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Abstract 

 

Hybrid organic-inorganic perovskites has attracted much attention for its 

diverse optoelectronic applications. Many studies point out that hybrid organic-

inorganic perovskites compounds have superior physical properties that can enable 

these materials to fabricate good performance solar cells. However, there is a lack of 

repeatable recipe for the fabrication of perovskite transistors with high mobilities. In 

this work, a detailed investigation has been conducted on the fabrication of 

Methylammonium-based perovskite compounds transistors on various polymer 

substrates. A group of methacrylate-based polymers has been chosen as the materials 

for gate dielectric layers. Generally, we found that the growth of perovskite crystals 

highly depends on the hydrophobicity of the substrates. More hydrophobic polymer 

layers yield larger crystal growth, but suppress the adhesion of perovskites crystals. 

Aromatic groups in methacrylate-based polymers have hydrophobic properties but it 

still gives better compact perovskite films with larger crystals. Poly(phenyl 

methacrylate) (PPhMA) enables the growth of the best perovskite films. The best 

performance of MAPbI3-xClx perovskite transistors was fabricated on PPhMA with an 

electron mobility µsat = 4.30 cm2 V−1 s−1 at 150 K. Photothermal deflection 

spectroscopy was used to investigate the subgap optical absorptions of the perovskite 

films. 
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Chapter 1 Introduction 

1.1 Background 

Perovskite originally is a calcium titanium oxide (CaTiO3) mineral and it is the 

name of a Russian mineralogist called Lev Perovski.[1] Perovskite are the materials 

that have the same crystal structure of CaTiO3. (2.1 Chemical Structure of Perovskite 

compounds). Helen Dick Megaw announced the crystal structure of perovskite in 

1945 by using X-ray diffraction.[2] 

In 2009, Miyasaka et al. first used perovskite materials as a light absorber to 

fabricate solar cells and the power conversion efficiency (PCE) at that time was 

3.8%.[3] Then, Park and his co-workers improved the PCE of perovskite solar cells to 

~6% in 2011 but still did not attract much attention.[4] After that there was a 

breakthrough in 2012, the PCE of perovskite solar cells reached >10% by Henry 

Snaith and Mike Lee.[5] Since then, perovskites materials caught the attention of many 

researchers. They tried different deposition techniques and achieved higher 

efficiencies in order to explore more on perovskite materials and device development. 

Since the demonstration of the first perovskite solar cell, the PCE has increased 

drastically from 3.8% and to well beyond 20% in less a decade.[3, 6, 7] Such a growth 

of PCE is phenomenal when compared to other emergent materials such as polymer 

photovoltaics. 

The perovskites have many advantages, but there are some drawbacks about 

this material. One of the drawbacks is that the best performing perovskite contains 

toxic lead, which impede large-scale applications, especially if there is a policy to 

regulate their usages. Another problem is that the perovskites are not stable which is 

highly sensitive to water. Therefore, the perovskites can easily degrade in ambient 

environment. This problem needs to be solved, as commercial devices have to sustain 
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for many years. 

 

1.2 Applications and recent studies in perovskites  

Organic and inorganic hybrid perovskites have many appealing features. They 

possess tunable bandgaps[8], long charge diffusion length[9], strong optical 

absorption[10], large photoluminescence quantum yield[11], small exciton binding 

energy comparing with organic semiconductors [12], and large charge carrier mobility 

[13]. Most importantly, they can be made from earth-abundant materials and 

inexpensive elements. These properties have inspired many parties in developing 

perovskite solar cells and also exploring the perovskites in different applications. [14,15] 

For example, the perovskites are good substitutes for applications in light-emitting 

diodes [11,16], lasers [17–19], photo detectors [20,21] and transistors as they provide the 

semiconducting properties with large carrier mobility and ambipolar character. [22–26] 

The optical and electrical properties of perovskite solar cells can be adjusted 

by using various compositions of perovskites. In addition, perovskite solar cells can 

change to emit different colours and even translucent as an application on 

windowpanes. CH3NH3PbI3-xBrx and CH3NH3PbBr3-xClx perovskite can be used to 

fabricate multiple-coloured LEDs. [27] As lead halide perovskites possess small defect 

density and high absorption coefficients, they can be used to fabricate semiconductor 

lasers. [27] 

Besides light sources, perovskites may function as detectors. Perovskite photo 

detectors have been shown to operate at room temperature. Such kind of detectors 

displays quick photo response and large detectivity, which give a better performance 

than organic semiconductor-based and hybrid photo detectors and similar 

performance to traditional inorganic photo detectors. [27] 
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Thin film transistor (TFT) is an essential element for some display devices 

such as mobiles phones, personal computer monitors and flat-screen TVs. Mobilities 

of organic TFTs are usually lower than 1 cm2/Vs and the fabrication of inorganic 

TFTs is usually complicated and needs a relatively high temperature for fabrication. 

In contrary, fabrication of perovskite TFTs is easy and only needs low temperature for 

fabricating flexible, great quality and inexpensive displays can be realized. [28] 

 

1.3 Motivations for this thesis work 

Year Title Structure Perovskite Gate dielectric μ (cm2/Vs) 

2015 Electrostatic gating of hybrid halide 

perovskite field-effect transistors: 

balanced ambipolar transport at room-

temperature [36] 

TGBC MAPbI3−xClx 

 

Cytop μh =1.3 

μe =1   

2015 Temperature-Dependent Polarization 

in Field-Effect Transport and 

Photovoltaic Measurements of 

Methylammonium Lead Iodide [37] 

BGTC MAPbI3 SiO2 μe <10-2 

2015 Lead iodide perovskite light-emitting 

field-effect transistor [38] 

BGBC MAPbI3 

 

SiO2 μh <10-2 

μe <10-1 

2017 Understanding charge transport in lead 

iodide perovskite thin-film field-effect 

transistors [39] 

TGBC MAPbI3 Cytop μe = 0.5 

2018 Enhanced Charge Transport in Hybrid 

Perovskite Field-Effect Transistors via 

Microstructure Control [40] 

BGTC MAPbI3−xClx 

 

SiO2 μh >10 

μe >10   

 

Table 1.1 Summary of recent development of solution-processed methylammonium 

lead halide perovskite transistors (BGBC: bottom-gate bottom-contact, BGTC: 

bottom-gate top-contact, TGBC: top-gate bottom-contact and TGTC: top-gate top-

contact) 

 

Most of the researchers are focusing on fabricating high efficiency solar cells 

by using organic-inorganic perovskite materials. [29-31] However, there is only a 

handful of reports that utilize perovskite materials to fabricate transistors even though 
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perovskites have ambipolar properties and intrinsically large charge carrier mobilities 

[32–35] In this section, an overview of recent developments of solution-processed 

methylammonium lead halide perovskite transistors will be provided. Table 1.1 gives 

a summary of various perovskite transistors in the past few years. 

Mei et al. showed MAPbI3−xClx methylammonium lead halide perovskite 

transistors in a TGBC structure. [36] Gold electrodes of the devices were handled with 

2,3,5,6-tetrafluoro-4-(trifluoromethyl)benzenethiol SAM. [36] A Cytop layer was used 

and served as an encapsulation layer for the gate dielectric. The hole and electron 

mobilities were 1.3 cm2/Vs and 1 cm2/Vs, respectively, at room temperature. 

However, the characteristics obtained were not good enough to perform any detailed 

charge transport analysis.  

Labram et al. showed MAPbI3 perovskite transistors in a BGTC structure and 

aluminum electrodes were used. [37] The electron mobility was 3 × 10−3 cm2/Vs at 150 

K. No field effect was found in the transistors at room temperature. Until the 

temperature was decreased below 220K, an obvious field effect was observed. This 

effect was due to the temperature-activated polarization effects at grain boundaries. 

The screening effects due to ionic transports were more serious in a higher 

temperature. 

Chin et al. reported light-emitting MAPbI3 perovskite transistors in a BGBC 

structure and pre-patterned Au/Ni electrodes were used. [38] The hole and electron 

mobilities were 6.6 × 10−3 cm2/Vs and 6.7 × 10−2 cm2/Vs respectively at 78 K. Due to 

the ion screening effects, no transistor characteristics was found at room temperature.  

Senanayak et al. demonstrated MAPbI3 perovskite transistors in a TGBC 

configuration. [39] The electron mobility was 0.5 cm2/Vs at room temperature.  The 

perovskite precursor was prepared by Pb(Ac)2 : 3MAI (in molar ratio) in DMF. The 
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gold contacts were treated with self-assembled monolayer (SAM) 

pentafluorobenzenethiol (PFBT) and polyethylenimine ethoxylated (PEIE) in order to 

improve transistor characteristics at room temperature. 

Zeidell et al. reported MAPbI3 perovskite transistors in a BGTC configuration. 

[40] Due to solvent vapor annealing, the crystal size was enlarged with less grain 

boundaries. The hole and electron mobilities were both > 10 cm2/Vs at room 

temperature. Therefore, the enhanced morphology of the perovskite also improved the 

charge transport in the perovskite TFT. 

Despite the emergent growth of perovskite based TFTs, their performances 

have been unremarkable as revealed by Table 1.1. The growth of perovskite layers 

was primarily on SiO2 dielectric layer, which presents a wetting problem. Thus there 

is a clear need to look for suitable gate dielectric materials for the growth of 

perovskite films. 

In this thesis, the methylammonium-based perovskite crystal growth on 

polymeric insulators and the fabrication of CH3NH3PbI3 methylammonium lead 

iodide perovskite and CH3NH3PbI3-xClx mixed halide perovskites thin film transistors 

(TFTs) will be discussed. The key challenge in this report is to identify a suitable gate 

dielectric for the growth of perovskite layers in BGTC structure. A hydrophilic 

substrate favors adhesion of perovskites crystals, but leads to small crystal sizes. A 

hydrophobic surface suppresses adhesion of perovskites crystals, but yield larger 

crystals. By using different substrates with different hydrophobicity, we can find the 

optimized substrate for fabricating the perovskite transistors with suitable adhesion, 

but large enough crystals which are beneficial to charge transport in a TFT. In order to 

enhance the performance of perovskite transistors, different fabrication conditions 

were inspected. 
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Chapter 2 Fundamental Concepts 

2.1 Chemical Structure of perovskite compounds 

 

Fig. 2.1 Structure of a Perovskite crystal[1] 

Perovskite is in an ABX3 crystal configuration (see Fig. 2.1), where X is a 

halogen ion (I−, Br−, Cl−), A is an organic ammonium ion (e.g. CH3NH3
+), B is Pb2+. 

Different combinations of A or X will give different perovskites with different optical 

band gaps, diffusion lengths and device performances.  

