
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



The Hong Kong Polytechnic University 

Department of Applied Physics 

 

 

 

 

Functional Thin-Film Transistors Based on Hybrid 

Materials 

 

 

 

SUN Zhenhua 

 

 

 

A thesis submitted in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy 

 

 

 

June 2012 

 

lbsys
Text Box
This thesis in electronic version is provided to the Library by the author.  In the case where its contents is different from the printed version, the printed version shall prevail.






       THE HONG KONG POLYTECHNIC UNIVERSITY             Abstract 

SUN Zhenhua  I 

Abstract 

Functional thin film transistors (TFTs) have attracted increasing interest due to their 

potential applications in many areas with excellent performance. Such devices can be 

realized with hybrid materials, which can demonstrate not only the desired properties 

of their components but also some unique synergistic effect. Therefore, it is important 

to develop the techniques of tailoring hybrid materials to realize various types of 

functional TFTs. 

In this thesis, the applications of functional TFTs are introduced at the beginning. 

Various TFTs with different functions are described and the photodetectors and 

memories closely related to this thesis are discussed in details. Their working 

principles and the current situation of research are reviewed. Then hybrid materials are 

discussed on their history and classification. Therein, the most important 

organic-inorganic hybrid materials and the graphene-inorganic hybrid materials which 

are the rising hotspots are introduced. Their synthesis and applications are reviewed. 

The reported functional TFTs based on the hybrid materials are listed for reference. 

The phototransistors and light driving memories based on hybrid materials have been 

carefully studied by us. In these devices, graphene or polymers acted as conducting 

media and inorganic components were used to absorb light. We found that the 

interface properties in the hybrid materials were critical to the performance of 
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optoelectronic devices, which have been optimized in our experiments. 

Near infrared (NIR) phototransistors based on poly(3-hexylthiophene) (P3HT)/Lead 

sulfide (PbS) quantum dots (QD) and graphene/PbS QDs hybrid films were fabricated 

and characterized. The phototransistors based on P3HT/PbS QDs show high 

photoresponsivity up to 2×10
4 

A/W under NIR of 895nm with low light irradiance. 

This value is larger than the record of organic phototransistors. Under NIR 

illumination, the transfer curves shift to high gate voltage horizontally. Therefore the 

conductivity of the hybrid film changes under NIR light illumination at a constant gate 

voltage. This behavior is attributed to the photo induced electrons generated in PbS 

QDs which will induce field effect doping effect in P3HT films. Same effect happens 

in graphene/PbS QDs hybrid phototransistors which show ultrahigh photoresponsivity 

of 1×10
7 

A/W. This high value is due to the high carrier mobility in graphene. The 

devices can be fabricated on flexible substrates and show stable performance. All of 

the aforementioned devices show fast response and their photoresponse behaviors can 

be described by a physical mode. 

P3HT/Titania (TiO2) nanoparticles hybrid materials have been investigated. It was 

found that hole mobility in P3HT can be enhanced by pyridine-capped TiO2 nanorods. 

Both the shape of nanoparticles and surface ligand were proved crucial to the 

enhancement. Characterizations of the hybrid films showed that this enhancement of 

hole mobility can be attribute to the improved crystallinity of P3HT which may be 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Abstract 

SUN Zhenhua  III 

induced by the self-assembly effect cased by pyridine-capped TiO2 nanorods. The 

ultraviolet (UV) phototransistor fabricated based on this kind of hybrid film show 

much better performance than the devices based on TiO2 nanoparticles without the 

surface modification of pyridine. 

Light driving, multilevel, rewritable and nonvolatile memories were fabricated with 

CVD grown single-layer graphene decorated with TiO2 nanodots which are capped 

with pyridine ligand on the surface. The memory is a TFT with a bottom-gate 

top-contact structure. The conductivity of the channel can be changed by UV 

illumination and shows excellent retention property. Since the conductivity can be 

modulated to various values by carefully controlling the illumination conditions, 

including the light intensity and illumination time, the device can be used as a 

multilevel memory. Thus different conductive state can be regarded as nonvolatile 

information programmed by UV illumination. The change of the conductivity of the 

channel can be attributed to net positive charges generated in TiO2 nanodots under UV. 

The pyridine surface ligand which can trap the photon-induced holes in TiO2 is critical 

to the nonvolatile memory effect. Positive gate voltage can be used to erase the 

excitation states thus make the memory rewritable. This study opens a novel path 

towards nonvolatile multilevel memories.
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Chapter 1   Introduction 

1.1 Background 

Since the invention of the first field effect device by J. E. Lilienfeld in 1934 [1], field 

effect transistors (FETs) have become the elementary bricks of modern electronic

 

Figure 1.1 Schematic of metal-oxide-semiconductor field-effect transistor (MOSFET) 

[2]. 

industry after extensive evolution and development for decades. In particular, the 

silicon-based metal-oxide-semiconductor field-effect transistors (MOSFETs), whose 

structure is shown in Figure 1.1, have defeated other types of transistor with different 

forms (such as bipolar transistor) or different materials (such as Ⅲ-Ⅴ 

semiconductors) because of their advantages including easy fabrication, low cost and 
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small size [3]. Nowadays the MOSFETs have become the mainstream choices of 

large scale integrated circuits and widely used in microprocessors, logic memories, 

CCD cameras and so on. The explosion of portable electronic devices such as laptop 

computers and cell phones benefits largely from the achievement obtained in the 

miniaturization of MOSFET and high density cells array [2, 4], as shown in Figure 1.2 

 

Figure 1.2 Developments of device densities and minimum feature sizes of 

lithographic. Both dynamic random access memory (DRAM) and logic devices are 

shown inside [4]. 

On the other hand, first thin film transistor (TFT) was proposed by Paul. K. Weimer et 

al. in 1962 and aroused huge interest soon [5-7]. Essentially TFTs are a kind of 

enhancement-mode FETs with thin films deposited as active layer, dielectric layer as 

well as electrodes. Compared with MOSFETs, TFTs can be fabricated under a lower 

temperature and on various substrates such as glass. Amorphous and polycrystalline 
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silicon are the main choices of the active layer in a TFT for their optimal trade-off 

between high mobility and low cost. TFTs’ thin film property and high integration 

ability as driver circuit make them suitable as switchers for active matrix panel display 

devices. In fact, the display industry is the largest application area of TFTs by far and, 

in 2007, about 10
15

 TFTs were made for it [8].  

In the process to optimize and miniaturize TFTs, many functional devices based on 

TFTs have been invented and developed. Nowadays, TFTs are used not only as 

switchers or amplifiers in logic circuits, but also as various functional devices such as 

photodetectors [9, 10], memory [11], sensors [12] and light emitting devices [13, 14]. 

These functional TFTs have large application potentials in waveguide communication, 

electronic equipments, environmental monitoring, military defense, medical 

diagnostics and so on [8, 15]. Conventional functional devices in the market such as 

various photodetectors and memories have both economic and performance 

drawbacks [10, 16, 17]. Compared with them, functional TFTs possess advantages 

such as higher performance (sensors), low cost (photodetectors and memories) and 

smart operation derived from the gate electrodes (photodetectors and light emitting 

TFTs) [15, 18-20]. 

Electronic devices keep progressing toward miniaturization, high speed, low cost, 

flexible and even transparent. In this process, silicon materials are exhausting 

themselves. A variety of novel materials have been proposed to meet the future 
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demands [21]. For example, Organic semiconductors including both conductive 

polymers and small molecular semiconductors are investigated as active layer in FETs 

for their unique properties such as low cost, solution-processibility and flexibility [22]. 

High-k dielectric materials are considered as promising candidates of gate insulator 

for low voltage and high performance FETs [23]. Recently, graphene is the new 

hotspot material. Much effort has been devoted to its application in high speed FETs in 

view of its excellent electronic properties such as high carrier mobility [24, 25].  

It is easy to understand the importance of materials to the performance of both 

conventional and new functional TFTs. However, it is impossible to find a single 

material to meet all the demands of a device, especially when the area is developed so 

fast. For example, commonly used inorganic semiconductors have high carrier 

mobility which is highly desired in TFTs. But at the same time they are rigid and 

difficult to process, which make them unsuitable for cheap and flexible devices. On 

the other hand, the widely investigated organic semiconductors are of low cost, 

solution-processible and have abundant optoelectronic properties. But they suffer 

from low carrier mobility. Therefore, hybrid materials, which can combine all the 

advantages of their components and even show some novel synergistic effect, are 

attracting more and more attention [26-30]. 
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1.2  Significance of Research 

Although huge effort has been made on hybrid materials and their application in 

functional FETs, some promising materials have not been involved yet. Sometimes, 

blending of distinct materials will induce degradation of the components’ intrinsic 

properties, more or less. In this case negative influence will be inevitably imposed on 

the properties of hybrid materials and the performance of devices based on them. Here 

in our research, photodetectors with extraordinary performance and memories based 

on novel principle have been fabricated and characterized. These devices make use of 

the structure of TFT for not only its superiority on device performance, but also its 

advantages in physical mechanism research. Organic-inorganic and 

graphene-inorganic hybrid materials were used as the active layers of these functional 

TFT devices. The working principles of these functional TFTs have been clarified 

very particularly. The interactions of the components in these hybrid materials have 

been studied and a reliable mobility improvement of the organic component in the 

organic-inorganic hybrid material has been illustrated and investigated. Our research 

not only demonstrates several excellent functional TFT devices, but also proposes 

underlying physical mechanisms of them, which will be helpful for devices design and 

fabrication in these areas in future.  
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1.3 Structure of Thesis 

The chapters of this thesis are organized as follows: 

Chapter 1: Introduction. In this chapter, the background and significance of this 

research are introduced for better understanding of this research. In the meantime, the 

structure of this thesis is described for reading guidance. 

Chapter 2: Overview of Functional TFTs and Hybrid Materials. In this chapter, 

working principle of TFTs is introduced and the applications of functional TFTs are 

overviewed. Particularly, the photodetectors and memories based on TFTs are 

introduced in details because they are the focuses in this research. Hybrid materials 

especially the organic-inorganic and graphene-inorganic hybrid mateirals and their 

applications in functional TFTs are discussed to offer readers an insight into this area.  

Chapter 3: P3HT-TiO2 Nanorods Hybrid Films with Enhanced Hole Mobility and 

Their Application in Ultraviolet Photodetectors. In this chapter, enhancement of hole 

mobility of P3HT induced by Titania (TiO2) nanorods is demonstrated. The reasons of 

this phenomenon are discussed through characterizing the hybrid films and comparing 

the effects of different TiO2 nanoparticles. The ultraviolet photodetectors based on this 

kind of hybrid films are illustrated finally.  

Chapter 4: Highly Sensitive Organic Near-infrared Phototransistors Based on 

Poly(3-hexylthiophene) and PbS Quantum Dots. In this chapter, hybrid films of 

Poly(3-hexylthiophene) (P3HT) and Lead sulfide (PbS) quantum dots are used to 
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fabricate solution-processible and high performance near infrared photodetectors. 

Figures of merit of this kind of device are characterized and mechanism of the 

photoresponse is discussed.  

Chapter 5: Infrared Photodetectors based on CVD-grown Graphene and PbS 

Quanttum dots with Ultrahigh Responsivity. In this chapter, infrared photodetectors 

making use of hybrid films of graphene and PbS quantum dots are demonstrated. This 

kind of photodetector shows very high photoresponsivity and can be fabricated on 

both rigid and flexible substrates. Their performances are characterized and the 

working principle is clarified. 

Chapter 6: Ultraviolet Driving Multilevel Memories Based on Graphene-TiO2 

Nanodots Hybrid Films. In this chapter, TFTs based on graphene-TiO2 are fabricated 

and the TFTs show photoresponse to Ultraviolet (UV). The channel current is 

dependent on light intensity and illumination time and can retain after light is 

removed. Therefore, the devices can be used as nonvolatile memories. The kind of 

memory is proven to have multilevel feature and good erasability. Finally the physical 

mechanism of the memory behavior is discussed. 

Chapter 7: Conclusion and Future Prospect. In this chapter, the results in this thesis 

are summarized and concluded. Meanwhile, future prospect of the research of 

functional TFTs is described.
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Chapter 2   Overview of Functional TFTs 

and Hybrid Materials 

2.1 Working Principle of TFTs 

As addressed above, TFTs belong to a subcategory of FETs, mostly are the 

enhancement-mode FETs. In a TFT, thin films of semiconductor, dielectric and metal 

(or others conductive materials) are deposited on substrate layer by layer and serve as 

active layer, insulator layer and electrodes of the TFT, respectively. According to the 

positions of source, drain and gate electrodes, TFTs can be divided into four types: 

bottom gate-top contact, bottom gate-bottom contact, top gate-bottom contact and top 

gate-top contact TFTs. Their configurations are shown in Figure 2.1. Whichever 

structure, the active layer and the insulator layer keep contact and their interface is the 

place where the conducting channel is to be formed. 

 

Figure 2.1 Structure schematics of four kinds of TFTs 

The working mechanism schematic and performance characters of a TFT are shown in 
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Figure 2.2. Here the bottom gate-bottom contact structure and a p-type semiconductor 

are chosen as an example. When negative gate voltage (VG) beyond the threshold 

voltage (Vt) is applied to the gate electrode and the source electrode is grounded, a 

very thin layer of holes will be induced in the semiconductor layer near insulator layer. 

This thin layer of holes will form the conducting channel for the source-drain current 

(IDS) when a drain voltage (VDS) is applied.  

 

Figure 2.2 Working mechanism schematic of a bottom gate-bottom contact p-type 

TFT and its performance. 

Figure 2.2 also shows the typical output (IDS~VDS) curve, the linear and saturation 

transfer (IDS~VG) curves of this p-type TFT. The transfer character can be described 
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where W, and L are the width and length of the channel, respectively. µ is the carrier 

mobility. Ci is the capacitance of the gate insulator. Vt is the threshold voltage of the 

device, which can be determined by the saturation transfer curve as shown in Figure 

2.2. 

The mobility µ, the threshold voltage Vt (the minimum VG used to form the conducting 

channel) and the on/off ratio (the ratio of maximum and minimum IDS in transfer 

curves) are the three most important parameters to present the performance of a TFT 

[21]. 

2.2 Functional TFTs 

2.2.1 Introduction 

A functional TFT is a functional device with the structure of TFTs. The functional 

device is a broad category covering many devices. These devices have been widely 

used in modern society for both large instruments and portable devices. Here we just 

talk about the functional devices which are either semiconductor devices such as 

diodes and transistors or integrated devices based on them. In terms of applications, 

functional devices can be divided into several categories: 
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 Memories. For example, capacitive memories for dynamic random access 

memory (DRAM) and floating gate transistors for flash memory [17]. 

 Light emitters. For example, light emitting field effect transistors (LEFETs) for 

flat panel display [3, 15]. 

 Photodetectors. For example, Si-based visible photodiodes and Ⅲ-Ⅴ 

elements-based infrared photodiodes for thermal imaging [3, 10, 16].  

 Other functional devices such as biosensors, chemical sensors, gas sensors and so 

on [15]. 

Functional devices have been developed for long time and got glorious improvements. 

However, they always suffer from some disadvantages on cost and performance and 

the effort to search for their alternatives has never stopped [16, 17]. Functional TFTs 

benefit from their structures and attract more and more interest. For example, widely 

used LEDs need external circuits for device control and signal reading out. This 

requirement may increase the technical complexity and the device cost. As a 

comparison, a light emitting TFT can integrate the light emitting and the switching 

functionality in a single cell.  This integration may give rise to remarkable 

improvement of devices performance and promising industrial prospect [31]. 

Regarding photodetectors, conventional photodetectors based on photodiodes suffer 

from the limited quantum efficiency and this parameter can be largely improved using 

TFT structure [32]. Furthermore, some reports show that the gate voltage in TFT 
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photodetectors can be used to enhance or erase the photoresponse [18, 19]. In the 

application of memory, floating gate and ferroelectric transistors have already been 

used in modern flash memory and are being further improved [20, 33-37]. Besides, 

some novel light driving memories based on TFTs which show promising features 

such as multilevel storage ability have been proposed [38-43]. 

On the other hand, because of the strict processing conditions and small amount of 

conventional inorganic semiconductors, they offer limited choices for the materials 

that can be used in functional devices. Therefore, the rise of organic semiconductors 

since 1970s blooms the research of functional TFTs [15, 44]. High level synthetic 

chemistry supplies abundant organic semiconductors with various semiconductor 

properties. Moreover, The solution-processibility of some organic semiconductors 

makes them promising candidates for future low cost, roll to roll processible and 

flexible electronic devices [22]. Besides organic semiconductors, graphene and 

quantum dots have also attracted huge attention in functional TFTs research because 

of their extraordinary electronic properties (graphene) [45] and unique optoelectronic 

property derived from quantum size effect (quantum dots) [46]. Based on these 

materials or the hybrids of them, various functional TFTs have been fabricated such as 

visible photodetectors [47, 48], infrared photodetectors [49-51], flash memories [20, 

33-37] and light driving memories [38-43]. These devices show not only impressive 

performance, but also valuable inspirations for future research.  
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2.2.2 Photodetectors Based on TFTs 

 

Figure 2.3 (a) Schematic of a typical photodiode and its working principle under 

illumination. (b) Schematic of a p-type photoconductor and its working principle 

under illumination. (c) Bottom gate-top contact phototransistor under illumination.  

