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Lay Abstract 

An emerging field of electronics is the use of organic materials that can be 

solution processed, to reduce manufacturing costs and make new and interesting 

products.  Here we used unsorted carbon nanotubes blended into the 

semiconductor layer of a transistor, providing a bridge for the energy mismatch 

between the electrodes and the semiconductor.  This allowed us the freedom to 

choose different metals to act as our electrodes when making electronic devices.  

Additionally through the correct choice of semiconductor, we added device 

functionality, making it responsive to UV-A light.  This produced a device that 

could act as a UV-A sensor, logic switch or memory device.  These devices are 

air stable and solution processable, a necessity if they are to be used in real 

world applications.  
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Abstract 

Two major projects involving the use of solution processed blended 

semiconductors for organic field effect transistors (OFET) were explored.  The 

first incorporated unsorted single walled carbon nanotubes (SWCNTs) into a 

diketopyrrolopyrrole-quarterthiophene (DPP-QT) semiconductor to enhance the 

mobility of the OFET.  2 wt % SWCNT was found to be the optimal blend ratio, 

nearly doubling the device mobility (0.6 to 0.98 cm2/V·s).  Beyond this ratio, the 

metallic content of the SWCNT’s dropped the on/off ratio below acceptable 

levels.  When source drain metals who’s work function poorly matched that of the 

DPP-QT semiconductors highest occupied molecular orbital (HOMO) were used, 

the SWCNT could dramatically reduce the charge injection ratio with best results 

achieved for Al, dropping the contact resistance from 105 to 45 MΩ.  The second 

project explored the addition of small molecule additives into a UV-sensitive 

semiconductor 2,7-dipentyl[1]benzothieno[3,2-b][1] benzothiophene (C5-BTBT) 

mixed with a polymethyl methacrylate (PMMA) polymer binder.  We generated a 

C5-BTBT based phototransistor sensitive to UV-A light.  The HOMO and lowest 

unoccupied molecular orbital (LUMO) of C5-BTBT and the various additives were 

measured and discovered to play a critical role in how the device operates.  We 

discovered if an additive has a LUMO lower in energy than C5-BTBT, it can act 

as a charge trap for a photogenerated electron.  Electron deficient additives were 

found to retain a trapped electron for an extended period of time, allowing the 
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device to remain in a high current state for an extended period of time (>1 hour).  

This provides an opportunity for the device to be used as an optical memory 

system or photoswitch.  The best system could detect UV-A with a Pill > 105 and a 

photoresponsivity of 40 A/W at a Pinc of 0.0427 mW/cm2. 
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1.1 Motivation 

This thesis is written as a “sandwich thesis” which is a collection of published 

works by the author “sandwiched” between an introduction and conclusion.  The 

goal of the research was to produce Organic Field Effect Transistor (OFET) 

devices utilizing a blended semiconductor layer to enhance the transistor 

performance.  Two major device enhancements were investigated.  The first 

being device mobility improvement through the incorporation of unsorted Single 

Walled Carbon Nanotubes (SWCNT), and the second was the production of a 

phototransistor device blind to visible light, but sensitive to UV light.  Solution 

processablity and air stability were important aims of the research.  For this 

reason, only air stable materials that were able to be dissolved in solvents were 

used.  All films were a blend of a polymeric material and at least one other small 

molecule material or SWCNTs.  To help the reader better understand the 

published works, a brief explanation of the operating principles of an OFET and 

phototransistor devices is given as well as relevant operation and 

characterization equations.  In addition a small summary of the most prominent 

UV sensitive organic devices is provided. 

1.2 Introduction to organic field effect transistors 

The field of semiconductors is massive, with its impact being ubiquitous in our 

everyday life.   By no means can this thesis scratch the surface of semiconductor 

physics, but instead will direct the reader to equations and topics relevant to this 
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work.  For a greater understanding, the interested reader can consult the 

abundance of literature on semiconductor physics.1,2 

Field Effect Transistors (FET) were first proposed back in 1930,3 with the first 

metal-oxide-semiconductor FET (MOSFET) being fabricated in 1960.4  In 1970 

organic materials displaying FET properties were reported and in 1976 

conducting polymers discovered.5,6  It was not until 1987 when electrochemically 

polymerized polythiophene was used in a FET that the concept of the (OFET) 

was established.7,8,9  This led to the 2000 Nobel prize in chemistry being awarded 

for conductive polymers.  In the meantime, the more well-known MOSFET also 

known as a MISFET (Metal-Insulator-Semiconductor FET), became a dominate 

part of the microelectronics industry due to its superior performance.  A general 

MOSFET device consists of the following parts, a source and drain separated by 

a semiconductor layer (known as the channel), as well as a gate and dielectric 

layer where the dielectric layer separates the gate from the semiconductor layer 

(Fig 1.1).   The source, drain and gate are highly conductive materials.  When a 

voltage is held constant between the source and drain, the current across the 

channel can be modulated by applying a gate voltage, which induces a charge 

accumulation at the semiconductor/dielectric interface, generating a conductive 

channel.  Due to Ohm’s law, V=IR, as the resistance of the semiconductor is 

modulated, the current must change appropriately (Fig. 1.2) (note this is accurate 

only in the linear region, and becomes more complicated in the saturation 
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region).  The result is a simple method to alter current by many orders of 

magnitude providing one of the most basic building blocks of all electronic 

devices. 

 

Figure 1.1:  The most common OFET device designs.  (a) top contact 

bottom gate, (b) bottom contact bottom gate, (c) bottom contact top gate, 

(d) top contact top gate.  

 

Figure 1.2:  The basic operation of a p-type OFET.  The IDS current is held 

constant at a negative value.  (a) With no VGS, charge cannot pass through 

the channel, (resistance is high), so the current must remain low.  (b) As a 

negative VGS is applied, it induces a separation of p+ and e- in the 

semiconductor, allowing for p+ conductivity.  (c) A larger VGS causes more 

e-/p+ separation, further lowering channel resistance, increasing current.  
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1.3 Device design 

Four major designs exist for an OFET.  They are top-contact bottom-gate, 

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

(Fig. 1.1).  All devices fabricated in this report utilize the top-contact bottom-gate 

design due to the increased area for charge injection from the source/drain 

electrodes which results in a lowered charge injection resistance (RC) increasing 

device performance.10   From a manufacturing standpoint, bottom contact devices 

are easier to fabricate because the organic semiconductor is the last material 

added, allowing flexibility for how the previous layers are fabricated.  However, 

for research purposes, better performing devices can be made from top contact 

architecture, allowing one to perform fundamental research on a higher 

performance system. 

1.4 OFET device materials/ fabrication 

While countless materials can be used for OFET device fabrication, the literature 

has adopted a few as the benchmark materials to allow for easy comparison.  

Undoubtedly the silicon wafer coated with a silicon dioxide layer (Si/SiO2) is the 

most widely used gate/dielectric material due to its highly refined manufacturing 

allowing for extremely repeatable device performance.  A wafer can easily be cut 

to the desired device size, with the SiO2 layer modified through plasma or ozone 

treatment to allow for the application of a self-assembled monolayer (SAM).  The 

solution processed equivalent utilizes a number of different materials for the 
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dielectric, but very commonly uses indium tin oxide (ITO) as the conductive gate, 

coated on a polymer film such as PMMA.  The semiconductor layer can be 

applied in a number of ways, with the most common being evaporation, solution 

drop casting, and spin coating.  Source and drain electrodes are typically Au, 

applied by vacuum evaporation or sputtering, but others such as Cu, Al, and Ag 

are also used.  Ag remains the leading candidate for solution processable 

electrodes as it is easily solubilized and is difficult to oxidize.  In this thesis, a top-

contact bottom-gate device utilizing a Si/SiO2 wafer with a SAM and spin coated 

semiconductor and metal electrodes applied through a shadow mask via 

evaporation, is used.  Device characterization is carried out via three point probe 

measurements, on a Keithly 4200.  Fig 1.3 provides a cartoon depiction of OFET 

device fabrication performed in this thesis. 

1.5 OFET parameter extraction 

1.5.1 Transfer and output curve extractable parameters 

The success of the MOSFET was largely due to the enhanced understanding it 

provided for FET devices.  Equations were derived such as that found for the 

current-voltage measurements across the channel which allows for the 

characterization of MOSFET devices; 

𝐼𝐷𝑆 =
𝑊

𝐿
𝜇𝐹𝐸𝐶𝑖 {(𝑉𝐺𝑆 − 2∅𝑏 −

𝑉𝐷𝑆

2
) 𝑉𝐷𝑆 −

2

3

√2𝜖𝑆𝑞𝑁𝑎

𝐶𝑖
[(𝑉𝐷𝑆 + 2∅𝑏)3/2 − (2∅𝑏)3/2]}[1] 

Where W is the channel width and L the channel length in (m), µFE the charge- 
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Figure 1.3:  Cartoon depiction for the fabrication of OFETs made in this thesis. 

carrier field effect mobility in (cm2/V·s), Ci the insulator capacitance per unit area 

(F/cm2), εS the semiconductor permittivity (F/m), Na the doping level of the p-type 

substrate φb the potential difference between the Fermi level and the intrinsic 

Fermi level in (V) and q the elementary charge of an electron (C).  Eqn. [1] 

predicts that IDS will increase linearly (linear region) with respect to the VDS, then 

gradually level off as the VDS approaches the VGS eventually reaching a 

saturation (saturation region).  It has become common practice to use the 

equations derived for MOSFET devices to characterize OFETs device 

performance.  However, a major difference is that unlike MOSFET devices, 

OFETs operate in the accumulation regime, not the inversion regime, this 

simplifies equation [1] to; 4,11 
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𝐼𝐷𝑆 =
𝑊

𝐿
𝜇𝐹𝐸𝐶𝑖 (𝑉𝐺𝑆 − 𝑉𝑇ℎ −

𝑉𝐷𝑆

2
) 𝑉𝐷𝑆      [2] 

Where; 

𝑉𝑇ℎ =
𝑞𝑁𝑡

𝐶𝑖
          [3] 