Methylammonium lead halide perovskites CH3NH3PbX3 or MAPbX3 (MA= 

CH3NH3) such as MAPbI3, MAPbI3-xClx have been widely studied among all 

perovskites as they possess broad absorption range and outstanding electronic 

properties. [2] This report will focus on MAPbI3 and MAPbI3−xClx perovskite 

crystals.[3] 
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2.2 MAPbI3 perovskite and MAPbI3-xClx perovskite 

The search for perovskite solar cells started with MAPbI3. By adding chloride 

ions, device performances are enhanced significantly during crystallization. [4] 

MAPbI3−xClx perovskite possess superior properties. For example, it has a stronger 

optical absorption near the band gap [5-7] and with longer photoluminescence (PL) 

lifetimes. [8] Moreover, MAPbI3-xClx yields diffusion lengths of greater than 1 

micrometer while typical MAPbI3 has diffusion lengths of around 100 nanometers. [4] 

The band gap of both MAPbI3 and MAPbI3−xClx is around 1.55 eV. Their exciton 

binding energy is small comparing with organic semiconductors. [9] 

 

2.3 Formation of CH3NH3PbI3-xClx perovskite 

 

Reaction (1): 

 

PbCl2 + 3CH3NH3I → CH3NH3PbI3 + 2CH3NH3Cl (g)  

 

Reaction (2): 

 

(2-1) PbCl2 + 3CH3NH3I →PbI2 + CH3NH3I + 2CH3NH3Cl 

 

(2-2) PbI2 + CH3NH3I + 2CH3NH3Cl → CH3NH3PbI3 + 2CH3NH3Cl (g)  

 

(2-3) PbI2 + xCH3NH3I + yCH3NH3Cl → (CH3NH3)x+yPbI2+xCly (Intermediate phase) 

                                                                        → CH3NH3PbI3 + CH3NH3Cl (g)  

 

Scheme 2.1 Possible chemical reactions involved in CH3NH3PbI3-xClx perovskite 

formation process [10] 

 

Scheme 2.1 shows some possible chemical reactions when MAPbI3−xClx 

perovskite is formed by mixing PbCl2 and MAI. The formation of MAPbI3−xClx may 

involve some intermediate steps (Reaction (1)). As MAI in molar content is 3 times 

more than that of PbCl2, part of the MAI react with PbCl2 forming PbI2 and MACl 

while there maybe some unreacted MAI and some precursor complex remains 
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(Reaction (2-1)). After PbI2 is formed, it may then react with the remaining MAI, 

MACl, and perhaps unreacted PbCl2 during annealing. Two reaction paths may occur:  

Reaction (2-2): PbI2 reacts with MAI to form MAPbI3 perovskite and excess MACl 

sublimes or decomposes into other gaseous chloride mixture leaving from the film. 

Reaction (2-3): An intermediate phase is formed when the precursor solution is 

spincoating or in the beginning of the thermal annealing process. Then it decomposes 

to form MAPbI3 perovskite when gaseous MACl or other gaseous chloride mixture 

escape from the film. [10] 

From Chap. 2.2 MAPbI3 perovskite and MAPbI3-xClx perovskite, it was 

suggested that the presence of chloride ions to form MAPbI3-xClx enhance different 

properties of the perovskites. However, some studies state that the chloride ions might 

not present in the final MAPbI3-xClx perovskite films. [11]  

The X-ray diffraction (XRD) pattern of MAPbI3-xClx and that of MAPbI3 films 

have the same peaks, which shows that both perovskites have the same crystal 

lattices. [10] Besides XRD, energy-dispersive x-ray spectroscopy (EDS) and x-ray 

photoelectron spectroscopy (XPS) have not detected any Cl- in MAPbI3-xClx films. 

[5,12,13] MAPbI3−xClx perovskite is probably formed after the vaporization of chlorine 

atoms from the film during thermal annealing. The released chlorine atoms are 

obviously in gaseous states which may include MACl or other gaseous chloride 

mixture. Although the amount of Cl is almost negligible in MAPbI3-xClx perovskite 

film, the Cl in the perovskites is crucial to determine the electronic properties of the 

perovskite. [10] In this sense, Cl could play the role of a dopant in a semiconductor. 

Even a tiny concentration may have immense impact on the electronic properties of a 

perovskite compound. 
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2.4 Theory of perovskite thin film transistor 

2.4.1 Structures of perovskite transistors 

Hybrid organic-inorganic perovskite transistors have three parts: 1) source, 

drain, and gate electrodes; 2) a gate dielectric layer; 3) the perovskite layer which is 

the active layer.  

 

Figs. 2.2 Different transistor structures: (a) top-gate bottom-contact, (b) top-gate top-

contact, (c) bottom-gate bottom-contact, and (d) bottom-gate top-contact. The red 

arrow is the charge conduction at the interface. [14] 

 

There are 4 different configurations of transistors (Fig. 2.2): (Fig. 2.2(a)) 

BGBC: bottom-gate bottom-contact, (Fig. 2.2(b)) BGTC: bottom-gate top-contact, 

(Fig. 2.2(c)) TGBC: top-gate bottom-contact and (Fig. 2.2(d)) TGTC: top-gate top-

contact. In this thesis, we work with BGTC transistors. 

For perovskite transistor in BGTC configuration, the perovskite film is in 

contact with the source and drain electrodes but the gate dielectric separates it from 

the gate electrode. A heavily doped silicon Si is always used as the gate electrode 
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material in transistors. Silicon dioxide (SiO2) and poly(methyl methacrylate) 

(PMMA) with thickness of ~300 nm are some examples used as the gate dielectric 

layer in transistors.  

 

2.4.2 Crystal growth of the perovskites 

 

In this part, the crystal growth of the perovskites will be discussed. The 

morphology of perovskite films will affect the device performance. Hysteretic effect 

in perovskite based devices leads to a difficulty in measuring the devices. This kind of 

effect is well known and can be due to many factors including ferroelectricity, ion 

migration, the interfaces of perovskite and charge recombinations at the grain 

boundaries can be the traps of carrier transport. [15,22-25] To conquer these issues, many 

research found that growing larger grain sizes of perovskite crystals causes smaller 

resistance and longer carrier lifetime, reduce charge recombination and trap density at 

the grain boundaries. Thus device performance will be improved.  
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2.4.3 Hydrophobicity 

 

Hybrid organic−inorganic lead halide perovskites is highly sensitive to water. 

The crystal growth of the perovskites can be affected by the hydrophobicity of the 

substrate. Hydrophobicity refers to the ability of a material to repel water. 

Hydrophobicity involves the measurement of contact angles, which is an indicator to 

measure the wetting between liquid and the surface. If the contact angle is <90°, the 

surface is said to be hydrophilic and it tends to have a higher wettability. When the 

contact angle is >90°, the surface is said to be hydrophobic which corresponds to low 

wettability. [16] 

 
Fig. 2.3 Contact angles between a water droplet and a solid surface [16] 

The contact angle is the angle between the surface and the tangent of the liquid 

droplet, which is  in Fig. 2.3. If the wetting of surface is good, the liquid will 

maximize its contact with the surface, making the contact angle < 90°. On the other 

hand, if the wetting of the surface is not preferred, the liquid will maintain minimum 

contact with the surface and form a condensed liquid bead, making the contact angles 

> 90°. [16] 
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2.4.4 Working principle 

2.4.4.1 Perovskite transistor operation                                                         

                                                                                     VDS 

 

 

 

 

 

 

 

 

                                                                               VG 

Fig. 2.4 Illustration of how a perovskite transistor operates when the device in “on” 

The operation of perovskite transistors relies on the potential at gate electrode 

which serves as a switch controlling the ON/OFF of the device and the amount of 

current flowing through the perovskite film and the potential between the source and 

drain electrodes. The source electrode is usually grounded. The one at the gate 

electrode is called gate voltage (VG) and the other one between the source and drain 

electrodes is called the drain-source voltage (VDS). Transistors can be classified by the 

kind of carrier transport. It is called p-type if the main charge carriers are holes. The 

other one is n-type if the main charge carriers are electrons. [17] In this thesis, n-type 

transistors were fabricated.  

For ideal devices, when VG = 0V, there will be no charge accumulation at the 

perovskite/dielectric interface. [17] Thus, no current will flow through the perovskite 

film even though a drain voltage (VDS) is applied. The device is said to be “off”. In 

this thesis, we use n-type transistors. When positive VG is applied, it polarizes the 

dielectric, which makes electrons accumulate at the interface between the gate 
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dielectric and the perovskite film. Thus, the transistor allows electron conduction and 

is said to be “on” (Fig. 2.4). When VDS is applied, the electrons will move from the 

source electrode to the drain electrode. The charge density and the drain current (IDS) 

in the device are regulated by VG.  

For real devices, a small VG is required to fill up traps and defects at the 

interface between the gate dielectric and the perovskite film so that the electrons will 

accumulate at interface. The threshold voltage (VT) is the minimum voltage required 

to fill these traps. (Details of VT can be found in 2.4.6.2 Threshold voltage). Hence, 

the device is “on” if VG > VT. 

2.4.4.2 Linear and saturation regimes 

 
Figs. 2.5 (a) Current-voltage characteristics of transistors. Carrier concentration 

profiles in the conducting channel: (b) linear regime, (c) pinch-off, and (d) saturation 

regime. [18] (Note that the gate voltage VGS in the figure = VG  and threshold voltage 

VTh in the figure = VT)  

 

Figure 2.5 (a) shows typical output characteristics of a perovskite transistor. 

The drain current (IDS) depends on both VDS and VG. Generally, IDS increases with VG 

for a fixed VDS. When VG is kept constant, IDS increases with VDS linearly for low VDS 
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and becomes independent on VDS for large VDS. So, the output characteristics can be 

divided into two regimes. They are linear regime and saturation regime. 

When a perovskite transistor is “on” (VG > VT), charge carriers will 

accumulate at perovskite-dielectric interface. Charge concentration at the interface is 

proportional to voltage between the perovskite film and gate electrode. When there is 

no VDS, the charge density will become uniform at the conducting channel and no 

current will flow through the channel. When VDS < VG - VT, the charge concentration 

at the channel can be approximated to have a linear decrease along the conducting 

channel (Fig. 2.5 (b)). The device is said to be in the linear regime and IDS increases 

linearly with VDS.  

When VDS increases, the voltage between perovskite film and gate electrode 

decreases, which causes the charge density to decrease at drain electrode. When VDS = 

VG - VT, there will be no voltage between perovskite film and gate electrode. No free 

charge carrier will be at the drain electrode. The device is said to reach the pinch-off 

point (Fig. 2.5 (c)). When VDS keep increases, the pinch-off point migrates from drain 

to source electrode (Fig. 2(d)). Due to the high electric field, a current flows at the 

depletion region. Since channel length >> the width of the depletion region and the 

integrated resistance from the source to the pinch-off point does not change, IDS will 

remain the same and is no longer dependent on VDS. The device is then in saturation 

regime. [18] 
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2.4.5 Current-voltage characteristics of the perovskite transistors  

 

This section derives the basic current-voltage characteristics of transistors. 

Some assumptions are made in this derivation: (i) Electric field between source and 

gate electrode >> electric field at the channel (ii) there is no leakage current, (iii) the 

carrier mobility is constant throughout the channel, and (iv) the channel thickness is 

uniform. 

After applying VG and VDS in a perovskite transistor, the charge density 

induced Q at x is proportional to VG -V(x) where x is the position across the channel. 