A photodetector is a device to sense the light through converting light signals into 

electric signals. Photodetectors are widely used in visible imaging for cameras, 

thermal imaging for military, diagnosis or remote monitor, optical fiber 

communication as laser receiver and others [3]. Photodetectors can be divided into 
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two categories: photodiodes and photoconductors. Their typical structures and 

working process are shown in Figure 2.3a and b. It is easy to understand that 

photo-induced charge carriers contribute to the photocurrents of photodetectores.  

In a photodiode, both holes and electrons attend the conduction and the external 

quantum efficiency (EQE, which is the ratio of photocurrent to photon incident on the 

device) is limited below 1. In a photoconductor, with one kind of carriers trapped, the 

other kind of carriers can circulate in channel for many times before recombination. 

As shown in Figure 2.3b with a p-type photoconductor as an example, this device may 

has gain larger than 100% thus higher sensitivity than a photodiode [32].  

Figure 2.3c shows a photodetector with the structure of bottom gate-top contact TFTs. 

It can also be called a phototransistor. It is apparent that a phototransistor can be 

regarded as a photoconductor with an extra gate electrode. Both of photodiodes and 

photoconductors suffer from high noise current because of the conductivity of 

semiconductors [32, 52]. The gate voltage of a phototransistor can be used to switch 

the operation mode of device to minimize the noise current [10, 53]. Besides, it can 

also be used to tune the photoresponsivity and response time for better performance 

[18, 54, 55]. Moreover, with TFT structure, phototransistors are easier to be integrated 

into electronic circuit [16, 18, 19, 32, 53, 54, 56-58]. 

Under light illumination, the transfer curves of phototransistors will shift horizontally 

to high or low gate voltage direction. The direction depends on photo-excitation and 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 2 

SUN Zhenhua  15 

charge carriers’ injection conditions. For example, a phototransistor is fabricated 

based on p-type semiconductor. When it is placed under light illumination, 

photo-induced electrons will be trapped in these electron-trapping centers, with holes 

in the p-type conducting matrix. The transfer curve will shift to high gate voltage 

direction because of the p-doping effect, as shown in Figure 2.4a. The sampling 

response of this phototransistor, which is the channel current monitored under light 

illumination, is shown in Figure 2.4b. 

 

Figure 2.4 Photoresponse of p-type phototransistor with electron-trapping centers. (a) 

Transfer curves under light illumination. (b) Sampling curve with three on/off cycles 

of light. 

Besides the common parameters of TFTs, there are two important figures of merit 

especially for phototransistors: photoresponsivity R and photoswitching ratio P. They 

are given by: 
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where the illI  is the source-drain channel current under illumination, DarkI  is the 

channel current in dark, A  is the channel area exposed under illumination and eE  is 

the light irradiance [9].  

Table 2.1 Some phototransistors which make use of different kind of materials and 

sense wavelength in different regions. 

Phototransistor Ultraviolet  Visible light Infrared  

Organic  BPTT [59] 

P3HT [60] 

Spiro-DPSP [61] 

PY-4(THB) [55] 

Sexithiophene,  

Pentacene [62] 

MEH-PPV [63, 64] 

HXS-1 [65] 

(Me-ABT) [58] 

J-Aggregated organic [66] 

P3HT, Pentacene [67] 

P3OT [68, 69] 

P3HT [60, 70] 

BAS-PPE [71] 

F8T2 [9] 

Pentacene, tetracene [72] 

Pentacene [57, 73, 74] 

Rubrene, tetracene [75] 

squarilium dyes 

[76] 

Inorganic  Graphene oxide 

[77] 

AlGaN [78] 

MoS2 [79] 

monolayer graphene [80] 

Si [81] 

Si nanowire [82]  

Ge nanowire [83] 

Graphene [49, 56, 

84, 85] 

Si nanowire [82] 

Hybrids  ZnO nanoparticle- 

SWNT [86] 

 

TiO2-P3HT [87, 88]  

Graphene-PbS [50] 

60PCBM:OC1C10PPV [89] 

MDMO-PPV-PCBM [90] 

C59N@SWNTs [91] 

TiO2-P3HT [47, 48] 

Graphene-TiO2 [92] 

P3HT-IGZO [93] 

P3HT-PCBM [94] 

P3HT-F8BT [95] 

P3HT-dye [96] 

Graphene-PbS- 

quantum dots [51] 

Phototransistors are first invented by Dr. John N. Shive in 1950 at Bell Laboratory [97] 
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and have undergone great development ever since. For example, visible light detection 

is important for many applications and silicon (Si) is the widely used material in this 

area. In 1984, N. M. Johnson et al. reported their phototransistor based on single 

crystal Si, which showed photoresponsivity ≥300A/W [81]. Recently in 2010, Arthus 

Zhang and his partners fabricated similar devices making use of Si nanowire. They 

successfully improved the photoresponsivity largely, which is up to 1×10
5
 A/W at low 

temperature and weak irradiance [82]. Attempts on fabricating practical 

phototransistors never cease and some reported phototransistors making use of 

various materials are listed in Table 2.1. It is worthy of note that in the recent works, 

phototransistors based on organic materials take up a large proportion. In the 

meantime, phototransistors based on graphene and quantum dots are obtaining more 

and more attention. 

2.2.3 Memories Based on TFTs 

Memory technologies are of great importance because nowadays almost every 

electronic device needs its own memory for date recording and processing [15]. In fact, 

for computers, cell phones and many other types of equipments, the performances of 

their Random Access Memory (RAM) are the second crucial factors that will 

influences devices speed and capacity besides CPUs. Dramatic achievements have 

been attained in memory researches and they contribute largely to the miniaturization 
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and optimization of electronic devices. Table 2.2 lists current mainstream memory 

technologies as well as some technologies in research. Some more features concerned 

can be found in literatures [17, 98].  

Table 2.2 Some memory technologies industrialized or in research stage. 

              Features 

Memory Principle 

Volatility  Multilevel Driver Applications 

Capacitive couple memory Yes No Electricity Random Access 

Memory (RAM) 

Transistor 

memory  

Floating gate 

transistor 

No yes Electricity Flash Memory 

Read Only 

Memory (ROM) 

Ferroelectric 

transistor 

No No Electricity Flash Memory  

Resistive memory  No Research Electricity Demonstration 

Phase change memory No Research Laser CD/DVD disk 

Magnetoresistive memory No No Magnetism Hard Disk Drive 

(HDD) 

It is well known that Hard Disk Drive (HDD) and flash memory are the mainstreams 

of nonvolatile memory. HDD, which makes use of magnetoresistance technology, is 

the first choice for the large capacity memory because of its high density and low cost 

advantages. Nevertheless, HDD suffers from slow accessing speed, high energy 

consumption and unstable operation and is being replacing by flash memory [17]. 

Flash memory is mainly fabricated based on floating gate transistors. It has good 

nonvolatility, low energy consumption and is easy to be integrated into electronic 

circuits. However, its endurance is unsatisfactory and the effort to increase the 

memory density through miniaturizing element cells is hindered by intrinsic 

limitations of its materials [17]. Therefore, various new materials including organic 
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semiconductor and graphene have been used in the research of memories based on 

floating gate and ferroelectric transistors for improved performance [11, 20, 33-37, 99, 

100]. 

 

Figure 2.5 Left: electricity driving resistive memory based on hybrid carbon 

nanotube (CNT) and P3HT, conceived schematic from ref. [101]. Right: light driving 

TFT memory based on hybrid of carbon nanotube and P3OT, reproduced from ref. 

[41]. 

On the other hand, some novel memory devices have been proposed, such as the 

electricity driving resistive memories and the light driving TFT memories. An 

electricity driving resistive memory is comprised of a resistance switchable material 

with two terminal electrodes. Different resistive states can be switched by electric bias 

between the electrodes. A light driving TFT memory has the same structure as a 

phototransistor. It makes use of light illumination to change the resistive state of the 

conducting material to programme information. These excited states can retain for 
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long term and be erased by the gate voltage. Figure 2.5 shows an electricity driving 

resistive memory and an light driving TFT memory. The Left figure is the conceived 

schematic of the resistive memory reported by Basudev Pradhan et al. in 2006 [101]. 

Their devices are fabricated based on the hybrids of carbon nanotube (CNT) and P3HT. 

This kind of resistive memory shows electrical bistability under voltage sweeping. 

Also in 2006, a light driving TFT memory based on CNT and P3OT, whose structure 

is shown in the right figure of Figure 2.5, was reported by Julien Borghetti et al. [41]. 

The channel resistance of the TFT decreases under visible illumination and is stable 

after light removed. Furthermore, the low resistance state can be erased by gate 

voltage.  

It is worth noting that a light driving TFT memory can be regarded as a kind of 

resistive memory programmed with light illumination instead of electricity. In fact, 

the conventional floating gate transistor memories and ferroelectric transistor 

memories all make use of different resistive states of the conducting channel to record 

information. These states are switched by gate voltage. It is apparent that making use 

of light instead of electricity to be the programming method is helpful to lower the 

energy consumption. The TFT configuration makes the device facile to operate and 

integrate into electronic circuits. Besides, the variability of light intensity and 

wavelength facilitate multilevel storage, which is of large significance for high density 

memory. Some multilevel light driving TFT memories have already been reported [39, 
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40]. 

Compared with the bistable electrical property shown by rare materials [17], most 

semiconductors have optoelectronic properties. This point accommodates large 

potential of light driving memories research. It should be pointed out that the carries 

traps are crucial for the nonvolatile performance. This is why most reported light 

driving TFT memories are fabricated based on hybrid materials, including carbon 

nanotube-polymer [38, 40-42], organic-inorganic hybrids [42, 43] and others [39, 54].  

One component in these hybrid systems is in charge of conducting current and the 

other is responsible for the trapping of photo-induced carriers. Their synergy gives rise 

to the nonvolatile memory effect. 

2.3 Hybrid Materials 

2.3.1 Introduction 

It is well known that materials play critical roles in the performance of devices. 

Scientific community is always attempting to find or design perfect materials for 

certain applications. Unfortunately, every material shows trade-offs between different 

properties such as mechanical, durative, and functional properties. Therefore, 

combing different pristine materials to get hybrid materials with desired properties is 

an effective route for materials design and hybrid materials has attracted increasing 

attention, as shown in Figure 2.6.  
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Figure 2.6 Publication amounts in recent eleven years about hybrid materials. Date 

from ISI Web of Knowledge with keyword “hybrid material” in title. 

In fact, in ancient age people knew how to fabricate Adobe, which is a kind of hybrid 

material with straw mixed into clay to prevent easy cracking [27]. With the 

development of scientific scale, hybrid materials have developed from macro- 

mixtures to nanosize composites and then the molecular level complexes nowadays 

[28, 102]. The properties of hybrid materials certainly depend on the natures of their 

components, but the interactions of these components are also very important. In fact, 

many interesting functionalities of hybrid materials are derived from these 

interactions [102]. These functionalities can be used in many fields such as biology, 

chemistry and optoelectronics. Various functional devices including biosensors, 

photocatalysts, lasers and solar cells have been fabricated making use of various 
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hybrid materials [27-30]. 

It is not easy to categorize hybrid materials because of their huge amount and wide 

range of features. Several classifications relying on dimensions of components, 

interaction of components or applications have been used to divide them [28, 102]. 

Here we just study the binary hybrid materials and define them to be the single 

systems that comprise two different components. Thus it is reasonable to categorize 

them into three classes generally through the components types. 

 Organic-Organic (O-O) hybrid materials. Both of the components are organic 

materials. Organic materials have good compatibility to each other and most of 

this kind of hybrid materials is solution-processible. The organic solar cell, which 

is the scientific hotspot now, mostly makes use of O-O materials such as the classic 

PCBM-P3HT system [103]. Besides, the O-O materials also obtain attention in 

TFTs area. Junshi Soeda et al. and Richard Hamilton et al. respectively reported 

their TFTs with improved performance based on blends of organic materials [104, 

105]. Maxim Shkuno et al. fabricated ambipolar transistors using hybrids of p-type 

and n-type organic semiconductor [106]. Some functional TFTs such as 

phototransistors using O-O materials have also been reported [89, 90]. 

 Inorganic-Inorganic (I-I) hybrid materials. This kind of hybrid materials has 

already been used in mass production. Last generation transparent electrode, 

the fluorinated tin oxide (FTO) and current used Indium tin oxide (ITO) can be 
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regarded as I-I materials. There are also many other I-I hybrid materials such as 

doping semiconductors and photoluminescence materials [107]. What have 

aroused large research interest recently in this area are the graphene-inorganic 

hybrid materials. This kind of material appears with the rise of graphene and 

shows excellent properties and promising application prospect [108, 109]. It will 

be discussed later in detail. 

 Organic-Inorganic (O-I) hybrid materials. O-I materials is the mainstream of the 

hybrid materials research. Pedro Gomez-Romero in his review paper divides this 

kind of materials into three categories: organic-inorganic (O-I) materials, 

inorganic-organic (I-O) materials and nanocomposites [102]. In this classification, 

O-I and I-O materials are the molecular scale hybridization of components with 

organic and inorganic components as host matrix, respectively. And the 

nanocomposites are the hybrid systems with inorganic nanoparticles dispersed in 

organic matrixes. 

2.3.2 Organic-Inorganic Hybrid Materials 

Here the organic-inorganic hybrid (O-I) materials are defined broadly as the 

composites comprising organic and inorganic components. Though some O-I 

materials, for example the Maya blue pigments, have already been used in human 

society for thousands of years [28], it is believed that industrial products based on O-I 
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materials had not been developed until 1940s [110]. The term “hybrid” was first 

proposed in 1990s with the development of molecular chemistry [111].  

Table 2.3 Comparison of properties of some organic and inorganic materials [112]. 

O-I materials earn huge interest because of their great potential in material design. It is 

well know that both single organic and inorganic materials have their advantages as 

apparent as their disadvantage. The properties of some organic and inorganic materials 

are shown in Table 2.3 [112].  It is worth noting that the properties of organic and 

inorganic are complementary to each other. Therefore, it is reasonable to compensate 

their disadvantages through mixing them together. 
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2.3.2.1 Synergistic Effects in O-I Materials and Their Applications 

 

Figure 2.7 (a) Perovskit structure of (C6H5C2H4NH3)2SnI4 hybrid film [113]. (b) 

Enhancement of hole mobility in MEH-PPV by adding ZnO tetrapods. The Wt% is 

the mass ratio of ZnO tetrapods in hybrid system [114]. (c) Structure and working 

principle of dye sensitized solar cell. The big blue spheres represent TiO2 

nanoparticles and the small red spheres represent dye [115]. 

One of the advantages of hybrid materials is that they may show the expected 

properties which are come from their components. For example, hard mechanical 

property of inorganic induces complicated processing but many organics are soluble. 

Therefore dispersing inorganic into organic matrixes to realize solution-processibility 

of inorganic components without sacrificing their excellent electronic properties is a 

feasible way. C. R. Kagan et al. reported their high performance TFT based on the 

perovskite (C6H5C2H4NH3)2SnI4 hybrid film [113]. The structure of this hybrid film is 

shown in Figure 2.7a. It is synthesized by organic component C6H5C2H4NH2HI and 

inorganic component SnI2. The final hybrid materials are solution-processible with 

high mobility of SnI2 reserved.  

Another advantage of hybrid materials is that the components therein may enhance the 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 2 

SUN Zhenhua  27 

properties of their counterpart. For example, Zong-Xiang Xu et al. found that adding 

ZnO tetrapods into polymer MEH-PPV matrix would induce the increase of hole 

mobility of the polymer matrix, as shown in Figure 2.7b [114]. This exceptional 

phenomenon is also found in our research and is attributed to the nanoparticle 

inducing self-assembly of polymer [88].  

Besides combining or improving of the intrinsic properties of the components, hybrid 

materials may show new functional properties that don’t belong to any single 

component, which derive from the synergistic effects of their components. Dye 

sensitized solar cell (DSSC) is a classical example of this kind of effect. The core of a 

DSSC is its photoanode which commonly is a hybrid film of TiO2 nanoparticles and 

organic dye. The dye adhering to TiO2 harvests light with TiO2 film accepts and 

conducts electrons. The synergistic effect is the photovoltaic phenomenon, as shown 

in Figure 2.7c [115, 116].  

Some O-I materials and their applications are list in Table 2.4 to give a glance into this 

area. It should be pointed out that the interface of different components in an O-I 

material plays an important role in the synergistic effect. Many applications of O-I 

materials especially the optoelectronic devices such as photodetectors and 

photovoltaic devices benefit from the interface, where the photo-induced excitons 

dissociate and the charge carriers generate. This mechanism will be harnessed very 

much in our research. 
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Table 2.4 Some O-I materials, their synergistic effect and applications. 

Organic Inorganic Synergy effect Application 

PVA-g-P(4-VP) 

 

P3HT 

Silica sol 

 

TiO2 nanocrystal 

Improved performance 

 

Visble-UV sensitivity 

Biosensor [117] 

 

Phototransistor [47, 48] 

Dye 

 

MEH-PPV 

TiO2 nanocrystal 

 

TiO2 nanocrystal 

Photovoltaic effect 

 

Photovoltaic effect 

Solar cell [116]  

 

Solar cell [118] 

Polyaniline CdS particles Proton uptaking Electrochromic [119] 

C6H5C2H4NH2HI 

 

MEH-PPV 

 

P3HT 

SnI2 

 

ZnO 

 

TiO2 nanorods 

Intrinsic properties 

 

Unclear 

 

Self-assembling 

Improved TFT [113] 

 

Increased mobility [114] 

 

Increased mobility [88] 

Polypyrrole 

 

polyaniline 

MnO2 

 

V2O5 

Active of MnO2 

 

Mechanical support 

Li-battery [120] 

 

Li-battery [121] 

TPAPAM Graphene Redox reaction Memory [122] 

Polystyrene  Graphene Reinforcement  Improved conductivity [123] 

2.3.2.2 Synthesis and Processing 

The bloom of O-I materials should be largely ascribed to the progress of the synthesis 

techniques. The largely developments of soft chemistry and physical deposition 

techniques make it possible to tailor hybrid materials for expected properties. The 

synthesis techniques of O-I materials can be divided into two categories generally: 

 Physical techniques. Thermal evaporation is an effective method to deposit O-I 

material films especially for small molecule organics that are poorly soluble, as 

well as some O-I materials that require to be deposited under vacuum condition. 

