
 

 
 
 

© Copyright 2019 
 

Cheng Zeng 
  



 

 

N-type Organic Field Effect Transistor Based on Caffeine Derivatives 
 
 
 

Cheng Zeng 
 
 
 
 

A thesis 
 

submitted in partial fulfillment of the 
 

requirements for the degree of 
 
 
 

Master of Science 
 
 
 
 

University of Washington 
 

2019 
 
 
 
 

Committee: 
 

Christine K. Luscombe, Chair 
 

J. Devin MacKenzie 
 
 
 
 
 
 
 

Program Authorized to Offer Degree:  
 

Materials Science & Engr: Applied 
  



 

 
University of Washington 

 
 
 

Abstract 
 
 
 
 

 N-type Organic Field Effect Transistor Based on Caffeine Derivatives 
 
 
 

Cheng Zeng 
 
 
 

Chair of the Supervisory Committee: 
Professor Christine K. Luscombe 
Materials Science & Engineering 

 

 

Field effect transistors, one of the most popular electronic devices, have drawn much attention 

due to their wide application in integrated circuits. Compared to the inorganic silicon-based 

FETs, organic field effect transistors (OFETs) have the advantage of being flexible and low-cost. 

As a result of this, OFETs have been extensively studied to improve their performance, including 

threshold voltage, on/off ratio and mobility. In this thesis, the first two chapters introduce 

semiconductor materials and devices. In Chapter 3, our work, the synthesis and fabrication of N-

type OFETs is demonstrated. In our study, C-H activation, a cheap, green and environment-

friendly method is used to make caffeine derivatives. Furthermore, two different alkyl 

substituents have been introduced to the caffeine unit to compare their performances in OFETs. 
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Chapter 1. INTRODUCTION TO ORGANIC SEMICONDUCTORS 

1.1 INTRODUCTION 

As we come into the Information Age, the need for digital devices, including personal computers, 

mobile phones, tablets and flash drives, increases significantly. It is reported that in 2017, there 

were about 1 trillion unit shipments of semiconductor devices and silicon, being the most popular 

inorganic semiconductor, plays an important part in these devices due to its unique electrical 

properties and abundance on Earth.[1] However, the process to manufacture silicon semiconductors 

is complicated and expensive, including silicon purification, photolithography, etch, ion implant 

and more, which offsets the relatively cheap raw materials.[2] With the goal of making cheaper and 

better performance electronic devices, our focus has shifted to organic semiconductors. Organic 

semiconductors have the advantages of low-cost, flexibility and tunability, making them potential 

for next generation of electronics. 

The development of organic semiconductors can be divided into three phases: organic 

crystals, small organic films and polymer films. The first one can date back to the early 20th 

century, when small organic anthracene crystal was discovered to have photoconductivity by Pope 

et al. in 1963, and later studied by Helfrich et al..[3-5] Since then, molecular crystal semiconductors 

have attracted much attention, but the problem was that these kinds of devices required high 

voltages to operate, rendering it impractical to utilize in daily life.[6] For this reason, amorphous 

films from spin coating or vacuum deposition emerged to overcome this challenge. Although it 

didn’t have the problem of high voltage, the performance was still not sufficient for commercial 

use. It was not until 1970s when doped conjugated polymer material, polyacetylene, was 

discovered by Heeger, MacDiarmid and Shirakawa, who were rewarded Nobel Prize in Chemistry 
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in 2000 that the field of organic semiconductor materials arose.[7] With increasing interest drawn 

to organic devices, a range of novel materials have been designed, such as perylene tetracarboxylic 

derivative and polythiophene, resulting in the rapid development of this field.[8, 9]  

This chapter first discusses the structure of organic semiconductors and the underlying 

mechanism involved in conducting currents, then specific examples of organic semiconductors 

ranging from polymers to small organic chemicals are included. At last, a short conclusion is made, 

and the future of organic semiconductors is explored. 

1.2 STRUCTURE OF ORGANIC SEMICONDUCTORS 

The structure of organic semiconductors is different from inorganic ones in terms of interactions 

occurring between molecules either or atoms. In inorganic semiconductors, such as silicon, atoms 

are covalently bonded to each other to form crystals, leading to strong interactions in neighboring 

atoms. On the other hand, organic counterparts are bonded to each other via π-interactions, a much 

weaker force compared to covalent bond, which implies distinctly different properties between the 

two. Electrical properties, like conductance, are typically the primary concern in the context of 

semiconductors. 

 
Figure 1.1. Generation of Carriers 
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In order to discuss conductance, it is necessary to talk about formation and transportation of 

carriers, i.e. electrons and holes. The formation of molecular orbitals will not be reviewed here, 

since it is the fundamental of organic chemistry. What should be noted is two molecular orbitals, 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), which are analogous to the valence and conduction bands in inorganic band theory. 

Accordingly, the energetic gap between the HOMO and LUMO is called the band gap, the 

minimum energy input required to excite charge carriers into a conductive state. The conduction 

process can be divided into two steps as mentioned earlier. First, the generation of carriers can be 

described in Figure 1.1. When energy input, from thermal energy or solar energy, is larger than 

the band gap, an electron jumps from the HOMO to the LUMO level, leaving a hole behind and 

creating excitons, which will be further separated into free carriers. Next, the mobile carriers are 

transported so as to make currents flow, which is demonstrated in Figure 1.2 from Pope.[10] There 

are two kinds of mechanisms involved in carrier transport, and one is band transport (Figure 1.2a), 

the other is hopping transport (Figure 1.2b). The band transport mechanism applies to inorganic 

semiconductors, where electrons are delocalized. The hopping transport mechanism, nevertheless, 

is utilized in almost all organic semiconductors to transport charges from chain to chain. In this 

case, carriers can be localized and trapped within trap states along the backbone chains. Phonons, 

generated from lattice vibrations, are viable media to transport carriers between conjugated 

backbones.[11] 
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Figure 1.2. Transportation of Carriers, (a) Band Transport, (b) Hopping Transport[10] 

1.3 CLASSIFICATION OF ORGANIC SEMICONDUCTORS 

There are a variety of organic materials used for semiconductors but, generally, they can fall into 

one of three categories: p-type, n-type and ambipolar. P-type semiconductors, as the name 

suggests, are positive charge carrier transporting semiconductors, indicating the major carrier is 

hole. This kind of molecule usually has electron-donating group such as amino groups, serving as 

donor. The carrier in n-type semiconductors, however, is electron, and with electron-withdrawing 

groups like carbonyls attached to the backbone, these materials are more likely to accept electrons. 

