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Abstract 

Charge transport in semiconductor channels of organic field-effect transistors (FETs) 

depends largely on the molecular ordering of organic semiconductor molecules. This 

is particularly demanding for polymer-based FETs, where channel semiconductors 

are non-molecular in nature, and generally form semiconductor films of low 

crystallinity. As a result, great theoretical and practical interests have been directed 

towards facile solution processes that can transform a low molecular weight (MW) 

and low mobility conjugated polymer into a high crystalline order and high-mobility 

semiconductor. This research focuses on developing effective strategies for achieving 

high mobility as well as other desirable FET properties through properly controlling 

the morphology and molecular ordering of conjugated polymer channel layers. The 

relationships between morphologic/microstructural properties of the polymer 

semiconductor films and charge transport characteristics in the films are 

systematically investigated and elucidated. The purpose of this work is to achieve 

high performance solution-processed polymer FETs with high mobility, excellent 

ambient stability, and performance uniformity that display practical significance for 

application in next-generation electronics.  

In the first part of this thesis, functionalization of the gate dielectric surface by 

grafting highly ordered and dense coverage of hybrid silane self-assembled 

monolayers (SAMs) is discussed. A two-step solution-processed method using a 

combination of trichlorooctadecylsilane (OTS-18) and trichlorooctylsilane (OTS-8) 
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has been developed to create high-performance hybrid dual-silane SAM on the 

surface of silicon dioxide (SiO2), thus enabling the achievement of both high field-

effect mobility and current on/off ratio, together with other desirable FET properties. 

The hybrid SAM approach is also adopted for attaining high performing polymer 

FETs using a different SAM agent combination of phenyltrichlorosilane (PTS) and 

OTS-18. 

With the progress in functionalizing the surface of gate dielectric insulator by two-

step grafting SAMs, the advancement in enhancing the crystalline structural order of 

the polymer channel layer is highlighted. This was realized by the incorporation of 

polar insulator of polyacrylonitrile (PAN) into the polymer semiconductor solution at 

appropriate loadings, enabling the formation of excellent semiconductor films with 

high crystalline order. PAN serves as an efficient mediating medium for the 

crystallization of polymer semiconductor, leading to the creation of large crystalline 

domains within the PAN matrix. A ~10-nm thick semiconductor layer with richer 

semiconductor crystalline domains is constructed near the vicinity of the gate 

dielectric surface, facilitating efficient charge conduction in the channel 

semiconductor. Enhancements in field-effect mobility by as much as about one order 

in magnitude and current on/off ratio of two to three orders in magnitude have been 

realized in polymer FETs. PAN incorporation also dramatically enhances the stability 

and processability of semiconductor solutions, enabling rapid fabrication of channel 

semiconductors in polymer FETs via common graphic art printing techniques such as 

inkjet printing for practical adoption.  
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Another unique facile solution process which transforms a lower-MW and low-

mobility conjugated polymer, e.g., diketopyrrolopyrrole-dithienylthieno[3,2-b] 

thiophene (DPP-DTT), into a high crystalline order and high-mobility nanowire 

network for high performance polymer FETs has been also developed in this work. 

This approach involves solution fabrication of a channel semiconductor film using a 

lower MW DPP-DTT/polystyrene blend system. With the help of cooperative shifting 

motions of polystyrene chain segments, an interpenetrating nanowire semiconductor 

network is readily self-assembled and crystallized out in the polystyrene matrix, and 

thereby providing significantly enhanced mobility (over 8 cm2 V-1 s-1) and current 

on/off ratio (107). 

Finally, the concept of generating polymer nanowire network in the effective 

photoactive channel is extended for the development of highly sensitive near-infrared 

(NIR) organic phototransistors (OPTs). The NIR-OPTs based on DPP-DTT nanowire 

network exhibit high responsivity of ~246 A W-1 under an NIR illumination source 

with the wavelength of 850 nm at a low intensity of ~ 0.1 mW cm-2. This value is 

over one order in magnitude higher than that of the structurally identical planar DPP-

DTT thin film based OPTs. The high performance of the nanowire network-based 

phototransistors is attributed to the excellent hole transport ability, reduced density of 

the structural defects in the polymer nanowire network, and improved contact at the 

channel layer/electrode interfaces. The high sensitivity and low cost solution-

fabrication process render this OPT technology appealing and practically viable for 

application in large area NIR sensors.  
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Figure 6.7 (a) Transfer curves measured for the structurally identical planar DPP-
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Figure 6.8 Extraction of RC based on the gated transmission line model. Total 

resistance (Rtotal) as a function of channel length for the NIR-OPTs based on DPP-
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1.1 Background and Motivation 

Organic field-effect transistors (FETs) have attracted considerable attention in the last 

two decades. This is unsurprising since organic FETs are considered to be not only 

the essential components for next-generation printed electronics but also an important 

platform technology for organic electronics research. Great efforts have been 

involved in achieving high-performance organic FETs. As a result, significant 

breakthroughs have been made in the performance of organic FETs with π-

conjugated organic semiconductors including small molecules and polymers as 

channel layers. [1~2] For instance, the field-effect mobility, one of the most important 

materials-related figure-of-merit of an organic FET, has increased from a very low 

mobility level of 10-5 cm2 V-1s-1 twenty years ago to high values of about 10 cm2 V-1s-

1, [3~16] which is more than ten times of that reported for the conventional amorphous 

silicon transistors (0.5~1 cm2 V-1s-1 [17]). Such significant improvements in the 

performance of organic FETs have facilitated impressive application demonstrations 

such as electronic paper displays, flexible electronics, medical sensors, and radio 

frequency identification (RFID) tags (see in Figure 1.1). 

 

Figure 1.1 Examples of commercial applications for organic FETs. (a) Flexible display; (b) 

radio frequency identification tags.  

(a) (b)
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In spite of the remarkable progress in the field of organic FETs, there still exists 

considerable controversy on the understanding of charge transport in organic 

semiconductors, particularly in high-mobility π-conjugated polymer systems in which 

the polymer films are usually formed by solution coating instead of vacuum 

deposition. It is noteworthy that the reported field-effect mobility for the devices with 

the same polymer material often varies largely by using different device structures 

and/or fabrication processes. [2, 18] Thus, it is highly desirable to gain a fundamental 

understanding of the roles of morphology and molecular ordering in the charge 

transport efficacy of organic thin film. Moreover, the control of the molecular 

ordering and solid state microstructures in thin films through developed fabrication 

techniques to achieve the desired performance of organic electronic devices also 

needs to be fully elucidated. 

Motivated by addressing these fundamental issues, this research focuses on 

controlling the morphology and microstructures of solution-processed π-conjugated 

polymer thin films for application in organic FETs.  Much effort has been made to 

improve the performance of organic FETs through gate dielectric surface 

functionalization, polymer matrix-mediated molecular self-assembly, and controlled 

assembly of polymer-based nanowire networks. The relationships between 

morphology/molecular ordering and charge transport property in these polymer thin 

films are systematically discussed. The ultimate purpose of this research is to achieve 

high-performance organic FETs with high mobility, excellent air stability and good 

performance uniformity for a wide-range of practical applications, and also provide 

guidance for polymer semiconductor design. 



 

4 
 

1.2 Polymer Field-Effect Transistors 

There are two types of organic semiconductors for organic FETs applications: small 

molecules and π-conjugated polymers. Compared with small molecules, the 

conjugated polymers possess great advantages in fabricating large-area organic FETs 

in low-cost ways such as roll-to-roll due to their solution-processibility and superior 

mechanical properties. [19] Thus, in this thesis, the performance and device physics of 

organic FETs based on solution-processed π-conjugated polymer semiconductors are 

discussed.  

1.2.1 Basics of Semiconducting Conjugated Polymer 

The π-conjugated polymer comprises alternating single and double bonds between the 

carbon atoms along the polymeric backbone. In general, the single bond, known as σ-

bond, is a strong covalent bond which is attributed to the hybridized sp2 orbital, and 

the double bond typically consists of one σ-bond and π-bond (as shown in Figure 1.2 

[20]). The π-bond is sharing of the neighboring pz electrons, which is much weaker 

than the σ-bond. In conductive polymers, the conjugated structure provides a 

continuous mutual overlapping of π-orbitals. In this case, the π-electrons become 

delocalized and can move (freely) along the conjugated polymer chains (i.e. 

intramolecular transport).  More importantly, the π-electrons can also move from one 

polymer chain to another due to the sharing of “electron clouds” between two chains 

(i.e. intermolecular transport). It should be noted that the intermolecular transport is 

heavily determined by the extent of π-orbital overlapping and also the energy loss 

during the electron transport between the adjacent polymer chains. [21, 22]  
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Figure 1.2 (a) Schematic representation of orbitals of carbon sp2-hybridization; (b) 

Formation of σ-bond and π-bond in ethylene. Copyright 2011 by P. Y. Bruice. [20] 

    Based on the above discussion, the charge transport in polymer thin film strongly 

depends on the molecular conformation and long-range arrangement adopted by the 

conjugated polymer from molecular to microscopic scale. [23] There are two typical 

molecular conformations in polymer solid state: face-on (with thiophene rings 

parallel to the dielectric surface, see in Figure 1.3a) and edge-on (with thiophene 

rings perpendicular to the dielectric surface, Figure 1.3b). [24] In general, edge-on 

packing in polymer semiconductors is a desired molecular conformation in coplanar 

configuration of polymer FETs since it can provide efficient two-dimensional charge 

transport along both inter-chain and intra-chain directions. However, most conjugated 

polymers form thin films combining polycrystalline (order) and amorphous (disorder) 

domains. [21, 25] The charge carriers can travel easily in crystalline domain but are 

blocked in disorder regions and grain boundaries. Molecular disorder at the grain 

boundaries is the main factor for disturbing charge hopping, which limits the charge 

carrier mobility in the polymers. Thus, a high-degree of molecular order and well-

organized intermolecular structure with minimized grain boundaries favor charge 

(a) (b) -

-

z
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transport in polymers. In this regard, clever molecular engineering designs and proper 

process strategies are required to attain well-stacked and well-ordered polymer 

semiconductor film. 

 

Figure 1.3 Two typical molecular conformations in polymer semiconductor thin films: (a) 

face-on packing and (b) edge-on packing. 

1.2.2 Device Physics of Polymer Field-Effect Transistors 

Basically, organic FETs (or Polymer FET) is a three-terminal electronic switch in 

which the source-drain current (IDS) is modulated by the biased gate voltage (VG). 

Figure 1.4a shows a typical polymer FET with bottom-gate, top-contact (BGTC) 

configuration. There are three main parts in a transistor: a polymer semiconductor 

layer, a gate dielectric (or insulator) layer and three electrodes (source, drain and 

gate). When VG is applied to the organic FETs, charge carriers (with a polarity 

opposite to the VG) accumulate near the vicinity of the polymer/dielectric interface to 

form a conductive channel. Under a lateral source-drain voltage (VDS), charge carriers 

are injected from source or drain electrodes into the polymer channel layer and flow 

laterally along the polymer/dielectric interface (conductive channel) to the electrode 

(a) (b)

face-on edge-on
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counterpart. The transistor is turned on. Thus, the “off” and “on” states can be 

switched by gate voltage. Moreover, since the charge carrier density in the channel 

can be modulated by tuning the VG to a large extent, the conductivity and output 

current is modulated over several orders of magnitude (Figure 1.4b). 

 

Figure 1.4 (a) Schematic across-sectional view of a polymer FET with BGTC; Typical 

transfer (b) and output (c) curves of a polymer FET with p-channel conductance. 

    Figure 1.4 b-c show the typical current-voltage (transfer and output) curves for a 

polymer FET with p-channel conductance. The output curves (c) show the gate 

modulation of the IDS. At low VDS, the IDS follows Ohm’s law, that is, IDS is 

proportional to VDS. This operation mode is called the linear operation. The linear 

current can be expressed by: [21] 

        IDS, linear= μCi(W/L) • (VG – Vth –VDS/2)•VDS,                                           (1.1) 

where μ is the field-effect mobility, Ci is the capacitance per unit area of the gate 

dielectric layer, Vth is the threshold voltage, W and L are channel width and length, 

respectively. As VDS increases and approaches VG, drain-gate voltage drops to zero 
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and the semiconductor channel is pinched-off. In this case, the IDS becomes 

independent on the VDS, and tends to saturate. Thus, the transistor is working on 

“saturation regime”. The saturation current can be described by: [21] 

        IDS, sat= μCi(VG – Vth)
2 • (W/2L),                                                               (1.2) 

During the operation of polymer FETs, charges are firstly accumulated at the 

polymer/dielectric interface under VG bias. When VDS is applied to the transistor, 

charge carriers are injected from the source (or drain) electrode into polymer channel 

layer and transport through the conducting channel within the first few monolayer of 

the polymer layer near to the dielectric surface. [2, 18] In what follows a short 

introduction to the main physical processes/phenomena in polymer FETs including 

charge injection and contact resistance, charge transport, and dielectric engineering 

is presented. 

Charge injection and contact resistance.  In the operation of a polymer FET, 

charge carriers needed to be injected firstly from the source/drain electrodes into the 

polymer semiconductor. Thus, the electrons or holes should overcome the energy 

barrier in the metal/polymer semiconductor contact. Usually, this energy barrier is 

treated as a Mott-Schottky barrier, [17, 26] and the barrier height can be determined by 

the difference between the work-function of the metal electrodes and the lowest 

unoccupied molecular orbital (LUMO) or the highest occupied molecular orbital 

(HOMO) levels of polymer semiconductors. If the work-function of the metal 

electrodes is well aligned with the LUMO or HOMO level of the polymer 

semiconductors, Ohmic contact is expected. Otherwise, an energy barrier exists at the 
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metal/polymer semiconductor interface, which might introduce an extra resistance to 

the transistor. Such a resistance is named as contact resistance (RC). A large RC would 

lead to a poor charge injection. 

To ensure efficient charge injection and reduce of RC, source/drain electrodes are 

usually treated to possess appropriate energy levels to match that of polymer 

semiconductor layer. [2] There are several approaches to optimize the 

electrode/polymer interface to achieving high performance organic FETs: (i) inserting 

a buffer layer between source/drain electrodes and polymer semiconductor to reduce 

the injection barrier and also prevent penetration of metal atoms into polymer during 

the thermal deposition of source/drain electrodes; [27-29] (ii) Modifying source/drain 

electrodes with self-assembly monolayer (SAM) for both tuning the work function of 

metal electrodes and improving the contact compatibility; [30, 31] (iii) developing new 

electrode materials, such as polymer conductors [29, 32] or metal nanowires [33] to 

optimize the contact between electrodes and polymer channels as well as reduce the 

fabricate cost. 

Charge transport.  Charge transport in polymer FET can take place both along 

single polymer chains (intramolecular transport) and/or via inter-chain process 

(intermolecular transport). In general, intramolecular transport in polymer 

semiconductors is relatively easy because of the strong π-orbital overlap, but 

intermolecular transport is more difficult due to the amorphous nature of polymer 

materials and the weak intermolecular interaction. Charge transport in disordered 

molecules can be described as a thermally activated tunneling of charge carriers 

through a distribution of localized states or shallow traps, known as “hopping” 
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process. [34, 35] In such a hopping model, the charge carriers transport is phonon 

assisted, and carrier mobility decreases with reduction in temperature. The 

temperature-dependent mobility can be expressed by the following Arrhenius 

relationship: [34, 35] 

                            μ(T)= μ0exp(-Eα/kBT)                                                             (1.3) 

where μ0 is the zero-field mobility, kB is the Boltzmann constant, and T is the absolute 

temperature.  Eα is the activation energy for charge transport and represents the 

energy disorder of a polymer semiconductor. [25] As suggested by Vissenberg and 

Matters, [34] in most disordered conjugated polymers charges can hop a long distance 

with low activation energy, resulting in fast charge transport and high charge carrier 

mobility. However, it is noteworthy that for many highly ordered polymers, the 

charge transport seems to exclude hopping process: the mobility decreases with 

increase in temperature, behaving as band-like transport. [36] 

In addition to temperature dependence, the dependence of mobility on gate voltage 

has been also observed for many disordered polymer semiconductors. [37, 38] 

According to Vissenberg-Matters model, field-effect mobility increases with 

increasing VG. [34] This is due to the filling of localized states which are assumed to 

follow an exponential distribution. [36] With increasing the gate voltage, the 

accumulated charge carriers would fill the states at low energy first and then fill the 

higher-lying states. Thus, additional charges need a smaller Eα for hopping between 

the sites, which leads to the improved charge transport. Interestingly, this VG 
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dependence becomes weak or even disappears in some polymer FETs with high 

quality, suggesting that this effect would originate from defects in the transistors. [39] 

Dielectric engineering.  The surface roughness, chemical purity and composition 

of the gate dielectric have significant effects on charge transport in transistors. Chua 

et al. [40] have investigated the correlation between (dielectric/polymer) interface 

roughness and carrier mobility in solution-processed polymer FETs. It is found that 

the mobility keeps unchanged for low surface roughness of gate dielectric less than a 

critical roughness value. For roughness exceeding the critical value, a dramatic drop 

of the mobility by orders in magnitude was observed. [40] In addition, n-type behavior 

of polymers was hardly observed in previously reports. However, Chua et al. [41] have 

demonstrated that n-channel transport is a generic property of most conjugated 

polymers when using appropriate gate dielectrics that are free of electron-trapping 

groups, such as silanol, hydroxyl, or carbonyl groups. Therefore, the reason for the 

absence of n-type transport in most conjugated polymers is that most polymer FETs 

were performed on SiO2 dielectrics in which conductive electrons are strongly 

trapped by silanol and hydroxyl groups at the polymer/SiO2 dielectric interface. 