However, a threshold voltage VT is needed to fill up traps in the perovskite film in 

real devices. Thus,  

Q = Ci [𝑉𝐺 − 𝑉𝑇 − V(𝑥)] (2.1) 

where Ci = capacitance of gate dielectric layer per unit area. 

When << VG − VT, the average of charge density �̅� in channel is Q at the center along 

the channel: 

Q = �̅�= Ci (VG−VT−
𝑉𝐷𝑆

2
) = �̅�qt (2.2) 

where �̅� = the average of carrier density along the channel, q = electron charge and t = 

thickness of conducting channel. 

By Ohm’s law, the current density that flows through the conducting channel J is 

proportional to the electric field E caused by the applied VDS: 

J = E = 
𝑉𝐷𝑆

𝐿
 = 

𝐼𝐷𝑆

𝑊𝑡
 (2.3) 

where σ = conductivity of the channel, E = electric field at the channel, L = channel 

length, W = channel width and t = thickness of perovskite film.  

By the definition of conductivity, 

 = qn (2.4) 
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Put Eq. (2.4) into Eq. (2.3),  

IDS = 
𝑊

𝐿
(�̅�qt)VDS (2.5) 

Put Eq. (2.2) into Eq. (2.5), 

IDS = 
𝑊

𝐿
Ci[(V𝐺 − V𝑇)𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
] (2.6) 

When VDS << VG − VT, Eq. (2.6) becomes 

IDS = 
𝑊

𝐿
linCi[(V𝐺 − V𝑇)𝑉𝐷𝑆] (2.8) (Linear regime) 

When VDS = VG−VT, Eq. (2.6) becomes  

IDS = 
𝑊

𝐿
satCi(VG−VT)2 (2.9) (Saturation regime) 

 

2.4.6 Important parameters of high performance perovskite transistors 

For the characterization of perovskite transistors, there are four fundamental 

parameters that can be use to identify the device properties. They are the subthreshold 

swing, the threshold voltage, the field effect mobility and the on-off ratio which are 

estimated from the transfer characteristics. Their physical meanings will be discussed 

in details in this section. 

 

2.4.6.1 Field effect mobility 

To evaluate whether a perovskite transistor is a good device or not, field effect 

mobility (µ) is an important parameter. It measures how fast carriers transport moves, 

reacting to an external electric field and it represents the ability of gate induced 

carriers to transport through the channel under the influence of the electric field 

caused by VDS. Large field effect mobility means a transistor has a good performance. 

The linear mobility (µlin) can be determined from the slope of the IDS against VG graph 

at a low constant VDS. 
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lin = 
𝐿

𝐶𝑖𝑊𝑉𝐷𝑆
 
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺
 (2.10)  

The saturation mobility (µsat) is the slope of the √𝐼𝐷𝑆  against VG graph at a high 

constant VDS. 

sat = 
2𝐿

𝐶𝑖𝑊
 (

𝜕√𝐼𝐷𝑆

𝜕𝑉𝐺
)

2

 (2.11) (Saturation regime) 

For ideal devices, lin and sat have the same value. However, there is some 

contact resistance in metal/perovskite contact in the devices. [19] Contact resistance 

will lead to a decrease in VDS. As the VDS in linear regime is quite small compare with 

the VDS in the saturation regime, lin will have a greater impact than sat. As a result, 

lin is often observed to be smaller than sat. 

 

2.4.6.2 Threshold voltage 

The threshold voltage VT evaluates the performance of a perovskite transistor 

as it controls the ON/OFF of the device. It indicates the presence of trap states in the 

perovskite film. Traps can come from the defects in perovskite films, the interfaces of 

perovskite and charge recombinations at the grain boundaries. The trap density will 

become larger when the temperature decreases. So VT generally increases with 

decreasing temperatures. [20,21] VT is the minimum VG needed to fill up these traps so 

that the charge transport can inject at source electrode to form an accumulation layer 

at perovskite/dielectric interface. Therefore, the VT of a good perovskite transistor 

should be as small as possible. According to Eq. (2.9), VT is the x-intercept of √𝐼𝐷𝑆 

against VG graph. 
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2.4.6.3 On/off ratio and sub-threshold swing 

A third parameter to describe a TFT is the “on/off ratio”. On/off ratio is the 

current ratio of transistors in “on” to “off”. Ioff can be attributed to the leakage current 

while Ion is determined by the traps that are at the perovskite-dielectric interface, the 

capacitance of dielectric layer, the mobility of perovskite and operating voltage. Thus, 

the on/off ratio can be increased by improving the carrier mobility or reducing the 

leakage current.  

A fourth parameter to describe a TFT is the sub-threshold swing S. S is a 

measure of how easily a transistor can be switched from “off” state to “on” state. 

Theoretically, when the device is off, there will not be any current along the channel. 

But in real situation, devices will not suddenly turn off at VT and the current will 

increase exponentially with VG when VG is just below VT. This region is called the 

sub-threshold region. The smaller the S, the quicker is the switching speed of a 

transistor. It is the inverse of the slope of ln (IDS) against VG graph at the sub-

threshold region. 

S = (
𝜕 ln 𝐼𝐷𝑆

𝜕𝑉𝐺
)

−1

 (2.12) 

 

S relates to interfacial traps and the gate dielectric as defined in the following 

equation: 

S = ln 10 (
𝑘𝐵𝑇

𝑞
) (1 +

𝑞2𝑁𝑠𝑢𝑏

𝐶
) (2.13) 

where Nsub: trap state density, T: absolute temperature, q: charge of an electron, kB: 

Boltzmann constant and C: capacitance of the gate dielectric. Equation (2.13) will be 

used in chap. 5 to estimate interfacial trap densities of perovskites grown in different 

polymer surfaces. 
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Chapter 3 Experimental Details 

3.1 Material introduction 

In this report, two types of methylammonium-based perovskite transistors 

were fabricated. These transistors used either MAPbI3 methylammonium lead iodide 

perovskite or MAPbI3-xClx methylammonium lead mixed halide perovskite as active 

layers. The materials used in the fabrication of MAPbI3 film were methyl ammonium 

iodide MAI and lead(II) iodide PbI2 while that of MAPbI3-xClx film were MAI and 

lead(II) chloride PbCl2. The results will be presented and discussed in Chap. 5. Figure 

3.1 shows the chemical structure of MAI. 

 

            

Figs. 3.1 Chemical structures of MAI 

 

Different kinds of polymers were selected as the dielectric layer of the 

perovskite transistors. The results will be presented and discussed in Chap. 4. The 

polymers were polystyrene (PS), poly(phenyl methacrylate) (PPhMA), poly(isobutyl 

methacrylate) (PiBMA), poly(isopropyl methacrylate) (PiPMA), poly(ethyl 

methacrylate) (PEMA), poly(methyl methacrylate) (PMMA), and poly(o-cresyl 

glycidyl ether)-co-formaldehyde (PCGE). Figure 3.2 shows their chemical structures.  
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PCGE 

Fig. 3.2 Chemical structures of PMMA, PEMA, PiPMA, PiBMA, PPhMA, PS and 

PCGE 
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3.2 Preparation of perovskite and polymer solvents 

 

Table 3.1 shows the chemical structure of the solutes and their corresponding 

solvent. Figure 3.3 shows the procedure of the solvents preparation. A clean small 

glass bottle containing the solute was weighted on an electronic balance. A right 

amount of solvent was added into the bottle with pipette. Finally, the solution was 

mixed with a magnetic stir bar so as to achieve better solubility. Before the precursor 

solution was ready for spin coating, it was first passed through 

polytetrafluoroethylene (PTFE) filter to remove any insoluble particles.  
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Solutes Chemical structures Solvents Chemical structures 
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                     Solute                         Solvent                  Stir Plate        Magnetic stir bar 

Fig. 3.3 Preparation of solvents 

 

3.3 Substrates preparation 

In this thesis, we used bottom-gate top-contact configuration to fabricate TFTs. 

Their fabrication processes including the substrate pre-treatment such as cutting and 

cleaning process and the material depositions will be discussed in details in this 

session. 

 

3.3.1 Substrates used 

Bottom-Gate Top-Contact Transistors 

 The substrate of the bottom-gate top-contact transistor was p-doped Si wafer. 

Figure 3.3 shows that before etching, both sides of the wafer were covered by 

thermally growth SiO2. The thickness and capacitance of the SiO2 were 300nm and 

11nF/cm2, respectively. The other side of the wafer was etched by dilute hydrofluoric 

acid (HF) before the device fabrication (Fig. 3.4). Then the wafer was cut into small 

pieces of 2cm x 1.5cm for the fabrications of transistors. 
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Fig. 3.4 Silicon wafer before and after etching by using hydrofluoric acid 

   

3.3.2 Cutting process  

 

Before the fabrication process, the wafers were divided into individual chips. 

In preparation, a diamond cutter was used to cut the wafers with short mark made in 

the backside. By pressing the marked place, the wafer was separated into two parts 

according to its orientation. Dimension of the top-contact substrates was 

approximately 1.5cm × 2cm. 

 

3.3.3 Cleaning process 

In transistors operation, any contaminations on the substrate would affect the 

performance of the device as the conducting channel was formed in the 

perovskite/insulator interface. Thus, the substrates were cleaned thoroughly before the 

material deposition. Firstly, the substrates were washed with acetone to remove 

contaminants like grease and dust. Then, it was immersed twice into deionized water, 

acetone and propan-2-ol in an ultrasonic cleaner for 20mins respectively. Finally, uv-

ozone cleaner was used to take away hydrocarbon contaminants of the substrates for 

13mins. 
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3.4 Sample Fabrication 

Various methods in fabricating organic–inorganic perovskites thin films have 

been introduced, each results in different quality in the perovskite film with different 

surface coverage. The same principle is applied in most methods: combining an 

organic component e.g. MAI, with an inorganic component e.g. PbI2 or PbCl2, to form 

MAPbI3 or MAPbI3-xClx respectively. The film resulting from various deposition 

methods will be discussed in this session. 

 

3.4.1 Spin coating  

 

Spin coating is a common method that has been used for depositing uniform 

thin films to substrates. In the case of making perovskite films, spin coating is the 

most convenient as the precursor materials are mostly soluble in conventional organic 

solvents. Spin coating is to drop a known amount of solution on a substrate with a 

pipette and spin it usually at speeds higher than 1000 rpm. Finally, a high-quality 

perovskite film can be formed when solvent evaporates. Besides concentration, 

viscosity and surface tension of the solution, the film thickness can also be changed 

by spin parameters like the spin speed, acceleration and time as they can change the 

solvent evaporation rate during film formation. A higher spin speed and longer spin 

time deposit a thinner film. [1]  

In this report, all spin-coating processes were performed in a plastic glove box 

in N2 environment with ambient temperature and pressure. Thus, the entire procedure 

was very convenient and did not require a vacuum chamber, which could lower the 

production cost. In this section, one-step and two-step spin coating techniques for 

fabricating the perovskite thin film will be discussed. 
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3.4.1.1 One-step spin coating  

 

Before one-step spin coating method is performed, the perovskite precursor 

solution is prepared by dissloving the organic halide and metal halide solutes in a 

solvent. Usually the type of perovskite that uses this method has a higher band gap 

than MAPbI3 such as MAPb(I1−xBrx)3 perovskites [2-4], MAPbBr3−xClx perovskites [3,5] 

and MAPbI3−xClx perovskites. 