N is the density of doping centres (donors or acceptors) and t is the channel 

thickness in (m).  The above simplification employs two major assumptions.  The 

first is the gradual channel approximation of drain current relation, which 

assumes the electric field along the channel is much lower than that across it, 

which is valid when the distance between the drain and source is much larger 

than the thickness of the dielectric.  The second is that µFE is constant.12  [2] is a 

general equation for an OFET, but even simpler equations are extracted for the 

linear regime (VDS << VGS - VTh) and the saturation regime (VDS > VGS – VTh); 

𝐼𝐷𝑆,𝑙𝑖𝑛 =
𝑊𝐶𝑖

𝐿
𝜇𝐹𝐸 (𝑉𝐺𝑆 − 𝑉𝑇ℎ −

𝑉𝐷𝑆

2
) 𝑉𝐷𝑆  (|VDS| << |VGS - VTh|)  [4]  

𝐼𝐷𝑆,𝑠𝑎𝑡 =
𝑊𝐶𝑖

2𝐿
𝜇𝐹𝐸(𝑉𝐺𝑆 − 𝑉𝑇ℎ)2   (|VDS| > |VGS – VTh|)  [5]  

In the linear regime, a plot of IDS,lin vs VGS can allow for the extraction of the VTh 

and µFE.  In this linear region the device follows Ohm’s law with IDS proportional to 

the drain and gate voltages.  Meanwhile in the saturation regime a plot of 

(IDS,sat)1/2 vs VGS will provide VTh and µFE, with the saturation regime being the 

standard method used for OFET device characterization.  In this regime, as the 

VDS increases and approaches the VGS, the VDG drops to zero causing pinch-off 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

9 
 

of the channel.  This is when IDS is independent of VDS.   Therefore, for a p type 

device, when VDS is more negative than VGS, IDS tends to saturate due to the 

pinch off of the accumulation layer. Many materials deviate from this simple 

model, with much more complicated models existing,13,14,15,16 but for simplicity, 

this model is used as the benchmark to compare devices in the literature. 

Operation performance is dependent upon two major parameters; (1) Charge 

transport in the semiconductor layer (mobility µFE) which is how rapidly charge 

carriers can move through the material.  (2) Contact resistance (RC), which is the 

resistance experienced during charge injection and extraction at the source and 

drain.  µFE can be obtained from the saturation regime, starting with the 

transconductance gm,sat; 

𝑔𝑚,𝑠𝑎𝑡 =
𝜕𝐼𝐷𝑆,𝑠𝑎𝑡

𝜕𝑉𝐺𝑆
=

𝑊𝐶𝑖

2𝐿
𝜇𝐹𝐸(𝑉𝐺𝑆 − 𝑉𝑇ℎ)       [6] 

A plot of gm,sat vs VGS will allow one to perform a linear curve fit to extract µFe and 

VTh.  In practice this is done by plotting the √IDS vs VGS, in the saturation region 

using equation [5].  Simple manipulation of this equation allows one to extract the 

required parameters 

𝐼𝐷𝑆,𝑠𝑎𝑡 =
𝑊𝐶𝑖

2𝐿
𝜇𝐹𝐸(𝑉𝐺𝑆 − 𝑉𝑇ℎ)2       [5] 

(|𝐼𝐷𝑆,𝑠𝑎𝑡|)
1/2

= (
𝑊𝐶𝑖

2𝐿
𝜇𝐹𝐸)

1/2
(𝑉𝐺𝑆 − 𝑉𝑇ℎ)       [7] 
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(|𝐼𝐷𝑆,𝑠𝑎𝑡|)
1/2

(𝑉𝐺𝑆−𝑉𝑇ℎ)
=

𝜕(|𝐼𝐷𝑆,𝑠𝑎𝑡|)
1/2

𝜕𝑉𝐺𝑆
= (

𝑊𝐶𝑖

2𝐿
𝜇𝐹𝐸)

1/2

       [8] 

Where 
𝜕(|𝐼𝐷𝑆,𝑠𝑎𝑡|)

1/2

𝜕𝑉𝐺𝑆
 is the slope of the linear region.  From this we can determine 

uFE 

𝜇𝐹𝐸 =
2𝐿

𝑊𝐶𝑖
(

𝜕(|𝐼𝐷𝑆,𝑠𝑎𝑡|)
1/2

𝜕𝑉𝐺𝑆
)

2

         [9] 

In addition, the VTh is extracted from the x intercept.  The VTh for an OFET is the 

VGS to which localized states are filled causing the Fermi level to move closer to 

the conduction band, leading to an increase in carrier concentration within it.17 

𝑉𝑇ℎ =
(|𝐼𝐷𝑆,𝑠𝑎𝑡|)

1/2

(
𝜕(|𝐼𝐷𝑆,𝑠𝑎𝑡|)

1/2

𝜕𝑉𝐺𝑆
)

− 𝑉𝐺𝑆          [10] 

Traditionally IDS-VGS plots are on a semi-logarithmic scale.  From this three more 

useful characterization parameters can be extracted.  The on/off current ratio 

(ION/IOFF), the switch on voltage (VSO) and the inverse subthreshold slope.  The 

on/off current ratio is simply the ratio between the device current before the 

switch on voltage and after current saturation has occurred.  This provides a 

measure of how large the current change for the transistor can be.   The VSO is 

the gate voltage where the current begins to increase in the semi-logarithmic IDS-

VGS plot and the inverse subthreshold slope is the slope of the curve between VSO 
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and VTh.  Fig. 1.4 provides a sample transfer and output curve with all of these 

parameters labelled. 

 

Figure 1.4:  (a) Sample IDS-VGS curve with curve features labelled. (b) 

Sample transfer curve. (c) Hypothetical curve showing contact resistance 

(d) Cartoon depiction showing contact resistance is independent of channel 

length. 

1.5.2 Contact resistance 

Contact resistance (RC) is another major factor affecting the performance of thin 

film transistors.  To maximize device performance, Ohmic contacts with efficient 

charge injection are essential.  A device always has 2 contact resistance points, 

one at the source and one at the drain, to which this resistance is independent of 

channel length.  A simple model assumes the resistance across the channel RDS 

increases linearly with channel length, therefore plotting RDS vs various channel 

lengths can allow for the extraction of RC as the intercept.18  The derivation of this 

is as follows; 
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𝑉𝐷𝑆

𝐼𝐷𝑆,𝑙𝑖𝑛
𝑊 = 𝑅𝑚𝑊 = 𝑅𝐶𝑊 + 𝐴𝐿  A = f(Rch)    [10] 

Where RmW (Ω·m) is the measured resistivity between source and drain for a 

given channel width, and A is a parameter related to the channel resistance.  

Only A is dependent upon L, making the above equation of the form y = mx + b.  

Therefore, a plot of channel length vs RmW will yield a linear graph where the 

slope is A, and the intercept is RCW (Fig 1.4).  An ideal device will have an RC = 

0. 

1.5.3 Charge carrier density 

A semiconductor will have a set number of charge carriers able to take part in 

conduction.  However this can be altered in a number of ways such as adding a 

dopant material.  We can use the equation for VTh [3] to determine the increase in 

carrier density in the active layer between a control and doped conditions by 

taking the difference between the two. 

𝑉𝑇ℎ
𝑑𝑜𝑝𝑒𝑑 − 𝑉𝑇ℎ

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 =
𝑞𝑁𝑑𝑜𝑝𝑒𝑑𝑡

𝐶𝑖
−

𝑞𝑁𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑡

𝐶𝑖
      [11] 

∆𝑉𝑇ℎ =
𝑞𝑡

𝐶𝑖
(𝑁∗)         [12] 

𝑁∗ =
∆𝑉𝑇ℎ𝐶𝑖

𝑞𝑡
          [13] 

Where ΔVTh is the shift in threshold voltage from the control sample to the doped 

sample and N* is the increase in carrier density in the active layer.  Traditionally 
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this is used to estimate the increase in dopant concentration.  In this thesis we 

will use light irradiation as a dopant, so we can be use eqn [13] to determine the 

number of excitons generated for charge transfer when the system is 

irradiated.19,20  

1.5 Movement of an electron in an organic thin film 

Since their inception, there have been three major fields of OFET’s, small 

molecule OFETs, polymeric OFETS, and blends which typically consist of a small 

molecule and polymer.  Due to the crystalline nature of small molecules, they 

showed initial success and much of early device design knowledge was obtained 

from them.  To understand the progression of how materials have reached todays 

designs, one must understand the fundamental mechanisms behind charge 

transport.  Two major mechanisms of electron transport exist; in crystalline 

materials band transport dominates, while in amorphous materials, charge 

hopping is dominant.  Band transport involves a wave function delocalized over 

the entire system, making the electron location exist only as probability of the 

wavefunction.  This results in coherent transport, and is very fast.  Meanwhile, in 

the hopping regime, the electron exists as a localized charge carrier on a single 

molecule or chain segment, to which its movement can be followed between 

molecules or chain segments making transport incoherent hops.  In reality, 

transport is a mixture of both of these two types, with advanced theories 

attempting to merge both into one equation, showing a smooth transition from 
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one regime to the other (Fig. 1.5).21,22  At low temperatures, band transport is 

dominant, while at higher temperatures, systems transition into the hopping 

regime with room temperature being a high temperature system.  The reason for 

this is that at higher temperatures, electrons are thermally excited into higher 

energy molecular orbitals which have a larger 99% probability radius.  The result 

is an increased chance of molecular orbital overlap between molecules, allowing 

for hopping from one molecule to the next.  Band conduction is much faster than 

hopping, but is difficult to achieve in a solution processed system because it 

requires a crystalline structure.  A result is that for solution processed systems, 

charge hopping is the dominant form of transport.  Therefore, to maximize charge 

hopping, planar heavily conjugated materials are used which have a large 

number of π orbitals extending from the system which are able to help delocalize 

an electron allowing for π-π orbital overlap for hopping to occur. 

 

Figure 1.5:  Cartoon representation of a hypothetical device which has both 

band transport in crystalline areas and hopping transport in amorphous 

areas. 

- - - -+ + + +

VGS < VTh

band

hopping
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1.7 Historical progression of OFET design 

Early work on organic systems was aimed at surpassing the low cost amorphous 

silicon based devices (a-Si:H) and involved polythiophenes who’s conjugated 

nature created an extended π structure which could allow for π-π orbital overlap.  

