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Perovskite materials are considered as the most alluring successor to the conventional semiconductor materials to

fabricate solar cells, light emitting diodes and electronic displays. However, the use of the perovskite

semiconductors as a channel material in field effect transistors (FET) are much lower than expected due to the

poor performance of the devices. Despite low attention, the perovskite FETs are used in widespread applications

on account of their unique opto-electrical properties. 

perovskite  field effect transistor  photo detector

1. Introduction

Perovskite has been the most conspicuous material in the field of photovoltaics for more than a decade, as it

shows a huge improvement in the power conversion efficiency . The outstanding intrinsic optoelectronic

properties of perovskites, such as tunable band gap, relatively high career mobility, diffusion length, high

absorption coefficient and photoluminescence quantum yield, along with the advantages of better feasibility,

simpler processing ability and more flexibility than the conventional semiconductors during the fabrication of

devices, make it one of the most highly researched materials in the second decade of the 21st century .

These advantages of perovskites permit numerous electrical, optical and magnetic applications in the electronics

industry . Field effect transistors (FETs) are the most important electronic components for current consumer

electronic devices. A FET consists of a semiconducting channel with three terminals: the source, drain and gate. A

thin-film FET is a FET with a thin-film semiconductor material as the channel. The basic working principle of a FET

is that the channel resistance between the drain and source terminals is controlled by the gate terminal . In FETs,

the gate terminal is electrically isolated from the channel, and the channel resistance can be controlled capacitively

by an electric field.

A FET with a semiconducting perovskite channel is often referred as a perovskite FET. Despite their excellent

electro-optical properties, perovskites have not been fully exploited as a semiconductor material in field effect

transistor (FET) applications when compared to solar photovoltaic applications . The hybrid perovskite material

MAPbI  (CH NH PbI ) (MA—Methyl ammonium) is the most studied perovskite material for applications in FETs

. Although MAPbI  was introduced as absorber material in PV applications in 2009 , the first ever MAPbI

perovskite channel-based FET with the same material was reported only in 2015 .
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Figure 1 shows various types of perovskite materials, which are used to perform different functions in thin-film

FETs. In 1997, the perovskite material La Ca MnO  (LCMO) was used as a semi-conducting channel, and

another perovskite structured PbZr TiO O  (PZT) was used as a ferroelectric layer in a thin-film FET .

However, the introduction of a hybrid double perovskite (C H C2H NH ) SnI  ((C H C H NH )—phenethyl

ammonium (PEA)) in the year of 1999 laid the foundation for the research works on semiconducting perovskite

thin-film channel FETs . The perovskite (C H C H NH ) SnI  was used as a semiconductor material in thin-film

FETs by a group at the IBM T. J. Watson research center  by using different synthetic processes . The

highest proportion of perovskite materials has therefore been used as the channel materials in thin-film FETs, as

shown in Figure 1.

Figure 1. An enormous number of perovskite materials are being used to perform different functions in the thin-film

FET literature .

In most of the reported perovskite FET works, the FET structure is used to study the charge carrier dynamics and

mobility of the perovskite materials . However, in the recent past, the perovskite FETs have attracted global

attention due to the widespread applications of these perovskite FETs in light detectors , photo FETs , light-

emitting FETs (LEFET) , and static and dynamic memory devices . Yet the application of perovskite materials

as the channel in FETs needs many further studies to become a potential contender in the commercial market.

2. Fundamentals of Semiconducting Perovskite
Semiconductor Materials

The structure of perovskites is considered octahedral with the generic chemical formula of ABX . The term

perovskite is used to denote the materials existing in the crystal structure of ABX . Perovskites are bonded in the

octahedral shape of corner-sharing structure, which forms a framework of 3D crystal structure as shown in Figure

2.
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Figure 2. The corner sharing 3D crystal structure of ABX  perovskite. A⁺ ions embedding the voids of

octahedral   by sitting in their cavities .