On the other hand, the dielectric constant can also play important roles in polymer 

FETs.  In principle, a high-k dielectric, operated at low voltages, is preferable to a 

low-k dielectric for transistors applications. However, the charge carrier mobility of 

polymers is usually higher in FETs having a low-k dielectric than that using a high-k 

dielectric. This is because the high-k dielectric materials contain randomly oriented 

polar functional groups near the active interface. These random polar functional 

groups would increase the energetic disorder at the interface beyond what naturally 
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occurs in the polymer thin film itself due to the structural disorder. As a result, the 

field-effect mobility decreases. [17] Therefore, intensive efforts are still needed to 

overcome the tradeoff between the operating voltage and mobility for achieving high-

performance polymer FETs. 

1.2.3 Polymer Phototransistors 

Apart from acting as an electronic switch that is the important building block for 

organic electronic circuits, additional functionality can be also implemented to an 

organic FET, [42] such as light detection. Organic phototransistors (OPTs) are 

transistors with light detection and signal magnification in a single device. [43] In 

comparison with two-terminal photodiodes, OPTs are a three-terminal device, 

providing high-sensitivity and tunable gain with an external quantum efficiency (EQE) 

in exceed of 100% by controlling unbalanced charge transport through an optically 

controlled gate terminal. [44] High performance OPTs can be obtained by either a 

photovoltaic gain mechanism allowing high EQE and fast switching or a 

photoconductive gain mechanism with low noise levels. [45] 

Polymer phototransistor is an important type of OPTs adopting polymer 

semiconductor as active layer. Polymer phototransistors are the best candidates for 

Plastic Optoelectronics due to their advantages of easy solution processability and 

better compatibility with plastic substrates. Over the past several years, a large 

number of polymer phototransistors with different device configurations have been 

explored by using different photosensitive components, e.g., single component 

polymer films, blend polymer films, and micro/nano-crystal polymer semiconductors. 
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[42, 43, 45] However, compared to the traditional inorganic phototransistors, the 

performance of polymer phototransistors is still less than satisfactory. Significant 

progress in carrier mobility and scable solution fabrication process are needed if 

polymer and phototransistor is to become a viable option for practical applications.  

The photoresponsivity (R) and photosensitivity (P), in addition to the normal 

organic FET parameters, are the key figures of merit specific to polymer 

phototransistors, which are defined by the following equations: [42]  

    R=Iph/Pinc=(Ilight-Idark)/Pinc                                                                    (1.4) 

    P= Iph/Idark=(Ilight-Idark)/Idark                                                                  (1.5) 

where Pph is the photocurrent, Pinc is the incident illumination power, Ilight and Idark 

are the drain currents under light and in the dark, respectively. The value of R reveals 

to the conversion ability of optical power to electric current and the P is the photo-

switching (photocurrent/dark-current) ratio.  

Apart from R and P, EQE and response time are the another two important 

parameters measuring the performance of polymer phototransistors. [45] The EQE is 

related to R, and can be expressed as EQE=(hc/λq)•R. 

1.3 Recent Advances in High Mobility Polymer Field-Effect 

Transistors 

Compared to small molecular semiconductors, the development of high-quality 

conjugated polymer semiconductors has been lagged far behind. Polymer 

semiconductors possess more complex molecular structure, making the chemical 

synthesis and purification processes being challenging for high performance polymer 
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semiconductors. Moreover, theoretical calculation for polymer semiconductors to get 

the optimal molecular structure is also difficult due to the large amount of atoms in 

polymer chains. [2] Over the past decades, the reported field-effect mobility values of 

polymer semiconductors were relative low (<1 cm2 V-1 s-1). Excitingly, remarkable 

breakthroughs have been made for high mobility conjugated polymers in last ten 

years, [6-8, 11-16] approaching or even higher than the benchmark value of 10 cm2 V-1 s-1 

which is functionally sufficient for many kinds of high-impact electronic applications. 

In this section, the effect of two important points (donor-acceptor copolymers and 

molecular weight effects) on achieving high mobility in polymer FETs will be 

described, following with a discussion on the challenges and opportunities in this 

field. 

1.3.1 Donor-Acceptor Copolymers 

There is significant research focus on investigating the charge transport properties of 

donor-acceptor (D-A) copolymers. [46-51] It was found that selective introduction of an 

electron-donating unit and an electron-accepting unit into an alternating D-A 

conjugated backbone offers a feasibility to further greatly enhance the charge carrier 

transport in conjugated polymers (please see in Figure 1.5 a and b). [2] The transport 

efficacy of a conjugated D-A copolymer can be feasibly modulated by the relative 

strengths of donor and acceptor and the nature of π-conjugation within the polymer 

framework. [6] This stems from the fundament ambipolar properties of D-A polymer 

with the majority carriers being determined by the relative strengths of donor and 

acceptor components (i.e. stronger donor leads to predominantly hole transport while 
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stronger acceptor result in electron transport). [6] In addition, more compact molecular 

packing with tighter π-π stacking of adjacent polymer chains is expected in D-A 

conjugated polymer due to the minimized electronic repulsion with a D-A slipping 

packing mode, which is conducive to the charge transport by hopping. [6, 24] 

 

Figure 1.5 Schematic representation of ground-state partial charge-transfer State (a) and 

biradical anion-cation State (b); (c) An example of D-A conjugated polymer of DPP-DTT. 

Copyright 2012, NPG. [6] 

    Presently, one of the most popular D-A copolymers are low-bandgap copolymers 

based on the electron-deficient unit of diketopyrrolopyrrole (DPP). DPP is a highly 

photo-stable, red synthetic pigment that is being widely used in building or 

automobile coatings. [1] In a DPP copolymer with a relatively strong donor moiety of 

dithienylthieno [3, 2-b]thiophene (DTT) and a comparatively weaker acceptor moiety 

of DPP (see in Figure 1.5c), Li et al. have realize very high mobility of up to 10 cm2 
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V-1s-1 for a p-type polymer FETs. The mobility values in such copolymer are 

significantly affected by the polymer molecular weight. [6]   

1.3.2 Effect of Molecular Weight on Performance of Polymer FETs 

The influence of molecular weight (MW) on the performance of polymer FETs, 

especially field-effect mobility has been extensively investigated. It is shown that 

generally the higher mobility is associated with the higher the molecular weight. [6, 52, 

53] It is suggested that conjugated polymers with higher MW possess enhanced 

molecular order crystallite domains and better intergrain connectivity, resulting in 

efficient charge carrier transport. [52] Such a design principle has been applicable for 

various conjugated D-A polymers. [6, 53]  

    Tsao et al. have shown that MW plays an important role in enhancing hole 

mobility in poly[2,6-(4,4-bis-alkyl-4H-cyclopenta-[2,1-b;3,4-b0]-dithiophene)-alt-

4,7-(2,1,3-benzothiadiazole)] (cyclopentadithiophene-benzothiadiazole), CDT-BTZ, 

donor-acceptor copolymer. It is found that high charge carrier (hole) mobility of 3.3 

cm2 V-1 s-1 is obtained in such D-A polymer with a high MW of 51 kg mol-1, about an 

order in magnitude higher than that (0.28 cm2 V-1s-1) of low MW samples (13 kg mol-

1). [53] Further investigation revealed that both pronounced crystallite connectivity and 

promoted charge transport along the long polymer backbones in high MW polymers 

resulted in the improved carrier mobility. On the other hand, Li et al. [6] have also 

shown that the hole mobility of DPP-DTT-based FETs increases from ~1 cm2 V-1 s-1 

to ~9 cm2 V-1 s-1 with increasing its MW from 100 kg mol-1 to 500 kg mol-1 (as shown 

in Figure 6a). [6] The X-ray diffraction (XRD) results showed that the out-of-plane 



 

17 
 

diffraction peaks increased largely with increasing MW (Figure 6b), indicating a 

much higher crystallinity in the higher MW films. 

 

Figure 1.6 The dependence of mobility (a) and XRD diffraction intensity (b) on 

semiconductor weight-average molecular weight, MW. Copyright 2012, NPG. [6] 

1.3.3 Challenges and Opportunities 

As a complex system, the performance of a polymer FET is not only determined by 

the intrinsic properties of polymer materials but significantly influence by many other 

factors, such as microstructure of solid state phase, thin film morphology, and even 

device configuration. [2] This fact is clearly reflected by the large variations in 

substantial batch-to-batch performance for a given polymer material. One major 

reason for this might be the large variations of properties in the resulting polymer 

conducting channel, including molecular order/alignments, microstructures, 

morphologies, and also interface contacts. All these properties can significantly 

influence the charge transport in the polymer conducting channel, as well as some 

other parameters of polymer FETs. [54, 55] The ideal thin film microstructure for 

efficient charge transport in polymer FETs should meet the fundamental requirements, 

Mw of 501K

Mw of 344K

Mw of 91K
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such as large crystalline domain sizes, reduced grain boundaries, as well as crystallite 

connectivity. Moreover, the molecular conformations (including packing and 

orientation) in each crystalline domain are also needed for closed π-π stacking or π-

conjugation polymer chains allowing efficient transport along both the direction of π-

π stacking and the polymer backbone. Therefore, a careful optimization of fabrication 

processes/techniques, such as substrate surface engineering, solution-processed 

methods/parameters (solvents used, solution concentration, and solution viscosity), as 

well as the post processes (e.g. thermal and/or solvent annealing), are required and 

imperative for the used polymer semiconductors. 

    Moreover, for practical applications, there remain several critical materials and 

process challenges yet to be resolved. From the fabrication perspective, the often 

tedious or specialized semiconductor processing to promote higher crystallinity and 

long-range ordering for high charge carrier mobility would be costly, if not 

impossible to scale. This would negate the fundamental economic benefits of polymer 

FETs.  From the materials perspective, it is generally known that the charge carrier 

mobility of polymer semiconductors varies with their MW, and that attainment of 

high mobility necessitates high-MW materials. [6, 53] Unfortunately, high-MW 

conjugated polymer semiconductors, which are generally polar in nature and have 

relatively rigid backbones, possess very limited solubility in common processing 

solvents. [6, 8] Complications such as solution gelling, solid precipitation, etc. often 

arise during semiconductor processing, severely hampering channel semiconductor 

fabrication leading to non-uniform semiconductor film formation. Consequently, 

wide variability in the performance of polymer FETs often results in using a high-
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MW conjugated polymer.  Another practical difficulty is the synthetic challenge of 

accessing high-MW conjugated polymers due largely to premature precipitation of 

lower-MW polymer intermediates out of reaction media during synthesis. On the 

other hand, the use of readily soluble lower-MW polymer semiconductors has yielded 

much lower mobility. [56, 57] Accordingly, it would be highly desirable and of great 

practical significance if a readily soluble lower-MW conjugated polymer can be 

processed into a channel semiconductor of higher crystalline order to improve its 

mobility.  This would help resolve both materials and the material process difficulties, 

enabling a smooth transfer of polymer FET technology from laboratory research to 

mass production.  

1.4 Scope and Organization of This Thesis   

This research aims at elucidating the crucial issues mentioned above in the field of 

polymer FETs, unraveling the relationships between morphology/microstructures and 

charge transport property in π-conjugated polymers, especially D-A copolymer, and 

developing solutions for attaining high performance polymer FETs through solution 

fabrication process. The following approaches were developed to control the 

morphology and microstructures of solution-processed D-A polymers: dielectric 

surface functionalization, polymer matrix-mediated molecular self-assembly, and 

assembly of polymer nanowire networks. The thesis is organized as following: In 

Chapter 2, the general process and characterization of polymer FETs are described. 

The results of gate dielectric surface functionalization for performance improvement 

of polymer FETs are presented in Chapter 3. Chapter 4 discusses the method of 
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polymer matrix-mediated molecular self-assembly for enhancing crystalline structural 

order. The performance of matrix-mediated molecular self-assembly for application 

in polymer FETs fabricated by inkjet printing technique is also discussed in this 

chapter. In Chapter 5, the feasibility of the polymer matrix-mediated method for 

creating efficient polymer nanowire network channel layer is demonstrated. Chapter 

6 then presents our recent results of polymer nanowire network channel for high 

sensitivity near-infrared (NIR) phototransistors. Chapter 7 gives a summary of this 

research and new ideas for further improving performance of solution-processed 

polymer FETs. 
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Chapter 2    Processes and Characterization of 

Polymer Transistors 
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2.1 Surface Modification of Gate Dielectric Insulator 

    Substrate Preparation.  Highly doped <100> p-Si wafers (SWI, ρ=0.001~0.005 

ohmcm) with a ~300 nm thick thermally grown SiO2 layer were mainly used as the 

gate substrate in this research, with the top SiO2 layer serving as the gate dielectric. 

After being cut into 1.5 cm × 1.5 cm or 2.5 cm × 2.5 cm small pieces, the substrates 

were cleaned by ultra-sonication sequentially in deionized water (30 minutes), 

acetone (15 minutes), and isopropyl-alcohol (15 minutes). The cleaned substrate 

wafers were dried in an oven at 100 C. 

    Silane Self-Assembled Monolayer (SAM).  Before the silane SAM modification 

on the dielectric surface, the SiO2 substrates were cleaned with UV-ozone or O2-

plasma to remove any residual contamination. The SiO2 substrates were then 

immersed in a 0.1 M solution of the silylating agent (such as octyltrichlorosilane, 

OTS-8, and octadecyltrichlorosilane, OTS-18 etc.) in toluene (Sigma Aldrich) at 

60 °C for 20~30 min, followed by rinsing with toluene and then isopropyl-alcohol 

(Sigma Aldrich), and subsequently blowing dry with nitrogen gas. This procedure 

was expected to yield a chemically robust silane-SAM on SiO2 surface without the 

need for further thermal treatment. For two-step silane SAM formation, the modified 

SiO2 substrate with the first silane-SAM was again treated with a dilute solution of 

another silylating agent in accordance using the same silylation procedure, thus 

creating a “hybrid” silane-SAM structure composed of two silanes. 
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2.2 Fabrication Strategy for Polymer Transistors 

    Materials.  Molecular structures of polymer semiconductors and insulators used in 

this research are shown in Figure 2.1.  

 

Figure 2.1 Chemical structures of polymer semiconductors, DPP-DTT, DPP-QT, P3HT and 

PBTTT, and polymer insulators, polystyrene (PS) and Polyacrylonitrile (PAN). 

    Poly(diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene), DPP-DTT, was 

obtained according to previously reported procedure [6] except that the polymerization 

was conducted for 55 hours. The crude polymer was purified by sequential Soxhlet 

extractions with ethanol, ethyl acetate and then chlorobenzene. The polymer product 

DPP-DTT DPP-QT

P3HT PBTTT

PS PAN



 

24 
 

(with different molecular weight) from the chlorobenzene extraction was used in our 

experiments. Poly(diketopyrrolopyrrole-quarterthiophene), DPP-QT, was prepared in 

entirety as reported. [58] Regioregular poly(3-hexylthiophene), P3HT (Mw ~37 kg 

mol-1), were purchased from Sigma-Aldrich, and the poly(2,5-bis(3-

hexadecylthiophen-2-yl)thieno[3,2b]thiophene) (PBTTT) was purchased from 1-

Material Inc. Polymer insulator of polystyrene (PS) with different molecular weight 

and polyacrylonitrile, PAN (Mw 150 kg mol-1; Tg, 85 C), were purchased Alfa-

Aesar and Sigma-Aldrich. All the commercially purchased materials were used as 

received. 

    Solution Preparation.  Polymer semiconductors were dissolved in chlorobenzene 

(CB, Sigma-Aldrich), 1,2-dichlorobenzene (DCB, Sigma-Aldrich) or chloroform (CF, 

Sigma-Aldrich) at a concentration of 4.0 mg mL-1. To facilitate dissolving of the 

polymer, the solutions were put on a hot plate at 60 C for at least 12 hours before use. 

The polymer insulator of PS was dissolved in DCB at a concentration of 4.0 mg mL-1. 

PAN was dissolved in DCB by heating at 60 °C in an ultrasonic bath for 30 min, 

followed by filtration through a syringe filter to give a homogeneous solution. The 

mixed solution of DPP-DTT and PAN (or PS) with various PAN (or PS) loading wt % 

were prepared by mixing DPP-DTT and PAN (or PS) solution in appropriate 

proportions to generate the final DPP-DTT/PAN semiconductor coating solutions or 

inks. Solutions of DPP-QT/PAN, PBTTT/PAN and P3HT/PAN in DCB were 

prepared in the same manner. It was observed that while the solutions of DPP-DTT, 

and PBTTT were quite fluid at elevated temperatures, they readily gelled when 
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cooling down to room temperature. On the other hand, the solutions of these polymer 

semiconductors with PAN addition stayed fluidic at room temperature for months.  

Thin Film Deposition and Device Fabrication.  The polymer films used in this 

research were mainly deposited by spin-coating. Before the spin-coating process, the 

solution droplets were allowed to sit on the OTS-modified substrates for 1~3 minutes 

to facilitate the film coverage. Then films were fabricated at spin speed of 1000~1500 

rpm for 100~200 s. The resulting films were left to dry in a glove box overnight at 

room temperature before characterization or depositing metal electrodes. For the 

polymer FET fabrication, bottom-gate, top-contact device configuration was adopted 

(as shown in Figure 1.4a). An array of 60 nm gold source/drain electrode pairs were 

thermally evaporated under high vacuum (< 10-3 Pa) through shadow mask onto the 

polymer semiconductor films on the SiO2/Si substrates. The channel width (L) and 

channel length (W) of the resulting polymer FETs were 1500 m and 80 to 200 m, 

respectively. 