The materials were largely amorphous, making transport dominated by hopping.  

Quickly research moved to thiophene and acene small molecules where more 

ordered crystalline structures could be generated increasing molecular overlap 

and band transport.   It became evident that controlling film morphology was 

essential to increasing mobility.23  Alkyl side chains were found to enhance 

solubility while promoting self organization through side chain interdigitization.  

The result was ordered lamellar stacks of planar materials with increased π-π 

orbital overlap.  Each stack was separated by alkyl side chains, making charge 

transport occur anisotropically along a chain and between chains via π-π 

hopping, with little transport occurring between side chain separated stacks.  To 

maximize this film formation, a self-assembled monolayer (SAM) containing alkyl 

chains was placed at the surface of the dielectric layer.  This SAM helps promote 

molecular self-assembly making the preferred stacking direction be along the 

plane of the dielectric (edge on).24  Annealing was another excellent strategy to 

enhance self-assembly.  The next major breakthrough was to assist in generating 

air stable devices by introducing an electron deficient unit into the conjugated 

backbone to increase its ionization potential.  The result is alternating donor 

acceptor materials.25  These materials have been able to form solution processed 
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films with mobilities >10 cm2/V·s.26  One other method utilized for device design 

is the blend of highly semiconducting small molecules with non conducting 

polymers to assist in film formation.27,28  In addition reducing charge injection 

resistance to and from the semiconductor to the source and drain electrodes will 

help increase device mobility.29 

The newest wave of design features has been the incorporation of 

semiconducting nanoparticles into device films due to their well ordered 

macrostructures.  These high aspect ratio materials can show band transport 

over large distances without requiring the formation of a crystalline film.  The 

family of carbon nanoparticles consisting of Buckyballs, carbon nanotubes and 

graphene (Fig 1.6) have generated the most interest.  Chapters 2 and 3 are 

devoted to this research, focusing on the use of carbon nanotubes.   

 

Figure 1.6:  The three major forms of nanocarbon.  SWCNT image courtesy 

of James Hedberg, licensed under a Creative Commons Attribution-

NonCommercial-ShareAlike 3.0 Unported License. 

SWCNT Graphene Buckyball
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Recognizing the pace that device mobility was increasing, we shifted our 

research focus to the development of OFETs with the advanced functionality of 

being responsive to UV light, providing another method to operate the device. 

This is known as photoconductivity, and a brief background on organic 

phototransistors (OPT) will be given. 

1.8 Phototransistor review 

1.8.1 General photodetectors 

A phototransistor is a subset of a larger group known as photodetectors which 

are semiconductor devices that can detect optical signals through electronic 

processes.1  Two major photodetectors exist, thermal and photon.  Thermal 

detectors detect the change in temperature caused by an incident photon, while 

the latter allows a photon to excite a charge carrier, causing current.  (This thesis 

focuses on the latter).  Photodetectors exploit the photoelectric effect, which 

requires the formula made famous by Einstein 

𝜆 =
ℎ𝑐

Δ𝐸
           [14] 

λ is the photon wavelength, h planks constant, c the speed of light in a vacuum, 

and ΔE the change in energy.  In this report, ΔE is the bandgap energy (Eg) of our 

photoactive material, providing the minimum wavelength for photon absorption to 

occur.  There are three major processes involved in photodetection.  (1) carrier 

generation by an incident photon.  (2) carrier transport and/or multiplication by a 

current-gain mechanism, (3) extraction of carriers at the terminals to provide the 
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output current.  The number of carriers produced per photon is known as the 

Quantum Efficiency (EQE), with the ideal EQE being unity.  However due to gain 

effects, this value can be larger than unity.  EQE is a fundamental parameter for 

solar cells and given by the equation 

 𝐸𝑄𝐸 = 𝜂 =
(𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘)ℎ𝑐

𝑞𝑃𝑖𝑛𝑐𝐴𝜆𝑝𝑒𝑎𝑘
        [15] 

Idark and Ilight are the IDS current in the dark and under illumination, q the 

fundamental unit of charge, Pinc the irradiated lights incident power (W/cm2), A 

the area of the photoactive material and λpeak the peak wavelength of the incident 

light.30  The figures of merit used to identify photodetector based devices were 

developed for two terminal photodiodes and photoconductors (discussed later), 

which have very short channel lengths (nm).  A result of this is that three terminal 

phototransistors which have much larger channel lengths (μm), typically have 

lower figure of merit values than two terminal devices, as electron transport must 

occur over a much larger distance. 

The first figure of merit is the photocurrent/dark current ratio (Pill), which is the 

difference between the current measured in the dark and under illumination, and 

has many parallels to a signal to noise ratio. 

𝑃𝑖𝑙𝑙 =
(𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘)

𝐼𝑑𝑎𝑟𝑘
=

𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
=

𝑠𝑖𝑔𝑛𝑎𝑙

𝑛𝑜𝑖𝑠𝑒
       [16] 
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For a phototransistor, the Pill is very similar to the on/off ratio, except it must be 

calculated at the same VGS both in the dark and under illumination.  The second 

figure of merit is photoresponsivity (R), which determines how much light is 

absorbed compared to how much reaches the device. 

𝑅 =  
𝐼𝑝ℎ

𝑃𝑖𝑛𝑐
=

𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝑃𝑖𝑛𝑐·𝐴
        [17] 

Device gain (G) is directly related to the EQE and photoresponsivity by the 

relation31 

𝑅 = 𝜂 (
𝑞𝜆

ℎ𝑐
) 𝐺          [18] 

In addition to these values, the response time to the photo stimulus as well as the 

time required to return to the off state are extremely important.  No standard 

exists to characterize these response times, but the most commonly used 

method is to model the IDS vs t curve using an exponential or biexponential, and 

quoting the exponential time parameter. 

1.8.2 Photochromic devices 

Photochromic devices are able to utilize a portion of the electromagnetic 

spectrum to generate an electrical response.  This is done by absorption of a 

specific or spectrum of wavelengths.  Most commonly studied is the visible 

spectrum, with IR and UV being the next most common.  The use of two terminal 

and three terminal devices have their individual advantages. Two terminal 

devices are typically fabricated in a vertical stacked sandwich fashion (electrode, 
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photochromic material, electrode) allowing for thinner layers of material.  This 

comes at the price of having the electrodes partially block the incoming photon, 

decreasing device efficiency.  Meanwhile a three terminal device is typically a 

planar structure, utilizing the OFET design.  This allows a large area for 

electromagnetic radiation to encounter the device allowing for increased 

efficiency, but channel lengths are increased. 

Three major types of photochromic devices exist.  An important distinction 

between these devices and solar cells is that these devices detect low power light 

and typically require an external bias.  Meanwhile a solar cell uses higher 

intensity light and converts it to power, requiring no external bias.  The three 

devices are (Fig 1.7); 

1) A Photodiode 

2) A Photoconductor 

3) A Phototransistor. 

A photodiode works by allowing a photon to strike the semiconductive material 

generating an exciton.  This can be separated into an electron hole pair e-/p+, 

with the p+ move toward the anode and e- to the cathode due to the built-in-

electric field.  The device works in reverse bias mode.  The current equals the 

sum of the dark current and the photocurrent, so minimizing dark current is 

important for maximizing sensitivity.32  In a photodiode, the EQE is 1, making the 

photocurrent proportional to the irradiance.  These devices may have a fast 
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response time, but will always be low current devices due to their lack of gain, 

making detection over noise difficult.  An avalanche photodiode can overcome 

this shortcoming, but increases device complexity. 

In a photoconductor either an e- or p+ of an e-/p+ pair becomes deeply trapped.  

Due to the net neutrality of the system, as the untrapped e- or p+ is collected at 

the electrodes, another must be injected into the system to take its place.  This 

will continue until charge recombination occurs.  A result of this is that the device 

can achieve an efficiency over 100% resulting in a gain >> 1.33 

A phototransistor operates as either a photodiode or photoconductor except it 

has the added functionality of a gate.  The application of VGS induces an 

orthogonal electric field which can assist in charge separation, as well as 

positively or negatively affect trapped charge carriers, allowing for a 

phototransistor to experience signal gain. 

 

Figure 1.7:  Cartoon depiction of photogeneration and e-/p+ transport in a (a) 

photodiode, (b) photoconductor, (c) phototransistor.  Note that even though 

it is drawn larger, the distance between terminals in a two terminal device is 

much smaller than in the three terminal device. 
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A general summary of device gain and response times is provided in Table 1.1.  

These values are based on the detection of visible light. The phototransistor falls 

in the middle of all categories, but is more versatile in its use, due to the 

advanced functionality provided by the third terminal.  For this reason, this thesis 

focuses on the use of the phototransistor architecture, to which more detail about 

its operation will be provided. 

Table 1.1 

  Typical values for gain and response time of common photodetectors1 

Photodetector Gain Response Time (s) 

Photodiode 1 10-11 – 10-8 

Avalanche Photodiode 102-104 10-10 

Photoconductor 1-106 10-8 – 10-3 

Phototransistor ≈102 10-6 

 

1.8.3 Phototransistors 

The first phototransistor was introduced into optoelectronics in 1951 by William 

Shockley.34  Since then numerous organic phototransistors (OPT) have been 

used.  A major advantage of them over diode devices is that the device is an 

OFET that also has properties of light detection, photo modulation, and electrical 

field controlled switching functionality.34  A phototransistor can operate in two 

different modes.  For p-type devices, the first mode is if the VGS < VTh to which the 

photovoltaic effect dominates.  The second mode is when the device is in 
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depletion VGS > VTh, to which IDS increases with optical power due to the 

photoconductive effect similar to a photodiode.   The devices in this thesis were 

tested in the first mode, using a VGS = 0 V. 

Like a photoconductor and a photodiode, a phototransistor has an electric field 

from source to drain.  However, it also has the option to generate an electric field 

from the gate.  This third terminal allows one to control the device response to 

incoming photons.  An applied VGS generates an electric field (E) within the 

semiconductor.  This E field can assist in maintaining the separation of e-/p+ pairs 

similar to the Poole-Frenkel effect.35  Therefore in a phototransistor, the applied 

VGS can adjust the sensitivity of the device to an incoming photon.  Just like a 

regular FET, the application of a large enough VGS will allow trapped electrons to 

become free, allowing them to take part in conductivity. 