Figure 3.5 shows the one-step spin coating procedure for fabricating 

perovskite film. One-step spin coating technique is to spin coat a known amount of 

perovskite precursor onto the substrate. Then, perovskite crystallites are formed when 

the solvent evaporates. Normally, the perovskite thin film will be annealed afterwards 

at a relatively high temperature, which will be discussed in the next part (3.4.2 

Thermal annealing). This method is the most convenient way of the spin-coating 

method but it is very sensitive to the conditions such as the precursor composition, [6,7] 

solution concentration [8,9], annealing temperature, [10,11] and solvent choice. [12–14] 

Moreover, the film morphology of the perovskite film is difficult to control.  

 

Fig. 3.5 One-step spin coating procedure for fabricating perovskite films 
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3.4.1.2 Two-step spin coating  

 

Figure 3.6 shows the two-step spin coating procedure for the fabrication of 

MAPbI3 perovskite film. For two-step spin coating technique, the metal halide 

solution, for example, PbI2 is spin coated first onto the substrate. After the metal 

halide is dried into a film, the organic halide solution e.g. MAI is spin-coated onto 

this film. The formation of the perovskite film is completed by annealing the sample 

at a relatively high temperature, which will be discussed in the next part (3.4.2 

Thermal annealing). Compared to the one-step technique, the two-step technique 

achieves a more compact and uniform films with high reproducibility. [15,16] 

Furthermore, The concentration of organic halide solution (MAI) is important in this 

method as it controls the perovskite grain size thus affects the device performance.  

 

 
 

Fig. 3.6 Two-step spin coating technique for MAPbI3 perovskite formation 
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3.4.2 Thermal Annealing 

Thermal annealing is a simple and commonly used method after spin-coating 

perovskite materials on the substrate. This method has dual purpose of improving the 

crystallinity and the morphology of perovskite films to some extent as well as 

removing the residual solvents remaining in the film. Moreover, the annealing 

temperature and time duration has to be controlled carefully. [17] Low temperatures 

may help remove the residual solvents but insufficient to meet the energy requirement 

(endothermic reaction) to enhance the crystallinity of perovskite films. If the 

temperatures are too high or annealing time is too long, the perovskite films may 

decompose and form additional metal halide  (PbI2) which can affect the device 

performance. [11] Therefore, thermal annealing process was critical in the perovskite 

film formation. 

 

3.4.3 Solvent Annealing 

 

Apart from thermal annealing, solvent annealing is also an effective method in 

further promoting larger perovskite crystal growth by healing the grain boundaries of 

the crystals. (Fig. 3.7). [18]  

                        DMF 

 

 

Fig. 3.7 Schematics of the increase of grain size by solvent annealing [18] 
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Figure 3.8 shows an example of solvent annealing. In this method, the 

perovskite films are placed adjacent to a petri dish during thermal annealing. Solvent 

vapor (e.g. DMF), which has a great solubility to the metal halide (e.g. PbI2) and the 

organic halide (e.g. MAI), is introduced during the crystallization of the perovskite 

film. [19,20] The vapor can condense on the surface and in the voids of the perovskite 

film, inducing a strong recrystallization process and cause the grains to merge 

together. Hence, a film with reduced pinholes and a better packing arrangement of 

crystal grains is formed.  

 

 
Fig. 3.8 An example of solvent annealing 

 

 

To conclude, the average crystal size of perovskite film after this solvent 

annealing procedure are always slightly larger than those by conventional thermal 

annealing and sometimes it is comparable to the film thickness. Higher crystallinity of 

the film are expected to reduce charge recombination, defects and scattering of grain 

boundaries, which improve device performance. [15] 
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3.4.4 Toluene dripping 

 

Solvent drenching (or solvent dripping) is an effective method to improve 

perovskite films. It involves dripping a solvent that does not dissolve the perovskite 

(e.g. toluene and chlorobenzene) onto the perovskite film while the film is spinning. 

[13,21–24] Toluene dripping is a kind of this technique using toluene as the non-

coordinating solvent. Figure 3.9 (a) shows the chemical structure of toluene and the 

procedure of toluene dripping.  

(a)                         (b) 

    

Figs. 3.9 (a) Chemical structure of toluene (b) The procedure of toluene dripping [21] 

 

Toluene dripping speed up the nucleation of the perovskite film in order to 

form extremely uniform, smooth, and high surface coverage films. [21,23,25,26] However, 

this effectiveness is easily affected by the chemical combination of perovskite 

precursor. 

Some research show that toluene dripping has a great impact on the mixed 

halide precursor (PbCl2:3MAI). [27] The perovskite film using this precursor keeps the 

same crystal configuration during toluene dripping. Due to toluene dripping, the 

homogeneous nucleation of MAPbI3 and MAPbCl3 is considerably enhanced and the 

growth of perovskite grains is more continuous comparing with the films without 

toluene dripping (Fig. 3.10). 
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Figs. 3.10 SEM images of perovskite films (a, b and c) without toluene dripping and 

(d, e and f) with toluene dripping in different perovskite precursors (MAI:PbI2, 

3MAI:PbCl2 and 3MAI:PbI2)  
[27] 

 

3.4.5 Thermal deposition 

For BGTC transistors, metal electrodes can be deposited by thermal 

evaporation. In this thesis, a high vacuum evaporator (Edwards, Model AUTO 306 

[11]) was used for coating gold electrodes for the transistors after the perovskite films 

are ready. The substrates were mounted on a square plate. The electrodes were 

patterned by masks and tungsten wires, which were shown in Fig. 3.11 (a). There 

were two devices in each substrate. Their channel length was 50 µm which was the 

same as the diameter of the tungsten wire and their channel width were 6 mm. Figure 

3.11 (b) shows the experimental setup of the thermal deposition of gold. The pressure 

was 4x10-6 torr in the thermal evaporator. The coating rate was modulated by a 

current controlling unit (Sorensen DLM 8-75) and the thickness was monitored by a 

sensor (Sycan STM 100/MF). 
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(a) 

 

(b) 

 

Figs. 3.11 (a) Schematic diagrams of masks and substrates for the top-contact 

perovskite TFTs (b) Schematic diagram of thermal deposition of gold (side view) 
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3.5 Device characterizations 

3.5.1 Perovskite transistor measurements 

Perovskite transistors were loaded into a temperature controllable cryostat in 

order to avoid the influence of ambient environment. The pressure in the cryostat was 

below 10-3 torr before measuring the samples. The gate voltage VG of the samples was 

provided by a DC power supply (Xantrex XT 120-0.5 DC supply) and the drain-

source voltage VDS was supplied by a source measure unit (Keithley 236 Source 

Measure Unit) which also measure the drain current IDS. Figure 3.12 shows the 

measurement setup of the samples. Liquid nitrogen was used to lower the temperature 

in the cryostat and a temperature controller was used to control the sample 

temperature. A computer was connected to the setup so that the transistors could be 

investigated by the output characteristics and the important parameters at different 

temperature. 
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        (b)                                                       (c) 

              

Fig. 3.12 (a) Schematic diagram of I-V measurement setup (b) The mount for 

measuring samples (c) The cryostat used for the measurement 
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Chapter 4  Methylammonium-based perovskite film growth on polymeric 

insulators§ 

 

4.1 Introduction 

Perovskites materials caught the attention of many researchers because of their 

superior electronic and optical properties. They are easy to be produced and have 

superior carrier mobility at the same time. These qualities make the perovskites 

become one of the greatest candidates for a wide range of optoelectronic devices. In 

particular, the PCE of perovskite solar cells increases rapidly to well beyond 20% [1] 

from 3.8% [2] in only a few years. [2-6] However, high mobility methylammonium lead 

halide perovskite thin film transistors (TFTs) have only a limited number of reports. 

[8-12] (Details can be found in Chap. 1.3 Motivations for this thesis work).  

Fabricating perovskite transistors can definitely help find out how the charge 

transport in the perovskites provided that the device performance is sufficiently high. 

[8] To fabricate a good perovskite transistor, the perovskite crystals growth on various 

conducting/insolating substrates is important which will be discussed in this chapter. 

One of the difficulties for the fabrication of TFTs is to identify suitable dielectric layer 

for the perovskite crystals growth. [13,14] This difficulty becomes more challenging 

when the TFTs are using solution processing.  

In this report, some polymeric methacrylate (MA)-based polymers will be 

analyzed including their hydrophobicity. Methylammonimum lead iodide (MAPbI3) 

perovskite were grown on these polymers by a two-step spin coating technique. The  

 

§ Parts of this chapter have been published in RSC Adv., 2017, 7, 49353 and were 

performed by Jenner H. L. Ngai, Johnny K. W. Ho and S. H. Cheung 
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MA-based polymers were poly(phenyl methacrylate) (PPhMA), poly(isobutyl 

methacrylate) (PiBMA), poly(isopropyl methacrylate) (PiPMA), poly(ethyl 

methacrylate) (PEMA) and poly(methyl methacrylate) (PMMA). [15] They are 

thermally and chemically stable, and also commercially available. Correlation 

between the hydrophobicity of polymers and the crystal growth of perovskites can 

also be found by analyzing this series of polymers. Besides these polymers, 

polystyrene PS was used to differentiate the roles of the O atoms and aromatic rings. 

Poly(o-cresyl glycidyl ether)-co-formaldehyde (PCGE) is another candidate for the 

dielectric layer of perovskite transistors. Its chemical structure has some similarity 

with the MA-based polymers like the phenyl ring and the electronegative O. So PS 

and PCGE will be studied side-by-side with the MA-based polymers as gate dielectric 

layers for bottom-gate top-contact perovskite TFTs. 
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4.2 Experimental Details 

 

                 

 

 

 

 

Fig. 4.1 Schematic diagram showing the structure of samples for the investigation of 

the perovskite crystals growth: SiO2/Polymer/ Perovskite 

 

1) Preparation of polymer solutions 

Firstly, the polymers (PMMA, PEMA, PiPMA, PiBMA, PPhMA, PS and 

PCGE) were dissolved in chlorobenzene CB in a concentration of 10mg/ml. Then, the 

solutions were stirred at 50C overnight. (Detailed procedures can be found in Chap. 

3.2 Preparation of perovskite and polymer solvents) 

Before PCGE was ready for spin-coating, 50μl of an initiator TETA solution 

was added into the PCGE solution (1ml) and heated at 70 ºC for 30 minutes. 

