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Abstract 
 

This thesis focuses on the development of high-performance phototransistors based on several 

solution-processed semiconductors. After giving an outline of the relevant theory and 

experimental methods, the thesis is divided into three experimental chapters. 

The first chapter presents the development of an ambipolar organic phototransistor 

based on [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM). The balanced electron and 

hole transport characteristics are achieved by fine-tuning of the injection electrode work 

function using a self-assembled monolayer. The ambipolar PC61BM phototransistor exhibits 

promising photoresponse in the UVA region, with maximum photosensitivity and responsivity 

of 9×103 and 3×103 A/W respectively. In addition, the phototransistor shows fast temporal 

response with switching times of <2 ms, validating the potential of ambipolar phototransistor 

for fast and sensitive photodetection.  

The second chapter demonstrates a novel hybrid heterostructure transistor based on 

indium oxide (In2O3) and copper thiocyanate (CuSCN), which enables ambipolar operation 

while maintaining a high optical transparency. The ability of visible light detection is then 

enabled by the incorporation of a light-absorbing organic dye, resulting in an 

In2O3/dye/CuSCN trilayer phototransistor with remarkably enhanced photoresponse to green 

illumination. More interestingly, the trilayer phototransistor exhibits high switching speed with 

a response time of ~1 ms, indicating the hybrid method as an effective way to improve the speed 

of oxide-based phototransistors for efficient and fast photo-sensing application.  

The third chapter is a study of hybrid perovskite-organic heterojunction 

phototransistors by integrating metal-halide perovskite (MHP) into a series of organic 

semiconductor transistor channels to form different types of heterojunction. Phototransistor 

characterisation shows that “straddling-gap” type-I heterojunction structure with preferential 

edge-on molecular orientation leads to more efficient photocarrier circulation and hence 

enhanced photoresponse, whilst transforming the heterojunction type by varying the organic 

composition allows tuneable photoresponse. This study provides important insights into the 

charge-transfer dynamics which can help the development of advanced device designs with 

“on-demand” optoelectronic properties. In addition, a novel evaluation method for 

phototransistors is proposed using a photo-inverter circuitry, which assesses phototransistors’ 

amplification as well as asserts transistors’ functionality for both linear and saturation 

operations.  
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Chapter 1 Introduction 

1.1 Flexible electronics 

Electronic devices based on semiconducting materials have become an integral part of modern 

life. Conventional semiconductor materials are typically crystalline elemental materials from 

Group IV such as Silicon (Si), and compounds from Group III and V. The chemical bonding 

of these materials exhibits a strong covalent character. The strong intermolecular electron 

coupling contributes to the formation of physically robust structures that allow for superior 

thermal stability and high charge carrier mobilities. Microelectronics based on these materials 

has achieved great success in the past five decades, the development of which follows an 

exponential growth path doubling the number of transistors in an integrated circuit every 24 

months, which is known as Moore’s Law1.  

Despite the success of conventional semiconductors in microelectronics, emerging new 

applications like wearable integrated systems2, artificial skins3, smart labels4 and intelligent 

packaging5 require electronic devices to be flexible, stretchable, light-weight and even 

biocompatible. These technological demands create a field of applications inaccessible by 

conventional electronics as most of the crystalline semiconductors are by nature brittle 

materials and therefore only suitable for rigid substrates. This gives rise to the field of flexible 

electronics, the possibility of fabricating electronic circuits on flexible substrates thus making 

them bendable. To make flexible electronics devices, all components (e.g. the substrate, the 

back-plane and front-plane electronics) must comply with bending to some degree without 

losing their function6. Two basic approaches have been employed to make flexible electronics: 

i. transfer and bonding of completed circuits to a flexible substrate, ii. direct fabrication of 

functional circuits on the flexible substrate. The transfer-and-bond approach can date back to 

1960s since the first flexible solar cell arrays were made by thinning single crystal silicon wafer 

to ~100 μm and then assembling them on a plastic substrate to realise flexibility7. This approach, 

however, is limited by small surface area coverage and high cost. On the other hand, direct 

fabrication approach relies on polycrystalline or amorphous semiconductors because these 

materials can be grown on foreign substrates. Hydrogenated amorphous silicon (a-SiH) and 

polycrystalline silicon (poly-Si) therefore have stimulated research on silicon-based thin-film 

circuits on novel substrates with successful demonstrations on flexible TFTs8,9 and flexible 

solar cells10,11. In the past three decades, research in materials science has revealed that many 
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other materials also exhibit semiconducting properties, such as organic semiconductors12, 

metal oxide semiconductors13 and nanocrystal semiconductors14. The presence of these new 

semiconductor materials has significantly expanded the material families available for the 

direct fabrication of flexible electronics. 

 

 

Figure 1.1: Examples of flexible electronics. (a) Photograph of a wearable flexible integrated 

sensing array on a subject’s wrist, integrating the multiplexed sweat sensor array and the 

wireless flexible printed circuit board (FPCB). Taken from ref15; (b) Photograph of a record-

breaking 15-metre single-device OLED strip produced by Holst Centre using a roll-to-roll 

(R2R) pilot line. Taken from ref16.    

 

Since the inspiring work in the 1970s by Chiang et al. on the discovery of doping-

induced conductivity in polyacetylene17, research interest in organic semiconductors has grown 

enormously. In the 1980s, functional electronic devices based on organic materials, such as 

organic light emitting didoes (OLEDs)18 and organic field-effect transistors (OFETs)19, were 

successfully demonstrated. Although the performances were found inferior to the conventional 

inorganic counterparts, the unique material properties of organic semiconductors provided new 

routes toward novel electronic device fabrication techniques and applications. For example, 

organic materials can be processed at lower temperatures, enabling fabrication on plastic 

substrates. This type of electronics devices has distinct advantages versus traditional 

electronics including low weight, low cost and high flexibility. Organic materials can also be 

processed from solution and hence allow various deposition techniques such as spin-coating20, 

doctor blading21, inkjet printing22, and roll-to-roll printing23 onto various types of substrates. 

Moreover, the structure versatility of organic compounds enables molecular design with tailor-

made optoelectronic properties via the introduction of different chemical groups. One 

important example is that the ability to tune the energy bandgap of organic semiconductors 

leads to the realisation of full colour range emission of OLEDs.  

a b
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Some inorganic semiconductors, particularly metal oxides, have also been 

demonstrated to be able to offer similar processability to organic materials with even better 

charge transport performance13,24. Studies on wide bandgap metal oxides as semiconductors 

can date back to 1960s since some demonstrations of field-effect transistor based on post-

transition metal oxides such as tin oxide (SnO2)
25 and zinc oxide (ZnO)26. These metal oxides 

with attractive properties like high transparency across the visible spectrum, high ambient 

stability and simple processing led to a surge of research in the early 2000s. A representative 

work is the first demonstration of thin-film transistor based on amorphous indium-gallium-zinc 

oxide (IGZO) in 2004 by Nomura et al.27, which exhibits a nearly tenfold increase in mobility 

compared to amorphous silicon (a:Si). In addition to the high carrier mobility, the amorphous 

nature of IGZO ensures high device uniformity for large area fabrication. These appealing 

properties of IGZO TFTs combined with the drive for a replacement of traditional a:Si TFT 

backplane in flat panel display technology eventually has led to the rapid commercialisation of 

IGZO TFTs28. With significant advances in device performance, research interests then turned 

towards enriching the fabrication methods of metal oxides. Unlike conventional inorganic 

semiconductors, the chemical nature of metal oxides makes them possible for solution-based 

deposition methods29. With the research efforts in materials science and engineering, several 

new chemical routes have been proposed and demonstrated that allow low-temperature 

deposition of metal oxides on flexible plastic substrates30–32. 

 

1.2 Photodetectors based on solution-processed semiconductors 

Photodetection technology, which has been one of the most important electronic applications 

in our daily lives, requires photodetectors with distinct electronic and optical properties33. 

Current photodetectors mainly use photodiodes or phototransistors made from conventional 

crystalline inorganic semiconductors, such as Si or GaAs. These conventional semiconductors 

possess some properties that restrict their ability to meet the ever-increasing demand for 

innovation in photodetection technology. For example, conventional semiconductors usually 

exhibit broadband absorption due to their relatively large bandgap, leading to a broad spectral 

photoresponse. This gives rise to the requirement of colour filters for colour imaging, which 

complicating the architecture and fabrication process of the image sensors. In addition, 

integration of rigid conventional semiconductors as photoactive materials with read-out 

integrated circuitry (ROIC) increases the complication of system design and poses significant 

limits on the achievable compactness and sensitivity34. Therefore, photodetectors based on 
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solution-processed light-absorbing materials such as organic semiconductors (OSCs), 

metal‑halide perovskites (MHPs), and inorganic colloidal quantum dots (CQDs), have emerged 

as promising candidates for the next generation of photodetection35. 

These solution-processed materials possess several properties that are particularly 

attractive in photodetection applications. Firstly, the processing versatility enables the ease of 

integration with present sensing technologies like complementary metal-oxide-semiconductors 

(CMOS), allowing photodetection schemes such as top-surface photodetectors36. In the top-

surface photodetection scheme, the photoactive layer is incorporated directly on top of the 

ROIC. The solution-based deposition method allows high coverage of photoactive material on 

the pixel area, hence delivers high-resolution imaging systems with improved-sensitivity and 

minimised crosstalk36. In addition to the fabrication-relevant benefits, another appealing 

property of the materials mentioned above is the ability to tune their optical bandgap during 

material synthesis, which enables photodetection for specific spectral ranges. The optical 

bandgap of OSCs can be tuned by varying the molecular structure as well as the solid‑state 

assembly, enabling photodetection from the ultraviolet (UV) to the near‑infrared (NIR) 

spectrum. The optical bandgap of MHPs can be tuned by varying the composition of the 

organic and inorganic fractions, allowing the modification of the bandgap from the visible to 

the near‑infrared spectral range. In contrast, the tuning of the optical bandgap in CQDs is 

achieved by adjusting the nanocrystal size during growth. This quantum confinement in CQDs 

enables tuning of spectral response with an extremely wide range from X-ray to the short-wave 

infrared (SWIR) region. Advances in understanding the material science and device 

engineering have led to several applications with noteworthy state‑of‑the‑art performance. For 

example, Adinolfi et al. reported a photovoltage field-effect transistor (PVFET)37 by 

incorporating CQDs with Si, exhibiting a widely tuneable spectral response and significantly 

enhanced photodetection for Si-based electronics in the infrared region. Pierre et al. reported 

an all-organic phototransistor-based image sensor38 processed on plastic substrate without 

photolithography, exhibiting a wide dynamic range competitive with state-of-the-art image 

sensors. Stijn et al. reported a broadband image sensor array39 based on CQDs-graphene-

CMOS integration, providing a perfect demonstration of incorporating 2D materials into the 

next-generation photodetection technologies. 

Despite the considerable progress, several challenges remain from both scientific and 

engineering perspectives. From a scientific perspective, the electro-optical physics of these 

solution-processed materials are different from traditional crystalline inorganic counterpart due 

to the presence of charge traps and disorder. The latter is usually found to have a significant 
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influence on the electronic properties, which requires new physical models to be developed for 

describing the electro-optical mechanism in solution-based semiconductor and their related 

devices. In addition, the discrepancy in the underlying physics also means that the well-

established assessing metrics for traditional photodetector characterization might need to be 

modified accordingly to avoid potential misinterpretation. From the point of view of device 

performance, although some performance metrics (such as responsivity and detectivity) of the 

solution-processed photodetectors have been reported to be competitive with or even exceeding 

those of Si-based devices, most of these values are measured under extremely low light 

condition, limiting the application of such photodetectors to low light detection. Solution-based 

photodetectors with detection sensitivity comparable to the conventional photodetectors under 

normal illumination conditions are still desired. Apart from the desire for detection sensitivity, 

there is also a demand for high detection speed which is crucial for the imaging system and 

determines the frame time of the read-out process in an optoelectronic circuit. Although several 

materials and architectures have been reported with response time in the range of 

sub‑milliseconds, the temporal response of most of solution‑processed photodetectors is still 

incomparable to that of their best crystalline semiconductor counterparts. All these 

requirements for solution-processed photodetectors mentioned above pose challenges at both 

material and device design levels.  

 

1.3 Thesis Outline 

This thesis focusses on the development and study of solution-processed semiconductors for 

phototransistor applications. Following this introductory chapter, Chapter 2 offers an overview 

of the theoretical foundation for non-traditional solution-processed semiconductors. It starts 

with the electronic structures of two major channel materials exploited in this work. Then the 

mechanism for charge transport in these solution-processed materials is discussed. The chapter 

finishes with a brief explanation of working principles of devices studied in this work, e.g. thin-

film transistors, ambipolar transistors and phototransistors. Chapter 3 describes the electrical 

and material characterisation techniques employed in this work as well as the experimental 

methods used for film deposition and device fabrication. Chapters 4–7 report key experimental 

findings in this project with a brief introduction/conclusion given at the beginning/end of each 

chapter. Chapter 4 reports the development of ambipolar phototransistors based on a fullerene 

derivative PC61BM with balanced electron and hole transport characteristics. The ability of 

ambipolar transport is found to be critical for achieving fast operation speed. In chapter 5, the 
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concept of ambipolarity is applied to help oxide-based transistors which generally suffer from 

slow operation speed. The ambipolarity is realised by using a p-n heterojunction structure based 

on In2O3 and CuSCN. By the incorporation of an organic light absorbing dye a novel trilayer 

phototransistor is then demonstrated with a significantly enhanced response time of 1 ms. The 

last chapter of experimental result explores the route toward high performance hybrid 

phototransistor employing one of the most promising light absorbing family of materials, the 

metal halide perovskite. Important insights into the charge transfer dynamic within this hybrid 

structure are provided and realisation of device designs with “on-demand” optoelectronic 

properties are proposed. Finally, Chapter 8 summarises the key results of this research work and 

provides an outlook for future work.  
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Chapter 2 Theory 

 

 

This chapter gives a brief overview of the theory behind non-traditional solution-processed 

semiconductors and the operating principles of several transistor-based electronic devices. 

The chapter starts with a brief description of two non-traditional semiconductors, namely 

organic semiconductors and metal oxides, that are primarily used in Chapter 4-6 as the 

conducting channel materials. There then follows a discussion on the models that are typically 

used to describe the charge transport in these non-tradition semiconductor systems. After the 

discussion of the charge transport theory, the operating principles and the relevant 

performance metrics extraction of several transistor-based devices, i.e. thin film transistor, 

ambipolar transistor, phototransistor and inverter are introduced.  
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2.1 Non-traditional Semiconducting Materials 

The theory used to describe non-traditional semiconductors is based on the same solid-state 

physics as the conventional semiconductors such as Si or III-V compounds, where the 

interaction of electrons within the crystal lattice gives rise to an electronic structure containing 

energy bands and gaps specific to every material. However, the electronic structures in the case 

of non-traditional semiconductors can also be affected by the variations of the crystallinity, 

bonding and constituent component, resulting in an enormous difference in the physical and 

electronic properties. This section gives a brief introduction to two non-traditional 

semiconductor used in this work, namely organic semiconductors and metal oxide 

semiconductors. The focus of the discussion will be on the origin of electrical conductivity in 

these materials and their band structures which determines charge transport.  

 

2.1.1 Organic semiconductor 

In general, organic semiconductors are referred to a class of carbon-based compounds that 

show electrical and/or optoelectronic properties typically associated with semiconductor 

materials. Organic semiconductors come in many different forms, from allotropes of pure 

carbon (such as fullerenes), to small molecules and long chain polymers. Most of these 

compounds consist of a conjugated backbone, i.e. a system of alternating single and double 

bonds. Such a conjugated structure is the basis of semiconducting properties of organic systems. 

To better explain how the conjugated structure results in semiconductor properties, we 

start with the basic building block of organic systems, i.e. the carbon atom. The orbital 

configuration of the most common carbon isotope in ground state can be described as 1s22s22p2. 

If an electron is excited from the 2s state to the 2p state, the orbital configuration is transformed 

to 1s22s12p3. In this configuration, it is possible for orbitals to hybridize through the 

combination of the 2p and 2s orbitals. The 2s orbital and two of the 2p orbitals hybridize to 

form three hybrid sp2 orbitals. These highly directional sp2 orbitals are energetically favourable 

to form a planar structure while the remaining unhybridised pz orbital lies perpendicular to the 

sp2 orbital plane1. The sp2 orbitals of the neighbouring carbon atoms will overlap to form strong 

covalent σ-bonds, and the p-orbital of neighbouring atoms also overlap but will form weakly 

bound π-bonds. Considering the case of many carbon atoms being brought together, a long 

chain of σ-bonds and π-bonds between neighbouring atoms can be produced. The strong σ-

bonds in the long chain form the backbone of the molecules providing the mechanical 

robustness of organic semiconductors. On the other hand, the π-bonded electrons in the pz 
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orbital, which are described as being delocalised, can move freely across the chain, giving rise 

to the electrical conductivity of organic semiconductors. 

According to the quantum theory, the behaviour of an electron in atoms can be 

described as a wavefunction. When the combination of different atomic orbitals occurs, the 

phase difference of the wavefunctions results in two different outcomes. Taking the pz orbital 

combination as an example, if the unhybridized pz orbitals overlap in phase with each other, π 

bonding orbitals with energies lower than the isolated pz orbital are produced. In contrast, if 

the pz orbitals overlap out of phase, π* antibonding orbitals with higher energies are produced. 

Based on the Hückel approximation, the molecular orbitals can be described as the linear 

combination of the related atomic orbitals. Since all these discrete orbitals are filled by 

electrons from the lowest energy to the highest according to Hund’s rules, the orbital 

combination eventually results in two distinct regions consisting of filled π bonding orbitals 

and unfilled π* antibonding orbitals respectively. Within this structure, two orbitals are of 

particular interest in the organic chemistry, namely Highest Occupied Molecular Orbital 

(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO). The HOMO and the LUMO, 

which correspond to the valence band and the conduction band of crystalline inorganic 

semiconductors respectively, act as pathways for the holes and the electrons to move through 

in organic conjugated systems.  

Since the molecular orbitals can be described as the linear combination of the related 

atomic orbitals, increasing the length of the conjugated chain, therefore, increases the number 

of molecular orbitals. In the ideal case of an infinite π-conjugated chain, the number of 

molecular orbitals would be infinite such that the discrete energy levels become continuous 

and a band of π states is formed, which would cause metallic conduction. However, it has been 

found that the periodicity of the chain changes due to the distortion of bonds between adjacent 

atoms2, which is a consequence of an instability of the Fermi level states breaking 

spontaneously the symmetry of distribution over the long chain. The resulting chain with 

alternating bonding lengths (dimerized chain) has lower potential energy than a chain with 

equidistant carbon-carbon spacing (non-dimerized chain), as was first proposed by Peierls in 

1955 for the case of one-dimensional metals3. The so-called Peierls’ distortion results in an 

energy gap that depends on the displacement in the dimerized chain (Figure 2.1). Moreover, 

the presence of disorder in organic semiconductors interrupts the wavefunctions over the chain, 

transforming the organic systems into a succession of segments. These segments, each has a 

specific energy gap, eventually lead to a broadened Gaussian distribution of the gap between 
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the HOMO and the LUMO4. This energy gap between the HOMO and the LUMO, also known 

as the band gap, gives rise to the semiconducting properties of π-conjugated organic systems. 

 

Figure 2.1: Formation of semiconductivity in organic π-conjugated systems2. a is the distance 

between two carbon atoms in the non-dimerized chain, Φz is the unhybridized atomic orbital 

pz, Ψπ and Ψπ* are the bonding and antibonding molecular orbital. 

 

To enable the design and fabrication of organic semiconductors with tailor-made 

properties, side groups are usually added to the conjugated molecules. Adding the side groups 

can modify the mechanical and electrical properties such as solubility in organic solvents or 

the molecular packing in the solid state5. Organic semiconductors that are made from 

conjugated molecules and side groups can be split into two categories, namely polymers and 

small molecules. Polymers are made from a number of repeating molecular subunits, creating 

macromolecules with covalently bonded carbon backbones. In the polymer systems, the 

intermolecular binding mechanism is dominated by the van der Waals forces6, resulting in 

relatively weak binding between molecules. The long molecular structure also means that the 

polymers tend to form spaghetti-like microstructures that are most-likely amorphous. Such 
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characteristics give rise to the enhanced mechanical flexibility, but also inferior charge 

transport due to the lack of intrinsic long-range order. In contrast, small-molecules can pack 

together neatly to form highly crystalline structures, which leads to better electrical properties 

but deteriorates the ability to be solution-processable. 

 

2.1.2 Metal oxide semiconductors 

In contrast to the conventional semiconductors which are based on covalent bonds, the 

chemical bonds of metal oxides exhibit a high degree of ionicity. The bonding between metal 

and oxygen atoms with significant ionic character can mainly be attributed to the charge 

transfer from the metal to the oxygen atoms due to the difference in electronegativity and 

ionisation energies of the metal and oxygen species. This charge transfer generates electrostatic 

potentials (known as Madelung potential), which consequently leads to the formation of the 

ionic bond between the metal and oxygen species. The large Madelung potential is also 

responsible for the formation of the large bandgap of metal oxides7. Most of the metal oxide 

semiconductors are oxides of heavy post-transition metal cations, e.g. indium, zinc and tin, 

which share the same orbital configuration of (n-1)d10ns2. In these metal oxides, it is the metal 

ns and oxygen 2p orbitals that contribute to the formation of the conduction band minimum 

(CBM) and the valence band maximum (VBM)8. As illustrated in Figure 2.2, the conduction 

bands are composed mainly of metal ns orbitals with some contribution from oxygen 2p 

orbitals, while the valence bands are dominated by oxygen 2p orbitals. The strong interaction 

between the metal ns orbitals with oxygen 2p orbitals gives rise to a highly dispersive CBM. 

In contrast, the large electronegativity and strong directivity of oxygen 2p character lead to a 

localising VBM. The highly dispersive nature of conduction band results in small effective 

mass for electrons and reasonably high electron mobility, while the localised valence band 

make it difficult for efficient hole transport. These band structure properties result in the 

predominantly electron-transporting or n-type characteristics of metal oxide semiconductors 

reported to date9,10. 
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Figure 2.2: Band structures and partial density of states plots of In2O3, SnO2, and ZnO obtained 

by screened-exchange local-density approximation method. The thick, dashed, and thin lines 

represent metal s, metal p, and oxygen p states, respectively. Taken from ref 8 with permission.  

 

The electronic structure described above also explains another noteworthy property of 

metal oxides that is different from conventional semiconductors: the ability of retaining 

promising electron mobility even in the amorphous phase. In conventional semiconductor like 

silicon, electron mobility drops significantly from the crystalline state to the amorphous state. 

This is because the carrier pathway, which is composed of strongly directive sp3 orbitals, is 

greatly affected by the structural disorder in the amorphous phase, resulting in degraded 

electron transport and reduced mobility.  In the case of metal oxide, the electron transport 

pathway is formed by the overlaps between the neighbouring metal orbitals11,12. The spatially-

extended and spherical metal ns orbitals overlap with each other in either ordered or disordered 

systems as long as the number of constituent cations overcome the percolation threshold13,14. 

This overlapping characteristic enables efficient electron transport pathways to be formed and 

hence high n-type mobility even when the metal oxides are in a non-crystalline state.  
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Figure 2.3: Schematic illustration of electron orbitals for carrier transport in (a) crystalline 

silicon; (b) amorphous silicon; (c) crystalline metal oxide and (d) amorphous metal oxide. 

Taken from ref 13 with permission. 

 

Though the electronic band structure is favourable for charge transport, the large 

bandgap of metal oxides prevents the background thermal generation of charge carriers, 

resulting in very low intrinsic carrier density. This means most metals oxides to behave in 

general as insulators. However, some metals oxides can exhibit high n-type electrical 

conductivity even without any doping7. A widely accepted explanation of the high conductivity 

in these metal oxides is that the presence of native defects creates shallow donor levels inside 

the gap that supply the host with mobile carriers. This hypothesis is in accordance with some 

experimental observations that the conductivity in n-type metal oxides, such as ZnO and In2O3, 

can be enhanced when the materials are grown under oxygen-deficient or metal-rich 

conditions15,16. This implies that the non-stoichiometric compounds in oxides, e.g. oxygen 

vacancies or cation interstitials, potentially act as electron donors. However, theoretical 

calculations indicate that cation interstitials show a very low concentration due to the high 

formation energy17. This is consistent with some experiments indicating that abundant cation 

interstitials were observed only after artificial generation by high-energy electron 

irradiation18,19. All the results above tend to exclude the possibility of the cation interstitials 

being the origin of conductivity in undoped oxides. In contrast, oxygen vacancies are found to 

be an abundant point defect within the oxide system under equilibrium growth condition with 
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low formation energy17. These oxygen vacancies generally exist as deep levels within the 

bandgap and intrinsically might not be efficient electron donors. Nevertheless, it has been 

reported that the conductivity can arise from the transition of the oxygen vacancies from a deep, 

non-conductive ground state to a metastable conductive state upon photoexcitation17,20. The 

creation of shallow electron donor states by photoexcitation can be described by the following 

equation 𝑉𝑂 → 𝑉𝑂
+ + 𝑒− and 𝑉𝑂

+ → 𝑉𝑂
2+ + 𝑒−. The calculated photon energies for the above 

two photoexcitation processes to occur are 1.6/1.8 eV for In2O3 and 2.8/2.4e V for ZnO, 

respectively17,21. The required photon energy in the visible light range allows for the above 

process to occur even in ambient background illumination. This oxygen vacancy 

photoexcitation is also widely considered as a possible reason for persistent photoconductivity 

(PPC) observed in metal oxide semiconductors as the required absorption energies in the visible 

range enable the sufficient and constant regeneration of the conductive oxygen vacancy state 

by the ambient illumination17,21. A more detailed discussion of PPC will be given in Chapter 5. 