Ambipolar semiconductors are more complicated as holes and electrons are both major carriers. 

In the following, some examples in these categories are given regarding conjugated polymers and 

small organic molecules. 

1.3.1 Polymer Conjugated Semiconductors 

Since the discovery of polyacetylene by Heeger et al., conjugated polymers have been studied 

widely with the hope to find or design better materials, which are vital to the development of higher 

performance devices.[7] Poly(3-hexylthiophene) (P3HT, Figure 1.3a), poly(phenylene vinylenes) 

(PPVs, Figure 1.3b) are the most ubiquitous conjugated polymers, being used in organic field 

(a) (b)
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effect transistors (OFETs), photovoltaics (OPVs) and light emitting diodes (OLEDs), among 

others.[12] The thiophene polymer semiconductors are of great interest because they have higher 

mobility in OFETs and tunability in crystallinity via side chain engineering. As a result of this, 

several thiophene family semiconductors are developed, such as poly(2,5-bis(2-thienyl)-

thieno[3,2-b]thiophene)s (Figure 1.3c), poly(benzodithiophene)s (Figure 1.3d).[13] Apart from this, 

poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV, Figure 1.3e) is also 

utilized as donor in bulk heterojunction polymer solar cells coupled with chemically modified C60 

as the acceptor.[14] 
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Figure 1.3. Structure of Conjugated Polymers 

 
The above are all p-type semiconductors, and n-type semiconductors, nonetheless, are much 

more complex and rarer because of the lack of electron-withdrawing building block for n-type 

semiconductors.[15] Rylene diimide-based polymers, including naphthalene diimides (NDIs, 

Figure 1.3f) and perylene diimides (PDIs, Figure 1.3g), are the most popular ones being studied.[16] 

Among them, poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
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alt-5,5’-(2,2’-bithiophene) (N2200, Figure 1.3h) reported by Watson et al. has not only satisfying 

performance in OFETs, the mobility of which can reach up to 0.85 cm2V-1s-1 but also potential use 

in OPVs.[17] 

1.3.2 Small Molecule Organic Semiconductors 

 
Figure 1.4. Structure of Small Molecule Organic Semiconductors 

 
Compared to conjugated polymers, small organic semiconductors have negligible batch-to-batch 

variation in properties. Also, they are easy to purify after synthesis to obtain high purity materials,  

the key to higher crystallinity and better morphology, which results in higher mobility in 

OFETs.[18] Therefore, small molecules have the edge over polymer materials. For p-type materials, 

acenes and oligothiophenes are two classes of chemicals broadly used in the organic 
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semiconductor field, due to the fact that they have electron-rich structure and long conjugated 

length.[19] What’s more, pentacene (Figure 1.4a), in the acene family, has better performance when 

making a comparison with others, whose mobility can reach up to 1.5 cm2V-1s-1 in OFET 

devices.[20] Additionally, α-sexithiophene (6T, Figure 1.4b), from oligothiophene family, show 

mobility for 0.01-0.03 cm2V-1s-1 in OFET.[21] Although the performance of 6T-based devices is 

not that promising, it helps to develop a series of derivatives, such as benzodithiophene (bis-BDT, 

Figure 1.4c) and thienodithiophene (bis-TDT, Figure 1.4d).[22, 23] 

As mentioned previously, there are much fewer n-type materials than p-type ones. Thus, some 

examples frequently studied in this field are examined here to further the understanding. Rylene 

diimide-based small organic chemicals, including NDIs and PDIs, just like n-type polymer 

materials, are new-rising materials for substitution of non-fullerene acceptors in OPVs and other 

semiconductor devices such as OFETs.[15] For example, naphthalenetetracarboxylic dianhydride 

(NTCDA, Figure 1.4e) and perylenetetracarboxylic dianhydride (PTCDA, Figure 1.4f) based 

OFET devices have mobility of 0.002 cm2V-1s-1 and 10-4 cm2V-1s-1 respectively according to 

Laquindanum et al..[24] Another example is tetracyanoquinodimethane (TCNQ, Figure 1.4g), 

proposed by Brown et al., and it can be seen that n-type chemicals have one thing in common: 

they have many electron-withdrawing groups, which makes them good acceptors.[25] 

1.4 CONCLUSION AND PERSPECTIVE 

In this chapter, structure and classification of organic semiconductors are briefly discussed, and 

this is the foundation of comprehending electrical devices, such as OFETs, OPVs and OLEDs. In 

Section 1.2, the mechanism of carrier generation and transportation in organic semiconductors are 

emphasized, and some specific examples, especially small organic semiconductors are given in 

Section 1.3. Besides, it is worth noting that the shortage of n-type small organic chemicals, which 
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are urgently needed to make complementary OFET, is the reason studied extensively in this 

domain and the topic of this thesis, which will be clarified in the following chapters.[26] 
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Chapter 2. INTRODUCTION TO DEVICES AND 

CHARACTERIZATION METHODS 

2.1 INTRODUCTION 

As illustrated above, the invention and advancement of electrical devices are the biggest 

accomplishment of this century, and semiconductor devices, which are the most relevant to our 

daily life, are photovoltaics (PVs, Figure 2.1a) converting sunlight to electricity, light-emitting 

diodes (LEDs, Figure 2.1b) transforming electricity into light and field effect transistors (FETs, 

Figure 2.1c) forming core components of integrated circuits. Before moving on, the progression 

of these three devices made are recapped here to gain better insight. 

 
Figure 2.1. (a) PV from IndiaMART, (b) LED from Super Bright LEDs,  

(c) FET from Solarbotics 

 
Photovoltaic devices, also known as solar cells, are commonly used on the rooftops to make 

use of the abundant and free solar energy, but most commercial solar panels are based on inorganic 

materials, silicon, because of their high power conversion efficiency (PCE). Organic photovoltaic 

devices (OPV), on the contrary, has relatively lower PCE compared to inorganic counterpart and 

is still being studied. The development of OPV can be divided into three parts. First, the structure 

of the initial OPV was quite simple: single-layer devices, with active materials being PPV and two 

(a) (b) (c)



 

 

11 

electrodes inserting, achieving PCE as low as 0.07%.[27, 28] Later, efficiency is enhanced to 1% 

when two-layer structure, one for p-type copper phthalocyanine and the other for n-type perylene 

tetracarboxylic derivative, is adopted by Tang.[8] At last, the bulk heterojunction structure, which 

is broadly utilized in this field, can reach to 2.9 % initiated by Heeger and Holmes.[29, 30] Now with 

PCE reaching up to 17.3%, the commercialization of OPV is just a matter of time.[31, 32] OLED has 

similar structure but reverse mechanism as OPV, and it involves the generation of three different 

colors, red, green and blue.[33] What is worth mentioning is that some commercialized OLED 

products have been manufactured, such as 55-inch OLED TV from LG Display, OLED display 

screen on phones from Apple and Samsung.[34] This indicates the transition from liquid crystal 

displays to OLEDs. 