 

2) Preparation of perovskite precursor solution  

MAPbI3 methylammonium lead iodide perovskite: MAI was dissolved in 

propan-2-ol and it was stirred at room temperature overnight. PbI2 was dissolved in 

DMF in a concentration of 450mg/ml and it was stirred at 70 C overnight. (Detailed 

procedures can be found in Chap. 3.2 Preparation of perovskite and polymer solvents) 

 

 

 

Perovskite (350nm) 

Polymer (50-75nm)  

SiO2 

P++ Si 
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3) Procedures of the perovskite crystal growth 

The heavily p-doped silicon substrates were washed by deionized water, 

acetone and propan-2-ol in an ultrasonic cleaner. Then, the wafers underwent an 

ultraviolet-ozone treatment. (Detailed procedures can be found in Chap. 3.3.3 

Cleaning Process) After that, 100μl of the prepared polymer solutions in 

chlorobenzene were spin-coated on the silicon wafer at 2000 r.p.m. for 40 seconds 

and thermal annealed at 100 C for 15 minutes in a N2-filled glove box. After thermal 

annealing, the substrates were cooled down at room temperature for 20 minutes. The 

polymer films acted as the gate dielectric layers for growing perovskite films. 

A two-step spin coating technique was adopted to grow the perovskite film. 

The prepared PbI2 solution was spin coated on the dried date dielectric at 1200 rpm 

for 60 seconds and then the sample was annealed at 70 °C for 1 hour. At the same 

time during annealing, 10 µL of DMF droplets were added near the samples which 

was covered by a petri dish in order to undergo solvent annealing (Details can be 

found in Chap. 3.4.3 solvent annealing). After the samples were cooled down, the 

prepared MAI solution was spin coated on PbI2 layer at 1200 rpm for 60 seconds. 

Lastly, the samples underwent similar thermal and solvent annealing procedures 

described above at 100 °C for 1 hour. 
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4.3 Results and Discussions 

4.3.1 Perovskite film growth on different polymer gate dielectric 

4.3.1.1 Contact angle of the MA-based polymers 

To investigate the hydrophobicity of different substrates, we measured the 

contact angle of different polymers when 5 μl of water was dropped on them by 

capturing images by a camera. The contact angle is the angle between the surface and 

the tangent of the water droplet. The hydrophobicity of polymers can be compared 

from the contact angles. The larger is the contact angle, the more hydrophobic is the 

polymer.  

 

 

Fig. 4.2 The contact angles formed by water drops on PMMA, PEMA, PiPMA, 

PiBMA, PPhMA and PS [15] 

Different gate dielectric layers have different hydrophobicities. Some of them 

are more hydrophilic, which will give a better adhesion for the perovskites. However, 

strong adhesion can hinder the crystal growth on the gate dielectric. Some of the gate 
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dielectric layers are more hydrophobic, which helps crystals to grow larger, but the 

poor wetting of perovskites will hold up the films to grow continuously. Therefore, 

there should be a balance for the hydrophobicity of gate dielectric layers. 

In Fig. 4.2, by observing the contact angles of water on different polymers, the 

hydrophobicity of polymers: PMMA < PEMA < PiPMA ≈ PPhMA < PiBMA < PS. 

Therefore, PiBMA is the most hydrophobic and PMMA is the least hydrophobic 

among the MA-based polymers. If bulkier alkyl or phenyl groups replace the methyl 

group in PMMA, the polymer will become more hydrophobic. Hence, hiding the O 

atoms in the MA-based polymers by alkyl or phenyl groups will make the polymers 

become less hydrophilic.   
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4.3.1.2 Morphologies of perovskite films 

 

Scanning electron microscope SEM was adopted to get SEM images in order 

to investigate the morphology of MAPbI3 perovskite films on different polymer gate 

dielectric layers.  To do a comparison between the perovskite crystals grown on 

different polymers, the software called ImageJ was used to calculate the average size 

of perovskite crystals using the SEM images shown in Fig. 4.3.   

 

Figs. 4.3 SEM images of perovskite crystals on (a) PMMA; (b) PEMA; (c) PiPMA; (d) 

PiBMA; (e) PPhMA and (f) PS [15] 

 

 

Two-step spin coating technique was used to grow the methylammonium lead 

iodide (MAPbI3) perovskite film on different MA-based polymers. Figure 4.3 shows 

the SEM images of these perovskite crystals. Except the perovskites on PiPMA and 

PiBMA (Figs. 4.3 (c) and (d)), continuous perovskite films can be obtained from that 

on the other MA-based polymers (Figs. 4.3 (a), (b) and (e)). The close-up SEM 

images in Figure 4.3 show more clearly about the shapes and connections between the 
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crystals. Larger crystals grown on the polymer developed sharper grain boundaries 

(Fig. 4.3 (e)) and the crystals were appeared to be denser. 

 

 

 
 

Figs. 4.4 (a) Relations between the average perovskite crystal area and contact angle 

on different polymer substrates. Distribution histograms of perovskite crystal grain 

size on (b) PMMA, (c) PEMA, (d) PPhMA and (e) PS substrates. [15] 
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Figure 4.4(a) shows the average perovskite crystal sizes on PMMA, PEMA, 

PPhMA and PS. Among the four polymers, the average crystal size on PMMA which 

was the least hydrophobic was the smallest. Each crystal was about 0.15 µm2 (Fig. 

4.3(a)). In contrary, the average crystal size on PEMA and PPhMA which were more 

hydrophobic were larger (Figs. 4.3 (b) and (e)). Each crystal on PPhMA was about 

1.15 µm2. Figures 4.4(b)–(d) shows the distribution of perovskite crystal grain size on 

the MA-based polymers. Clearly, there is a direct relationship between the perovskite 

crystals size and the hydrophobicity of polymers. MA-based polymers that are more 

hydrophobic help crystals to grow larger. However, hydrophobic surfaces of the 

polymers may not wet the perovskite very well and form continuous pinhole-free 

perovskite film although it is favorable for the large crystal grain growth. For example, 

PiBMA was too hydrophobic so that the perovskite could not even wet on this 

polymer (Fig. 4.3 (d)). Moreover, PiPMA and PPhMA have similar hydrophobicity. 

Compact perovskite film was obtained on PPhMA, but the perovskite had a poor 

wetting on PiPMA and the film was not uniform (Fig. 4.3 (c)). Therefore, there 

should be more physics behind perovskite crystal growth on these polymers other 

than hydrophobicity. 

The relation between the adhesion of perovskite crystals and the 

hydrophobicity of the MA-based polymers due to the molecular origin of perovskite 

crystal growth will be discussed in the following. There are electronegative O atoms 

and other groups attaching the O atoms in the polymers. The perovskite crystal 

growth on PS which does not have the O atoms was used as a control to show that the 

O stoms are hydrophilic which help the adhesion. Some pinholes can be found in the 

SEM image of the perovskite crystal growth on PS (Fig. 4.3 (f)), which shows that the 

adhesion of the crystals is not good enough. Each crystal on PS was about 0.57 µm2. 
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Comparing the chemical structure and results of PPhMA with that of PS, it is believed 

that the O atoms contribute nucleation sites for the perovskite to induce stronger 

attachment. In addition, Grätzel et al. also supported that PMMA can induce 

nucleation of small perovskite crystals and control the crystal growth. [16] 

The relationship between the hydrophobicity of different polymers and the 

perovskite crystal size can be attributed to the side group that is attached to the single-

bond O atoms in the MA-based polymer: methyl < ethyl < phenyl (Fig. 4.4(a)). 

PiPMA has an isopropyl group attaching at the O atoms. The perovskites had a poor 

wetting on PiPMA and the film was not uniform (Fig. 4.3 (c)). For PiBMA, it has an 

isobutyl group attaching at the O atoms. The PbI2 solution could not wet on PiBMA 

(Fig. 4.3 (d)). From PiPMA and PiBMA, it is suggested that the isopropyl and 

isobutyl group are too bulky that they possibly forbid the O atoms in the MA-based 

polymer to interact with the Pb2+ ions in PbI2. Therefore, the bulkier the alkyl groups 

attaching the O atoms, the greater is the barrier for the O atoms acting as nucleation 

sites. Furthermore, there could be electronic repulsion between the electropositive H 

atoms in alkyl groups and the Pb2+ ions in PbI2. Hence, the electronic attactions 

between the Pb2+ ions and the O atoms could be reduced (Fig. 4.5). That explains why 

PiPMA and PiBMA have poor perovskite crystal growth. If the alkyl groups attaching 

to the O atoms are smaller such as methyl and ethyl groups (Fig. 4.5), there will be an 

inductive effect contributed by these groups in order to increase the electronic 

attractions between the Pb2+ ions and the electronegative O atoms, which improves 

the adhesion of perovskite on these polymers.  
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Fig. 4.5 Interactions between the Pb2+ ion in the PbI2 solution and the side groups 

attaching the O atoms in the MA-based polymers [15] 

 

It is noted that PiPMA and PPhMA have similar hydrophobicities as they have 

almost the same contact angle. However, compact perovskite film was obtained on 

PPhMA and the perovskite had a poor wetting on PiPMA with non-uniform film. 

Comparing the side groups attaching to the O atoms of PiPMA and PPhMA, phenyl 

groups of PPhMA gave better compact perovskite films with larger crystals (Fig. 4.4 

(e)). The results are probably because of the extra cation–π interactions between the 

phenyl groups and the Pb2+ ions (Fig. 4.5). [17,18] This kind of interactions may help 

the crystal growth during thermal annealing in addition to the polar interaction 

between the Pb2+ ions and the electronegative O atoms. Hence, both O stoms and 

phenyl groups help fabricate high quality and large perovskite crystals. 

In addition, the crystal growth on PS which does not have any O atoms can be 

used to investigate the only cation–π interactions between the Pb2+ ions and the 

aromatic groups. Due to the cation–π interactions, perovskite crystals could grow on 

PS. However, some pinholes were found in the perovskite film and the adhesion of 

perovskite on PS was poor. Therefore, it is suggested that the polar interaction 

between the Pb2+ ions and the electronegative O atoms is stronger than the cation–π 

interaction. PiPMA and PiBMA are lack of aromatic groups to provide cation–π 
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interaction and their bulky alkyl groups hinder the polar interaction. Consequently, it 

is perovskite crystals are difficult to grow on either PiPMA or PiBMA. 

 

4.3.2 Grazing incidence X-ray diffraction (GIXRD) analysis 

 

 

Fig. 4.6 GIXRD patterns of MAPbI3 perovskite films grown on different polymer 

substrate surfaces 

 

Grazing incidence X-ray diffraction (GIXRD) measurements were performed 

to study the perovskite crystals on different polymers. Figure 4.6 shows the GIXRD 

patterns of MAPbI3 perovskite films grown on PMMA, PEMA and PPhMA. Strong 

peaks are at 14.1°, 28.4° and 31.9° correspond to the (110), (220) and (310) 

reflections respectively. These strong peaks showed the perovskite films acquired 

high crystallinity. There were no apparent peaks corresponding to unreacted PbI2, 

which suggested that the transformation from PbI2 into perovskite crystals was 

complete. 
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4.4 PCGE 

PCGE is another candidate for the gate dielectric layer of perovskite 

transistors. It is an epoxy-based polymer and cross-linked with itself. Using an amine 

initiator TETA, the epoxy groups on the polymer can be polymerized into a highly 

insoluble polymeric layer. 