    Inkjet Printing. The inkjet printing was performed using Microdrop Technologies 

MD-P-802 inkjet printer (as shown in Figure 2.2a). Pipette (ADK 901 glass) with 50 

μm in diameter was used (Figure 2.2c). Triplet pulse technology is applied to 

generate small droplet from the nozzle (Figure 2.2d). The triplet pulse technology is 

designed for preventing the blockage of the pipette using small diameter of pipette. In 

the printing, the OTS-18-treated SiO2 wafer with patterned source/drain electrode 

pairs was placed on the x-y-table and was moved relative to the dispenser heads 

(pipette), while the z-axis which moves the dispenser heads up and down was stable 

(Figure 2.2b). The positioning accuracy with such design can be improved to ±5 μm 
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for each single axis. The positioning unit and the dispensers of the MD-P-802 inkjet 

printer were controlled by a software in the computer. 

 

Figure 2.2 Images of (a) Microdrop Technologies MD-P-802 inkjet printer and (b) Auto-drop 

platform (x-y-table); (c) Image of ADK 901 micropipette and (d) example of generating 

droplet. Copyright by Microdrop Technologies 

2.3 Thin Film Characterizations 

2.3.1 Spectroscopic Characterizations 

    UV-Visible Absorption Spectra.  UV-vis absorption spectra of the polymer thin 

films were recorded on a HP 8453 UV-vis spectrophotometer. Since the 

photoexcitation process are usually accompanied by the changes in the molecular 

geometry, the absorption spectra are sensitive to the geometry and environment of the 

molecules. [59] In particular, the red-shifted and enhanced A0-0/A0-1 value in 

(b)(a)

(c) (d)
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absorption of the polymer thin film could reflect more ordered molecular 

arrangement, [23] where A0-0 and A0-1 are the absorption intensity of 0-0 peak and 0-1 

peak, respectively. [59] 

    X-Ray Photoelectron Spectroscopy (XPS) Depth Profiling.  The XPS depth 

profile was used to investigate the distribution of chemical composition (element) 

with depths in polymer thin films. This characterization was performed by the XPS 

system of PHI Model 5802, with a depth rate of 6.92 nm per minute. 

2.3.2 Microscopic Characterizations 

The nanoscale properties of thin films were analyzed using different microscopic 

techniques to revealing the surface morphology, topography, chemical composition, 

and micro-/nano-structures. Different microscopic characterizations, including atomic 

force microscopy, scanning electron microscopy, and transmission electron 

microscopy, were used in this research. 

    Atomic Force Microscopy (AFM). AFM characterizations were performed by 

using a Veeco Digital instruments AFM instrument, in the tapping mode under 

ambient conditions. 

Scanning Electron Microscopy (SEM).  SEM characterizations were carried out 

using SEM (LEO 1530 Field Emission). Gold coating was used to increase the 

electric conduction of thin film samples. 

Transmission Electron Microscopy (TEM).  Crystallinity and elementary analysis 

of polymer nanowires were carried out using TEM (TecnaiG2 20 S-TWIN) integrated 
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with energy dispersive X-ray spectroscopy (EDX). In order to investigate the 

crossing-section profiles of the polymer thin films, the films were submitted to 

scanning TEM (STEM) using FEI Titan 80/300 STEM combined with EDX analysis. 

2.3.3 X-Ray Diffraction 

Compared with characterizations discussed above, X-ray diffraction (XRD) probes 

through the whole layer, and could provide quantitative information of investigate the 

microstructure of polymer thin films. In this thesis, out-of-plane XRD diffraction 

patterns were recorded on a Bruker D8 Advance system (Cu X-ray source, 45 kV and 

30 mA), which reflects the crystallite orientation in the vertical direction. 

2.4 Characterization of Polymer Transistors and Phototransistors 

All the characterizations of polymer FETs and phototransistors were conducted in 

ambient conditions without precautionary measures to exclude atmospheric oxygen, 

moisture. A probe station coupled with a Keithley 2636B dual channel source/meter 

was utilized for the electrical tests (as shown in Figure 2.3 a-b). The devices were 

electrically characterized at room temperature first, and then thermally annealed at an 

elevated temperature (80~200 °C) in glovebox or vacuum oven for 10 minutes before 

subjecting to another electrical evaluation. The field-effect mobility in the saturation 

regime was extracted from the following equation:  IDS, sat= μCi(VG – Vth)
2 • (W/2L). 

The Ci of the used SiO2 wafer was measured to be ~10 nF cm-2. Other important 

parameters were extracted from the transfer curve (as shown in Figure. 2.3c), 

including current on/off ratio (Ion/Ioff, the ratio of IDS in “on” and “off” states), Vth 
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(derived from the fitting of the square root of IDS by extrapolating the measured data 

to IDS = 0), and subthreshold swing (S.S., the parameter to quantify how sharply the 

transistor is turned on by the VG, which has units of V dec.-1). The contact resistance 

(RC) was extracted with the gated transmission line model. As shown in Figure 2.3d, [60] RC 

value was obtained by extrapolating the device resistance plots to L=0 µm using the equation, 

Rtotal =Rch•L+RC, while channel resistance (Rch) value was obtained from the slope of the 

linear plot. 

 

Figure 2.3 Images of (a) probe station and (b) Keithley 2636B SourceMeter; (c) Examples of 

(c) a transfer curve and (d) a transmission line plot. 

     For photoelectronic characteristics of the polymer phototransistors, near-infrared 

light-emitting diode (LED) was used as light source. The NIR light was emitted from 
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an NIR LED with a wavelength of 850 nm (850LED, Zolix Inc.). The power of the 

NIR light source was controlled by a combination of adjusting the NIR LED output 

and applying the appropriate neutral filters. The power of the NIR light source 

irradiating on the surface of OPTs was calibrated using an analog optical power meter 

(PM120A, ThorLabs). In order to minimize the measurement errors from device drift, 

the transfer curves of the device before and after illumination were recorded, making 

sure the difference between these two adjacently measured transfer curves in the dark 

is negligible.  
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Chapter 3    Gate Dielectric Surface Engineering for 

High Performance Polymer Field-Effect Transistors 
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3.1 Introduction 

High crystallinity of channel semiconductor is necessary for charge transport efficacy 

in organic FETs. One of the several factors that affect the crystallinity of channel 

semiconductor is gate dielectric. Through surface functionalization, the gate dielectric 

interacts with the overlaying semiconductor and exerts a definitive influence on the 

molecular ordering of semiconductor, thus affecting its charge transport properties. [61, 

62] The other critical factor is the surface morphology of gate dielectric which affects 

its charge blocking ability as well as the dielectric/semiconductor interfacial 

properties. The latter in turn have significant impacts on the charge transport in the 

semiconductor layer. 

    So far many organic and inorganic insulating materials, including silicon dioxide 

(SiO2), metal oxides, polymer insulators and their composites, have been studied as 

gate dielectrics in organic FETs. Among them, SiO2 on heavily-doped, conductive 

silicon wafer has been the most popular and widely investigated organic FETs. The 

very flat surface of SiO2 offers excellent reproducibility in device fabrication and 

performance. It has a high density of surface hydroxyl groups, permitting greater 

flexibility in tuning its surface properties via chemical reaction for improving the 

performance of organic FETs. [63, 64] The surface hydroxyl groups, if left untreated, 

would adversely affect device performance and stability due to their hydrophilicity 

and incompatibility with organic semiconductor materials. [65, 66] Accordingly, a great 

many different self-assembled monolayers (SAMs) have been utilized to modify SiO2 

surface to render it hydrophobic and compatible with organic semiconductors, [67-71] 

leading to improvements in the performance of organic FETs.  
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Several methodologies such as Langmuir-Blodgett (L-B), [71] vapor deposition, [72] 

solution immersion, [73] and spin-coating techniques, [70] etc. have been utilized to 

form SAMs on the SiO2 surface. In general, L-B and spin-coating techniques afford 

ordered SAMs on SiO2 surface, [70, 71] but the processes need to be delicately 

controlled, and are thus not easily scalable to large-area processing. Vapor deposition, 

while providing high-quality SAMs, is also not practical as it involves deposition in a 

vacuum oven at elevated temperatures (100~200 ͦ C) for a substantially long period of 

time. [72] The most convenient method for formation of SAMs on SiO2 is silylation via 

solution treatment in which the SiO2 substrate is immersed in a solvent-diluted 

solution of a silylating agent for a period of time in ambient conditions, followed by 

solvent rinsing and air drying. [62] This method provides robust silane SAMs as the 

latter is chemically bonded to the SiO2 surface through silylation of the hydroxy 

groups. However, this procedure has its drawbacks as there is a possibility of 

producing SAMs with an incomplete surface coverage, [70] leading to higher leakage 

current. Incomplete SAM surface coverage also lead to rougher dielectric surface 

morphology which adversely affects dielectric/semiconductor interfacial properties. 

In this Chapter, we report our studies on silane functionaliztion of SiO2 gate 

dielectric via solution treatment, employing four silylating agents of functionally 

varied structures, octadecyltrichlorosilane (OTS-18), octyltrichlorosilane (OTS-8), 

phenyltrichlorosilane (PTS), and methyltrichlorosilane (MTS), as shown in Figure 

3.1. The results demonstrate that both the silylating agents and the manner with 

which they are deposited on SiO2 surface are critical to the quality of the resulting 

silane SAMs.  By combining two silylation reactions, one with a long alkyl chain 
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(OTS-18), and one with a medium alkyl chain (OTS-8) or phenyl group (PTS) in 

proper sequence, we can capitalize on the high surface coverage and robustness of 

medium alkyl or phenyl silane-SAM in blocking charge leakage, and the efficacy of 

long alkyl chain silane-SAM in enhancing semiconductor ordering to create a dual-

silane “hybrid” SAM which provides the best of both worlds. Such a hybrid SAM 

structure enables fabrication of high-performance polymer FETs (based on DPP-DTT 

or P3HT) with high mobility, low leakage current, and high current modulation.  

  

Figure 3.1 Chemical structures of silylating agents, OTS-8, OTS-18, PTS, and MTS. 

3.2 Tuning Surface Energy of Dielectric Surfaces 

The method for silane-SAMs on SiO2 surface via silylation of hydroxyl functions was 

described in Section 2.1 of Chapter 2. Figure 3.2 graphically presented the formation 

of silane-SAMs on of SiO2 surface with various silylating agents. The water contact 

OTS-8 OTS-18 PTS MTS



 

35 
 

angles of untreated SiO2 and silylation treated SiO2 surface with different silane 

SAMs were measured and summarized in Table 3.1 (on Page 47). 

 

Figure 3.2 Schematic representation of modification of SiO2 surface with various silylating 

agents forming silane self-assembled monolayer through silylation of surface hydroxyl 

functions. 

    The untreated SiO2 surface displayed a water contact angle of 25°, showing a very 

hydrophilic surface with high surface energy due to the abundance of surface 

hydroxyl groups (Figure 3.2a). When the SiO2 surface was treated with a silylating 

agent, the water contact angle increased significantly, demonstrating transformation 

of a hydrophilic surface with high-surface energy to a more hydrophobic surface with 

lowered surface energy. This was attributable to the formation of a chemically 

bonded hydrophobic silane-SAM on the SiO2 surface through silylation of its surface 

hydroxyl functions. Specifically, the measured contact-angles were 99° and 104° 
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respectively for OTS-8 and OTS-18 modifications (Figure 3.2 b and c). These contact 

angles are quite close to those measured for the modifications via similar or other 

processes, [74] suggesting that long alkyl chains OTS-18 attached to the silicon atom 

makes SiO2 surface more hydrophobic and with smaller surface energy.  

Interestingly, when the SiO2 surface was treated with two different silylating 

agents in sequence, the contact angle of the resulting SiO2 surface was quite different, 

depending on which silylating agent was employed first. Specifically, treatment with 

a silylating agent carrying a medium alkyl chain first, followed by a silylating agent 

carrying a long alkyl chain produced a contact angle that was essentially similar to 

one treated with a silylating agent with a medium alkyl silylating agent only. For 

example, treatment with OTS-8 first, followed by OTS-18 (herein referred to as 

“OTS-8/OTS-18”) afforded a contact angle of 99° (Figure 1d), which was the same as 

the OTS-8-only treatment (Figure 1b). In another word, when the surface was first 

treated with a silylating agent carrying a medium alkyl group, subsequent silylation 

reaction appeared to be ineffective in impacting the resulting surface properties. On 

the other hand, the reverse modification, i.e. treatment with OTS-18 first, followed by 

OTS-8 (herein referred to as “OTS-18/OST-8”), yielded a larger contact angle (106°; 

Figure 3.2e) than that of OTS-8-only (99°) or OTS-18-only (104°) treatment (Figure 

3.2c).  

These results suggest the following: (i) treatment by a silylating agent with a 

medium (relatively short) alkyl chain led to complete or near-complete silylation of 

surface hydroxyl groups, leaving little room for further silylation; (ii) treatment by a 

silylating agent carrying a long alkyl chain (e.g., OTS-18) left some unreacted 
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hydroxyl groups or surface “voids” due to steric interference of long alkyl chain with 

the silylation reaction, thus rendering subsequent silylation with a sterically less-

demanding silylating agent such as OTS-8 feasible; and (iii) silylation with a long 

alkyl silylating agent such as OTS-18 first, followed with a silylating agent with a 

medium alkyl chain was most efficient for surface modification of SiO2/Si dielectric 

for polymer FET application. 

3.3 Morphology Control of Polymer Thin Films with Different SAMs 

When a polymer semiconductor was solution-deposited on the silane-modified SiO2 

surface, the surface roughness of the resulting semiconductor film varied with the 

silylating agent and modification conditions. This appeared to be related to the 

morphology of silane-SAM on the SiO2 surface due to the extent of silane surface 

coverage and ensuing SAM surface defects. To gain a better understanding, the 

morphology of the DPP-DTT polymer films on different silane-modified SiO2 

dielectrics was analyzed by AFM.   

 

Figure 3.3 AFM images showing the surface roughness of polymer semiconductor (DPP-DTT) 

films on silane-modified SiO2 substrates.  
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The DPP-DTT channel layers were fabricated by spin-coating from a 

chlorobenzene solution (4 mg/mL). Figure 3.3 shows the AFM height images of the 

DPP-DTT thin films on OTS-8, OTS-18 and dual-silane modified SiO2 substrates. 

All showed small semiconductor grain size with different surface roughness. The 

root-mean-square (RMS) roughness values for the semiconductor films on OTS-8- 

and OTS-18-treated SiO2 substrates were 1.0 nm (Figure 3.3a) and 1.5 nm (Figure 

3.3b), respectively. The very smooth semiconductor film on the OTS-8 treated 

substrate correlated well with the high surface coverage of OTS-8 modification and 

its resulting smooth surface morphology. The much rougher semiconductor film on 

OTS-18 SAM was attributed to the rougher OTS-18 SAM surface resulted from some 

surface “voids” due to incomplete silylation. 

On the other hand, the semiconductor film on the SiO2 surface with OTS-8/OTS-

18 dual-silane treatment had a surface roughness of 0.9 nm (Figure 3.3c), which was 

practically similar to that of the OTS-8-only modification. This was because OTS-8, 

when treated first, provided near-complete surface coverage, leaving no room for 

subsequent OTS-18 silylation. This explanation was corroborated by the finding that 

both OTS-8 and OTS-8/OTS-18 SiO2 surface modifications gave the same contact 

angle of 99°. In sharp contrast to the rougher polymer film on the SiO2 surface of 

OTS-18-modification (RMS = 1.5 nm), the polymer film on OTS-18/OTS-8 dual 

silane-treated SiO2 substrate displayed very smooth surface (RMS = 1.1 nm; Figure 

3.3d). The improvement in surface roughness in this case was the result of further 

silylation by OTS-8 on the OTS-18 partially covered SiO2 surface. 
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3.4 Charge Transport Enhancement in Polymer FETs 

The effects of silane-modified SiO2 gate dielectrics on the performance of polymer 

FETs were investigated firstly using DPP-DTT as channel semiconductor in a BGTC 

device configuration (Figure 1.4a) under ambient conditions. No precautionary 

measures were taken to exclude atmospheric oxygen, moisture and ambient light 

during device fabrication and evaluation. The transfer characteristics of the DPP-

DTT-based polymer FETs fabricated with untreated and silane-functionalized SiO2 

gate dielectrics are shown in Figure 3.4. The device parameters extracted from the 

corresponding polymer FETs are summarized in Table 3.1 (on Page 47).  

 

Figure 3.4 Electrical performance of polymer FETs with DPP-DTT as channel semiconductor 

fabricated on untreated and silane-modified SiO2 substrates measured at VDS= -60 V. (a) to 

(e): transfer characteristics of untreated, OTS-8, OTS-18 and dual-silane-modified gate 

dielectrics, showing performance improvements with silane modifications; inserts are the 

values of  mobility (μ), on/off ratio; off-current (Ioff), and subthreshold swing (S.S), which are 

extracted following the method described in Section 2.4 on Page 28. 