With respect to OFETs, metal-insulator-semiconductor diode was first reported by Ebisawa 

et al., applying polyacetylene as semiconductor materials, which shows potential for field effect 

transistor.[35] Furthermore, the first OFET was fabricated by Tsumura et al. with polythiophene as 

active material, and the mobility was 10-5 cm2V-1s-1 at that time.[36] The subsequent development 

of OFETs has been focused on materials design and fabrication process since the discovery of 

OPVs and OLEDs, and now the performance of OFETs, 11 cm2V-1s-1 for electron mobility and up 

to 40 cm2V-1s-1 for hole mobility, is close to industrial large-scale production.[37-40] 

In this chapter, OFETs are the primary focus, and their structure, working mechanism will be 

discussed here. Also, methods to characterize properties of materials and performance of OFETs 

are talked about briefly. Lastly, a conclusion is made at the end of this chapter. 

2.2 ORGANIC FIELD EFFECT TRANSISTORS 

OFETs, which are likely to be put into commercial application, such as flexible displays, sensors, 

wearable electronics and radio-frequency identification tags, are perfect substitutes for inorganic 
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silicon FETs due to their flexibility and tuneability as mentioned previously.[15] The problem, 

nonetheless, is the performance of devices, i.e. mobility of OFETs, which is still not enough to 

make commercial products. As a result of this, enhancing the performance of OFETs is the ultimate 

goal in this study. In this part, four common structures of OFETs and two working mechanisms, 

one for p-type, the other for n-type, are demonstrated to gain better understanding on OFETs. 

2.2.1 Structure of OFETs 

 
Figure 2.2. Four Structures of OFETs[41] 

 
Before introducing structure of OFET, it is crucial to know core components making up of OFETs, 

such as the three electrodes – gate electrode, source electrode and drain electrode; substrate layer, 

dielectric layer and semiconductor layer. The specific function of these components will be 

mentioned in Section 0. Now we focus on OFET structures, and there are four different structures 

in fabricating OFETs: top gate, top contact (TGTC, Figure 2.2a); top gate, bottom contact (TGBC, 

Figure 2.2b); bottom gate, top contact (BGTC, Figure 2.2c); bottom gate, bottom contact (BGBC, 

Figure 2.2d). Among them, BGTC structure will be employed during my research study since it is 

the easiest one to fabricate. Next, these four structures will be discussed one by one. 
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First, top gate structure is considered. TGTC structure, as name suggests, is where gate 

electrode is at the top, source and drain electrodes are under dielectric layer. Different from this is 

TGBC structure, where gate electrode is still at the top, but source and drain electrodes are under 

semiconductor layer. The advantage of adopting top gate structure lies in that gate electrode and 

dielectric layer protects semiconductor layer from exposing to the air in the environment, 

contributing to better performance in mobility and stability, and this kind of structure suits for n-

type OFET because it will decrease the trapping and annihilation of carrier electrons.[15] However, 

the disadvantages are the difficulty to fabricate devices and lower mobility caused by uneven 

surface of semiconductor layer.[41]  

Another kind of structure is bottom gate OFET, which is more prevalent compared to top gate 

structure. This is because the doped silicon wafer acting as gate electrode with thermally grown 

SiO2 as dielectric layer is accessible by purchasing from manufacturers. What’s more, the even 

surface of the wafer makes it effortless to deposit semiconductor layers after cleaning, reducing 

discontinuity of active materials in this layer. The drawback, nevertheless, is that the materials for 

gate electrode and dielectric layer are fixed, so it seems implausible to use other materials as gate 

electrode and dielectric layer.[41] 

2.2.2 Working Mechanism of OFETs 

The working principles of OFETs are crucial in calculating performance of OFETs, including 

mobility, current on/off ratio and threshold voltage, thus great care should be taken to understand 

them in this section. As we know, there are three kinds of OFETs: p-type OFET, n-type OFET and 

ambipolar OFET. Since three classes of semiconducting materials have explained earlier, it is 

straightforward to figure out these three devices. The major carrier in p-type OFET is hole, and 

the active material is p-type chemical; in n-type OFET, the electron conducts the device, and n-
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type semiconductor is the active layer; both hole and electron contribute to the conductance of 

ambipolar OFET, and ambipolar material serves as semiconductor layer. Among them, the 

performance of n-type OFETs is still behind p-type ones due to lack of materials, trapping and 

annihilation of electrons.[15] The mechanisms of p-type and n-type OFETs will both be discussed 

in this part. 

Take BGTC structure (Figure 2.2c) for example, the channel formed on the top of dielectric 

layer in the semiconductor layer is the main passage to conduct carrier, and source and drain 

electrodes connect to the channel, making the flow of carriers possible. Additionally, the formation 

of the channel is closely related to gate electrode and dielectric layer, constructing a capacitor-like 

structure. Hence, when gate electrode is biased, a sheet of channel will be induced on the surface 

of dielectric layer, and this channel is the main reason why the device is working.[40] 

 
Figure 2.3. Working Mechanism of P-type OFET, (a) Without Drain Voltage, 

(b) With Drain Voltage[42] 

 
For p-type OFET, when there is no voltage applied to gate electrode, the device is at ‘OFF’ 

status, meaning little or no current will flow, even when applying voltage to the source and drain 

electrodes due to low concentration of hole carriers in the semiconductor layer. Normally the 

source electrode is grounded, so if a negative voltage is applied to the gate electrode, the 

semiconductor layer will induce holes in the channel as exhibited in Figure 2.3a to switch the 

device to ‘ON’ status. Another thing to be kept in mind is that the gate voltage should be higher 

(a) (b)
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than the threshold voltage in order to turn on the device due to the fact that some induced holes 

are trapped in the active layer, preventing them from moving.[42] With gate voltage higher than 

threshold voltage, when the voltage between source electrode and drain electrode is negative, holes 

are injected from source electrode and flow to drain electrode via the electrical field established 

between source and drain electrodes (Figure 2.3b). This is how p-type OFET devices conducts 

currents. 