 

2.2 Charge Transport in Non-Traditional Semiconductors 

Understanding the mechanism by which charge is transported is crucial to the development of 

semiconductor materials and devices. Non-traditional semiconductors produced from solution-

processing methods usually contain significant portions of morphology disorder ranging from 

polycrystalline to amorphous. This non-crystallinity has a significant influence on charge 

transport. Conventional charge transport theory, which is built upon the crystal structure, might 

be invalid for these non-crystalline semiconductors. Research efforts therefore have been 

focused on understanding the actual charge transport mechanism in disordered semiconductors. 

Nowadays, there are several models for describing the charge transport phenomena in 

disordered semiconductor systems. However, the applicability might vary from case to case 

depending on the various parameters such as the degree of crystallinity and temperature. This 

section aims to provide a very brief overview of charge transport mechanism in disordered 

semiconductors. It starts by describing the difference in electronic structures between the 

crystalline and non-crystalline solids, which gives a foundation for further discussion of charge 

transport in these semiconductors. Following this, relevant models are discussed. 

 

2.2.1 Electronic structure difference in crystalline and non-crystalline semiconductors 

In highly-ordered crystalline solids, the electronic structure is determined by the interaction of 

electrons with the periodic potential of the crystal lattice. Charge carriers, in this system, can 
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be considered to be in a potential well with periodic boundary condition. Solving the 

Schrodinger equation with these boundary conditions results in an energy level distribution 

with two periodic bands in reciprocal space. These two bands are separated by a region where 

no solution for the Schrodinger equation exists. This region with no probability for charge 

carriers to exist is termed the band gap or the forbidden energy gap. For a state within the bands 

with an energy of E, the probability of being filled by electrons is governed by the Fermi-Dirac 

statistics and is given by the following equation:22 

 
𝑓(𝐸) =

1

1 + exp[(𝐸 − 𝐸𝐹)/𝑘𝐵𝑇]
 (2.1) 

Where EF is the Fermi level of the system, kB is the Boltzmann constant and T is the temperature. 

For intrinsic semiconductors, EF is located between the two energy bands, hence at T = 0 the 

lower band (valance band) is filled and the upper band (conduction band) is empty. 

Unlike crystalline solids where the constant lattice parameters lead to a well-defined 

band structure with sharp edges and a distinct forbidden energy gap, Anderson argued that the 

disorder in the non-crystalline solids, e.g. impurities, lattice defects, variation in bond 

formation, creates the localised states beyond the bands within the band gap23. In contrast to 

the band states in which the wave function of an electron extends spatially over the entire solid 

crystal, localised states have wave functions which are confined to the finite regions and 

typically show exponential decay from localisation points. The localised states in non-

crystalline materials form a continuous spectrum inside the energy gap, altering the sharp 

feature of bands and bandgap in crystalline solids. The short-range order in the non-crystalline 

solids, despite the strong structural disorder, allows the co-existence of the band states with the 

localised states. The band states in non-crystalline materials are referred to as the extended 

states. According to the band transport model, carriers can travel as waves in the extended state 

with high mobility but are immobile in the localised states with low mobility. This transport 

property forms conceptual borders between the localised states and the extended states, which 

are known as mobility edges. The region confined by the mobility edges is usually referred to 

as the mobility gap. The localised states near the mobility edges are called band tails or tail 

states. (Figure 2.4) In general, carriers in the delocalised states are considered to be trapped 

and do not contribute to charge transport. However, charge transport can happen via thermal 

excitation24. The delocalised/trap states therefore can be further classified into two categories 

depending on their relative positions to the mobility/band edge and the time scales of carrier 

localisation: (i) shallow traps, the localised states within kBT of the band-edge where carriers 

can be excited into/relaxed from the extended states via thermal excitation or (ii) deep traps, 
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the localised states that are greater than kBT from the band-edge where carriers cannot be 

thermally activated. 

 

 

Figure 2.4: Schematic of density of states (DOS) in a non-crystalline semiconductor. 

 

2.2.2 Band-like transport 

Charge carriers travelling within the bands can be considered as Bloch waves through a set of 

delocalised states. The charge carriers wavefunction can be written as a delocalised wave 

packet with a well-defined momentum which can be scattered by impurities into a state with a 

different momentum. This dynamic, which described quantitatively by the semiclassical 

Boltzmann equation, is similar to the diffusion of a gas particle which periodically collides 

with other particles25. The effective mass of the charge carrier behaving as a particle in the 

bands is inversely proportional to the intermolecular coupling and is given by26 

 
𝑚∗ =

ħ2

2|𝜏|𝐿2
 (2.2) 

Where τ is the electronic coupling (or transfer integral) and L is the distance between sites. The 

mobility, in this case, can be written as: 

 
𝜇 =

𝑒𝑡𝑠
𝑚∗

 (2.3) 
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where ts is the average time between collisions and e is the elementary charge. As the frequency 

of scattering event increases at higher temperature, ts and hence µ decrease with increasing 

temperature. Such an inverse temperature dependence of mobility is the signature of band-like 

transport.  

 

2.2.3 Hopping transport 

Charge carriers in the localised states are not completely immobile. The localised carriers are 

able to travel between states via a mechanism known as hopping27. The basic concept of 

hopping model is that charge transport can take place between the localised trap states via 

phonon-induced tunnelling. Variable range hopping model is a model based on pure hopping 

mechanism for highly disordered systems at low temperature28. This model assumes that all 

charge transport happens by hopping from one localised state to another localised states with a 

variable range - either a large distance with a low activation energy, or a small distance with a 

high activation energy. The probability of hopping then is determined by the distance and the 

energy distribution of the localised states. According to the Miller-Abrahams jump-rate model, 

the probability of the hopping from state i to state j can as given by:29,30 

 
𝑃(𝑅𝑖𝑗) = 𝑃0exp⁡(−2𝛼𝑅𝑖𝑗 −

∆𝐸𝑖𝑗

𝑘𝐵𝑇
) (2.4) 

Where P0 is the hopping attempt frequency, α is the inverse of the wavefunction decay length, 

Rij is the spatial distance between the two states and ΔEij is the energy difference of the states. 

This model was further developed by Bässler based on Monte Carlo simulation4. The 

simulation results of hopping between sites within a Gaussian distribution demonstrated the 

mobility has a temperature dependence as:  

 
𝜇 ∝ exp⁡(−(

𝑇0
𝑇
)
2

) (2.5) 

where T0 is the characteristic temperature of the system. This result suggests that charge 

transport based on the hopping model exhibits an increase in mobility with increasing 

temperature. 

 

2.2.4 Multiple trapping and release model 

In reality, the polycrystalline and micro/nanocrystalline systems are disordered yet consisting 

of a region of high order and strong intramolecular interaction. These characteristics made the 

charge transport hard to explain by just the band-like transport which is for highly ordered 

system or hopping transport which is for highly disordered system. One of the more commonly-
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used models for describing disordered semiconductors is the multi-trapping and release 

model31, which merges transport in both extended states and localised states32. In this model, 

charge carriers can be either in extended states where they are mobile and contribute to the 

charge transport, or in localised states where they are trapped and not able to contribute to 

charge transport. The whole process is described as follows: (i) charge is induced into the 

extended states where it undergoes band-like transport until (ii) it is caught by localised/trap 

states near the band edge for a certain time and (iii) it is eventually released back to the 

conduction band via thermal excitation (Figure 2.5c). Since carriers are thermally excited to 

the conduction band, the mobility of the charge carriers can be described using an Arrhenius 

relationship as:33 

 
𝜇 = 𝜇0exp⁡(−

𝐸𝐴
𝑘𝐵𝑇

) (2.6) 

where µ0 is a material-dependent pre-factor and EA is the activation energy required for a carrier 

to move from a localised state to an extended state. Again, the mobility in this model shows an 

increase with increasing temperature. 

 

 

Figure 2.5: Schematic sketch of charge transport models. (a) Band-like transport. (b)Hopping 

between localised states. (c) Multiple trapping and release model. 

 

 

2.3 Thin Film Transistors 

The functionality of Field effect transistors (FETs) is usually considered as an electrically-

controlled switch or amplifier. Thin film transistors (TFTs) are a subcategory of field effect 

transistors. The concept of thin film transistors was firstly demonstrated by Weimer in 196234. 

Instead of using bulk materials as the active layer as well as the substrate like other well-

demonstrated FETs such as metal-oxide-semiconductor field effect transistors (MOSFETs), 

TFTs utilise a thin film of semiconducting materials as active layer deposited on a supporting 
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substrate. The abundant options of supporting substrates and the variable active film processing 

conditions make flexible and transparent devices fabrication to be possible. 

 

2.3.1 Thin Film Transistors Architecture 

A thin film transistor typically consists of several components: a thin semiconducting film, a 

gate electrode, an insulting gate dielectric and two contact electrodes, namely the source and 

the drain. When an electric field is applied between the source and the drain, charge carriers 

typically flow at the dielectric-semiconductor interface within the area enclosed by the source 

and drain, i.e. the active channel area. Hence, the transistor channel width (W) and channel 

length (L) are defined by the shape and separation of the source and the drain electrodes. 

The difference in device architecture can give rise to significant variation in TFT 

performance even with the same components. Figure 2.6 shows four of the most commonly-

used architectures for TFTs10. Depending on the relative position between the injecting 

source/drain electrodes, the semiconducting layer and the gate, these four architectures can be 

further classified into two types, namely staggered and coplanar configuration. In staggered 

configurations (Figure 2.6a and d), the source/drain electrodes and the gate are formed on 

opposite sides of the semiconducting layer while in coplanar configurations (Figure 2.6b and 

c) the source/drain electrodes and the gate are formed on the same side of the semiconducting 

layer. In coplanar configurations charges are injected directly from the electrode to the 

transistor channel in proximity to the dielectric-semiconductor interface, while in staggered 

configurations injected charges have to travel through the semiconductor bulk before reaching 

the actual channel. However, charge injection in staggered structures happens not only from 

the edge of the electrodes but also from the overlapping parts with the gate electrodes, resulting 

in a relatively larger injection area.35 This explains why devices in the staggered configuration 

are usually found to exhibit better charge injection compared to those in the coplanar 

counterpart.  
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Figure 2.6: Schematic diagrams of four commonly used TFT architecture10; (a) top-gate, 

bottom-contact, (b) top-gate, top-contact, (c) bottom-gate, bottom-contact and (d) bottom-gate, 

top-contact. The diagram illustrates the position of the source (S), drain (D) and gate (G) 

electrodes relative to the semiconductor and dielectric. 

 

2.3.2 Working Principle of TFTs 

In normal transistor operation, a voltage is applied to the gate electrode and the drain electrode, 

while the source electrode is usually kept grounded. The potential difference between the 

source and the drain is referred to as the drain voltage (VD) while the potential difference 

between the source and the gate is referred to as the gate voltage (VG). If the potential difference 

between the source and the gate is larger than that between the drain and the gate, the source 

electrode works as the charge injection source. When a positive VG is applied electrons are 

injected from the source and accumulated at the dielectric-semiconductor interface, i.e. the 

transistor channel. In this operation, the transistor is considered to be working in the electron 

accumulation mode, or n-channel mode. Similarly, when a negative VG is applied holes are 

injected from the source and accumulated at the transistor channel, corresponding to a transistor 

working in the hole accumulation mode, or p-channel mode.   

Figure 2.7 illustrates the basic operation regimes of a transistor. When no bias is applied to the 

drain, a transistor can be simply considered as a metal-insulator-semiconductor (MIS) diode. 

With a voltage applied to the gate electrode, charges of the opposite sign will be attracted from 

the grounded electrode and accumulated at the dielectric-semiconductor interface. The number 
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of accumulated charges is proportional to both the applied gate voltage and the capacitance of 

the gate dielectric. The accumulated charge carriers are mobile and current can flow under the 

influence of an external field. The current flow between the source and the drain is referred to 

as the drain current (ID). However, not all the charge carriers within the channel are mobile and 

are able to contribute the drain current. Some will first fill deep carriers traps at the interface, 

contributing to a repulsive electric field. This results in a threshold voltage (VTh) which has to 

be overcome before the additional charge carriers can become mobile. When a voltage greater 

than the threshold voltage is applied to the gate electrode and no voltage is applied to the drain 

electrode, the charge carrier concentration in the transistor channel is uniform as shown in 

Figure 2.7a. When a small VD with the same sign as VG is applied, carriers within the channel 

start flowing from the source electrode to the drain electrode. A linear gradient of charge 

density across the channel is thus formed and ID is directly proportional to the applied drain 

voltage. Transistors working in such a condition are said to be working in the linear regime 

(Figure 2.7b). As VD is increased, a point where 𝑉𝐷 = 𝑉𝐺 − 𝑉𝑇ℎ will be reached at which the 

transistor channel is “pinched off” (Figure 2.7c). Here a depletion region forms next to the 

drain electrode where no mobile charge carrier is present due to the potential difference 

between the gate and the drain below the threshold voltage. Charge carriers in this case can get 

swept across from the pinch-off point to the drain by the high electric field in the depletion 

region, forming a space-charge-limited current across this area. When VD is further increased, 

the pinch-off point moves forward to the source leading to an expansion of the depletion region. 

Most of the additional voltage is dropped across the high-resistance depletion zone and the 

potential between the pinch-off point and the source remains VG - VTh. Therefore, ID will not 

increase substantially with increasing VD, and transistors in this condition are considered to be 

operating in the saturation regime (Figure 2.7c). 
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Figure 2.7: Schematic illustration of different operation regimes for a transistor; (a) No drain 

voltage is applied so the carrier concentration in the channel is uniform. (b) Transistor is 

working in the linear regime. (c) Transistor channel is pinched-off. (d) Transistor is working 

in the saturation regime. 

 

2.3.3 Current-Voltage Characteristics 

To mathematically describe the current-voltage characteristics of transistors is difficult. This is 

because of the presence of two electric field components within the transistor, one 

perpendicular to the transistor channel generated by the gate voltage and the other parallel to 

the current flow generated by the drain voltage. It can be done by using the square-law model 

based on the gradual channel approximation36, which assumes the perpendicular field is much 

larger than the parallel one.  

For a given gate voltage VG greater than the threshold voltage, the capacitively-induced 

mobile charges can be described as: 

 𝑄𝑚𝑜𝑏 = 𝐶𝑖(𝑉𝐺 − 𝑉𝑇ℎ) (2.7) 

where Ci is the geometric capacitance of the dielectric. The charge density within the transistor 

channel depends on the position along the channel. Taking this into account, the actual charge 

density at a distance x from the source should be expressed as: 

 𝑄(𝑥) = 𝐶𝑖[𝑉𝐺 − 𝑉𝑇ℎ − 𝑉(𝑥)] (2.8) 
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where V(x) is the channel potential at position x. The local electric field at this point is given 

by: 

 
𝐸𝑥 = −

𝑑𝑉(𝑥)

𝑑𝑥
 (2.9) 

 

For a small segment dx within the channel, the local current Ix thus can be described as: 

 
𝐼𝑥 = 𝑊𝜇𝑄(𝑥)𝐸𝑥 = 𝑊𝜇𝐶𝑖[𝑉𝐺 − 𝑉𝑇ℎ − 𝑉(𝑥)]

𝑑𝑉(𝑥)

𝑑𝑥
 (2.10) 

where W is the width of the channel and µ is the charge carrier mobility. Assuming the mobility 

is independent of the external electric field, the drain current within the channel can then be 

obtained by integration of the segment over the whole channel length L: 

 
∫ 𝐼𝑥𝑑𝑥 = 𝑊𝜇𝐶𝑖∫ [𝑉𝐺 − 𝑉𝑇ℎ − 𝑉(𝑥)]

𝑉𝐷

0

𝐿

0

𝑑𝑉(𝑥) (2.11) 

yielding: 

 
𝐼𝐷 =

𝑊

𝐿
𝜇𝐶𝑖 [(𝑉𝐺 − 𝑉𝑇ℎ)𝑉𝐷 −

1

2
𝑉𝐷
2] (2.12) 

When the transistor is working in the linear regime, i.e. |𝑉𝐷| ≪ |𝑉𝐺|, the quadratic term 

in Equation 2.12 can be omitted and the equation can be simplified as: 

 
𝐼𝐷,𝑙𝑖𝑛 =

𝑊

𝐿
𝜇𝐶𝑖(𝑉𝐺 − 𝑉𝑇ℎ)𝑉𝐷 (2.13) 

When the transistor is working in saturation regime, the channel is pinched off and the 

drain current is independent of VD. As the potential at the pinch-off point is always VG - VTh, 

the saturation drain current can then be obtained by substituting VD with VG - VTh in Equation 

2.12, yielding: 

 
𝐼𝐷,𝑠  =

𝑊

2𝐿
𝜇𝐶𝑖(𝑉𝐺 − 𝑉𝑇ℎ)

2 (2.13) 

 

 

2.3.4 Key Parameters Extraction 

In the transistor electrical characterisation two typical sets of current-voltage characteristics are 

usually recorded. The first one is a measurement of the drain current versus the drain voltage 

for different values of gate voltage. This is referred to as the output characteristics of a transistor 

(Figure 2.8a). The other one is a measurement of the drain current versus the gate voltage for 

different values of drain voltage. Typically, a high value and a low value of drain voltages are 
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chosen, which correspond to the device working in the linear and the saturation regimes, 

respectively. This is referred to as the transfer characteristics of a transistor (Figure 2.8b).  

 

Figure 2.8: Representative I-V characteristics of an n-channel transistor; (a) Output 

characteristics. (b) Transfer characteristics. 

 

The most commonly-used performance metrics for transistors are linear mobility, 

saturation mobility, threshold voltage, subthreshold swing and current on/off ratio. Most of 

these parameters can be extracted from the transfer characteristics.  

The linear mobility µlin can be calculated from the gradient of ID versus VG by using the 

following equation: 

 
𝜇𝑙𝑖𝑛 =

𝜕𝐼𝐷,𝑙𝑖𝑛
𝜕𝑉𝐺

∙
𝐿

𝑊𝑉𝐷𝐶𝑖
 (2.14) 

The saturation mobility µsat, on the other hand, can be calculated from either the second 

derivative of ID versus VG or the square-root of the first derivative by using the following 

equations: 

 
𝜇𝑠  =

𝜕2𝐼𝐷,𝑠  

𝜕𝑉𝐺
2 ∙

𝐿

𝑊𝐶𝑖
 (2.15) 

 
𝜇𝑠  = (

𝜕𝐼𝐷,𝑠  

𝜕𝑉𝐺
2 )

2

∙
2𝐿

𝑊𝐶𝑖
 (2.16) 

To extract these mobility values from experimental data, it can be simply done by 

performing numerical differentiation on ID with respect to VG from the corresponding transfer 

characteristics.  

According to equation 2.13 the square root of ID,sat should be linearly proportional to 

VG, the threshold voltage VTh hence can be obtained by extrapolating the linear fit of the square 

root plot of ID,sat versus VG the horizontal axis (Figure 2.8b).  

Saturation

I D
(

A
)

VD(V)

Linear

Increasing 

VG

VTH
VON

Linear

I D
(A

)

VG(V)

 VD_LIN

 VD_SAT

Saturation

I D
_
S

A
T

1
/2

(A
1
/2

)

(a) (b)



 

40 
 

The subthreshold swing S.S. represents the slope in the logarithmic plot of the transfer 

curve. It is defined by the following equation:  

 
𝑆. 𝑆. =

𝜕𝑉𝐺
𝜕(𝑙𝑜𝑔10𝐼𝐷)

 (2.17) 

The S.S. indicates how rapidly the transistor can be switched from the off-state to the 

on-state hence a smaller value is desired in general.  

The on/off ratio is defined as the ratio of the maximum drain current and the minimum 

drain current and can be calculated directly from the transfer characteristics. It is desirable for 

this value to be as large as possible to realise a clear switching function of a transistor. 

 

2.4 Ambipolar Transistor 

An Ambipolar transistor is a device in which both electrons and holes can be accumulated and 

conducted. This can enable the realisation of complementary-like inverter without complicated 

patterning techniques. From the perspective of circuit-level application this complementary-

like inverter is desirable as it shows lower power dissipation, wider noise margin and higher 

operation robustness compared to its unipolar counterpart37. In addition, the ability of 

accumulating and conducting both electrons and holes in an ambipolar transistor enables the 

direct comparison of electron and hole transport within a single device and thus provide a way 

to improve the understating of the charge transport mechanisms and the device physics38.   

 

2.4.1 Routes to ambipolarity 

Ambipolar transistor can be realised in several different ways, including the use of either single 

or a combination of two semiconductor materials. In the case of using single materials, the 

semiconductor is expected to intrinsically have a balanced hole and electron mobility. In 

addition, to achieve equally good electron and hole transport, the work function of the injecting 

electrodes need to be well aligned with the both the CBM and VBM (or LUMO and HOMO in 

organics) of the material to minimise the energetic barriers for hole and electron injection. 

Asymmetric electrodes are often used in the case of single-material ambipolar transistor to 

obtain a good energetic matching39–41. Instead of using a single material, ambipolarity can also 

be achieved by combining two semiconductor materials. Blending two semiconductors, which 

forms interpenetrating electron- and hole-transporting network within the same channel layer, 

is one of the more popular ways to achieve ambipolar behaviour42–44. Although this method 

provides a simple fabrication, it was found that often the field effect mobility in the blended 
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system is lower than single-component devices45–47. Another route to ambipolarity is using a 

bilayer structure. This structure was used in the first reported ambipolar organic transistors 48. 

In this structure, it is expected that the electron transport occurs in the n-type semiconductor 

layer while the hole transport happens in the p-type semiconductor layer. The bilayer structure 

can hence be considered as two parallel-separated transistors with a common gate. 

 

2.4.2 Operation of ambipolar transistor 

Within an ambipolar transistor, the carriers present in the channel can be electrons, holes, or 

both simultaneously, depending on the biasing conditions. The transfer and output current-

voltage characteristics therefore vary according to the potentials applied to the source, drain 

and gate electrodes relative to one another. The different working regimes of an ambipolar 

transistor are schematically presented in Figure 2.9. 

 

Figure 2.9: Schematic of all operating regimes for an ambipolar transistor as a function of 

drain gate biasing. Taken from ref37 with permission. 

 

A more detailed description of the working principle of an ambipolar transistor is presented 

here taking the device with a given positive drain voltage VD as example (corresponding to the 

upper region in Figure 2.9). Prior to the description, it must be pointed out that the threshold 

voltage for electron accumulation in an ambipolar transistor is in general not equal to that for 

hole accumulation, i.e. |𝑉𝑇ℎ,𝑒| ≠ |𝑉𝑇ℎ,ℎ|. This can be explained by the difference in injection 

barriers for electrons and holes. In addition, the density of trap states for electrons and holes is 
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unlikely to be the same, which also contributes to the difference in threshold voltage for the 

two carriers. For 𝑉𝐺  𝑉𝑇ℎ,𝑒  and 𝑉𝐺 − 𝑉𝑇ℎ,𝑒 ≥ 𝑉𝐷, electrons are injected from the source into 

the transistor channel and drift toward the drain (Figure 2.10d), which is identical to the normal 

n-channel unipolar transistor. The transistor under this condition is considered to be working 

in the unipolar regime. For 𝑉𝐺  𝑉𝑇ℎ,𝑒  and 𝑉𝐺 − 𝑉𝑇ℎ,𝑒  𝑉𝐷, electrons are injected from the 

source and the transistor channel formed by the electron accumulation will be pinched-off like 

the normal unipolar transistor if 𝑉𝐺 − 𝑉𝐷 ≥ 𝑉𝑇ℎ,ℎ  (Figure 2.10c). However, if 𝑉𝐺 − 𝑉𝐷  𝑉𝑇ℎ,ℎ 

holes can be injected simultaneously from the drain and drift toward the source (Figure 2.10b). 

In this circumstance, both electrons and holes are present within the device contributing to the 

formation of transistor channel and hence the channel is no longer pinched-off. Such working 

regime is called the ambipolar regime. This is distinct from a unipolar transistor as the latter 

only allows the presence of one polarity of charges for any biasing conditions. For 𝑉𝐺  𝑉𝑇ℎ,𝑒 

and 𝑉𝐺  𝑉𝐷, the potential difference between the gate and the drain is larger than that between 

the gate and the source. In this circumstance the drain can become the injection electrode, i.e. 

the effective “source”, and holes are injected from the drain and drift to the source if 𝑉𝐺 − 𝑉𝐷  

𝑉𝑇ℎ,ℎ (Figure 2.10a). The transistor channel in this case is formed by the accumulation of holes 

and high current flow can be detected, unlike a unipolar n-channel transistor where the device 

will be in off-state due to the absence of electrons. 

 

 

Figure 2.10: Schematic illustration of different operation regimes of an ambipolar transistor 

with a given positive drain voltage. (a) Unipolar regime with an inversed injection of holes 

from the drain to the source. (b) Ambipolar regime with electrons flowing from the source to 

the drain and holes flowing from the drain to the source. (c) Unipolar regime with a saturated 

(or pinched-off) channel for electrons transport. (d) Unipolar regime with electrons injected 

from the drain to the source. 
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2.5 Phototransistor 

2.5.1 Operation principle of phototransistor 

Absorption of light by semiconductors can lead to the photoexcitation of charge carriers, the 

conductivity and electrical characteristics of the semiconductors hence will be changed 

accordingly. This photo-responsive property of semiconductors can be exploited for light 

detection and forms the basis of photodetectors. There are several possible structures that can 

be used for a photodetector. The simplest structure is the photodiode/photoconductor in which 

a photoactive material is sandwiched by two metal electrodes (Figure 2.11a and b). The 

conductivity of such two-terminal device can be altered upon illumination. Photodetectors can 

also be realised in a phototransistor structure, where a gate electrode and a dielectric layer are 

added to the photoconductor structure, forming a three-terminal structure (Figure 2.11c). In 

this three-terminal device, the conductivity of the device can then be modulated by either the 

applied gate filed or the incident light. Compared to two-terminal devices the phototransistor 

structure provides an extra degree of freedom for device operation and tuneable optoelectronic 

properties.  