High quality of hybrid films such as Alq-MgF2, CuPc-TiOx and 

(C6H5C2H4-NH3)2PbI4 perovskite hybrid films have been successfully deposited 
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by this way [26, 124]. 

 Chemical techniques. They are the predominant techniques used to synthesize O-I 

materials. Chemical techniques belong to a category with broad content. This 

category includes sol-gel method, hydrothermal synthesis, integrative synthesis, 

solution mixing, Langmuir-Blodgett assembling, self-assembling, electrostatic 

assembling and so on. These methods can be used to obtain O-I materials with 

scales from hybridized layer by layer perovskite structure to macroscopic mixture 

[26-29]. 

Besides synthesis, processing of O-I materials is another important step toward 

applications. The physical techniques are processing methods themselves, which 

deposit hybrid films directly. On the other hand, solution-processiblity is a remarkable 

advantage of the O-I materials which are synthesized by chemical techniques. Various 

processing methods have been developed, such as ink-jet printing, spray, 

electro-spinning, fiber extrusion and pulling, dip coating, doctor blading, spin coating, 

and drop casting [26, 27]. Among them, the spin coating and drop casting are two 

important methods to deposit thin films and widely used in the fabrications of various 

devices such as TFTs [125] and solar cells [118]. The common advantages of spin 

coating and drop casting are their easy operation and compatibility with large scale 

processing, which have promising applications in low cost industrial production. 

Besides, spin coating can result in films that are very thin, uniform and smooth. 
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Meanwhile, drop casting allows the self-assembly process which may improve 

properties of films [26, 125]. These features are of great significance in our scientific 

research reported in the thesis.  

2.3.3 Graphene-Inorganic Hybrid Materials 

2.3.3.1 Overview of Graphene 

 

Figure 2.8 (a) Schematic of graphene [126] (b) Ambipolar electric field effect in 

single layer graphene. The insets show the conical low-energy spectrum. Fermi level 

EF under different gate voltage is indicated [45]. 

Graphene is a two-dimensional crystal with carbon atoms arranged in a hexagonal 

lattice (Figure 2.8a) which was first reported by K. S. Novoselov et al. in 2004  [127]. 

Graphene has received intense interest for its unique properties, some of which are 

summarized as follows: 

 Electronic properties. Graphene is a kind of zero bandgap semimetal with 

conduction band and valence band touch at a point. It shows ambipolar transport 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 2 

SUN Zhenhua  31 

feature with massless Fermions behavior and ballistic transport of charge carriers 

(Figure 2.8b) [45, 126]. The charge carrier mobility in graphene is up to 10
5
 

cm
2
/Vs at ambient temperature [128, 129] and 10

6 
cm

2
/Vs at low temperatures 

[130]. The high mobility makes graphene promising candidate in applications 

such as high speed TFTs [24, 25, 131]. In fact, even with modest mobility around 

10
3
 cm

2
/Vs, high speed TFT with cut-off frequency up to 100GHz has been 

obtained [25]. 

 Conductivity at neutrality point. Graphene retain its conductivity of the order of 

4e
2
/h, where e is the electron charge and h is the Plank constant, within the limit of 

nominally zero carrier concentration near the neutrality point. The aforementioned 

remarkable mobility and this high conductivity with zero carrier concentration 

make it suitable to be used as electrodes [126, 132].  

 Optical properties. Single layer graphene shows poor absorption to light from 

infrared to UV [133]. It is proven that in infrared region the absorbance of single 

layer graphene is ~2.3% [134-136]. This value increases with the increase of light 

frequency but still be less than 3% in visible region [137]. At UV of ~280nm, 

graphene has an absorption peak with absorbance of ~10% due to the presence of 

the van Hove singularities at the zone edge [138, 139]. With fewer wavelengths 

the absorbance decreases sharply. This means that graphene is almost transparent 

in wide wavelength range. The high conductivity and transparent optical 
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properties of graphene make it a promising candidate for transparent electrode in 

optoelectronic devices [132, 140]. Chanwook Jeong et al. reported their 

ultratransparent polycrystalline graphene electrodes with improved sheet 

resistance [141]. In earlier time Wu et al. fabricated OLED with 

solution-processed graphene as transparent conductor [142]. 

 Mechanical properties. Defect-free graphene is proven to have a Yong’s modulus 

of 1YPa [143, 144]. As more available graphene, the chemically derived graphene 

with defects still has the value of 0.25 Ypa and simultaneously good flexibility 

[145]. With these properties, graphene can be used to support or reinforce the other 

component in a hybrid system. 

 Thermal properties. Suspended single layer Graphene has a thermal conductivity 

of ~5000W/mK at room temperature [146]. The excellent thermal property makes 

graphene stable when it is used as substrates, electrodes or active materials in 

some applications such as photodetectors and solar cells. 

These unique properties make graphene attractive both in scientific research and 

applications. But in some occasions these properties may become its weaknesses. For 

example, when graphene is used as the active layer in TFTs, the high conductivity at 

neutrality point will induce high off current and low on/off ratio which will suppress 

the switching performance of TFTs [126]. Besides, the low absorbance of graphene 

makes it unable to harvest light energy and limits the application of graphene in 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 2 

SUN Zhenhua  33 

optoelectronic devices. Considering aforementioned discussions about hybrid 

materials, hybrid materials based on graphene is a reasonable choice for sophisticated 

utilization of graphene in functional devices. 

Obviously there are two kinds of hybrid materials based on graphene: 

graphene-organic and graphene-inorganic hybrids. Several excellent review papers 

have been published on this topic [109, 147-149]. Here graphene-inorganic hybrid 

materials will be introduced because of its relevance to our research.  

2.3.3.2 Preparations of Graphene-Inorganic Hybrid Materials. 

There are abundant methods to prepare graphene-inorganic hybrid materials. 

According to when the components are synthesized, these methods can be divided into 

two categories: 

 Ex situ hybridization. In this category, both graphene and inorganic components 

are pre-synthesized before they are hybridized. The hybridization can be realized 

by noncovalent or covalent interactions. Sometimes surface modifications of the 

components are needed for their combinations [109, 147]. Both the depositing 

inorganic on the surface of graphene layer and the mixing of graphene and 

inorganic are included in this category. The inorganic components can be metals, 

metal oxides or other materials. Such as the reported Au [150, 151], MnO2 [152], 

Fe3O4 [153, 154], CdSe [155, 156] and PbS [51]. 
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 In situ synthesis. Graphene and inorganic components are synthesized 

simultaneously in the hybridization process. Compared with ex situ hybridization, 

this approach can give rise to uniform distribution of the inorganic components on 

graphene [109, 147]. In situ synthesis is a widely used route toward 

graphene-inorganic hybrids and a variety of methods are included in this category, 

both physical and chemical. Physical deposition such as thermal evaporation has 

been reported to deposit Au [157], Al [158], and PbS [50] nanoparticles on surface 

of graphenes. Filtered Cathodic Vacuum Arc (FCAV) deposition is another 

physical method to deposit oxides such as ZnO on graphene for hybrid materials 

[159]. Chemical synthesis is predominant in the in situ synthesis, including sol-gel 

methods, hydrothermal methods, chemical deposition, electrochemical deposition 

and self-assembling methods. By chemical synthesis methods, many oxides and 

semiconductors nanoparticles such as TiO2 [160], MnO2 [161], ZnO [162, 163], 

and CdS [164, 165] have been hybridized with graphene. Graphene-metal 

particles hybrids also can be obtained using chemical ways, such as the 

graphene-Au [166], grahene-Pd [167] and graphene-Ag [168] hybrids.  

2.3.3.3 Applications of Graphene-Inorganic Hybrid Materials 

It is impossible and unnecessary to list all graphene-inorganic hybrid materials here. 

In fact, it is of more significance to classify them according to their applications and 
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investigate their synergistic effects derived from their interactions. The high stiffness, 

large surface and high thermal conductivity of graphene make it suitable to be support 

material in a hybrid system. And the electronic properties of graphene and the intrinsic 

properties of the inorganic component will decide the functionality of the hybrid 

system and the application of the device based on it.  

Table 2.5 The roles and synergies of components in some graphene-inorganic hybrid 

materials and the applications of these hybrid materials. 

Synergy  Role of graphene  Role of inorganic Application Ref. 

Excitons 

dissociation 

in interface 

conducting media Light harvester photodetector [50, 51, 155, 

162] 

conducting media Light harvester Solar cell [164, 169] 

Charges 

transport 

through 

interface 

conducting media conducting media DSSC [170-172] 

conducting media Sensing centre Gas/biosensor [173, 174] 

Large surface area; 

conducting media 

catalyzer Electrocatalysis; 

photocatalysis 

[175-177] 

High stiffness; 

Large surface area 

cathode Li batteries [178, 179] 

Decreased 

aggregation 

of graphene 

anode Intercalateors Li batteries  [180, 181] 

High capacitance High capacitance; 

stablizer 

supercapacitor [161, 182] 

The interfaces of graphene and inorganic components are crucial to their synergistic 

effects because the interfaces are the sites where charge transfer and excitons 

dissociation happen. In some applications of graphene-inorganic hybrid materials, the 

involved properties of each component and synergistic effects of them are summarized 

in Table 2.5. In fact, both the excitons dissociation and charges transport behaviors can 

be ascribed to the high mobility in graphene which will facilitate the charge carrier 

injections. Take the dye sensitized solar cell (DSSC) as an example, the DSSCs 
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comprising graphene as conducting layer show better performance than the devices 

without it, because the photo-induced electrons trend to inject into graphene and 

transport away from recombination centers very fast. This process will increase 

charge separation in the solar cell [170-172].  

2.3.4 Functional TFTs Based on Hybrid Materials 

As the organic semiconductors are regarded as the key to solve the performance and 

cost bottlenecks faced by the current silicon based electronic industry, large effort has 

been devoted into the synthesis of new organic semiconductors for future miniaturized, 

flexible, low cost, and even transparent electronic devices [22, 183, 184]. The 

achievements of the effort surely are great. For example, the field effect mobility of 

some organic semiconductor has been improved up to 5 cm
2
/Vs, which is superior to 

amorphous silicon [185]. The development of organic semiconductors offers more 

potential for hybrid materials. On the other hand, though the boom of organic 

semiconductors makes great contribution to functional TFTs, in this area the hybrid 

materials still show apparent advantages. Taking the photo-excitation process as an 

example, hybrid materials show advantages in the application of optoelectronics. It is 

more difficult to obtain high quantum efficiency in single semiconductor than hybrid 

materials, because the interfaces in hybrid materials can supply the sites for excitons 

to dissociate, which are rare in single semiconductor. To our best knowledge, the 
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highest photoresponsivity of phototransistors based on single organic semiconductor 

is ~1.2×10
4
A/W with an elaborately synthesized organic material [58]. The widely 

investigated polymer P3HT have been used to fabricated phototransistor and shows 

modest photoresponsivity of ~250 A/W [70]. But in our research, the phototransistor 

based on the P3HT-PbS quantum dots hybrid materials shows photoresponsivity up to 

2×10
4 

A/W in infrared region.  

2.3.4.1 Phototransistors based on hybrid materials 

The phototransistors based on hybrid materials have never been paid enough attention 

until 2006. In that year, N. Marjanovic et al. and R. M. Meixner et al. reported their 

phototransistors making use of MDMO-PPV/PCBM [90] and dye/P3HT [96] blends, 

respectively. R. M. Meixner et al. illustrated that their devices can sense light 

wavelength selectively through choosing different dye as light harvester. Some other 

organic blends such as PCBM/OC1C10PPV [89], P3HT/PCBM [94] and P3HT/F8BT 

[95] have been used in phototransistors later. They all used p- and n-type 

semiconductors as components simultaneously in blends to ensure the dissociation of 

photo-induced excitons, which lead to photocurrent thus the photoresponse. At the 

same time, the organic-inorganic hybrid materials such as P3HT-TiO2 nanoparticle 

and P3HT-indium gallium zinc oxide hybrid thin films have been introduced into 

phototransistors and show moderate performance [47, 48, 88, 93]. The advantages of 
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using inorganic wide bandgap semiconductors is that, besides absorbing light with 

short wavelength, the high mobility in inorganic semiconductors and the distinct 

energy level structures of organic and inorganic components are supposed to give rise 

to improved exictons dissociation, thus larger photoresponse. Furthermore, in our 

research of P3HT/TiO2 nanorods hybrid system, it is proven that TiO2 nanorods can 

improve the hole mobility in P3HT matrix, which can induce better photoresponse 

[88]. 

Because of the excellent electronic properties of carbon nanotube (CNT) and graphene, 

the hybrid materials with any of them as components have also been used in 

phototransistors. The group of Professor Xuefeng Guo has reported their 

phototransistors making use of single-walled carbon nanotube/ZnO nanopraticles [86] 

and graphene/PbS quantum dots [50] hybrid materials. In these devices, carbon 

nanotube and graphene are used as conducting medias with nanoparicles used as light 

harvesters. This kind of combination takes advantage of the good electronic properties 

of CNT or graphene and the tailored optical properties of inorganic nanoparticles 

perfectly. These two kinds of devices show high photoresponsivity up to ~3×10
5
 A/W 

under ultraviolet and ~3×10
3
 A/W under infrared respectively. Most recently, similar 

hybrid phototransistor with PbS quantum dots deposited on the surface of graphene 

has been fabricated, whose photoresponsivity reaches up to 5×10
7
 A/W. This is the 

highest value reported until now [51]. 
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2.3.4.2 Memories Based on Hybrid Materials with TFT Structure 

Conventional memories based on TFT structure comprise floating gate and 

ferroelectric transistor memories. Making use of hybrid materials in this kind of 

device is part of the tide of memories. Some groups have reported their works on 

organic floating gate transistor memories, in which polymer insulator films are used as 

tunnel layers and Au particles are embedded into these layers as floating gate materials 

[20, 33, 37]. These hybrid films comprising organic insulators and Au particles are 

solution-processible, therefore flexible devices can be obtained [20]. On the other 

hand, inorganic materials still have advantages in performance. Inorganic-inorganic 

hybrid film with high-k HfO2 as the matrix comprising Au nanoparticles has been used 

in floating gate transistor memory which shows low operation voltage, long term 

retention and good stress endurance [36]. Similar device using high-k HfAlO/carbon 

nanotube hybrid film has been reported as well [34]. Besides, hybrid system of ZnO 

nanowire and BaTiO3 ferroelectric nanoparitcles has been reported to be used in 

ferroelectric transistor memory. This memory device shows large modulation, long 

term retention and multilevel memory storage ability [35].  

Different from the conventional transistor memories which are driven by electricity, 

recently another kind of transistor memory driven by light has been proposed. In this 

kind of memory, the channel resistance can be tuned by light illumination. Different 

resistive state retains for long time and can be erased by gate voltage. Therefore, light 
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illumination and gate voltage can be used as programming and erasing methods, 

respectively. It is obvious that photo-excitation is essential in the programming 

process, which is one advantage of using hybrid materials as addressed above. The 

hybrid systems with carbon nanotube coated by polymer such as P3OT or PmPV have 

been used in this kind of light driving memory [38]. In those devices, the underlying 

carbon nanotube conducts the currents and the polymers serve as the light harvesters. 

The resistance of carbon nanotubes can be changed by the light illumination through 

the optoelectronic effect of polymers and retains for long time. The wavelength of 

driving light is dependent on the polymer components. Same phenomenon has been 

reported by other groups [40, 41]. Some similar devices have also been reported with 

polymer-quantum dots hybrid materials. The group of Kung-Hwa Wei showed their 

light driving transistor memories with P3HT-CdSe quantum dots and 

P3HT-CdSe/ZnSe core/shell quantum dots hybrid films as active layers [42, 43]. 

P3HT films are used as conducting matrixes and the CdSe quantum dots with surface 

ligand or ZnSe shell trap the photo-induced charge carriers. Light driving memories 

based on TFTs have the virtues of low energy consumption, high scalability and 

multilevel storage ability. 

The extraordinary properties of hybrid materials support their widely application in 

functional TFTs. Until now considerable effort have been devoted to this topic and 

many excellent devices have been fabricated, such as the light emitting TFT based on 
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T5/P13 organic blends films [87, 186] and the chemical sensor based on blends of 

6TPPT6 and HO6OPT [187]. This thesis is focusing on phototransistors and 

memories based on hybrid materials. 

2.4 Summary  

Nowadays, functional devices such as various sensors, memories and light emitters 

are popularly used in the information society. Their wide application promotes the 

research for high performance, low cost, miniaturized, flexible and even transparent 

functional devices. Therein, accompanying the upsurge of organic TFTs, functional 

devices based on TFTs are attracting increasing attention for their advantages in both 

performance and structure. Abundant organic semiconductors with various electronic 

properties accommodate plenty of choices of materials for functional TFTs. 