As regards n-type OFET, it is similar to p-type OFET, but the difference is that positive 

voltage is applied to the gate electrode so that electrons can be induced at the interface of 

semiconductor layer and dielectric layer. Additionally, positive voltage is applied between source 

and drain electrodes, so the source electrode, in this case, injects electrons into the channel, and 

electron carriers are transported to the drain electrode. 

2.3 CHARACTERIZATION METHODS 

Characterization, determining the properties of materials and performance of devices, makes a big 

difference to the research direction of our study. There are various characterization methods 

nowadays, and it is impossible to clarify all of them in this part. According to our research, two 

aspects will be explained here, one is materials characterization, including cyclic voltammetry 

(CV) and Ultraviolet-visible spectroscopy (UV-Vis), and the other is OFET devices 

characterization, such as mobility, on/off ratio and threshold voltage. 



 

 

16 

 
Figure 2.4. Characterization of Materials, (a) Energy Diagram, (b) CV Curve from 

Wikipedia, (c) UV-Vis Spectrum from Chemguide 

CV is an electrochemical method to determine HOMO level and LUMO level of materials, 

the important electrical properties demonstrated in Chapter 1. The energy of HOMO is related to 

ionization potential (IP), the minimum energy required to remove one electron from the frontier, 

HOMO level to vacuum level, so IP = Evacuum - EHOMO. In the same manner, the relationship 

between LUMO level and electron affinity (EA), the energy released to add an electron into LUMO 

level from vacuum level, is EA = Evacuum – ELUMO. Their relationship has been drawn in Figure 

2.4a to better apprehend. CV characterization will undergo oxidation process and reduction 

process, and energy consumed or released during these two processes is described by the IP and 

EA respectively.[43] Consequently, the HOMO level and LUMO level can be estimated by Eox and 

Ered measured by CV, and the typical CV curve is shown in Figure 2.4b. UV-Vis, in fact, can only 

evaluate the band gap of materials by excitation of electrons from HOMO level to LUMO level 

under illumination of light at energy greater than or equal to the band gap. The typical result 

diagram is illustrated in Figure 2.4c. When assessing materials for OFET application, UV-vis 

characterization is often exploited to verify the results from CV. It is also used to examine 

intermolecular, intramolecular forces and vibronic structure.[44, 45] 

vacuum level

LUMO

HOMO

EA

IP band gap

(a) (b) (c)
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Figure 2.5. I-V Curves for Characterizing OFET, (a) Output Curve, (b) Transfer Curve[46]  

 
As for OFET device characterization, three parameters are concerned in this study: mobility, 

on/off ratio and threshold voltage, which can be extracted from the current-voltage curve (I-V 

curve). There are two types of I-V curves commonly used in characterizing OFETs, one is the 

output curve (Figure 2.5a), which is generated by fixing gate voltage (VG) and sweeping drain-

source voltage (VDS), the other is the transfer curve (Figure 2.5b), which is measured by by fixing 

VDS and sweeping VG. From the output curve, two regions are presented in the figure, linear region 

and saturation region marking with bold lines in Figure 2.5a. Aforementioned mechanisms indicate 

that when the device is at ‘ON’ status, VG is higher than threshold voltage (VT). Keeping the VG 

at a constant value, and increasing VDS, the current flowing from source to drain (IDS) also builds 

up as a result of a larger voltage difference until VDS reaches a specific point, where “pinch off” 

happens. This marks the transition to the saturation region, and IDS remains maximum, resulting 

from the closure on one side of the device.[47] The conditional value for VDS is correlated to VG 

and VT, so if VDS < VG – VT, it is in linear regime, and if VDS > VG – VT, it stays in saturation 

regime.[40] For transfer curve, it is usually utilized to compute performance of devices. Mobility 

can be calculated from the transfer curve, but two mobilities can account for conductance of 
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OFETs, one in linear regime, i.e. linear mobility, the other in saturation regime, i.e. saturation 

mobility. In linear regime:   

   (2.1) 

where C is the capacitance of dielectric material, W is the width of the channel, L is the length of 

the channel, µ stands for linear mobility. However, in saturation regime:  

   (2.2) 

   (2.3) 

where µ is saturation mobility, and the others are the same as above.[48] Furthermore, saturation 

mobility is the most acceptable results when comparing performance of OFETs, so it will be used 

in our study.[41] Threshold voltage can also be inferred by extrapolating linear plots of ÖID - VG to 

x axis. On/off ratio is another important parameter to evaluate OFETs, and it is the ratio of drain 

current when the device is at ‘ON’ status to ‘OFF’ status, reading directly from transfer curve. 

This parameter reflects the sensitivity and responsivity of OFETs, thus the larger, the better. 

2.4 CONCLUSION 

In this chapter, concentration has been focused on devices, OFETs, and almost all aspects have 

been included, such as structure, classification, operation principles and characterization methods 

of OFETs. The reason to choose bottom gate, top contact structure as our OFET device is 

explained, and the working mechanism of n-type OFETs, our research topic, is also clarified. 

Further, three characterization methods, two for materials (CV and UV-Vis) and one for devices 

(I-V curves) are illustrated in detail and approaches to derive three parameters (mobility, threshold 
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voltage and on/off ratio) from transfer curve by I-V are also shown. The next chapter will 

frequently use the practice described here to characterize self-made OFETs. 

Apart from materials design and synthesis, modifying and expanding the structure of OFETs 

are other ways to advance the development of OFET devices. Some other options include trying 

to improve the surface energy of the dielectric layer with self-assembled monolayers (SAMs), or 

to substitute the inorganic SiO2 dielectric layer with organic and polymer insulators in the hope of 

obtaining better performance.[49, 50] Given these, there still remains possibility for amelioration and 

growth of OFETs, and commercialization is just around the corner. 



Chapter 3. FABRICATION AND CHARACTERIZATION OF N-TYPE 

OFET BASED ON SYNTHETIC CAFFEINE 

DERIVATIVES BY C-H ACTIVATION 

3.1 INTRODUCTION 

 
Figure 3.1. Formation of Aryl-Aryl Bonds, (a) Traditional Cross-coupling Reaction, 

(b) C-H/C-X Activation, (c) Oxidative C-H Activation 

 

Organic semiconductors, as introduced in the Chapter 1, are one class of materials with extended 

p-conjugated systems. With the aim to construct backbones with longer conjugation lengths, the 

easiest solution is to join different semiconducting chemicals together with conjugated carbon-

carbon (C-C) bond. One way to achieve this is to create aryl-aryl (Ar-Ar) systems.[51] In this way, 

LUMO level can be lowered and HOMO level can be raised. As a result, the performance and 

stability of devices will be improved. Several experimental methods have been established to form 

Ar-Ar bonds between two aromatic compounds, including Kharasch reaction, Negishi reaction, 

Ar X + ArM Ar Ar
metal catalyst
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Ar H + ArX Ar Ar
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(c)

X = Cl, Br, I
M = Sn, Mg, Zn

X = Cl, Br, I



 

 

21 

Stille reaction, Suzuki reaction and C-H activation. For traditional cross-coupling reactions (Figure 

3.1a), the first four reactions, they are usually achieved by utilizing metal catalysts, nickel or 

palladium, demonstrating promising efficiency and generality.[52] Widely accepted as these 

reactions are, some major problems exist, which slows down the study of cross-coupling reactions. 