 

 

Figure 2.11: Schematic illustrations of different types of photodetectors. (a) Photodiode or 

photoconductor in vertical architecture. (b) Photoconductor in lateral architecture. (c) 

Phototransistor. 

 

Just like normal transistors, a phototransistor should possess two operation regimes, 

namely linear regime and saturation regime49. These two operation regimes determine two 

different operation modes in phototransistor circuit, namely active mode and switch mode. In 

active mode, a phototransistor is working in linear regime and responds proportional to incident 

light intensity. In switch mode, a phototransistor operated in either cut-off regime or saturation 

regime exhibits different nonlinear current levels when varying illumination intensities. The 

non-linear response and saturation of channel current at high light intensity generate two output 

logic levels. Devices working in this mode acts as a digital switch. The existence of such two 

operation modes distinguishes phototransistors from photoconductors in the aspect of circuit 
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application. Having said that, one should note that there are many reports that show 

phototransistor-like photoconductor devices50–58, i.e. three metal terminals and a gate dielectric. 

Despite the presence of field-effect modulation due to the gate bias, these devices, primarily 

based on highly conductivity materials such as graphene, typically exhibit no saturation in the 

drain current and low current on-off ratio, limiting the operation in active mode only. These 

devices therefore behave still like a photoconductor rather than a phototransistor.  

 

2.5.2 Photogain/dark current trade-off 

Another noteworthy property that makes phototransistors distinct from photodiodes is the 

presence of gain mechanism22. In conventional photodiodes, an absorbed photon can at 

maximum generate one electron-hole pair, corresponding to an external quantum efficiency 

(EQE) of 100%. In this circumstance, the devices are considered to be with no photogain. In 

phototransistors, the metal-semiconductor contacts allow continuous injection of charge 

carriers, and photodetectors of this kind can result in a high EQE level that exceeds 100%. The 

reason for this is that the majority carriers in a semiconductor can be quickly collected by the 

drain electrode under the certain conditions: (i) the minority carriers are trapped; and (ii) the 

majority charge carriers can be (re)injected from the metal contacts to achieve charge neutrality. 

Such a process continues until trapped carriers are released and recombined. Therefore, 

photocarriers with the same polarity as that of the majority carriers behave like circulating 

between two electrodes (e.g. from the source to drain contacts). This, in short, means upon 

illumination a photon can trigger a current flow by carrier circulation for many cycles, resulting 

in an EQE large than 100% and hence high photogain. 

The gain mechanism in phototransistors (as well as photoconductors) is usually described as 

photoconductive gain59. It is defined as the ratio of photogenerated carrier life time to the carrier 

transit time. Based on this description, devices with high gain are usually obtained using 

materials with high carrier mobility as this results in a much shorter carrier transit time than 

carrier lifetime. However, these high mobility materials inevitably lead to high off currents 

even when the devices are not exposed to light (i.e., high dark current). High dark currents are 

undesirable for photodetectors as this causes a high level of shot noise and limits the detectivity 

of the devices 60. Therefore, a trade-off between gain and dark current is commonly observed 

to exist in phototransistors dominated by photoconductive gain mechanism. 
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2.5.3 Phototransistor structure 

The simplest way to construct phototransistors is by using a single-component as the 

active/channel layer for both light absorbing and charge transport (Figure 2.12a). In order to 

achieve high performance, this single layer should ideally possess several properties: (i)  high 

mobility for large gain-bandwidth products, (ii) suitable bandgap for efficient gate modulation, 

(iii) high optical absorption for efficient photoexcitation and (iv) low trap state density for high 

subthreshold slope and low dark current61. Materials with potential to fulfil most of these 

requirements have been investigated including organics62–64, transition-metal dichalcogenides 

(TMDs)65–69, chalcogen-based inorganic nanomaterials70–73 and black phosphorus74–76. 

However, a trade-off between the electrical modulation and the optical absorption due to the 

film thickness has been reported as a common issue for these single-component 

phototransistors61. A channel made of a thin layer exhibits better field-effect modulation and 

high on/off ratio but suffers from low optical absorption and hence limited photoresponse. On 

the contrary, a channel made of a bulk layer exhibits reduced on/off ratio and high off current 

but profits from enhanced photo absorption due to a longer optical path. 

To overcome these issues one can employ a hybrid structure that decouples the photo 

absorption process from the charge transport (Figure 2.12b). In this structure a semiconductor 

layer with strong photo absorption property is employed as the light sensitizer for the channel 

layer with excellent charge transport property.  This structure combines materials with good 

optical and electrical properties and allows the structural optimisation of both charge transport 

and photo absorption simultaneously. Based on this device concept, several attempts have been 

reported to obtain high-performance phototransistors with significantly enhanced 

photoresponse through the incorporation with well-performing light absorbing materials such 

as colloidal quantum dots (CQDs)50,77–80 and metal halide perovskites81–87. It is also worth 

noting that the hybrid structure is not limited to solely enhancing photo absorption. For example, 

Adinolfi reported a photojunction field-effect transistor (photoJFET) based on a CQDs-MoO3 

hybrid structure88. This photoJFET exhibits high gain while breaking the trade-off of dark 

current/photo response/operation speed. The latter is attributed to the presence of a rectifying 

junction between the conductive top contact (MoO3) and the actual channel (CQDs), allowing 

the phototransistor to be fully depleted causing extremely low dark current. Moreover, the 

hybrid concept has also been exploited to combine with the existing CMOS technologies for 

advanced imaging systems89,90. 
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Figure 2.12: Schematic illustrations of two phototransistor structures. (a) Single layer structure. 

(b) Bilayer hybrid structure. 

 

2.5.4 Characterisation of phototransistors 

There are several figures of merit that can be used to evaluate the performance of 

photodetectors. 

Photosensitivity (P) is defined as the ratio of photo-generated current to the dark current 

and is given as:  

 
𝑃 =

𝐼 ℎ

𝐼𝑑  𝑘
=
𝐼𝑖𝑙𝑙𝑢𝑚 − 𝐼𝑑  𝑘

𝐼𝑑  𝑘
 (2.18) 

where, Iph is the photocurrent, Iillum is the channel current under illumination and Idark is the 

drain current in the dark.  

Responsivity (R) is defined as the ratio of photo-generated current to the incident optical 

power (Popt). The magnitude of R can be calculated through the following equation:  

 
𝑅 =

𝐼 ℎ

𝑃𝑜  
=
𝐼𝑖𝑙𝑙𝑢𝑚 − 𝐼𝑑  𝑘
𝐸𝑜  ∙ 𝑎

 (2.19) 

where, a is the device area and Eopt is the optical power density (also termed as illumination 

intensity). 

Photogain (G) defines the efficiency of optical power converted into measurable 

electrical current and can be calculated by the equation:  

 
𝐺 =

𝐼𝑝ℎ

𝑃𝑜𝑝𝑡
∙
ℎ𝑣

𝑞
 (2.20) 

where hv is the photon energy, q is the elementary charge. In photodiodes an absorbed photon 

can generate at best one electron-hole pair, corresponding to the maximum obtainable gain of 

1. In contrast, the Ohmic-like contact in phototransistors favours charge carriers to recirculate 

several times within the transistor channel, leading to photogain larger than unity. If the 

dominant gain mechanism in phototransistors can be explained by a trap-assisted model, the 

corresponding photoconductive gain (Gpc) can be expressed by77 
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 𝐺  =
𝜏

𝑡
 (2.21) 

where 𝜏 is the photocarrier lifetime and t is the carrier transit time. 

Specific detectivity (D*) is another commonly adapted figure of merit to quantify the 

sensitivity of a photodetector with respect to noise and enable direct device comparison with 

different areas and geometries. The equation of D* is given as 

 
𝐷∗ =

√𝑎 ∙ 𝑓𝐵
𝑁𝐸𝑃

=
√𝑎 ∙ 𝑓𝐵 ∙ 𝑅

𝑆𝑛𝑜𝑖𝑠𝑒
 (2.22) 

where fB is the bandwidth of the device and NEP is the noise equivalent power.  

NEP is defined as the incident root mean square power required to produce a signal-to-

noise ratio (SNR) of unity in a 1 Hz bandwidth, is a commonly used a figure of merit. It can be 

expressed as: 

 
𝑁𝐸𝑃 =

𝑆𝑛𝑜𝑖𝑠𝑒
𝑅

 (2.23) 

where Snoise is noise spectral density and R is photoresponsivity.  

The sources of electronic noise can be explained by many mechanisms such as thermal 

noise, dielectric noise or flicker noise22. Since all sources of noises are independent, their 

contributions to the total noise spectral are additive. However, a commonly-accepted 

assumption is that the shot noise from dark current is the dominant contribution60. Based on 

this assumption, the noise spectral density can be approximated as: 

 𝑆𝑛𝑜𝑖𝑠𝑒 = √2𝑞𝐼𝑑  𝑘 (2.24) 

where q is electron charge and Idark is dark current. Under this circumstance, the expression of 

shot-noise limited detectivity Ds* can be re-written as:  

 
𝐷𝑠
∗ =

√𝑎 ∙ 𝑅

√2𝑞𝐼𝑑  𝑘
 (2.25) 

 

 

2.6 Integrated circuits 

Integrated circuits are a major application of transistors in the microelectronic field. The 

elementary building block of most integrated circuits is the inverter, which is also referred to 

as NOT gate. This device can produce an output signal with the opposite logic level to an input 

signal. 

At present there are two well-demonstrated technologies that enable the realisation of 

an inverter circuit, namely the unipolar and the complementary technology. The unipolar 
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inverter architecture consists of two transistors with the same channel polarity. This technology 

requires less complicated fabrication process but exhibits higher power consumption91. In 

contrast, the complementary inverter is constructed by a combination of n- and p-channel 

transistors. Inverters based on complementary technology have big advantages like a wide 

noise margin and low power dissipation, but the fabrication process is more complicated due 

to the fabrication of discrete n- and p-channel transistors within a scale of a few micrometres92. 

An alternative way to realise the complementary inverter is to replace the n- and p-channel 

transistor with two ambipolar transistors. The so-called complementary-like inverter can 

significantly simplify the fabrication process while retaining the major advantages of 

complementary technology. The schematic of the inverter based on all three technologies 

discussed above is shown in Figure 2.13.  

 

 

Figure 2.13: Schematic illustration of inverter circuit comprised of (a) two unipolar transistors 

with the same polarity, (b) two unipolar transistors with different polarities and (c) two 

ambipolar transistors. 

 

Despite the difference in circuitry, the working principles of these inverters are similar. 

The two constituent transistors can be simply considered as two resistors connected in series, 

with the relative resistance difference which is determined by the input voltage VIN. The output 

voltage VOUT, which is the potential difference between TFT1 and TFT2, is changed according 

to the variation in VIN. Taking the inverter in the first quadrant as an example (both the supply 

voltage VDD and the input voltage VIN are positive), when a low voltage is applied to VIN, TFT2 

is considered to be working in the depletion region with an extremely high resistance (Figure 

2.14a). The supply voltage, therefore, drops mostly on TFT2 resulting in a high voltage in VOUT.  
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Similarly, when the input voltage is set to be high, the resistance of TFT2 is relatively low and 

the supply voltage hence drops mostly on the TFT1, resulting in a low output signal VOUT 

(Figure 2.14b). 

 

 

Figure 2.14: Schematic illustration of inverter operation using a voltage divider model. The 

open switch represents a high resistance and the resistor symbols represents a low resistance. 

(a) Inverter with a low VIN. (b) Inverter with a high VIN. (c) Representative transfer 

characteristics of an inverter working in the first quadrant. 

 

The most important figure of merit for an inverter is the small signal gain Ai, which is 

also known as voltage amplification. It is defined as the slope of the inverter transfer 

characteristic (i.e. the plot of VOUT versus VIN). The maximum signal gain value Ai,max is 

usually obtained at the point with the sharpest VOUT voltage swing (Figure 2.14c). The high 

gain at this specific point means that a small change in VIN can result in a large variation in 

VOUT during a switching transient. From the viewpoint of microelectronic circuit, Ai,max is 

usually obtained when the two constituent transistors are simultaneously working in the 

saturation regions93. In a practical integrated circuit, the output of an inverter is usually served 

as an input for a subsequent inverter. To enable the integrated circuit to function properly, the 

small signal gain is required to be larger than unity. 
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Chapter 3 Experimental Methods 

 

 

This chapter summarises the experimental methods and materials that were used to obtain the 

results summarized in the experimental Chapters 4-6. It starts with a discussion on the 

deposition techniques used for the device fabrication. There then follows a description on 

several material characterisation techniques such as atomic force microscopy, UV-Vis-NIR 

spectroscopy and scanning Kelvin probe, which are used for studying film morphology, optical 

absorption and surface potential, respectively. Finally, the electrical characterisation setup 

used for the transistor and phototransistor analysis, are introduced.   
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3.1 Device Fabrication Techniques 

3.1.1 Substrate Preparation 

In this study the devices were fabricated on two substrates, i.e. silicon wafers and glass slides.  

Silicon wafers, supplied by Active Business Company GmbH, were highly n-doped silicon 

(arsenic, resistivity <0.005 Ω ·cm) with a thermally-grown silicon dioxide layer (thickness 

=100 nm) on top.  Glass substrates, supplied by Schott Borofloat®, were highly-transparent, 

chemically-durable and thermally-resistive borosilicate glass sheets.  

The cleaning procedures for both substrates were the same.  The substrates were 

cleaned by ultra-sonication in a sequence of solvents to remove surface contaminants. The 

sequence is as follow: de-ionised (DI) water with 3% v/v Decon 90 detergent, pure DI water, 

acetone and isopropanol (IPA). Each step last for 10 min and the residual solvent was dried by 

nitrogen flow. The cleaning procedure was completed by placing the substrates into an 

ultraviolet (UV) ozone cleaner (UVOCS® model T0606E) for 20 min to remove residual 

hydrocarbons from the substrate surface as well as to improve surface energy for better thin 

film formation. 

 

3.1.2 Solution Deposition of Organic/Inorganic Materials 

Within this thesis, all the soluble organic/inorganic materials were deposited using a 

conventional spin-coating technique, in which a fixed amount of solution is poured onto a 

spinning substrate surface to form a thin film. The required volume of solution depends on 

factors like solution viscosity and substrate surface energy. The cast solution spreads over the 

substrate surface due to centrifugal force in the early stage of the spinning process and excess 

solution is spun off. With the ongoing spinning process, the solvent starts evaporating and a 

solid thin film is eventually formed. The obtained film is then transferred to a hot plate to heat 

up for further evaporating excess solvent. The final thickness of the film is determined by a 

number of factors, such as the solution concentration, the spin speed and duration, solvent 

boiling point, ambient conditions etc. Therefore, spin-coating parameters always need to be 

optimised for different materials in order to obtain a smooth and uniform film with a desired 

thickness. The optimised deposition parameters for each material used in the thesis will be 

described in detail in the corresponding chapters. 
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3.1.3 Vacuum Deposition of Metal Contact 

Metal contacts for transistors were deposited via thermal evaporation under high vacuum. The 

deposition process was carried out using a Kurt J. Lesker Mini SPECTROSTM Deposition 

System. The system includes a chamber which is pumped down to the desired vacuum level 

by a turbo pump. Samples with shadow masks are loaded into a substrate holder at the top of 

the chamber while metals for evaporation are loaded into a source crucible at the bottom of the 

chamber connected to a heating element. The chamber is first pumped down to a relatively 

high vacuum (~5 x10-6 mbar) before the metal deposition. The source crucible is then heated 

up by applying an increasing current through it. The evaporation rate of the metal vapour is 

monitored by a crystal sensor mounted inside the chamber and controlled by a feedback routine 

of the system. The deposition rate of two metals used within this thesis, i.e. aluminium and 

gold, are typically specified at a rate of 0.05 nm/sec and 0.1 nm/sec, respectively. The 

deposition patterns are confined by the dedicated shadow masks placed in front of the sample 

substrates. The masks for source and drain electrodes outline a variety of transistor channel 

geometries, resulting in transistors with channel lengths and channel widths of 20-100 µm and 

200-1500 µm, respectively. 

 

3.1.4 Application of Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) are molecular assemblies that spontaneously-form on a 

surface via adsorption. SAMs have been widely employed in organic/inorganic electronics for 

various purposes including adjusting the work function of electrode, modifying surface energy, 

passivating surface and working as semiconducting materials1–4. Within this thesis, two types 

of SAMs were used for different purposes. Despite the difference in purpose, the applications 

of both SAMs were similarly via a dip-coating method. The substrates, prior to the deposition 

of SAMs, were exposed to UV Ozone treatment to remove impurities. The cleaned substrates 

were then submerged in a SAM solution for a specific time. The process was completed by 

rinsing the substrates with the same solvent as that of the solution to wash off the excess of 

SAMs. Detail information of each SAM application will be described individually in the 

experimental section of the corresponding chapters. 

 



 

61 
 

3.2 Material Characterisation 

3.2.1 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a technique for studying surface topography of thin film 

samples. By using AFM 3-dimensional information of the measured surface can be obtained 

with a resolution up to the scale of an atomic lattice. In the present study, all the AFM 

measurement were carried out using an Agilent 5500 atomic force microscope in the ambient 

atmosphere.  

The basic principle of AFM is to acquire topographic profiles of the measured samples 

by probing through the surface with an atomically sharp tip. A schematic illustration of an 

AFM system is shown in Figure 3.1. A sharp tip is attached to a free end of a cantilever. When 

the tip is close enough to the sample surface, the interaction between the probe tip and the 

sample surface causes the bending of the cantilever. This small displacement of the cantilever 

results in a change of deflection of a laser beam directed on the same end of the cantilever and 

is eventually recorded by a quadrant photodiode as a signal in volts. 

 

Figure 3.1: Schematic illustration of an AFM system.  

 

In general, the AFM operation can be classified as several modes depending on the 

different operation regime. The mode used in this work is intermittent contact mode, which is 

also referred as tapping mode or AC mode. In this mode, the cantilever is driven to oscillate at 

its resonance frequency during the scan. This vibrating amplitude and phase will be changed 

by the tip-sample interaction when the tip is brought to the vicinity of the sample surface. To 

compensate the change a feedback system utilising a piezoelectric actuator is used to maintain 

Detector and
Feedback 

Electronics

Photodiode

Laser

Cantilever
Tip

Sample



 

62 
 

the cantilever at the set position. The adjustment can be used to evaluate the height of the 

corresponding sampling point. By scanning through all the sampling point, the topography of 

the sample surface can then be reconstructed. The advantage of tapping mode is the oscillation 

of cantilever in the vertical direction minimise the force in the lateral direction and hence 

reduce the likelihood of damage to both the sample and tip. 

3.2.2 Ultraviolet-Visible-Near-infrared Spectroscopy 

The ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy is a technique for studying 

the optical properties of the thin film such as transmittance, reflectance or absorbance. In 

addition, this technique can also be used for estimating the optical energy bandgaps of materials 

by Tauc plot analysis. Within this work, all measurements were performed by a Shimadzu UV-

2600 spectrophotometer mounted with an ISR-2600 Plus integrating sphere. The basic 

principle of the UV-Vis measurement is using various monochromatic lights to illuminate the 

sample and comparing the intensity difference between the light transmitted (or reflected) from 

the object and the reference light. Samples are all deposited on quartz substrates due to its high 

transparency within the measuring spectrum (300-800 nm). 

 

3.2.3 Scanning Kelvin Probe 

Kelvin Probe (KP) is a technique for detecting the work function of conducting materials or 

surface potential of semiconducting materials in a non-contact non-destructive way. The 

Kelvin Probe system used in this work was a KP Technology Scanning Kelvin Probe System 

SKP5050.  

The working principle of the Kelvin Probe is to evaluate the potentials difference 

between a material surface and a probe tip by detecting the electrical charges generated by 

capacitor effect. The capacitor is formed by the vibrating tip placed at a certain distance away 

from the sample and the conductive sample surface. When electrical contact is made, the 

equalisation of Fermi levels results in the generation of electrical charges on both surfaces of 

the vibrating capacitor. As the measured results are typically defined by the topmost layers of 

the measured surfaces, the obtained work function is extremely sensitive to surface conditions 

as well as atmospheric conditions such as temperature and humidity. In order minimise the 

environmental impacts all measurements presented in this work were performed in a dry 

nitrogen atmosphere and directly after sample preparation.  
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3.3 Electrical Characterisation 

3.3.1 Current-Voltage Measurements 

The performance of transistors is primarily assessed through the current-voltage measurement 

of the devices.  Two types of current-voltage measurement are typically performed for TFT 

devices, i.e. transfer characterisation and output characterisation. For transfer characterisation 

the voltage applied to the drain electrode is held constant while the voltage applied to the gate 

electrode is swept across a range of values. For output characterisation the gate voltage is held 

constant while a sweep is performed on the drain voltage and repeated for multiple pre-set gate 

voltages. From these current-voltage characterisation key parameters for transistor analysis 

such as field effect mobility, subthreshold swing and current on/off ratio can be obtained. 

Within this work all the current-voltage measurements were performed using an Agilent 

B2902A Precision Source/Measure Unit (SMU) in combination with a probe station. The SMU 

is connected to the transistor electrodes via a set of micro-positioning needles in a probe station 

and BNC cables. When pre-set voltages are applied across the transistor electrodes, the 

corresponding current flow for each voltage is then recorded by the SMU and saved into a 

spreadsheet. For inverter characterisation, the two constituent transistors are connected via 

micro-positioning needles and interconnect cable to form the inverter circuit. A Keithley 4200-

SCS Semiconductor Characterisation System (SCS) was used for this measurement and 

connected to the two transistors in a similar way as for the SMU. The SCS enables simultaneous 

data acquisition on the two constituent transistors. All the current-voltage characterisations 

presented in this thesis were performed under an inert gas atmosphere at room temperature in 

the dark. This is to avoid environmental impacts on the charge carrier transport within the 

transistor channel. 

 

3.3.2 Light-Response Measurements 

The light-response measurements presented in this thesis include two types of measurements, 

i.e. static measurement and dynamic measurement. The former records the static transistor 

current-voltage characteristics when the device is exposed to continuous illumination with 

various intensities while the latter while the latter records the dynamic current variation of the 

transistor under alternating illumination. To perform the static measurement, the transistor was 

fixed at a constant biasing condition using the setup as described in Section 3.3.1 and 

illuminated by an extra LED at a set distance away from the device. The variation in 

illumination intensities was achieved by changing the applied current on the LED driven by a 
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Keithley 2400 source-meter. The actual illumination intensity was calibrated by a Thorlabs 

S120UV power sensor placed at the same distance away from the LED as the transistor device. 

In dynamic measurement the variation in illumination was achieved by driving the LEDs with 

an Agilent 33220A function generator. The variation in channel current is first amplified by a 

Stanford Research Systems SR570 current preamplifier and subsequently recorded by an 

Agilent DSO6014A oscilloscope.  
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Chapter 4 High Speed Ultraviolet Phototransistors based 

on an Ambipolar Fullerene Derivative  

 

 

Combining high charge carrier mobility with ambipolar transport in light absorbing organic 

semiconductors is highly desirable as it leads to enhanced charge photogeneration, and hence 

improved performance in various optoelectronic devices including solar cells and 

photodetectors. In this chapter the development of [6,6]-phenyl-C61-butyric acid methyl ester 

(PC61BM)-based ultraviolet (UV) phototransistors with balanced electron and hole transport 

characteristics is presented. The balanced electron and hole transport within the single 

material channel is achieved by fine-tuning of the source-drain electrode work function using 

a self-assembled monolayer. Opto/electrical characterization of as-prepared ambipolar 

PC61BM phototransistors reveals promising photoresponse, particularly in the UVA region 

(315-400 nm), with maximum photosensitivity and responsivity of 9×103 and 3×103 A/W 

respectively. Lastly, the temporal response of the PC61BM phototransistors is found to be high 

with typical switching times of <2 ms, validating the potential of this ambipolar organic 

material for fast and sensitive UV photodetection.  
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4.1 Introduction 

Organic thin film transistors (OTFTs) have been intensively studied due to their attractive 

characteristics that include mechanical flexibility and processing versatility that enables cost-

effective manufacturing on inexpensive substrate materials.1–5 Unlike existing silicon transistor 

technologies where p-type and n-type functionalities are achieved via diffusion or implantation 

of suitable dopants, charge transport in organic semiconductors, and their devices, is 

determined by the molecular structure and the ability to inject holes and/or electrons in the 

corresponding energy levels. This property has enabled the development of OTFTs that are 

able to transport holes and/or electrons, depending on the biasing conditions, within the same 

channel material.6 These so-called ambipolar transistors have shown promise for a range of 

applications7–10 as they combine multiple functions that include electrical switching, light-

sensing and light emission.11–15 To this end, organic phototransistors (OPTs) represent an 

important emerging technology as they offer light-sensing capabilities with electrical switching 

which makes them ideal for use as electro-optical transducer for signal-amplification. Such 

attractive characteristics are key for overcoming the noise level in conventional photodiode 

read-out circuit16 as the tuneable gain mechanism controlled by the gate field (exclusive to 

transistor’s three-terminal architecture) enables controllable sensitivity and low noise level 

compared to the conventional two-terminal photodiodes.17 Moreover, the structural versatility 

of organic semiconductors with tailor-made properties allows the design for OPTs with desired 

functionality such as panchromatic sensitivity or wavelength selectivity.18–22  

Methanofullerene derivatives such as the [6,6]-phenyl-C61-butyric acid methyl ester 

(PC61BM) have been extensively used as electron-transporting materials in n-channel 

OTFTs,23–26 in combination with p-type semiconductors to form heterostructure ambipolar 

OTFTs27–29 as well as the electron acceptors in organic photovoltaics (OPVs).30–34 Although a 

few early attempts have demonstrated ambipolar transport in PC61BM transistors, emphasis 

was placed on circuit applications.7,35 This interesting combination of characteristics makes 

PC61BM a promising candidate for applications in the area of photodetectors and particularly 

phototransistors. Despite the promise, however, to date no ambipolar OPT based on PC61BM 

has been demonstrated.  