Perovskites are extensively used in different dimensions, such as 0D nanoparticles , 1D nanowires (NW) , 2D

nanosheets  and single crystals (SC) or thin films  in optoelectronic device applications ranging from thin-

film light-emitting devices, solar cells and solid-state lasers to thin film FETs. Perovskite semiconductor materials

are synthesized by varying the substitutions for each component with different molecular stoichiometry .

Different cations and anions, which are shown in Figure 3, incorporated with the compositions of the perovskites,

dictate the performance of the devices and the fabrication processes as well .
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Figure 3. Classification of the different ionic components formulating the compositions of ABX  3D perovskites for

semiconducting channel materials .

The certain semiconducting properties such as structure, stability and mobility of the resultant perovskites,

composed of the ions stated in Figure 2 depend on the attributes of respective formulating ions. So, the

perovskites are classified according to the compositions of ions as single hybrid perovskite, all inorganic perovskite

and the double and triple perovskites. For instance, a double perovskite and a triple perovskite can be formulated

by the different ions in Figure 3 with multiple stoichiometric compositions.

In a perovskite of ABX , as the cation of A is surrounded by the eight anionic BX−6 in a three-dimensional cubic

shape as shown in Figure 2. The stability of the perovskite materials is decided by the chemical components which

formulate the material. Goldschmidt’s tolerance factor t is used as a formula to predict the stability of the perovskite

structure.

(1)

where RA, RB and RX are the ionic radii of cation A, the divalent metal ion and the halogen ion, respectively. At

room temperature, Goldschmidt’s tolerance factor for a stable perovskite cubic structure ranges from 0.89 to 1 

.

2.1. Hybrid Perovskites
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Hybrid perovskite is formulated by substituting organic cations such as methyl ammonium (CH NH ), ethyl

ammonium (CH CH NH ), 4-fluorophenyl ethyl ammonium 4-FPEA, formamidinium (FA ), 3- amino propyl and

other alkyl ammonium ions (RNH ), etc., in place of A of ABX  with the metallic (inorganic) cation of B and the

halide or oxide anion of X . Subsequently, these are classified as hybrid (organic-inorganic) perovskites.

The metal halide hybrid perovskites are the most exciting materials in optoelectronic applications, as they have

shown excellent spectroscopic development .

In hybrid perovskites, the organic cation is larger than the metallic ions and has the ability to rearrange the crystal

structure as the organic part is bonded by the weak van der Waal interactions and hydrogen bonding . So,

the symmetry of the molecule is increased in the hybrid perovskites more than the other types. As a result, the

optoelectronic properties of the hybrid perovskites can be fine-tuned by varying the chemical structure . The

hybrid halide perovskites can be synthesized using simple and easy processes . The instability of these

hybrid materials in the exposure to moisture, heat and light in the environment is a major challenge during the

fabrication  and operations of the devices , which keeps improving with further studies. However, the

limitation in the value of the charge carrier mobility with organic cation barriers , as it does not vary with the

different halogen anions, is considered as another concern to be overcome in the commercialization of devices

based on hybrid halide perovskites .

2.2. All Inorganic Perovskites

The halide and oxide perovskites, which are formulated with monovalent or divalent inorganic A site cations of the

ABX  prototype, are known as all inorganic perovskites . For instance, CsPbBr , SrTiO  or KTaO  are generally

categorized as all inorganic perovskites. With the presence of metallic ions, the high carrier mobility along with the

narrow emission peak of these types of perovskites is considered an advantage in optoelectronic applications .

Hence, the device performance using all inorganic perovskite semiconducting materials is massively improved

compared to the other types of perovskites . Therefore, all inorganic perovskites are being used in multiple

device applications in different structural forms . However, the brittleness and the very low colloidal stability of

these materials are considered a major challenge during the fabrication of the devices using all inorganic

perovskites .