 
                            Scale Bar = 1 μm 

Fig. 4.7 The contact angle formed by a water drop on PCGE and its SEM image 

Figure 4.7 shows that PCGE has a contact angle smaller than PMMA and 

PEMA. So it is less hydrophobic than PMMA and PEMA. However, larger perovskite 

crystals were grown on PCGE and the wetting of perovskite crystals on PCGE should 

be better than the other MA-based polymers as it is more hydrophilic. From Fig. 4.5, 

it is believed that the phenyl rings and O atoms in PCGE can provide cation–π 

interactions and polar interactions with Pb2+ ion in PbI2 solution in order to give a 

compact perovskite film with large crystals and good adhesion. Therefore, PCGE is 

also a good candidate for being the gate dielectric layer of perovskite transistors. 

PCGE 

62° 
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4.5 Summary 

To sum up, it is important to identify suitable dielectric layer for the perovskite 

crystals growth in order to fabricate a good perovskite transistor. It is believed that 

there are some criteria for obtaining MAPbI3 perovskite films on MA-based polymers 

with great quality and large crystal grains. Firstly, the electronegative O atoms 

contribute nucleation sites for the perovskites to give stronger attachment. Secondly, 

the alkyl groups attaching the O atoms should be chosen properly. Bulky alkyl groups 

have poor adhesion of the perovskite as they cause stronger electronic repulsion 

between the electropositive hydrogen atoms in the alkyl groups and the Pb2+ ions in 

PbI2. Smaller alkyl groups are preferred to improve the adhesion of perovskite as they 

give an inductive effect which increase the electronic atteractions between the Pb2+ 

ions in PbI2 and the electronegative O atoms. Thirdly, phenyl groups attaching the O 

atoms help the crystal growth of perovskite as they gives additional cation–π 

interactions between the Pb2+ ions in PbI2 and the phenyl groups. Moreover, it is 

suggested that the polar interaction between the Pb2+ ions and the electronegative O 

atoms is stronger than the cation–π interaction. Finally, PPhMA possesses the above 3 

criteria and is the best dielectric layer among the MA-based polymers selected. It 

gives rise to a compact perovskite film with the average perovskite crystal size of 1.1 

μm2. 

PCGE is also a good gate dielectric for the perovskites as it has the phenyl 

rings and O atoms to provide cation–π interactions and polar interactions with Pb2+ 

ion in PbI2 solution in order to give a tightly packed perovskite film with large 

crystals and good adhesion.  
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Chapter 5 Fabrication and Characterization of perovskite transistors  

5.1 Introduction 

In the early days of development many perovskite thin films were fabricated 

merely from MAPbI3. Subsequently it was observed that chloride ions in perovskite 

precursor solution are beneficial to the nucleation and crystallization of the perovskite 

films, leading to improved device performance. [1-3] Chlorine ions can be introduced 

into the precursor solution by adding PbCl2 or MACl. The carrier transport at the 

MAPbI3-xClx interface is improved even there is only negligible amount of chlorine 

ions in perovskite film. [2,4-6] In addition, MAPbI3-xClx films exhibit longer charge 

diffusion lengths (> 1 mm) than their single halide counterparts (MAPbI3) (100 nm).[7] 

There are reports discuss different electrical properties of MAPbI3-xClx 

perovskites, but little was said about the fabrication of MAPbI3-xClx mixed halide 

perovskite transistors. [28,29] In this chapter, we demonstrate how to use the compact 

perovskite films fabricated on PPhMA from Chap. 4 to make MAPbI3 

methylammonium lead iodide perovskite bottom-gate top-contact TFTs. The 

fabrication of MAPbI3-xClx mixed halide perovskite TFTs on different dielectric layers 

will also be demonstrated. 
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5.2 Experimental Details 

In this chapter, we worked with bottom-gate top-contact BGTC structure as 

demonstrated in Fig. 5.1. MAPbI3 thin film was fabricated using a 2-step spin coating 

method while MAPbI3-xClx thin film was fabricated using 1-step spin coating method. 

 

                        

 

Fig. 5.1 The fabrication procedure of perovskite TFTs in BGTC structure [8] (the 

thickness of MAPbI3-xClx: ~200 nm and MAPbI3: ~350 nm) 

 

1) Preparation of polymer solutions 

Firstly, the polymers (PMMA, PEMA, PiPMA, PPhMA and PCGE) were 

dissolved in chlorobenzene in a concentration: 10mg/ml. Then, solutions were stirred 

at 50C overnight. (Detailed procedures can be found in Chap. 3.2 Preparation of 

perovskite and polymer solvents) 

 

2) Preparation of perovskite precursor solution  

For MAPbI3 methylammonium lead iodide perovskite: MAI was dissolved in 

propan-2-ol and it was stirred at room temperature overnight. PbI2 was dissolved in 

Dimethylformamide DMF in a concentration: 450mg/ml. It was stirred at 70 C 

                  

 

                      100nm 

     ~200nm/~350nm 

                  50-75nm 
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overnight. (same as Chap. 4.2. Experimental Details) 

For MAPbI3-xClx mixed halide perovskite: PbCl2 and MAI were dissolved in 

DMF with a molar ratio of PbCl2 : 3MAI. The mass ratio of PbCl2:MAI = 

111mg:190.7mg in 1 ml. Then the solution was stirred at room temperature overnight.  

 

3) Procedures for perovskite transistors 

The perovskite transistors were fabricated on heavily p-doped silicon wafers. 

The silicon wafers were cleaned by sonication in deionized water, and propan-2-ol 

followed by using uv-ozone cleaner. (Detailed procedures can be found in Chap. 3.3.3 

Cleaning Process) After that, 100μl of the prepared polymer solutions in 

chlorobenzene CB were spin-coated on the silicon substrate at 2000 rpm for 40 s and 

thermal annealed at 100 C for 15 minutes in a N2-filled glove box. After thermal 

annealing, the samples were cooled down at room temperature for 20 minutes. The 

dried polymer layer was the gate dielectric layer for the perovskite film growth. (same 

as Chap. 4.2. Experimental Details) 

For MAPbI3 methylammonium lead iodide perovskite: we used a 2-step spin 

coating technique to grow perovskite films. PbI2 dissolved in DMF was spin coated 

onto the dried polymer layer at 1200 rpm for 60 seconds. Then the sample was 

annealed at 70 °C for 1 hr. At the same time, solvent annealing was performed. 10 μl 

of DMF was introduced next to the samples which were placed in a closed space by a 

petri dish. (Details can be found in Chap. 3.4.3 Solvent annealing). Then, MAI in 

propan-2-ol was dropped on PbI2 layer at 1200 rpm for 60 seconds. After that, 

thermal and solvent annealing were carried out using the same procedure described 

above except the annealing temperature was 100 °C. (same as Chap. 4.2 Experimental 

Details) 
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For MAPbI3-xClx perovskite: In this perovskite crystal growth, we employed a 

1-step spin coating method to grow perovskite films. After cooling down the samples 

with polymer dielectric layer, 100 μl of the prepared perovskite solution was spin 

coated on the polymer layer at 3000 rpm for 40 s. Toluene dripping was performed at 

the same time. 600 μl of toluene was dropped at the 8th second while the perovskite 

layer was spinning. Then it was thermally annealed from room temperature to 85C 

for 30 minutes followed by raising the temperature from 85C to 115C for 1 hour. 

Finally, the samples were cooled down. 

After the perovskite crystal growth, substrates were mounted on a square plate. 

The plate was then placed in the Edwards evaporator for evaporating gold (100 nm) 

source and drain electrodes on the perovskite layer. The channel length and width 

were 50 µm and 6 mm, respectively. N-type characteristics of the TFTs were tested 

between 113-290 K. 
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5.3 Results and Discussions 

5.3.1 MAPbI3 and MAPbI3-xClx perovskite transistor using PPhMA as the 

dielectric layer 

 

From Chap.4, PPhMA was found to be the best dielectric layer among the MA 

polymers. So PPhMA polymer layer was chosen for fabricating perovskite transistors. 

As the device performance of MAPbI3 perovskite transistor works better at 202K, the 

performance of MAPbI3 and MAPbI3-xClx perovskite transistors are compared below 

at this temperature. Figures 5.2 (a) and (b) show the output characteristics of two 

different perovskite TFTs on PPhMA at 202 K. Both transistors exhibited well-

behaved output characteristics with clear linear and saturation regimes. Equation (2.9) 

was used to calculate the saturation mobilities of perovskite TFTs. 

IDS =  
𝑊

2𝐿
 Ci µsat(VG −VT) 2 (2.9) 

where IDS: source drain current, Ci: capacitance of the dielectric, W: channel width, L: 

channel length, VT: threshold voltage, µsat: carrier mobility in saturation regime, and 

VG: gate voltage. Figure 5.2 (c) compares their transfer characteristics at 202K. The 

mobility of MAPbI3-xClx perovskite TFT grown on PPhMA was obviously larger than 

that of MAPbI3 perovskite with significantly steeper transfer characteristics. µsat of 

MAPbI3-xClx perovskite TFT grown on PPhMA was 1.58 cm2/Vs and µsat of MAPbI3 

perovskite grown on PPhMA was 0.40 cm2/Vs. 
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(a)                                                                 (b) 

                                           

            

Figs. 5.2 Output characteristics of (a) MAPbI3 perovskite (b) MAPbI3-xClx perovskite 

TFT at 202 K on PPhMA polymer substrates (c) Transfer characteristics of two 

different perovskite TFT at 202 K on PPhMA  

 

Perovskite μsat (cm2 V-1 s-1) VT (V) Ion/off S (V/dec) Nsub(cm-2 eV-1) 

MAPbI3 0.40 34.3 5.1 x 105 4.72 6.70 x 1012 

MAPbI3-xClx 1.58 17.8 2.2 x 106 2.96 4.18 x 1012 

 

Table 5.1 TFT performance including the sub-threshold swing S, on-to-off current 

ratio Ion/off, threshold voltage VT and the saturation electron mobility µsat of different 

perovskite using PPhMA as dielectric material at 202 K 
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Figures 5.2 (a) and (b) show there is a slight nonlinearity for the IDS–VDS curves 

near zero bias. The diode like curves (concave upward) observed in the linear region are 

originated from the presence of large contact resistance (Chap. 2.4.6.1 field effect 

mobility). At low VDS, voltage drop is dominated at the contact, resulting in the 

suppression of IDS. It shows that the contact has not been optimized yet. Moreover, 

when the temperature decreases, the shape of the output characteristics of the perovskite 

will become more comparable to that in Fig. 2.5. (a) Current-voltage characteristics of 

transistors. 

Table 5.1 sumarizes the performance of two different perovskite TFT at 202 K. 