This chapter presents the development of ambipolar PC61BM transistors with balanced 

electron and hole mobilities and their application as fast and highly sensitive UV 

photodetectors. Resulting devices were electrically characterised in the dark and under 

illumination with different light intensities and wavelengths. When illuminated with different 
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wavelengths of light, the OPTs are found to be visible blind with significant photoresponse 

observed only under UV illumination.  The extracted figures of merit of PC61BM-based OPTs 

are shown to be comparable to those reported for state-of-the-art silicon photodetectors. Finally, 

the PC61BM phototransistors show excellent dynamic response with turn-on and turn-off times 

of less than 2 ms. The present results highlight the potential of ambipolar PC61BM 

phototransistors as an alternative, and highly promising, UV photodetector technology.  

 

4.2 Methods 

4.2.1 Phototransistor Fabrication 

Top-gate, bottom-contact (TG-BC) transistors were fabricated on 2 cm × 2 cm glass substrates. 

Prior to material deposition all substrates were cleaned by sonication in detergent solution 

(DECON90), deionized water, acetone and 2-propanol (IPA) for 10 minutes each. 40nm thick 

gold source and drain (S-D) contacts were thermally evaporated onto the substrates through 

shadow masks, resulting to transistors with channel length (L) and width (W) of 30 μm and      

1 mm, respectively. The surfaces of the S-D contacts were then chemically modified with the 

functionalization of the pentafluorothiophenol (PFBT) self-assembling monolayer by 

immersing the substrates into a 1:100 vol % diluted solution of PFBT in IPA for 1 h at room 

temperature in air. The excess of PFBT was washed off with IPA. The PC61BM layer was then 

deposited by spin-casting from a chlorobenzene solution (20 mg/ml) at a spin speed of 1200 

rpm for 60 s, followed by a 10-min annealing at 100 °C in nitrogen. The fluoropolymer CYTOP 

(Asahi Glass) was used as the gate dielectric layer and spin-coated directly onto the 

semiconducting layer at 2000 rpm for 60 s and dried in high vacuum (~10-7 bar) for 10 h. 

Device fabrication was completed with the thermal evaporation of 40-nm Al gate electrode 

through a shadow mask onto the CYTOP dielectric layer.  

 

4.2.2 Material Characterization 

Film absorption measurements were performed using a Shimadzu UV2600 UV-Vis 

spectrophotometer equipped with an ISR-2600 Plus integrating sphere. The samples for the 

UV-Vis measurement were made on quartz substrates, following an identical recipe of material 

deposition to that described previously in Section 4.2.1. The absorption spectrum was 

calculated from the measured transmittance and reflectance data. The surface morphologies of 

the various deposited films and the glass substrate were obtained using an Agilent 5500 atomic 

force microscope in intermitted contact mode. The work functions of Au electrode before and 
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after PFBT application were determined using a scanning Kelvin Probe (KP) system (KP 

Technology, SKP5050) using silver (Ag) as the reference work function material. The 

deposition of Au and the application of PFBT monolayer were performed using the same 

procedures as those described in Section 4.2.1.  

 

4.2.3 Optoelectronic Characterization 

Optoelectronic characterization was carried out by measuring the transfer and output 

characteristics of the fabricated transistors in a dark environment and under various 

illumination intensities using red-green-blue and UV light-emitting diodes (LEDs). 

Specifically, LEDs with electroluminescence (EL) emission peaks at 632, 525, 475 and 390 

nm, were employed and driven using a Keithley 2400 source-meter. Electrical characterisation 

of all transistors was performed using an Agilent B2902A source-measure unit in dry nitrogen 

atmosphere. The illumination intensities (Eopt) generated by the LEDs driven at different 

current levels were measured by a Thorlabs S120UV power sensor.  

 

4.2.4 Temporal Response Measurements  

Dynamic characterization was performed by measuring the evolution of the channel current to 

an external optical stimulus (light pulse). To achieve this, the transistor was biased at fixed 

drain (VD) and gate (VG) voltages using an Agilent B2902A source-measurement unit as in 

electrical characterization and the variation in channel current was amplified by Stanford 

Research Systems SR570 current preamplifier and subsequently recorded by an Agilent 

DSO6014A oscilloscope. Optical pulses were generated using blue (max = 475 nm) LED 

driven by an Agilent 33220A function generator.  
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4.3 Results and Discussion 

4.3.1 Film Characterization  

The absorption spectrum of the PC61BM layers deposited on quartz substrates were first 

investigated using a UV-Vis spectrophotometer (Figure 4.1). Evidently, the compound 

exhibits weak absorption in red region and moderate absorption in green-blue range. The weak 

absorption at longer wavelengths is attributed to the relatively wide band gap of PC61BM - a 

result of the peculiar electronic structure of C60.
36 However, the absorption increases 

significantly in the UV-A region (<400 nm), hence making PC61BM a promising candidate for 

use in UV photodetectors.  

 
Figure 4.1: UV-Vis absorption spectrum of a PC61BM layer deposited on quartz substrate via 

spin coating. Inset shows the molecular structure of PC61BM. 

 

 

The surface topography of the PC61BM layers deposited on glass was investigated using 

atomic force microscopy (AFM) and is shown in Figure 4.2 (a). The surface morphology of 

the bare glass surface is also shown for comparison. The PC61BM layer appears extremely 

smooth and uniform with a root-mean-square (RMS) roughness of ~0.26 nm, which is close to 

that of glass beneath (~0.22 nm). The similarity of the surface topographies of the two surfaces 

is further illustrated in the height histograms shown in Figure 4.2 (b) where no distinct 

differences can be observed. In the context of transistors, this feature is crucial for effective 

charge carrier accumulation and transport at the critical dielectric/semiconductor interface. 

This is particularly true for top-gate transistor architecture where the surface topography 

defines the morphology of the actual conducting channel.37   
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Figure 4.2: (a) AFM images of the surface topography of bare glass and PC61BM deposited 

on glass. The root-mean-square (RMS) surface roughness of the glass and glass/PC61BM 

samples are 0.22 and 0.26 nm, respectively. (b) Height distribution histogram extracted from 

the AFM images in (a).  

 

4.3.2. Transistor Design and Electrical Characterisation  

The charge transport properties of the PC61BM layers were investigated in TG-BC transistor 

architectures (Figure 4.3a). To achieve ambipolar transport, efficient injection of both 

electrons and holes from the S-D electrodes to the corresponding energy levels in the 

semiconductor, is essential. The latter requires good energy level alignment between the 

electrode(s) and the semiconductor. This can be, at least partially, accomplished using polar 

molecules that can self-assemble on the electrode’s surface forming a highly-ordered dipole 

layer. Such self-assembled monolayers (SAMs) have been used as electrode work function 

modifiers, which under certain circumstances can lead to enhanced carrier injection.38–41 Herein 

PFBT was chosen as the work function modifier for the Au S-D electrodes. Figure 4.3b shows 

the simplified energy-band diagram of PC61BM and Au electrode before and after PFBT 

application. The mismatch in the work function of Au and the HOMO of PC61BM before 

contact results in an injection barrier of 1.2 eV for holes. The actual mismatch, however, is 

known to further increase due to the formation of a strong dipole layer at the Au/PC61BM 

interface,42 leading to a large injection barrier for holes. In an effort to address this issue, Au is 

treated with PFBT, which resulted to a reduction of the electrodes’ work function by 1 eV 

(Au/PFBT in Figure. 4.3b). This shift towards the HOMO of PC61BM makes Au/PFBT a 
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potential hole-injecting electrode. Apart from charge injection, carrier trapping at the 

dielectric/semiconductor interface, which originates from impurities or certain chemical 

moieties,43 is also known to limit the carrier mobility and presents an additional challenge for 

achieving balanced ambipolar charge transport. To address this issue the fluoropolymer 

CYTOP was selected as the gate dielectric. The formulation of this hydroxyl-free polymer is 

orthogonal to the underlying PC61BM and is known to lead to the formation of a trap-free 

semiconductor-dielectric interface for holes and electrons.44,45  

 
Figure 4.3: (a) A schematic of the top-gate, bottom-contact (TG-BC) transistor architecture 

developed in this study. (b) Energy level band diagram for PC61BM, gold (Au) electrode and 

PFBT-treated Au electrode (Au/PFBT). 

 

Figure 4.4 shows the transfer characteristics measured in the dark for a PC61BM 

transistor using negative and positive drain (VD) and gate (VG) voltages, respectively. In both 

bias modes the device exhibits typical V-shaped characteristics indicative of the injection of 

both hole and electron in the same transistor channel.  

 
Figure 4.4: Transfer characteristics measured for a PC61BM transistor in (a) hole accumulation 

and (b) electron accumulation bias regimes. 
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The corresponding output characteristics of the same transistor in hole-enhancement 

and electron-enhancement bias regimes, respectively, are shown in Figures 4.5. At high VG the 

transistor shows linear-to-saturation curves that resemble closely those of unipolar devices. At 

low VG, however, a superlinear current increase is observed, especially in the high VD region 

because of the injection of minority carriers9, a feature that is absent in unipolar transistors. 

The nonlinear increase in the drain current (ID) at small VD indicates the presence of injection 

barriers from Au/PFBT S-D electrodes to PC61BM for both holes and electrons. Despite this, 

the extracted field-effect mobility for holes and electrons extracted in the linear region (VD = 

±80 V and VG = ±200 V) are high and on the order of 0.06 and 0.14 cm2/Vs, respectively. These 

measurements are extremely revealing as they provide direct evidence of the ambipolar nature 

of PC61BM, a property that has remained elusive until now.  

 
Figure 4.5: Output characteristics measured for the same PC61BM transistor obtained in (a) 

hole and (b) electron accumulation.  

 

4.3.3. Optoelectronic Characterisation of PC61BM Transistors  

Optoelectronic characterization of all transistors was carried out by illuminating the devices 

using a UV LED with an EL peak at 395 nm due to the strong absorption of PC61BM at this 

wavelength range (Figure 4.6).  
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Figure 4.6: Absorption spectrum of PC61BM and EL spectrum of the UV LED used for 

optoelectronic characterisation of the devices. Inset: schematic of the TG-BC transistor 

architecture employed and the orientation of UV illumination. 

 

The corresponding transfer and output curves of ambipolar PC61BM phototransistor in 

electron enhancement mode under different illumination intensity Eopt, are shown in Figure 

4.7. The channel current of the device is found to increase with increasing light intensity, which 

is indicative of a strong photoresponse. The magnitude of the current increase depends on both 

the illumination intensity and applied VG. These measurements suggest that additional charges 

are introduced in the channel upon optical stimulation. One possible photogeneration 

mechanism is via exciton formation within PC61BM. These are then dissociated into free 

electrons and holes that drift to the corresponding electrodes (S or D) due to the applied 

electrical field (VG, VD).46 Interestingly, the photocurrent enhancement occurs not only in the 

unipolar operating regime (i.e. VG = 120 V; Figure 4.7b) but also in the ambipolar regime (VG 

= 80 V for VD > 150 V; Figure 4.7c) of the transistor. This observation supports the existence 

of an appreciable photoconductivity component within the channel region. Overall, the results 

demonstrate that the incident UV light has a strong gating effect that can modulate the channel 

current independently.  
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Figure 4.7: (a) Transfer characteristics of a PC61BM phototransistor measured at fixed VD = 

80 V (electron accumulation) in the dark and under UV illumination of different intensities. (b) 

Output characteristics measured for the same PC61BM transistor at VG = 120 V (electron 

accumulation regime). (c) Output characteristics of the same PC61BM transistor measured at 

VG = 80 V (ambipolar transport regime) under dark and UV illumination at various intensities.  

 

The performance characteristics of the PC61BM phototransistors were further analysed 

by quantifying three important figures of merit for photodetector, i.e. photosensitivity P, 

responsivity R (in A/W) and specific detectivity D* (in Jones) and plot them as a function of 

gate voltage VG and incident optical power Popt.  

Photosensitivity, which is the ratio of photo-generated current to the dark current, 

represents the relative change in channel current with respect to the dark current. Figure 4.8a 

shows the evolution of P with VG where a peak value of 9×103 is measured for an illumination 

intensity of 2.356 mW/cm2 at VG = 35 V. This is due to that fact that at this particular VG bias 

the channel current is turn-off and Idark becomes minimum, hence leading to a maximum P 

value. The decreasing P value with increasing VG, on the other hand, indicates that at higher 

VG the channel current is primarily due to injected charges with the photo-induced carriers 

becoming less and less dominant. However, the increasing P with increasing light intensity 

across the entire VG range (Figure 4.8b) suggests that photo-generated carriers exist even at 

high VG bias.  
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Figure 4.8: (a) Photosensitivity (P) versus VG measured at a constant VD = 80 V and at three 

different illumination intensities. (b) P versus incident optical power (Popt) measured at two 

different channel biasing regimes: on-state (VG = 200 V) and off-state (VG = 35 V) at fixed VD 

= 80 V.  

 

Responsivity, which is the ratio of change in ID against the incident Popt, defines the 

efficiency of optical power converted into measurable electrical photocurrent. The dependence 

of R on VG (Figure 4.9a) shows that the minimum value is achieved at the channel turn-off 

bias, which is opposite to that seen for P. The observed increase in R with increasing VG is 

attributed to the improved charge photogeneration and transport across the channel.  The log-

log plot of R as a function of Popt (Figure 4.9b) shows that for a given VG the R decreases with 

increasing Popt, which is again opposite to the P vs. Popt trend. The effect is attributed most 

likely to enhanced photo-induced electron-hole recombination.47 The maximum value for R of 

3×103 A/W is obtained at the lowest light intensity of 0.007 mW/cm2. Notably, this value is 

one order of magnitude higher than that reported for Si phototransistors (300 A/W) and 

highlights the potential of PC61BM phototransistors.48  
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Figure 4.9: (a) Responsivity (R) versus VG measured at a constant VD = 80 V and at three 

different illumination intensities. (b) R versus incident optical power (Popt) measured at two 

different channel biasing regimes: on-state (VG = 200 V) and off-state (VG = 35 V) at fixed VD 

= 80 V.  

 

The specific detectivity D* describes the sensitivity of a photodetector with respect to 

noise and enables direct comparison of devices with different areas and geometries. A simple 

estimation of the specific detectivity according to Equation 2.25 is the shot-noise limited 

detectivity Ds*. The dependence of Ds* on VG shown in Figure 4.10a reveals two distinct 

regions: a peak value calculated at around VG = 35 V, followed by a continuous increase and 

saturation for higher VG. The sharp increase of Ds* seen at VG = 35 V is attributed to the low 

background noise level at that particular bias due to the supressed channel current. Specifically, 

the shot noise, which is proportional to Idark, reaches the lowest level when the channel current 

is turn-off (VG = 35 V), resulting in the observed maximum value of Ds*. The upward trend of 

Ds* with increasing VG, on the other hand, is attributed to the improved current amplification 

due to the increase of the carrier mobility with increasing VG. The downwards trend of Ds* 

versus Popt (Figure 4.10b), which is similar to that of the R, is evident in good agreement with 

Equation 2.25. Interestingly, devices characterised in the on-state exhibit a higher Ds* at low 

Popt, whereas those measured in the off-state show a higher Ds* at high Popt. This is believed to 

be due to the difference in the current amplification as a result of the different 

operating/illuminating regimes. A key conclusion that can be reached from these measurements 

is that in order to fully exploit the signal gain mechanism in these ambipolar PC61BM 

phototransistors the device needs to be operated at low Popt. Only then, the maximum value for 
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Ds* of 1.3×1013 Jones can be achieved. It is noted that the latter is comparable to that measured 

for Si photodetectors (4×1012 Jones).18  

 

 
Figure 4.10: (a) Shot-noise limited specific detectivity (Ds*) versus VG measured at three 

different illumination intensities and at a fixed VD = 80 V. (b) Ds* versus Popt measured for the 

same PC61BM phototransistor at two different channel biasing regimes: on-state (VG = 200 V) 

and off-state (VG = 35 V) at fixed VD = 80 V.  

 

In an effort to understand the different contributions in the photo-detection 

mechanism(s), the channel current of the transistors both in the off-state (ID(Ph-OFF)) and on-

state (ID(Ph-ON)) is monitored as a function of Popt (Figure 4.11). The result suggests two primary 

photodetection mechanisms, namely photovoltaic and photoconductive effects. These 

processes are similar to those observed in both inorganic49 and organic14,50 phototransistors, 

highlighting the similarities in the operating principles. In the case of photovoltaic effect, 

photo-generated carriers within the channel tend to lower the injection barrier and associated 

contact resistance as well as directly contribute to free charges in the channel. Both processes 

can lead to a measurable shift in the threshold voltage (Vth), resulting in a significant increase 

in channel current even under low illumination intensities. The photocurrent induced by the 

photovoltaic effect is given by51:  

𝐼  = 𝑔𝑚∆𝑉 ℎ =
𝐴𝑘𝑇

𝑞
ln (1 +

𝜂𝑞𝜆𝑃𝑜𝑝𝑡

𝐼dark⁡ℎ 
)                  (4.1) 

where, gm is the transconductance, ΔVTH is the threshold voltage shift, A is the fitting parameter, 

𝜂 is the photogeneration quantum efficiency, Idark is the dark current for minority carriers and 

hc/λ is the energy of the incident photons. In the case of photoconductive effect, photo-induced 

bound electrons and holes are separated and transferred directly by the external applied field, 
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the channel current therefore increases linearly with the incident power. The photocurrent 

caused by the photoconductive effect can be expressed as52:  

𝐼  = (𝑞𝜇 𝑝𝐸)𝑊𝐷 = 𝐵𝑃𝑜  ⁡     (4.2) 

where, μp is the hole mobility, p is the hole concentration, E is the electric field in the channel, 

W is the channel width, D is the depth of the absorption region, and B is the fitting parameter. 

In Figure 4.11, the photocurrents measured in both the on- and off-state for a fixed VD of 80 

V are plotted as a function of Popt. Here symbols denote the experimental results while solid 

lines represent the fittings to the data using Equation 4.1 and 4.2. The fittings were performed 

assuming that the photocurrent is the result of a synergistic effect of the two mechanisms. The 

results indicate that the photoconductive effect dominates the device operation in the off-state 

while the photovoltaic effect becomes dominant in the on-state. This is an interesting finding 

as it provides direct evidence of the photogeneration mechanisms in ambipolar phototransistors.  

 
Figure 4.11: Evolution of the channel photocurrent as a function of incident optical power 

(Popt) in measured for a PC61BM phototransistor in the on-state (VG = 200 V) and in the off-

state (VG = 35 V) at a constant VD = 80 V. The symbols represent experimental measured data 

whilst the solid lines are the fitting curves.  

 

The detection capabilities of the ambipolar PC61BM phototransistor across a wider 

range of visible wavelengths have also been investigated. Figure 4.12a shows the absorption 

spectra of PC61BM together with the electroluminescence spectrum of the different LEDs 

employed as the light sources (with peak emission wavelengths of λB = 475 nm, λG = 525 nm, 

λR = 632 nm). The transfer characteristics of devices measured in the dark and under different 

illumination intensities with the different LEDs are shown in Figure 4.12b. A clear device 
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photoresponse is evident for all three wavelengths with the blue light-illuminated transistor 

exhibiting the highest response and the red-light illuminated one exhibiting the lowest response. 

The level of photoresponse appears to correlate with the overlap between the absorption of 

PC61BM and the EL emission of the individual LEDs (Figure 4.12a).  

 
Figure 4.12: (a) Absorption and EL spectra of the PC61BM layer and for the three visible light 

LEDs used to perform the photoresponse measurements. (b) Transfer characteristics measured 

for a PC61BM phototransistor illuminated with blue light (B = 475 nm), green light (G = 525 

nm) and red light (R = 632 nm) at different intensities (Popt). The black curves in each plot 

represent the transfer characteristics measured in dark at VD = 80 V.  

 



 

81 
 

Quantitative analysis of the device response to different wavelengths was performed by 

calculating the P, R and D* parameters (Figure 4.13) for all wavelengths at constant Popt (0.7 

mW/cm2) and bias (VD = 80 V and VG = 35 V) conditions. Evidently, all three parameters 

improve as the wavelength of the incident light reduces from 632 nm (red) to 395 nm (UV-A). 

These demonstrate that PC61BM phototransistors function as filter-less UV-A (315-400 nm) 

photodetectors that combine high sensitivity with a simple device architecture.  

 
Figure 4.13: Calculated values for (a) P, (b) R, and (c) Ds* for all four different wavelengths 

investigated. All parameters were calculated from the transfer characteristics of the same 

PC61BM phototransistor biased at VG = 35 V, and VD = 80 V, and illuminated with Eopt = 0.706 

mW/cm2.  
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4.3.4. Dynamic Operation of PC61BM Phototransistors  

For the successful deployment of any emerging photodetector technology to commercial 

products the sensor should not only offer high sensitivity and spectra selectivity but also good 

temporal response. To measure the dynamic response of the present PC61BM phototransistor, 

the switching behaviour of optimized devices was investigated. This was achieved by exposing 

the devises to light pulses and monitoring the evolution of the channel current in real time using 

the measurement setup shown in Figure 4.14a. During the measurements the transistor was 

maintained at a constant bias of VD = 80 V and VG = 35 V. Figure 4.14b shows the temporal 

response of the channel current to a train of light pulses 10 ms long.  The rise time, tR, (current 

increasing from 10% to 90% of the maximum value) and the fall time, tF, (current decreasing 

from 90% to 10% of its maximum value) were then calculated directly from Figure 4.14c, 

yielding values of tR = 0.94 ms and tF = 1.02 ms, respectively, as well as a total response time 

of ~2 ms. To this end it is noted that the latter value approaches the detection limit of the 

measurement setup because of the necessary trade-off between small-signal detection (nA) and 

the effective signal bandwidth of the current amplifier (CA). Despite this, however, the results 

show that the present PC61BM phototransistors are faster than most of the unipolar organic 

phototransistors reported to date and compare favourably to the ultrafast quantum dot (QD), 

low-dimensional and/or hybrid photodetectors.53,54,63–67,55–62 The fast temporal response is 

attributed to the excellent ambipolar transport characteristics of PC61BM, and the resulting 

efficient carrier generation and transport across the channel. Finally, the present results 

highlight the use of single organic ambipolar semiconductors as a promising approach to the 

development of fast phototransistors with tailored photoresponse.  
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Figure 4.14: (a) Circuitry of the experimental setup used for the dynamic characterisation of 

the PC61BM phototransistors. A function generator (FG) is used to drive the LED. The channel 

current in the transistor, which is biased at VG = 35 V and VD = 80 V, is monitored in real time 

using a current amplifier (CA) and recorded as a voltage (VOUT) using an oscilloscope. (b) 

Response of the channel current (red trace) to a train of blue (max = 475 nm) light pulses with 

Eopt = 0.744 mW/cm2 (blue trace). (c) Analysis of raise (tR) and fall (tF) times.   
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4.4 Conclusions  

To summarize Chapter 4, UV-sensitive phototransistors based on the solution-processed 

methanofullerene PC61BM have been fabricated and characterised. The carefully engineered 

devices exhibit good ambipolar operation in the dark with electron and hole mobility values of 

0.14 and 0.06 cm2/Vs, respectively. Because of the light absorption characteristics of PC61BM, 

the resulting devices exhibit large photoresponse particularly in the UV-A region of the 

electromagnetic spectrum. Importantly, the PC61BM phototransistors are able to operate at high 

frequencies with minimum response times of less than 2 ms, in spite of the long channel length 

(30 μm) employed - a temporal response difficult to achieve in conventional unipolar organic-

based phototransistors. To this end, the performance parameters extracted under low 

illumination intensities are comparable with those of Si-based photodetectors, mainly because 

of the intrinsic gain mechanism associated with the three-terminal phototransistor architecture. 