2.3. Double and Triple Perovskites

The double and triple perovskites have the generic formula of A M(I)M(III)X , A M(IV)X  or A B X , which

were derived from the ABX  prototype . The double and triple perovskites came into the fold a little later than the

single hybrid perovskites in the optoelectronic applications as the charge recombination occurs due to the high

exciton-binding energy rather than the charge separation . However, these types of perovskites are being

synthesized to fabricate many different optoelectronic devices  due to their improved stability to temperature,

light and moisture than the single hybrid halide and all inorganic perovskites. The structure-related optoelectronic

properties are the main factors to be considered in the fabrication for device applications . However, the ion

migration hindered by the incorporation of the layers in these perovskites causes lower charge carrier mobilities in
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the device performances . The stability of these types of perovskites was found to be better than the other two

types due to their building blocks .

3. Perovskite FETs

3.1. Perovskite Thin Film FET Device Structures

Thin film FET consists of a thin film semiconductor material as the channel. In perovskite thin-film FETs, the

channel is generally a polycrystalline thin film made-up of perovskite structured semiconductors. It also consists of

two metal electrodes of source S and drain D with Gate electrode of G which is located close to the channel layer.

The gate, electrodes and semiconductors can be placed in different positions hence four different device

configurations bottom gate top contact (BGTC), bottom gate bottom contact (BGTC) top gate bottom contact

(TGBC) top gate top contact (TGTC)) to fulfil the different functional purposes as shown in Figure 4.

Figure 4. Device structures of perovskite FETs with four different globally recognized configurations (a) bottom

gate top contact (BGTC), (b) bottom gate bottom contact (BGBC), (c) top gate bottom contact (TGBC) and (d) top

gate top contact (TGTC) .

3.2. Electrical Properties of FETs
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A FET can be electrically characterized in two ways: (1) output and (2) transfer characteristics. Among these, the

transfer characteristics of the FET can expose its switching characteristics . The transfer characteristic of a FET

is the variation in the drain-source current I  under constant drain-source voltage V  with varying gate voltage V .

3.2.1. On-Off Ratio

The on-off ratio is an important measure of a FET which indicates the quality of the switching. This is a numerical

ratio between the on and off-stage currents through the channel as shown in Figure 5. High on-off ratios indicate

that the on currents of the FET are much higher than that of the off current and hence the FET is highly switchable.

The off current in ambipolar FETs can be defined as the current when the carrier inversion occurs, thus the

minimum current during the transfer sweep.

Figure 5. Transfer characteristics curve of a perovskite thin film FET with linear and saturated regimes .
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3.2.2. Threshold Voltage

The threshold voltage V  of a FET can be defined as the voltage at which the FET turns to the off state from the on

state  as shown in Figure 6. In an ambipolar FET, the threshold voltage will be the voltage at which the

current I  minimum occurs. In other words, it is the voltage at which the carrier inversion occurs. The region

between the turn-on voltage and the threshold voltage is known as the sub-threshold regime in the transfer

characteristics curve and the reciprocal slope of the log (I ) − V  curve gives the sub-threshold swing, which

reflects the speed of switching ability of the device.

3.2.3. Mobility Calculations in FETs

The most important intrinsic electrical properties of a semiconductor are its charge carrier mobility and diffusion

length . A good proportion of the perovskite-based thin film FET studies were carried out to measure the mobility

of the semiconducting materials . In a perovskite thin-film FET, the field effect mobility μ

is considered as the average drifting velocity of the charge carriers in the active semiconducting layer with an

applied electric field . The efficiency of the FET devices is increased with the charge carrier mobility in the

channel, as the drain-source current primarily depends on it . The calculation of charge carrier mobility in a

semiconducting layer of a perovskite FET is carried out based on the transfer characteristics curve with two

important assumptions: (a) mobility does not depend on carrier density, and (b) the transverse gate electric field is

much greater than the applied source and drain voltage .

3.3. Early Works (Before 2012) on Perovskite FETs

The first research paper on perovskite FET was published in 1999 using a layered bulk (C H C H NH )  SnI  thin

film as the semiconducting channel with Pd as the source and drain electrodes from the IBM T. J. Watson

Research Center . The same research group reported (C H FC H NH ) SnI  perovskite thin-film FETs in 2001

 and (phenethyl ammonium) SnI  in 2002 . A group in Kyushu University of Japan continued the work based

on (PEA) SnI  channel FETs by using different fabrication methods of deposition techniques in 2003 and 2004 

. In 2006, the same group turned to the hybrid perovskite of MASnI  as channel materials in FET . Apart from

those two groups’ works, the perovskite of PbZr Ti O  (PZT) was used as channel materials in ferroelectric

FETs on two occasions .