Organic-inorganic hybrid materials can combine the high mobility and optical 

properties of inorganic components and the solution-processibility of organic 

components together into single systems. Moreover, the interfaces of different 

components in the hybrid systems can facilitate the charge transfer between them. 

This kind of exceptional synergistic effect is of high significance especially for 

optoelectronic devices such as phototransistors, light driving memories, etc. 

Hybrid materials based on graphene is another kind of promising candidate material 

for functional TFTs. Graphene have extraordinary electronic properties which are 
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overwhelming common organic and inorganic materials. Various functional TFTs 

devices with outstanding performances have been fabricated based on the hybrid 

materials comprising grapheme. 

In our research, phototransistors and light driving memories based on the hybrid 

materials are demonstrated. The physical principles of the devices are systematically 

studied, which provides guidelines for further development. 
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Chapter 3   P3HT-TiO2 Nanorods Hybrid 

Films with Enhanced Hole Mobility and 

Their Application in Ultraviolet 

Photodetectors 

3.1 Introduction 

Organic electronics have attracted much attention recently due to many advantages 

over inorganic semiconductor devices, including low cost, solution-processability, 

flexibility and environmental friendliness [22, 188].
 

Organic-inorganic 

nano-composites are one type of the advanced materials for organic devices because 

of the expected synergy between the organic and inorganic components, leading 

potentially to new physical properties of the composites and various applications in 

devices, including solar cells [189-193], phototransistors [47, 48, 194], memories [43] 

and sensors [195]. The composites of a conjugated polymer such as P3HT and 

inorganic nanoparticles, such as ZnO, TiO2 or CdSe, have been used in organic solar 

cells and gratifying power conversion efficiency up to 3.8% are obtained [189-193].
 

Phototransistors using poly(3-hexylthiophene) (P3HT) and TiO2 hybrid film as the 

active layer was also reported before [47, 48]. These devices especially the hybrid 

photovoltaic devices try to make use of the high charge carrier mobility of the 
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inorganic component and the negative influence on the counterpart conjugated 

polymer caused by the inorganic component is often ignored. 

Carrier mobility is the most important parameter for a semiconductor and dominates 

the performance of most semiconductor devices. However, organic semiconductors 

normally show much lower carrier mobility than their inorganic counterparts, which is 

a drawback for their applications in electronic devices, especially transistors and solar 

cells. Poly(3-hexylthiophene) (P3HT) is the most intensively studied semiconducting 

polymer widely used in both organic thin film transistors (OTFT) and solar cells due 

to its relatively high field-effect mobility ( up to 0.1 cm
2
/Vs) , which is close to the 

value of amorphous silicon film [31]. It has been found that the microstructure in 

P3HT is critically affected by regioregularity and processing conditions, resulting in 

the variation of field effect mobility by several orders of magnitude [196, 197]. 

Therefore various techniques have been used to improve the carrier mobility of P3HT 

by controlling the self-assembly process in the polymer films, such as choosing 

appropriate solvent [196, 198, 199], surface modification of the substrate [197, 200], 

deposition method [201, 202], and annealing conditions [203, 204]. The key point of 

these methods is to enhance the crystallinity of conjugated polymer and optimize the 

orientation of molecules to a preferential direction. 

It is not difficult to understand that mixing some distinctive materials into conjugated 

polymer may deteriorate the crystallinity and lead to more localized energy states in 
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the semi-crystalline polymer film, which will all induce the degradation of charge 

carrier mobility in the conjugated polymer [48, 205]. For example, S. M. Mok et al. 

reported that the hole mobility in the composite film of TiO2 nanoparticles and P3HT 

decreases with the increase in the weight ratio of TiO2 [48]. Therefore it will be 

fascinating to see the excellent property of every single component being kept or even 

elevated in the hybrid materials. In fact, in the research of organic semiconductor, 

besides the improved functional performance of hybrid materials, the enhancement of 

the carrier mobility of conjugated polymer means much to its applications. 

To our best knowledge, the only paper that addressed the enhancement of hole 

mobility in P3HT-based composite films is reported by M. D. McGehee et al [206]. 

The hole mobility can be enhanced by a factor of 20 by infiltrating P3HT into straight 

nanopores of anodic alumnia due to the alignment of polymer chain along the charge 

transport direction, which demonstrates a feasible method of increasing the carrier 

mobility in the composite films by optimizing the coupling between the 

semiconducting polymer and inorganic nano-materials.  

In this chapter, we illuminate that composite films of conjugated polymer P3HT and 

TiO2 nanorods modified with pyridine show double even triple hole mobility of 

pristine P3HT film, which can be attributed to the improvement of the crystallinity of 

P3HT and the optimized orientation of polymer chains in the composite films induced 

by the nanorods. Through the comparison of different types of nanoparticles, it is 
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confirmed that the rod-like shape and the surface modifier (pyridine ligand) both play 

important roles on the crystallinity and hole mobility in P3HT matrix. 

3.2 Experimental 

3.2.1 Materials 

 

Figure 3.1 Left: schematic illustration of nanorods modified with oleic acid; right: 

schematic illustration of nanorods modified with pyridine. 

Poly(3-hexylthiophene) (P3HT): Regioregular P3HT (4002-EE, regioregularity: 90 

~ 93 %, molecular weight: 50,000; Sepioilid
TM

 P200, regioregularity: 98 %, molecular 

weight: 25,000) was purchased from Rieke Metals without further purification. 

Tatiana (TiO2) nanocrystallites: Four types of TiO2 nanocrystallites modified with 

oleic acid and pyridine, including (a) 310nm
2
 nanorods (average diameter = 3nm; 
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average length = 10nm), (b) 320nm
2
 nanorods (average diameter = 3nm; average 

length = 20nm), (c) 2nm TiO2 nanodots (average diameter = 2nm), and (d) 5nm TiO2 

nanodots (average diameter = 5nm), were synthesized by nonhydrolytic method [207]. 

TiO2 nanoparticles without surface modification, including rutile TiO2 nanorod with a 

size of 5nm (diameter)20nm (length), anatase TiO2 nanodots with a diameter of 

10nm, and TiO2 nanoparticles with the size between 10~100nm, were purchased from 

Sigma-Aldrich and used in composite films for comparison. The schematic 

illustrations of nanorod with different surface ligand are shown in Figure 3.1. 

Ligand exchange: Ligand exchange of oleic acid on TiO2 nanoparticles to pyridine 

was carried out by the following method. Firstly, the TiO2 colloidal toluene solution 

was mixed with ethanol with a volume ratio of 1:1. After centrifugation, the 

supernatant liquor was removed. Then, the white precipitate was re-dispersed in 

pyridine liquid and the mixture solution was sonicated and heated at 60 C for 2-3 

hours to get clear solution. Normally one hour is enough to get clear solution. Waiting 

for longer time is to ensure complete ligand exchange. Finally, ethanol was added into 

this solution and the mixture solution was centrifugalized to get the final product. 

3.2.2 Device Fabrications 

Different TiO2 nanoparticles and P3HT were mixed in toluene (2mg/mL). OTFTs 

were fabricated by drop-casting method. Highly doped n-type silicon wafer with 
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500nm thermal oxide on the top was chosen as the substrate. SiO2 surface was 

modified with hexamethyldisilazane (HMDS) monolayer. Then polymer films were 

coated on the SiO2/n-type Si substrates, dried for more than one hour in a covered petri 

dish followed by a thermal annealing process at 120 ℃ in a glove box filled with high 

purity nitrogen. Gold source and drain electrodes were deposited on top of the 

polymer films through a shadow mask by thermal evaporation. All of the devices have 

the channel width and length of 2mm and 100μm, respectively.  

Transmission Electron Microscopy (TEM): TEM (JEOL JEM 2010) was used to 

character the hybrid films and the TEM images are shown in Figure 3.2. The nanorods 

show regular shape and good crystallinity. 

 

Figure 3.2 (a) TEM image of pyridine modified 310nm
2
 TiO2 nanorods (without 

P3HT); (b) TEM image of pyridine modified 320 nm
2
 TiO2 nanorods (without 

P3HT); (c) TEM images of pyridine modified 320 nm
2
 TiO2 nanorods mixed with 

P3HT film. Inset: selected area electron diffraction pattern of the composite film. 

3.2.3 Measurement of Devices 

The OTFTs were measured in a glove box with a Semiconductor Parameter Analyzer 

(Agilent 4156 C). For transfer characteristics, the channel current IDS between source 
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and drain was measured as a function of gate voltage VG under a constant drain 

voltage. VDS= -10 V for characterizing linear mobility lin and VDS= -100 V for 

saturation mobility sat. For output characteristics, the channel current IDS was 

measured as a function of drain voltage VDS under a constant gate voltage VG and 

different VG (-100, -75, -50, -25 and 0V) resulted in different curves of IDS versus VDS. 

The photo response of the OTFT to UV light was characterized under a UV LED with 

a wavelength of 370nm. The LED intensity was controlled by different DC bias 

voltages [48]. 

Absorption spectrum: UV-Vis absorption spectra of composite films drop-cast on 

transparent silica substrates modified with HMDS were characterized by using a 

Shimadzu UV-2550 UV-vis spectrophotometer.  

Space charge limited current: TiO2 nanoparticles and P3HT composites or pure 

P3HT were dissolved in toluene (2mg/mL) and coated on PEDOT:PSS/ITO glass 

substrates by drop casting followed by a thermal annealing process at 120 ℃ in the 

glove box filled with high purity nitrogen. To get thick films, the solution were 

dropped on the substrate for many times. Then Au electrodes were deposited through a 

shadow mask by thermal evaporation. The J-V characteristics of the 

Au/P3HT-composite/ PEDOT:PSS/ITO sandwiched devices were characterized by 

semiconductor parameter analyzer (Agilent 4156C) in the glovebox. Positive voltage 

was applied on Au electrode to induce hole injection in P3HT layer. 
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X-Ray diffraction spectrum (XRD): Polymer films were characterized with Philips 

X'Pert X-ray Diffractometer with Cu Ka radiation. 

3.3 Performance of Devices 

First, TiO2 nanorods (310 nm
2
) modified with oleic acid and pyridine are mixed with 

P3HT (regioregularity: 90~93%; Molecular weight: 50,000) in toluene at a weight 

ratio of 0.75 and coated on n
+
Si/SiO2 substrate to fabricate OTFTs.  

 

Figure 3.3 Transfer characteristics (IDS ~ VG) of OTFTs based on P3HT or 

TiO2-nanorod / P3HT composite films, VDS = -10V. 

Figure 3.3 shows the transfer characteristics (IDS vs. VG, VDS = -10V) of the OTFTs 

based on the P3HT/TiO2 composites or pristine P3HT film. The composite film with 

TiO2 nanorods modified with pyridine shows much higher channel current than that of 

the pristine P3HT film.  
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Figure 3.4 Output characteristics (IDS ~ VDS) of OTFTs based on P3HT or 

TiO2-nanorod / P3HT composite films. For curves of each sample, from top to bottom, 

VG is -100V, -75V, -50V, -25V and 0 V, respectively; Regioregularity of P3HT is 

90~93% 

Figure 3.4 shows the output characteristics (IDS vs. VDS at different VG) of the OTFTs. 

Similar effect of the TiO2 nanorods on the channel current can be observed in the 

output curves. The hole mobilities in the different films can be calculated from the 

transfer curves [197]. It is interesting to find that the device with pyridine-modified 

TiO2 nanorods shows much higher field effect mobility than the pristine P3HT device 

while the oleic acid-modified TiO2 nanorods decrease the hole mobility in P3HT 

matrix by two orders of magnitude. To clarify this phenomenon, control devices with 

same fabrication procedure are fabricated and measured. These control devices make 

use of P3HT solution with pyridine added to deposit the active layer of transistors. 

Their mobilities are shown in Figure 3.5. 
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Figure 3.5 The average hole mobilities of P3HT (regioregularity: 90~93%) in OTFTs 

(12 samples for each condition) prepared with mixed solvents of pyrindine/toluene by 

drop casting. All of the samples were prepared in the same batch with the same 

processing conditions. The maximum amount of pyridine added in toluene is 0.2%, 

which is equal to the weight percentage of P3HT to toluene. Therefore, the amount of 

pyridine similar to that attached to TiO2 nanorods (less than 0.2 %) will play little 

effect on carrier mobility of P3HT when it was added in the solvent (toluene) 

separately. 

We find that the enhancement of carrier mobility in the former case is not due to the 

effect of adding small amount of pyridine in the solvent. These results indicate that the 

surface modification on the nanorods is critical to the device performance. It is not 

strange to find oleic acid modified on the surface being unfavorable for charge 

transport in P3HT. For example, Y. Y. Lin et al reported that organic solar cells based 

on P3HT and oleic acid-modified TiO2 nanorods showed much lower power 

conversion efficiency (PCE) than the devices with pyridine-modified TiO2 nanorods 

[208]. Although the big difference in PCE was attributed to the different conductivity 
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of the surface modifier in that paper, the different hole mobility in P3HT can be 

another possible reason that was not addressed.  

 

Figure 3.6 UV-visible absorption spectra of P3HT or TiO2-nanorod / P3HT composite 

films. Insets: enlarged absorption peaks. For each composite film, the size of 

TiO2-nanorod is: 310nm
2
. Weight ratio of TiO2 to P3HT is 0.75. Regioregularity of 

P3HT is 90~93%. 

To better understand the effect of the TiO2 nanorods on the device performance, 

UV-visible absorbance spectra of the P3HT/TiO2 composite and pristine P3HT films 

fabricated at the same condition were characterized and shown in Figure 3.6. There are 

three absorption peaks at about 520nm, 550nm and 600nm for each sample. It is 

widely accepted that the first two peaks correspond to the intrachain π-π* transition, 

and the 600nm one is related to the interchain π-π* transition [209, 210]. We can find 

that the composite film with pyridine-modified TiO2 nanorods shows a red shift of the 

peak at ~520nm as well as a higher peak at ~600nm compared with pristine P3HT film, 
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indicating the longer conjugation length and better π-π stacking of the P3HT chains in 

the composite film, respectively. Therefore both peaks show the better crystallinity of 

the P3HT in the composite film with pyridine-modified TiO2 nanorods than in the 

pristine film. On the contrary, the composite film with oleic acid-modified TiO2 

nanorods shows a blue shift of the absorption peak at ~520nm and lower peak at 

~600nm compared with pristine P3HT film, which means the crystallinity of the P3HT 

matrix is deteriorated by the nanorods. Therefore the big difference in carrier mobility 

in the three OTFTs may be due to the different crystallinity of P3HT in the devices.  

Unfortunately, the coupling between nanorods and polymer chains in the composite 

films can not be directly observed under TEM or AFM since the films are randomly 

oriented and have no long range ordering. D. H. Kim et al. reported that the interaction 

between surface modifier and alkyl chain/thienyl backbone of P3HT plays an 

important role on the orientation of P3HT relative to the substrate [200]. Therefore it is 

expected that the interaction between the surface modifier and P3HT influences the 

self-assembly process during the film solidification, especially the coupling between 

the nanorods and the polymer chains, which may enhance or deteriorate the 

crystallization of P3HT. 

To study the influence of surface modifier on the crystallinity of P3HT layer separately, 

TiO2 thin films were prepared by spin coating on glass substrates and modified with 

pyridine or oleic acid followed by coating a layer of P3HT thin film [192]. As shown 
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in Figure 3.7, the sample with oleic acid modified on the surface of TiO2 shows an 

obvious blue shift of the absorption peak at ~550nm and a lower peak at ~600nm 

compared with the sample modified with pyridine, indicating that the crystallinity of 

P3HT is lower in the former, which is consistent with our results for the composite 

films. The absorption spectra for the samples modified with pyridine or without any 

modification on TiO2 films can hardly show any difference, which means the 

crystallinity of the P3HT layer on top of the two surfaces are very similar. 

 

Figure 3.7 UV-visible absorption spectra (normalized to the peak at ~550nm) of P3HT 

films coated on top of a TiO2 film and TiO2 films modified with oleic acid or pyridine. 

Next, we studied the effect of TiO2 nanoparticles with different shapes on the 

performance of P3HT/TiO2 hybrid OTFTs. Here, all of the nanoparticles are modified 

with pyridine. 
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Figure 3.8 Transfer characteristics (IDS ~ VG) of OTFTs based on P3HT or TiO2 / P3HT 

composite films, VDS = -10V, Regioregularity of P3HT is 90~93%. 

Figure 3.8 shows the transfer characteristics of the devices based on TiO2 nanorods 

(length: 10 nm or 20 nm) or nanodots (diameter: 2 nm). The hole mobilities in 

different samples can be calculated from the transfer curves. It is interesting to find 

that only the TiO2 nanorods can increase the hole mobility of P3HT while the nanodots 

decrease the mobility dramatically. Figure 3.9 shows the absorption spectra of the 

P3HT/TiO2 composites with different nanoparticles. The crystallinity of P3HT matrix 

is enhanced by TiO2 nanorods (10 nm and 20 nm) while degraded by nanodots. The 20 

nm TiO2 nanorods induce even higher crystallinity of P3HT than the 10 nm nanorods 

do, while the carrier mobilities in the two devices are very similar. 
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Figure 3.9 UV-visible absorption spectra of P3HT or TiO2/P3HT composite films. 

Insets: enlarged absorption peaks; Regioregularity of P3HT is 90~93%. 