This work highlights the use of single material ambipolar organic phototransistors as promising 

concept for the development of sensitive and fast photodetectors with tailored colour sensitivity.  
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Chapter 5 Hybrid Inorganic Ambipolar Transistors with 

Dye Functionalization for Efficient and Fast Photo-

Sensing Application 

 

 

Metal oxides are attractive semiconducting materials for use in high carrier mobility thin-film 

transistors and integrated circuits.  However, the wide optical bandgap and optical instability 

limit their photodetector applications. In this chapter, a novel hybrid heterostructure transistor 

based on indium oxide (In2O3) and copper thiocyanate (CuSCN) is presented. The presence of 

the p-n (CuSCN/In2O3) junction is found to enable ambipolar transistor operation, while 

maintaining a high optical transparency across the visible spectrum. The incorporation of a 

light-absorbing organic dye D102 in this transparent heterostructure enables the realization 

of phototransistors with remarkably enhanced photoresponse to green illumination as 

compared to the control In2O3/CuSCN bilayer device. More interestingly, the trilayer 

phototransistor exhibits high switching speed with a response time of ~1 ms. The fast switching 

behaviour is attributed to the synergistic effects of efficient charge transport across the 

In2O3/dye/CuSCN channel as well as the minimization of the oxygen-vacancy-related 

photoconductivity. The hybrid phototransistor developed here offers a universal approach to 

improve the speed of the oxide-based phototransistors for efficient and fast photo-sensing 

application.  
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5.1 Introduction 

Solution processable metal oxides represent an attractive family of semiconducting materials 

for use in thin-film transistors and integrated circuits due to their high carrier mobility, low 

process temperature and excellent device parameter uniformity.1–3 When it comes down to  

photodetector applications, however, the large optical bandgap of metal oxides limits their 

application majorly to ultraviolet (UV) photodetection.4–6 Moreover, oxide-based 

photodetectors are known to exhibit unstable operating characteristics under continuous 

illumination.7–10 This optical instability is observed even under visible illuminations, the 

energy of which is below the bandgap of metal oxides.11,12 The phenomenon of sub-bandgap 

photo absorption is generally attributed to defect states located within the bandgap of metal 

oxide semiconductors.11–18 For example, one widely-accepted explanation is that the deep and 

neutral oxygen vacancy states (VO) can be ionised to shallow donor states (VO") under visible 

light illumination, donating electrons to the conduction band of the metal oxide.13,14 These 

ionised oxygen defects remain ionised due to the creation of an energy barrier against 

neutralisation by the outward relaxation of bonds surrounding the VO sites,14 resulting in 

materials remaining high conductivity even after the removal of light stimulation, i.e. so-called 

persistent photoconductivity (PPC).14,19  

Although PPC has been reported to give rise to high optical detectivity in the oxide-

based photodetector,20,21 it can be problematic in practical applications. Such a phenomenon, 

which has proven to be able to maintain up to hours,12,15,22 severely prolongs the device 

relaxation time and hence limits the operation speed of the oxide-based photodetectors. To 

eliminate the adverse effects from PPC, several studies have suggested a gate pulse method 

that can be implemented in three-terminal device architecture to effectively remove PPC.18,23 

This method, by applying a positive voltage pulse to the gate terminal, is thought to accelerate 

the recombination of electrons and ionised defect states, hence erase PPC immediately. Despite 

the success of eliminating PPC, this gate pulse method requires a more complicated operation 

scheme for the phototransistors. Alternatively, a few recent studies have reported fast oxide-

based phototransistors by integrating n-type metal oxides with p-type semiconductors like poly 

(3-hexylthiophene) (P3HT), copper phthalocyanine (CuPc) and stannous oxide (SnO) to form 

a p-n heterojunction structure.24–26 This heterojunction structure, which is initially designed for 

enhancing the photodetection of oxide-based devices in the visible light region, has been 

surprisingly found to enable the phototransistor to achieve fast device relaxation after the 

removal of illumination. The enhanced recovery process is believed to be due to the quick 
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recombination of the light-induced electrons and the holes inside the p-type capping layer. This 

hybrid method suggests a new routine towards fast photodetectors based on oxide 

semiconductors. 

This chapter represents the development of a novel p-n heterostructure hybrid inorganic 

transistor based on indium oxide (In2O3) and copper thiocyanate (CuSCN). The presence of the 

p-n (CuSCN/In2O3) junction based on two large bandgap semiconductors enables ambipolar 

transistor operation, while maintaining high optical transparency across the visible 

electromagnetic spectrum (400-700 nm). More interestingly, it is found that the slow sub-

bandgap photoconductivity from the oxide layer was effectively suppressed by the introduction 

of the p-n heterojunction. The ability of visible light detection is then enabled through the 

incorporation of a green light-absorbing organic dye D102 in the vicinity of the heterostructure 

during growth. The trilayer CuSCN/dye/In2O3 channel phototransistor shows a remarkably 

enhanced photoresponse to green light as compared with the control In2O3/CuSCN-based 

devices. In addition, the switching behaviour of the trilayer phototransistor is found to be very 

fast with a response time of ~1 ms. The latter is attributed to the synergistic effects of efficient 

charge transport across the multilayer channel and minimisation of the PPC by the p-n 

heterojunction. This hybrid transistor developed here provides an approach towards high-speed 

oxide-based phototransistor without the requirement of the additional gate pulse. In addition, 

due to the high optical transparency of the transistor channel, this hybrid structure is ideally 

compatible with other light absorbing materials to realise either wavelength-selective or 

panchromatic photodetectors. 

 

5.2 Methods 

5.2.1 Film deposition 

The deposition of the In2O3 film was performed by a sol-gel based approach.27 The solution 

was prepared by dissolving anhydrous indium nitrate (In(NO3)3) in 2-methoxyethanol (2ME) 

at a concentration of 20 mg/ml, followed by a 12-hour stirring at room temperature before use. 

The metal complex solute can be dissolved in the 2ME due to the organic ligands surrounding 

the central metal ion.28 Within the solution it is then possible for a sol-gel to form as the 

precursor undergoes hydrolysis and polycondensation.29 The solution was then deposited on a 

glass substrate via spin-casting at a spin speed of 4000 rpm for 30 seconds. After the deposition, 

the obtained film was annealed at 200 °C for 40 minutes in ambient atmosphere. The thermal 
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energy will help removing the residual solvent and ligands, and the formation of a thin In2O3 

film. 

To produce the CuSCN film, a solution was prepared by dissolving the CuSCN in 

dipropyl sulphide (DPS) at a concentration of 20mg/ml. The solution was deposited by spin-

casting at a spin rate of 1200 rpm for 60 seconds, followed by a 10 minutes annealing at 80 °C 

in nitrogen.  

D102 dye functionalization was performed by immersing the substrates with freshly 

deposited In2O3 film into a 50:50 vol. % mixed acetonitrile and tert-butanol solution at a 

concentration of 1mM for 30 minutes.  Excess dye was washed off using deionised water, and 

the substrates were then dried in nitrogen at 80 °C for 10 minutes.    

 

5.2.2 Film characterisation 

Two thin film characterisation techniques were employed in this study. The film 

transmission/absorption spectra were investigated using a Shimadzu UV2600 UV-Vis 

spectrometer equipped with an ISR-2600Plus integrating sphere. Samples for the UV-Vis 

measurement were prepared on quartz substrates following the same material deposition 

process described above. The surface morphologies of the various deposited films were studied 

using an Agilent 5500 atomic force microscope (AFM) in intermitted contact mode. The 

samples for AFM measurement were prepared on glass substrates identical to that used for the 

transistor fabrication. 

 

5.2.3 Transistor fabrication 

Before the fabrication process, glass substrates (2 cm × 2 cm) were cleaned in a detergent 

solution (DECON90), deionised water, acetone and 2-propanol (IPA) using an ultrasonic bath 

for 10 minutes each. The cleaning process was followed by a 15 minutes UV-Ozone treatment 

to improve the wettability of the substrate surface. The active channel material deposition 

followed the same film deposition process as described in section 5.2.1. To produce the bilayer 

metal contacts, 20nm aluminium and 20nm gold were thermally evaporated onto the substrates 

through shadow masks. The shadow masks with specific source and drain(S-D) patterns define 

the dimension of transistors with channel length(L) and channel width(W) of 100μm and 1mm, 

respectively. The gate dielectric layer used here is a fluoropolymer CYTOP (Asahi Glass) and 

was spin-coated at 2000 rpm for 60 seconds, followed by a 10-hour drying in high vacuum 

(~10-7 bar). The geometric capacitance of the produced CYTOP dielectric was 2.1 nF/cm2. The 
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device fabrication process was completed with the thermal evaporation of 100nm aluminium 

gate electrode on top of the CYTOP layer through a shadow mask. 

 

5.2.4 Electrical and optoelectronic characterisation 

Electrical characterisation of all transistors was carried out using an Agilent B2902A 

source/measure unit in dry nitrogen atmosphere. Optoelectronic characterisation was 

performed by measuring the transfer and/or output characteristics of the transistors in a dark 

environment and under illumination from a green light-emitting diode (LED) with an 

electroluminescence emission peak at 525 nm. The LED was driven using a Keithley 2400 

Source Meter Unit. The various light intensities generated by the LED under different driving 

conditions were measured using a Thorlabs S120UV power sensor. The EQE spectral 

characterisation was carried out by measuring the photocurrent of the transistor under 

monochromatic illumination from a Xenon arc lamp in combination with a dual-grating 

monochromator. The illumination intensities were calibrated by the same Thorlabs S120UV 

power sensor. Dynamic characterisation was performed by measuring the temporal response 

of the transistor/logic circuit to an external optical stimulus (i.e. light pulse). The light pulses 

were generated by driving the LED with an Agilent 33220A function generator.  In transistor 

dynamic characterisation, the transistor was biased at fixed drain and gate voltages using an 

Agilent B2902A source/measure unit and the variation in channel current was amplified by a 

Stanford Research Systems SR570 current preamplifier and recorded by an Agilent 

DSO6014A oscilloscope. In logic circuit demonstration, the two identical transistors were 

biased using a Keithley 4200-SCS semiconductor characterisation system and the variation in 

the output signal was recorded by the Agilent DSO6014A oscilloscope.   

 

5.3 Hybrid Inorganic Transistor Based on CuSCN/In2O3 Heterostructure  

5.3.1 Film characterisation 

The optical property of the CuSCN/In2O3 bilayer film was first investigated using an 

ultraviolet-visible (UV-Vis) spectrophotometer. Figure 5.1 shows a set of transmittance 

spectra measured from the pristine In2O3 film and the CuSCN/In2O3 bilayer film deposited on 

quartz substrate. The pristine In2O3 film exhibits extremely high transparency of over 90% 

across the range of visible wavelengths (300-700 nm). The decrease in transmittance in the 

CuSCN/In2O3 film stack can be attributed to the increase in the film thickness of the bilayer 

film stack. Nevertheless, the bilayer film remains reasonably highly transparent with over 85% 
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transparency across the visible wavelength range due to the large optical bandgap of both 

materials.30,31 

 
Figure 5.1: A set of UV-Vis transmittance spectra measured for In2O3 film and CuSCN/In2O3 

bilayer film stack deposited on quartz substrate. 

 

 

5.3.2 Transistor electrical characterisation 

A hybrid inorganic transistor based on the CuSCN/In2O3 bilayer film was fabricated in a top-

gate, middle-contact (TG-MC) configuration (Figure 5.2a). To achieve efficient injection for 

both electrons and holes from the source and drain electrodes to the corresponding energy level 

of the semiconductors, bilayer gold/aluminium electrodes were used. With the help of the 

bilayer electrodes, electrons are expected to be injected readily from the aluminium to the 

conduction band of In2O3 while holes are injected from the gold to the valence band of CuSCN, 

according to the energy-band diagram shown in Figure 5.2b. This device architecture, 

therefore, could ideally enable p-channel operation by the CuSCN layer with a hole-

transporting channel formed at the interface between the CYTOP dielectric and the CuSCN, 

and n-channel operation by the In2O3 layer with an electron-transporting channel formed at the 

interface between the two semiconductors.  
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Figure 5.2: (a)A schematic of the top-gate, middle-contact transistor architecture developed in 

this study. (b) Energy level band diagram of In2O3, CuSCN, aluminium (Al) electrode and gold 

(Au) electrode.  

 

The electrical properties of the fabricated transistor were investigated by measuring the 

transistor transfer characteristics in a dark environment. Since the middle-contact structure 

corresponds to the top-contact and bottom-contact for the In2O3 layer and the CuSCN layer 

respectively, control transistors based on sole In2O3 and sole CuSCN film with the 

corresponding configurations were also investigated for comparison. Figure 5.3a shows the 

transfer characteristics measured from the In2O3/CuSCN bilayer transistor with a positive drain 

voltage. The V-shape transfer characteristic, with one arm indicating electron accumulation 

and the other indicating hole accumulation, proves the ambipolar operation of this device 

architecture. One can notice that the transistor exhibits a severe imbalance in electron and hole 

transport, with higher current level and sharper slope in the electron accumulation region. This 

can be primarily attributed to the much higher electron mobility of In2O3 than the hole mobility 

of CuSCN, resulting in superior electron transport in the In2O3 layer than hole transport in the 

CuSCN layer. The difference in the mobility can also be seen in the transfer characteristics of 

the transistor with sole In2O3 and sole CuSCN film (as shown in Figure 5.3 b and c), even 

thought a less-efficient coplanar structure is employed in the In2O3 transistor. It is worth noting 

that a more balanced ambipolar transistor indeed can be obtained by altering the In2O3 

deposition condition. However, this is achieved at the expense of sacrificing the high mobility 

of In2O3.  
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Figure 5.3: Transfer characteristics measured for transistor based on (a)CuSCN/In2O3 bilayer, 

(b) sole In2O3 film and (c)sole CuSCN film. 

 

 

5.3.3 Transistor optoelectronic characterisation 

Next, the optoelectronic property of the CuSCN/In2O3 bilayer transistor was investigated by 

illuminating the devices with a green LED light (EL peak at 525 nm). The obtained transfer 

characteristics are compared with those from the control In2O3 transistor (Figure 5.4). For the 

control device, the transfer characteristics under illumination show a negative shift on the 

threshold voltage and an increase in the drain current, indicating the occurrence of photo 

absorption under green light illumination, the photon energy of which is below the band gap 

of In2O3. This sub-bandgap photo absorption of the In2O3, as discussed above, is most likely 

attributed to the sub-gap states in the material, eventually resulting in persistent 

photoconductivity (PPC). In contrast, for the CuSCN/In2O3 bilayer device the variation in 

channel current under illumination is almost negligible, suggesting the sub-bandgap persistent 

photoconductivity originated from the In2O3 layer are effectively suppressed by the 

heterojunction structure. In the heterojunction structure, the additional photogenerated carriers 

(i.e. electrons) originated from the In2O3 tend to accumulate at the CuSCN/In2O3 interface 

under positive gate bias and could recombine immediately with holes in the CuSCN film, which 

lower the total photocarrier concentration and lead to the degradation of photoresponse to the 

green light. The suppression of PPC in the presented CuSCN/In2O3 bilayer device is 

particularly of interest as it could potentially enable photodetectors with faster response speed 
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and higher operation frequency to be made. In addition, this highly transparent device can be 

used practically as a stable, transparent driver circuit module which can completely avoid the 

influence of illumination stress.  

 
Figure 5.4: Optoelectronic characterisation of the transistor under the illumination of green 

LED with EL peak at 525 nm. Transfer characteristics obtained from (a) In2O3 transistor and 

(b) CuSCN/In2O3 bilayer transistor in the dark and under illumination. The black line indicates 

the I-V curve measured in the dark while the green one indicates that measured under an optical 

power density of 3.53 mW/cm2. 

 

 

5.4 Dye-Sensitized Hybrid Inorganic Phototransistor 

Employing addition light-absorbing layer has proven to be an efficient way to extend the photo-

sensing ability of oxide-based photodetectors to the visible light region. Several attempts on 

enhancing visible detection of oxide-based phototransistor by integrating with various 

materials such as low-dimensional nanomaterial, organic polymer, or organometal halide 

perovskite, have been reported.25,32–34 Among all the materials, organic dye D102 is a strong 

candidate as the light sensitizer for metal oxides due to its successful demonstration in high 

efficiency dye-sensitized solar cells (DSSCs) 35,36 and high responsivity dye-sensitized oxide 

phototransistors37,38. This metal-free dye is able to bind to the surface of oxide film via its 

carboxylic anchoring group and to enhance the film absorption spectrum at the wavelength of 
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500nm. Therefore, D102 is used here as the light absorber to enable visible photodetection of 

the highly transparent CuSCN/In2O3 bilayer transistor. The functionalization of D102 was 

performed following the process as described in section 5.2.1.  

 

5.4.1 Film characterisation 

The influences of dye functionalization on the film properties were initially studied with two 

film characterisation techniques. Firstly, a UV-Vis spectrophotometer was used to investigate 

the presence of the D102 dye upon functionalization and the potential change in film absorption 

spectra (Figure 5.5). Compared with the pristine In2O3 film, the dye-sensitised D102/In2O3 

film shows a new absorption peak at around 500 nm. The presence of the new absorption peak 

suggests the successful functionalization of dye D102 on the In2O3 film. For the 

CuSCN/D102/In2O3 trilayer film stack, a general increase in the absorption spectrum is 

observed across the whole wavelengths, which can be attributed to the increase in the total film 

thickness. However, the characteristic absorption peak from the D102 dye around 500 nm can 

still be observed. Such observation confirms that the dye D102 was not etched with sulphide 

solution during the deposition of CuSCN on top, confirming the successful introduction of dye 

D102 in between the CuSCN and In2O3 layer. 

 

 
Figure 5.5: A set of UV-Vis absorption spectra measured for sole In2O3 film, dye-sensitised 

D102/In2O3 film and CuSCN/D102/In2O3 trilayer film stack deposited on quartz substrate. 

Inset shows the molecular structure of D102 dye. 
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The impact on the surface morphology of the films due to D102 functionalisation was 

studied with AFM in tapping mode. The representative topographical images and the 

corresponding statistic height distribution histograms are shown in Figure 5.6. The dye-

sensitized D102/In2O3 film shows very similar topographical image as the pristine In2O3 film 

with similar root-mean-squared surface roughness of ~ 0.2 nm. This similarity can also be 

illustrated by the height distribution plots where no significant difference between the dye-

sensitized D102/In2O3 film and pristine In2O3 film is observed. Such similarity in surface 

morphology can be explained by the fact that the D102 binds to the In2O3 surface via its 

carboxylic anchoring group and forms only a molecularly thin layer on the In2O3 surface39. 

Hence, no significant impact on the In2O3 surface morphology has been observed. On the other 

hand, the topographical images of CuSCN/In2O3 and CuSCN/D102/In2O3 film stack both 

appear elongated grains in oval-like shape, which are commonly observed in spin-cast CuSCN 

films from sulphide-based solutions.40,41 Although similar oval-like gains are present in both 

film stacks, the grain length of CuSCN/D102/In2O3 trilayer film is found to be longer than that 

of CuSCN/ In2O3. Such difference is also illustrated in the height histogram where the 

CuSCN/D102/In2O3 trilayer film shows a wider height distribution with a larger root-mean-

square roughness value (~1.8 nm) than that of CuSCN/In2O3 bilayer film (~1.3 nm). This 

variation in surface morphology is attributed to the fact that the top-most CuSCN films are 

deposited on different substrate materials, resulting in the difference in the grain growth of 

CuSCN film. This difference in surface morphology appears to support the conclusion that the 

functionalisation of a thin D102 layer in the trilayer film stack took place. 
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Figure 5.6: AFM images of the surface topography of (a) pristine In2O3 film, (b) dye-sensitised 

D102/In2O3 film, (c) bilayer CuSCN/In2O3 film and (d) trilayer CuSCN/D102/In2O3 film 

deposited on glass. (e)Height distribution extracted from the AFM images. 

 

 

5.4.2 Trilayer transistor optoelectronic characterisation 
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under green illumination with various intensities as shown in Figure 5.7b. Compared with the 
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functionalization of the dye D102. Also, this photoresponse of the trilayer device shows 

different variation trend depending on device operation region, indicative of a strong 

dependence on the applied gate field. In negative VG region, where the transistor is working in 

either depletion or hole accumulation mode, the drain current is found to increase with 

increasing illumination intensity. Such variation suggests that additional charges, most likely 

originated from the light absorber dye D102, are introduced in the transistor channel upon 

optical stimulation. Particularly, the amount of the photoinduced charge carriers under high-

intensity illumination become comparable to the injected carriers by the gate field effect, 

resulting in the saturation in the drain current and hence weakened gate modulation. In positive 

VG region, where the device is working in electron accumulation mode, an interesting founding 

is that the drain current under illumination is a bit lower than the dark current when the gate 

voltage is increased over a certain point. This negative photoresponse is most likely attributed 

to the enhanced scattering of electrons when the device is in the electron accumulation 

regime.42,43 Similar phenomenon has also been reported by studies on other hybrid 

heterojunction phototransistors34,44. 
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Figure 5.7: Optoelectronic characterisation of transistors with the illumination of green LED 

with EL peak at 525 nm. Transfer characteristics obtained from (a) CuSCN/In2O3 transistor 

and (b) CuSCN/D102/In2O3 transistor in the dark and under green illumination.  

 

 

5.4.3 Spectral characterisation 

To further explore the origin of the photogenerated carriers within the CuSCN/D102/In2O3 

trilayer phototransistor, the spectral response of the device was investigated by illuminating 

the device with monochromatic light of different λ across a wide range of wavelengths at the 

same intensity. The corresponding external quantum efficiency (EQE) of the 

CuSCN/D102/In2O3 phototransistor can then be estimated  following the equation:45 

 
𝜂 =

ℎ𝑐

𝜆𝑒
∙
𝐼 ℎ

𝐸𝑜  ∙ 𝑎
 (5.1) 

where, Iph is the photocurrent, Eopt is the illumination intensity, a is the device area, hc/λe is the 

photon energy in eV. The calculated EQE is plotted as a function of wavelength as shown in 

Figure 5.8. The EQE plot of the CuSCN/D102/In2O3 trilayer device exhibits a peak at around 

500nm wavelength, which is coincident with the characteristic absorption peak of D102. This 

result is extremely revealing as it provides direct evidence of the photoresponse originating 

from the photoabsorption of dye D102 rather than the sub-bandgap absorption of In2O3. 
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Figure 5.8: Spectral response of the CuSCN/D102/In2O3 trilayer phototransistor. EQE values 

were calculated from the transfer characteristics of the phototransistor biased at VG = 20 V, VD 

= 10 V and illuminated with wavelengths from 300 to 900 nm at fixed Eopt = 0.14 µW/cm2. 
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With all the information presented so far, the mechanism for the carriers 

photogeneration within the CuSCN/D102/In2O3 trilayer phototransistor can be speculated. This 

mechanism, which should be similar to that in DSSCs, is attributed to the photoabsorption of 

dye D102, creating an excited state and free charge carriers. The difference in the energy level 

between D102 and CuSCN/In2O3 then allows electrons transfer from the LUMO of D102 to 

the conduction band of In2O3 and holes transfer from the HOMO of D102 to the valence band 

of CuSCN. This increases the carrier concentration within the transistor channel under 

illumination and hence the drain current. More importantly, unlike the dye-sensitised oxide 

phototransistor which suffers from a slow dye regeneration process through the slow back-

transfer of electrons from the conduction band of oxide to the HOMO of dye,37,46 the presence 

of a hole transporting channel by CuSCN in the trilayer device allows a more efficient dye-

regenerating mechanism by hole transferring from the dye to the hole transporting layer.47,48 

Such an efficient dye-regeneration mechanism in principle should enable the phototransistor to 

exhibit much faster photo-switching behaviour. 

 

5.4.4 Dynamic characterisation 

To explore the operation speed of the CuSCN/D102/In2O3 trilayer phototransistor, the 

switching behaviour was studied by exposing the device to continuous green light pulses and 

monitoring the evolution of the channel current. A detailed description of the measurement 

setup is in section 5.2.3. Figure 5.9a shows the temporal response of the channel current to a 

train of light pulses 5 ms long.  The rise time tR and the fall time tF were then calculated directly 

from current evolution yielding a rise time and a fall time of tR = 0.53 ms and tF = 0.60 ms, 

respectively, as well as a total response time of ~1 ms. It is worth noting that such response 

time in the millisecond scale already approaches the detection limit of the measurement setup 

due to the necessary trade-off between small-signal detection (nA) and the effective signal 

bandwidth of the current amplifier. This result, however, is still faster than most of the oxide-

based phototransistors reported to date.15,24–26,32,34,49 Here the fast response of the trilayer device 

is attributed to the suppression of PPC by heterojunction structure, and the efficient 

photocarrier generation and transport in the multilayer heterojunction structure. 
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Figure 5.9: (a) Temporal response of the transistor channel current to a train of green light 

pulses. The transistor was biased at fixed VG = -10 V and VD = 10 V. (b) The enlarged channel 

current switch-on and -off behaviour for the rise and fall time analysis.  

 

 

5.4.5 Gate-bias dependent figures of merit 

To further quantitatively assess the performance metric of the CuSCN/D102/In2O3 trilayer 

phototransistor and identify the best operation condition for such device, three important 

figures of merit for photodetectors, i.e. the photosensitivity P, the responsivity R and the 

specific detectivity D* were calculated from the transfer characteristics of the trilayer device. 

Since the photoresponse of the CuSCN/D102/In2O3 trilayer phototransistor exhibits a strong 

dependence on the applied gate field, these figures of merit should also be gate-dependent. The 

calculated P, R and D* are plotted as a function of gate voltage (Figure 5.10). In Figure 5.10a, 

the photosensitivity P shows a peak at around VG = -10V, revealing the highest ratio of 

photogenerated current to the dark current is obtained when the transistor is working in 

depletion mode. Such a peak value of photosensitivity can be explained by the fact that at this 

particular VG the transistor channel is turned-off with the lowest drain current in the dark. The 

responsivity R (Figure 5.10b), on the other hand, exhibits a peak value at around VG = 20V 

corresponding to the transistor operated in the electron accumulation mode. This peak value of 

R can be attributed to the improved photocarrier transport in In2O3 layer due to the high electron 

mobility and the strong gate field effect. However, as discussed in 5.4.2, the strong gate field 

can also lead to an enhanced electron scattering, which offsets the gain mechanism of transistor 

in the accumulation mode, resulting in a dramatic drop of the responsivity at VG > 20 V. In the 
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case of the specific detectivity D* (Figure 5.10c), a peak is found at around VG = -10 V under 

the highest illumination intensity, which is similar to the photosensitivity. This similarity can 

be explained by the fact that a shot-noise-limit assumption is used here for noise analysis. 

Under this assumption, the noise level is proportional to the drain current in the dark and 

reaches its lowest value when the transistor is in depletion mode. However, it is noticeable that 

the peak value of specific detectivity shows a positive shift with decreasing light intensity. This 

is believed to be due to the signal amplification in the transistor accumulation mode becoming 

more prominent in the case of low light intensity. 

 
Figure 5.10: Gate-voltage dependent figures of merit (a) photosensitivity, (b) responsivity and 

(c) specific detectivity measured at VD = -10 V under different illumination intensities. 