1.8.4 UV Sensitive organic phototransistors 

Most literature research involving phototransistors has been limited to the visible 

range, with few devices tackling the ultra violet (100 – 400 nm).  Silicon based 

systems have seen tremendous success through the visible range, as well as 

many other inorganic and organic materials, but when we move to the ultra violet 

range, very few organic materials have been used.  Fig 1.8 and Table 1.2 

provide a list of most of the major organic devices sensitive to UV light as well as 

what has quickly become the most famous UV sensitive inorganic system, ZnO.  

ZnO devices have a wide bandgap (Eg = 3.37 eV) and work by allowing adsorbed 
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oxygen molecules on the ZnO surface to capture electrons from the conduction 

band, enhancing resistivity; O2 + e-→O2
-.  When a UV photon generates an e-/p+ 

pair, the p+ neutralizes the chemisorbed oxygen, decreasing the semiconductors 

resistance.  hν→p+ + e-,  O2
- p+→O2.  The result is an increased photocurrent.36  

Meanwhile, the photo-isomerisable diarylethene (DAE), azobenzene, and 

spiropyran devices work by adjusting their highest occupied molecular orbital 

(HOMO) or lowest unoccupied molecular orbital (LUMO) to better match that of 

the electrodes or semiconductive material.  This results in more efficient charge 

transport increasing current.  In addition, these systems must all by mixed with a 

semiconductive polymer to work as a phototransistor.  Only a few devices 

including pentacene, CuPc, 6T and BPTT showed direct UV sensitivity while still 

providing good semiconductivity, but all show a very broad range of photon 

sensitivity, stretching into the visible range.  Only the inorganics such as TiO2 and 

ZnO show sensitivity only in the UV range, leaving a gap in the literature for an 

organic device sensitive only to UV light. 
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Figure 1.8:  Molecular structures of the organic materials used in UV 

photodiodes, photoconductors and phototransistors as well as some 

semiconductors they have been combined with. 
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Table 1.2 

  List of major organic and inorganic phototransistors sensitive to UV light. 

Deposition 

Method 

Semicond

uctor/ UV 

Sensitive 

Material 

Structure 

(Dielectric) 

Mobility 

[cm2/Vs] 

Responsivity (R) 

(Light source, 

Intensity) 

Pill tR 
* Ref 

Vapor BPTT BG/TC(SiO2) 0.082 82 A/W (380 nm, 

1.55 mW/cm2) 

2 x 105 N/A 37 

Vapor CuPc BG/TC(SiO2) 0.02 0.5-2 A/W (365 nm, 

1.55 mW/cm2) 

3 x 103 N/A 38 

Vapor Pentacene BG/TC(SiO2) 0.49 10-50 A/W (365 nm, 

1.55 mW/cm2) 

1.3 x 105 N/A 38 

Vapor Pentacene BG/TC(PMM

A) 

0.01 0.015 A/W (365 nm, 

7 mW/cm2) 

2 x 104 0.1 s 39 

Vapor 6T BG/TC(SiO2) 0.09 1.5-2.4 A/W (365 

nm, 1.55 mW/cm2) 

1.3 x 103 N/A 40 

Vapor Tetracene BG/TC(SiO2) 0.003 N/A A/W (364 nm, 

0.64 mW/cm2) 

3 x 103 N/A 41 
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Vapor Spiro-

DPSP 

BG/BC(SiO2,

HMDS) 

1.3 x 10-6 1 A/W (370 nm, 191 

µW/cm2) 

5 x 102 1.5 s 42 

Vapor Spiro-

DPSP2 

BG/BC(SiO2,

HMDS) 

2.7 x 10-7 0.44 A/W (370 nm, 

64 µW/cm2) 

2.1 x 103 N/A 43 

Vapor Spiro-4P-

CPDT 

BG/BC(SiO2,

HMDS) 

1~2 x 10-4 25 A/W (370 nm, 

2.4 µW/cm2) 

290 N/A 44 

Solution Swa-

OTAD-C60 

BG/BC(SiO2,

HMDS) 

1.8 x 10-6 0.3 A/W (370 nm, 

1.4 µW/cm2) 

115 N/A 45 

Blends P3HT:TiO2 BG/BC(SiO2) N/A NA (370 ~ 590 nm, 

0.2 mW/cm2) 

~103 ~0.2 s 46 

Electrospin ZnO 

nanowire 

2 Terminal N/A 106 A/W (365 nm, 

77.5 µW/cm2) 

106  47 

Thermal 

evaporation 

Zn/O 

nanotetrap

ods 

2 Terminal N/A 0.63 A/W (365 nm, 

1.5 mW/cm2) 

103 4.8 s 31 

Spray coated 

from solution 

N:ZnO 2 Terminal N/A 530 A/W (365 nm, 2 

µW/cm2) 

132 ~1 s 48 

Solution BTBT + 

DAE_Me 

BG/TC(SiO2) 4.3 x 10-3 (365 nm, 0.6 

mW/cm2) 

---- ---- 49 
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Solution BTBT + 

DAE_tBu 

BG/TC(SiO2) 2.1 x 10-1 (365 nm, 0.6 

mW/cm2)  

---- ---- 49 

Solution P3HT + 

DAE_Me 

BG/TC(SiO2) 1.4 x 10-3 (365 nm, 0.6 

mW/cm2) 

---- ---- 50 

Solution P3HT + 

DAE_tBu 

BG/TC(SiO2) 1.9 x 10-3 (365 nm, 0.6 

mW/cm2)  

---- ---- 50 

Vapor Spiro(D2A

2) 

2 Terminal ---- (380 nm  ---- < 400 ns 51 

Vapor DAE_#3 BG/TC(SiO2) 1.0 x 10-5 7.9*10-9 A/W (300-

400 nm 39 mW/cm2) 

75 120 s 52 

Solution PTAA/SP BG/TC(SiO2) 1.8x10-4 N/A (340 nm 0.14 

mW/cm2) 

0.68 1800 s 53 

Solution P3HT/Azo/

AuNP 

BG/BC(SiO2) 1.1x10-3 N/A (365 nm, N/A) 3 >60s 54 

Solution P3HT/DAE

_Meth 

BG/BC(SiO2) 2.0x10-3 N/A (365 nm, 

62μW/cm2) 

11 5 s 50 

Solution P3HT/Sp BG/TC(SiO2) 0.1 N/A (365 nm, 10 

uW/cm2) 

10-2 200 s 55 

*  tR is the rise time, being how quickly the device responds to UV light 

Referring to device structure, BG = bottom gate, BC = bottom contact, TC = top contact,  
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Table 1.2 shows the clear lack of organic UV sensitive phototransistors.  To this 

we explore the use of the UV photosensitive 2,7-dipentyl[1]benzothieno[3,2-b][1] 

benzothiophene (C5-BTBT) (Fig 1.9), which is capable of acting as both a high 

mobility semiconductor and a UV active material.  We explore how the addition of 

small molecules into the semiconductor film can affect the electron trapping and 

detrapping, altering the time required for charge recombination to occur.  These 

systems can have applications in photomemory, logic circuits, UV sensors and 

photoswitches. 

S

S

C5-BTBT
 

Figure 1.9:  2,7-dipentyl[1]benzothieno[3,2-b][1] benzothiophene (C5-BTBT), 

the UV sensitive semiconductor studied in this thesis.   

 

1.9 Outline of thesis chapters 

The thesis is divided into 8 chapters, governed by the theme of generating 

semiconductor blends consisting of a polymeric material and a small molecule or 

nanomaterials to enhance device performance.  Chapters 2, 3, 4, 5, and 7 are a 

reproduction of published works, to which the reader may find some overlap in 

the literature review and methods sections. 
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In Chapter 2 we look at how unsorted single walled carbon nanotubes (SWCNTs) 

can enhance the mobility of an OFET by blending them with a polymeric 

semiconductor.  

Chapter 3 then explores how the charge injection resistance for various metals 

can be reduced when unsorted SWCNT’s are added to the semiconductor film. 

Chapter 4 is an investigation of the UV sensitive properties of C5-BTBT and how 

it can be used in an OFET.  We discover that by blending in a copolymer with an 

azobenzene pendant group, the UV sensitivity of the system can be greatly 

enhanced. 

Chapter 5 looks deeper into the cause of the increased UV sensitivity when an 

azobenzene derivative is added.  This is accomplished by generating 

semiconductor blends of C5-BTBT:PMMA:azobenzene derivative and observing 

the systems transistor properties as well as response and decay times to the UV 

stimulus.  HOMO and LUMO energy levels are determined through cyclic 

voltammetry (CV) as well as density functional theory (DFT) calculations to 

provide an explanation for how the azobenzene additives affect charge transfer.  

Time responsive IDS curves are modelled using a biexponential model. 

Chapter 6 maintains the themes of Chapter 5, but explores additives that are not 

able to isomerize in the solid state (naphthalene and anthracene derivatives).  

The additives are chosen to be either electron rich or electron deficient, which is 

found to affect how long, and how strongly the photogenerated e-/p+ pair can be 
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maintained.   The VGS required for charge recombination is explored and found to 

strongly correlate to how electron rich/deficient the additives are. 

Chapter 7 explores in more detail the phototransistor properties of the most 

successful system consisting of C5-BTBT/PMMA/2Cl-2NO2-Anth.  We look into 

varying the incident light intensity to explore the photosensitivity of the device.  A 

sample of how the system can be used as a sensor device is provided through 

the use of a VGS program. 

Chapter 8 is a conclusions chapter, providing a few examples for future work on 

the subject. 
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Chapter 2 

Using Unsorted Single-Wall Carbon Nanotubes to 

Enhance Mobility of Diketopyrrolopyrrole-

Quarterthiophene Copolymer in Thin-Film Transistors 
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This chapter involves the work published in the following article, additional 

information has been added to the supporting information section.  The major 

contribution of this work is that unsorted SWCNT’s can be blended with a 

semiconductive polymer to enhance device mobility up to an optimal loading.  

Additionally, the method used to prepare the SWCNT’s can have a large impact 

on their performance. 