The MAPbI3-xClx perovskite TFT showed better electron transport parameters with  µsat 

= 1.58 cm2/Vs, VT = 17.8 V, six orders of magnitude on/off ratio, sub-threshold swing S 

= 2.96 V/dec and trap state density Nsub = 4.18 x 1012 cm-2 eV-1. The electron mobility 

of MAPbI3-xClx perovskite TFT is about ten times larger than that of MAPbI3 TFT at 

202K. The MAPbI3-xClx perovskite TFT also has a larger Ion/off and smaller VT, sub-

threshold swing and trap state density compare to the MAPbI3 TFT. 

According to Ref. [9], the ion motion in perovskite is thermally activated [10] 

and the ion migration rate decreases exponentially with decreasing temperature. [9] 

𝑟𝑚 ∝ exp (−
𝐸𝐴

𝑘𝐵𝑇
) 

where rm: ion migration rate, T: temperature, kB: Boltzmann constant and EA: 

activation energy. EA is can be affected by the crystal structure, ion-jumping distance, 

charge of ions and ionic radius of the material. [11] At lower temperatures, the 

hysteresis is negligible. [9] In addition, carriers collide with vibrating lattice atoms at 

any temperature above 0 K, which lead to lattice scattering. As lattice vibrates more 

vigorously with increasing temperature, greater lattice scattering tends to reduce 

mobility. Theoretically, the mobility decreases in proportion to T-3/2. The results show 
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that the output currents are better at a lower temperature.  

In Chap. 2.2 MAPbI3  perovskite and MAPbI3-xClx perovskite , we discussed 

several differences between MAPbI3-xClx and MAPbI3 perovskite. Many studies 

confirmed the superior properties of MAPbI3-xClx: it has a greater optical absorption 

near the band gap, [12-14] longer diffusion lengths (∼1 μm) compared to MAPbI3 

(∼100–300 nm), [7,16] and longer PL lifetimes, [15].  Except these properties, it is 

believed that there are other explanations for the better performance of MAPbI3-xClx 

perovskite. From Chap. 2.4.6.3 On/off ratio and sub-threshold slope, the trap state 

density can be calculated by using Eq. (2.13). 

S = ln 10 (
𝑘𝐵𝑇

𝑞
) (1 +

𝑞2𝑁𝑠𝑢𝑏

𝐶
) (2.13) 

MAPbI3-xClx perovskite TFT has a lower trap state density than that of MAPbI3 

perovskite TFT. It is believed that chloride probably diminishes the defect density so as 

to change the electronic properties of MAPbI3-xClx films. [17] Some reports show that the 

perovskites grown under iodine-rich environment results in a high density of deep 

electronic traps. [18] If chloride precursor is used instead, the excess iodine can then be 

reduced and avoid the formation of key defects that lead to short diffusion lengths. 

Thus, the trap state density will also be reduced. Moreover, some studies suggested that 

the chlorine incorporation could improve the interfaces between the perovskites and the 

gate dielectric layers, [6] which leads to a better performance of MAPbI3-xClx perovskite 

TFT. 

 

5.3.2 MAPbI3-xClx perovskite transistor on different dielectric layer 

The growth of MAPbI3-xClx perovskite films on PEMA and PiPMA yield 

negative results because the precursor solution did not wet these surfaces (Fig. 5.3). In 

this part, we only consider the growth of MAPbI3-xClx perovskite TFT on three 
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different polymer substrates: PMMA, PPhMA and PCGE. As the device performance 

of MAPbI3-xClx perovskite transistors work better at 150K, they are comparing with 

each other at 150K. 

 

Fig. 5.3 The crystal growth of MAPbI3-xClx perovskite on PEMA and PiPMA  

Figures 5.4 (a)–(c) show the output characteristics of MAPbI3-xClx perovskite 

TFTs on PMMA, PPhMA and PCGE at 150 K. Both transistors exhibited well-

behaved output characteristics with clear linear and saturation regimes. Figure 5.5 

compares their transfer characteristics with that of MAPbI3 perovskite TFT on 

PPhMA. It shows the three MAPbI3-xClx perovskite TFTs on different polymers had 

generally steeper transfer characteristics than that of MAPbI3 perovskite TFT on 

PPhMA. The best performance of MAPbI3-xClx perovskite transistors was fabricated 

on PPhMA with significantly steeper transfer characteristics (Fig. 5.5) and an electron 

mobility µsat = 4.30 cm2/Vs. The smallest mobility of MAPbI3-xClx perovskite 

transistors was fabricated on PCGE with µsat = 2.48 cm2/Vs.  
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Figs. 5.4 Output characteristics of MAPbI3-xClx perovskite TFT at 150 K on (a) 

PMMA, (b) PCGE and (c) PPhMA 

 

Table 5.2 summarizes the MAPbI3-xClx perovskite TFT data at 150 K. The 

electron mobility of MAPbI3-xClx perovskite TFT was fabricated on PCGE < PMMA 

< PPhMA. The champion goes to MAPbI3-xClx perovskite TFT fabricated on PPhMA 

with  µsat = 4.30 cm2/Vs, VT = 31 V, seven orders of magnitude on/off ratio, sub-

threshold swing S = 3.45 V/dec and trap state density Nsub = 6.59 x 1012 cm-2 eV-1. It 
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has the greatest mobility and also the largest Ion/off, the smallest VT, S and trap state 

density among the three dielectric layers. 

 

Dielectric Ci (nF cm-2) μsat (cm2 V-1 s-1) VT (V) Ion/off S (V/dec) Nsub(cm-2 eV-1) 

PMMA 9.06 2.65 38 7.55 x 106 4.55 8.71 x 1012 

PPhMA 9.19 4.30 31 1.68 x 107 3.45 6.59 x 1012 

   PCGE 9.85 2.48 42 1.17 x 107 5.55 1.06 x 1013 

Table 5.2 TFT performance including the sub-threshold swing S, on-to-off current 

ratio Ion/off, threshold voltage VT, capacitance per unit area Ci, the saturation electron 

mobility µsat and trap state density Nsub of MAPbI3-xClx perovskite using different gate 

dielectric at 150 K 

 

 

Fig. 5.5 Transfer characteristics of MAPbI3-xClx perovskite TFT at 150 K on PPhMA, 

PMMA and PCGE. For reference, data at for MAPbI3 perovskite TFT at 150 K on 

PPhMA grown in this lab was shown for comparison 
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 (a) 

 

                                                          
(b) 

                   
(c) 

 
Figs. 5.6 (a) The models indicate the different phases of MAPbI3 at different 

temperature regions (b) [8] Electron mobility against temperature of MAPbI3-xClx 

perovskite TFTs using PPhMA, PMMA, and PCGE gate dielectric layers. For 

references, data for MAPbI3 TFT on PPhMA grown in this lab, and data for  MAPbI3 

TFT on SiO2 (taken from Ref. [19]) are shown for comparison. It can be seen that 
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with the introduction of Cl, the TFT mobility is significantly enhanced. (c) A close-up 

of electron mobility against temperature of MAPbI3-xClx perovskite TFTs using 

PPhMA, PMMA, and PCGE gate dielectric layers from 100 K to 220K 

 

Figure 5.6 (b) shows the temperature dependence of electron mobility of 

MAPbI3-xClx perovskite TFTs. The mobilities of the three MAPbI3-xClx perovskite 

TFTs on different polymer gate dielectric layers are all greater than the mobility of 

MAPbI3 perovskite TFT on PPhMA for all temperatures. Very few research discuss 

the fabrication of perovskite transistors with high mobility and the crystal growth of 

perovskite on different insulating substrates. Figure 5.6 (b) involves a temperature 

dependence of electron mobility of MAPbI3 perovskite TFT from a research paper. [19] 

The largest mobilities of the three MAPbI3-xClx perovskite TFTs are 2 orders larger 

than that of the TFT published in the paper. Figure 5.7 shows the structure of the 

MAPbI3 perovskite transistor in the research paper which does not have any polymer 

gate dielectric layer. 

 

 

 

 

 

 

Fig. 5.7 The structure of the MAPbI3 perovskite transistor in the research paper  [19] 

 

In Fig. 5.6 (c), we show in a linear scale the low temperature dependence of 

the mobilities. The electron mobility becomes larger when temperature decreases 

from 200 to 150 K. From 150 K towards 100K, the electron mobility slightly 

decreases. The sudden decrease in mobility is believed to be due to impurity 
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scattering. Impurity scattering is mainly beacause of the presence of crystal defects 

which is more significant at lower temperature. Carriers move slower at lower 

temperatures, so that they have sufficient time to remain near the charged impurities 

and become effectively scattered. Hence, impurity scattering dominates at low 

temperature and reduces the mobility. When the temperature increases from 150 K to 

200 K, the mobility decreases slightly. It is probably because the lattice scattering by 

phonon vibrations of the crystals increases with increasing temperature, which was 

discussed in Chap. 5.3.1. MAPbI3 and MAPbI3-xClx perovskite transistor using 

PPhMA as the dielectric layer. 

When the temperature is above 250 K, the mobilities of all TFTs decrease 

significantly. The mobilities at room temperature are around 2 orders smaller than that 

at above 219 K. The decrease in mobilities above 250 K is probably because the ion 

migration rate increases exponentially with increasing temperature as discussed in 

Chap. 5.3.1. MAPbI3 and MAPbI3-xClx perovskite transistor using PPhMA as the 

dielectric layer. So hysteresis will also increase and cause this decrease. Moreover, 

there should also be a phase transition of perovskite crystal to bring this relatively 

large decrease in mobility. Fig. 5.6 (a) shows the changing of phase from 

orthorhombic phase to tetragonal phase. The mobility of tetragonal phase is said to be 

smaller than that of orthorhombic phase according to semi-classical Boltzman 

transport theory. [20] As the cage size of tetragonal phase is greater than that of 

orthorhombic phase (Fig. 5.6 (a)), the methylammonium or iodide ions in tetragonal 

phase will then lead to a larger electronic disorder which causes more traps. [21-23] 

Therefore, electron transport will be affected more seriously in tetragonal phase. 
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5.3.3 Photothermal deflection spectroscopy (PDS) spectra of perovskite films 

 

Fig. 5.8 Photothermal deflection spectroscopy (PDS) spectra of MAPbI3-xClx 

perovskite on different polymer gate dielectric surfaces and MAPbI3 perovskite on 

PPhMA 

 

Perovskite Dielectric Eg (eV) Eu (meV) 

    MAPbI3-xClx PPhMA 1.59 19.5 

   MAPbI3-xClx PMMA 1.59 20.4 

MAPbI3-xClx         PCGE 1.59 20.5 

MAPbI3        PPhMA 1.59 22.7 

 

Table 5.3 The bandgap energy Eg and Urbach energy Eu  of MAPbI3-xClx perovskite 

on different polymer gate dielectric surfaces and MAPbI3 perovskite on PPhMA 

 

Photothermal Deflection Spectroscopy (PDS) [24] is a very sensitive 

measurement technique to measure subgap optical absorptions which can be used to 

evaluate the electronic properties of the perovskite films. Monochromatic light beam 
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is used to focus on perovskite film samples for investigation. After the light is 

absorbed by the sample, its surrounding medium will then have a periodic 

temperature increase. The refractive index of the sample and its surrounding medium 

will then be changed as the refractive index of a material is temperature dependent 

(mirage effect). A refractive index gradient is generated in a thin layer just above the 

sample. Such a gradient will deflect a probe laser directed just above the sample 

surface. The amplitude of the deflection relates to the optical absorption of the 

perovskite film for a small temperature increase. [25] 

Figure 5.8 shows the PDS spectra of MAPbI3-xClx perovskite on different gate 

dielectric and MAPbI3 perovskite on PPhMA. All absorption spectra show the 

absorptions decrease a lot at above 1.6 eV. This is consistent with MAPbI3 perovskite 

energy gap. [26] The Urbach model shows the spectral dependence of absorption 

coefficient (α) : 

α = α0 exp (
hν −𝐸𝑔

𝐸𝑢
) for E < Eg 

where α0: a constant, Eu: Urbach energy , Eg: bandgap energy and hν: photon energy.  