 

 

5.4.6 Illumination dependent figures of merit 

From the above gate-dependent analysis, two optimal gate biasing conditions, i.e. VG = -10 V 

and VG = 20 V, can be identified which can give rise to the best performance metric for the 

CuSCN/D102/In2O3 trilayer device as a photodetector. However, it is also noticed that the 

illumination intensity might affect device performance. Such effects relevant to the 

illumination intensity were then further investigated with the phototransistor fixed at the two 

optimal biasing conditions. The output characteristics of the transistor biased at these two VG 

under various illumination intensities are shown in Figure 5.11. In both VG cases, the drain 

currents of the phototransistor are found to be significantly modulated by the illumination 

intensity across the whole VD range, suggesting that the illumination intensity has an equivalent 

modulation effect on the transistor channel as the gate field.  
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Figure 5.11: Output characteristics of the trilayer phototransistor measured in the dark and 

under illumination with various intensities at fixed gate bias (a) VG = -10V and (b) VG = 20V. 

 

To make a direct comparison of phototransistor working at the two optimal biasing 

conditions, the amount of photocurrent increment was plotted as a function of the incident light 

intensity (Figure 5.12). The larger slope of the device at VG = -10V suggests that the device in 

the depletion mode is more sensitive to the light intensity variation. The higher photocurrent 

level of the device at VG = 20V, on the other hand, indicates a higher optical power conversion 

efficiency of the device working in the accumulation region. 
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Figure 5.12: Evolution of the channel photocurrent as a function of incident light intensity 

measured for the device fixed at two optimal gate biasing conditions (VG = 20 V and VG = -10 

V) and a constant VD = 10 V.  
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A more quantitative analysis was also carried out by calculating the photosensitivity P, 

the responsivity R and the specific detectivity D* at these two VG as a function of incident light 

intensity (Figure 5.13). The photosensitivity (Figure 5.13a) exhibits an increase with 

increasing light intensity and the maximum value of 197 at VG = -10 V under the highest 

illumination of 4.23mW/cm2. In contrast, the responsivity (Figure 5.13b) and the specific 

detectivity (Figure 5.13c) show a decrease with light intensity and the maximum value of 7 

A/W and 6.1×1011 Jones respectively at VG = 20 V under the lowest illumination intensity of 

0.01mW/cm2. The sublinear increase in photosensitivity at high light intensity suggests a 

decrease in photogeneration efficiency under strong illumination intensities. This is in good 

agreement with the downward trend of both the responsivity and the specific detectivity. The 

decrease in efficiency of photocarrier generation is attributed most likely to the enhanced 

photocarrier recombination at high light intensity.50 Such an efficiency decrease is even more 

prominent in the plots for VG=20 V due to the current amplification mechanism of the transistor 

at the accumulation region. Interestingly, the difference in the gate-dependent amplification 

mechanism as well as the intensity-dependent photogeneration efficiency results in the 

phototransistor in accumulation mode with a higher specific detectivity under low light 

illumination, and the transistor in depletion mode with a higher specific detectivity under high 

light intensity.  

 

Figure 5.13: Illumination-intensity dependent figures of merit (a) photosensitivity, (b) 

responsivity and (c) specific detectivity measured for the device at two optimal gate biasing 

conditions (VG = 20 V and VG = -10 V) at a constant VD = 10 V.  

 

A conclusion can be reached for all the performance metric analysis above is that the 

present phototransistor in the depletion mode is more suitable for normal/high light detection 

due to the suppressed background noise, while device biased in the electron accumulation mode 

is more appropriate for low light detection because of signal amplification mechanism.  
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5.5 Opto-Electronic Circuits  

In section 5.4 a phototransistor based on the CuSCN/D102/In2O3 trilayer structure with the 

ability of green light detection and fast switching speed has been demonstrated. As a further 

step to demonstrate the potential of this trilayer device in practical circuit application, a simple 

electro-optical, NOT gate was fabricated. The circuit was constructed by two identical 

transistors connected in a way similar to the complementary layout (Figure 5.14a). The 

operation principle of this electro-optical circuit is described briefly here. When the optical 

signal AIN is high (light on), the impedance of TFT2 reduces to a level much lower than that of 

the TFT1 due to the photocarrier generation within the TFT2 transistor channel. The supplied 

voltage VDD, therefore, is dropped mostly on TFT1. The circuit output voltage (VOUT), which 

is identical to the voltage drop on TFT2, therefore is in a low state. When the AIN is low (light 

off), the impedance of TFT2 becomes comparable to that of TFT1, pulling a larger voltage 

drop on TFT2. VOUT in the circumstance is set to a high state. This electro-optical circuit 

enables the inversion between AIN state and VOUT state to occur for either binary state of AIN, 

which is in good agreement with the truth table of a standard NOT gate as listed in Figure 

5.14c. A representative set outputs of the circuit to green optical stimulus are shown in Figure 

5.14d. It is worth noting that such a result was obtained on an operating frequency of 10Hz and 

still shows two clear binary VOUT states. This circuit result here proves the potential of using 

the present phototransistors for fast photo-sensing application. 

 

 

Figure 5.14: (a) Circuitry of the electro-optical NOT gate. (b) the symbolic representation of 

the NOT gate. (c) The truth table of the NOT gate. (d) Optical input AIN pulsed at a frequency 

of 10Hz and the corresponding evolution of the circuit output voltage VOUT. 
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5.6 Conclusions 

To summarise Chapter 5, phototransistors based on the CuSCN/D102/In2O3 trilayer 

were fabricated and studied. This work starts with the development of a hybrid heterojunction 

transistor based on a CuSCN/In2O3 bilayer, which exhibits high optical transparency and 

ambipolar transistor operation. The presence of the p-n (CuSCN/In2O3) heterojunction was 

found to suppress the intrinsic PPC associated with the In2O3 layer. Organic dye D102 was then 

incorporated in-between this heterojunction to enable visible light sensitization/detection. The 

resulting CuSCN/dye/In2O3 trilayer channel phototransistors show a remarkably enhanced 

photoresponse to green illumination. Importantly, the trilayer phototransistors exhibit fast 

switching behaviour with a response time of ~1 ms, which is faster than the fast majority of 

oxide-based phototransistors. Such a fast response time is attributed to the minimisation of PPC 

from the oxide layer and efficient photocarrier transport within the trilayer channel. This work 

highlights the use of a hybrid heterostructure as a promising method to improve the speed of 

oxide-based phototransistors for fast photo-sensing application.  
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Chapter 6 Tuneable, high-performance perovskite-organic 

heterojunction phototransistors 

 

 

Metal-halide perovskites (MHPs) promise to revolutionise large-area photodetection 

technologies due to their high absorption coefficients, long diffusion lengths, low trap densities 

and versatile processing. However, successful extraction of photogenerated carriers from the 

MHPs layer and their conversion to electrical signals remain challenging due to the 

interdependency of the photogain and dark current. This chapter describes the development of 

hybrid perovskite-organic heterojunction phototransistors by integrating MHP into a series of 

organic semiconductor transistor channels to form either “straddling-gap” type-I or 

“staggering” type-II heterojunctions. Characterisation of the phototransistors shows that with 

preferential edge-on molecular orientation, “straddling-gap” type-I heterojunction structure 

results in more efficient photocarrier circulation, while transforming the heterojunction type 

by varying the organic composition leads to tuneable photoresponse. The results provide 

important insights into the charge-transfer dynamics, which can help the development of 

advanced device designs with “on-demand” optoelectronic properties. In addition, a novel 

evaluation method for phototransistors is proposed by using a photo-inverter circuitry. This 

circuit-based methodology is used to assess the phototransistors’ amplification as well as to 

assert transistors’ functionality for both linear and saturation operations.  
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6.1 Introduction 

Among several emerging semiconducting materials metal-halide perovskites (MHPs) stand out 

as a strong candidate for implementation in photodetection1, owing to their attractive material 

properties such as remarkable absorption coefficients2, long-lived photocarriers3 and tuneable 

optical bandgaps4. Together with simple processing requirements, this has led to their rapid 

emergence over the past years, not only for revolutionised energy generation5,6 but also for 

innovative optoelectronic applications7–9. Despite their promising features, phototransistors 

based on process-friendly semiconducting MHPs (i.e. solution-grown polycrystalline films) 

have not been widely reported10–12. The reason behind this could be attributed to inter-grain 

boundary scattering13 and/or intragrain defect recombination14. Furthermore, several groups 

have reported that the ionic nature of MHPs appears to cause difficulties for gating the 

transistor channel at room temperature15,16. Research efforts have since been put into devices 

based on single crystals17, single-crystalline layers18 and monolayer flakes19. However, the 

rather complex process protocols to form single-crystalline materials are less scalable, hence 

posing a great challenge to high-throughput, large-area manufacturing9. On the other hand, 

hybrid heterostructures that combine materials with advantageous optical and electrical 

properties in a phototransistor serve as an excellent platform to enhance photoresponse1. 

Noteworthy state-of-the-art demonstrations with this approach have extensively enriched the 

field of photodetection, such as enhancing infrared detection for Si electronics with colloidal 

quantum dots20, wide-dynamic-range photocarrier integration21, and combined with existing 

CMOS technologies for advanced imaging systems22,23. Numerous attempts using MHPs in a 

similar manner have also been reported, but their mediocre performance is usually mitigated 

by employing a highly conductive channel material, resulting in a photoconductor, rather than 

a phototransistor, with an apparent trade-off between photogain and dark current levels.  

This chapter presents a conceptual heterojunction phototransistors architecture 

employing MHPs as the light absorber and two organic semiconductors (OSC) as well as their 

blend as the conducting channel materials. Using a range of experimental characterisation 

techniques, the dynamics behind photogenerated charge transfer process and the mechanisms 

of photoresponse in the present hybrid phototransistors are deciphered. The enhanced 

photoresponse is attributed to more efficient photocarrier circulation in a “straddling gap” type-

I heterojunction between the MHP and OSC, rather than the conventional concept of employing 

an energetically-favourable “staggering gap” type-II heterojunction21,24. By combining two 

phototransistors, photo-inverters are demonstrated with the ability to provide a photo-
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modulated output voltage, and to evaluate the intrinsic amplification of the phototransistor. 

More importantly, a photo-inverter requires the phototransistors of interest to function in both 

linear and saturation modes, which are essential for a three terminal device to operate as a 

transistor, not simply a gate-tuneable photoconductor as the latter is limited to linear operation 

mode not capable of complete circuit applications. Not only will the knowledge acquired from 

this work help to provide tailorable, on-demand optoelectronic sensors, but the large library of 

MHP and OSC materials could also address many other optoelectronic applications, by 

pursuing this hybrid approach to electrically active layers in semiconductor devices. 

 

6.1.1 Review of perovskite-based phototransistors 

Perovskites, in general, refer to a class of compounds with CaTiO3-like crystalline structure. 

These perovskite compounds share a same chemical formula of ABX3, where A and B are 

cations and X is an anion. The cation A can be either an inorganic ion (e.g. Cs+, Rb+) or an 

organic ion (e.g. methylammonium CH3NH3
+, formamidinium CH(NH2)2

+), the cation B is a 

bivalent transition metal ion (e.g. Pb2+, Sn2+, Ge2+, Mn2+), and X is a halide ion (e.g. Cl-, Br-, 

I-).8 In particular, metal-halide perovskites (MHPs) have emerged as compelling materials in 

optoelectronic applications since they combine the advantages of organic and inorganic 

semiconductors such as tuneable energy bandgap that can be controlled by the halide ratio, 

low-cost processability similar to organic semiconductors and low exciton binding energy 

resembling that of inorganic semiconductors.7,25,26 

Despite the promising features, there have been only a few reports on phototransistors 

based on single-component MHPs10–12. In this structure, a perovskite thin film is required to 

fulfil both high field effect mobility and high responsivity. However, getting functional 

perovskite-only transistor channel with reasonable charge carrier mobility at room temperature 

is found to be difficult. For example, Li et al.10 reported a phototransistor based on a solution-

processed polycrystalline CH3NH3PbI3 film with field-effect mobility of 0.1 cm2/V·s when the 

device was under strong illumination of 10 mW/cm2. However, the performance of the 

phototransistor in the dark was poor, exhibiting an extremely low drain current below 0.5 nA 

and small on/off ratio of less than one order of magnitude. These poor device performance 

parameters could largely limit its functionality as an electrical switch, especially in a low-light 

condition. The reason behind this could be attributed to strong defect recombination14. To 

address this issue and improve the device performance research efforts hence have been put on 

optimising crystalline structure as well as film morphology11,12,18,19,27. For example, Cho et al.11 
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reported a perovskite phototransistor with enhanced mobility of 2.1 cm2/V·s using an 

orientationally pure crystalline CH3NH3PbI3 film with unique crystal orientation and low trap-

state density. The enhancement in mobility was observed for charge transport along the crystal 

orientation.  

An alternative solution to overcome this obstacle is to adopt a hybrid structure that 

combines MHPs with other functional channel materials that possess excellent electronic 

transport properties. Numerous attempts have been reported by incorporating MHPs with a 

wide range of materials such as graphene28–37, transition-metal dichalcogenides (TMDs)38–41 

carbon nanotubes42,43 and organics24,44,45. Among all these materials, graphene has been most 

extensively studied due to its ultrahigh carrier mobility (~104 cm2/V·s)46,47. The first 

graphene/perovskite heterojunction phototransistor was reported by Lee et al. and showed a 

responsivity of 180 A/W with a solution-processed CH3NH3PbI3 film
28. The photoresponse in 

this graphene/perovskite hybrid structure is explained by photogating effect that enhances the 

photoconductive gain. The responsivity of graphene/perovskite hybrid phototransistors was 

further enhanced by research efforts on micro/nanostructure engineering on perovskites layers 

to reduce bulk recombination. For example, Wang et al. reported a graphene/perovskite hybrid 

phototransistor by forming a thin layer of dispersive CH3NH3PbI3 island on top of the graphene 

layer29. The resulting devices showed a high responsivity of 6.0 × 105 A/W. Spina et al. 

employed CH3NH3PbI3 nanowire in a heterostructure with graphene30 and obtained a device 

with responsivity as high as 2.6 × 106 A/W. Shao et al. covered a graphene monolayer with a 

2D multiphase perovskite film34, achieving a phototransistor with responsivity of ~105 A/W. 

Based on similar design principles of hybrid with high-mobility channel materials, several 

attempts that combined perovskite with other highly conductive materials (e.g. carbon 

nanotubes42,43 and PEDOT:PSS24) have been reported. Phototransistor obtained through these 

approaches commonly exhibit ultrahigh responsivities >104 A/W under low illumination 

intensities (i.e. at the level of nW~µW /cm2).  

In spite of the promising values of responsivity, devices based on channel materials 

with ultrahigh mobility also induce several issues, which are not ideal for phototransistor 

operation. Due to the absence of bandgap these semimetal-like materials (e.g., graphene, 

carbon nanotubes and PEDOT:PSS) possess high mobility at the expense of tuneability of 

channel conductivity48, causing poor current-voltage modulation49 and leading to a transistor 

channel that cannot be switched off. As a result, a high level of dark current35 and/or limited 

detectivity28 is observed from these approaches. More critically, devices based on semimetal-

like materials usually show no saturation of channel current. The latter constrains these devices 
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to operate in active mode only. Therefore, the devices based on semimetal-like materials, even 

though they are configured in a three-terminal structure, should be termed as a photoconductor, 

rather than a phototransistor, with an inevitable trade-off between photogain and dark current 

levels (as discussed in Section 2.5.2). 

 

6.1.2 Perovskite-organic heterojunction phototransistors  

In this chapter, MHP-OSC heterojunction phototransistors (HJPTs) with high responsivity are 

presented using organic materials with field-effect mobilities in the range of 0.3 to 1 cm2/V·s. 

This result is particularly of interest as it demonstrates a new route towards photodetectors with 

high responsivity. Since the responsivity is defined as the ratio of photogenerated current to 

incident optical power, increasing the level of photocurrent is the key to obtain high 

responsivity. The concept of using high-mobility materials as aforementioned is to enlarge 

photocurrent by enhancing charge carrier circulation in a transistor channel. In this scenario, 

devices with moderate mobility should only exhibit moderate responsivity for a given number 

of photogenerated carriers involved in this circulation process. The demonstration of high 

values of responsivity using the approach present in this chapter indicates that the enlargement 

in photocurrent is attributed to other factors rather than enhanced photocarrier circulation 

through high-conductivity materials. Indeed, the responsivity improvement is attributed to the 

improved efficiency of preserving photocarriers that are involved in carrier circulation, which 

is realised by engineering a type-I straddling MHP/OSC heterojunction. A comparison of 

phototransistor performance of the present work and all other perovskite-based phototransistors 

is summarised in Table 6.1. Compared to the results collected from the literature, the work 

present here has demonstrated one of the highest responsivities among all the reported PT-type 

phototransistors (i.e. devices worked like a proper phototransistor with ability of operating in 

both active mode and switch mode), and this value is found to be even comparable to some of 

the PC*-type devices (i.e. device configured in a transistor structure but worked like a 

photoconductor).  
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Table 6.1: Summary of performance metrics of perovskite-based phototransistors.  

Feature Materials Type‡ Mobility 

(cm2V-1s-1) 

Responsivity 

(AW-1) 

@light 

intensity 

Gain/EQE Detectivity 

(Jones) 

Ref 

Perovskite/Organic FACs/ 

C8-BTBT 

PT 0.33 1.7×104 7 µW/cm2 

(475 nm) 

4.5×104 2.2×1014 This 

work 
Perovskite/Organic FACs/ 

Blend 1:1 

PT 0.42 1.1×104 7 µW/cm2 

(475 nm) 

2.9×104 4.9×1014 

Perovskite/Organic FACs/ 

C16-IDTBT 

PT 1.02 3.2×103 7 µW/cm2 

(475 nm) 

8.4×103 3.8×1013 

Pure perovskite CH3NH3PbI3 PT 0.18 320 10 mW/cm2 

(white) 

  10 

Orientationally pure 

crystalline 

perovskite 

CH3NH3PbI3 PT 2.1 6.1 0.5 mW/cm2 

(white) 

  11 

2D layered 

Perovskite 

(C6H5C2H4NH3)

2SnI4 

PT 1.2 1.9×104 5 µW/cm2 

(447nm) 

5.3×104  12 

NGQD-perovskite 

blend/mrGO bilayer 

mrGO/NGQDs-

CH3NH3PbI3 

PT  1.92×104 23.6 µW/cm2 

(660 nm) 

1.0×104 2.7×1013 50 

APTES-doped 

TMD/Perovskite 

APTES/MoS2/ 

CH3NH3PbI3 

PT  1.94×106 4.63 pW 

(520 nm) 

 1.29×1012 51 

2D TMD/Perovskite MoS2/ 

CH3NH3PbI3 

PT 5.24 1.1 4 mW/cm2 

(638 nm) 

 9×1010 39 

TMD/Perovskite MoS2/CH3NH3

I 

PT 19.7 1.1×104 0.3 mW/cm2   40 

Perovskite 

QDs/Organic 

CsPbBr3 

QDs/DNTT 

PT  1.7×104 0.003 mW/cm2 

(460 nm) 

6.7×104 2.0×1014 44 

Organic/ Perovskite 

QDs 

DPPDTT/CsPbI

3 QDs 

PT 0.05 110 0.008 mW/cm2 

(405nm) 

 2.9×1013 45 

Perovskite/CQDs CH3NH3PbI3/Pb

Se QDs 

PT 0.16 1.2 0.3 mW/cm2 

(300 nm) 

4.96 3.3×107 52 

Perovskite QDs/ 

CQDs 

CsPbBr3/PbS 

QDs 

PT 4083 4.5×105 0.3 mW/cm2 

(808 nm) 

 7×1012 53 

Graphene/Perovskite 

bilayer 

ODTS/Graphen

e/CH3NH3PbI3 

PC*  180 1 µw 

(520 nm) 

5 × 102 109 28 

Graphene/Perovskite

(island) bilayer 

Graphene/ 

CH3NH3PbBr2I 

PC*  6.0×105 1.052 nW 

(405 nm) 

2.01×109  29 

Graphene/Perovskite

(nanowire) 

Graphene/ 

CH3NH3PbI3 

PC*  2.6×106 65 nW/cm2 

(633 nm) 

4 × 106  30 

Graphene/Perovskite 

on flexible substrate 

Graphene/ 

CH3NH3PbI3 

PC*  115 ~0 

(515 nm) 

 3×1012 31 

Plasmonic-enhanced 

Graphene/Perovskite

(island) 

AuNP/Graphen

e/CH3NH3PbI3 

PC* 0.14 2.1×103 14 µW/cm2 

(532 nm) 

  32 

Graphene/Perovskite

(nanocrystal) 

Graphene/CsPb

BrI 

PC*  8.2×108 0.07 µW/cm2 

(405 nm) 

 2.4×1016 33 

Graphene/2D 

multiphase 

Perovskite 

hBN/Graphene/

(BA)2(MA)n-

1PbnI3n+1 

PC* 16000 105 42 pW 

(532 nm) 

 3.3x1010 34 

Graphene/ Organic/ 

Perovskite 

Graphene/P3HT

/CH3NH3PbICl 

PC* 2120 3.4×109 14.15 nW/cm2 

(598 nm) 

8.9×109  36 

Graphene/SVD 

Perovskite 

ODTS/Graphen

e/ CH3NH3PbI3 

PC* 212 1.73×107 133 nW/cm2 

(white) 

106 2×1015 

 

37 

Graphene 

nanoribbon/Perovski

te QDs/IGZO 

GNR/CsPbI3 

QDs/IGZO 

PC* 13 2.3×105 0.1 mW/cm2 

(300 nm) 

5×103 7.5×1014 

 

54 

2D TMD/Perovskite 

VDWH 

CsPbBrs-MoS2 PC* 0.08 13.1 1.4 mW/cm2 

(442 nm) 

  41 

CNT/Perovskite(nan

owire) 

CNT/ 

CH3NH3PbI3 

PC*  7.7×105 6.25 nW/cm2 

(533 nm) 

1.5×106  42 

SWNTs-Perovskite 

blend 

SWNTs-

CH3NH3PbICl 

PC* 595 1.17×104 10 mW/cm2 

(white) 

8×103 3.68×1014 

 

43 

Organic/Perovskite 

bilayer 

PEDOT: 

PSS/CH3NH3Pb

ICl 

PC* 5.6 2×109 14.15 nW/cm2 

(598 nm) 

4×109 1.7×1014 

 

24 

 

‡ Perovskite-based phototransistors listed here are classified into two types, i.e. PT-type and PC*-type. PT-type devices 

are referred to those worked like a proper phototransistor, with ability to operate in both active mode and switch mode. 

PC*-type devices are those followed a transistor three-terminal structure but not able to be working in the switch mode 

due to the absence of drain current saturation. Such devices worked more like a photoconductor even though weak gate 

effect is observed. 
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6.2 Methods 

6.2.1 Preparation of metal-halide perovskites and organic semiconductors 

To form the mixed-cation lead mixed anion perovskite precursor solutions, caesium iodide (CsI, 

Alfa Aesar), formamidinium iodide (FAI, GreatCell Solar), methylammonium iodide (MAI, 

GreatCell Solar), lead iodide (PbI2, TCI) and lead bromide (PbBr2, Alfa Aesar) were prepared 

in the way corresponding to the exact stoichiometry for the desired FA0.83Cs0.17PbI2.7Br0.3 

compositions in a mixed organic solvent of anhydrous N,N-dimethylformamide (DMF, Sigma-

Aldrich) and dimethyl sulfoxide (DMSO, Sigma-Aldrich) in a ratio of DMF : DMSO = 4 : 1. 

The perovskite precursor concentration used was 0.2 M for making HJPTs and carrying out the 

UV-Vis measurement whilst for the rest of characterisations and measurements in this work 

the concentration for the perovskite solution was 1.0 M. For organic semiconductors, C16-

IDTBT was prepared using previously reported procedures in ref.55 whilst C8-BTBT was 

purchased from 1-Material and used as received. The organic solutions were prepared by 

dissolving C16-IDTBT and C8-BTBT in tetralin and chlorobenzene, respectively, and stirred 

for 12 h before use. The blend solutions were prepared by mixing the C16-IDTBT and C8-BTBT 

solutions at desired ratios. The concentration for all organic solutions was 10 mg/ml. 

 

6.2.2 Fabrication of perovskite heterojunction phototransistors and bilayer structures  

TG-BC HJPTs were fabricated on glass substrates. The substrates were cleaned with acetone 

and isopropanol in a sonication bath for 8~10 min for each step. 40 nm thick Au source and 

drain electrodes (channel width/length: 1000 µm/30 µm) were evaporated through shadow 

masks under high vacuum (~10-6 mbar). The perovskite light-absorbing layer was first 

deposited using a spin coater with the following processing parameters: starting at 1000 rpm 

(ramping time of 5 sec) for 10 sec and then 5000 rpm (ramping time of 5 sec from 1000 rpm) 

for 30 sec. 10 sec before the end of the spinning process, a solvent-quenching method was used 

by dropping 100 µL toluene onto the perovskite wet films. The organic semiconductors were 

deposited from as-prepared solutions via spin coating at 2000 rpm for 30 sec and thermally 

annealed at 100 °C for 5 min. Following semiconductor depositions, a Teflon based material 

(AF2400, Dupont) dissolved in a Fluorinertt electronic liquid (FC-43, 3 M) at a concentration 

of 25 mg/ml was used as the gate dielectric and deposited via spin-cast (500 rpm for 20 sec 

followed by 1000 rpm for 30 sec) to produce a ~330 nm thick dielectric layer. The AF2400 

gate dielectric was annealed at 50 °C for 30 min. The TG-BC HJPTs were completed by 

thermal evaporation of 50 nm thick Al gate electrodes through shadow masks under high 
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vacuum (~10-6 mbar). The entire transistor fabrication process was carried out in a nitrogen-

filled glove box. For perovskite-organic diodes and Mott-Schottky analysis, the samples were 

using the same cleaning, film-deposition and metal-evaporation processes, except for i) 20 nm 

Au bottom electrodes evaporated for perovskite-organic diodes; ii) ITO-coated glass used for 

carrying out impedance spectroscopy in order to perform Mott-Schottky analysis.  