 

“Using unsorted single-wall carbon nanotubes to enhance mobility of 

diketopyrrolopyrrole-quarterthiophene copolymer in thin-film transistors” 

Reproduced from: Chad S. Smithson, Yiliang Wu, Tony Wigglesworth, and 

Shiping Zhu; Organic Electronics, 2014, 15, 2639-2646. With permission from 

Elsevier. 

DOI:10.1016/j.orgel.2014.07.021 

2.1 Abstract 

Organic thin film transistors (OTFTs) were fabricated for the first time using a 

semiconductor copolymer of diketopyrrolopyrrole-quarterthiophene (DPP-QT) 

and unsorted single walled carbon nanotubes (SWCNTs). Three different 

SWCNTs having different tube diameters, length, and shape were used to 

investigate the effects of carbon nanotubes’ properties on dispersion of the 

SWCNTs in DPP-QT polymer, as well as the mobility and current on/off ratio of 
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the OTFTs. The DPP-QT polymer was able to selectively disperse two types of 

SWCNTs. An optimal SWCNT loading was found to be 1.5–2.5 wt% for these 

SWCNTs, before the on/off ratio fell below 105 due to increased metallic tube 

content of the film. At this optimal loading, the field effect mobility was improved 

by a factor of two, with the maximum mobility reaching 1.3 cm2 V−1 s−1, when the 

SWCNTs with a short length and small tube diameter were used. 

2.2  Preface 

This was the original work performed for this dissertation.  Important data was 

obtained from this research, but it was ultimately determined that the project could 

not compete with the massive number of other research groups and companies 

performing similar research with much larger research budgets and facilities.  With 

all those resources, they are able to advance the field too quickly for us, as we 

found that by the time we were publishing our results, the new advancements were 

already surpassing our results.  For this reason, the research was wrapped up, 2 

publications were obtained from it and the focus of the research was changed to 

adding switchable material into OFETS. 

2.3 Start of journal article:  Introduction 

A major goal for printable electronic devices is the development of organic thin-

film transistors (OTFTs)1,2,3. By replacing the brittle silicon based semiconductor 

with an organic semiconductor material, new opportunities for low-cost, flexible, 

and lightweight electronics exist, since an organic semiconductor could be 
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integrated into large area electronic device via printing techniques in a roll to roll 

manner.4 One of the most challenging aspects to this approach is generating a 

cost effective semiconductor materials with comparable electrical performance to 

amorphous silicon which has a mobility of 0.5–1 cm2 V-1 s-1. Over the past 10 

years, a wealth of research has been published using single walled carbon 

nanotubes (SWCNTs) to generate high mobility films due to their high field effect 

mobility measured to be 79,000 cm2 V-1 s-1 and an intrinsic mobility estimated at 

100,000 cm2 V-1 s-1.5 SWCNTs can be incorporated into the semiconductor layer 

of existing OTFT designs making them an ideal candidate for technology 

development.6 Research into individual SWCNT channels grown by chemical 

vapour deposition (CVD) have been reported,7,8,9,10 but these methods suffer 

from their inability to be scaled to production demands. Success has been made 

depositing filtered films of SWCNTs, but the process still requires multiple steps, 

making it labour intensive.11,12 Due to their tendency to aggregate in solution, a 

film of pure CNTs cannot be solution cast without the aid of a dispersing agent, 

which can affect film preparation and SWCNT performance.13,14,15 It has been 

shown that oxidized or chemically functionalized CNT’s are more easily dispersed 

in solvents than defect free CNT’s.16 However, these methods are not useful for 

semiconductor electronics, because altering the chemical structure of a CNT 

diminishes its semiconductor properties. 

An alternative approach to generating a pure film of SWCNTs is to use SWCNTs 

to enhance the performance of organic semiconductors. Due to their high aspect 
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ratio, a very small amount of SWCNTs can be added to a semiconductor polymer 

film increasing the films overall mobility.17 This approach requires the 

semiconductor to be soluble and able to stabilize a dispersed SWCNT solution.  

Fortunately most semiconductor polymers consist of a conjugated backbone, 

allowing for π–π interaction to help prevent the aggregation of CNTs in solution. 

One of the most studied semiconductors polymers employing this approach is 

poly(3-alkythiophene).18,19,20 Although mobility improvements up to 10 times have 

been reported,21 due to the low mobility of poly(3-alkythiophene), the absolute 

mobility values are still very low, for example less than 0.1 cm2 V-1 s-1. Recently a 

new class of semiconductor, diketopyrrolopyrrole-quarterthiophene copolymer 

with mobility up to 1.0 cm2 V-1 s-1, has been reported. It would be interesting to 

study if the mobility can be further enhanced by using SWCNTs as additive. 

A major challenge with SWCNTs is that when synthesized, they are generated as 

a mixture of approximately 1/3 metallic carbon nanotubes (m-CNT) and 2/3 

semiconducting carbon nanotubes (sc-CNT).9 The presence of metallic tubes is 

detrimental for OTFTs because beyond the percolation threshold they can create 

a conductive pathway essentially short circuiting the device. Additionally they 

have been found to reduce the on/off ratio of OTFTs.12 To avoid the detrimental 

effects caused by m-CNTs, SWCNTs are semiconductor enriched. Three major 

techniques are employed for semiconductor enrichment to separate m-CNTs 

from sc-CNTs. Density gradient ultracentrifugation (DGU) has achieved the best 

purity, but has very small throughput ~1 mg every 48 h.22,23,24,25,26,27,28  Other 
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methods such as column chromatography,29,30 selective oxidation31 or separation 

employing SWCNT selective polymers32,33 offer higher throughput but are still 

well below commercial requirements. Most literature employing SWCNT films 

utilizes these semiconductor enriched SWCNTs.14,34,35,36 The challenge with this 

approach is that the cost to purify these tubes drives the cost of materials so high 

that an amorphous silicon film remains a cheaper option. 

Instead of using high-cost purified SWCNTs we looked into the cheaper 

alternative of using unsorted SWCNTs. The focus of this research was to 

determine if this mixture of metallic and semiconducting tubes could be used as a 

viable option for mobility enhancement of the new semiconductor copolymer of 

diketopyrrolopyrrolequarterthiophene, and if so, what physical properties of the 

unsorted SWCNTs are best for this application.  

2.4 Results and discussion  

2.4.1 Materials 

Three sources of SWCNT were studied in this report, one from Sigma Aldrich 

which will be abbreviated CNT-A, one from BuckyUSA abbreviated CNT-B and 

one from Cheap Tubes abbreviated CNT-C. These sources were chosen 

because these SWCNTs have different tube diameters, length, surface finish, etc. 

Full descriptions of the SWCNTs can be found in Table 2.1. CNT-A has a short 

average tube length and the smallest tube diameter, CNT-B has a shorter tube 

length comparable to CNT-A, but larger variation in tube diameter, while CNT-C 

has the longest tube length of 3–30 μm, and a large tube diameter. In addition 
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they were all prepared using combustion chemical vapour deposition (CCVD) but 

were purified by different methods. 

Table 2.1 

Unsorted SWCNT’s and their properties used in this study 

Sample 

ID 

Diameter 

(nm) 

Length 

(µm) 

Synthesis Method 

and Metal Catalyst 

Cleaning 

Method 

CNT-A 0.7-0.9 0.5 - 2 CoMoCAT® HF (aq) wash 

CNT-B 0.7-2.5 0.5 - 5 HipCo Hydroxyl wash 

CNT-C 1-2 3 - 30 Co Plasma 

purified 

 

The semiconductor diketopyrrolopyrrole-quarterthiophene copolymer (DPP-QT) 

with a reported mobility of 1 cm2V-1s-1,1,2 but an average mobility of 0.6 cm2V-1s-1 

as measured in our lab was chosen to form the bulk of the semiconductor film, as 

this polymer has a high baseline mobility. By dissolving the copolymer in 1,1,2,2-

tetrachloroethane and adding SWCNTs, the SWCNT aggregates could be 

dispersed by using an ultrasonic probe for 2 min. The dispersion of SWCNTs in 

DPP-QT copolymer was then spin coated to generate a semiconductor film and 

further integrated into OTFTs. The dispersion of SWCNTs in the film, as well as 

their effect on electrical performance of OTFTs was examined. 

2.4.2 Dispersion and thin film characterization 

Our previous research into SWCNT dispersions was performed using the 

Poly[5,50-bis(3-dodecyl-2-thienyl)-2,20-bithiophene] (PQT-12) and HipCo 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

44 
 

SWCNTs from BuckyUSA (CNT-B in this study). It has been shown that this 

SWCNT could be dispersed very well in PQT-12 at high carbon nanotube 

loading.37 When the same source SWCNTs were used with the DPP-QT polymer, 

very few SWCNTs could be stabilized in solution. A modest centrifugation for 15 

min at 2050 g appeared to remove almost all the SWCNTs from solution. 

However, SEM images of films cast from DPP-QT and CNT-B revealed areas of 

high CNT aggregation and others with no CNT content (Fig. 2.1). Because most 

of the tubes were centrifuged out of the sample, the SWCNT concentration was 

unknown. All initial SWCNT loading concentrations tested (1–15 wt%), produced 

roughly the same mobility of 0.97 cm2V-1s-1 and on/off ratio of 4 x 107 in OTFTs, 

suggesting a maximum loading of less than 1 wt%. The improvement caused by 

the tubes corresponds to a film mobility improvement of 50%, but did not offer the 

opportunity for further study of SWCNT concentration effects. For this reason we 

looked to other types of SWCNTs and found excellent stabilization of SWCNTs 

when the sources were CNT-A and CNT-C. The dispersion was stable for up to a 

few weeks without forming any agglomeration. Interestingly PQT-12 was unable 

to stabilize these two SWCNTs in any appreciable amount. 

Previous reports have shown that for similar polymers such as the PQT polymer, 

a blue shift and broadening is observed in the Ultraviolet–Visible spectrum (UV–

Vis) due to a π–π interaction caused by the polymer wrapping around the 

CNTs.37,38 Fig. 2.2 provides UV–Vis data with the black line representing a 0.5 

wt% solution of DPP-QT copolymer in 1,1,2,2-tetrachloroethane, while the red 
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and blue curves show the same 0.5 wt% solution with 0.025 wt% CNT-A and 

CNT-C respectively. These CNT values correspond to 5 wt% solids in solution. 