3.4. Recent Works (After 2012) on Perovskite FETs

After the introduction of perovskite materials in solar cells , a huge number of perovskite materials have been

used as semiconducting active materials in the fabrication of solar cells. In consequence, there is a substantial

increase in the number of these since the first MAPbI   channel-based perovskite FET . All the reported

perovskite-based thin-film FET studies in the literature after 2012 are classified into three different categories

based on the perovskite material types.

T
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3.4.1. Hybrid (Organic Inorganic) Perovskite FETs

The hybrid halide perovskites were used in most of the thin film FET studies. Optoelectronic and material

properties of tin- and lead-based hybrid perovskites with different organic cations were analysed and MAPbI  was

found as the most promising hybrid perovskite semiconductor than MASnI , HC(NH ) SnI  and HC(NH ) PbI  .

Having organic cations makes the device fabrication easier with single hybrid perovskite materials .

3.4.2. All-Inorganic Perovskite FETs

CsPbBr  is the most dominant of all inorganic perovskite materials, which was studied in  many different crystal

structures in FET research works. All-inorganic perovskites loaded with CsPbBr  quantum dots and organic

rubrene semiconducting sheets were used, and optical and electronic characteristics were analyzed by Youn et al.

. In 2019, a phototransistor was fabricated with the semiconducting channels of all inorganic CsPbBr , and the

hole mobility was found to be 0.02 cm s V  and 0.34 cm s V  in dark and illuminated conditions, respectively,

with an excellent ambipolarity . The high carrier mobility in the all-inorganic perovskite is improved as the charge

carrier mobility is enhanced by the incorporation of inorganic cations of Rb and Cs .

3.4.3. Double and Triple Perovskite FETs

However, the charge carrier mobility is affected by the interlayer distance in these types of perovskites, and the

number of FET studies based on double or triple perovskites has increased recently on account of their greater

stability than the other two types . Perhaps the earliest study of FET was performed based on the double

perovskite of (PEA) SnI  . Then, the various double and triple perovskite materials were used in different forms

for thin-film FET applications. Cs AgBiBr  is one of the most popular materials for solar PV applications these

days.

3.5. Single-Crystalline Perovskite FETs

In a polycrystalline semiconductor material, the presence of grains and grain boundaries causes the screening

effect in the field effect mobility . However, this effect, which is generated by the heat in the polycrystalline

material, is denied in the device applications of single crystalline FET . The trap density of single-crystalline

perovskites was seen to be lower than polycrystalline perovskites . The tunnel junction formations occur due to

the passive charge accumulations in the grain boundaries  in the polycrystalline materials. So, the grain

boundary effects are eliminated in single crystalline perovskite FETs, which are less defective than the

polycrystalline FETs. However, the poor stability of the single crystalline perovskite materials is a drawback in

commercial device applications. The charge transport mechanism in MAPbI  in single crystalline semiconductors

was compared with the polycrystalline FET in . The effect of grain boundaries was reduced in the single

crystalline transistor, and the electrical characteristics were recorded to be better in single crystalline FET .

Electrochemical reactions of Au electrodes in a CH NH PbBr  single-crystal-based FET were investigated in .

The single MaPbI  crystal’s photo-generated carrier diffusion was found to be lesser at lower temperatures in .
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3.6. Perovskite FETs with Nanostructured Channel

Perovskite nanomaterials are immensely used in device applications. In FETs, the -perovskite nanomaterial is used

in two types: (1) single nanostructure FETs and (2) thin-film FETs made up of perovskite nanostructures. The single

nanostructure FETs consist of a single nanostructure material as a channel. CsPbX  nanowires have received

significant interest as a material for optoelectronic applications, including flexible light detectors .
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