 

6.2.3 Film characterisation 

The ultraviolet-visible (UV-Vis) absorbance measurements were performed using a Shimadzu 

UV-2600 UV-Vis spectrophotometer. The samples were prepared on quartz substrates using 

the same deposition parameters described in section 6.2.2 for perovskite and organic thin film 

deposition. Atomic force microscopy (AFM) study was carried out using an Agilent 5500 

atomic force microscope in intermitted contact mode.  

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were 

conducted by Dr. Ruipeng Li on CMS beamline at NSLS II, Brookhaven National Lab. The X-

ray with the energy of 13.5 keV shone on the as-cast films at incident angles of 0.1°. The high 

incident angle of 0.1° allows the X-ray to penetrate through the top organic layer into the 

bottom perovskites layer. A Photon Science CCD detector was placed 227 mm away from the 

sample and recorded for 10 s for each film. The data analysis was performed by SciAnalysis 

programme.  

 

6.2.4 Electrical and optoelectronic characterisations.  

Electrical characterisation of transistors and diode was carried out using an Agilent B2902A 

Precision Source/Measure Unit (SMU) and a homemade probe station in a nitrogen-filled glove 

box. The SMU was connected to the transistor/diode electrodes via a set of metallic needles 

held by micropositioners (EB-700, EVERBEING). Characterisation of inverter circuit was 

carried out using a Keithley 4200 Semiconductor Characterisation System (SCS) in 

combination with the same probe station. The interconnection of two constituent transistors 

and the connection to the SCS were achieved via micro-positioning needles and BNC cables.  

Optoelectronic characterisation was carried out by measuring the current-voltage 

characteristics of the fabricated devices in dark environment and under various illumination 

intensities using light-emitting diodes (LEDs). Specifically, LEDs with electroluminescence 

emission peaks at 475, 525 and 632 nm were employed. The various illumination intensities 

were achieved by driving the LEDs with different currents using a Keithley 2400 source-meter. 
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The actual illumination optical powers were calibrated by a Thorlabs 120UV power sensors 

prior to the measurement. 

 

6.2.5 Photodetectors simulation  

The performance of the present HJPTs was analytically compared with that of other 

photodetector architectures. The comparison was performed by plotting the photogain as a 

function of dark current density for the present HJPTs as well as simulated photodetectors and 

photoconductors.  

The plots of photogain and dark current density for the HJPTs can be extracted from 

the current-voltage (I-V) characteristics of phototransistors at a constant drain voltage (VD) of 

-40 V in the dark and under illumination of ~7 µW cm-2 at 475 nm. The dark current density 

can be converted from the HJPTs drain current in the dark while the photogain can be calculated 

through the following equation: 

 
𝐺 =

𝐼𝑝ℎ

𝐸𝑜𝑝𝑡 ∙ 𝐴
∙
ℎ𝑣

𝑒
 (6.1) 

where, Iph is the photocurrent, Eopt is the optical power density, A is the device area enclosed 

by the transistor channel length L and channel width W, hv is the photon energy, e is the 

elementary charge. 

For the simulated photoconductor, the dark current can be expressed based on an 

intuitive model from the drift current equation:20,56 

 
𝐼𝑑  𝑘 =

𝑊

𝐿
∙ 𝐷 ∙ 𝑁𝐴 ∙ 𝜇 ∙ 𝑒 ∙ 𝑉𝑎𝑝𝑝𝑙 (6.2) 

where D is the channel thickness, NA is the carrier concentration, µ is the carrier mobility, Vappl 

is the applied voltage. Since the gain mechanism that dominates photoconductors is generally 

explained by the trap-assisted photoconductivity57,58, the photogain can be estimated by 

 𝐺  =
𝜏

𝑡
 (6.3) 

where 𝜏 is the photocarrier lifetime (also known as the trap lifetime) and t is the carrier transit 

time within the channel, which is given by t = L2/µVappl. Therefore, the photoconductor exhibits 

a linear relationship between photogain and dark current. The gain can be increased by using 

materials with high mobility to decrease the transit time. The latter, however, increase the dark 

current. The simulation of photoconductor in this work was carried out using the same device 

dimensions as the present HJPTs and the following parameters that resemble MHP-like 

properties15,16: carrier lifetime of 1 μs, carrier concentration of 1017 cm-3, mobility of 0.6 cm2 

V-1 s-1, film thickness of 500 nm, and applied voltages (Vappl) ranging from 0.2 V to 103 V.  
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On the other hand, photodiode as a passive element could only generate a maximum 

photogain of 1 under the condition of reaching an external quantum efficiency of 100 %56.  

 

6.2.6 Photoluminescence spectroscopy  

Steady-state photoluminescence (SSPL) and time-resolved photoluminescence (TRPL) 

measurements were conducted by by Dr. Nobuya Sakai from University of Oxford. SSPL 

spectra were recorded using an excitation wavelength of 510 nm and slit widths of 5 mm on a 

commercial spectrofluorometer (Horiba, Fluorolog). Time-resolved PL measurements were 

acquired using a time-correlated single photon counting (TCSPC) setup (FluoTime 300 

PicoQuant GmbH). Film samples were photoexcited using a 507nm laser head (LDH-P-C-510, 

PicoQuant GmbH) pulsed at frequencies between 0.2 MHz.  

 

6.2.7 Time-resolved microwave conductivity 

Time-resolved microwave conductivity (TRMC) measurements were by Prof. John Labram 

and his colleagues at Oregon State University. In the TRMC measurent system, a microwave-

frequency oscillatory electric signal is generated using a Sivers IMA VO4280X/00 voltage-

controlled oscillator (VCO). The signal has an approximate power of 16 dBm and a tuneable 

frequency between 8 GHz and 15 GHz. The oscillatory signal is incident on an antenna inside 

a WR90 copper-alloy waveguide. The microwaves emitted from the antenna pass through an 

isolator and an attenuator before they are incident on a sample cavity. The cavity supports a 

TE102 mode formed by a short section of WR90 waveguide and an ITO-coated glass window 

that allows optical access to the sample. The sample is mounted inside the cavity at a maximum 

of the electric-field component of the standing microwaves, using a PLA sample holder. 

Microwaves reflected from the cavity are directed through an isolator and then to a zero-bias 

Schottky diode detector (Fairview Microwave SMD0218). The detector outputs a voltage 

linearly-proportional to the amplitude of the incident microwaves, which is then amplified by 

a Femto HAS-X-1-40 high-speed amplifier. The amplified signal is detected by a Textronix 

TDS 3032C digital oscilloscope. A Continuum Minilite II pulsed Nd:YAG laser is used to 

illuminate the sample. The laser pulse has a wavelength of 532 nm, a full-width at half-maxima 

of approximately 5 nm and a maximum fluence incident on the sample of ~1015 cm-2. An 

external trigger link is employed to trigger the oscilloscope ~50 ns before the laser fires. 

Changes in the detector voltage under illumination can then be used to extract the relevant 

TRMC parameters: 𝜙𝛴𝜇TRMC.  
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6.2.8 Transient photoconductivity 

Transient photoconductivity (TPC) measurements were conducted by by Dr. Jongchul Lim 

from University of Oxford. A Nd:YAG pulsed laser excitation source pumped at 10 Hz with 

FWHM = 3.74 ns was set to 470 nm with a range of fluences in order to vary the charge carrier 

densities of FACs. A bias of 24 V is applied on one of the in-plane electrodes. A variable 

resistor is connected in series with the samples. The voltage drop on this resistor was monitored 

through an oscilloscope with a high internal resistance (1 MΩ) connected in parallel to 

determine the change of the potential across the two in-plane Au electrodes. Transient 

photoconductivity was calculated using the following equation, σTPC =⁡
𝑉𝑟

𝑅𝑟×(𝑉𝑎𝑝𝑝𝑙−𝑉𝑟)
⁡× ⁡

𝑙

𝑤× 
, 

where 𝑅  is resistance for the variable resistor, 𝑉  is the potential drop measured across the 

resistor, 𝑉   𝑙  is applied voltage, 𝑙  is channel length, 𝑤  is channel width, and 𝑡  is film 

thickness. For sample preparation, the as-deposited films were scribed to have a 5-mm channel 

width and coated with a layer of 200-nm poly(methyl methacrylate) (PMMA) whilst the 

channel length is defined by two thermally-evaporated Au electrodes with a distance of 4 mm.  

 

6.2.9 Impedance spectroscopy 

The impedance spectroscopy (IS) technique was carried out using an Autolab PGSTAT302N 

potentiostat with a FRA32M module to perform the Mott-Schottky analysis. In the IS 

measurement, the AC perturbation was set to 10 mV. The illumination was supplied by a LED 

light source with a flux of ~12 lumens. The room conditions were of ~20-30% humidity and 

295-300 K temperature. 
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6.3 Results and Discussion 

6.3.1 Heterojunction Phototransistor Configuration 

The present HJPT configured in top-gate bottom-contact (TG-BC) features a staggered 

structure as shown in Figure 6.1a. The design of the present HJPT sandwiches the light-

absorbing layer MHP between the source-drain (S-D) contacts and the OSC transistor channel. 

This structure has proven to be able to combine excellent gate-modulated field effect with 

efficient photoinduced carrier extraction from the light absorber into the transistor channel21. 

The perovskite light absorber employed here is a mixed-cation mixed-anion MHP, 

FA0.83Cs0.17PbI2.7Br0.3 (FACs, FA = formamidinium)4. The transistor channel materials 

imployed here are two high-mobility p-type OSCs (Figure 6.1b), namely [1]benzothieno[3,2-

b]benzothiophene based small-molecule derivative (C8-BTBT)59 and the indacenodithiophene-

co-benzothiadiazole copolymer (C16-IDTBT)55, as well as their blends. Since C8-BTBT and 

C16-IDTBT possess different highest occupied molecular orbital (HOMO) levels (5.5 eV for 

C8-BTBT60 and 5.1 eV for C16-IDTBT61,62) and the valence band (VB) for FACs is around 5.4 

eV4, the OSC materials chosen to construct HJPTs could form either straddling-gap type-I 

heterojunctions (C8-BTBT) or staggered-gap type-II heterojunctions (C16-BTBT)56 with FACs 

(Figure 6.1c). These two different heterojunction configurations can be used to understand 

how to best facilitate photoinduced carriers transferring/circulating from the absorber to the 

channel in hybrid-type phototransistors. 

 

 

Figure 6.1: (a) Schematic of HJPT configured in a staggered BC-TG architecture. A MHP 

(FA0.83Cs0.17PbI2.7Br0.3, FACs)/OSC heterostructure is employed as a dual function transistor 

channel. Incident light absorbed upon the FACs layer can trigger the photodetection 

functionality in HJPTs. (b) Chemical structures of a small molecule C8-BTBT and a copolymer 

C16-IDTBT employed as the OSC layer. (c) Energy band alignments of type-I and type-II 

heterojunctions for FACs/C8-BTBTand FACs/C16-IDTBT, respectively. 
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6.3.2 Film Characterisations 

Figure 6.2 shows the ultraviolet-visible (UV-vis) absorption spectra for FACs, C8-BTBT, C16-

IDTBT and a blend film composed of C8-BTBT and C16-IDTBT in a ratio of 1:1 (abbreviated 

as blend 1:1). The absorption edge for FACs appears slightly below 800 nm while C8-BTBT 

and C16-IDTBT/blend 1:1 start at ~400 nm and ~730 nm, respectively.  
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Figure 6.2: Ultraviolet–visible (UV-vis) absorption spectrum for C16-IDTBT, C8-BTBT, an 

organic blend of C8-BTBT:C16-IDTBT in a ratio of 1:1 (blend 1:1) and FACs. 

 

Figures 6.3a-d show surface topographic images acquired using atomic force 

microscopy (AFM) for the hetero FACs/OSC bilayer stacks and the pristine FACs film. The 

height distribution extracted from the AFM data is presented in Figure 6.3e. Apart from clear 

grain-like surface features, the pristine FACs film exhibits two distinct peaks in its height 

distribution. This is attributed to the co-existence of thick perovskite-rich areas as well as thin 

perovskite-deficient regions in the FACs film. On the other hand, for all the FACs/OSC bilayer 

stacks only one Gaussian-like distribution is observed regardless of what OSC compositions 

were used. Therefore, in the bilayer stacks the OSCs formed conformal coatings with excellent 

coverage over the grainy FACs layer below. The latter is critical for long-range carrier-

transport pathways in laterally-structured devices like transistors63. 

 



 

131 
 

 

Figure 6.3: Representative AFM topographic images for different MHP/OSC bilayer stacks: 

(a) FACs; (b) FACs/ C16-IDTBT (top-right); (c) FACs/blend 1:1; (d) FACs/C8-BTBT. (e) 

Corresponding height distributions derived from the AFM results (a)-(d). 

 

Figure 6.4 shows grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns 

for the pristine OSC films and the FACs/OSC bilayers, which resemble the actual film stack in 

the present perovskite HJPTs. X-ray incident angle of 0.1° was used for studying both the 

pristine OSC films (1st row in Figure 6.4) and the bilayer stacks (2nd row in Figure 6.4) in the 

GIWAXS measurement. The GIWAXS pattern for the pristine C8-BTBT film shows the (001) 

peak at q = 0.25 Å-1 and a series of (00L) peaks along out-of-plane (qz) direction (L = 1, 2, 

3…), presenting a typical edge-on orientation64. This property is important for efficient in-

plane, lateral charge transport, in particular for transistor applications. On the other hand, the 

pristine C16-IDTBT thin film shows both (200) peak at q = 0.48 Å-1 and (010) peak at q = 1.65 

Å-1 along qz direction, corresponding to the backbone stacking and π-π stacking of the polymer 

chain, respectively. This result reveals the coexistence of edge-on and face-on orientations in 

the pristine C16-IDTBT film. The blend 1:1 film shares a similar structure with the pristine C8-
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BTBT, suggesting the same orientation for C8-BTBT in the blend and C16-IDTBT being 

amorphous. The FACs layer introduces ring-like features at higher q space. At low q space, the 

FACs/C8-BTBT and FACs/blend 1:1 bilayer stacks share similar scattering features with the 

corresponding pristine OSC films. The GIWAXS patterns do not exhibit any pronounced OSC 

structural features in the FACs/C16-IDTBT sample, indicating that C16-IDTBT forms an 

amorphous-like layer on top of FACs. 

 

Figure 6.4: GIWAXS patterns for the pristine OSC films and FACs/OSC bilayer stacks. 
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6.3.3 Phototransistor Optoelectronic Characterisations 

To examine the optoelectronic properties of the HJPTs, five types of FACs HJPTs with 

different OSC compositions were fabricated, namely pure C8-BTBT (1:0), pure C16-IDTBT 

(0:1), and three C8-BTBT:C16-IDTBT blends (i.e., C8-BTBT:C16-IDTBT = 3:1, 1:1 and 1:3). 

All the fabricated HJPTs were first measured in the dark as normal transistors and the transistor 

performance parameters are summarised in Table 6.2. 

Table 6.2: Transistor performance of FACs/OSC HJPTs.  

Composition 

(C8-BTBT:C16-IDTBT) 

Mobility 

(cm2V-1s-1) 

Threshold 

voltage 

VTH (V) 

Turn-on 

voltage VON 

(V) 

On/off 

ratio 

Subthreshold 

swing S.S. 

(V/dec) 

1:0 0.33 -4.1 -1.6 2.5×103 9.4 

3:1 0.05 -6.4 -4.0 2.0×103 6.5 

1:1 0.42 -7.3 -3.6 4.3×103 3.5 

1:3 0.57 -5.6 -2.8 9.2×103 4.1 

0:1 1.02 -6.6 -3.4 2.4×104 4.8 

 

The optoelectronic characterisation was then performed by exposing these HJPTs to 

illuminations of three LED light sources with EL peaks centred at 632 nm(red) ,525 nm(green) 

and 475 nm(blue) under three different intensities. The corresponding transfer characteristics 

are shown in Figures 6.5 - 6.9. Under illumination, an increase in the drain current (ID) was 

observed for all HJPTs indicative of photocarrier generation. In the HJPT with C8-BTBT only 

(Figure 6.5), the photoresponse appears to consist of two components, i.e. transistors turned 

on at more positive VG and a significant increase in the ID at the off-state. ID at the off-state 

was increased by an order of magnitude even under the illumination of the lowest intensity of 

7 µW/cm2. The observation of a more positive turn-on voltage (VON) is attributed to a change 

in the flat band voltage caused by the photogenerated carriers accumulated at the back channel 

side65. Moreover, the fact that an apparent increase was observed in the off-current is 

evidencing the back-channel charge accumulation. Similar to pristine C8-BTBT, the blend 3:1 

HJPT (Figure 6.6) shows photoresponse consisting of a positive shift of VON and an increased 

ID at the off-state. However, compared to the pristine C8BTBT device, the increase in ID at the 

off-state is less prominent with a maximum increment of one order of magnitude observed 

under the highest incident light intensity of 705 µW/cm2. In the blend 1:1 HJPT (Figure 6.7), 

no significant increase in ID at the off-state is observed and the photoresponse can be mainly 

recognised by a shift of VON toward the positive VG. This photoresponse is close to the 

phenomenon described in an ideal hybrid phototransistor consisting of a channel 

semiconductor and a light absorber, with the highest photoresponse around VON and suppressed 
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photoinduced channel current at the transistor’s off-state1. Such a characteristic is due to the 

fact that photogenerated carriers were mostly transferred from the absorber to the channel with 

the presence of larger amount of C16-IDTBT. In the blend 1:3 HJPT (Figure 6.8), the 

photoresponse is similar to that of blend 1:1 but the magnitude of the curve shift become less 

apparent. In the pristine C16-IDTBT HJPT (Figure 6.9), ID modulation by light is further less 

prominent. Such observation indicates the inefficiency of photogenerated carriers to transport 

and circulate in the C16-IDTBT channel as compared to the carriers that are induced and 

modulated by the gate bias. Moreover, the carriers injected by applying large gate bias at 

transistor on-state are generally several orders of magnitude higher than the photoinduced 

carriers. This explains why the magnitude of the increased current levels (i.e., photoresponse) 

at transistor on-state is found to be less prominent compared to that in the off-state for all the 

HJPTs. 

 

 

Figure. 6.5: Transfer characteristics of a FACs/OSC HJPT with C8-BTBT only measured in 

dark and under illumination of (a) red light (λpeak= 632 nm), (b) green light (λpeak= 525 nm) 

and (c) blue light (λpeak= 475 nm) with three different power densities. The device was operated 

at a constant drain voltage (VD) of -40 V 
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Figure 6.6: Transfer characteristics of a FACs/OSC HJPT with a blend of C8-BTBT and C16-

IDTBT in a ratio of 3:1 measured in dark and under illumination of (a) red light (λpeak= 632 

nm), (b) green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different 

power densities. The device was operated at a constant drain voltage (VD) of -40 V.  

 

 

Figure 6.7: Transfer characteristics of a FACs/OSC HJPT with a blend of C8-BTBT and C16-

IDTBT in a ratio of 1:1 measured in dark and under illumination of (a) red light (λpeak= 632 

nm), (b) green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different 

power densities. The device was operated at a constant drain voltage (VD) of -40 V.  
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Figure 6.8: Transfer characteristics of a FACs/OSC HJPT with a blend of C8-BTBT and C16-

IDTBT in a ratio of 1:3 measured in dark and under illumination of (a) red light (λpeak= 632 

nm), (b) green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different 

power densities. The device was operated at a constant drain voltage (VD) of -40 V.  

 

 

Figure 6.9: Transfer characteristics of a FACs/OSC HJPT with C16-IDTBT only measured in 

dark and under illumination of (a) red light (λpeak= 632 nm), (b) green light (λpeak= 525 nm) 

and (c) blue light (λpeak= 475 nm) with three different power densities. The device was 

operated at a constant drain voltage (VD) of -40 V.  
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The photoresponse of these five types of HJPTs also shows different wavelength 

dependence. In the C8-BTBT based HJPTs a strong wavelength dependence was observed, with 

a more significant photoresponse under blue illumination and a less significant photoresponse 

under red illumination. This wavelength dependence of photoresponse in the C8-BTBT 

dominant HJPTs is coincident with the absorption spectrum of FACs which has a higher 

absorption coefficient at shorter wavelengths (as shown in Figure 6.2), indicating the efficient 

photocarrier transport and circulation within the C8-BTBT/FACs heterojunction. In contrast, 

the wavelength dependence becomes less prominent with the increasing amount of C16-IDTBT. 

Such a difference in wavelength dependence again confirms the inefficiency of photogenerated 

carriers transport and circulation in the C16-IDTBT dominated devices. 

Figure. 6.10 summarises the calculated gate-dependent responsivity for the HJPTs 

under the illumination of three LED light sources with illumination intensity of 7 µW/cm2. A 

maximum responsivity over 104 A/W appears to be readily achievable with most of the present 

HJPTs operated at the transistors’ on-state (VG = -40V). Among different OSC compositions, 

the C8-BTBT based HJPT exhibits the highest responsivity of 2 × 104 A/W. Yet, another 

noticeable feature for the HJPTs is the responsivity measured at/near the transistors’ off-state 

(i.e., low dark-current levels) that exhibits significant difference from one another. The 

difference in responsivity of the HJPTs indicates that adjusting the C8-BTBT to C16-IDTBT 

composition can deliver tuneable, ‘on-demand’-like responsivity using the HJPT approach, 

extending the HJPT’s suitability for a variety of optoelectronic applications20–22. The 

responsivity achieved in the HJPT approach is almost among the highest reported to date for 

MHP based phototransistors. Since the HJPTs with C8-BTBT and/or C16-IDTBT can only 

deliver field-effect mobility <1 cm2/V·s (as shown in Table 6.2) the reason for this outstanding 

performance should be attributed other factors rather than excessive channel carrier density 

like that in a photoconductor.  
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Figure 6.10: Gate-voltage dependent responsivity (R) measured at VD = -40 V from HJPTs 

based on C8-BTBT, C16-IDTBT and different blend ratios between them under different light 

sources: 632 nm (left); 525 nm (middle); 475 nm (right), all under ~5 µW cm-2 incident optical 

power density.   

 

An important feature of a phototransistor that sets this technology apart from 

photodiodes is their intrinsic ability to deliver tuneable, high-level gain. Compared to 

photodiodes, the high responsivity for phototransistors and photoconductors is almost 

inevitably accompanied by higher dark current densities, hence introducing a high level of 

noise. The latter is detrimental to signal distinguishing and amplification, as well as 

diminishing the potential for deploying readout-free circuitry. In Figure 6.11, we plot the 

relation between photogain and dark current density for the HJPTs as well as simulated 

photodetectors and photoconductors (see section 6.2.5). The HJPTs approach can result in high 

photogain (with the highest photogain reaching ~4.5×104) at low dark current levels20. Such a 

result is comparable to the state-of-the-art hybrid-type phototransistors20 and surpasses the 

simulated single-component MHP photoconductor model (light purple line shown in Figure 

6.11) by several orders of magnitude. Ideally, if a pseudo-photoconductor is set to operate at 

Vappl = 40 V with the same aforementioned parameters, it will require an extremely-long carrier 

lifetime of ~20 ms in order to achieve such a high photogain of 4 × 104. Moreover, a noticeable 

feature that appears between the off-state and the subthreshold region, is that the devices based 

on C8-BTBT and 3:1 blend explicitly exhibit photogain plateau, i.e. slow decrease in photogain; 

when operating outside this regime, i.e. towards the high-gain region, both follow a power-law 

increase as the HJPTs based on the other OSC compositions. As such, for those devices based 

on C8-BTBT and 3:1 blend the photogain levels maintain even when the dark current density 

starts decreasing as the transistor further enters the deep-subthreshold operation (i.e., close to 

off-state). 
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Figure 6.11: Photogain as a function of dark current density for HJPTs with different OSCs at 

~5 µW cm-2 incident power from a 475-nm LED light source. For comparison, a 

photoconductor model is calculated based on the same channel dimension using the drift 

current equation with applied voltages (Vappl) ranging from 0.2 V to 103 V. A pseudo-

photoconductor modelled to achieve a high-gain level (~4 × 104) is set to operate at Vappl = 40 

V using the same parameters for the drift current equation but requires a carrier lifetime of 20 

ms. The theoretical limit for the photogain from a photodiode is drawn for reference. 

 

 

6.3.4 Characterisation of Current Noise in HJPTs 

To further quantify the performance of the HJPTs with respect to noise, two noise-related 

figures of merit, i.e. noise-equivalent power (NEP) and specific detectivity D* of HJTPs, were 

analysed via the current noise characterisation. By performing the current noise measurement, 

the spectral noise density of the devices, which is critical for the NEP and D* analysis, can be 

determined.  

In general, the sources of noise within an electronic device can be explained by many 

mechanisms such as thermal noise, dielectric noise or flicker noise56, the total noise spectral 

therefore is affected by multiple factors. A commonly-accepted assumption is that the shot 

noise from dark current is the dominant contribution66. This shot-noise-based assumption 

provides a simple way to estimate the noise spectrum density, but it might also lead to a severe 

underestimation7,67. The noise spectral density in this study therefore was obtained following a 

previously-reported approach68. This approach estimates the noise spectrum density based on 

Fourier analysis on the acquired device dark current waveform. The dark current waveforms 

of HJPTs with three different OSC compositions (i.e. C8-BTBT, C16-IDTBT and a blend film 
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composed of C8-BTBT and C16-IDTBT in a ratio of 1:1) were recorded when the devices were 

biased at a fixed VD of -40V. The waveforms acquired in a sampling rate of 1 kHz are shown 

in Figure 6.12.  