The enhancement of the crystallinity of P3HT matrix induced by TiO2 nanorods also 

can be observed in AFM images of the composite films, as shown in Figure 3.10. The 

AFM image of composite film shows a relatively bigger grain size than pristine P3HT 

film. Obviously the bigger grain size benefits carrier transport in the composite film 

[204]. 
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Figure 3.10 AFM images of (a) P3HT film and (b) TiO2/P3HT composite films with 

TiO2 nanorods (320 nm
2
 ) modified with pyridine. 

Figure 3.11 shows the X-Ray diffraction (XRD) spectra of a pure P3HT film and three 

different P3HT/TiO2 composite films. The (010) peak can be observed in the pure 

P3HT film and the P3HT/TiO2-nanodots composite film. The peak height of the latter 

one is even higher than that of the former one indicating that there are more plane-on 

P3HT domains when it is mixed with TiO2 nanodots [197]. However, the (010) peak 

cannot be observed in the composites with TiO2 nanorods and thus edge-on P3HT 

domains dominate in the composite films, which are favourable for carrier transfer in 

P3HT films [197]. Therefore the orientation of P3HT chain is influenced by the 

nanoparticles, which can be regarded as another reason why the TiO2 nanorods and 

nanodots show different effects on the hole mobilities in P3HT films. But the cause of 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 3 

SUN Zhenhua  59 

the orientational change is not fully understood. 

 

Figure 3.11 XRD spectra of a P3HT film and P3HT / TiO2 composite films. 

Regioregularity of P3HT is 90~93%
 

 

Figure 3.12 Transfer characteristics (IDS ~ VG) of OTFTs based on P3HT with or 

without TiO2 nanorods modified with pyridine. VDS=-100V. Regioregularity of P3HT 

is 98%. Inset: output characteristics ( IDS ~ VDS) of the three devices. For curves of 

each device, from top to bottom, VG are -100V, -75V, -50V, -25V and 0 V, respectively. 
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P3HT with higher regioregularity (98%, Molecular weight: 25,000, Sepioilid
TM

, P200 ) 

has been used in the experiments. Figure 3.12 shows the transfer and output 

characteristics of the devices with or without TiO2 nanorods. It is interesting to find 

that similar effect can be observed in these samples and the hole mobility can reach as 

high as 0.23 cm
2
/Vs

 
when P3HT is mixed with 320nm

2
 TiO2 nanorods modified with 

pyridine.  

 

Figure 3.13 Illustration of the possible alignment of P3HT chains together with a TiO2 

nanorod modified with pyridine. 

Actually the coupling between nanorods and P3HT chains was reported by M. 

Brinkmann et al., who have studied the self-assembly process in CdSe/P3HT 

composite films [211]. They found that CdSe nanorods exhibited raft-like aggregation 
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in the ordered region of P3HT and preferentially oriented with their long axis parallel 

to the P3HT chain direction while CdSe nanodots distributed only in amorphous 

region of semi-crystalline P3HT films. But the influence of the CdSe nanoparticles on 

carrier mobility in the composite films is unclear. Obviously, interdigitation between 

CdSe nanorods and P3HT chains indicates a strong coupling between them in the 

self-assembly process when the film was coated. Spherical CdSe nanodots can not 

form an ordered distribution in the amorphous region of P3HT and thus it can not 

enhance the crystallization of the polymer film. Similarly, the coupling between TiO2 

nanorods and polymer chains in the TiO2/P3HT composite films is expected in our 

experiments, which is regarded as the main reason for the enhanced crystallinity, 

optimized polymer orientation and higher carrier mobility of P3HT matrix in the 

composite films as addressed above. A possible alignment of P3HT chains together 

with a TiO2 nanorod is illustrated in Figure 3.13. 

Then OTFTs with different weight ratio of pyridine-modified TiO2 nanorods to P3HT 

are fabricated and characterized. Figure 3.14a and b show the relationships between 

hole mobility and the weight ratio for 10 nm and 20 nm nanorods, respectively. The 

optimum mass ratio of TiO2 to P3HT is about 0.5 ~0.75 for both nanorods.  
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Figure 3.14 Field effect mobility of TiO2-nanorod/P3HT composite film versus 

weight ratio of TiO2-nanorod to P3HT. The nanorods are all modified with pyridine on 

the surface and have sizes of 310 nm
2
 and 320 nm

2 
for (a) and (b), respectively 

Figure 3.15 shows the UV-visable absorbance spectra of the composite films with 

different weight ratio of TiO2 nanorods (320nm
2
) to P3HT (regioregularity: 90~93%). 

We find that the absorption peaks at ~600nm for all composite films are higher than 
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that of pristine P3HT film, indicating that the crystallinity of P3HT matrix are 

improved due to the presence of TiO2 nanorods. The film with a weight ratio of 0.5 

shows the highest peak and thus the best crystallinity of P3HT, which is consistent 

with the highest field effect mobility observed at this composition. If mass ratio is 

larger or less, the crystallinity of P3HT as well as the carrier mobility will decrease. 

Similar results were found in composite films with 310 nm
2
 TiO2 nanorods. So the 

self-assembly process in the composite film is influenced by the weight ratio of the 

nanorods to P3HT, which has also been observed in CdSe nanorods/P3HT composite 

films before [211]. 

 
Figure 3.15 Absorption spectra of TiO2-nanorod/P3HT composite film with different 

weight ratio of TiO2-nanorod to P3HT. Inset: enlarged absorption peaks. The size of 

nanorods is 320 nm
2
. Regioregularity of P3HT is 90~93%. 
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Figure 3.16 Transfer characteristics of an OTFT based on 310 nm2 

TiO2-nanorod/P3HT composite film under 370nm UV illumination with different 

intensity. VDS =-10V. The arrow indicates the shift direction of the transfer curve of the 

device illuminated with increased light intensity. Inset: Shift of gate voltage vs. light 

intensity I. The relationship can be fitted with: 


 eG EV  , α is a constant and β = 

0.22. The fitting curve is shown in red. 

Transistors based on the TiO2/P3HT composite films are one type of phototransistors 

as reported in our previous papers [47, 48]. A device with TiO2 nanorods have been 

characterized under 370nm UV light with different light intensities, as shown in 

Figure 3.16. It is worth noting that the current response of the device to light 

illumination is ~10 times higher than that of the OTFT based on P3HT and TiO2 

nanoparticles reported in our previous paper. The transfer curve shifts to higher gate 

voltage horizontally with the increase of light intensity (Ee) and the gate voltage 

change (∆VG) can be fitted with the analytical model [47]:  
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

 eG EV 
                           

3-1 

where α is a constant and β = 0.22. It is worthy of note that similar phototransistors 

based on organic/inorganic composites have been investigated by our group before [47, 

48] and equation 3-1 was also successfully used in those visible and ultraviolet 

phototransistors. The shift of the transfer curve can be attributed to the accumulation 

of electrons in the embedded TiO2 nanorods [47]. Under UV light illumination, 

excitons will be generated in the TiO2 nanorods and dissociate at the TiO2/P3HT 

interface. Electrons will be trapped in the TiO2 nanorods while holes will diffuse into 

P3HT matrix. Therefore the trapped electrons in the TiO2 nanorods will decrease the 

electrostatic potential of the active layer and induce a shift of the threshold voltage of 

the device to a more positive value [47]. 

We find that the nanoparticles will not only influence the field effect mobility of P3HT 

in transistors but also the bulk hole mobility characterized by measuring space charge 

limited current (SCLC) of the composite films. The J-V curves for the devices with the 

sandwich structure of Au/polymer composite/ PEDOT:PSS/ITO glass have been 

measured and shown in Figure 3.17. The SCLC is given by 
3

2

0
8

9

d

V
J r , where V 

is the applied bias voltage, d is the thickness of the composite film, 0 is the dielectric 

constant of vacuum and r  3 is the relative dielectric constant of P3HT film [212]. 

Therefore, J is proportional to bias voltage V and the slope will give the hole 

mobility. The composite film with pyridine-modified TiO2 nanorods shows much 
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higher hole mobility (3.3610
-4

 cm
2
/Vs) than that of the pristine P3HT film 

( 6.5810
-5

 cm
2
/Vs) while the one with the oleic acid-modified TiO2 nanorods shows 

much lower value (2.0510
-6

 cm
2
/Vs). 

 

Figure 3.17 J–V characteristics of reverse biased (a) Au/P3HT/PEDOT:PSS (b) 

Au/P3HT+TiO2(pyridine)/PEDOT:PSS and (c) Au/P3HT+TiO2 (Oleic acid)/ 

PEDOT:PSS sandwiched devices. (d)
2/1J –V characteristics of the three different 

devices, which show SCLC behavior. The film thicknesses for (i) pristine P3HT, (ii) 

composites of P3HT and oleic acid-modified nanorods and (iii) composites of P3HT 

and pyridine-modified nanorods are 868 nm, 1042 nm and 1302 nm, respectively. 

Figure 3.18 shows the linear and saturation carrier mobility of some representative 
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OTFTs. We find that all of the devices with TiO2 nanorods or nanodots without surface 

modification show much lower hole mobility than that of pristine P3HT, as shown in 

Table 3.1. Since the TiO2 nanoparticles without any surface modification cannot be 

uniformly dispersed in the solvent, the poor performance of the devices can be 

attributed to the aggregation of nanoparticles in the composite films. Therefore, both 

the surface modifier and the shape of the nanoparticles are critical issues for obtaining 

the composite films with high carrier mobility. 

 

Figure 3.18 Linear (lin) and saturation (sat) field effect mobilities and bulk mobilities 

(SCLC) of composite films with different TiO2 nanoparticles. Weight ratio of TiO2 to 

P3HT is 0.75 for all samples. Four types of TiO2 nanoparticles are modified with 

pyridine: nanorods (310 nm
2
 or 320 nm

2
); nanodots (2nm or 5nm). Two types of 

TiO2 nanorods are modified with oleic acid. 
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Table 3.1 Hole mobilities in a P3HT film or TiO2 /P3HT composite films with 

different TiO2 nanoparticles.   

TiO2 

nano-material/P3

HT 

Regioregular

ity of P3HT 

Linear 

mobility  

lin  

(cm2V-1s-1)  

Saturation 

mobility,  

sat  

(cm2V-1s-1)  

SCLC Mobility 

SCLC 

(cm2V-1s-1) 

Pristine P3HT  90~93% (7.2±1.6)10
-3

  (8.6±3.5)10
-3

  (6.58±0.66)10
-5

 

520nm2 nanorod☆ 90~93% (4.6±1.0)10
-4

 (3.5±1.0)10
-4

  

10nm nanodot
☆

  90~93% ~210
-5

  ~510
-5

   

10-100nm  

nanoparticle
☆

  

90~93% (8.3±1.0)10
-4

  (5.4±1.0)10
-4

   

2nm 

nanodot+pyridine  

90~93% (2.7±1.1)10
-3

  (1.2±0.5)10
-3

   

5nm 

nanodot+pyridine  

90~93% (5.9±0.8)10
-3

  (3.9±0.5)10
-3

   

310nm2 

nanorod+pyridine  

90~93% (2.2±0.8)10
-2

  (1.8±0.5)10
-2

   

320nm2 

nanorod+pyridine  

90~93% (2.0±0.3)10
-2

  (1.6±0.4)10
-2

  (3.36±0.10)10
-4

 

310nm2 

nanorod+oleic acid  

90~93% (2.0±0.8)10
-5

  (3.0±0.3)10
-5

   

320nm2 

nanorod+oleic acid  

90~93% (3.0±0.6)10
-5

  (4.0±0.9)10
-5

  2.0510
-6

 

Pristine P3HT 98% 0.091±0.02 0.096±0.06  

310nm2 

nanorod+pyridine 

98% 0.17±0.02 0.17±0.02  

320nm2 

nanorod+pyridine 

98% 0.23±0.01 0.19±0.01  

3.4 Summary 

In summary, field effect mobility in TiO2/P3HT composite film is strongly related to 

the shape and surface modifier of the TiO2 nanoparticles. It is reasonable to expect that 
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other inorganic nanorods with the same shape and surface modifier will show the 

similar effect. These results indicate that, besides the physical properties of the 

inorganic nanoparticles, the shape and surface modifier of them are both critical issues 

for organic-inorganic composite films, which are of general importance for their 

application in solar cells, transistors or other semiconductor devices. 
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Chapter 4   Highly Sensitive Organic 

Near-infrared Phototransistors Based on 

Poly(3-hexylthiophene) and PbS Quantum 

Dots 

4.1 Introduction 

Infrared (IR) photodetectors have attracted much interest because of their broad 

applications in society security, military, medical diagnosis and so on [10, 32]. Various 

functional materials including quantum dots (QDs) [10, 32, 52, 213], organic 

semiconductors [76, 214] and graphene[49, 51, 77, 215] have been investigated for 

their applications in high performance IR photodetectors. It is notable that sensors 

based on organic semiconductors have many advantages, including low cost, solution 

processability and flexibility [12]. With the fast development of organic electronics in 

the past decade, the carrier mobilities in some organic semiconductors are comparable 

to or even higher than that of amorphous silicon [216, 217], implying their broad 

potential applications in the future. Some narrow-bandgap organic semiconductors 

have been used in IR photodetectors [76, 214, 218, 219]. However, the responsivities 

of these devices are normally very low [214, 219]. 

Composite films of QDs and organic semiconductors have been used in IR sensors as 
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well. Mcdonald et al. reported solution-processed lead sulfide (PbS) QDs and 

poly[2-methoxy-5-(2’-ethylhexyloxy-p-phenylenevinylene)] (MEH-PPV) composite 

films for IR photodetectors [213]. However, the quantum efficiency (~ 0.006%) and 

the responsivity of the device to IR light illumination are very low. Rauch et al 

reported infrared photodiodes with PbS QDs-sensitized P3HT/PCBM blends, which 

show quantum efficiencies up to 51% and the responsivity of ~ 0.5A/W [220]. It is 

notable that photodiodes normally have quantum efficiency/gain less than 1, therefore 

their responsivity is relatively low. Photoconductor is another type of photodetector, in 

which light-excited carriers can circulate in the channel for many times before the 

recombination with opposite charges. Therefore its gain is much higher than 1 and the 

responsivity may become very high [221]. For example, IR photoconductors based on 

Pb QDs show very high responsivities up to 2700A/W [52]. Since organic 

semiconductors show many advantages over inorganic QDs in terms of solution 

processability and carrier mobility [12, 216, 217], better performance is expected in 

the photoconductors based on inorgnaic QD and organic semiconductor hybrid films.  

In this chapter, near-infrared (NIR) hybrid phototransistors based on PbS QDs and 

Poly(3-hexylthiophene) (P3HT) films were prepared by solution process. P3HT is a 

typical high-mobility organic semiconductor popularly used in organic thin film 

transistors (OTFT) and organic solar cells [88, 132, 192]. It is notable that the 

phototransistor can be regarded as a type of photoconductor when the gate voltage is 
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fixed. More importantly, the photo sensitive behavior can be modulated by the gate 

voltage. The PbS QDs/P3HT hybrid phototransistors show high responsivity up to 

2×10
4
 A/W under NIR illumination ( wavelength: 895nm), which is one order of 

magnitude higher than the photoconductors of pure PbS QDs [52]. The transfer curves 

of the device shift to positive gate voltage horizontally under NIR illumination, 

indicating p-type doping effect in P3HT film due to the charges generated in PbS QDs 

[47, 48]. Therefore such hybrid phototransistors are promising in the applications of 

IR detectors. 

4.2 Experimental 

4.2.1 Materials 

 

Figure 4.1 The molecular structure of P3HT and the schematics of oleic acid/-capped 

PbS QD and pyridine/-capped PbS QD. 
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Poly(3-hexylthiophene) (P3HT): The regioregular P3HT (Sepioilid
TM

 P200, 

regioregularity: ~98%, molecular weight: 25000) was purchased from Rieke Metals 

without further purification. The Lowest Unoccupied Molecular Orbital (LUMO) and 

highest occupied molecular orbital (HOMO) of P3HT are 3.2eV and 5.0eV 

respectively.  

Lead Sulphide Quantum Dots (PbS QDs): oleic acid-capped PbS QDs were 

purchased from Evident Technologies Inc, USA.  

Ligand exchange: Considering the long oleic acid ligand has been proven to be 

insulator and may inhibit the charge transfer between P3HT and PbS [222], ligand 

exchange of the oleic acid on PbS QDs to pyridine was carried out by the following 

procedure [88]. Firstly, the oleic acid-capped PbS colloidal toluene solution was 

mixed with ethanol with a volume ratio of 1:2. Then the solution was centrifugated 

and the supernatant liquor was removed. The black precipitate was re-dispersed in 

pyridine liquid and the mixture was sonicated and heated at 60 C for about 1 hour to 

get clear solution. Then the colloidal solution was mixed with ethanol with volume 

ratio of 1:2, again. This mixture was centrifugated and the black precipitate was the 

pyridine-capped PbS QDs. Then the product was redispersed in toluene with certain 

concentration by sonication and long time stir at room temperature. The molecular 

structure of P3HT and the schematic of PbS QD capped with oleic acid or pyridine are 

shown in Figure 4.1. 
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Specific of PbS QDs: It was reported that PbS is a semiconductor with a bandgap of 

0.41eV and an ionization potential of ~4.95 eV when it is a bulk material [213]. For 

PbS QDs, the ionization potential may be higher due to the effect of quantum 

confinement. For the PbS QDs, the bandgap is estimated to be about 1.2 eV since the 

absorption peak is at the wavelength of ~990nm (as shown in Figure 4.2). Because the 

holes and electrons in PbS have nearly equal effective masses [213], the conduction 

band and valence band levels of PbS QDs will move up and down from those of the 

PbS bulk by the same amount, respectively. Therefore, energy levels for the 

conduction (Ec) and valence (Ev) bands of PbS QDs are estimated to be 4.15 eV and 

5.35 eV, respectively. 