The control device on untreated SiO2 gate dielectric (Figure 3.4a) exhibited 

average field-effect mobility of only 0.11 cm2 V-1s-1 and on/off ratio (Ion/off) of 

3.8×102. With silane- functionalized SiO2 gate dielectrics (Figures. 4 b-e), significant 
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improvements in mobility, on-off ratio and other device properties were observed 

(see Table 3.1). The field-effect mobility was improved at least more than half order 

in magnitude, and the on/off ratio, about two orders of magnitude or more, depending 

on the silylating agent used.  Specifically, the mobility enhancement follows the order:  

OTS-18 > OTS-8, while the on/off ratio, the order:  OTS-8 > OTS-18. 

The OTS-18 functionalization yielded a higher mobility (1.86 cm2 V-1s-1). This was 

related to the efficiency of long octadecyl chain in promoting the molecular ordering 

of the overlaid channel semiconductor by virtue of being more orderly and crystalline 

in nature and having a higher compatibility with the long alkyl chain-substituted 

polymer semiconductor. On the other hand, OTS-8 modification gave lower mobility 

(0.73 cm2 V-1s-1), suggesting that the short octyl chain was less efficient in facilitating 

DPP-DTT polymer achieve higher crystallinity. Direct evidence for supporting higher 

crystalline order of DPP-DTT polymer semiconductor on OTS-18-teated substrate 

was obtained from the wide-angle, out-of-plane XRD data. Figure 3.5 shows the 

XRD diffraction patterns of DPP-DTT film (~40 nm) on various SiO2 substrates. It is 

found that the DPP-DTT thin film on untreated SiO2 yielded a weak diffraction peak 

(100) at 2θ=4.45º. In contrast, the semiconductor on the silane SAM-treated SiO2 

substrates yielded much stronger diffraction peak but without changing the peaking 

position. In particular, the DPP-DTT film on SiO2 with OTS-18 SAM treatment 

displayed the strongest (100) diffraction and a discernable (200) diffraction at 

2θ=8.89º, confirming the efficacy of long alkyl chain such as OTS-18 in efficiently 

promoting molecular ordering of DPP-DTT polymer semiconductor. These results are 
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also in line with previous observations that short and medium alkyl chains formed 

“liquid-like” SAMs while long alkyl chains yielded “more crystalline” SAMs. [75, 76] 

 

Figure 3.5 Out-of-plane XRD patterns of DPP-DTT thin films (~40 nm) on untreated and 

silane-treated SiO2 substrates.  

Aside from exerting decisive influence over channel semiconductor ordering, the 

nature of silane-SAM also had notable impacts on semiconductor/dielectric 

interfacial properties and dielectric structural integrity. Thus, we observed that while 

OTS-18 modification provided high field-effect mobility, the on/off ratio of the 

device was comparatively low (1.6×104). The latter was about one order of magnitude 

lower than those of OTS-8-modified devices. This was obviously attributable to 

higher off-current (18 nA) of the OTS-18 device because of incomplete surface SAM 

coverage. This incomplete surface coverage of SAM was corroborated by the fact that 

further silylation after OTS-18 modification was possible, and yielded polymer FETs 
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with much lower off-current. The OTS-18-modified devices also displayed larger 

subthreshold swing (S.S. ~3.0 V dec-1; Figure 3.4c), revealing significant charge 

trapping at the semiconductor/dielectric interface likely due to interfacial defects 

from rougher dielectric surface morphology.  In contrast, the OTS-8-treated devices 

(Figure 3.4b) had very lower off-current (0.2 nA), higher on/off ratio (6.1×105) and 

smaller S.S. (2.2 V dec-1) by virtue of full or near complete surface coverage of 

functionalized SAM on SiO2 gate dielectrics (see Figure 3.2).   

The above results showed that OTS-8 dielectric modification was very effective in 

achieving low off-current, thus high on/off ratio, while OTS-18 modification was 

particularly efficient in promoting semiconductor ordering leading to high mobility. It 

thus appeared that one can capitalize on the performance strengths of these silylating 

agents to create a “hybrid” SAM composition, enabling simultaneous achievement of 

both high mobility and high on/off ratio, together with other desirable transistor 

properties. This hybrid modification approach, comprising of first treatment with 

OTS-18, followed with OTS-8, would yield a structurally robust and smoother 

composite SAM. The latter would be predominantly rich in OTS-18 with the 

otherwise remaining surface voids filled up with OTS-8, thus enabling essentially 

complete surface SAM coverage (Figure 3.2e). The richness of OTS-18 in the hybrid 

SAM would enhance field-effect mobility while the high surface coverage of SAMs 

with the accompanying smoother surface morphology, would strengthen charge 

blocking capability as well as remove charge trapping sites at the 

semiconductor/dielectric interface in polymer FETs. The DPP-DTT-based polymer 

FETs with such hybrid SAMs yielded field-effect mobility of 2.04 cm2 V-1s-1 and 
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on/off ratio of >106 with very low off-current of 0.3 nA and smaller S.S. of 2.1 V dec-

1 (Figure 3.4e). This was a strong affirmation on the efficacy of OTS-18/OTS-8 

hybrid SAM in promoting the molecular ordering in semiconductor, and also in 

enhancing the resistance to charge leakage as well as lowering interfacial charge 

trapping density. 

It should be emphasized that the ability of dual-silane hybrid SAMs in enhancing 

performance of polymer FETs hinges critically on the sequence of two silylation 

reactions. Thus, we observed that the reverse modification, i.e., OTS-8/OTS-18 two-

step SAM (Figure 3.4d), showed no meaningful improvements in the performance of 

polymer FETs over those of the device made with OTS-8-only SAM (Figure 3.4b). 

This is in agreement with the fact that OTS-8/OTS-18 two-step SAMs were 

compositionally quite similar to that of OTS-8-only SAM since the first treatment 

with OTS-8 had silylated virtually all the surface hydroxyl groups, leaving no room 

for further silylation. 

3.5 Scope and Generality of Hybrid SAM Structure 

In the following, another two SAM agents, MTS and PTS (see the chemical structure 

in Figure 3.1) are applied to replace the OTS-8 to demonstrate the properties of 

“hybrid” SAM structure generated by the two-step SAMs. Figure 3.6 shows the 

transfer curves of DPP-DTT-based polymer FETs with MTS and PTS SAMs. With 

MTS SAMs treatment, the DPP-DTT-based polymer FETs showed a low on/off ratio 

of ~104 as well as a low field-effect mobility of 0.29 cm2 V-1s-1 (Figure 3.6a). 

Although the MTS SAMs are also expected to afford high surface coverage of SAM, 
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the OTS-18/MTS two-step SAMs yielded a similar FET performance to that with 

only OTS-18 SAMs. This might be caused by the small resistance to electrical 

leakage and tunneling of MTS SAMs due to their very short alkyl chain (see in 

Figure 3.1). 

 

Figure 3.6 Transfer characteristics of DPP-DTT-based polymer FETs with (a) MTS and their 

OTS-18 dual-silane-modified gate dielectrics; (b) PTS and their OTS-18 dual-silane-modified 

gate dielectrics.  

In contrast to MTS, PTS with a benzene ring at one side is expected to possess 

large resistance to electrical leakage. As shown in Figure 3.6b, the DPP-DTT-based 

polymer FETs with PTS SAMs displayed relative high on/off ratio of >105 but with a 

small field-effect mobility of 0.23 cm2 V-1s-1. The off-current of transistors with such 

PTS SAMs was only 0.3 nA, similar to that in the transistors with OTS-8 SAMs (0.2 

nA). These results suggest that PTS SAMs afford dense package although such 

SAMs are not benefit to molecular ordering of the overlaying polymer. Therefore, 

when the OTS-18 SAM-treated SiO2 dielectric surface was passivated by PTS SAMs, 
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-60 -40 -20 0 20
10

-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

-60 -40 -20 0 20
10

-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

 

 

 -
I D

S
 (

A
)

V
G
 (V)

 PTS  (: 0.23 cm
2
/V·s)

 PTS/OTS-18  (: 0.24 cm
2
/V·s)

 OTS-18/PTS  (: 1.97 cm
2
/V·s)

 

 

-I
D

S
 (

A
)

V
G
 (V)

 MTS  (: 0.29 cm
2
/V·s)

 MTS/OTS-18  (: 0.21 cm
2
/V·s)

 OTS-18/MTS  (: 0.34 cm
2
/V·s)

VDS=-60 V VDS=-60 V



 

45 
 

that is, by using OTS-18/PTS two-step SAMs, the DPP-DTT-based transistors exhibit 

high mobility of 1.97 cm2 V-1s-1 and high on/off ratio of ~106. Based on these results, 

we suggest that “hybrid” SAM structure can be simply obtained by selecting a proper 

“leakage block” agent (such as OTS-8 and PTS) to passivate the orderly long-chain 

SAM structure. This “hybrid” SAM structure promotes not only channel 

semiconductor ordering but also structural resistance to current leakage. 

 

Figure 3.7 Transfer characteristics of P3HT-based polymer FETs on untreated and various 

silane-modified SiO2 gate dielectrics.  

    To demonstrate the general applicability of the hybrid SAM approach for polymer 

FET applications, we also utilized a widely studied, commercially available polymer 

semiconductor, regio-P3HT, as the channel semiconductor. The regio-P3HT channel 

layers were fabricated by spin-coating from a chloroform solution (4 mg/mL).  The 

-60 -40 -20 0 20
10

-9

10
-8

10
-7

10
-6

10
-5

 

 

-I
D

S
 (

A
)

V
G
 (V)

 Untreated

 OTS-8

 OTS-18

 PTS

 OTS-18/PTS

 OTS-18/OTS-8

VDS=-60 V



 

46 
 

transfer characteristics and the corresponding FET properties of the devices 

fabricated and measured in ambient conditions are respectively provided in Figure 

3.7 and Table 3.2 (on Page 47). On untreated SiO2 gate dielectric, the devices showed 

very low mobility of only 10-4 cm2 V-1s and on/off ratio of 10. With PTS, OTS-8 and OTS-18 

silane modifications, the performance improved in the same manner as for the DPP-DTT 

devices. The best performance improvements were again observed with the hybrid dual-

silane modifications. Both the OTS-18/OTS-8 and OTS-18/PTS hybrid SAMs delivered 

much higher mobility (~102 cm2 V-1s), relatively higher on/off ratio (>103), and lower off-

current (2-3 nA).   

The above results demonstrate that by treating the SiO2 dielectric with OTS-18 and 

OTS-8 (or PTS) in a proper sequence, high quality “hybrid SAM” can be created. 

Such “Hybrid SAM” approach has the benefit taking the advantages of different 

SAM agents for achieving simultaneously high mobility and high on/off ratio. This 

approach is very suitable for the solution-processed polymer FETs based on neat 

polymer semiconductor as channel layer. In the following, the method via the 

polymer matrix-mediated molecular self-assembly to directly create the polymer 

channels with high molecular ordering will be discussed. 
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Tables: 

Table 3.1 Water contact angles of the untreated/silane-SAM modified SiO2 surface and 

electrical properties of DPP-DTT-based polymer FETs on untreated/silane-SAM modified 

SiO2 gate dielectrics. 

    Silylating 

agents 

Contact angle 

(o) 

FET mobility 

(cm2 V-1s-1) 

Ion/Ioff 

 

Off-current 

(nA) 

S.S. 

(V dec-1) 

untreated 25 0.11 3.8×102 86.2 8.3 

OTS-8 99 0.73 6.1×105 0.2 2.2 

OTS-18 104 1.86 1.6×104 18.3 3.0 

OTS-8/OTS-18 99 0.69 6.7×105 0.3 2.1 

OTS-18/OTS-8 106 2.04 1.5×106 0.3 2.1 

 

 

Table 3.2 Performance characteristics of polymer FET devices fabricated with regio-P3HT 

channel semiconductor on various silane-modified SiO2 substrates.  

 

  

Silylating 

agents 

FET mobility 

(cm2 V-1s-1) 

Ion/Ioff 

 

Off current 

(nA) 

S.S.  

(V dec-1) 

Untreated 3.5×10-4 1×101 23 15 

PTS 6.0×10-4 7×101 6 12 

OTS-8 0.004 1×103 2 5.8 

OTS-18  0.019 2×102 26 6.9 

OTS-18/PTS 0.014 3×103 3 5.0 

OTS-18/OTS-8 0.021 5×103 2 4.2 
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Chapter 4    Enhancing Crystalline Structural Order 

via Polymer Matrix-Mediated Molecular Self-

Assembly
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4.1 Introduction 

As discussed in Chapter 1, some polymers, as channel semiconductors in polymer 

field-effect transistors, have exhibited high field-effect mobility properties (> 5 cm2 

V-1 s-1), [6, 8, 11-16, 77] which are functionally sufficient for a great variety of high-impact 

electronic applications (backplanes for flat-panel and flexible display, RFID, etc.). [1] 

Notwithstanding these breakthroughs in materials performance, progress towards 

organic FET technology transition from laboratory to marketplace has sadly lagged 

behind. One of the major tumbling blocks to practical adoption has been the 

complications associated with the processing of high-mobility polymers. [6] Most of 

the high mobility polymer semiconductors (including D-A polymers) are polar in 

nature, and those which display high mobility are generally of very high molecular 

weights with limited solution processability. While they may be dissolved in varying 

degrees in some solvents with heating, their solutions are beset with stability 

problems such as gelling, precipitation and inhomogeneity. These have often 

hampered their fabrication into high-quality channel semiconductors for polymer 

FETs, resulting in grossly degraded field-effect mobility as well as wide variability in 

field-effect performance characteristics. On the other hand, utilizing a more soluble, 

lower-molecular weight version of these polymers suffer from their inability to form 

semiconductor films with reasonably high crystalline order to provide high mobility. 

[6, 56, 57] 

Accordingly, the ability to readily and consistently process a polymer 

semiconductor into a semiconductor thin film of high crystallinity with ensuing high 
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field-effect performance characteristics, via solution deposition, would be central to 

transitioning organic FETs from concept to commercialization. A potential approach 

to promoting polymer semiconductor crystallinity and circumventing afore-

mentioned solution fabrication difficulties would be to utilize a polymer solution 

instead of just a solvent to mediate polymer semiconductor crystallization. This 

“polymer matrix”-mediated solution process would permit utilization of a lower 

loading of polymer semiconductor, yielding a more stable solution. The polymer 

solution provides a fluid medium for the semiconductor molecules to self-assemble 

and organize to higher degrees of molecular ordering, and phase separate in the 

polymer/solvent matrix. Formation of nanowires of regionregular poly(3-

hexylthiophene), P3HT, through phase separation from a polystyrene blend in 

chloroform/methylene chloride mixed solvents was earlier reported. [78] The resulting 

P3HT nanowires/polystyrene blend had provided slightly higher field-effect mobility 

in the polymer FETs.  More recently, highly aligned meta-stable crystal structure of 

molecular semiconductor, 2,7-dioctyl[1]benzothieno[3,2-b][1]benzo-thiophene (C8-

BTBT), had been grown from a polystyrene blend using an unconventional off-

centered spin-coating technique, affording field-effect mobility well over an order of 

magnitude than those achieved with vacuum deposited devices. [10] Despite their 

ability in providing high-mobility channel semiconductors for organic FETs, these 

fabrication techniques do not appear to be scalable or amenable to high-speed 

printing techniques which would be necessary in low-cost organic FET 

manufacturing. 
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In this Chapter, we report a simple, robust and scalable solution process using 

polymer matrix-mediated molecular self-assembly whereby molecular self-

organization of polymer semiconductors including D-A polymers in a polymer 

solution is induced and greatly facilitated. The result is the formation of a polymer 

thin film impregnated with continuous, highly ordered, percolated, semiconductor 

transport channels. This solution fabrication strategy is effective for conjugated 

polymer semiconductors including D-A polymers such as widely studied 

diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene (DPP-DTT) (see the chemical 

structure in Figure 2.1).  Polyacrylonitrile (PAN, Figure 2.1) is an excellent matrix 

polymer for this process, and using a lower-molecular weight (MW) version of DPP-

DTT with low-mobility characteristics [6] as the channel semiconductor, an extremely 

high polymer field-effect mobility as high as 16 cm2 V-1 s-1 and current on/off ratio 

over 108 have been achieved in polymer FET devices. This mobility enhancement is 

very impressive as it is about one order of magnitude over those obtained when the 

DPP-DTT channel semiconductor is fabricated without PAN. [6, 56, 57] We have 

applied this solution fabrication technique to other polymer semiconductor systems 

(as shown in Figure 2.1) such as poly(diketopyrrolopyrrole-quarterthiophene) (DPP-

QT), P3HT, and poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2b]thiophene) 

(PBTTT) with similar encouraging results, demonstrating the generality of the 

process. These results strongly affirm the ease and efficiency of the process in 

facilitating molecular self-assembly of polymer semiconductors, enabling 

achievement of high crystalline order with continuous percolated charge transport 

pathways in the channel semiconductor of polymer FETs.  
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4.2 Solution/Ink Formulation by Incorporating Matrix Polymer 

Specifically, the process involved preparation of two separate polymer solutions in 

dichlorobenzene at a solid loading of 4 mg mL-1, one containing the polymer 

semiconductor such as DPP-DTT, and the other, the matrix polymer, PAN.  PAN was 

dissolved in dichlorobenzene by heating in an ultrasonic bath, followed by filtration 

through a syringe filter to give a homogeneous solution. The two solutions were then 

mixed at appropriate portions to give an ink or coating solution with the DPP-DTT-

to-matrix polymer [DPP-DTT: PAN] ratio by weight ranging from 100:0 to 20:80 

while still maintaining the overall solid loading of 4 mg mL-1 in the final solution. 

