S-MBA),Pbl,
and (R-MBA),Pbl,, respectively, using a thin-film FET configu-
ration."™ Fig. 8a~f illustrate the drain-source current profiles for
(S- and R-MBA),Pbl, transistors subjected to left- and right-
circularly polarized light (LCP: left-handed circular polarized,
RCP: righthanded circular polarized) of the same intensity,
6.3 mW cm ™2, recorded at temperatures of 300, 220, and 77 K
with Vgs set to 0 V. It was clear that (S-MBA),Pbl, transistors
produced a stronger photocurrent when exposed to LCP com-
pared to RCP, while (R-MBA),Pbl, exhibited a higher photo-
current under RCP than LCP throughout the tested bias range,
Vps = —20 to 0 V, at temperatures of 300 K, 220 K, and 77 K,
respectively, in the measurements conducted. This observation
confirms that the left-handed chiral perovskite (S-MBA),Pbl,
exhibited a stronger response to LCP illumination compared to
RCP. In contrast, the right-handed analog demonstrated the
opposite behavior under identical conditions. Fig. 8g and h
illustrated the variation of Ipg-Vpg curves for 20 wt%
(S-MBA),Pbl, and (R-MBA),Pbl, transistors, functioning in
photoconductor mode (Vgs = 0 V), as a function of temperature
under 447 nm illumination, utilizing LCP or RCP beams with
an intensity of 6.3 mW cm > across the temperatures of 300,
220, and 77 K. The output current, observed during the sweep
of Vps from —20 to 0 V, clearly displayed an initial linear
section, which was subsequently followed by a noticeable
saturation plateau. The Ips responses from 20 wt% (S- and
R-MBA),Pbl, transistors, shown in Fig. 8g and h, exhibited a
linear region for Vpg ranging from —3 to 0 V, followed by
a saturation region extending to —20 V. Fig. 8g illustrates the
Ins—Vps response of a 20 wt% (S-MBA),Pbl, transistor when
subjected to LCP illumination at a consistent light intensity of
6.3 mW cm 2. At 300 K, the photocurrent measured 1.02 x
10~ A, then decreased by approximately one order to 1.12 x
107® A at 150 K and ultimately fell to 7.41 x 10 '° A when
cooled to the minimum temperature of 77 K, which was the
recorded measurement. A similar thermal trend was observed
for the 20 wt% (R-MBA),Pbl, transistor when subjected to RCP
illumination at 6.3 mW cm™ 2, as illustrated in Fig. 8h during
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Fig. 8 The output current of a (S-MBA),Pbls-based FET was measured
under LCP and RCP illuminations, along with the corresponding outputs in
dark conditions at (a) 300 K, (b) 220 K, and (c) 77 K, respectively. The output
current under incident LCP and RCP illuminations with a light intensity
of 6.3 mW cm~2 and the corresponding outputs in dark conditions at
(d) 300 K, (e) 220 K, and (f) 77 K, respectively. Output curves of (g) a 20 wt%
(S-MBA),Pbl4-based FET for temperatures spanning from 77 to 300 K
under LCP illumination. (h) Ips—Vps characteristics of a 20 wt%
(R-MBA),Pbl, FET under RCP illumination. Logarithmic photocurrent for
(i) @ 20 wt% (S-MBA),Pbl4-based FET under LCP light illumination with and
() a 20 wt% (R-MBA),Pbl, FET in the presence of RCP light illumination.
Reprinted with permission ! Copyright 2023, American Chemical Society.

the intensity testing phase. Current values of 8.43 x 10™° A,
8.11 x 107° A, and 5.51 x 10~ ' A were recorded at tempera-
tures of 300 K, 150 K, and 77 K, respectively. To investigate the
thermal influence in greater detail, logarithmic photocurrent
was plotted against reciprocal temperature for 20 wt%
(S-MBA),Pbl, under LCP and 20 wt% (R-MBA),Pbl, under
RCP, each illuminated at 6.3 mW cm ™2 while Vg was fixed at
1, 3, 0r 10 Vand Vgs maintained at 0 V, resulting in the thermal-
activation graphs of Fig. 8i and j. Notably, both devices exhib-
ited nearly identical Is evolutions versus 1/T, suggesting

Mater. Adv,, 2026, 7, 2579-2594 | 2589
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similar carrier transport mechanisms irrespective of molecular
handedness across the examined range of cooling and heating.