  

Figure 4.2 Light absorbance of PbS QDs 
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4.2.2 Device Fabrications  

The pyridine-capped PbS QDs and P3HT were mixed in toluene with both 5mg/ml. 

Highly doped n-type Silicon wafers with 500nm silicon oxide layer on the top were 

chosen as the substrates. The surfaces of silicon oxide layer were modified with 

hexamethyldisilazane(HMDS) through immersing them in HMDS beyond 12 hours. 

The mixture solution was deposited on the top of substrate by spin coating method. A 

thermal annealing process at 130℃ was followed in the glove box filled with high 

purity nitrogen. Then gold source and drain electrode were deposited on the top of 

hybrid films through a shadow mask by thermal evaporation. The channel width and 

length are 2mm and 0.1mm, respectively. The schematic of the device structure and a 

photo of a real device are shown in Figure 4.3 

 
Figure 4.3 (a) Schematic of device structure and measure. (b) A photo of a real 

devices. 

As comparison, Control samples of pure P3HT OTFTs were also fabricated at the 

same condition for comparison. 
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Photoluminescence spectrums (PL): Photoluminescence spectrums (EDINBURGH 

INSTRUMENTS Photoluminescence system with laser as an excitation source) of the 

pure P3HT, oleic acid-capped PbS QDs/P3HT and pyridine-capped PbS QDs/ P3HT 

films were measured and shown in Figure 4.4. It is notable that the PbS QDs have the 

emission peak at ~1100nm while the P3HT film does not show any peak in this 

wavelength region. The oleic acid-capped PbS QDs/P3HT hybrid film shows higher 

emission peak than the hybrid film of pyridine-capped PbS QDs/P3HT, indicating that 

more photo-induced carriers transfer to P3HT in the later one. Therefore charge 

transfer across pyridine is easier than that across oleic acid. So the ligand exchange of 

the PbS QDs from oleic acid to pyridine can improve the sensitivities of the hybrid 

phototransistors [223]. 
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Figure 4.4 Photoluminescence (PL) spectra of pure P3HT film, oleic acid-capped PbS 

QDs/P3HT film and pyridine-capped PbS QDs/P3HT film. 
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Figure 4.5 AFM images of (a) pure P3HT film. Roughness (r.m.s.):0.86nm, and (b) 

PbS QDs/P3HT film. Roughness(r.m.s.): 4.09nm. 

Atomic Force Microscopy (AFM): The surface morphologies of the pure P3HT film 

and pyridine-capped PbS QDs/P3HT hybrids film were characterized by AFM (Vecco 

Metrology group NanoScope Ⅳ Scanning Probe Microscope) and shown in Figure 

4.5. Their roughnesses are 0.86nm and 4.09nm, respectively. So the hybrid film has 

bigger roughness than the pure P3HT film. 

 

Figure 4.6 Transmission Electron Microscopy (TEM) images of films with PbS QDs 

dispersed in P3HT. 
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Transmission Electron Microscopy (TEM): Transmission Electron Microscopy 

(TEM, JEOL JEM 2010, Japan) was used to characterize the dispersion of PbS QDs in 

P3HT film. The TEM images with different scales are shown in Figure 4.6. The 

average size of the PbS QDs is about 4 nm. 

4.2.3 Measurement of Devices 

The infrared phototransistors were characterized by a semiconductor parameter 

analyzer (Agilent 4156C) under light illumination with different irradiance in the 

glovebox. The light sources were monochromatic LED with the wavelength of 895 nm 

with its light irradiance controlled by a DC power source. The glovebox is full of high 

purity N2 and the voltages were applied on every electrode by a probes system.  

Photoresponse measurements were carried out with infrared from upside, as shown in 

Figure 4.3a. For the transfer and output characteristics, light illumination at different 

irradiance was kept for 2 minutes for balance before every measurement.  
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4.3 Performance of Devices 

 
Figure 4.7 The transfer curves of a phototransistor under NIR light illumination 

(wavelength: 895nm). VDS = -100V. From left to right curves, the corresponding light 

irradiance is: 0, 0.23μW/cm
2
, 13.7μW/cm

2
, 0.56mW/cm

2
, 5.11mW/cm

2
, 10.4 

mW/cm
2
 and 13.5mW/cm

2
, respectively. Inset: transfer curves of pure P3HT 

transistor under light illumination. 

The transfer characteristics of a phototransistor under different NIR light irradiance 

are shown in Figure 4.7. The hole mobility is about 0.01 cm
2
/Vs in the device. The 

transfer curves shift to positive voltage horizontally with the increase of light 

irradiance, which is consistent with the results of such hybrid phototransistors 

reported before [47, 48]. However, the control OTFT sample with pure P3HT shows 

almost no change of the transfer curve under NIR light illumination as presented in the 

inset of Figure 4.7, indicating that the PbS QDs play a key role in the photosensitive 

behavior of the device.  
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Figure 4.8 Schematic of charge transfer at the P3HT/PbS QDs heterojunction under 

NIR illumination. 

As discussed before, the energy levels of the conduction (Ec) and valence (Ev) bands of 

PbS QDs are estimated to be 4.15 eV and 5.35 eV, respectively. The photosensitive 

mechanism of the phototransistor is illustrated in Figure 4.8. Under NIR light 

illumination, electron/hole pairs (excitons) are generated in PbS QDs and then 

dissociate at the interface of P3HT/PbS QDs. The holes can transfer to the P3HT film 

and induce p-type doping since the valance band (Ev) level of PbS QDs is lower than 

the highest occupied molecular orbit (HOMO) level of P3HT. On the other hand, the 

electrons in the PbS QDs can decrease the electrostatic potential of the active layer of 

the transistor [47], which lead to the increase of the threshold voltage of the device, as 

indicated by the transfer curve of the device shown in Figure 4.7. This phenomenon is 

similar to the hybrid P3HT/TiO2 phototransistors reported before [47, 48]. The 
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response of the phototransistor to light illumination is mainly due to the modulation of 

the threshold voltage or effective gate voltage applied on the transistor [48, 192]. The 

shift of the transfer curves (VG) of the device as a function of light irradiance (Ee) is 

shown in Figure 4.9. In high light irradiance region, the curve can be fitted very well 

with the equation 3-1 [47]: 


 eG EV  , where  and  are constants and   0.28. It 

is noteworthy that visible and ultraviolet phototransistors based on P3HT/TiO2 

composites have been investigated before [47, 48, 88] and the equation 3-1 was 

successfully used in those phototransistors. 
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Figure 4.9 The horizontal shift of transfer curves (VG) and the responsivity (R) as 

functions of light irradiance (Ee). 

The channel current change (IDS) of the P3HT/PbS QDs transistor under light 

illumination is given by [221]: 

DSGiDS VVC
L

W
I                               4-1 
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where Ci is the capacitance of the gate dielectric per unit area, W and L are width and 

length of the channel, respectively. So from equation 2-1, the responsivity (R) of the 

device is given by: 

1

22











e

DSi

e

DSGi

e

DS E
L

VC

EL

VVC

WLE

I
R                    4-2 

Figure 4.9 also shows the responsivity of the device versus light irradiance when VG is 

equal to -100V, which can be fitted very well with equation 4-2. The responsivity of 

the phototransistor decreases with the increase of irradiance and shows a nonlinear 

relationship. It is notable that the maximum responsivity of the device at low light 

irradiance ( 5.85nW/cm
2 
) is about 210

4
 A/W, which is one order of magnitude higher 

than that of the NIR photoconductor based on PbS QDs [52].  

Photoswitching ratio P of a phototransistor is given by equation 2-2: 

Dark

DS

Dark

Darkill

I

I

I

II
P





  . The responsivity and photoswitching ratio as functions of 

gate voltage of the device (R~VG and P~VG curves) are shown in Figure 4.10. It can be 

found that the responsivity R reaches to its maximum value at the largest negative VG 

while the photoswitching ratio P shows its maximum value when the gate voltage is 

around the threshold voltage. This result is consistent with some other organic 

phototransistors [58, 66]. 
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Figure 4.10 (a) Photoresponsivity (R) as a function of gate voltage (VG) when 

irradiance is 5.85 nW/cm
2
. (b) Photoswitching ratio (P) at different gate voltages when 

irradiance is 13.5mW/cm
2
. 

Next, the current response of this phototransistor to on/off light illumination was 

characterized.Figure 4.11 shows the channel current change (∆IDS ) of the device under 

light illumination in one on/off cycle. ∆IDS increases with the illumination time and 
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can be fitted well with an exponential function of one relaxation time (1): 

)/exp(1( 11 tII DS   [48, 205]. The time constant 1 is 0.23s. We speculate that 

this relaxation time  corresponds to the hole transfer from PbS to P3HT matrix. 

Similarly, the channel current decreases with time when the light is switched off and 

the curve can be fitted with an exponential function: 

)/exp()/exp( 3423  tItII DS   with two decay times: 2 = 0.21s and 3 = 

2.7 s. The recovery of the channel current is obviously dominated by the 

recombination process of the electron and holes at the interface of P3HT/PbS QDs [47, 

48]. 

 
Figure 4.11 Current response of the hybrid NIR phototransistor to IR illumination 

with an on/off cycle. 
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Figure 4.12 The current response of the phototransistor to NIR illumination 

(irradiance: 7.78mW/cm
2
) with VDS=-40V and VG=-40V. Light signal width is 400ms 

and pulse frequency is 0.25Hz. The black square line (top) is the experimental current 

and the red line (bottom) is the schematic of light pulse。 

The current response of the device under repeated NIR light illumination (wavelength: 

895nm) was characterized and showed in Figure 4.12. The channel current IDS 

increased for about 50nA in less 400ms and recovered to its original level in several 

seconds. This behavior can be repeated for many cycles with stable performance. 

4.4 Summary 

P3HT/PbS QDs hybrid film was used as the active layer of a NIR phototransistor. The 

responsivity up to 2×10
4 
A/W was observed at low light intensity at the wavelength of 

895nm, which is much higher than that of the photoconductor based on only PbS QDs 
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or organic semiconductors [52, 76, 214]. The photosensitive behavior can be 

attributed to charge transfer from PbS QDs to P3HT matrix under NIR light 

illumination. The net negative charges accumulated in PbS QDs can decrease the 

electrostatic potential of the channel and increase the threshold voltage of the 

transistor. The phototransistor shows repeatable performance under NIR light 

illumination for many cycles. This kind of phototransistors may have promising 

applications in infrared sensors for its high sensitivity, easy fabrication and flexibility.
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Chapter 5   Infrared Photodetectors 

Based on CVD-grown Graphene and PbS 

Quantum Dots with Ultrahigh Responsivity 

5.1 Introduction  

Infrared (IR) photodetectors are highly desired for various demanding applications 

including telecommunication, thermal imaging, biological imaging, remote sensing 

and so forth [10, 32]. In recent years, IR photo detectors based on quantum walls [10], 

quantum dots (QDs) [10, 16, 32, 213], graphene [49, 77, 215, 224] organic 

semiconductors [76, 214] and carbon nanotubes [225] have been extensively studied. 

The advantages of using colloidal QDs in IR sensors include solution processability, 

low cost, tunable wavelength, and high responsivity [32]. It is notable that the record 

responsivity of IR sensors based on PbS QDs is about 2,700A/W, which is comparable 

to those of photoconductors based on single crystalline silicon [52]. As addressed 

above, the two main types of IR photodetectors are photodiodes and photoconductors 

[32, 221]. IR photodiodes have fast response but low gains (quantum efficiencies) that 

are normally less than 1 [10, 221]. Photoconductors have the conductance that can be 

modulated by light illumination [52]. A photoconductor can have a gain much higher 
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than one because carriers can circulate in the conductor between two electrodes for 

many times before their recombination with opposite charges [32, 221]. A field effect 

phototransistor also can be regarded as a type of photoconductor [48, 88, 89, 221]. The 

photocurrent Ip across a thin film photoconductor is given by EWenI p  , where e is 

electronic charge, n density of photo-induced carriers per unit area,  carrier mobility, 

E the applied electric field and W the width of the device [221]. Therefore, the gain 

and the responsivity of the photoconductor are proportional to the carrier mobility . 

However, the maximum carrier mobility in QDs is only about 0.1 cm
2
/Vs [32], which 

is much lower than those of silicon, carbon nanotubes, graphene, ZnO and some 

organic semiconductors [127, 217, 225-227].  

Graphene being a sheet of two dimensional carbon atoms with a hexagonal 

honeycomb lattice has aroused considerable interest because of the behavior of Dirac 

Fermions and the extremely high carrier mobilities up to 200,000cm
2
/Vs [127]. 

Graphene transistors have been used as ultrafast IR photodetectors for high-speed 

optical communications because of the high carrier mobility and light absorption in a 

broad wavelength region [49, 85]. However, the responsivity of the IR detectors are 

very low ( 6.1 mA/W) for the low light absorbance of graphene (~ 2.3% for single 

layer graphene). Therefore they can only be used for detecting IR light with high 

intensity [85]. Moreover, it has been reported that hot carrier effect instead of 

photovoltaic effect was found to be the main reason for the photoresponse of graphene 
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[228, 229]. Recently, Chitara et al. reported the IR photoconductors based on reduced 

graphene oxide or graphene nanoribbons, which show the responsivities up to 1 A/W 

[215]. Therefore, graphene-based IR detectors have much lower responsivities than 

that of a photoconductor based on QDs.  

It is reasonable to consider that the responsivity of a graphene-based IR detector can 

be improved substantially by modifying the graphene film with QDs, which can 

absorb IR light more efficiently. On the other hand, for a QD-based IR detector, if the 

carriers generated by IR light can transfer to graphene film, their mobility will be 

much higher and thus the responsivity of the detector will be dramatically improved. 

Moreover, an array of graphene devices can be easily patterned by facile techniques, 

which could eliminate the possible crosstalk between neighbouring pixels that occurs 

in silicon devices [52, 230].
 

Until very recently, phototransistors with ultrahigh responsivity up to 10
7
 A/W based 

on mechanically exfoliated single or bilayer graphene flakes and PbS QDs modified 

with ethanedithiol were reported [51]. However, exfoliated graphene is not compatible 

with large area fabrication. In this regard, devices based on chemical vapor deposition 

(CVD) grown graphene is more suitable for practical applications. In this chapter, we 

report the near infrared (NIR) photoconductors based on CVD grown single-layer 

graphene coated with PbS QDs by solution process. The devices were fabricated on 

various substrates, including flexible ones, by solution process and showed vey high 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 5 

SUN Zhenhua  90 

responsivities up to 10
7
 A/W, which is much higher than that of the visible-light 

detector based on CVD grown graphene and PbS thin film prepared by electron beam 

deposition reported very recently [50]. The sensing mechanism is attributed to the 

charges that are generated in PbS QDs under NIR light, which can modulate the Fermi 

level and thus the conductivity of the underlying graphene film. In addition, the ligand 

capped on the surface of the QDs was found to be critical to the photo responsivity of 

the device since charge transfer from QDs to graphene film was dominated by the 

ligand layer. 

5.2 Expermental 

5.2.1 Materials  

Graphene: Single-layer graphene was synthesised on copper foils by CVD method 

and then transferred on substrates with the typical method as follows [85, 230]. Firstly, 

a thin layer (~300 nm) of Poly(methyl methacrylate) (PMMA) was spin-coated on the 

graphene side of Cu foil and then the foil was annealed at 100 
o
C for about 30 min. 

Subsequently, the foil was put in an aqueous solution of iron chloride at room 

temperature. After 2 hours, Cu underneath the graphene/PMMA was etched away and 

a visible thin film was floated on the surface of the solution. The graphene/PMMA 

film was then transferred to distilled water. Next, a substrate was placed in the water 

underneath the floating thin film to get the PMMA/graphene layer adhered to the 
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surface of the substrate. Then the sample was taken out of water and dried for several 

minutes followed by the treatment of acetone to remove the PMMA on top of the 

graphene film.  

Lead Sulphide Quantum Dots (PbS QDs): PbS QDs capped with oleic acid were 

purchased from Evident Technologies Inc, USA. The specific of the PbS QDs can be 

found in chapter 4.2.1. Ligand exchange of the oleic acid on PbS QDs to pyridine was 

carried out by the same method in chapter 4.2.1.   

5.2.2 Device Fabrications 

 

Figure 5.1 Structure of the photodetector based on graphene/PbS QDs hybrid films. 

Graphene was transferred and patterned on n+Si/SiO2 substrate by photolithography 

[229]. The thickness of SiO2 is 300nm.Then Au source and drain electrodes were 
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deposited on top of the graphene film through a shadow mask by thermal evaporation 

and formed a channel of W/L=2mm/0.1mm. Then PbS QD solution was dropped on 

the surface and dried in a glovebox filled with high purity Nitrogen gas. 

Figure 5.1 shows the structure of a final photodetector based on graphene/PbS QDs 

hybrid film. When the gate voltage is zero, it can be regarded as a photoconductor. 

Otherwise it is a phototransistor. The flexible photoconductors were fabricated on 

polyethylene terephthalate (PET) substrates with the thickness of 150 m, with the 

same graphene transfer and device fabrication procedures. 

 

Figure 5.2 Raman spectrum of single layer graphene on Si/SiO2 substrate. 