First, most molecular substrates need pre-functionalization, a time-consuming and tiresome 

procedure, to activate these reactants.[32] Secondly, the pre-functionalization process sometimes is 

a little difficult to accomplish because some organometallic reagents have relatively low 

stability.[53] Lastly, some byproducts that are harmful and detrimental to the ecosystem are 

produced during the cross-coupling reaction. Accordingly, a simpler, more reliable, and greener 

approach has been developed, which is known as C-H activation. 

As illustrated in Figure 3.1 b and c, direct C-H arylation increases atom utilization and avoids 

the production of toxic heavy metal pollution to the environment, compared with traditional cross-

coupling reactions. Hence, this method has attracted increased attention into synthesis of natural 

products, pharmaceuticals and electronic materials.[51, 54-56] There are, in fact, two types of C-H 

activation under development. One is C-H/C-X type arylation, which involves halogen atom. The 

other is C-H/C-H type arylation or called oxidative C-H activation since it requires oxidant to 

make reactions happen.[57] The latter reaction, nevertheless, is more thermodynamically 

unfavorable given inertness of aromatic C-H bond compared to C-X and C-M bonds. As a result, 

this kind of reaction requires harsh condition to overcome reaction energy barrier and it has poor 

selectivity.[53, 58] As a result of this, our focus will be on C-H/C-X type arylation, which is the main 

synthetic method used in this study. For this class of reaction, several transition metal catalysts 

have been applied to this system, and the most popular one is palladium catalyst, which has been 

extensively studied in this field due to its high conversion and availability. Among them, the origin 
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of palladium catalyzed C-H activation is reported by Fujiwara et al. to arylate olefins by utilizing 

palladium acetate.[59] After that, the palladium catalyst system becomes sounder, with electron-

rich phosphine triphenylphosphine (PPh3) as a ligand and cesium carbonate (Cs2CO3) as base, and 

the reaction typically progresses overnight at over 100 °C to accomplish the conversion.[60] 

Another important problem associated with C-H activation is regioselectivity, and luckily with the 

help of directing groups, specific sites of electrically neutral arene reactants can be selected to 

achieve desired products.[57] 

 
Figure 3.2. Caffeine Structure (a) and Application (b) 

 

Next, we will talk about the essential component of our semiconductor materials, caffeine 

molecules (Figure 3.2a). Caffeine belongs to xanthine family, which are biologically active 

materials; other compounds in this family include theophylline and theobromine. Most studies on 

xanthine derivatives relate to biology and medicine, like for A1- and A2- adenosine receptors 

antagonists and antagonists at A2B adenosine receptors.[61, 62] Furthermore, Zhao et al. reported 

direct arylation of caffeine derivatives with benzene employing palladium acetate and copper 

iodide respectively (Figure 3.2b).[63, 64] There is no literature on synthesizing caffeine derivatives 

as electrical semiconductors. Additionally, the caffeine molecule is a potential electron acceptor 
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since two carbonyl groups acting as electron-withdrawing groups attached to the purine ring, 

making it electron-deficient, which results in higher mobility and stability of N-type OFET. 

Additionally, alkyl substituents of caffeine molecules can better the solubility and intermolecular 

packing of products, thus hydrogens attached to 1-N position are replaced by alkyl chains.[18] 

Besides, in order to extend p-p electrons, benzene and thiophene functioning as electron donor are 

introduced into the caffeine molecules. This not only increases the conjugation length of the 

organic molecule, but also constructs an acceptor-donor-acceptor (A-D-A) structure, which is 

more likely to be self-assembled due to charge-transfer interactions between donor and 

acceptor.[65] Last but not least, A-D-A structure has high symmetry if two acceptors are the same, 

which indicates it has high crystallinity, so high charge transport will be reached by establishing 

A-D-A structure. 

In this chapter, caffeine derivatives with different side chains are synthesized by C-H 

activation using palladium catalyst, and nuclear magnetic resonance (NMR), UV-Vis, CV results 

are also discussed here. N-type OFET devices are fabricated using two caffeine derivatives to 

explore the impact of side chains on the performance of devices. 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Caffeine Derivatives Synthesis 

 
Figure 3.3. Final Products, (a) TP2OT, (b) TP2EHT 

As briefly discussed in Section 3.1, the final organic semiconductor products are shown in Figure 

3.3, and one is linear chain substitute at 1-N position of theobromine, bithiophene-tetraphenyl-

di(octyl-theobromine) (TP2OT, Figure 3.3a), the other is side-chain substituted at the same 

position, bithiophene-tetraphenyl-di(ethylhexyl-theobromine) (TP2EHT, Figure 3.3b). The 

benefits of designing such long and symmetric chains was discussed above, so now the discussion 

will focus on synthetic routes. 

N
N

N

N
O

O

S S

N
N

N

N
O

O

(a)

N
N

N

N
O

O

S S

N
N

N

N
O

O

(b)



 

 

25 

 
Figure 3.4. Procedures to Synthesize Linear Product, TP2OT 

 

The procedures to make TP2OT are demonstrated in Figure 3.4, and this is a three-step 

reaction involving bimolecular nucleophilic substitution (SN2) and C-H activation. In the first step, 

from theobromine molecule as starting material, which is available and cheap to purchase, to M1 

is SN2 process, and tripotassium phosphate (K3PO4) is an important base in deprotonation during 

this reaction. As a matter of fact, K3PO4 is widely employed in food industry, phosphate buffer 

solutions and organic synthesis because of its excellent solubility in organic solvents and non-

nucleophilic property.[66] Consequently, the N-H bond at 1-N position is deprotonated by K3PO4, 

which is highly possible considering the two electron-withdrawing groups, carbonyls, at 2-, 6- 

position. This makes the caffeine molecule a nucleophile, attacking electropositive octyl-bromide 

with electronegative halide atom attached, giving rise to the formation of M1. The next two steps 

are similar, with the same reaction conditions adapted from literature for palladium catalyzed C-

H activation.[51, 63] Previously, regioselectivity is examined, and it is critical to form desired C-C 
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bonds to obtain targeted products. This problem can be solved by creating electron-deficient sites 

or directing groups, like in M1, the only available spot in a purine ring is 8-C position, so C-H 

activation will happen at that site, which indicates high selectivity. The last step, direct arylation 

takes place at 5- and 5’- position, and this is due to relatively more reactive α-positions of 

thiophene rings. What should also be mentioned is that the ratio of M2 to bithiophene is 2 to 1, 

ensuring both 5- and 5’- position are taken during the reaction so that TP2OT is successfully 

synthesized, the NMR spectrum of which is illustrated in Chapter 5. Although via thin layer 

chromatography (TLC) after the reaction, some one side substituted byproducts are identified, the 

desired products can be purified through column chromatography. 