The presence of PAN in the DPP-DTT solution markedly improved its solution 

stability against gelling as it stayed fluidic in a liquid state for months as opposed to 

the solution of DPP-DTT without PAN, which was liquid-like at elevated 

temperatures (> 60 C) but gelled quickly at room temperature. This gelling 

phenomenon is very characteristic of most high-mobility polymer semiconductor 

solutions and has so far hampered consistent preparation of functionally useful 

semiconductor films for polymer FETs for practical applications. The homogeneity 

and stability provided by the PAN-incorporated solutions of polymer semiconductors 

would enable facile deposition of high-mobility polymer semiconductors via 

conventional high throughput printing techniques such as inkjet or screen printing, 

thus ensuring its scalability for adoption in commercial manufacturing.   
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4.3 Controlling Structural Ordering of Conjugated Polymer 

The molecular ordering in the resulting thin film was firstly investigated by optical 

absorption spectra.  

 

Figure 4.1 Normalized UV-visible absorption spectral properties of DPP-DTT/PAN thin films 

as a function of DPP-DTT: PAN wt % ratios (normalized at ~750 nm, 0-1 peak), showing red-

shifting and increased intensity of 0-0 vibrational peak. 

Figure 4.1 displayed the UV-visible absorption spectra of DPP-DTT/PAN films 

with different concentration of PAN matrix polymer, showing two broad absorption 

bands (400~1000 nm) typical of DPP-based polymer with the intramolecular charge 

transfer band appearing at 810 - 830 nm. The charge transfer band exhibited 

characteristic vibronic splitting, showing red-shifting and increased intensity of 0-0 

vibrational peak with increased PAN loading. As spectral red-shifting stems from 

higher effective polymer conjugated length resulted from planarization of the 

polymer backbone, and that the 0-0 vibrational band arises from interchain 

interactions, [79, 80] the observed red-shift and increased intensity of the 0-0 band were 
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accordingly indicative of higher degrees of molecular ordering of DPP-DTT in the 

PAN-incorporated films with increased PAN loading. Higher degrees of molecular 

ordering were likely induced by the formation of lamellar stacks of DPP-DTT, giving 

rise to strong interchain interactions. 

 

Figure 4.2 AFM height images with tapping model of thermally annealed DPP-DTT/PAN films 

(200 oC for 10 minutes) as a function of DPP-DTT: PAN loading percentage by weight: (a) 

100:0 [neat DPP-DTT]; (b) 80:20; (c) 60:40; (d) 40:60; and (e) 20:80, revealing the changes on 

roughness of the films. The Scale of the AFM images is 2 μm × 2 μm. 

Morphological properties of DPP-DTT films with different ratios of DPP-DTT/ 

PAN were carefully examined by AFM. The neat DPP-DTT film displayed relatively 

smooth, nano-grainy morphology without particular ordering features (Figure 4.2a). 

With PAN added in the coating solution, the resulting films exhibited progressively 

crystalline domain aggregates, from nanowire-like features to substantially larger 

(a) DPP-DTT:PAN = 100:0

RMS=4.0 nm RMS=1.3 nm

RMS=1.2 nm

RMS=2.5 nm

(c) DPP-DTT:PAN = 60:40 (d) DPP-DTT:PAN = 40:60 (e) DPP-DTT:PAN = 20:80

(b) DPP-DTT:PAN = 80:20

RMS=1.5 nm
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granular domains with the grain size reaching as large as 300 nm in diameter (Figure 

4.2 b-d). However, further increase in PAN loading beyond 60 weight percent (wt %) 

in the film led to progressive degradation in crystalline domain features as revealed in 

the film with 80 wt % of PAN (Figure 4.2e).  These results were supported by the 

observation that the root-mean-square (RMS) roughness of the film increased with 

increased PAN loading of up to about 60 wt % and then decreased thereafter with 

continued increase in PAN loading. These changes in surface roughness were 

reflections on the progressive formation and disappearance of granular crystalline 

domains of DPP-DTT with PAN loading. 

    An insight into the crystallinity and microstructural order in the DPP-DTT/PAN 

films was obtained from wide-angle out-of-plane XRD measurements (Figure 4.3a). 

Neat DPP-DTT film exhibited a weak primary (100) diffraction peak at 2θ=4.41°, 

corresponding to an interlayer distance of 20.15 Å. With PAN incorporation, the (100) 

diffraction peak intensified and its position shifted to higher angles (from 4.41° to 

4.53°) with increased PAN loading of up to about 60 wt % (Figure 4.3b).  Further 

increase in PAN loading beyond 60 wt % led to a reduction of diffraction intensity as 

well as a concomitant shift of the diffraction peak to lower diffraction angles as 

reflected for example in the (100) diffraction of DPP-DTT: PAN (20:80) film (2 = 

4.32°). The shortest interlayer distance of 19.62 Å (2θ = 4.53°) was recorded when 

the PAN loading was at 60 wt %, while both neat DPP-DTT film and DPP-DTT/PAN 

films with PAN loadings higher than 60 wt % showed larger interlayer distances or 

more loosely bound interlayers (Figure 4.3c). The above results had no doubt 

provided strong and unequivocal supports to the ability of PAN in mediating and 
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enhancing molecular self-organization of DPP-DTT, leading to highly ordered 

crystalline structures of DPP-DTT in the thin films of DPP-DTT/PAN.  

 

 

Figure 4.3 Out-of-plane XRD diffraction patterns of thermally annealed DPP-DTT/PAN films 

(200 oC for 10 minutes). (a) XRD patterns showing increased (100) diffraction intensity with 

increased PAN loading of up to about 60 wt % (diffraction intensity adjusted for film 

thickness); (b) (100) diffraction peak position and intensity as a function of PAN loading; (c) 

schematic representations of interlayer lamellar packing of DPP-DTT in the semiconductor 

layer thermally annealed in the presence (right) and absence (left) of PAN. 
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4.4 Vertical Phase Profile in Polymer Blend Films 

To understand the nature of phase separation of DPP-DTT in the DPP-DTT/PAN 

films, we examined the vertical profile of a DPP-DTT: PAN (40:60) film deposited 

on an octadecyltrichlorosilane (OTS-18)-modified SiO2/Si substrate via 

scanning/transmission electron microscopic (STEM) and energy dispersive X-ray 

spectroscopic (EDX) analyses.   

 

Figure 4.4 Cross-sectional TEM image of DPP-DTT: PAN (40:60) thin film deposited on OTS-

18-modified Si/SiO2 substrate (a). Element mappings of carbon (b), and sulfur (c) in the DPP-

DTT: PAN (40:60) film with white dotted lines showing presence of thin layer of intense 

sulfur signal in (c).  

Figure 4.4a displays a high-resolution STEM cross-   sectional image of a ~50-nm 

homogeneous DPP-DTT: PAN (40:60) film deposited on an OTS-18-modified 

SiO2/Si substrate and protected by a SiO2 top layer. EDX elemental mapping of sulfur 

S mapping

(a)

(b) (c)

C mapping
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(S) and carbon (C) of the DPP-DTT: PAN layer revealed that both the carbon (Figure 

4.4b, pink color) and sulfur (Figure 4.4c, yellow color) signals were detected across 

the entire layer. As only DPP-DTT contains sulfur element and that both DPP-DTT 

and PAN contain carbon element, it can thus be concluded that both DPP-DTT and 

PAN were distributed largely evenly in the layer. 

Nonetheless, careful examination of the EDX sulfur signal intensity revealed a 

higher concentration of sulfur signal of <10 nm in thickness in the immediate region 

closet to the OTS-18-modified SiO2 dielectric surface (Figure 4.4c, parallel dotted 

lines), suggesting that the region in the immediate vicinity of OTS-18-modified SiO2 

dielectric surface had a higher concentration of DPP-DTT semiconductor. This is not 

surprising as OTS-modified surfaces are known to be very efficient in promoting and 

enhancing molecular ordering of polymer semiconductors with long pendant alkyl 

side chains. [80, 81] Thus, the OTS-18 surface served as the nucleation sites for DPP-

DTT in the DPP-DTT/PAN film, and the crystallization propagated from the 

dielectric surface into the bulk of PAN with progressively lower degrees of 

crystallinity. This process was made possible by the fact that at temperatures above 

glass transition temperature (Tg) of PAN, DPP-DTT was able to move around in a 

somewhat “fluid” PAN medium and self-assemble, phase separate, and crystallize in 

the PAN matrix. It was quite different from previously reported vertical phase 

separation of semiconductor/polymer blends in which the semiconductor was 

predominantly separated into a distinct layer from the blended polymer in a dual-

layer structure. [10, 82-84] The present unique uniform bulk distribution with a near-edge 

intense accumulation of DPP-DTT in the DPP-DTT/PAN semiconductor film would 



 

60 
 

be particularly beneficial for (1) promoting charge accumulation in the channel 

semiconductor when the polymer FET is turned on; (2) enabling efficient charge 

injection into the channel semiconductor; and (3) rapid charge transport in the 

conduction channel in the immediate region above gate dielectric leading to high 

field-effect mobility as charge transport in polymer FETs takes place predominantly 

in the first several molecular layers (~5 nm) of channel semiconductor closest to the 

dielectric surface. [85] 

4.5 Ultrahigh Mobility in Polymer FETs with Ordered Polymer 

Polymer FETs with bottom-gate, top-contact configuration on OTS-18-modified 

SiO2/Si substrates (Figure 4.5a) were utilized to evaluate the FET properties of DPP-

DTT/PAN semiconductor thin films. The device preparation and electrical 

characterizations were all carried out under ambient conditions without precautionary 

measures to exclude atmospheric oxygen, moisture and ambient light. All devices 

exhibited p-type semiconductor behaviors. Figure 4.5 c-f show representative transfer 

characteristics and output curves of polymer FETs with DPP-DTT and DPP-

DTT/PAN films of various PAN loadings as channel semiconductors. The field-effect 

mobility values were extracted as commonly practiced from the |IDS|1/2 vs VG plot in 

the low gate voltage (VG) regime (VG-Vth ~10V). [8, 58, 86, 87] The extracted FET (hole) 

mobility in the saturated regime and current on/off ratio are summarized in (Table 

4.1 on Page 68). Under the same optimized conditions, the devices with PAN-

incorporated channel semiconductors exhibited much higher mobility, on-current, and 
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current on/off ratio as compared to those with DPP-DTT channel semiconductor 

without PAN. 

 

Figure 4.5 (a) Top-contact, bottom-gate polymer FET configuration on OTS-18-modified 

Si/SiO2 substrate; (b) schematic representation of charge transport pathways through 

crystalline domains of DPP-DTT in PAN matrix on dielectric surface; (c)-(f) representative 

transfer characteristics (inserts: output curves) of polymer FETs with DPP-DTT/PAN 

semiconductors of different levels of PAN incorporation. Channel length, L=120 µm, channel 

width, W=1500 µm; VDS = -60 V.  

Specifically, the polymer FETs with DPP-DTT channel semiconductor gave an 

average mobility of 1.65 cm2 V-1 s-1 (max: 1.91 cm2 V-1 s-1) and on/off ratio of ~106. 

When PAN was incorporated into the channel semiconductor, a dramatic 

enhancement in mobility of polymer FETs was noted.  The average mobility was 

propelled from a low of 1.65 cm2 V-1 s-1 for polymer FETs with DPP-DTT channel 

semiconductor to 11.43 cm2 V-1 s-1 for devices with DPP-DTT: PAN (40:60) 

semiconductor.  The maximum mobility was as high as 15.93 cm2 V-1 s-1 and current 
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on/off ratio of >108 (Table 4.1).  To the best of our knowledge, this was among the 

highest FET mobility for solution-processed polymer FETs, further manifesting the 

highly crystalline semiconductor network of DPP-DTT in a PAN matrix with 

efficient charge transport pathways between the source/drain electrodes as 

schematically represented in Figure 3b. These devices also appeared to be quite stable 

as no visible degradation in mobility or on/off ratio was observed for a period of over 

one month. However, there was an optimum PAN incorporation threshold of about 60 

wt % beyond which [e.g., DPP-DTT: PAN = 20:80] degradation in the crystallinity of 

DPP-DTT in PAN matrix occurred, resulting in greatly reduced charge transport 

efficacy and thus lower FET mobility.  

The contact resistance (RC) and channel resistance (Rch) of polymer FETs with 

DPP-DTT and DPP-DTT: PAN (40:60) as channel semiconductors were investigated 

to better understand the effects of PAN incorporation on charge injection and 

transport properties. RC and Rch values were extracted from total resistance 

(Rtotal=VDS/IDS) plots of four independent polymer FETs with identical channel width 

(W=1500 µm) but different channel lengths (L) ranging from 80 to 200 µm (Figure 

4.6 a, b). Based on the gated transmission line model, [60, 88] RC value was obtained by 

extrapolating the Rtotal plots to L=0 µm using the equation, Rtotal =Rch•L+RC, while Rch 

value was obtained from the slope of the linear plot (Figure 4.6 c, d). As can be noted, 

RC of DPP-DTT/PAN device (38.3 kΩ) was more than half an order of magnitude 

lower than that of DPP-DTT device (277.4 kΩ), demonstrating that PAN-

incorporation had greatly reduced the contact resistance of DPP-DTT/PAN 

semiconductor. 



 

63 
 

 

Figure 4.6 Contact resistance (RC) and channel resistance (Rch) of polymer FETs with DPP-DTT 

and DPP-DTT: PAN (40:60) channel semiconductors. Plots of Rtotal vs. channel length for 

polymer FETs with (a) DPP-DTT and (b) DPP-DTT: PAN (40:60) channel semiconductors [VG 

varied from -30 to -60 V in the linear region (VDS = -4 V)]; (c) Plot of Rtotal as a function of 

channel lengths (VG = -60V; VDS = -4 V); RC and Rch were obtained using gated transmission 

line model; (d) average mobility distributions based on various channel lengths. 

Moreover, the channel resistance in the PAN-incorporated devices was also 

substantially smaller as reflected in smaller Rch value (2.9 kΩ µm-1) as compared to 

that of DPP-DTT device (3.6 kΩ µm-1).  All these findings again lent solid support to 

the ability of PAN in enhancing the crystallization of DPP-DTT in PAN matrix 

leading to highly ordered crystalline domains for charge carrier transport. These 

results were consistent with a unique motif of homogeneous distribution of crystalline 
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domains of DPP-DTT throughout the PAN matrix and an intense thin layer of highly 

crystalline DPP-DTT domains near the gate dielectric surface as revealed in Figure 

4.4c. The low contact resistance (Rc~38 kΩ) of the electrode/semiconductor interface, 

coupled with lower channel resistance of the PAN-incorporated DPP-DTT channel 

semiconductor, had contributed to the observed greatly enhanced charge transport 

phenomenon in polymer FETs.   

4.6 Inkjet Printed Polymer Field-Effect Transistors 

To assess the practical benefits of PAN incorporation in the semiconductor 

composition for polymer FETs, we had fabricated the channel semiconductor using 

inkjet printing technique. Figure 4.7a shows the stability of DPP-DTT: PAN (40:60) 

solution in dichlorobenzene at room temperature. The solution was stable and 

remained free flowing for months after preparation. It could be jetted with relative 

ease (Figure 4.7b) and easily formed a thin semiconductor film between the source-

drain electrodes (Figure 4.7c) when jetted at room temperature using Microdrop 

Technologies MD-P-802 inkjet printer (as shown in Figure 2.2).  

    The resulting polymer FETs with jetted DPP-DTT/PAN channel semiconductor 

were all operational, exhibiting very encouraging FET properties with mobility of 4.6 

cm2 V-1 s-1 and on/off ratio over 106 (Figure 4.7d).  While these are preliminary 

mobility and on/off ratio results, they still represented hitherto highest values for 

inkjet-printed polymer FETs. Significant improvements in FET performance are to be 

expected once the ink formation and jetting processes are optimized. In sharp contrast, 

the solution of DPP-DTT without PAN, while behaving liquid at above 60 C, gelled 
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quickly when the temperature dropped to room temperature (Figure 4.7a). Attempts 

to fabricate channel semiconductor for polymer FETs by jetting DPP-DTT solution in 

dichlorobenzene met with failure.  