There is no peak shifting or line broadening in the UV-Vis, indicating little 

interaction between the polymer and CNT’s in the solution phase. 

 

Figure 2.1: (a) SEM images of CNT-B spin coated on SiO2 wafer (scale bar 

2μm). (b) DPP-QT film with a maximum loading of CNT-B (scale bar 1 μm). 

 

 

Figure 2.2: Solution UV–Vis spectra. All solutions contain 0.5 wt% DPP-QT 

polymer in 1,1,2,2-tetrachloroethane with DPP-QT/CNT-A containing 5 wt% 

CNT-A by solids and DPP-QT/CNT-C containing 5 wt% CNT-C by solids. 
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Although there is no shifting of the UV–Vis peaks suggesting no significant π–π 

interaction between DPP-QT and CNTs, the copolymer did stabilize the CNTs in 

solution for a minimum of 2 weeks. Fig. 2.3 shows an undiluted UV–Vis sample. 

When no polymer is present to stabilize the CNTs (blue1 line), no distinct features 

are observed and the CNTs can clearly be seen to aggregate within minutes 

suggesting there is little to no CNTs in solution. However, we observe a CNT 

signal for the S22 band with a maximum at 1006 nm corresponding to a 6,5 

chirality,39 a shoulder at 1172 nm corresponding to the 7,6 or 9,2 chirality,40 and 

the S11 band with a maximum at 1447 nm corresponding to the 10,8 chirality,41 

when the DPP-QT polymer was present. It is common practice when working with 

CNTs to centrifuge the aggregates out of solution. To determine if this was 

necessary, samples were probe sonicated at 35% amplitude for 2 min and 

centrifuged at 25,000 g for 30 min. No significant change in peak intensity was 

observed and no visible sign of a precipitate could be observed in the vial, 

indicating no material was removed during centrifugation. For this reason, all 

other samples in this report were not centrifuged. The above results indicated 

that DPP-QT polymer could stabilize these two types of CNTs, but had no 

selectivity in carbon nanotube chirality. 

From the above results it is clear that the CNT-A and CNT-C are being stabilized 

in solution. To investigate their dispersion, we referred to SEM imaging of a 100 

nm spin coated film (Fig. 2.4). Due to the high conductivity of the m-CNTs and 

sc-CNTs, they require no conductive coating and image much more easily than 
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Figure 2.3: UV–Vis spectra of 0.5 wt% DPP-QT polymer in 1,1,2,2-

tetrachloroethane solution with 5 wt% (a) CNT-A and (b) CNT-C of the total 

solutes, before and after centrifuging at 25,000 g for 30 min. The spectra of 

a dispersion of the same amount of SWCNTs without the polymer were also 

included. 

the copolymer. This provides excellent contrast between the CNT’s and 

copolymer. It should be noted that in all the images the bright spots are 

amorphous carbon. To produce a film without polymer present, the CNTs had to 

be spin coated immediately after being probe sonicated. The pure SWCNT films 

(a) and (b) display poor coverage where most of the SWCNTs did not adhere to 

the surface during spin coating. Images (c–f) show well dispersed CNTs 

embedded in the polymer matrix. As expected the CNT density increases with 

increasing CNT loading in the dispersion. Performing a visual count of the CNTs 

in each image, an average CNT density was determined for each CNT wt%. The 

results are summarized in Table 2.2. In contrast, CNT-B was found to have a low 

loading capacity and formed aggregates in the film (Fig. 2.1). This is likely due to 
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the hydroxyl washing used to purify CNT-B which can alter the chemical surface 

of the SWCNTs. 

After observing the excellent dispersion of SWCNT in the film, we looked at how 

these affected film morphology of the polymer. Atomic force microscopy (AFM) 

 

Figure 2.4: SEM images of CNT films cast on OTS modified silicon wafers. 

(a), (c), (e) are CNT-A and (b), (d), (f) are CNT-C. Images (a) and (b) are films 

cast from a freshly sonicated solution containing pure CNTs, while (c–f) are 

films with an indicated CNT content, in a film of DPP-QT copolymer. 

Amorphous carbon impurities can be observed as round bright spots in the 

film. The CNTs were well dispersed with no noticeable aggregates. 

(d) 2 wt% CNT-C

(b) CNT-C

(f) 5 wt% CNT-C

(a) CNT-A

(c) 2 wt% CNT-A

(e) 5 wt% CNT-A
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Table 2.2: 

Average CNT density determined from a visual count of the SEM images 

(average of 4 images for each CNT loading concentration) 

CNT loading 

(wt%) 

CNT-A  

(tubes µm-2) 

CNT-B  

(tubes µm-2) 

CNT-C  

(tubes µm-2) 

2 11.3 Not dispersed 9.2 

5 20.9 Not dispersed 19.6 

 

images of the pure DPP-QT film reveal polycrystalline domains of approximately 

0.2-1 μm in size. These organized domains are important for achieving high 

mobility devices. However, as the SWCNTs were introduced, there is a 

noticeable decrease in the polycrystalline domain size of the polymer. At 5 wt% 

CNT content, the polycrystalline domains have been reduced to the nanoscale 

(Fig. 2.5). There are two major ways the CNTs were thought to interact with the 

polymer. The average radius of a SWCNT is 1 nm, allowing it to insert itself 

between two layers of a crystalline polymer. If this were to occur, the average d-

space between the polymer chains would change, creating a shift in the XRD 

signal. The other option is that the CNTs would completely interrupt the 

crystalline packing of the polymer, reducing the size of the polycrystalline 

domains. This is confirmed by the lack of shifting in the XRD spectra seen in Fig. 

2.6. The peak at 5.26⁰ corresponds to the interlayer spacing of the polymer 

(between side chains).1 The intensity of the peaks cannot be used as a measure 

of polycrystallinity due to the low angle required during sample collection 
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generating a large amount of background noise. The observation is consistent 

with previous reports on systems containing CNTs and other semiconductor 

polymers.4,37 

 

Figure 2.5: AFM images (scan area: 10 μm x 10 μm) of films cast on OTS 

modified wafers. All films are primarily composed of DPP-QT polymer with 

varying CNT contents. The images correspond to (b) 0 wt%, (c) 2 wt%, and 

(d) 5 wt% CNT-A, respectively; (e) 2 wt% and (f) 5 wt% CNT-C, respectively. 

Polymer crystal domains are seen to shrink in size with increasing CNT 

content demonstrating the interruption of the CNTs have on the polymer 

crystal packing. 

(b) 0 wt% CNT

(e) 2 wt% CNT-C (f) 5 wt% CNT-C

(c) 2 wt% CNT-A (d) 5 wt% CNT-A

(a)
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Figure 2.6: XRD of the DPP-QT/CNT-A film shows no interaction of CNTs 

with polymer crystals. No shifting of the main peak suggesting the CNTs 

are not being inserted between polymer layers, but are interrupting the 

packing of the crystal network, causing smaller crystal domains. 

 

2.4.3 Electronic characteristics 

OTFT devices were fabricated using varying concentrations of CNT-A and CNT-

C. Fig. 2.7 provides a typical set of data for the ISD vs VSG transfer curves. With 

increasing CNT concentration, a noticeable decrease in the on/off ratio is 

observed. This is consistent with other literature findings and is largely due to the 

high metallic CNT content of the sample.12,42 Additionally we observe a reduced 

turn on voltage corresponding to a shifted threshold voltage (VTh) when the 

SWCNT concentration is increased. This is due to a reduced charge injection 

resistance caused by the SWCNTs. Results of this were further explored using 3 
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different metal electrodes (Au, Cu, Al) where the results are summarized in our 

previous article.43 

To determine an optimal loading of the unsorted SWCNTs, a series of SWCNT 

concentrations was measured from 0 to 5 wt%. All data points are a statistical 

average with a minimum of 8 data points measured for each concentration. Error 

bars are given for one standard deviation. Referring to Fig. 2.8, it is clear that the 

addition of unsorted SWCNTs has an enhancing effect on the mobility of the 

DPP-QT/SWCNT film. Despite their interruption of the polycrystalline domains in 

the film, an increase in mobility is still observed when SWCNT’s are added to the 

film. Both CNT-A and CNT-C show an increase in mobility reaching a maximum 

at 2.5 and 2.0 wt%, respectively. The decrease preceding these maximum is 

caused by the onset of percolation of the m-SWCNTs. The increasing addition of 

m-SWCNTs has a nearly exponential decrease in the on/off ratio of the film. At 5 

wt% SWCNT, the film has nearly reached the percolation limit, providing 

pathways from source to drain consisting primarily of m-SWCNTs generating a 

short circuited device. Interestingly, reports of films formed from pure SWCNT 

films hit the percolation limit at a smaller SWCNT density of only 3 CNTs/μm2 as 

opposed to the 20 tubes/μm2 required in this report. From this we can conclude 

that the separation between SWCNTs caused by the polymeric matrix allows for 

a larger loading of unsorted SWCNTs before percolation is achieved.44 For 

commercial use, these devices require a minimum on/off limit of 105, which sets 

an upper limit to how many unsorted SWCNTs can be added. For these two CNT 
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sources, the average mobility with a current on/off ratio over 105 was 1.1 and 

0.72 cm2 V-1 s-1, corresponding to an optimal loading concentration of 2.5 wt% 

and 1.5 wt% for CNT-A and CNT-C, respectively. The maximum mobility for DPP-

QT/CNT-A composition was up to 1.3 cm2 V-1 s-1. The loading of CNT-A is larger 

than CNT-C likely because the CNT-A tubes have a shorter tube length and a 

higher aspect ratio. These results show that although both CNT types can be 

dispersed in the polymer matrix at variable concentrations, their mobility 

enhancement is different. CNT-C has a large decrease in on/off ratio even at low 

concentrations, showing that long tubes allow percolation of m-SWCNTs faster 

than short tubes. The impact of the long m-SWCNTs is so detrimental to device 

performance that CNT-C has almost no positive impact on electrical 

performance. Therefore we conclude that if one is to use unsorted SWCNTs for 

mobility enhancement, shorter CNTs are ideal because m-SWCNT percolation 

occurs at higher concentrations. Another consequence of the addition of unsorted 

SWCNTs is the shift of the threshold voltage. The DPP-QT polymer has an 

average threshold voltage around -4.0 V. Upon addition of CNTs, the threshold 

voltages shifted to 6.4 and 6.6 V at 0.5 wt% CNT loading, and subsequently 

stabilized at around 8.0 and 7.0 V at a higher loading for CNT-A and CNT-C, 

respectively. Although the threshold voltage shift has a negative impact on the 

DPP-QT polymer, it could be useful for other semiconductor devices that have a 

large negative threshold voltages45,46,47 to shift the value close to 0 V. The 

increased threshold voltage also caused the subthreshold slope to decrease from  
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Figure 2.7: Transfer curves for the DPP-QT polymer with various amounts 

of CNT-A (a) and CNT-C (b) added by wt% to the film. 