 
Figure 3.5. Procedures to Synthesize Side-chain Product, TP2EHT 

For the synthesis of TP2EHT (synthesis steps in Figure 3.5), one can utilize a similar 

approach, but the only difference is the haloalkane, which is 2-ethylhexyl bromide in this case. 

Also, since branched a side-chain is presented in the product, the solubility of TP2EHT is better 

than TP2OT, producing high concentration solution, which might be helpful in enhancing 

performance of devices. The NMR spectrum of TP2EHT is included in Chapter 5. 
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3.2.2 Optical and Electrochemical Properties 

 
Figure 3.6. UV-Vis Spectroscopy 

 
The optical property, absorption in this context, was determined by UV-Vis, and results are in 

Figure 3.6, which covers absorption spectrum of TP2OT and TP2EHT in both solution 

(chloroform) and solid (thin film) state. Moreover, onset points of absorption spectrum can be read 

from the plots, and optical band gap can be calculated by using equation: 

   (3.1) 

Computation results are summarized in Table 3.1. From the figure and table, it can be seen clearly 

that for both TP2OT and TP2EHT, the onset absorption is red-shifted from solution to thin film 

state, and this is related to the aggregation of molecules. In solid state, the molecule is closely 

packed so that J-aggregate is formed in this case, which lowers band gap of the semiconductor 

materials.[67] Another thing should be noticed is that the plots almost overlap with each other in 

solution, and this can be explained by large intermolecular distance in solution and the little 
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electronic variation introduced by different alkyl sidechains. On the other hand, in solid state, the 

band gap of TP2OT is slightly smaller than TP2EHT, and branched side chain plays an important 

role in this influence. The packing of TP2EHT is not that compact as TP2OT because of steric 

effect caused by branched chain on TP2EHT, resulting in less aggregated and larger band gap.  

Table 3.1. Optical and Electrochemical Properties of Caffeine Derivatives 

Caffeine 
Derivatives 

λonset/nm Eg, opt/eV Eox/HOMO 
/eV 

Ered/LUMO 
/eV 

Eg/eV solution film 
TP2OT 463 498 2.49 1.09/-5.89 -1.84/-2.96 2.93 

TP2EHT 465 495 2.51 0.97/-5.77 -1.71/-3.09 2.68 
 

CV, characterization method introduced in the previous chapter, was exploited to measure 

HOMO level and LUMO level of materials, and results are also exhibited in Table 3.1. In n-type 

OFET, we are more concerned about LUMO level since electrons are injected into this energy 

level. By comparing to the work function of common metals (Table 3.2), active metal, such as 

barium and calcium, seems to be a good choice for OFET electrodes due to proximity of their work 

function to the LUMO energy level of caffeine derivatives. However, silver was chosen as 

electrodes in this study instead of active metals to better control fabrication process. Furthermore, 

if optical band gap (from UV-Vis) and electronic band gap (from CV) are contrasted with each 

other, optical band gap is typically lower than electronic band gap, which is in accord with theory. 

The theory states that when an electron is excited from HOMO level to LUMO level by absorbing 

energy, electron-hole pair is still bound to each other, while by electrochemistry, this bond is 

broken, and electron and hole become free carriers.[68] As a result of this, band gap measured by 

UV-Vis is generally smaller than the one obtained using CV. At last, the comparison between 

TP2OT and TP2EHT is also made in order to clarify the influence of branched side chain have 

on properties of materials. From the table, the band gap of TP2OT is larger than TP2EHT, in 
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conflict with the relationship they possessed from UV-Vis measurement, which is commonly 

observed in conjugated polymers. 

Table 3.2. Work Function of Common Metals[69] 

Metals Work Function/eV Metals Work Function/eV 
Ag 4.26 – 4.74 Au 5.10 – 5.47 
Al 4.06 – 4.26 Cu 4.53 – 5.10 
Ba 2.52 – 2.70 Ca 2.87 

 

3.2.3 OFET Mobility Characterization 

To characterize performance of OFET devices based on caffeine derivatives TP2OT and 

TP2EHT, BGTC was chosen as the device architecture as explained earlier, and spin coating was 

used to form the semiconductor active layer in the OFET device. Unfortunately, after several 

attempts, the devices did not seem to work at all, which was implied by the low drain current (Id < 

10-9 A) and curves not indicative of n-type OFET characteristic. Herein, these attempts are listed 

for further discussion. 

On one hand, the solvent to dissolve caffeine derivatives was explored, and two solvents, 

chlorobenzene and chloroform, were examined. It turns out that caffeine derivatives have better 

solubility in chloroform than chlorobenzene, but solubility in chloroform is still limited. For 

TP2OT, the concentration in chloroform can only reach up to 1 mg/ml because of long conjugation 

carbon backbones. For TP2EHT, the concentration increases to 5 mg/ml as expected due to larger 

interchain distance. This makes it easier for solvents go through and dissolve compounds. 

However, the incompact packing of TP2EHT lowers crystallinity, which might lead to poor 

performance. As a result, chloroform was chosen as the solvent, given higher solubility and less 

residues, which often gives rise to better film morphology after spin coating. What’s more, 

considering low concentration of the solution, different spin coating speeds were investigated to 
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optimize thickness of active layer. The more quickly the spin coater rotates, the thinner the film is, 

so by adjusting the speed, desired thickness of semiconductor film can be achieved. Two speeds 

were tried in this experiment, 2000 rpm and 1000 rpm respectively, but none of them showed 

satisfying results. 