Raman spectrum: The single-layer graphene on n+Si/SiO2 substrate was 

characterized by Raman spectroscopy (HORIBA, 488nm laser source) to show the 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 5 

SUN Zhenhua  93 

monolayer property, the Raman spectrum as shown in Figure 5.2 [231].  

Atomic Force Microscopy (AFM): Surface morphology of graphene film and hybrid 

film were characterized by AFM (Veeco Instruments Inc.). Their AFM images are 

shown in Figure 5.3. The roughness (r.m.s.) of the pristine graphene film is about 

0.25nm, which is similar to the roughness of single-layer graphene reported before 

[232].  

 

Figure 5.3 Atomic Force Microscopy (AFM) images of pristine single layer graphene 

film (a) and graphene/PbS QDs hybrid film (b). 

Figure 5.3b shows the AFM images of the single-layer graphene after being coated 

with PbS QDs capped with pyridine. The film becomes very rough after being coated 

with QDs and the roughness (r.m.s.) is about 2.7 nm.  

Transmission Electron Microscopy (TEM): Figure 5.4a shows the transmission 

(TEM  2100F, Japan) image of the QDs on the surface of a graphene film. We can 

find that the average size of the PbS QDs is ~4nm and the distribution on graphene is 

relatively uniform. The electron diffraction pattern of a graphene/PbS QDs hybrid 

film is shown the insert of Figure 5.4b. 
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Figure 5.4 (a) Transmission Electron Microscopy (TEM) image of the QDs on the 

surface of a graphene film. (b) Electron diffraction pattern of a graphene/PbS QDs 

hybrid film. 

5.2.3 Measurement of Devices 

The graphene transistor was characterized by a semiconductor parameter analyzer 

(Agilent 4156C) under light illumination with different irradiance in the glovebox. 

The light sources were monochromatic LED with the wavelength of 895 nm with its 

light irradiance controlled by a DC power source. The glovebox is full of high purity 

N2 and the voltages were applied on every electrode by a probes system.  

Photoresponse measurements were carried out with infrared from upside, as shown in 

Figure 5.1. For the transfer and output characteristics, light illumination at different 

irradiance was kept for 2 minutes before every measurement.  

The flexible photodetectors based on graphene/PbS QDs on PETs were characterized 

before and after bending tests. In the bending tests, the flexible sample was pressed to 
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the radius of ~4 mm and released for up to 1,000 times, as shown in Figure 5.5. 

 
Figure 5.5 Bending operation of the flexible devices. 

5.3 Performance of Devices 

 

Figure 5.6 Transfer characteristics ( IDS ~ VG, VDS = 0.5V ) of graphene transistors with 

or without the modification of PbS QDs on the graphene film. 

For the phototransistors based on graphene/PbS QDs hybrid films, before coating PbS 
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QDs, the field effects of the pure graphene films were characterized. The transfer 

characteristic (IDS ~ VG, VDS = 0.5V) of the transistor measured in dark is show in 

Figure 5.6. The field effect mobilities are ~1,000 cm
2
/Vs for both electrons and holes, 

which are higher than those of many other semiconductors [127, 217, 226, 227]. 

Figure 5.6 also shows the transfer curve of the graphene transistor modified with PbS 

QDs and measured in dark. It is notable that the transfer curve becomes asymmetric 

and the Dirac point shifts to a positive gate voltage (~50 V) after the modification, 

indicating a p-type doping in the graphene film [132, 233]. In addition, the electron 

mobility is decreased to ~ 440 cm
2
/Vs while hole mobility remains unchanged.  

 

Figure 5.7 Energy diagram of the heterojunction of PbS QDs and graphene. 

As mentioned above, energy levels for the conduction and valence bands of PbS QDs 

are estimated to be 4.15 eV and 5.35 eV, respectively, as shown in Figure 5.7. It is 
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notable that PbS QD is a p-type semiconductor which has the Fermi energy close to its 

valence band [234]. However, the Fermi level of intrinsic graphene is about 4.6 eV at 

the Dirac point [231]. Therefore, holes in PbS will inject into the graphene film and 

induce a p-type doping effect in graphene in the heterojunction of graphene/PbS QD 

[132]. On the other hand, the decrease of the Fermi level in graphene may induce 

bigger contact resistances for electron injection and lead to the decrease of the 

effective electron mobility of the transistor as shown in Figure 5.6 [235]. 

 

Figure 5.8 Photocurrent of a graphene/PbS QDs photoconductor as functions of 

applied voltage characterized under different light irradiance. Wavelength: 895nm. 

Next the graphene/PbS QDs phototransistors were characterized under the 

illumination of NIR light with the wavelength of about 895nm. Firstly, no gate voltage 

was applied on the transistor (VG = 0 V) and thus the device could be regarded as a 
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standard photoconductor. Figure 5.8 and Figure 5.9 show the photocurrent and the 

responsivity of the device to NIR light as a function of the voltage applied between the 

source and drain electrodes (VDS). The responsivity increases with the increase of VDS 

and decreases with the increase of the light irradiance, which is consistent with the QD 

IR sensors reported before [52]. 

 

Figure 5.9 Responsivity of a graphene/PbS QDs photoconductor as functions of 

applied voltage characterized under different light irradiance. Wavelength: 895nm. 

It is notable that the maximum responsivity of the detector is about 110
7
 A/W at the 

incident power of about 30pW, which is several orders of magnitude higher than that 

of the QD IR sensors reported before [32, 52]. Since the carrier mobility of graphene is 

more than four orders of magnitude higher than that of PbS QD films, it is reasonable 

to observe the ultrahigh responsivity in the devices. 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 5 

SUN Zhenhua  99 

To better understand the sensing mechanism, we characterized the transfer 

characteristics of the NIR phototransistor on n
+
Si/SiO2 substrate under light 

illumination with different irradiance. As shown in Figure 5.10, the transfer curves 

shift to higher gate voltage horizontally with the increase of light irradiance. It is 

notable that the hole mobility has little change under light illumination. Therefore, the 

response of the phototransistor to light illumination is mainly due to the modulation of 

the effective gate voltage applied on the transistor [47, 48]. 

 

Figure 5.10 Transfer characteristics (IDS ~ VG, VDS = 0.5V) of a graphene/PbS QDs 

transistor characterized under different light irradiance with the wavelengths of 

895nm. 

The shift of the transfer curve (VG) of the device as a function of light irradiance ( Ee ) 

is shown in Figure 5.11. Similar with the P3HT/PbS QDs phototransistor, the curve 

can be fitted very well with the equation 3-1: 


 eG EV  , where  and  are 
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constants and   0.24. It is worthy of note that this value is similar with the fitting 

result of P3HT/PbS QDs phototransistor, which is 0.28. Besides, this equation was 

also successfully used in other phototransistors based on organic/inorganic 

composites reported before [47, 221]. 

 

Figure 5.11 Horizontal shift of transfer curves as functions of light irradiance and its 

fitting result. The inset is the schematic of the net negative charge in PbS QDs under 

illumination. 

The channel current change ( IDS ) of the graphene/PbS QDs transistor under light 

illumination is given by equation 4-1 [221]: 
DSGiDS VVC

L

W
I   . And the 

responsivity (R) of the device is given by equation 4-2: 
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R . Figure 5.12 shows the responsivity of the 

device versus light irradiance, which can be fitted very well with the equation 4-2. We 
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can find that the responsivity of the phototransistor decreases with the increase of 

irradiance and shows a nonlinear relationship, which is similar to the IR 

photoconductor based on PbS QDs reported before [52].
 

 

Figure 5.12 Responsivity as functions of light irradiance and its fitting result. 

With the same device design and graphene quality, we fabricated a control device 

which is a graphene transistor without PbS QDs. This control device was measured in 

illumination and showed very little response to the NIR light, as shown in Figure 5.13. 

Therefore it can be concluded that PbS QDs play a crucial role on the photosensitive 

behavior of the device.  
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Figure 5.13 Transfer characteristics (IDS ~ VG, VDS = 0.5V) of a graphene transistor 

under IR light illumination with different irradiance. 

The sensing mechanism of the graphene/PbS QDs phototransistor can be attributed to 

the charge transfer between PbS QDs and graphene. As shown in Figure 5.14, 

electron/hole pairs (excitons) are generated in PbS QDs under light illumination and 

then transfer to the graphene film due to the lower energy levels for both electrons and 

holes in graphene. Because the transfer rates of the electrons and holes are different, 

the numbers of electrons and holes in a QD will be different, which result in a net 

negative or positive charge in the QD. As shown in Figure 5.10, the transfer curves 

shift to positive voltage horizontally under light illumination, indicating that QDs 

have net negative charges that can attract more holes in the graphene film, as shown in 

the inset of Figure 5.11. In other words, higher gate voltage is needed to obtain the 
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charge neutrality point (Dirac point) in the graphene transistor because of the net 

negative charges in the QDs.  

 

Figure 5.14 Schematic diagram for charge generation in a graphene/PbS QD 

heterojunction under light illumination. 

The responsivity of the phototransistor was found to be influenced by the amount of 

PbS QDs. As shown in Figure 5.15, the shift (VG) of the transfer curve increases with 

the increase of the thickness of the PbS QD layer under the same light irradiance (Ee = 

32.7 mW/cm
2
) and tends to saturate when the thickness is bigger than 150nm. 

Therefore, all of the devices mentioned elsewhere have the QD layers of about 150 nm 

thick unless are otherwise specialized. 
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Figure 5.15 Horizontal shift of the transfer curves of the devices with different 

thicknesses of PbS QDs layers. Light irradiance: 32.7 mW/cm
2
, wavelength: 895 nm. 

In addition, the surface modification on the PbS QDs can influence the charge transfer 

from PbS to graphene. We found that the graphene transistor coated with PbS QDs 

modified with oleic acid showed much lower sensitivity to IR light as shown in Figure 

5.16. Because oleic acid has a relatively long molecule chain compared with pyridine, 

charge transfer from oleic acid-capped PbS QDs to graphene is rather difficult and 

thus the photosensitivity becomes much lower [52]. In the phototransistors reported 

by Konstantatos et al. [51], PbS QDs were modified with ethanedithiol, which has the 

similar length of pyridine. Therefore it is reasonable to find the similar responsivity of 

our device to the reported one.  
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Figure 5.16 Transfer characteristics (IDS ~ VG, VDS = 0.5V) of a graphene/PbS QDs 

transistor under IR light illumination with different irradiance. The PbS QDs are 

capped with oleic acid. 

Next, the transient behavior of the grapheme/PbS QDs phototransistor was 

characterized. Figure 5.17 shows the response of the channel current of a device under 

light illumination. The channel current increases with the illumination time and can be 

fitted with an exponential function with two relaxation times: 

))/exp(1())/exp(1( 2211  tItII DS  , which is similar to many 

phototransistors reported before [47, 215]. The time constant 1 and 2 are 0.13s and 

5.0 s, respectively. We speculate that the short relaxation time 1 corresponds to the 

hole transfer from PbS to graphene while the long relaxation time 2 represents the 

charge transfer in PbS QDs layer. Similarly, the channel current decreases with time 
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when the light is switched off and the curve can be fitted with an exponential function: 

)/exp()/exp( 4433  tItII DS   with two decay times: 3 = 0.25s and 4 = 

5.0 s. It is notable that 4 can be attributed to the charge transfer between PbS QDs 

since it is very similar to 2. The short decay time 3 may represent the lifetime of 

electrons in PbS QDs before they transfer to neighbouring graphene film. It is notable 

that the transfer rate of electrons from PbS to graphene is slower than that of holes at 

the PbS QDs/graphene interface since 1 < 3. Therefore it is reasonable to conclude 

that PbS QDs have net negative charge under light illumination as shown in the inset 

of Figure 5.11.  

 

Figure 5.17 Current response of a graphene/PbS QDs photoconductor to on/off IR 

illumination. VDS = 50mV; wavelength: 895 nm; Irradiance: 6.4mW/cm
2
. 
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Figure 5.18 (b) and (c) Normalized current response to on/off IR light illumination for 

various cycles. On time: 0.3s; off time: 1.7s. Io is the average maximum current 

response. 

Figure 5.18 show the channel current response of the device characterized under 

on/off light illumination. The response of the phototransistor is repeatable when the 

device is switched for more than one hundred times. The response of the 
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phototransistor is much faster than the photoconductors based on graphene oxide 

reported before [215]. Since the response time is related to the transfer rate of 

electrons and holes from PbS QDs to graphene, the ligand capped on the PbS QDs is 

critical to the performance of the devices [52]. 

It is notable that the graphene/PbS QDs photoconductors can be easily fabricated on 

flexible substrates. CVD-grown single-layer graphene was transferred on a 

polyethylene terephthalate (PET) substrate and PbS QD film was then coated on the 

graphene layer by drop casting. Figure 5.19 shows the responsivity of a flexible PbS 

QDs/graphene photoconductor under different IR light intensity before and after a 

bending test for 1,000 times. We can find that no obvious degradation can be observed 

in the device after the bending test.  

The responsivity of the device can be fitted very well with equation 4-2, where =0.24. 

Since the devices can be easily patterned to small size, array of the highly sensitive IR 

sensors can be fabricated on flexible substrates for IR sensing or imaging, which may 

have promising applications in the future.  
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Figure 5.19 (a) Responsivity of a photoconductor based on PbS QDs and graphene 

fabricated on flexible PET substrate characterized before (solid lines) and after (dot 

lines) a bending test for 1,000 times. (b) Responsivity of the photoconductor as 

functions of light irradiance characterized before and after a bending test.  
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5.4 Summary 

In summary, ultrasensitive NIR photodetectors based on CVD-grown graphene and 

PbS QDs were realized by facile solution process. The responsivities of the devices 

increase with the decrease of light irradiance/intensity and reach the value as high as 

10
7
A/W at low light irradiance, which is much higher than those of any 

photoconductors based on graphene or PbS QDs reported before. Moreover, the 

devices are fabricated on flexible plastic substrates and show excellent bending 

stability. The sensing mechanism of the grapheme/PbS QDs phtotoconductors is 

attributed to the charge transfer from PbS QDs to graphene under light illumination. 

Because of the different transfer rates of electron and hole from PbS QDs to graphene, 

net negative charges are accumulated in the PbS QDs under light illumination and 

result in field effect p-type doping in the graphene film. In addition, the capped ligand 

on the surface of PbS QDs is found to be critical to the photosensitive behavior of the 

devices, which will be a key issue to be optimized in further improving the device 

performance. 
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Chapter 6   Ultraviolet Driving Multilevel 

Memory Based on Graphene-TiO2 

Nanodots Hybrid Film 

6.1 Introduction 

In view of the important applications of memories in electronic products, huge efforts 

have been devoted to developing low cost, flexible and miniaturized new memory 

devices [17]. Recently, the application perspective of graphene in new memory device 

has attracted more and more attention because of its excellent properties such as 

scalability, flexibility, high carrier mobility and so on [45, 100, 122, 236-244] . 

Fragmentary Graphene or its derivative graphene oxide (GO) have been used in 

charge-storage capacitors which show large capacitance-voltage hysteresis [236, 237]. 

In addition, graphene have been integrated in Ferroelectric Field-Effect Transistor 

(FFET) as semiconductor layer. These FFETs making use of ferroelectric insulators 

show large transfer hysteresis that can be used for memory [100, 238, 239]. Some 

other interesting properties of graphene have also been demonstrated for their 

applications in memory devices, such as the conducting filament effect under electric 

field [240, 241], different spin state along graphene zigzag edge observed in 
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equilibrium or with ballistic current [242]. Furthermore, graphene can interact with 

some other materials to emerge some synergetic effects that are reversible and can be 

used for memory devices. Very recently Wang et al showed the bistable states of 

graphene and low-work-function metal junction on modified substrate, which were 

attribute to the Fermi-level change of graphene induced by the carrier injections or 

ejections from metal electrode under bias [243]. Similar bistable states of graphene 

resistors were already reported by Echtermeyer et al. [244] and Zhuang et al [122], 

which were realized by electrochemical doping of graphene by water in ambient and 

conjugated polymer, respectively. The delicate properties and large surface area of 

graphene make it very sensitive to external stimuli. The hybrids based on graphene, 

especial the graphene-inorganic nanocrystal hybrids have been widely investigated for 

many promising applications [109].
 
However, to our best knowledge, no memory 

device has been reported making use of the graphene-quantum dots hybrid materials. 

Multilevel memory devices have attracted increasing attention because of its 

extraordinary potential for high density storage [17]. Some groups have reported their 

multilevel memory devices with similar working principles of common binary 

memories, including the capacitive memory with ferroelectric dielectric that can be 

multilevel polarized [245], the resistive memories making use of the conductive 

filament [246, 247], charge trapping centre [248] or redox electrolyte [249] and the 

transistor memory based on ferroelectric materials [35, 250]. It is worth noting that the 
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aforementioned devices are driven by electricity and can be categorized to three types: 

capacitor, transistor and resistor, which are the key elements of modern electronics 

[17].  

Recently, Guo et al. reported phototransistors that show multilevel data storage ability. 