Also, Liao et al. synthesized four tin-iodide layered perovskite
single crystals, 3-(aminomethyl)piperidinium tin iodide (3AMPSnl,,
3A), 4-(aminomethyl)piperidinium tin iodide (4AMPSnl,, 4A),
3-(aminomethyl)pyridinium tin iodide (3AMPYSnl,, 3Y), and
4-(aminomethyl)pyridinium tin iodide (4AMPYSnl,, 4Y), using
a simple low-temperature solution-crystallization method.'*?
Crystallographic inspection indicated that the derivatives featur-
ing piperidinium cations with primary amino termini oriented
uniformly (3A and 4Y) exhibited authentic Dion-Jacobson (D])
architectures, resulting in net dipole moments due to the align-
ment of every -NH;' group in the same direction between
adjacent [Snlg]*” slabs. In contrast, the RP analogs utilized two
monoammonium spacers for each layer, effectively neutralizing
the overall dipole. Notable symmetry differences were observed:
3A crystallized in a tetragonal system, while 4A, 3Y, and 4Y
displayed orthorhombic metrics. Structural models from the
side and top views in Fig. 9a and b illustrated that 34, 4A, and
4Y exhibited eclipsed stacking, with the octahedra positioned
directly above each other with a (0, 0) translation. The SEM
revealed consistent plate-like morphologies in Fig. 9c and d.
In contrast, 3Y exhibited a zig-zag arrangement with a (0.25, 0)
shift, enabling simultaneous in-plane and out-of-plane Sn-I
tilting, which resulted in needle-like crystals, as observed in
the micrographs. The evaluation of transistors utilizing the 4A
crystal was conducted subsequently. Fig. 9e illustrates the hole-
transfer characteristics obtained at Vps = —40 V, with Vg being
varied from 10 V to —15 V under ambient conditions. A minor
hysteresis loop appeared but stayed constrained, likely due to the
low density of grain boundaries inhibiting long-range ion migra-
tion. The threshold voltage, derived from the forward linear
segment, was determined to be —2.5 V. The output curves
presented in Fig. 9f confirm p-type modulation. The calculated
maximum and average hole mobilities in the linear regime were
found to be 0.57 ecm® V' s and 0.45 cm® V' 57, respectively.
The device maintained an ON/OFF ratio of approximately
4.2 x 10> and demonstrated commendable cycling durability,
as shown in Fig. 9¢g.

Zhu et al investigated that a practical interfacial-
crystallization approach was developed for growing single-
crystal perovskite at a liquid-liquid interface."** By controlling
the solvent composition and supersaturation level at this junc-
tion, the transformation of Cs,Snls was achieved, transitioning
from a 3D to a 2D structure. This process resulted in well-
defined morphologies, including octahedra, pyramids, hexa-
gons, and triangular nanosheets. In this study, two reagents,
CsI and Snl,, were dissolved in immiscible solvents, so it was
certain that all subsequent chemical reactions took place pre-
cisely at their interface in Fig. 10a. The lower phase consisted of
ethylene glycol (EG) mixed with hydriodic acid (HI) and satu-
rated with CsI, while the upper phase contained hexane with
Snl,. The inability of these liquids to mix resulted in the
formation of a planar boundary, which consequently limited
the precipitation of Cs,Snl, to that specific plane. HI demon-
strated its crucial role; increasing its concentration led to a
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Fig. 9 (a) Side and (b) top-down views of the illustrated crystal structures
for 3AMPSnl, (3A), 4AMPSnl, (4A), 3AMPYSnl, (3Y), and 4AMPYSnl, (4Y).
Images (c) and (d) present tilted and top-down perspectives of the four
single crystals as observed through scanning electron microscopy at room
temperature. (e) Transfer curve, (f) current—voltage output curve, and
(g) ON/OFF switching curves of the 4A FET device demonstrate com-
mendabile stability over 20 cycles. Reprinted with permission.!'? Copyright
2024, American Chemical Society.

significant decrease in the solubility of Cs,Snls within the EG
matrix while simultaneously enhancing chemical supersatura-
tion. In the same way, incorporating larger portions of the Snl,
feed enriched the Sn**/I” species near the frontier, thus further
advancing the equilibrium toward solidification. As a result, by
simultaneously adjusting the HI fraction and the Snl, quantity,
the nucleation driving force can be altered, transitioning the
growth mode and final morphology in Fig. 10a from octahedra
to triangles. The resultant shapes initially appeared as trun-
cated tetrahedra in Fig. 10b. Upon reaching 100 pL of the Snl,
portion, defined pyramidal crystallites with a wide, flat hexa-
gonal footplate emerged in Fig. 10c. Increasing the Snl, charge
beyond 160 pL provided a sufficient amount of precursor,
enabling lateral growth that exceeded vertical stacking and
resulting in flat hexagonal platelets in Fig. 10d. With an HI: EG
ratio of 1.5:1, the solubility decreased significantly, even a
minor Snl, blend caused swift precipitation under conditions
of strong kinetic nonequilibrium, resulting in the isolation
of triangular sheets exceeding 40 um laterally in Fig. 10e.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) A schematic illustration depicting the growth of Cs,Snle
crystals at the liquid—liquid interface. The geometries of precipitated
crystals can be adjusted from three-dimensional to two-dimensional by
enhancing the chemical supersaturation of Cs,Snlg at the interface,
resulting in significant nonequilibrium growth. SEM images illustrate the
morphologies and geometries of various crystals, including (b) truncated
tetrahedral, (c) pyramidal, (d) hexagonal, and (e) triangular-shaped Cs,Snlg
crystals featuring round tips. (f) A scanning electron microscopy image
depicting large, flat hexagonal crystals exhibiting a lateral dimension
exceeding 400 pum. (g) An SEM image depicting a hexagonal Cs,Snlg
crystal exhibiting growth steps that illustrate a layer-by-layer growth
mechanism, accompanied by EDS elemental mapping for the elements:
(h) Cs, (i) Sn, and (j) I. (k) A SEM image and ()-(n) EDS mapping of a
triangular Cs,Snlg nanosheet demonstrate a consistent distribution of
elements. (0) A schematic illustration of a back-gated Cs,Snlg thin film
FET device is presented. (p) The Ips—Vgs characteristics of the fabricated
Cs,Snlg FET device were analyzed at different gate voltages, with the inset
showcasing the optical image of the device that was created. (g) The
Ins—Vpbs characteristics of the device were analyzed at various back-gate
voltages, employing a step size of 5 V. Reprinted with permission.1t®
Copyright 2020, Wiley-VCH GmbH.