 
Figure 3.7. Structure of SAMs, (a) HMDS, (b) OTMS, (c) PTS 

 
On the other hand, we can optimize the surface in an effort to improve interfacial contact and 

reduce leakage current between the dielectric and semiconductor.[70] A self-assembled monolayer 

(SAM) is often the best choice to modify surface of substrate. Therefore, in this experiment, three 

SAMs, including hexamethyldisilazane (HMDS, Figure 3.7a), octadecyltrimethoxysilane (OTMS, 

Figure 3.7b) and phenyltrimethoxysilane (PTS, Figure 3.7c), were tested to make substrate surface 

hydrophobic, which makes the surface more compatible with organic semiconductors.[49, 71, 72] The 

results indicated that HMDS-treated substrate was fully covered with SAM and the most consistent 

one with each batch, and PTS-treated one had the least coverage, which might be related to 

treatment methods. For HMDS, spin coating was exploited to deposit SAM, and it covered the 

whole surface of the substrate. For PTS, solution deposition and spin coating were both tried, but 

only part of the surface was covered with SAM. Another approach researched was to blend 

insulating polymer with semiconductor materials, which expected to make small organic 

semiconductors migrate to the surface of the polymer matrix, allowing the formation of better 
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contact and morphology.[73, 74] Hence, polystyrene (PS) is serving as insulating polymer during the 

fabrication, and two ratios are investigated, i.e. caffeine derivative: PS = 1:1 and 2:1. By annealing 

at 100 °C for about 15 min after fabrication process, performance of OFET devices is 

characterized, the mobility of these two devices based on small organic molecule-polymer blended 

materials, however, doesn’t have much improvement. 

3.3 CONCLUSIONS 

Two caffeine derivatives, TP2OT and TP2EHT, have been successfully synthesized by C-H 

activation catalyzed by palladium-phosphine system, which can be confirmed by NMR spectrum 

in Chapter 5. Furthermore, different characterization methods on both materials, such as UV-Vis, 

CV and OFET devices, the mobility, threshold voltage and on/off ratio, are measured in this study. 

The optical and electrochemical properties of TP2OT and TP2EHT are compared to examine the 

impact of branched side-chain on the properties of caffeine derivatives. The experiment on OFET 

devices, on the other hand, is not that satisfying since none has shown the feature of working n-

type OFET. As discussed above, the problem comes from a variety of aspects, such as molecular 

structure of caffeine derivatives, process conditions for fabrication and interfacial contact between 

semiconductor and insulator.[37] 
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Chapter 4. CONCLUSIONS AND FUTURE WORK 

In conclusion, this thesis focuses on synthesis of organic semiconductors and their application in 

OFETs. In Chapter 1, organic semiconducting materials, both small organic molecules and 

polymers, are briefly talked about with concentration on n-type small organic molecules. Some 

examples are given and reasons why n-type semiconductors are lacking and in desperate need of 

are also discussed. In Chapter 2, attention has shifted to semiconducting devices, including OPV, 

OLED and OFET, and most of the time has been spent on demonstrating OFET devices, such as 

structure, mechanism and characterization methods. These two chapters are some fundamental 

knowledge, laying a foundation for further discussion of our work. Chapter 3, the most important 

chapter, manifests all of my research. In this chapter, two caffeine derivatives, TP2OT and 

TP2EHT, are successfully synthesized by green, efficient C-H activation. Optical property, 

electrochemical property and performance are characterized by different approaches to investigate 

the difference between these two semiconductor molecules, although n-type OFET devices 

fabricated show unsatisfactory performance. 

The next step for this study can be divided into two parts. First, for devices, single-crystal 

OFET devices can be considered as last attempt for TP2OT and TP2EHT, and the reason is that 

single-crystal OFET usually has very high mobility compared to thin-film OFET due to better 

chain orientation and high purity of semiconductors.[75] Therefore, if single-crystal OFETs 

utilizing caffeine derivatives as semiconductor layers still exhibit low or no mobility, these two 

molecules are not suitable for OFET devices. Second, for molecules, extending conjugated 

backbones to increase conjugated length and finding new building blocks for N-type OFET are 

alternatives in terms of synthesis. Inserting rylene diimide-based small organics, NDIs and PDIs, 



 

 

33 

for example, makes main carbon backbone more electron-deficient is another practice to find a 

way out. 
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Chapter 5. SUPPORTING INFORMATION 

5.1 MATERIALS AND INSTRUMENTS 

All solvents and reagents were purchased from Sigma-Aldrich, except 2,2′-bithiophene was 

purchasd from Matrix Scientific, octadecyltrimethoxysilane (OTMS) was purchased from TCI 

America. They were all used without further purification. Silica gel was purchased from Millipore 

Sigma (porosity: 60Å). 

1H-NMR spectra were obtained using Bruker AV-500 spectrometer. UV-Vis absorption 

spectra were recorded on Perkin-Elmer Lambda 950 - UV Vis/NIR spectrophotometer. Cyclic 

Voltammetry (CV) was conducted on CHI660E electrochemical workstation from CH 

Instruments, Inc with 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile 

as electrolyte. Carbon was used as working electrode; platinum wire was served as counter 

electrode and Ag/AgNO3 was worked as reference electrode. Characterization of OFETs was 

performed on Signatone Probe Station with HP4145B semiconductor parameter analyzer 

controlled by LabVIEW codes. The fabrication and characterization process were carried out in 

nitrogen glovebox. 

5.2 SYNTHETIC DETAILS 

All reactions were performed under atmosphere of nitrogen utilizing standard Schlenk line 

technique. The reaction conditions for C-H activation were adapted from literature.[51, 63] 
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Synthesis of 3,7-dihydro-3,7-dimethyl-1-octyl-1H-purine-2,6-dione (M1): 21 g (100 mmol) 

grinded tripotassium phosphate (K3PO4), 9 g (50 mmol) white solid theobromine and 9.65 g (50 

mmol) 1-bromooctane were measured and added into flask with 150 ml DMF, which was 

vacuumed and refilled with nitrogen. The reactants were then heated and refluxed at 140 °C 

overnight. The reaction mixture was extracted with ethyl acetate (EtOAc) and washed with 

saturated NH4Cl solution, dried over anhydrous MgSO4, and concentrated under vacuum to obtain 

red orange liquid. The liquid was purified by column chromatography (silica gel, DCM/methanol 

= 12/1) to get 6 g white solid M1 (yield: 41 %). 