The threshold voltages of the devices can be changed by light-assisted gate voltage 

scanning and the changes can be stabilized because the photo-induced carriers in the 

semiconductor layer are trapped in an underlying polymer buffer layer [39]. Utilizing 

light to drive the nonvolatile memory has been realized in phase change memories 

used in CD/DVD blu-ray dishes before [98, 251]. Due to the Joule effect of laser, 

phase change materials are switched between crystalline and amorphous phases under 

light illumination, which show different conductive or reflective properties. The work 

of Guo et al expands a common phototransistor to be a multilevel memory device by 

introducing charge trap layer, which is a new concept that can be utilized in many 

other devices. In fact, several similar light-driving memory devices have been 

reported before. These devices make use of organic semiconductors as light harvesters 

and hybrid interface [41, 54], semiconductor itself [252] or nanocrystalline additives 

[42, 43] as charge trapping centers. The abundant light harvesting materials 

accommodate the promising future for light driving multilevel memory devices.  

Nanocrystalline colloids have attracted significant attention in optoelectronic research, 

including solar cells and photodetectors, because of their solution processability and 
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tunable bandgap originated from quantum size effect [16, 46].
 
In this chapter, we 

demonstrate a kind of ultraviolet light (UV) driving multilevel resistive memory based 

on graphene-TiO2 nanocrystallites hybrid films. This kind of memory device shows 

multilevel conductive states under UV illumination. Different states can be 

programmed by adjusting UV irradiance and/or illumination time. These states can 

retain for long time in dark and can be erased by applying positive gate voltage. The 

working principle is as follows. The decorated TiO2 nanocrystallites on graphene 

layer act as both the UV harvesters and hole trapping centers. The photon-induced 

electrons in TiO2 nanocrystallites can inject into graphene film while holes are 

trapped in the TiO2 nanocrystallites. The trapped holes can modulate the conductivity 

of the graphene film due to field effect doping. Surface ligand of the TiO2 

nanocrystallites was found to play a crucial role in trapping holes in TiO2, which 

induces the memory effect. Positive gate voltage can elevate the Fermi level of 

graphene so as to promote electron injection to TiO2 and erase the memory state. 
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6.2 Experimental 

6.2.1 Materials 

 

Figure 6.1 Schematics of 5nm TiO2 nanodots capped with pyridine (left) and oleic 

acid ligand (right). 

Single-layer graphene was prepared by chemical vapor deposition (CVD) method on 

copper foils and transferred on chosen substrates. TiO2 nanodots capped with oleic 

acid ligand (average diameter = 5nm) were synthesized by nonhydrolytic method [207] 

and used in composite films. Some of this type TiO2 nanodots were taken out to 

change their surface ligand from oleic acid to pyridine through the procedure 

described in the chapter 3.2. The TiO2 nanodots capped with pyridine ligand were 

used in the memory devices. TiO2 nanoparticles without surface modification, 

including rutile TiO2 nanorod with a size of 5nm (diameter)20nm (length) was 
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purchased from Sigma-Aldrich and used in composite films for comparison. The 

schematic diagrams of TiO2 nanoparticles with different surface ligand are shown in 

Figure 6.1. 

6.2.2 Device Fabrications 

 

Figure 6.2 Schematic of device structure and measurement. 

Single-layer graphene was transferred and patterned on the n
+
Si/SiO2 substrate with 

the typical technique that is described in the chapter 5.2.1. The thickness of SiO2 is 

300nm. Then gold electrodes were deposited on top of graphene by thermal 

evaporation through a shadow mask and formed a channel of W/L=2mm/0.1mm. 

Finally, the TiO2 nanocrystallites capped with pyridine were coated on the graphene 
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film by dropping their toluene colloid solution on the surface. The device was then 

dried for several hours in a glovebox filled with high purity N2 before further 

measurement. The device structure is illustrated in Figure 6.2. 
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Figure 6.3 Raman spectrum of single-layer graphene on Si/SiO2 substrate. 

Roman spectrum: Raman spectroscopy (HORIBA, 488nm laser source) was used to 

confirm the monolayer property of graphene. The Raman spectrum of single layer 

graphene on Si/SiO2 substrate is shown in Figure 6.3 [231]. 

 

Figure 6.4  Transmission Electron Microscopy (TEM) images of the hybrid films. 
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Transmission Electron Microscopy (TEM): Figure 6.4a and b show the TEM 

(2100F, Japan) images of the TiO2 on the surface of a graphene film. The electron 

diffraction patterns of graphene and TiO2 nanocrystallites are shown in Figure 6.4c. 

6.2.3 Measurement of Devices 

The light driving memory was characterized by a semiconductor parameter analyzer 

(Agilent 4156C) under light illumination with different irradiance (as shown in Figure 

6.2) in the glovebox filled with N2. The light sources were monochromatic LED with 

the wavelength of 370nm and its light irradiance was controlled by a DC power source. 

To get stable results, light illumination at different irradiance was kept for 2 minutes 

before the measurement of transfer characteristics. 
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6.3 Performance of Devices 
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Figure 6.5 Current changes induced by UV illumination with different light irradiance 

or illumination time under programming condition. 

As shown in Figure 6.2 , the device is a typical field-effect transistor with Si substrate 

as gate electrode and two Au patterns as source and drain electrodes. When the gate 

voltage (VG) is 0 V, this device can be regarded as a photoresistor with two Au 

electrodes. Figure 6.5 shows the time dependent source-drain current (IDS) under UV 

illumination. The drain-source voltage (VDS) is 0.05V and VG is 0V. This VDS and VG 

values will be called programming condition thereafter. It is notable that the current 

change increases with the increases of UV irradiance and illumination time. This is not 

difficult to be understood since TiO2 can absorb light and generate net charges in 

TiO2 that induce field-effect doping in the graphene film, which is similar to some 
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phototransistors based on graphene-nanocrystallites hybrid films reported before [50, 

155]. More important, our device shows very stable current after the removal of light, 

which means a good retention property. This is distinct to the normal photo-excitation 

and relaxation processes observed in optoelectronic devices reported before [47, 48, 

215].  
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Figure 6.6 The retention of the channel current in dark after UV programming. 

To further study the memory effect, long time retention test was carried out and the 

result is shown in Figure 6.6. The IDS was measured under programming condition 

with UV illumination for ~100s. Then the light was removed and the measurement 

was carried on for about 10 hours. It is interesting to find that the current change had 

decayed only for ~8%. The photo-excitation states are so stable that the device has the 

potential to be used as a nonvolatile memory with UV illumination as the 
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programming method [38, 42, 43, 54]. 
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Figure 6.7 A programming-erasing process of a device. 

As shown in Figure 6.7, the current change can be erased by applying positive VG. The 

device was firstly illuminated by UV with light irradiance of 0.78mW/cm
2
 for ~20s 

under programming condition. Then, light was removed and VG was changed to 50V 

with constant VDS for ~30s. It is found that the current change was erased totally. It is 

worth noting that the time consumed for erasing is dependent on VG. Shorter erasing 

time is needed for larger VG and vice verse. Therefore it provides the possibility to 

reset this memory shortly with a large positive VG pulse. 
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Figure 6.8 The shift of the transfer curves of the device under UV illumination. The 

arrow indicates the shift direction. From right to left, the UV irradiance are (mW/cm
2
): 

0; 0.35; 0.45; 0.52; 0.62; 0.70; 0.78; 0.85; 0.93; 0.97; 1.03; 1.08; 1.13; 1.16. 

Similar light driving memories based on OTFT or carbon nanotube transistors have 

been reported by C. C chen et al. [43], J. Borghtti et al. [41], and S. Dutta et al. [54]. 

Although their devices show similar stable currents like ours, their photocurrents are 

erased by negative gate voltage. They attribute the programming-erasing processes of 

their devices to the following mechanism. Under illumination, photo-induced positive 

charge carriers are generated and injected into the conducting media while the 

negative charge carriers are trapped in the interfaces. So the negative gate voltage can 

repel these trapped negative charge carriers and promote their recombination. We 

consider that our memory can be attributed to the similar mechanism. 

To better understand the mechanism of both programming and erasing of our device, 
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field effect of this device was characterized. Figure 6.8 shows the transfer curves 

(IDS~VG) under UV illumination, wherein the curves shift to negative gate voltage 

horizontally with the increase of light irradiance. It is notable that hole mobility in 

graphene decreases slightly under light illumination. 

 
Figure 6.9 (a) Transfer curves of transistor based on pristine graphene under UV 

illumination (wavelength: 370nm) with different light irradiance. (b) Transfer curves 

of a graphene/TiO2 hybrid transistor under visible light illumination (wavelength: 

470nm) with different light irradiance. 

Control transistor with only TiO2 nanodots as active layer has been fabricated and 

measured, which show that the TiO2-nanodot layer is almost insulating. Therefore the 

channel current can be attributed to graphene film solely. Theoretical calculations 

show that anatase TiO2 nanocrystallites with a diameter of ~5nm will have the 

bandgap of ~3.2V corresponding to the UV wavelength of 385nm [253]. On the other 

hand, pure graphene shows poor optical absorption which is less than 5% at 370 nm 

and the absorption is even smaller at longer wavelength region [133]. Therefore it is 

reasonable to found that the device based on pure graphene is insensitive to UV, as 

shown in Figure 6.9a. Furthermore, graphene-TiO2 hybrid transistor is not sensitive to 
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the light illumination with the wavelength of 470nm, as shown in Figure 6.9b. 

Therefore, it can be concluded that graphene and TiO2 nanocrystallites are responsible 

for conducting charge carriers and UV light harvesting, respectively. 

 

Figure 6.10 Mechanism of the UV response of the device. TiO2 is positively charged 

under UV. 

Apparently, the response of the transistor to light illumination is mainly due to the 

modulation of the effective gate voltage applied on it, which is similar to the 

phototransistors discussed in chapter 3 and 5 [47, 48]. Figure 6.10 demonstrates the 

mechanism of this process. TiO2 nanocrystallites have the valence band level Ev of 

7.5eV and the conduction band level Ec of 4.3eV [253].
 
The Fermi level of intrinsic 

graphene is about 4.6 eV at the Dirac point [231]. Therefore, when TiO2 

nanocrystallites are illuminated under UV light, electron/hole pairs (excitons) are 

generated and dissociate at the interface of TiO2 and graphene. As the Fermi level of 
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graphene is lower than the conducting band of TiO2, electrons will inject into graphene, 

which will result in net positive charges in the nanocrystallites. In other words, more 

negative gate voltage is needed to obtain the charge neutrality point (Dirac point) in 

the graphene transistor and thus the conductivity of graphene film at VG of 0V will 

increase. This charge transfer process is illustrated in Figure 6.11. At the same time, 

the injection of electrons into graphene will lead to the rise of Fermi level of graphene 

and thus increase the graphene-electrode potential barrier for hole injection. This is 

responsible for the aforementioned decrease of hole mobility [235]. 

 

Figure 6.11 Schematic diagram of the proposed mechanisms of the programming. 

In fact, the optoelectronic property of graphene-TiO2 nanocrystallites hybrid system 

has already been studied for their applications in photodetectors [254], photocatalysts 

[255] and so on. The photon-induced carriers all recombine fast in those reports. 

Nevertheless, photo-excitation states in this report retain for pretty long time, which 
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means excellent memory effect. To clarify the reasons, control devices with TiO2 

nanodots capped with oleic acid ligand or without any ligand were fabricated and 

characterized. Their retention behaviors are shown in Figure 6.12. These devices show 

similar photoresponse behaviors while the currents decay quickly. Therefore, the 

unique memory effect can be attributed to the suitable surface ligand (pyridine) of 

TiO2. 
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Figure 6.12 Current changes of control devices after UV illumination. 

The mechanism of the erasing process of the memory device is speculated as follows 

and demonstrated in Figure 6.13. Under the stable photo-excitation states of a memory 

device, if a positive VG is applied on the gate electrode, the Fermi level of graphene 

will increase to approach or exceed the conduction band of TiO2. This will facilitate 

the injection of electrons from graphene to TiO2 and promote the recombination of 
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electrons and holes in TiO2. The rate of this process will be dependent on the applied 

gate voltage VG.  

 

Figure 6.13 Illustration of the proposed mechanism of positive VG induced erasing of 

a memory device. Fermi level of graphene is elevated by positive VG so as to 

facilitate the hole-electron recombination in TiO2. 

What should be pointed out is that this work demonstrates a different photoresponse 

behavior to the work in chapter 5, which is the phototransistor based on graphene/PbS 

QDs. The origin of this difference is not clear yet and maybe related to the different 

energy band structures and interface properties of TiO2 nanodots and PbS QDs. 

Further work is needed to clarify it. 

The device exhibits excellent multilevel memory behavior. Figure 6.14a shows the 

current changes of the resistive memory (VG=0V) under UV illumination for three 

times. The current changes are similar and device reaches a stable state after each 
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illumination. This uniform programming can be repeated for more than ten times as 

shown in Figure 6.14b. Therefore, the multilevel memory can be realized by 

controlling light irradiance and/or illumination time. Figure 6.14c and d show the 

distinct current changes under different light irradiance and illumination time. This 

feature renders the device to have plenty of states for multilevel memory applications, 

which is highly controllable by UV illumination. 

 

Figure 6.14 Various programming features of a memory. The programming light 

wavelength is 370nm. Red patterns represent the light illumination stages. (a) and (b) 

The repeatable programming of a device by UV with same irradiance and 

illumination time. (c) Different current change programmed by UV with constant 

irradiance and different illumination time. (d) Different current change programmed 

by UV with different irradiance and same illumination time 

Figure 6.15 shows programming-erasing processes for three cycles. These levels are 
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programmed by UV with different light irradiance or different illumination time. After 

each programming, positive VG of 50V was applied to erase the current change to zero. 
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Figure 6.15 Multilevel programming and erasing process. “L”, “P” and “E” represent 

“level”, “programming” and “Erasing” respectively. Programming condition: VG=0V, 

VDS=0.05V. Erasing condition: VG=50V, VDS=0.05V. L1, L2 and L3 are programmed 

by UV (370nm) with irradiance (mW/cm
2
)/illumination time (s) of 0.52 /30, 0.78 /30 

and 1.08/30, respectively. Erasing time E1 and E2 are 12s and 60s, respectively. 

6.4 Summary  

In summary, we fabricated a novel nonvolatile, rewritable and multilevel resistive 

memory based on graphene-TiO2 nanocrystallites hybrid film. This memory can be 

programmed by UV illumination. The current change in the hybrid film under the 

programming process shows multilevel characters and good retention for long time. 

Different current level of the hybrid film can be used to record different information 

and plenty of levels can be obtained by controlling UV irradiance and/or illumination 
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time. The UV excitation of TiO2 nanocrystallites is responsible to the photoresponse 

of the device. The surface pyridine ligand on TiO2 nanocrystallites was found to be 

crucial to the stability of the excitation states. Positive gate voltage can be used to 

erase the programmed information by promoting the recombination of photo-induced 

carriers in TiO2. This study paves a way to realizing multi-level memories driven by 

light.  
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Chapter 7   Conclusion and Future Prospect 

7.1 Conclusion 

In conclusion, huge effort has been devoted to the research of functional TFTs in view 

of their promising applications. Hybrid materials show many advantages when they 

are used in the TFTs because of the combination of the intrinsic properties of each 

component as well as the synergistic effects of them. It is notable that heterojunctions 

formed in the hybrid materials is critical to the optoelectronic performance of the 

devices. In this thesis, functional TFTs including phototransistors and light driving 

memories based on organic-inorganic and graphene-inorganic hybrid materials have 

been systemically studied. 

P3HT/TiO2 nanocrystallites hybrid films have been investigated. It is found that hole 

mobility of P3HT can be enhanced by the TiO2 component. This enhancement can be 

attributed to the improved crystallinity of P3HT and the optimized orientation of 

polymer chains in the composite films, which is derived from the self-assembling 

effect induced by the TiO2 component. Through comparing effects of different kinds 

of TiO2, we found that both the rod-like shape and surface pyridine ligand of the 

nanocrystallites are necessary for the enhancement of mobility. Ultraviolet 
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phototransistors have been fabricated based on this kind of hybrid film. With the 

improved hole mobility of P3HT, the phototransistors show superior current response 

than the P3HT/TiO2 hybrid devices reported before.  

Two kinds of NIR phototransistor based on P3HT/PbS QDs or graphene/PbS QDs 

hybrid films are fabricated and characterized. These transistors show shifting transfer 

curves toward high gate voltage under NIR illumination with the wavelength of 

895nm. The photoresponsivities of the devices based on P3HT/PbS QDs and graphene 

PbS QDs reach up to 2×10
4 

A/W and 1×10
7 

A/W, respectively, which is much higher 

than that of a NIR photoresistor based on PbS QDs only. The sensing mechanism is 

due to the photo-induced charge generated in PbS QDs, which may change the 

effective gate voltage applied on the transistor. The high responsivities of the devices 

can be attributed to the high carrier mobilities in organic semiconductors or graphene. 

 

Light driving, multilevel, rewritable and nonvolatile resistive memories have been 

fabricated using graphene/TiO2 nanodots hybrid films. This kind of memory can be 

programmed by ultraviolet light and erased by applying positive gate voltage. The 

programming of the memory is essentially a photo-excitation process, which lead to 

field-effect doping of the graphene film. This doping effect can modulate the 

conductance of graphene and retain for long time after the removal of light. Surface 

pyridine ligand of TiO2 nanodots is critical to the retention behavior. Multilevel 
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feature of the memory can be realized by controlling light irradiance and/or 

illumination time. 

7.2 Future Prospect 

Although functional TFTs with excellent performance have been realized in our lab, 

further work is needed to enable their practical applications. Some properties such as 

stability in atmosphere, reproducibility, response speed and endurance of the devices 

need to be further improved. More importantly, devices with new functions and better 

performance are expected to be realized by choosing more suitable materials or 

optimum device design, which will be the future work of this area.
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