The systematic expansion of crystal breadth was observed: at a
concentration of 200 pL of Snl,, the hexagonal plates exceeded
400 pm in size in Fig. 10f. With the highest HI content
combined with >50 pL Snl,, extensive ultrathin sheets formed,
interconnected, and resulted in coherent films at the boundary.
Fig. 10g-n displays SEM images that illustrate a typical hex-
agonal crystal with a massive triangular sheet. The energy-
dispersive X-ray maps, Fig. 10h-j for the hexagon and
Fig. 10l-n for the triangle, revealed uniform distributions of
Cs, Sn, and I, confirming compositional consistency across
each specimen. The electronic characteristics of the triangular
nanosheets were investigated in bottom-gate FET in Fig. 100.
The Ins-Vgs sweeps demonstrated a consistently increasing
drain current as Vgs changed from negative to positive values
in Fig. 10p, a characteristic indicative of n-type transport that
supported previous Hall measurements. The current-voltage
traces at various gate biases in Fig. 10q supported this assign-
ment, demonstrating larger positive Ips with progressively
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more positive gates. Based on the sheet dimensions and
the transconductance obtained from Fig. 10p, the estimated
electron mobility was found to be 35 cm® V™' s~ . The fabri-
cated devices exhibited an ON/OFF ratio of approximately 50 at
Vps = 2 V.

7. Conclusions

This review explores the latest advancements in single-crystal
halide perovskite FETs and situates these materials within the
broader context of developing low-power, high-throughput
electronics. Table 1 summarizes representative 2D and 3D
single-crystal halide perovskite FETs. The initial investigation
focused on the crystallographic versatility of the ABX; lattice
and its layered derivatives, emphasizing the relationship of
structural dimensionality, spacer chemistry, and defect man-
agement in regulating carrier mobility and ionic motion.
A thorough analysis of growth techniques revealed that
inverse-temperature crystallization, solvent engineering, and
epitaxial strategies currently produce bulk and thin-film crys-
tals with significantly lower trap densities, resulting in more
dependable model platforms compared to polycrystalline films.
It demonstrated that minimizing vacancy concentrations and
passivating interfaces allows perovskite channels to maintain
strong gate modulation even in ambient conditions. The results
show that ion migration always prevents steady-state operation
at room temperature. This paper looks into the intricate
relationships among dielectric selection, contact energetics,
and environmental stress. An appropriate gate dielectric can
inhibit interfacial ion drift while preserving high capacitance,
while precisely aligned work functions in source and drain
contacts reduce Schottky barriers and long-term degradation.
Enhancements in threshold stability, reduced hysteresis, and
increased ON/OFF ratios indicate that phonon scattering, rather
than defects, currently prevails within practical bias windows.

In the future, the field will gain a better knowledge of mixed-
dimensional structures and lattice strength, both of which have
the potential to limit ion movement without sacrificing electro-
nic coupling. The integration of lead-free alternatives is crucial
for broader acceptance; however, their unique oxidation path-
ways necessitate customized passivation chemistries. Further-
more, vertical device geometries and dual-gate configurations
provide significant opportunities for separating ionic and elec-
tronic responses, enabling advancements in complementary
logic, neuromorphic circuits, and the integration of opto-
electronics on flexible substrates.

Table 1 Comparison of various halide perovskite-based FETs

Materials Mobility (em* V™' s™')  ON/OFF ratio  Ref.

3D MAPbDI, 3 x 103 50 103
MAPbBr; 23.39 2.64 x 10* 104
CsPbBr; 7.3 10° 107

2D (BA)y(MA);Pbyl;; 1072 10* 110
4AMPSNI, 0.57 4.2 x 10* 112
Cs,Snl; 35 50 113
Mater. Adv., 2026, 7, 2579-2594 | 2591
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Future efforts ought to focus on developing standardized
protocols that resolve bias over time and create physics-based
compact models, effectively distinguishing between ionic
and electronic responses across various device architectures.
Outstanding issues include the integration of single crystals at
wafer scale, the ability to operate reliably under combined
electrical, thermal, and optical stress, as well as the need for
reproducible lead-free compositions that align with flexible
low-temperature manufacturing processes.
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