 

Synthesis of 3,7-dihydro-3,7-dimethyl-8-(4'-bromo[1,1'-biphenyl]-4-yl)-1-octyl-1H-purine-

2,6-dione (M2): 2.92 g (10 mmol) M1, 0.23 g (0.25 mmol) Pd2(dba)3, 0.35 g (1 mmol) tris(2-

methoxyphenyl)phosphine, 6.5 g (20 mmol) Cs2CO3, 0.5 g (5 mmol) pivalic acid and 9.36 g (30 

mmol) 4,4′-dibromobiphenyl were scaled and added into flask with 100 ml anhydrous toluene, 

which was vacuumed and refilled with nitrogen. The reaction took place under 110 °C overnight. 

The reaction mixture was extracted with ethyl acetate and washed with brine, dried over anhydrous 
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MgSO4, and concentrated under vacuum to obtain yellow solid. The solid dissolved in DCM was 

purified by column chromatography (silica gel, DCM/EtOAc = 20/1), and recrystallized in 

methanol to get 2.5 g yellow solid M2 (yield: 48 %). 1H NMR (500 MHz, CDCl3): 7.82 – 7.72 (d, 

2H), 7.74 – 7.66 (d, 2H), 7.63 – 7.57 (d, 2H), 7.52 – 7.44 (d, 2H), 4.10 (s, 3H), 4.09 – 3.99 (m, 

2H), 3.63 (s, 3H), 1.72 – 1.63 (m, 2H), 1.43 – 1.20 (m, 10H), 0.90 – 0.80 (t, 3H). 

  

Synthesis of TP2OT: 1.286 g (4.4 mmol) M2, 46 mg (0.05 mmol) Pd2(dba)3, 70.5 mg (0.2 

mmol) tris(2-methoxyphenyl)phosphine, 1.305 g (4 mmol) Cs2CO3, 0.1 g (1 mmol) pivalic acid 

and 0.333 g (2 mmol) 2,2′-bithiophene were scaled and added into flask with 50 ml anhydrous 

toluene, which was vacuumed and refilled with nitrogen. The reaction took place under 110 °C 

overnight. The reaction residue was mixed with silica gel and concentrated under vacuum to obtain 

yellow powder. The powder dissolved in DCM was purified by column chromatography (silica 

gel, DCM/methanol = 25/1), and recrystallized in methanol to get 0.23 g yellow solid TP2OT 

(yield: 19 %). 1H NMR (500 MHz, CDCl3): 7.79 (s, 8H), 7.73 (d, 4H), 7.68 (d, 4H), 7.33 (d, 2H), 

7.24 (d, 2H), 4.13 (s, 6H), 4.04 (t, 4H), 3.65 (s, 6H), 1.68 (m, 4H), 1.37 – 1.24 (m, 20H), 0.91 – 

0.85 (t, 6H). 
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Synthesis of 3,7-dihydro-3,7-dimethyl-8-(4'-bromo[1,1'-biphenyl]-4-yl)-1-(2-ethylhexyl)-

1H-purine-2,6-dione (M2): 2.92 g (10 mmol) M1, 0.23 g (0.25 mmol) Pd2(dba)3, 0.35 g (1 mmol) 

tris(2-methoxyphenyl)phosphine, 6.5 g (20 mmol) Cs2CO3, 0.5 g (5 mmol) pivalic acid and 9.36 

g (30 mmol) 4,4′-dibromobiphenyl were scaled and added into flask with 100 ml anhydrous 

toluene, which was vacuumed and refilled with nitrogen. The reaction took place under 110 °C 

overnight. The reaction mixture was extracted with ethyl acetate and washed with brine, dried over 

anhydrous MgSO4, and concentrated under vacuum to obtain yellow solid. The solid dissolved in 

DCM was purified by column chromatography (silica gel, DCM/EtOAc = 20/1), and recrystallized 

in methanol to get 1.42 g yellow solid M2 (yield: 27 %). 1H NMR (500 MHz, CDCl3): 7.83 – 7.72 

(d, 2H), 7.72 – 7.65 (d, 2H), 7.64 – 7.55 (d, 2H), 7.53 – 7.45 (d, 2H), 4.10 (s, 3H), 3.96 (m, 2H), 

3.63 (s, 3H), 1.89 (m, 1H), 1.42 – 1.22 (m, 8H), 0.91 (m, 6H). 

 

Synthesis of TP2EHT: 1.286 g (4.4 mmol) M2, 46 mg (0.05 mmol) Pd2(dba)3, 70.5 mg (0.2 

mmol) tris(2-methoxyphenyl)phosphine, 1.305 g (4 mmol) Cs2CO3, 0.1 g (1 mmol) pivalic acid 

and 0.333 g (2 mmol) 2,2′-bithiophene were scaled and added into flask with 50 ml anhydrous 
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toluene, which was vacuumed and refilled with nitrogen. The reaction took place under 110 °C 

overnight. The reaction residue was mixed with silica gel and concentrated under vacuum to obtain 

yellow powder. The powder dissolved in CHCl3 was purified by column chromatography (silica 

gel, CHCl3/methanol = 100/1), and recrystallized in methanol to get 1.04 g orange solid TP2EHT 

(yield:  88 %). 1H NMR (500 MHz, CDCl3): 7.83 – 7.74 (m, 8H), 7.73 (d, 4H), 7.69 (d, 4H), 7.34 

(d, 2H), 7.24 (d, 2H), 4.13 (s, 6H), 3.98 (m, 4H), 3.65 (s, 6H), 1.94 – 1.88 (m, 2H), 1.39 - 1.27 (m, 

16H), 0.92 (m, 12H). 
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5.3 OFET DEVICE FABRICATION AND CHARACTERIZATION 

 
Figure 5.1. Cyclic Voltammetry Curves, (a) Reduction Curves, (b) Oxidation Curves 

 

We chose bottom gate top contact structure for organic field effect transistor, and it was fabricated 

on p-doped silicon <100> substrate with thermally grown 500 nm silicon oxide as dielectric layer 

from Montco Silicon Technologies Inc. The substrate was cleaned by ultrasonication in deionized 

water, acetone, isopropyl alcohol for 15 min respectively, and it was further cleaned by plasma for 

another 15 min afterwards. Next, self-assembled monolayer (SAM) was deposited onto the surface 

of substrate by spin coating (3000 rpm for 60s). Semiconductor films were also spin coated from 
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chloroform solution (1 mg/ml for TP2OT, 5 mg/ml for TP2EHT) in 2500 rpm for 60s. At last, 

silver granules in Mo boat were heated under high vacuum (< 10-7 torr) to thermally evaporate 

onto the surface of semiconductor layer via shadow mask, acting as source and drain electrodes 

(W = 1000 µm, L = 50 µm), and indium was inserted into the device functioning as gate electrode. 

CV characterization results are shown in Figure 5.1.  
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