The Urbach energy is a measure of energy width of the absorption edge due to 

localized states in disordered materials. The smaller the Eu, the better is the 

perovskites with more reduced localized states. Table 5.3 shows Eu  of MAPbI3-xClx 

perovskite on different polymer gate dielectric surfaces and that of MAPbI3 

perovskite on PPhMA. MAPbI3-xClx perovskite grown on PPhMA gives the smallest 

Eu, which shows that it has the least localized states and defects. Also, the Eu of 

MAPbI3-xClx perovskite on the three different polymers are all smaller than that of 

MAPbI3 perovskite on PPhMA. The results are consistent with the mobility that we 

got in Chap. 5.3.2 MAPbI3-xClx perovskite transistor on different dielectric layer. The 

mobility of MAPbI3-xClx perovskite TFT grown on PPhMA is the highest and the 
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mobilities of the three MAPbI3-xClx perovskite TFTs on different polymer gate 

dielectric layers are all greater than the mobility of MAPbI3 perovskite TFT on 

PPhMA for all temperatures.  

 

5.3.4 Morphologies of MAPbI3-xClx perovskite films 

Scanning electron microscopy (SEM) was used to examine the morphologies 

of the perovskite films. Figure 5.9 displays the SEM images of top views of the 

MAPbI3-xClx perovskite layers on different polymer gate dielectric layers under 10k 

magnification. The images reveal that the perovskite films are composed of large 

crystal grains with a number of pinholes which are usually seen from the films 

produced by mixed halide precursors. [27] However, SEM images can only see the 

morphology from the top view of the films instead of the perovskite-dielectric 

interface. It is believed that the good performance of the MAPbI3-xClx perovskite 

TFTs possibly originates from the interfaces between the perovskites and the gate 

dielectric layers due to the chlorine inclusion. After all, the high mobility performance 

of the MAPbI3-xClx perovskite TFT can still be improved after getting a better 

coverage of perovskite films.  
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Figs. 5.9 SEM images of MAPbI3-xClx perovskite films on (a) PMMA; (b) PPhMA; (c) 

PCGE  

 

 

5.3.5 X-ray diffraction (XRD) of MAPbI3-xClx perovskite thin film 

 

After fabricating the MAPbI3-xClx perovskite thin films on different polymer 

gate dielectric layers, XRD was utilized to examine the crystallinity and 

microstructure of the perovskite thin films. Figure 5.10 displays the typical XRD 

pattern of perovskite films. Strong peaks are at 2 = 14.1°, 28.4°, and 33.0° which 

correspond to (110), (220), and (310) reflections of MAPbI3, respectively. These 

strong peaks showed the perovskite films acquired high crystallinity. There were no 

apparent peaks corresponding to unreacted PbI2 and PbCl2, which suggested that the 

transformation from PbI2 into perovskite crystals was complete and the vaporization 

of chlorine atoms from the film during thermal annealing (details can be found in 

Chap. 2.3 Formation of CH3NH3PbI3-xClx perovskite), respectively.  
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(a)                                                                 (b) 

          
   (c)  

 
Figs. 5.10 XRD pattern of MAPbI3-xClx perovskite films grown on (a) PMMA, (b) 

PPhMA and (c) PCGE polymer substrate surfaces 

 

5.3.6 The sub-threshold swing, threshold voltage and on-to-off current ratio of 

MAPbI3-xClx perovskite on different dielectric layers against different 

temperature 

 

Figures 5.11 (a) and (b) display the sub-threshold swing and threshold voltage 

of MAPbI3-xClx perovskite on PPhMA are smaller than that of perovskite on other two 

polymer dielectric layers in all tempaerature. From Fig. 5.11 (a), we can see that the 

threshold voltage generally increases with decreasing temperature. It is possibly 

because VT indicates the presence of trap states and the density of trap states increases 

when temperature decreases (Details can be found in Chap. 2.4.6.2 threshold voltage).  
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Figure 5.11 (c) shows a similar pattern of the electron mobility against 

temperature of MAPbI3-xClx perovskite TFTs fabricated on PPhMA, PMMA and 

PCGE (Fig. 5.5 (b)).  

                                                       

 

Figs. 5.11 (a) Threshold voltage VT, (b) Sub-threshold Swing S and (c) on-to-off 

current ratio Ion/off against temperature of MAPbI3-xClx perovskite TFTs fabricated on 

PPhMA, PMMA and PCGE. 
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5.4 Summary 

 

To conclude, the presence of chloride ions in the perovskite precursor solution 

does help improve device performance. The mobilities of MAPbI3-xClx perovskite 

TFTs on three PMMA, PCGE and PPhMA are all greater than the mobility of MAPbI3 

perovskite TFT on PPhMA for all temperatures. It is probably due to the superior 

electronic properties of MAPbI3-xClx. MAPbI3-xClx perovskite TFT on PPhMA has a 

lower trap state density and smaller Urbach Eu in the PDS measurement than that of 

MAPbI3 perovskite TFT on the same gate dielectric PPhMA. It is suggested that 

MAPbI3-xClx perovskite has less localized states and the chloride in the perovskite 

diminishes the defect density and improve the electronic properties of the MAPbI3-

xClx perovskite film. The best performance of perovskite TFTs goes to MAPbI3-xClx 

perovskite TFT grown on PPhMA. It has the largest electron mobility µsat = 4.30 

cm2/Vs at 150 K and the smallest Urbach energy of 19.5 meV.  
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Chapter 6 Conclusions and Outlook 

The methylammonium-based perovskite crystal growth on some methyl 

methacrylate-based polymer insulators and the fabrication of MAPbI3 

methylammonium lead iodide perovskite and MAPbI3-xClx mixed halide perovskites 

thin film transistors (TFTs) were investigated. For identifying an appropriate gate 

dielectric materials for the growth of perovskite films, it is important to find a balance 

between the adhesion and crystal size of perovskite. The most hydrophilic MA-based 

polymer PMMA favors adhesion of perovskites crystals, but leads to small crystal 

sizes with an average size of 0.2 μm2. The most hydrophobic MA-based polymer 

surface suppresses adhesion of perovskites crystals, but yields larger crystals. PPhMA 

gets the best balance among the chosen MA-based polymers. It offers the 

electronegative O atoms in the MA-based polymers to provide nucleation sites for 

PbI2 in the perovskite precursor and also phenyl groups attaching the O atoms to give 

cation–π interactions between the Pb2+ ions in PbI2 and the phenyl groups with high 

enough hydrophobicity to give a compact perovskite film with an average crystal size 

of 1.1 μm2. 

After the accomplishment of finding a great gate dielectric PPhMA, it is used 

for the fabrication of MAPbI3-xClx and MAPbI3 perovskite TFTs. MAPbI3-xClx on 

PPhMA has a lower trap state density and smaller Urbach Eu than that of MAPbI3 

TFT on PPhMA, which suggested MAPbI3-xClx perovskite has less localized states. 

MAPbI3-xClx perovskite TFT grown on PPhMA has the largest and impressive 

electron mobility µsat = 4.30 cm2/Vs at 150 K and the smallest Urbach energy of 19.5 

meV. The electronic evaluation of all the perovskite films has a bandgap at 1.6 eV. 

PCGE is also a good gate dielectric for the perovskites. It possesses the phenyl 

rings and O atoms to provide cation–π interactions and polar interactions with Pb2+ 

ion in PbI2 solution in order to give a tightly packed perovskite film with large 
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crystals and good adhesion. MAPbI3-xClx perovskite TFT grown on PCGE has a great 

electron mobility µsat = 2.48 cm2/Vs at 150 K and a small Urbach energy of 20.5 meV. 

 

There are a few issues that remain critical before perovskite transistors can become 

practical. 

[1] High mobilities at room temperature: 

Theoretically, methylammonium perovskite can give reasonably high mobility 

(<~100 cm2/Vs). However, the charge carrier mobility in perovskites is clearly limited 

by some intrinsic processes. One of the factors is electron-phonon interactions. 

Carriers collide with vibrating lattice atoms at any temperature above 0 K, which lead 

to lattice scattering. As lattice vibrates more vigorously with increasing temperature, 

greater lattice scattering tends to reduce mobility. Theoretically, the mobility 

decreases in proportion to T-3/2. Another factor is the phase change of perovskites. The 

mobility of tetragonal phase is said to be smaller than that of orthorhombic phase 

according to semi-classical Boltzman transport theory. [2] As the cage size of 

tetragonal phase is greater than that of orthorhombic phase, the methylammonium or 

iodide ions in tetragonal phase will then lead to a larger electronic disorder which 

causes more traps. [3-5] Therefore, if we can control the perovskite crystals to 

transform into orthorhombic phase at room temperature and also alleviate the ion 

screening effect, high mobilities perovskite TFTs at room temperature may result. 
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[2] P-type carrier transport (hole mobility):  

Theoretically, the methylammonium perovskite exhibits ambipolar transport. 

In Ch. 5, MAPbI3-xClx and MAPbI3 perovskite TFT only exhibit n-type carrier 

transport. For p-type transistors, the main charge carriers are holes. When negative VG 

is applied, it polarizes the dielectric, which makes holes accumulate at the interface 

between the gate dielectric and the perovskite film. When VDS is applied, the holes 

will move from the source electrode to the drain electrode. However, it is believed 

that the negative ions like iodide and chloride in the perovskite are mobile and they 

act as traps to neutralize the holes so as to give poor hole mobilities. These traps have 

to be alleviated in order to give devices with high hole mobilities. 

 

[3] Perovskite transistors with higher mobilities 

There are different ways to prepare mixed halide perovskite MAPbI3-xClx with 

different chloride concentration. Two precursors PbI
2
:2CH

3
NH

3
I and 

PbCl
2
:3CH

3
NH

3
I can be mixed with different ratios to get a new precursor 

x(PbI
2
:2CH

3
NH

3
I):(1-x)(PbCl

2
:3CH

3
NH

3
I).[6] Therefore, the concentration of 

chloride in the perovskite can be optimized to give a better or even full coverage 

perovskite layer. The improved crystallinity and morphology of perovskite films can 

reduce charge recombination and give better performance perovskite transistors. 
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