 

Figure 2.8: Mobility and on/off ratio for DPP-QT/CNT-A blend (a) and DPP-

QT/CNT-C blend (b). A maximum mobility was obtained at 2.5 and 2.0 wt% 

CNT for these two films. The on/off ratio was found to decrease in an 

exponential fashion corresponding to increasing CNT concentration. The 

error bars represent the spread of data, with the data points being an 

average value. 
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0.67 dec/V for the pure DPP-QT device to about 0.2 dec/V the DPP-QT/CNT 

devices having the maximum mobility values. 

2.5. Conclusion 

We have demonstrated that three types of unsorted SWCNTs can be stabilized 

by the DPP-QT polymer in a 1,1,2,2-tetrachloroethane solution. The CNT-B 

source was found to have a low loading capacity, likely due to the hydroxyl 

washing used to purify the tubes. CNT-A and CNT-C which are not chemically 

altered during purification were easily dispersed and stabilized by the DPP-QT 

copolymer. Morphologies of the films showed that the CNT-A and CNT-C were 

evenly dispersed in the DPP-QT with no large aggregates, while CNT-B formed 

large aggregated clusters in the film. AFM and XRD measurements indicated that 

the CNTs interrupt the polycrystalline domains. Smaller polycrystalline domains 

were observed at higher CNT concentrations. The commercial source of 

SWCNTs which relates back to SWCNT length, thickness, and cleaning methods, 

plays an important role in the interaction of the SWCNT with the semiconductor 

polymer. These dispersions can be spin coated into films on an OTS modified 

silicon wafer and annealed at 140 ⁰C to form semiconductor films for OTFTs. The 

addition of unsorted SWCNTs, consisting of a mixture of approximately 2/3 sc-

SWCNT and 1/3 m-SWCNTs, allowed for mobility enhancement. Maximum 

loading concentrations for CNT-A and CNT-C were found to be 2.5 wt% and 1.5 

wt%, respectively, beyond which the on/off ratio falls below 105. The CNTs (CNT-

C) with relatively longer length reach percolation at a lower concentration, 
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causing a quick reduction of the on/off ratio. CNT-A with the relatively shorter 

length and smaller tube diameter provide the greatest mobility enhancement, 

approximately doubling the mobility of the pure DPP-QT polymer device. 

2.6. Experimental section 

2.6.1. Materials and general methods 

All solvents were reagent grade purchased from Sigma Aldrich and used as 

received. CNT-A was purchased from Sigma Aldrich (704,148) (6,5) chirality, 

carbon >90%, 77% (carbon as SWCNT), 0.7-0.9 nm diameter, 0.5-2 μm length; 

CNT-B was obtained from Bucky USA BU-203-OH Hydroxy 95 wt%, 0.7-2.5 nm 

diameter, 0.5–5 μm length; and CNT-C was purchased from Cheap Tubes (SKU-

0111) SW/DWCNTs, >99 wt%, 1-2 nm diameter, 3-30 μm length. 

DPP-QT was synthesized following the procedure reported by Choi et al.2 

Diketopyrrolopyrrole-quaterthiophene copolymer (DPP-QT) (0.02 g) was 

dissolved in 1,1,2,2-tetrachlorethane (3.98 g) for 2 h at 80 ⁰C in the absence of 

light to form a 0.5 wt% solution. 1.5 mg, of SWCNTs was added to 5.699 g of 0.5 

wt% DPP-QT solution. The solution was immersed in an ice bath and probe 

sonicated on a Branson Digital Sonifier-450 (400 W) at 35% amplitude for 2 min. 

The resultant solution was a 0.5 wt% solution with a 5 wt% CNT concentration 

with respect to the polymer weight. All subsequent solutions were created via 

dilution by adding additional 0.5 wt% DPP-QT solution. For DPP-QT/CNT-B 

composition, the resultant dark green solution was centrifuged at 2054 g for 15 
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min and the supernatant collected. The resultant solution was a 0.5 wt% DPP-QT 

polymer with an unknown CNT concentration. 

For SEM, samples were imaged in their native condition (no conductive coating 

applied) using a Hitachi SU-8000 field emission scanning electron microscope 

(SEM) operating in deceleration mode with a landing voltage of 700 V. A Park 

Systems XE-100 AFM operated in dynamic force mode was used to obtain AFM 

images. A cantilever with a nominal spring constant of 40 N/m, a resonant 

frequency of 300 kHz and a probe having a radius of 10 nm was used. Each 

sample had 2-3 spots imaged at each scan size with the most representative 

image presented in this report. UV-Visible spectra were collected on a Varian 

Cary UV-Vis-IR Spectrometer. Data in the 325-1150 nm range was collected 

using a 1 cm cell with a solution diluted to 0.004 wt% DPP-QT. Data in the 800-

2000 nm range was collected using a 1 mm cell and an undiluted sample with an 

undiluted DPP-QT background used for the 0 g and 25,000 g samples. X-ray 

diffractions (XRD) were obtained using a Co source (D8 Discover) knife edge 

experiment, 1⁰ incidence, 19.934 cm detector distance, 2 h collection time.  

2.6.2. OTFT fabrication and evaluation 

All fabrication and characterization of organic thin-film transistor devices (OTFTs) 

was done under ambient conditions taking precautions to isolate the material and 

device from light, but no precautions were taken to isolate the material or device 

from exposure to air or moisture. Bottom-gate TFT devices were built on n-doped 

silicon wafer as the gate electrode with a 110 nm thermal silicon oxide (SiO2) as 
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the dielectric layer. The SiO2 surface was plasma cleaned for 2 min. The wafer 

was subsequently rinsed with H2O than isopropanol and dried with an air stream. 

The SiO2 surface was modified with octyltrichlorosilane (OTS-8) by immersing a 

cleaned silicon wafer substrate in 0.1 M OTS-8 in toluene at 60 ⁰C for 20 min. 

The wafer was subsequently rinsed with toluene and isopropanol and dried with 

an air stream. The semiconductor layer was deposited onto the OTS-8-modified 

SiO2 layer by coating one of the above prepared solutions and allowing it to sit on 

the wafer for 2 min, then spin coating with a 2 s ramp time, at 2000 rpm for 120 s. 

The sample was vacuum dried at 70 ⁰C for 30 min and annealed at 140 ⁰C for 40 

min, and allowed to return to room temperature under vacuum. Subsequently, the 

gold source and drain electrodes were deposited by vacuum evaporation through 

a shadow mask with a channel length (L) of 90 μm and a width (W) of 1 mm. 

From IDS-VGS measurements, the mobility was extracted from the saturated 

regime using the following equation (VDS > VGS): 

IDS = μCi(W/2L)(VGS – VTh)2, where IDS is the drain current, Ci is the capacitance 

per unit area of the gate dielectric layer, VGS and VTh are the gate voltage and 

threshold voltage, respectively.  

 

2.7  Supporting information 

2.7.1 Additional information about SWCNT 
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Pure SWCNT’s have a measured field effect mobility of 79,000 cm2V-1s-1 and an 

intrinsic mobility estimated at 100,000 cm2V-1s-1.5  Multiple methods exist for the 

generation of SWCNT’s including chemical vapour deposition (CVD) laser ablation 

and a high pressure carbon monoxide process (HiPCo).  All methods result in a 

mixture of semiconducting (sc-SWCNT) and metallic nanotubes (m-SWCNT) in a 

ratio of approximately 2/3, 1/3 respectively.  The semiconducting vs metallic nature 

of the tubes is a result of the chirality or wrapping vector of the SWCNT, which is 

defined by the equation Ch = na1 + ma2, where a1 and a2 are the lattice basis vectors 

separated by 60° and the indices (n,m) are positive integers with n ≥ m ≥ 0.48  If n 

- m is a multiple of 3, the tube is metallic, otherwise it is semiconducting (Fig S2.1).  

All multilayer carbon nanotubes (MWCNT) are metallic, so it is important to only 

use SWCNT in OFETs. 

 

Figure S2.1:  (a) Representation of the structure of graphene. (b) An 

example of how a graphene sheet can be folded into a SWCNT with the m,n 

translation vectors shown.  (c), (d), (e), (f), Examples of SWCNTs that can be 

generated, all of which are semiconducting. Image reproduced with 

permission from Springer.48 

a) b)

c)

d)

e)

f)
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The separation of m-SWCNT from sc-SWCNTs (known as semiconductor 

enrichment) is a heavily researched area, but to date no industrially feasible 

method has yet been achieved.  Since its publication, some important 

improvements to the methods mentioned in the paper are an improved column 

chromatography method utilizing non ionic surfactants able to produce a 90-95% 

pure sc-SWCNT solution,49 and separation employing a 9-9,dialkylfluorene 

homopolymer with SWCNT selective properties.50  Of these methods, I personally 

believe the use of SWCNT selective polymers has the highest potential to be 

industrially feasible.  The reason for this is that they are able to wrap around a 

SWCNT, where the polymer backbone/side chains can be altered to match a 

specific SWCNT tube chirality to selectively remove one chirality of tube from the 

rest of the batch.  Filtering the sample can lead to a solution consisting of polymeric 

material wrapped around one single SWCNT chirality tube.  This can be re-

dissolved in a different solvent that will cause the polymer to release the tube, to 

which the polymer and tubes can then be easily separated. 