 

Figure 4.7 (a) Stability of solutions of DPP-DTT and DPP-DTT:PAN (40:60) in dichlorobenzene, 

showing gelling of DPP-DTT solution and free-flowing nature of DPP-DTT:PAN (40:60) at 

room temperature;  (b) Photograph of an ejected drop of DPP-DTT:PAN (40:60) solution out 

of an inkjet print head nozzle of diameter of 50 m; (c) polymer FET with a printed channel 

semiconductor of DPP-DTT:PAN (40:60) covering source-drain electrodes; and (d) Transfer 

characteristics and output curves (insert) of polymer FET with printed DPP-DTT/PAN 

semiconductor (W/L=1500 µm/80 µm; VDS= -60V).  
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4.7 Generality and Versatility of Matrix-Mediated Molecular Self-

Assembly 

More importantly, the generality and versatility of this polymer matrix-mediated 

molecular self-assembly approach was demonstrated with other polymer 

semiconductors such as DPP-QT, reg-P3HT, and PBTTT (see the chemical structures 

Scheme 1). Typical transfer characteristics and output curves (inserts) are displayed 

in Figure 4.8.  The polymer FETs with DPP-QT as channel semiconductor gave 

average FET mobility of 0.41 cm2 V-1 s-1 (max mobility: 0.55 cm2 V-1 s-1) and an 

on/off ratio of 9×106 (Figure 4.8a).  These values are comparable to those reported 

earlier. [58] With PAN incorporation into the channel semiconductor layer [DPP-QT: 

PAN = 40:60], the average field-effect mobility was improved to 2.12 cm2 V-1 s-1 

with a slight improvement in on/off ratio to 5×107 (Figure 4.8b). This was a 

significant 5-fold enhancement in mobility (max mobility: 2.58 cm2 V-1 s-1) and half 

an order in magnitude of improvement in on/off ratio. In the polymer FETs with reg-

P3HT semiconductor using reg-P3HT: PAN (50:50) composition (Figure 4.8c-d), 

mobility was improved by a factor of four (from 0.015 cm2 V-1 s-1 to 0.068 cm2 V-1 s-

1), and on/off ratio was improved over three orders of magnitude (from 0.8×102 to 

2.3×105). Similar enhancements in FET performance were also observed for polymer 

FETs using PBTTT semiconductor with PAN incorporation (Figure 4.8e-f). The 

mobility improved from 0.026 cm2 V-1 s-1 to 0.061 cm2 V-1 s-1 for the devices when 

PAN was incorporated into the semiconductor composition. These results 

unequivocally attest to the efficiency of PAN in enhancing the structural order of 

polymer semiconductors for superior FET performance.  
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Figure 4.8 Transfer and output curves (insert) of polymer FETs with (a) DPP-QT 

semiconductor; (b) DPP-QT: PAN (40:60) semiconductor; (c) reg-P3HT semiconductor; and 

(d) reg-P3HT: PAN (50:50) semiconductor; (e) PBTTT semiconductor; and (f) PBTTT: PAN 

(50:50) semiconductor. Both DPP-QT and DPP-QT/PAN semiconductor devices were 

annealed at 120 C for 10 min. (W/L=1500 µm/80 µm; VDS = -60 V)   
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Tables: 

Table 4.1 Field-effect (hole) mobility and current on/off ratio of polymer FETs with or 

without PAN in the channel semiconductors (Average mobility and on/off ratio were 

obtained from at least ten FET devices).  

Polymer 

semiconductor 

Semiconductor: PAN 

(wt. %) 

Mobility (cm2 V-1s-1) 
On/off 

ratio 
Ave. value Max. value 

DPP-DTT 100:0 1.65 1.91 105-106 

 80:20 4.15 5.66 105-106 

 60:40 6.89 8.37 106-107 

 40:60 11.43 15.93 107-108 

 20:80 2.83 3.20 106-107 

DPP-QT 100:0 0.42 0.55 106-107 

 40:60 2.21 2.58 107-108 

reg-P3HT 100:0 0.015 0.020 101-102 

 50:50 0.068 0.076 105-106 

PBTTT 100:0 0.026 0.031 105-106 

 50:50 0.061 0.066 105-106 
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Chapter 5    Solution Processed Polymer Nanowire 

Network Channel Layer 
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5.1 Introduction 

Fabrication of organic field-effect transistor arrays and circuitries for use in next-

generation large-area, flexible and ultra-low-cost electronics necessitates a readily 

solution-processable semiconductor with functionally capable performance 

characteristics. [46-51, 89] This is because solution processability potentially enable low-

cost manufacturing of electronic devices through high-throughput roll-to-roll printing 

processes. In this regard, organic conjugated polymers have been perceived to be 

ideal semiconductor candidates for organic FETs as they appear to possess desirable 

transistor functionality and solution processability and mechanical and film-forming 

properties suitable for roll-to-roll printing. [50, 51]  

Facilitated crystal growth of organic semiconductors, via solution processes, to 

enhance their charge transport efficacy have been reported. [10, 78, 82-84, 90-99] These are 

primarily solvency-controlled crystallization from “marginal” solvents or phase 

separation of semiconductor molecules into higher crystallinity in inert polymer 

blends. [10,78, 99] However, many of these reported processing procedures to enhance 

charge transport properties of organic semiconductors are neither amenable to 

common printing techniques nor readily scalable for practical adoption. In this 

Chapter, we report further our studies on medium-assisted self-assembly of a solution 

processable, low-mobility diketopyrrolopyrrole-dithienylthieno[3,2-b]thiophene 

(DPP-DTT) polymer semiconductor, as shown in Figure 2.1, into polymer nanowire 

network channel layer with high crystalline order for enhanced charge transport 

efficacy. The saturated field-effect mobility of low MW DPP-DTT was as low as 10-3 

cm2 V-1s-1, [57] while those of high-MW materials could be high as over 10 cm2 V-1s-1. 



 

71 
 

[6] However, the high-MW polymer has severe processing difficulties, thus rendering 

its practical application highly questionable. Through our studies, we have succeeded 

in creating a long-ranged nanowire semiconductor network of high crystalline order 

from a lower-MW DPP-DTT through a facile solution process. This has dramatically 

propelled the field-effect mobility and on/off ratio of lower-MW DPP-DTT from 

about 1.5 cm2 V-1s-1 and 105 respectively to over 8 cm2 V-1s-1 and 107 respectively 

under ambient conditions. These FET properties are functionally more than sufficient 

for many impactful electronic applications (e.g., display backplane electronics, ultra-

low-cost radio-frequency identification tags, etc.). [1] 

5.2 Self-Assembly of Polymer Nanowires 

Lower-MW DPP-DTT was soluble in common organic solvents with heat (at 60 oC), 

particularly in chlorinated solvents such as chlorobenzene and 1,2-dichlorobenzene. 

The present process involved dissolution of a lower-MW DPP-DTT (~199 kg mol-1) 

and polystyrene (2.2 kg mol-1) in dichlorobenzene at a polystyrene loading of from 20 

to 80 weight percent (wt %). The resulting solution was spin cast on 

octadecyltrichlorosilane (OTS-18)-modified silicon wafer (SiO2/Si) substrates to 

form a polymer thin film, air-dried, and optionally thermally annealed at 200 C for 5 

min. Unlike earlier reported vertical phase separation of semiconductor/polymer 

blends which separated into two layers, [10, 82-84, 90, 99] DPP-DTT in the polystyrene 

blend underwent segregation and self-assembly into higher crystalline order and 

crystallized out within the polystyrene matrix. The polystyrene in the blend helped 

promote the molecular self-assembly and crystallization of DPP-DTT, and the 
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achievement of long-range, high crystalline order was greatly facilitated through 

thermal treatment above the Tg of polystyrene. This was fundamentally different 

from and superior to the attainment of higher crystalline order of polymer 

semiconductors in a marginal solvent [78] or with the aid of a high-boiling solvent in 

the coating solution. [94] In these cases, most of the solvents evaporated off during 

spin-coating and drying, while the polystyrene in the present case remained in the 

system and permitted further molecular organization of DPP-DTT during subsequent 

thermal annealing, leading to much higher crystallinity and longer-range order. 

  

Figure 5.1 Thin-film UV-vis adsorption spectra of DPP-DTT and its blends with polystyrene. (a) 

Increase in absorbance of absorption peaks at ~825 nm in polystyrene blended films 

(spectra normalized at ~750 nm); (b): red-shifts of ~825 nm-absorption maxima of 

polystyrene blended films from that of neat DPP-DTT film 

The high molecular orderings of DPP-DTT in the polystyrene blended films were 

reflected spectroscopically in their absorption spectral behaviors. Normalized UV-

visible absorption spectra of DPP-DTT/polystyrene films displayed the usual dual-

DPP-DTT/Polystyrene (wt %)

DPP-DTT
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band absorption of electron donor-acceptor (D-A) polymer semiconductors with the 

charge transfer band absorption at ~740-835 nm showing vibronic splitting 

characteristic of highly ordered structures [11, 80, 100, 101] (Figure 5.1a). With increasing 

polystyrene loading, the 0-0 vibrational peak (~825 nm) exhibited progressive 

increase in intensity at the expense of 0-1 vibrational peak intensity (~750 nm), and 

the increase was pronounced at 40-80 wt % polystyrene. This increase in 825-nm 

intensity was concomitant a slight spectral red-shift of about 10 nm (Figure 5.1b). 

These were the manifestations of higher molecular orderings from formation of 

lamellar stacks of DPP-DTT [100] in the polystyrene blended films. The red-shift was 

similar to those observed in other semiconductor polymeric systems and DPP-

DTT/PAN blends, [98] which were attributed to intermolecular π–π stacking. [11, 94] 

To understand in greater detail, the medium-assisted structural ordering and 

crystallization of DPP-DTT, atomic force microscopic (AFM) studies of the 

semiconductor films were conducted. In AFM topographic images, the neat DPP-

DTT (DPP-DTT/Polystyrene=100/0) film displayed mostly grainy, defused 

nanodomain features without any long-range order (Figure 5.2a). On the other hand, 

the polystyrene blended films showed progressive formation of larger, more defined, 

nanowire-like structures composed of aggregates of nanodomain features with 

diameter of 50-60 nm (Figure 5.2b, c). Distinctive intertwined, long-ranged nanowire 

network structure with nanowire lengths of over 500 nm was observed at around 60 

wt% polystyrene loading (Figure 5.2d). Beyond 60 wt% polystyrene loading, 

degradation in crystalline domain structures occurred leading to decreased nanowire 

density (Figure 5.2e).  
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Figure 5.2 AFM topographic images of thermally annealed films of DPP-DTT with and 

without polystyrene. (a) Film of neat DPP-DTT displaying grainy nanodomain features; (b) 

DPP-DTT/polystyrene (80/20 wt%) film showing signs of aggregation of nanograins into 

nanowire-like structures; (c) formation of nanowire network in DPP-DTT/polystyrene (60/40 

wt%) film; (d) optimal nanowire network formation in DPP-DTT/polystyrene (40/60 wt%) 

film; (e) degradation of nanowire domains in DPP-DTT/polystyrene (20/80 wt%) film; (f) 

well-defined nanowire network of thermally annealed DPP-DTT/polystyrene (40/60 wt%) 

film with the polystyrene removed. 

The critical role of polystyrene in the self-assembly and structural ordering of DPP-

DTT was evident when DPP-DTT was thermally annealed with or without 

polystyrene. To visualize the structural detail of DPP-DTT in DPP-DTT/polystyrene 

films, the DPP-DTT/polystyrene film was first soaked in toluene for 2 minutes to 

dissolve and extract out the polystyrene component. The resulting “film” with the 

polystyrene essentially removed was then withdrawn from toluene and dried with 

nitrogen gas.  

(a) DPP-DTT/Polystyrene 

(100/0  wt %)

1 μm

(b)  DPP-DTT/Polystyrene   

(80/20 wt %)

(c) DPP-DTT/Polystyrene 

(60/40 wt %)

(d) DPP-DTT/Polystyrene

(40/60 wt %)

(e) DPP-DTT/Polystyrene 

(20/80 wt %)

1 μm 1 μm

1 μm
1 μm 1 μm

(f) DPP-DTT/Polystyrene

(40/60 wt %)

with polystyrene removed
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Figure 5.3 AFM and SEM images of nanowire networks of DPP-DTT from DPP-

DTT/polystyrene (40/60 wt %) films. (a) and (b) are AFM (topography) and SEM images of 

defused nanowire-like features of DPP-DTT from DPP-DTT/polystyrene film thermally 

annealed after polystyrene removal; (c) and (d) are AFM (topography, same as Figure 5.2f) 

and SEM images of well-defined nanowire network of DPP-DTT from thermally annealed 

DPP-DTT/polystyrene film with the polystyrene removed after thermal treatment. 

Figure 5.3 a and b are the AFM and SEM images of DPP-DTT from DPP-

DTT/polystyrene (40/60 wt%) film thermally annealed (200 C for 5 min.) after 

polystyrene removal (i.e., annealed in the absence of polystyrene), showing defused 

nanowire domain structures. In contrast, well-defined nanowire network features of 

DPP-DTT with nanowire lengths as long as over 1 m could clearly be visualized 

(Figure 5.3d) when polystyrene was removed from thermally annealed DPP-

1 μm

(a)

(c)

(b)

(d)

1 μm

1 μm 1 μm
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DTT/polystyrene (40/60 wt%) film (i.e. annealed in the presence of polystyrene). 

These results strongly suggested that in the presence of polystyrene at temperatures 

above Tg of polystyrene, the cooperative shifting motion of polystyrene chain 

segments [102] helped propel the movement of polymer chains of DPP-DTT, 

facilitating their self-assembly into nanowire network structures. In essence, the 

polystyrene behaved like a fluid medium, permitting crystallization of DPP-DTT to 

propagate to the extent when highly ordered, crystalline structures “precipitated” out 

in the polystyrene matrix. 

X-ray photoelectron spectroscopy (XPS) depth profiling analysis revealed a 

relatively uniform distribution of DPP-DTT in the DPP-DTT/polystyrene blend film. 

Figure 5.4 a and b showed the relative ratios of carbon (C), sulfur (S), oxygen (O) 

and silicon (Si) elements as a function of the film dept h for neat DPP-DTT and DPP-

DTT/polystyrene (40/60 wt%) films. The carbon signals came from both DPP-DTT 

and polystyrene, while the sulfur signal was from DPP-DTT. The oxygen and silicon 

signals were primarily from the silicon wafer substrate with a very minor contribution 

from DPP-DTT. In both cases, the carbon signals were present across the film 

thicknesses and decreased gradually and disappeared towards the bottom of the films 

(Figure 5.4c), indicating that both polystyrene and DPP-DTT were present throughout 

the bulk of the films. Likewise, the blown-up figure (Figure 5.4d) displayed relatively 

uniform distribution of sulfur signal across the thickness of the film, affirming 

relatively uniform distribution of nanowire network of DPP-DTT in the DPP-

DTT/polystyrene blend film. This was distinctively different from vertical phase 

separation where a dual-layer film structure resulted. [82-84, 96, 97] 
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Figure 5.4 X-ray photoelectron spectroscopy (XPS) depth profiles of neat DPP-DTT and DPP-

DTT/polystyrene (40/60 wt%) films. (a) and (b) are depth profiles of elements (C, S, O and Si) 

in respectively neat DPP-DTT and DPP-DTT/polystyrene film; (c) relative concentrations of 

carbon as a function of film depth in neat DPP-DTT and DPP-DTT/polystyrene film; and (d) 

relative concentrations of sulfur as a function of film depth in neat DPP-DTT and DPP-

DTT/polystyrene film. 

5.3 Microstructures in Polymer Nanowires 

Transmission electron microscopic (TEM) analysis of nanowire network of DPP-

DTT was carried out to gain an insight into the nanowire structure of DPP-DTT. The 

thermally annealed DPP-DTT/polystyrene (40/60 wt%) film on OTS-18-modified 

silicon wafer substrate was first soaked in toluene for 2 minutes to remove the 

polystyrene. The remaining nanowire network film of DPP-DTT was carefully 
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removed and placed on a lacey carbon coated copper grid and subject to TEM 

examination. 

 

Figure 5.5 Transmission Electron Microscopy (TEM) images and EDX analysis of DPP-DTT 

Nanowire. (a) TEM image of a nanowire fragment of DPP-DTT showing aggregate of 

nanodomain structures; insert displaying AFM topographic image of portion of 

corresponding nanowire network; (b) EDX analysis showing presence of sulfur element in 

the nanowire network of DPP-DTT; (c) Crystalline domains within nanodomain structure of 

DPP-DTT; (d) Visually distinctive - stacking structures of the crystalline domains of DPP-

DTT. 

(a)

(c) (d)

(b)

500 nm
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Figure 5.5a showed a low-magnification TEM image of a segment of a nanowire 

composed of an aggregate of irregular nanodomain structures of 30-80 nm in size, 

and a portion of the corresponding intertwined nanowire network of DPP-DTT could 

be seen in the AFM topographic image provided in Figure 5.5a insert. EDX 

spectroscopy (Figure 5.5b) of the film revealed presence of sulfur element in these 

nanodomain structures, confirming the identity of DPP-DTT for the nanowire 

network. [6] A high-definition TEM image of one of nanodomain structures showed 

highly crystalline domains within the structure (Figure 5.5c) with visually discernable 

- stacking features having a - distance ranging from about 0.355 to 0.375 nm 

(Figure 5.5d). No particular preferential orientations in the plane normal to the - 

stacking were adopted by these - stacking domains. Accordingly, this 

polycrystalline nanowire structure was quite different from the single-crystal 

nanowires where polymer chains were arranged along the length of the wire with 

preferential - stacking direction normal to the length of the nanowire. [99] 

Out-of-plane grazing incidence X-ray diffraction (GIXRD) measurements (Figure 

5.6) were conducted to further explore the structural transitions of DPP-DTT in the 

presence of polystyrene. The neat DPP-DTT film showed a weak and broad (100) 

diffraction with two peaks corresponding to two polymorphic phases, namely (100)α 

(α-phase) at 2θ=4.34° and (100)β (β-phase) at 2θ=4.55° (Figure 5.6, insert). The 

presence of polymorphic phases, observed previously in other copolymer systems, [103, 

104] was thought to be damaging to charge transport due to the charge-carrier 

scattering or blocking effects in the channel region. As the polystyrene loading 

increased, an increase in α-phase intensity with a concomitant decrease in β-phase 
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intensity was observed. At 60 wt% polystyrene loading, the (100) diffraction became 

predominantly α-phase diffraction. In addition, (200) diffraction at 2θ=8.68° also 

became discernable with increased polystyrene loadings, indicating increased 

crystallinity of DPP-DTT in the DPP-DTT/polystyrene film (Figure 5.6). These 

results were consistent with the formation of long-range nanowire network (Figures 

5.2d, f) in the DPP-DTT/polystyrene (40/60 wt%) film, which would be conducive to 

charge carrier transport. No - stacking diffraction at 2 ~ 25 was noted in the out-

of-plane XRD pattern of the film (Figure 5.6), reflecting that DPP-DTT assumed an 

edge-on orientation relative to the substrate even within the nanowire network.  