 

Figure 6.12: The dark current waveforms of FACs/OSC HJPTs with (a) pristine C8-BTBT, (b) 

blend in a ratio of 1:1 and (c) pristine C16-IDTBT measured at a constant drain voltage (VD) of 

-40 V. 

 

By applying a Fourier transform to the dark current waveform, the noise spectral 

density was obtained as shown in Figure 6.13. The corresponding NEP can then be calculated 

via Equation 2.22 and the specific detectivity (D*) can be obtained via Equation 2.23. The 

calculated NEP and D* values at a modulation frequency of 1 Hz for the devices with different 

OSC compositions are summarised in Table 6.3. Since the responsivity of the present HJPTs 

under the illumination of three LED light sources (λpeak= 475, 525, 632 nm) can reach ~104 

A/W, this corresponds to an NEP of 10-17 W Hz-1/2 and a D* of 1014 Jones. We note that such 

high D* value is already two orders of magnitude higher than the value reported for Si-based 

photodetectors66.  

 

Figure 6.13: Analysis of noise spectral density of the HJPTs based on the Fourier transform 

of dark current waveform shown in Figure 6.12. 
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Table 6.3:  HJPTs figures of merit from current noise characterisation.  

composition R(AW-1) In(pA) NEP(W·Hz-1/2) D*(Jones) 

C8-BTBT 1.7×104 1.3 7.8×10-17 2.2×1014 

Blend 1:1 1.1×104 3.7 3.5×10-17 4.9×1014 

C16-IDTBT 3.2×103 1.5 4.5×10-16 3.8×1013 

 

 

6.3.5 Spectroscopic Analysis of Photoinduced Charge Carriers 

The most peculiar characteristic in the present HJPTs is their tuneable photoresponse 

characteristic at/near the transistor off-states. This operation regime has no/little gate field to 

attract photoinduced carriers to cross the heterojunctions between the FACs and OSCs. 

Therefore, a series of spectroscopic studies, which do not involve direct out-of-plane field-

effect, on the FACs/OSC bilayer stacks were carried out in order to elucidate the driving force 

behind this tuneable photoresponse characteristic.  

Fig. 6.14 shows the results of FACs/C8-BTBT, FACs/blend 1:1 and FACs/C16-IDTBT 

obtained from time-resolved and steady-state photoluminescence (TRPL and SSPL) studies, 

respectively. Compared to FACs/C8-BTBT, the shorter PL decay and the quenched PL signal 

observed from the FACs/C16-IDTBT sample suggest the photocarriers in FACs have been 

effectively transferred to the C16-IDTBT. On the other hand, the FACs/blend 1:1 sample share 

similar PL characteristics with the FACs/C16-IDTBT one, suggesting that the OSC material in 

a C8-BTBT/C16-IDTBT blend in direct contact with FACs is mostly C16-IDTBT. These 

observations in fact, are in line with the pronounced vertical phase separation for small 

molecule and polymer blends reported previously62,63, where they show that C8-BTBT mostly 

form in the upper part of a blend layer when mixed with C16-IDTBT. 
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Figure 6.14: Photoluminescence (PL) spectroscopy results for FACs and FACs/OSC bilayer 

stacks: (a) time-resolved PL (TRPL) study and (b) steady-state PL (SSPL) study. In (a) the 

time constant τ for each sample was extracted using the rate based on mono-exponential decay. 

 

To further probe the nature of charge-transfer between the FACs and OSC layers, the 

bilayer stacks were studied using time-resolved microwave conductivity (TRMC). TRMC 

enables one to evaluate a proxy for the sum of electron and hole mobilities without the need to 

form a device or deposit electrical contacts69,70. Figure 6.15a shows the TRMC figure of merit 

𝜙Σ𝜇TRMC = 𝜙(𝜇𝑒 + 𝜇ℎ) for pristine FACs and FACs/OSC bilayer stacks as a function of 

optical fluence, where 𝜙 is the charge-generation efficiency, and 𝜇𝑒  and 𝜇ℎ are the electron 

and hole mobilities, respectively. From Figure 6.15a, one can evaluate 𝜙Σ𝜇TRMC = 0.8 cm2 V-

1 s-1 for the pristine FACs film, 𝜙Σ𝜇TRMC = 0.61, 0.15 and 0.2 cm2 V-1 s-1 for the FACs/C8-

BTBT, FACs/C16-IDTBT and FACs/blend 1:1 bilayer stacks, respectively. Both the pristine 

FACs and FACs/C8-BTBT bilayer have an approximately three to four-fold increase in 

𝜙Σ𝜇TRMC as compared to the FACs/C16-IDTBT and FACs/blend 1:1 bilayer stacks. 𝜙Σ𝜇TRMC 

as determined by the TRMC technique is representative of local sum of electron and hole 

mobilities, in the plane of the substrate, averaged over the whole sample. In an attempt to draw 

an analogy between spectroscopic analysis and HJPT operation from the viewpoint of the in-

plane charge transport, transient photoconductivity (TPC) measurement was carried out to 

determine long-range lateral mobility 𝜙Σ𝜇TPC 71,72 The results as shown in Figure 6.15b show 

that the long-range lateral mobility Σ𝜇TPC are 0.69, 0.52, 0.19 and 0.22 cm2 V-1 s-1 (at the lowest 

excitation density of 1.57×1017 cm-3) for the pristine FACs, FACs/C8-BTBT, FACs/C16-IDTBT 

and FACs/blend 1:1, respectively.  Notably, these long-range mobilities of the pristine FACs 
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and FACs/OSC bilayers are in good agreement with the average local mobilities determined 

by TRMC.  

 

 

Figure 6.15: (a) Time resolved microwave conductivity (TRMC) figure of merit ϕΣμTRMC, 

plotted as a function of incident optical fluence for FACs and FACs/OSC bilayer stacks on 

quartz substrates. (b) Transient photoconductivity (TPC) long-range lateral mobility ϕΣμTPC, 

plotted as a function of excitation density by varying incident laser fluences for FACs and 

FACs/OSCs bilayer stacks. 

 

To summarise the spectroscopic analysis presented in Figures 6.14&15, the results are 

considered as convincing evidence that upon illumination, photoinduced charges are readily 

transferred from FACs to C16-IDTBT or a C8-BTBT:C16-IDTBT blend, but less readily from 

FACs to C8-BTBT. In making this claim, the sum of mobility of charge carriers in the FAC 

film is assumed to be higher than in the OSCs73, hence allowing us to interpret a lower 

measured mobility being representative of a greater proportion of carriers in the OSC versus 

the FACs film. The observed difference in charge-transfer is hypothesised to be due to the 

energetic levels between FACs and OSCs (Figure 6.1c) and the differences in morphology at 

the interface between the OSC and FAC, as observed in the GIWAXS data (Figure 6.4), in 

which C8-BTBT molecules form an edge-on orientation. The latter is not as beneficial as face-

on orientation to help vertical charge transfer, as widely reported in the field of organic 

photovoltaics74. 

 

6.3.6 Mott-Schottky Analysis and Perovskite-Organic Contact Diodes 

To elucidate the relationship between i) the efficient circulation of photocarrier, and ii) high 

responsivity and high photogain, Mott-Schottky analysis was carrier out on the FACs/OSCs 

bilayer stacks. This is in order to gain insight into how the photoinduced charge profiles are 
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distributed in proximity to various FACs/OSCs heterointerfaces in a dark environment and 

upon light illumination. In the meantime, perovskite-organic contact diodes were also 

fabricated by sandwiching three different FACs/OSC bilayer stacks between Au-Au electrodes 

to interrogate their optoelectronic characteristics (Figure 6.16). For both the FACs/C16-IDTBT 

and FACs/blend 1:1 devices, typical diode I-V characteristics are observed in the dark (Figure 

6.16a and b) whilst upon light illumination, clear photoresponse arise at the low dark current 

region. The FACs/C8-BTBT device on the other hand, exhibits less-rectifying I-V curves in the 

dark as a sign of forming a bilayer dielectric stack (Figure 6.16c), rather than a diode. Upon 

light illumination the symmetric I-V curve remains with a rising current level under both 

positive and negative biasing conditions due to the straddling type-I heterojunction that forms 

the non-rectifying junction between the HOMO level of C8-BTBT and the VB edge of FACs. 

 

 

Figure 6.16: Current voltage characteristics of diodes based on FACs/OSC heterostructure 

measured in the dark and under different illumination intensities using a green LED light source 

(λpeak= 525 nm): (a) FACs/C8-BTBT, (b) FACs/Blend 1:1 and (c) FACs/C16-IDTBT. The 

FACs/OSC stacks were sandwiched by two symmetric Au electrodes. 

 

To enhance the transparency for illumination from the glass side, the experimental film 

stacks for Mott-Schottky analysis were made on ITO-coated glass with the composition of 

glass/ITO/FACs/OSC/Au. The Mott-Schottky analysis was carried out at an intermediate 

frequency of ~5 kHz, the effects of series resistance and surface as well as interface dipoles 

can be minimised during operation75–77. Figure 6.17 shows the Mott-Schottky results for 

FACs/ C16-IDTBT, FACs/blend 1:1 and FACs/C8-BTBT, respectively. In the dark, both the 

FACs/C16-IDTBT and FACs/blend 1:1 samples (Figure. 6.17a and b) exhibit two distinct 

regions in their Mott-Schottky plots: i) a transition region with an uprising trend (going from 

forward to reverse bias); ii) a flat region with constant capacitance levels. For the former, this 

is the operation regime where charge depletion takes place whilst the latter indicates combined 
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geometric capacitance from bulk dielectric polarisation of the FACs/OSC bilayer stacks76. For 

the FACs/C8-BTBT sample (Figure. 6.17c), only one distinct region with a constant 

capacitance level is observed during the entire operational regime. This characteristic indicates 

the FACs/C8-BTBT bilayer forms a dielectric stack. Such a result is in line with the electrical 

characterisation obtained from the attempt to make a FACs/C8-BTBT diode (Figure 6.16c).  

However, under illumination, the FACs/C16-IDTBT (Figure 6.17a) and FACs/blend 

1:1 (Figure. 6.17b) samples exhibit charge polarity inversion behaviour with a depletion region 

for p-type charge carriers at low forward bias corresponding to the decrease in the capacitance 

(i.e., higher C-2). This is followed by the accumulation of the oppositely charged carriers (i.e. 

n-type) associated with the increase in the capacitance. Under large reverse bias, the Mott-

Schottky plots for both FACs/C16-IDTBT and FACs/blend 1:1 returns to a high capacitance 

level. For the latter, the true enhancement on bulk dielectric polarisation in FACs still need to 

be clarified because to evidence such enhancement taking place one needs to exclude the effect 

caused by the accumulation of surface/interface dipoles, which results in a high capacitance 

level under light76. Nevertheless, the clear charge polarity inversion when entering the reverse 

bias regime (Figure 6.17a and b) is a direct indication that negatively charged carriers (i.e., 

electrons) are left behind after positively charge carriers (i.e., holes) are transferred to the OSC 

layers. This result is supported by the spectroscopic data (Figure 6.14 and Figure 6.15). On 

the other hand, in Figure 6.17c upon illumination the FACs/C8-BTBT sample exhibit high 

capacitance levels measured under very low biasing conditions (see Figure 6.17c inset, from -

0.1 V to 0.1 V), but outside this regime, extremely low capacitance was measured. For the 

latter, the most plausible reason being that this bilayer dielectric stack could not withhold any 

charge carriers as a result of capacitance lost, hence the effect of series resistance being 

manifest. The two different capacitance levels outside ±0.1 V also correspond to different 

charge extraction efficiencies. This result agrees with the I-V characteristics of the FACs/C8-

BTBT diode, i.e., higher current levels (corresponding to higher capacitance levels) at positive 

bias than negative bias. 
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Figure 6.17: Mott-Schottky plots for different FACs/OSC bilayer stacks: (a) FACs/C16-

IDTBT; (b) FACs/blend 1:1; (c) FACs/C8-BTBT. The impedance spectroscopy measurements 

were carried out with an AC perturbation of 10 mV at 5 kHz in the dark (grey-filled dark green 

circles) as well as under a white-light LED illumination source (~2.61 mW cm-2; data shown 

in yellow-filled bright green circles). 

 

 

6.3.7 Charge Transfer Mechanism 

From the information presented so far, the proposed photoinduced charge transfer mechanisms 

in the HJPTs under illumination for different transistor operation regimes can be summarised 

in Figure 6.18.  

 

 

Figure 6.18: Schematic illustration of photocarriers’ charge transfer mechanisms for HJPTs 

under different operational regimes: (a) photocarriers being swept into a transistor channel 

under strong influence of gate-induced field at a HJPT’s on-state; (b) at/near the off-state 

FACs/C16-IDTBT-dominant HJPTs under a weak accumulation or depletion operation whilst 

majority p-type photocarriers being transferred from FACs to OSC due to favourable energetic 

alignment; (c) at/near the off-state photoinduced carriers accumulated at the heterointerfaces 

in the FACs/C8-BTBT HJPTs, being attributed to the formation of a type-I heterojunction 

between FACs/C8-BTBT and a preferential edge-on molecular orientation in C8-BTBT. The 

latter helps to transport photocarriers along the edge-on π-π stacking on the back-channel side 

of C8-BTBT. 

 

When a HJPT operates in the on-state, photoinduced charge carriers are pulled across 

the heterojunction between FACs and OSCs by the applied gate field, regardless of which type 

of heterojunctions FACs/OSCs are formed (Figure 6.18a). For the off-state of HJPTs based on 
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FACs/C16-IDTBT and FACs/C16-IDTBT-dominant blends (e.g. C8-BTBT:C16-IDTBT = 1:3), 

the photocarriers transferred from FACs to OSCs are still able to be transported in a transistor 

channel due to the formation of a type-II heterojunction (Figure 6.18b). However, their weak 

photoresponse at/near the off-states indicates the inefficiency of such a mechanism for a hybrid 

phototransistor. On the other hand, the pronounced photoresponse at/near the off-state obtained 

from the FACs/C8-BTBT HJPTs can be related to the observation of the largest increase of the 

capacitance at zero bias. The latter suggests strong formation of photoinduced carriers 

accumulated at the FACs/C8-BTBT interfaces76 and can be depicted as a photocarrier-rich 

region that forms next to p-type C8-BTBT (Figure 6.18c). Such interpretation coincides with 

the spectroscopic data as upon light illumination, no significant charge transfer from FACs to 

C8-BTBT was observed. The latter is attributed not only to the type-I heterojunction formation 

between FACs and C8-BTBT, but also to the evident edge-on orientation of C8-BTBT, which 

helps those photoinduced carriers to transport along the heterointerfaces of FACs and C8-BTBT 

and be manifested as photocurrent. Importantly, this assumption is supported by the fact that 

the pristine FACs transistor is only able to provide a fraction of channel current (ID) under the 

same flux of incident light (Figure 6.19). 

 

Figure 6.19: Transfer characteristics of phototransistors with (a) FACs only and (b) FACs/C8-

BTBT heterojunction measured in dark and under green illumination (λpeak= 525 nm) of 705 

µW cm-2. Both devices were operated at a constant VD = -40 V. 

 

 

6.3.8 Assessing Performance Metrics via A Photo-Inverter  

Key performance metrics for phototransistors, such as responsivity, noise-equivalent power, 

and specific detectivity, are traditionally assessed relative to those defined for photodiodes. 
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These figures of merit characterise the efficiency of photodetectors related to the process of 

photon-electron conversion. However, being an active device, phototransistor enables not only 

photodetection but also controllable signal amplification.  Unique properties in phototransistors 

such as tuneability of photoresponse and current/voltage amplification cannot be assessed 

through those performance metrics set for traditional two terminal photodetectors. Since 

phototransistors combine detection and amplification into a single element, it is more 

informative to consider their utility as a circuit element. Here a simple circuit route that uses a 

photo-inverter to assess a phototransistor’s performance metric, which is in a manner more 

applicable for optoelectronic circuit design, is proposed. To demonstrate this concept, a PMOS-

like photo-inverter served as a common-source amplifier was fabricated using two identical 

FACs HJPTs (Figure 6.20). 

 

Figure 6.20: Schematic of a PMOS-like HJPT photo-inverter to resemble a common-source 

amplifier for assessing phototransistor performance metric. 

 

The operation of this photo-inverter can be simply explained by a voltage divider 

model78. The resistance difference between the constituent phototransistors, namely HJPT-1 

and HJPT-2, determines the voltages dropped on HJPT-1 and HJPT-2, and hence the level of 

circuit output signal (VOUT). The resistance of the depletion load HJPT-1 is controlled by the 

illumination intensity, while that of the electrical switch HJPT-2 is controlled by the electrical 

input signal (VIN). To fulfil the function of signal inversion, it requires pronounced 

photoresponse from the optical load and excellent current-voltage modulation from the 

electrical switch, respectively. Since the photo-inverter configuration is composed of two 

identical HJPTs, it requires the constituent devices with both good electrical switching and 

high photoresponse. In this regard, the proposed photo-inverter circuit is considered as a unique 

method for phototransistor performance evaluation. In this circuit configuration, one can 
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directly evaluate the intrinsic amplification (Ai) of the composed optoelectronic elements (e.g. 

HJPT-1 and HJPT-2) for amplifying input signals79 as the latter is the main advantage for using 

an active electronic component like phototransistors. Moreover, Ai is an important criterion to 

separate a phototransistor from a photoconductor as the need for saturation in ID to achieve 

high Ai. 

 Figure 6.21 shows the photo-inverters based on FACs/C8-BTBT and FACs/C16-IDTBT 

in the operation regime that corresponds to the lower dark current levels. The sharp voltage 

swing for both photo-inverters is a result of good current-voltage modulation from HJPT-2. 

Using a range of light intensities to illuminate HJPT-1, significant difference arises in the 

photo-inverters’ transfer characteristics (VOUT versus VIN). In the case of FACs/C16-IDTBT, 

the output signal (VOUT) is observed to be only half of the power supply (VDD) under low-power 

illumination. This is attributed to rather weak photoresponse from HJPT-1, and a pronounced 

signal inversion was only observed under stronger light intensities (Figure 6.21a). In contrast, 

the stronger photoresponse of the FACs/C8-BTBT HJPT-1 allows high VOUT can be achieved 

at low VIN (i.e. signal inversion) under the lowest incident light intensity (Figure 6.21b). 

 

 

Figure 6.21: Inverter transfer characteristics measured under different incident light intensities 

for photo-inverters composed of HJPTs using (a) FACs/C16-IDTBT and (b) FACs/C8-BTBT. 

 

The positions of VIN for the maximum amplification (Ai,max) remains relatively close to 

one another under different illumination intensities in the FACs/C16-IDTBT photo-inverter 

(Figure 6.22a); whilst for the FACs/C8-BTBT a clear shift towards more negative VIN is 

observed to achieve Ai,max (Figure 6.22b). The latter implies a change of device characteristics 

(i.e., a transistor’s threshold voltage) under light illumination. More importantly, with this 

unipolar configuration the present HJPTs are able to deliver a high Ai, max of ~15, especially if 
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one considers that this is achieved without any advanced device engineering and only based on 

the use of a very low-k gate dielectric material80. 

 

Figure 6.22: Corresponding intrinsic amplification (Ai) obtained for (a) FACs/C16-IDTBT and 

(b) FACs/C8-BTBT. 

 

Furthermore, plotting VOUT as a function of optical power density under different VIN 

(Figure 6.23a and b), the FACs/C8-BTBT photo-inverter can operate as an electro-optical 

optical switch/sensor81,82 offering higher tune-ability/sensitivity using either electrical or 

optical signals (or both) as compared to the FACs/C16-IDTBT configuration. All the results 

from the photo-inverter analysis are in line with the observation from HJPTs’ transfer 

characteristics where the FACs/C8-BTBT HJPT exhibits a stronger photoresponse. 

 

 

Figure 6.23: Effect of incident optical power density on VOUT measured at a fixed voltage 

supply VDD of -10 V for different VIN biases for the (a) FACs/C16-IDTBT photo-inverter and 

(b) FACs/C8-BTBT photo-inverter. 
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6.4 Conclusions 

In this chapter a new concept of a hybrid phototransistor incorporating a MHP into a series of 

OSCs as the channel material, was investigated. Resulting phototransistors are characterised 

by a straddling-gap type-I heterojunction and exhibit state-of-the-art photogain of 4.5×104. 

Using a variety of characterisations techniques, highly efficient photocarrier transfer is found 

to transport through preferential edge-on molecular orientation at the MHP/OSC 

heterointerfaces. By tuning MHP/OSC interfaces from straddling-gap to staggering-gap 

heterojunction configurations, the ability to tune optoelectronics of phototransistors in an ‘on-

demand’ manner is demonstrated. Next, a new method to assess phototransistors is proposed 

by using a photo-inverter circuit to evaluate their amplification and essential functionality in 

order to be operated in both linear and saturation modes as a transistor. The improved insights 

into the photocarrier dynamics and its dependence on material properties and operational 

conditions provide both essential knowledge and thorough understanding for designing and 

developing perovskite-organic based optoelectronic devices and systems.  
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Chapter 7 Conclusions 

 

In this thesis different approaches toward high-performance phototransistors based on solution-

processed semiconductors have been reported. This chapter aims to summarise the key findings 

from each experimental chapter and indicate possible future directions for research in this field. 

In Chapter 4, UV-sensitive phototransistors based on the solution-processed 

methanofullerene PC61BM have been fabricated and characterised. The carefully engineered 

devices exhibit good ambipolar operation in the dark with electron and hole mobility values of 

0.14 and 0.06 cm2/Vs, respectively. Because of the light absorption characteristics of PC60BM, 

the resulting devices exhibit large photoresponse particularly in the UV-A region of the 

electromagnetic spectrum. Importantly, the PC60BM phototransistors are able to operate at high 

frequencies with minimum response times of less than 2 ms, in spite of the long channel length 

(30 μm) employed - a temporal response difficult to achieve in conventional unipolar organic-

based phototransistors. To this end, the performance parameters extracted under low 

illumination intensities are comparable with those of Si-based photodetectors, mainly because 

of the intrinsic gain mechanism associated with the three-terminal phototransistor architecture. 

This work highlights the use of single material ambipolar organic phototransistors as a 

promising concept for the development of sensitive and fast photodetectors with tailored colour 

sensitivity.  

In Chapter 5, phototransistors based on the CuSCN/D102/In2O3 trilayer were fabricated 

and studied. This work starts with the development of a hybrid heterojunction transistor based 

on a CuSCN/In2O3 bilayer, which exhibits high optical transparency and ambipolar transistor 

operation. The presence of the p-n (CuSCN/In2O3) heterojunction was found to suppress the 

intrinsic PPC associated with the In2O3 layer. Organic dye D102 was then incorporated in-

between this heterojunction to enable visible light sensitisation/detection. The resulting 

CuSCN/dye/In2O3 trilayer channel phototransistors show a remarkably enhanced response to 

green illumination. Importantly, the trilayer phototransistors exhibit fast switching behaviour 

with a response time of ~1 ms, which is faster than the most of oxide-based phototransistors. 

Such a fast response time is attributed to the minimisation of PPC from the oxide layer and 

efficient photocarrier transport within the trilayer channel. This work highlights the use of a 
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hybrid heterostructure as a promising method to improve the speed of oxide-based 

phototransistors for fast photo-sensing application. 

In Chapter 6, a new concept of hybrid phototransistor incorporating a MHP into a series 

of OSCs as the channel material, was investigated. Resulting phototransistors are characterised 

by a straddling-gap type-I heterojunction and exhibit state-of-the-art photogain of 4.5×104. 

Using a variety of characterisations techniques, highly efficient photocarrier transfer is found 

to transport through preferential edge-on molecular orientation at the MHP/OSC 

heterointerfaces. By tuning MHP/OSC interfaces from straddling-gap to staggering-gap 

heterojunction configurations, the ability to tune optoelectronics of phototransistors in an ‘on-

demand’ manner is demonstrated. Next, a new method to assess phototransistors is proposed 

by using a photo-inverter circuit to evaluate their amplification and essential functionality in 

order to be operated in both linear and saturation modes as a transistor. The improved insights 

into the photocarrier dynamics and its dependence on material properties and operational 

conditions provide both essential knowledge and thorough understanding for designing and 

developing perovskite-organic based optoelectronic devices and systems.  

The results presented in this thesis show improved the performance and understanding 

of phototransistors based on solution-processed semiconductors. Two device concepts have 

been demonstrated that can enhance the phototransistor performance. The first outcome is the 

demonstration of using ambipolar phototransistor architecture to enhance the speed of the 

phototransistor. The ambipolar characteristic can be achieved by either using ambipolar 

organic materials to form single-component ambipolar organic phototransistor (Chapter 4); or 

using p-n heterojunction to form heterostructure ambipolar phototransistors. The latter has been 

exploited in Chapter 5 to demonstrate the fastest oxide-based phototransistor reported to date. 

Whist in this thesis the ability of photodetection in the heterojunction device is enabled by the 

incorporation with organic dye only, the high optical transparency of the CuSCN/In2O3 

heterojunction could allow this structure to be incorporated easily with other light sensitizers. 

Another important development in this thesis is the demonstration of hybrid perovskite-organic 

phototransistor with enhanced photoresponse in Chapter 6. Although the concept of hybrid 

structure has been widely implemented with a range of materials, the strength of using such a 

structure is generally attributed to the extra degree of freedom for optimisation due to the 

separation of transport and sensitization. One important finding in this thesis is that the 

interface between the transport layer and the sensitiser also plays an important role in efficient 

photocarrier transfer, which is the key to a high-performance phototransistor, and could give 

rise to tuneable optoelectronic properties. This finding provides a useful guideline for interface 
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engineering that can further optimise the performance of hybrid phototransistors. The improved 

understanding of photocarrier dynamics in the hybrid structures, in combination with the ever-

evolving material and device engineering, is believed to be the key to break through the current 

technology bottlenecks for photodetectors including the noise/gain/bandwidth trade-off. 
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