 

Figure 5.6 GIXRD diffraction patterns of DPP-DTT neat film and DPP-DTT/polystyrene blend 

films, showing appearance of (200) diffraction as polystyrene loading increased; insert: 

increase in (100) phase intensity and concomitant decrease in (100) phase intensity with 

increased polystyrene loading. 
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5.4 Electrical Properties of Transistors with Polymer Nanowire 

Network Channel  

The charge transport characteristics of the DPP-DTT/polystyrene films as channel 

semiconductors in organic FETs were investigated using a BGTC transistor 

configuration (Figure 5.7a). The transfer and output curves of polymer FETs with 

DPP-DTT and DPP-DTT/polystyrene (40/60 wt%) channel semiconductor films are 

shown in Figures 5.7 c-d, and the extracted field-effect mobility in the saturated 

regime, on/off ratio, threshold voltages summarized in Table 5.1 (on page 87).  

 

Figure 5.7 FET properties of polymer FETs with DPP-DTT and DPP-DTT/polystyrene 

semiconductor films. (a) BGTC transistor configuration; (b) Mobility distributions of polymer 

FETs; (c) Typical transfer characteristics (the dot-lines are IDS, solid lines represent the square 

root of the IDS, dash lines represent the leakage current); and (d) Output curves of polymer 

FETs with DPP-DTT and DPP-DTT/polystyrene (40/60 wt%) channel semiconductors. 
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Figure 5.8 FET properties of polymer FETs with DPP-DTT and DPP-DTT/polystyrene channels. 

Typical transfer characteristics of polymer FETs with (a) neat DPP-DTT, and (b)-(e) DPP-

DTT/polystyrene channels with various polystyrene loadings (VDS=-60 V); typical output 

curves of polymer FETs with (f) neat DPP-DTT, and (g)-(j) DPP-DTT/polystyrene channels 

with various polystyrene loadings; Mobility distributions of polymer FETs with (k) neat DPP-

DTT, and (l)-(o) DPP-DTT/polystyrene channels with various polystyrene loadings. 

    For completeness, typical transfer and output curves of polymer FETs with DPP-

DTT/polystyrene films of various polystyrene loadings as channel layers are also 

given in Figure 5.8. As noted, the mobility and on/off ratio increased with 

polystyrene loading in the DPP-DTT/polystyrene film up to about 60 wt %, where a 

mobility as high as 8.25 cm2 V-1s-1 and on/off ratio of ~107 were attained. These 

results represented more than a factor of five higher in mobility and two orders of 

magnitude better in on/off ratio than similar devices with neat DPP-DTT as channel 

(a) DPP-DTT/Polystyrene

100/0 wt%

(b)  DPP-DTT/Polystyrene

80/20 wt%

(c)  DPP-DTT/Polystyrene

60/40 wt%

(d)  DPP-DTT/Polystyrene
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(e)  DPP-DTT/Polystyrene

20/80 wt%
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semiconductor (mobility ~1.5 cm2 V-1s-1 and on/off ratio ~105). Furthermore, the 

average mobility (average ~ 6.76 cm2 V-1s-1) was comparable to those of high-MW 

(~500 kg mol-1) DPP-DTT reported previously, [6] even though the - stacking 

distance was somewhat larger.  

The substantially higher mobility correlate very well with the beneficial, 

predominantly single -polymorph phase and interpenetrating nanowire network of 

DPP-DTT in polystyrene matrix, which served as a long-range percolated pathway 

for efficient charge transport between source/drain electrodes. The extremely high 

on/off ratio was attributable to the insulating nature of the polystyrene matrix which 

helped suppress leakage current (Figure 5.7c). We also noted that the threshold 

voltage (Vth) shift decreased with increased polystyrene loading in the DPP-

DTT/polystyrene film (Table 5.1), and smallest positive threshold shift of 1.7 V was 

observed at 60 wt% polystyrene loading. In addition, the DPP-DTT/polystyrene 

devices exhibited smaller hysteresis effect than those with neat DPP-DTT 

semiconductor (Figure 5.8 a-e), again with the 60 wt% polystyrene devices 

displaying the smallest hysteresis effect. These results further demonstrate the 

definitive role of polystyrene in helping eliminate charge trapping at the 

polymer/SiO2 interface by passivating the surface of OTS-18-modified SiO2 

dielectric. Beyond 60 wt% polystyrene loadings, degradation in charge transport 

properties was observed. This was largely due to the dilution effect, disrupting the 

interconnectivity of the nanowire network as could be seen in the DPP-

DTT/polystyrene (20/80 wt%) film where the nanowire network appeared to be 

significantly degraded (Figure 5.2e). The observed mobility was much lower at 3.34 
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cm2 V-1s-1 while maintaining the same high on/off ratio of ~107 and relative small 

positive threshold shift of 4.6 V owing to the insulating effect of polystyrene. 

 

Figure 5.9 Field-effect transistor performances based on annealed films with polystyrene 

removal. (a) Annealed with polystyrene; (b) annealed without polystyrene. 

It would be of interest to note that the nanowire network of DPP-DTT obtained 

after removing polystyrene from thermally annealed DPP-DTT/polystyrene (40/60 

wt%) film (Figure 5.3 c-d) gave a high mobility of 7.65 cm-2 V-1s-1 (Figure 5.9a). 

This was comparable to those of polymer FETs based on a thermally annealed DPP-

DTT/polystyrene (40/60 wt%) film (Figure 5.2 d). In contrast, polymer FETs with 

nanorod-like semiconductors from DPP-DTT/polystyrene (40/60 wt%) film thermally 

annealed subsequent to polystyrene removal (Figure 5.3 a-b) yielded somewhat lower 

mobility of 4.36 cm-2 V-1s-1 (Figure 5.9b), which was still much higher than that of 

polymer FETs with neat DPP-DTT as channel semiconductor. These results 

unequivocally affirm the critical role of polystyrene in facilitating achievement of 

long-range, higher crystalline order of DPP-DTT in the DPP-DTT/polystyrene system 

for efficient charge transport efficacy. 
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5.5 Effects of Polystyrene Molecular Weight on Field-Effect Mobility 

Further support for polystyrene as a fluid medium for crystallization of DPP-DTT 

came from the dependence of FET mobility of DPP-DTT/polystyrene semiconductor 

on polystyrene MW. The molecular order of DPP-DTT in DPP-DTT/polystyrene film 

and thus the mobility would be expected to decrease as the viscosity of the medium 

or MW of polystyrene increase since higher viscosity would hamper the movement of 

DPP-DTT, thus inhibiting its self-assembly into higher crystalline order.  

 

Figure 5.10 AFM topographic images of thermally annealed films of DPP-DTT in 

monodispersed polystyrenes of various MWs: (a) Mw of polystyrene = 2.2 kg mol-1; (b) Mw 

of polystyrene = 19.7 kg mol-1; (c) Mw of polystyrene = 97.1 kg mol-1; and (d) Mw of 

polystyrene = 301.6 kg mol-1; (e) Field-effect mobility as a function of Mw of polystyrene, 

showing inverse exponential dependence of mobility of DPP-DTT on Mw of polystyrene. 

In this studies, monodispersed polystyrenes of Mw ranging from 2.2 to 301.6 kg 

mol-1 were used at a polystyrene loading of 60 wt%. AFM topographic images of 

thermally annealed films of DPP-DTT/polystyrene showed presence of nanowire 

network features in the film with polystyrene Mw of 2.2 kg mol-1 (Figure 5.10a). The 
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network features of DPP-DTT degraded gradually as the Mw of polystyrene went up, 

and became non-existent beyond Mw of ~20 kg mol-1, when isolated islands or 

blocks of DPP-DTT appeared within the polystyrene matrix (Figures 5.10b-d). These 

observations were consistent with the impediment of self-assembly of DPP-DTT into 

higher crystalline order as the viscosity or Mw of polystyrene was increased. 

Consequently, degradation in field-effect mobility with increasing Mw of polystyrene 

was also observed (Figure 5.10e), suggesting that low-viscosity or low-Mw 

polystyrene matrix would be most efficient in facilitating achievement of long-range 

crystalline order of DPP-DTT. With the ~300 kg mol-1-polystyrene in the DPP-

DTT/polystyrene semiconductor composition, the mobility was still much higher than 

that of neat DPP-DTT, reflecting the benefits of polystyrene incorporation. It was 

observed that while phase separation of nanowire domains occurred with high 

polystyrene MWs (Figure 5.10c-d), extensive nanowire domain overlaps or 

connectivity existed. This may explain for the observed high FET mobility of the 

DPP-DTT/polystyrene semiconductors as compared to neat DPP-DTT semiconductor.  
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Tables: 

Table 5.1 Field-effect properties of DPP-DTT/polystyrene semiconductors in polymer 

FETs (Average mobility and on/off ratio were obtained from at least ten FET devices).  

DPP-DTT/polystyrene 
(wt%) 

Mobility (cm2 V-1s-1) 
On/off ratio Vth (V) 

Max. value Ave. value 

100/0 1.51 1.16 2×105 9.7 

80/20 4.05 3.39 2×106 6.4 

60/40 6.98 5.80 3×106 6.3 

40/60 8.25 6.76 1×107 1.7 

20/80 3.34 2.57 1×107 4.6 
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Chapter 6     Near-Infrared Phototransistors Based 

on Conjugated Polymer Nanowire Networks 
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6.1 Introduction 

Organic phototransistors (OPTs) are transistors where the carrier density in the 

organic semiconductor channel can be modulated by an optically controlled gate 

terminal (incident light). [105, 106] Unlike in the two-terminal photodiodes, the OPTs 

can be switched between either a photovoltaic or a photoconductive gain mechanism 

by tuning the gate voltage, [45] which enables high sensitivity as well as low noise. 

OPTs have been particularly attractive in terms of their intrinsic advantages including 

tunability of optoelectronic properties, flexibility and low cost solution-based 

fabrication process. [42, 43, 45] However, the near-infrared (NIR)-OPTs are less studied, 

although they have a broad range of applications in thermal imaging, night-vision and 

wellness monitoring systems. There are not many options in the photoactive materials 

which combine both the high absorption coefficients in NIR range and high carrier 

mobility. [107, 108] Even to date, the relatively poor performance of NIR OPTs is still an 

open challenge. [107-110] 

    Various approaches have been reported to enhance the photosensitivity of NIR-

OPTs, including incorporating quantum dots [111] and a donor (D)/acceptor (A) bulk 

heterojunction [44, 110]. The use of a bulk heterojunction channel layer allows the 

trapping of electrons in the acceptor while enabling fast transport of the holes in 

donor, thus yielding high photoconductive gain in NIR-OPTs. [44] However, the 

sensitivity of OPTs based on D/A blends significantly relies on the quality of phase 

separation in the blends. [44, 110] Therefore, delicate manipulations on the phase 

separation should be taken to ensure high NIR sensitivity of OPTs. In addition, 

incorporating an additional D or A material into photoactive channel could destroy 
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the homogeneity of the thin film, and also lower the charge transport in the channel 

layer, ultimately, limiting the sensitivity of the OPTs. [112] Alternatively, another 

approach to achieving high sensitivity of NIR-OPTs would be to use one-dimensional 

nanowires or nanofibers as photoactive channels. [107] Such a method has been 

successfully applied to improve the response to white and/or visible light in OPTs 

with single-crystalline nanowires or single polymer nanofiber. [99, 106, 113-117] Higher 

sensitivity has been also presented due to the lower trap sites and faster charge 

transport of such one-dimensional nanowires or nanofibers. [99, 106, 116, 117] However, 

the single nanowires or nanofibers OPTs are not fit for the low-cost fabrication, if not 

impossible to scale. [112] 

 

Figure 6.1 (a) Chemical structure and (b) normalized absorption spectrum of DPP-DTT; (c) 

Schematic device structure with a bottom-gate, top-contact configuration. 

Here we report on solution-processed and scalable NIR-OPTs with excellent 

photoresponsity (R) and photosensitivity (P) using polymer nanowire network based 

on a narrow bandgap, air-stable and high performance D-A polymer, DPP-DTT, [6] as 
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the photoactive layers (shown in Figure 6.1a). Figure 6.1b shows the absorption 

spectra of the DPP-DTT thin film, in which the polymer exhibits a wide light 

absorption in the range of 600-1000 nm with the absorption peak at ~825 nm in the 

NIR region. These features indicate such a polymer is very suitable for application in 

NIR-OPTs. The NIR-OPTs with BGTC structure (Figure 1c) were fabricated on the 

heavily p-doped Si substrates with ~300 nm thermally grown SiO2 layers as gate 

dielectric. The photoelectronic properties of the nanowire network NIR-OPTs, 

including R, P, mobility, photocurrent gain, and the external quantum efficiency 

(EQE), were analyzed using the transfer curves coupled with light irradiation. The 

measured maximum R and P of the NIR-OPTs with nanowire networks in the 

channel were 246 A W-1 and 1180, which are over one order higher than that of the 

corresponding planar thin film devices. The mechanisms for improvements on the 

performance of nanowire network NIR-OPTs were also discussed. 

6.2 Quantitative Identification of Polymer Nanowires 

The morphological properties and microstructures of the resulted DPP-DTT nanowire 

networks thin films were firstly studied using AFM and SEM. Figure 6.2 a-b show 

the AFM height and phase images of the DPP-DTT/polystyrene (40/60 by weight) 

blend thin film which was fabricated following the same procedure developed in this 

research (Chapter 5). The well-defined and long-range DPP-DTT nanowires 

embedded in the polystyrene matrix can be clearly seen. For comparison, the 

morphology of a pure DPP-DTT thin film fabricated following the same conditions 

was also examined by AFM. The AFM images of pure DPP-DTT thin film exhibit 
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nano-grainy morphology without any long range features (Figure 6.3). These results 

are well consistent with our previous observations (Chapter 5), [118] suggesting that 

polystyrene is a good matrix polymer that assists in the assembly of DPP-DTT 

polymer into long range order nanowires. 

 

Figure 6.2 Morphological properties and microstructures of the resulted DPP-DTT nanowire 

network. AFM images of the DPP-DTT/polystyrene (40/60 by weight) blend thin film: (a) 

height image and (b) phase image; (c) AFM height image and (b) SEM image of the resulting 

“film” with polystyrene removed, revealing closely packed DPP-DTT nanowires structures; (e) 

The cross-section analysis of the AFM height image in panel (c). 
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Figure 6.3 AFM images measured for the structurally identical planar DPP-DTT thin film: (a) 

height image and (b) phase image. 

    In order to obtain more quantitative information on the DPP-DTT nanowires, 

polystyrene components were selectively removed from the blend thin films by 

immersing films into toluene for several minutes. After immersing, the polystyrene 

component was dissolved and extracted out from the blends, leaving an ultrathin 

DPP-DTT “film” adhering on the SiO2 surface. Figure 6.2c displays the AFM height 

image of the resulting “film” with polystyrene removed, revealing closely packed 

DPP-DTT nanowire structures with lengths from several hundred nm up to over 1 μm. 

These DPP-DTT nanowires are well interconnected to form a two-dimensional-like 

nanowire network. Further support to the well-defined and long range DPP-DTT 

nanowire network features is provided by the SEM images (Figure 6.2d). Moreover, 

the cross-section analysis of the AFM height image quantitatively reveals the DPP-

DTT nanowires with sub-100 nm diameter and about 6 to 8 nm height (Figure 6.2e). 

The height of the DPP-DTT nanowires corresponds to about 3 to 4 monolayers of 

DPP-DTT since the d-space of DPP-DTT molecules is estimated to be about 2 nm, [6] 

indicating that 3 to 4 polymer chains are arranged on top of each other in the DPP-
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DTT nanowires. In the following section, we will show that such closely packed 

DPP-DTT nanowire network structures can provide good charge transport properties 

and excellent NIR sensitivity in an OPT configuration.  

6.3 High Sensitivity Near-Infrared Light Detection 

Figure 6.4a shows the typical transfer characteristics of the DPP-DTT nanowire 

network based OPTs in the dark and under NIR light (λ=850 nm) irradiation with a 

low power of 0.07 mW cm-2. In the dark, the device exhibits typical p-type 

conduction behavior with excellent hole mobility of ~4.0 cm2 V-1s-1 and on/off ratio 

of 107. Under NIR irradiation, the drain current (IDS) in OPTs increases dramatically 

due to the generation of photo-generated charge carriers in the channel. The large 

changes in current, even under such a low light power of 0.07 mW cm-2, strongly 

suggests that the present device can be an excellent candidate for NIR detecting. 

Based on the transfer curves in the dark and under illumination, two important 

parameters of OPTs, photoresponsity, R and photosensitivity, P, are quantitatively 

extracted using the following equations: [114] 

    R=Iph/Pinc=(Ilight-Idark)/Pinc                                                                                     (6.1) 

    P= Iph/Idark=(Ilight-Idark)/Idark                                                                                   (6.2) 

where Pph is the photocurrent, Pinc is the incident illumination power, Ilight and Idark are 

the drain current under light and in the dark, respectively. The value of R reveals to 

the conversion ability of optical power to electric current and the P is the photo-

switching ratio of photocurrent to dark current.  
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Figure 6.4 The transfer curves of the OPT based on (a) DPP-DTT nanowire network and (b) 

structurally identical planar DPP-DTT thin film measured in the dark and under NIR light 

(λ=850 nm) irradiation with a low power of 0.07 mW cm-2 (VDS=-30 V); The calculated R and 

P values as a function of VG for the (c) DPP-DTT nanowire network and (d) planar thin film 

based OPTs. 

Figure 6.4c plots the R and P values as a function of gate voltage (VG) for the DPP-

DTT nanowire network based OPT. It is found that the magnitude of R can be tuned 

from 10-5 A W-1 to over 102 A W-1, over seven orders, by changing the VG. The large 

gate-tunability is very useful in practical applications since it allows us to tune the 

photocurrent gain according to the intensity of light. [44, 117] Moreover, the device 

exhibits a maximum R value of about 246 A W-1 in the on-state (|VG| > |Vth|) and a 

maximum P value of about 103 in the off-state (|VG| < |Vth|), where Vth represents the 

threshold voltage. The R value (246 A W-1) of the present DPP-DTT nanowire 
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network based NIR OPT is much higher than that (0.44 A W-1) reported for a single-

component nanowire NIR-OPT made with another low band gap D-A polymer 

having a relative lower mobility of 5×10-3 cm2 V-1s-1. [107]  

It is also noteworthy that the R value of the present NIR device is very close to that 

of the commonly used inorganic phototransistors with a R value as high as ~300 A W-

1. [119, 120] For comparison, we also fabricated structurally identical DPP-DTT-based 

planar OPTs. Figure 6.4b shows the transfer curves of the planar DPP-DTT-based 

OPT in the dark and under NIR irradiation with the same power of 0.07 mW cm-2. 

The DPP-DTT thin film transistors exhibit a lower mobility of 0.94 cm2 V-1s-1 under 

the same optimized conditions. Accordingly, the maximum R value (21 A W-1) for 

the planar DPP-DTT-based OPTs is much lower than that for the nanowire network 

NIR-OPTs but with a similar maximum P, [106, 116] indicating that the R depends 

crucially on the mobility of OPTs in the dark (μdark) while P is less dependent on the 

μdark.
 Thus, it can be seen clearly that the significant mobility enhancement is one of 

the main reasons for the large improvement in the responsivity of the DPP-DTT 

nanowire network NIR-OPTs.  

6.4 Photovoltaic and Photoconductive Gain Mechanisms 

To gain a deeper understanding on the mechanism of the improvement, the nanowire 

network OPTs were characterized under different powers of the incident NIR light. 

As shown in Figure 6.5a, pronounced enhancements in IDS are observed under NIR 

light illumination, and the magnitude of IDS increases with the NIR light power (red 

arrow). Contrary to earlier observations that the charge carrier mobility of the OPTs 
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increased largely upon exposure to light irradiation, [106, 107] in this work, it is found 

that the carrier mobility in the nanowire network OPTs exhibits a very slight change 

when the OPTs are exposed to light (Figure 6.6a). This result indicates that the large 

response to NIR in our nanowire networks OPTs is not caused by the changes in 

electronic structure of the nanowire networks but resulted from the photo-generated 

carriers in the channel.  

 

Figure 6.5 (a) Transfer curves of DPP-DTT nanowire network NIR-OPTs under different 

powers of incident light, measured at VDS= -30 V; (b) Photocurrent (Iph) as a function of Pinc at 

the on-state (VG=-28 V) and off-state (VG=28 V). The red solid line is a fitting result with Eq. 

(3) at on-state, and the blue solid line is a fitting result with Eq. (4) in off-states; (c) The R as 

function of incident NIR light power Pinc at the on-state (VG=-28 V) and off-state (VG=28 V); (d) 

The EQE versus VG for a range of different powers of the incident NIR light. 
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    In general, there are two different photocurrent mechanisms related to the photo-

generated charge carriers in OPTs: photovoltaic mode and photoconductive mode. [45] 

When the device is operated at the on-state (|VG| > |Vth|), the photocurrent is 

dominated by photovoltaic effect with a positive shift in Vth induced by the 

accumulated electrons under the source electrode. [105] In this case, the photocurrent 

shows a logarithmic relation behavior with incident light power (Pinc), which can be 

fit by the following equation: [121] 

    Iph=(AkBT/q)ln(1+qηλPinc/Idarkhc),                                                           (6.3) 

where η is the quantum efficiency, hc/λ is the photon energy, and A is a fitting 

parameter. When the device is operated at the off-state (|VG| < |Vth|), the photocurrent 

is dominated by photoconductive effect, showing a linear increase with the power of 

the incident light: [121] 

   Iph=B•Pinc,                                                                                                  (6.4)  

where B is a fitting parameter.  

Figure 6.5b plots the photocurrent as a function of Pinc at the on-state (VG=-28 V) 

and off-state (VG=28 V), showing excellent agreements between the measured data 

(open points) and fitting results (solid lines). Since these two formulas were 

originally developed for inorganic phototransistors, [121] the well-fitted curves in both 

the on-states and off-states lent the solid support to the conclusion that Iph in the 

present DPP-DTT nanowire network NIR-OPTs follows the photovoltaic mode at the 

on-state and the photoconductive mode at the off-state. 
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Figure 6.6 (a) The change in the mobility for the DPP-DTT nanowire network OPTs under 

different powers of the NIR light; (b) The calculated R values versus VG under different 

powers of the NIR light. 

Based on the transfer curves under different powers of the NIR light, the R values 

are also calculated and plotted versus VG. It is shown that the R values can be turned 

by several orders through changing the VG for a special light power (Figure 6.6b). 

Figure 6.5c summaries the R at the on-state (blue open squares) and also off-state 

(black open circles) as a function of the powers of the incident light. The R values at 

both on-state and off-state increase with the decrease in light power. Moreover, the R 

values at the on-state reveal a sublinear dependence on the power, i.e. R ∝ Pinc
 -0.94. 

Such a sublinear dependence was also observed in different OPTs, [44, 111, 122] and is 

attributed to the saturation of photo-generated charge carriers in the channel.  

In addition, the EQE of the nanowire network based NIR-OPT was also 

investigated. The EQE of an OPT is defined as the ratio of the number of photo-

generated carriers that enhances the IDS to the number of photons incident on the 

transistor channel. [123] It is related to R, and can be expressed as EQE=(hc/λq)•R. [122] 
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Figure 6.5d plots the EQE as a function of VG for a range of incident NIR light power. 

The EQE is quite different at the on-state (|VG| > |Vth|) and off-state (|VG| < |Vth|), 

which corresponds well to different photocurrent gain mode in these two regions: 

photovoltaic mode in the on-state and the photoconductive mode in the off-state. The 

EQE value at the off-state is very low, but becomes very high at the on-state. It 

increases as the NIR light power decreases, showing a very high EQE value up to 

35000% at VG=0 V for the light power of 0.07 mW cm-2. Such high EQE value 

definitely indicates the existence of photomultiplication phenomenon in the DPP-

DTT nanowire network based NIR-OPTs. The photomultiplication phenomenon is 

most likely attributed to the enhanced injection via trap-assisted tunneling (TAT) in 

which the photo-generated electrons accumulated under the source electrode would 

effectively lower the injection barrier for holes. Further details on the TAT 

mechanism can be found elsewhere. [122] 

We also investigated the photoelectrical properties of structurally identical planar 

DPP-DTT thin film based NIR-OPT under different incident light powers (Figure 

6.7a). These planar thin film devices were fabricated under the similar optimized 

conditions. Compared with the nanowire network NIR-OPTs, however, the planar 

thin film NIR-OPTs have a lower mobility of < 1.0 cm2 V-1s-1 (Figure 6.7b), a smaller 

sensitivity R of 21 A W-1 (Figure 6.7c), and a much lower EQE of 3300% (Figure 

6.7d). Although the performance of the planar thin film NIR-OPTs is much poorer 

than that of the nanowire network NIR-OPTs, the R values are still much larger than 

those of the previously reported NIR-OPTs based on other narrow bandgap polymer 

[107, 108] and small molecules. [110] These results definitely, in turn, reveal the superiority 
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of our nanowire network based NIR-OPTs. The much higher R and EQE values of 

the DPP-DTT nanowire network NIR-OPTs arise from the high-quality 

microstructures in the nanowire network with higher order molecular packing and 

less grain boundaries. [118] The long range ordering and less grain boundaries allow a 

high carrier mobility and long exciton diffusion length, [106, 114] promoting an efficient 

exciton dissociation and supply of carriers in OPTs. As a result, higher R and EQE 

values are expected. 

 

Figure 6.7 (a) Transfer curves measured for the structurally identical planar DPP-DTT thin 

film based NIR-OPTs under different powers of the incident light (VDS=-30 V); (b) Change in 

the mobility in OPTs as a function of NIR light power; The calculated (c) R and (d) EQE values 

as a function of VG under different powers of the incident NIR light. 
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6.5 Good Contacts for High Sensitivity 

Since both the R and EQE values are significantly related to the hole injection and 

extraction in the source/drain electrodes. Thus, the quality of the contact between the 

metal electrodes and semiconductor channel layers is also one of the important 

factors for improving the performance of OPTs. To make this mechanism of 

improvement clearer, the contact resistance (Rc) of the NIR-OPTs based on DPP-

DTT nanowire network and structurally identical planar thin film were investigated.  

 

Figure 6.8 Extraction of RC based on the gated transmission line model. Total resistance 

(Rtotal) as a function of channel length for the NIR-OPTs based on DPP-DTT nanowire network 

(red open circles) and planar thin films (black open squares). 

Figure 6.8 plots the total resistance (Rtotal) as a function of channel length for the 

NIR-OPTs based on DPP-DTT nanowire network and planar thin film. The Rc could 

be extracted with the gated transmission line model. [88] It is shown that the Rc for the 

nanowire network device is 0.098 MΩ, which is much smaller than 0.484 MΩ 
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obtained for the planar thin film device, revealing improved contact between the 

source/drain electrodes and channel layers in the nanowire network NIR-OPTs. 

Therefore, we suggest that good contact between the electrodes and channel layer, 

together with high hole mobility and less defect sites in the polymer nanowire 

network, would account for the high sensitivity of the present DPP-DTT nanowire 

network NIR-OPTs. 
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Chapter 7   Summary and Perspectives 



 

106 
 

7.1 General Summary 

Polymer field-effect transistors are one of the most excellent candidates for next-

generation electronic functional devices. Such functional devices include electronic 

skins, bio/chemical sensors, RFID tags, integrated circuits and flexible display 

backplanes. To realize these applications, polymer FETs with superior charge 

transport properties, such as high field-effect mobility (>5 cm-2 V-1s-1) and current 

on/off ratio (>106) are required. This also needs to be combined with excellent air 

stability and low-cost solution processablity. This research has demonstrated several 

strategies for achieving high mobility as well as other desirable FET properties 

through properly controlling the 0morphology and molecular ordering of conjugated 

polymer channel layers. The major contributions of this research are: (i) the 

development of a hybrid SAM approach which has the benefit taking the advantages 

of different SAM agents for achieving simultaneously high mobility and high on/off 

ratio; (ii) the development of an effective approach for achieving high quality 

polymer channel, and thereby high performance polymer FETs through polymer 

matrix-assisted molecular self-assembly. Most importantly, this method can be easily 

extended to realize large area organic FETs using the low-cost, high-speed inkjet-

printing technology at room temperature. 

Chapters 1 and 2 begin with a brief introduction of the research topic, including 

background knowledge and experimental methods. Following that, in Chapter 3, we 

have shown that the surface functionalization and morphology of gate dielectric exert 

great influence on the performance of polymer FETs, and proper surface modification 

is central to achieving high performance characteristics in polymer FETs. Thus, while 
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the OTS-18 modification of SiO2 gate dielectric affords high field-effect mobility, the 

on/off ratio is comparatively low. On the other hand, OTS-8 or PTS modification 

leads to higher on/off ratio, but lower field-effect mobility. By combining these two 

silane modifications of SiO2 gate dielectric in proper sequence to create hybrid silane 

SAMs, one can capitalize on the performance strengths of two silylating agents in 

achieving both high field-effect mobility and high on/off ratio in polymer FETs, 

together with other desirable FET performance characteristics. Thus, the concept and 

results of such hybrid SAM functionalization, i.e., OTS-18/OTS-8 or OTS-18/PTS 

represents an efficient surface modification of SiO2 gate dielectric for organic FET 

performance.   

Subsequently, the method of “polymer matrix-assisted molecular self-assembly” is 

discussed. In Chapter 4, we have shown that PAN serves as an extremely efficient 

matrix polymer for promoting and facilitating molecular self-assembly of polymer 

semiconductors. Through PAN incorporation, channel semiconductors with high 

crystalline order conducive for charge transport can be fabricated via solution 

techniques with great ease from polymer semiconductors with limited solution 

processability. The enhancements in field-effect mobility and current on/off ratio are 

particularly noteworthy as about one order and 2-3 orders of magnitudes respectively 

can be readily achieved. PAN incorporation also greatly enhances the stability and 

fluidity of polymer semiconductor solution, rendering it suitable for fabricating 

channel semiconductors for polymer FETs via common printing techniques such as 

inkjet printing at room temperature. This PAN-mediated process for enhancing the 

crystallinity of polymer semiconductors also appears to be general in scope as it has 
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been applied not only to polar D-A polymer semiconductors but also to relatively 

non-polar conjugated homopolymers such as reg-P3HT and PBTTT with equally 

promising results. From a technological point of view, this PAN process constitutes a 

robust, scalable solution deposition process technique for fabricating high-

performance channel semiconductors for polymer FETs. As a result, this may in turn 

contribute to the expediting the applications of polymer FETs in the marketplace. 

In Chapter 5, another facile solution process for high-performance polymer FETs 

has been demonstrated. The process capitalized on the cooperative role of polystyrene 

in assisting and facilitating the self-assembly of lower-MW, low-mobility DPP-DTT 

into an interpenetrating nanowire network semiconductor with significantly enhanced 

charge transport efficacy. When used as a channel semiconductor in solution-

processed polymer FET devices, this nanowire network of DPP-DTT afforded field-

effect mobility and current modulation in excess of 8 cm2 V-1s-1 and 107, respectively. 

The enhancements are a factor of five better in mobility and over two orders of 

magnitude higher in current modulation than those of the corresponding 

semiconductor of lower-MW DPP-DTT without the assistance of polystyrene. These 

field-effect properties are essentially similar to those of very high MW, high-mobility 

DPP-DTT, which are more than sufficient for many impactful electronic applications.  

We have further demonstrated the development of highly sensitive near-infrared 

organic phototransistors by using the DPP-DTT nanowire network as photoactive 

channel in Chapter 6. We have shown that the NIR light can act as an additional 

terminal to effectively control the device. The NIR-OPTs based on DPP-DTT 

nanowire network exhibited larger hole mobility, higher responsivity R (~246 A W-1) 
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and larger EQE (35000%) compared with that of structurally identical planar DPP-

DTT thin film based OPTs. These results provide the evidence that R crucially 

depends on the mobility of OPTs in the dark, suggesting that higher molecular order 

and reduced density of the structural defects in the DPP-DTT nanowires are the 

reasons for the responsivity enhancement. We have further demonstrated that the 

contact between the electrodes and photoactive channels would also play important 

roles in the performance of OPTs. Better contact at the channel layer/electrode 

interfaces results in higher responsivity of the devices. 

7.2 Future Outlook 

The ultimate aim of the research in this thesis is to achieve high-performance 

polymer FETs with air stability, solution-processability as well as good uniformity 

towards practical applications and also to provide guidelines for design and synthesis 

of novel materials. As an extension of the work presented in this thesis, the potential 

areas for further development on both the fundamental mechanisms and process 

techniques are highlighted. 

Firstly, in Chapters 4 and 5, we have demonstrated that the superiority and 

feasibility of “polymer-matrix mediated molecular self-assembly” by using both polar 

and non-polar matrix polymers of PS and PAN, respectively. Both high field-effect 

mobility and high on/off ratio can be achieved through properly controlling the 

morphology and microstructure of the channel layers. These results have also 

definitely indicated that the charge transport properties are determined by the thin 

film morphology which is resulted from the phase separation of the polymer 
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semiconductor/insulator blends. However, the fundamental mechanisms for the phase 

separation is still not well understood. Specifically, the driven-force for the favorable 

phase separation and/or the crucial parameters to control the morphology with high 

molecular ordering are still missing. Thus, in the following, more matrix polymers 

are needed to be tested to find out the universal regularity in such polymer 

semiconductor/insulator blend systems. 

Moreover, the mobility and on/off ratio obtained in this work have met the base 

requirement (mobility > 5 cm2 v-1s-1; on/off ratio > 106) for a great variety of 

functional applications. However, thermal annealing at high temperature (> 100 oC) 

was involved in the processes, which would increase the cost and hinder their 

application to a great extent. Therefore, there still exists room for further research to 

optimize the process techniques, guaranteeing both the high performance and 

annealing-free. 

Finally, it is also noteworthy that most of the previously reported high mobility 

polymer FETs, including the polymer FETs in the present research, were processed 

by using the chlorinated aromatics solvents such as chlorobenzene and chloroform. 

Such chlorinated aromatics solvents are harmful to our body’s health and cause 

environment degradation, which largely hinder the commercial use of polymer FETs. 

In this regard, it is highly desirable to develop new polymer semiconductors or 

modify the solution deposition method for good morphology control as well as high 

performance FET properties based on non-toxic, environmentally benign solvents. 
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