2.7.2 SWCNT dispersion 

One of the most important parameters of the DPP-QT polymer used, is that it is 

able to stabilize the SWCNTs in solution for an extended period of time.  Natively, 

SWCNT’s cluster together forming insoluble aggregates.  By using a probe 

sonicator, a solution of SWCNTs can be separated from each other.  Fig S2.2 

provides SEM images of two samples of probe sonicated SWCNTs.  Without a 
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polymer to disperse the tubes, they will begin to re-aggregate immediately, 

reforming the insoluble aggregates, making solution processing nearly 

impossible.  However, with 0.5 wt% DPP-QT dissolved in solution, the tubes will 

remained dispersed for at least 2 weeks. 

 

Figure S2.2:  SEM images of SWCNT films after 2 minutes of probe 

sonication and left to sit 1 hour before being spin coated. (a) Without a 

polymer the SWCNTs aggregate. (b) In the presence of the DPP-QT 

polymer, the SWCNTs remain dispersed. 
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2.7.3 Depiction of transistor device  

 

Figure S2.3: OFET design used to test devices, the semiconductive polymer 

DPP-QT and a hypothetical SWCNT used to make the semiconductor layer.  

SWCNT image courtesy of James Hedberg, licensed under a Creative 

Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. 
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2.7.4 Additional SEM images 

 

Figure S2.4: Extra SEM images of semiconductor films. 
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2.7.5 Additional AFM images 

 

Figure S2.5:  Extra AFM images of semiconductor films. 
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2.7.6 Electrical characterization 

 

Figure S2.6: DPP-QT/ CNT-B at various SWCNT wt%. (a), mobility vs 

SWCNT loading, (b) transfer curves. 

Table S2.1 

Electrical characterization data for the three systems studies at various 

SWCNT loadings. 
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2.8 Appendix 

Table A2.1 

Mobility and on/off data gathered during device testing for DPP-QT 

Mobil

ity On/off 

Mobil 

ity On/off 

Mobi 

lity On/off 

Mobil

ity On/off 

0.40 4.98E+06 0.37 9.38E+06 0.78 8.26E+06 0.44 1.68E+07 

0.37 4.03E+06 0.37 9.38E+06 0.67 8.66E+06 0.51 7.06E+06 

0.44 5.48E+06 0.40 2.64E+07 0.67 9.33E+06 0.55 8.74E+06 

0.41 5.38E+06 0.44 3.89E+07 0.63 7.81E+06 0.55 8.32E+06 

0.75 6.84E+06 0.45 1.06E+07 0.66 7.24E+06 0.61 8.85E+06 

0.73 9.77E+06 0.60 9.32E+06 0.56 4.73E+06 0.61 8.55E+06 

0.65 8.05E+06 0.59 9.88E+06 0.54 9.71E+06 0.59 2.55E+07 

0.72 1.17E+07 0.61 1.04E+07 0.60 1.05E+07 0.52 9.25E+06 

0.71 9.61E+06 0.66 7.58E+06 0.61 1.34E+07 0.97 8.87E+06 

0.73 1.11E+07 0.65 8.04E+06 0.56 8.30E+06 0.72 1.53E+07 

0.78 9.34E+06 0.61 7.56E+06 0.59 9.86E+06   
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Table A2.2 

Mobility and on/off data gathered during device testing for DPP-QT with 

various loadings of CNT-A 

DPP-QT / CNT-A 

99.5 / 0.5 wt% 

DPP-QT / CNT-A 

99 / 1 wt% 

DPP-QT / CNT-A 

98.5 / 1.5 wt% 

DPP-QT / CNT-A 

98 / 2 wt% 

Mobil

ity On/off 

Mobi

lity On/off 

Mobil

ity On/off 

Mobil

ity On/off 

0.53 9.33E+06 0.72 9.58E+06 0.98 4.50E+05 0.87 1.28E+05 

1.01 3.62E+07 0.68 1.62E+07 0.82 4.73E+05 1.02 9.76E+05 

0.84 1.08E+07 1.07 6.27E+06 0.84 5.02E+05 1.00 2.87E+05 

0.78 5.99E+06 0.83 1.49E+07 0.92 3.06E+05 0.97 1.51E+05 

0.65 8.87E+06 0.86 1.95E+06 0.99 3.85E+05 0.82 4.55E+04 

0.87 2.66E+06 0.79 4.53E+06 0.81 5.10E+05 0.98 1.36E+05 

0.89 4.79E+06 0.94 1.44E+06 0.95 4.68E+05 1.06 1.53E+05 

0.74 3.03E+06 1.01 9.64E+05 0.82 4.86E+05 0.98 4.10E+05 

0.88 1.21E+06 0.75 6.71E+06   1.25 6.25E+04 

0.90 1.66E+07 1.02 1.18E+06   0.96 2.02E+05 

0.70 4.66E+06 0.75 9.42E+05   0.86 1.60E+04 

0.72 4.31E+06 0.62 2.32E+06   1.06 1.60E+04 

0.73 3.19E+06 1.00 4.96E+05     

  0.88 4.01E+05     

  0.92 2.48E+05     

  0.70 2.23E+05     
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Table A2.2 Continued 

DPP-QT / CNT-A 

97.5 / 2.5 wt% 

DPP-QT / CNT-A 

97 / 3 wt% 

DPP-QT / CNT-A 

96 / 4 wt% 

DPP-QT / CNT-A 

95 / 5 wt% 

Mobil

ity On/off 

Mobi

lity On/off 

Mobili

ty On/off 

Mobil

ity On/off 

1.38 1.12E+05 1.19 1.36E+04 0.85 8.89E+02 0.59 2.02E+01 

0.98 1.98E+05 0.89 4.09E+03 0.86 1.16E+03 0.50 1.53E+01 

1.21 1.36E+05 1.03 7.20E+03 1.01 6.22E+02 0.63 2.31E+01 

1.16 6.55E+04 0.89 4.05E+03 1.15 1.02E+03 0.54 1.68E+01 

0.86 1.59E+03 1.37 6.67E+03 0.94 1.36E+03 0.65 1.90E+01 

1.01 1.87E+03 0.97 3.77E+03 1.02 9.62E+02 0.72 2.10E+01 

1.11 2.20E+03 0.86 2.34E+03 1.14 1.21E+03 0.68 1.18E+01 

1.37 1.28E+03 1.12 2.05E+03 1.07 1.50E+03 0.68 1.64E+01 

1.26 2.60E+05 1.23 1.49E+05 0.80 2.91E+03   

0.97 9.28E+04 1.09 4.52E+04 0.93 2.67E+03   

0.94 1.00E+05 1.21 6.04E+04 0.80 2.81E+03   

0.96 1.62E+05 1.10 6.40E+04 0.99 2.20E+03   

  0.97 8.95E+04 1.22 1.30E+03   

  1.00 3.95E+04 1.02 1.83E+03   

  1.42 5.27E+04 1.12 1.87E+03   

  1.10 3.55E+04 1.34 3.30E+03   

  



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

69 
 

Table A2.3 

Mobility and on/off data gathered during device testing for DPP-QT with 

various loadings of CNT-B, no wt% given as it could not be determined 

Mobil

ity On/off 

Mobi

lity On/off 

Mobili

ty On/off 

Mobil

ity On/off 

0.88 1.18E+06 0.98 2.62E+08 0.76 1.18E+07 0.95 3.20E+07 

0.85 2.70E+05 0.95 3.20E+07 0.76 1.38E+07 0.94 6.99E+06 

0.95 5.19E+05 0.94 6.99E+06 0.74 1.32E+07 1.15 2.89E+07 

0.93 1.21E+06 1.15 2.89E+07 1.13 4.92E+06 0.72 9.45E+06 

0.78 1.00E+07 0.72 9.45E+06 1.13 3.24E+06 0.66 9.99E+06 

0.84 1.19E+07 0.66 9.99E+06 1.39 1.77E+06 0.76 1.04E+07 

0.73 1.33E+07 0.76 1.04E+07 1.28 5.18E+05 0.86 1.53E+07 

0.69 1.00E+07 0.86 1.53E+07 1.55 5.79E+06 1.00 7.52E+06 

1.55 5.79E+06 1.00 7.52E+06 1.08 5.39E+06 0.95 3.76E+08 

1.08 5.39E+06 0.95 3.76E+08 1.50 2.61E+06 0.82 1.05E+08 

1.50 2.61E+06 0.82 1.05E+08 1.18 3.49E+05 0.89 7.69E+06 

1.18 3.49E+05 0.89 7.69E+06 0.98 2.62E+08   
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Table A2.4 

Mobility and on/off data gathered during device testing for DPP-QT with 

various loadings of CNT-C 

DPP-QT / CNT-C 

99.5 / 0.5 wt% 

DPP-QT / CNT-C 

99 / 1 wt% 

DPP-QT / CNT-C 

98.5 / 1.5 wt% 

DPP-QT / CNT-C 

98 / 2 wt% 

Mobil

ity On/off 

Mobi

lity On/off 

Mobili

ty On/off 

Mobil

ity On/off 

0.52 5.65E+06 0.72 2.97E+06 0.76 5.53E+04 0.72 1.04E+04 

0.44 7.33E+06 0.76 1.48E+06 0.71 5.66E+04 0.64 3.79E+04 

0.69 4.15E+07 0.63 1.29E+06 0.69 2.75E+04 0.62 1.48E+04 

0.64 3.17E+06 0.72 8.52E+05 0.70 6.05E+04 0.75 1.61E+04 

0.49 1.00E+07 0.60 8.06E+05 0.69 2.23E+05 0.88 2.24E+04 

0.53 4.09E+07 0.69 1.19E+05 0.72 1.21E+05 0.76 1.12E+04 

0.52 4.81E+06 0.63 2.37E+05 0.72 2.53E+04 0.59 2.62E+04 

0.55 8.11E+06 0.62 2.44E+05 0.65 5.97E+04 0.81 1.35E+04 

 

DPP-QT / CNT-C 

97.5 / 2.5 wt% 

DPP-QT / CNT-C 

97 / 3 wt% 

DPP-QT / CNT-C 

96 / 4 wt% 

Mobility On/off Mobility On/off Mobility On/off 

0.67 4.98E+03 0.42 1.05E+03 0.49 4.45E+02 

0.55 2.22E+03 0.61 1.16E+03 0.52 3.73E+02 

0.60 1.11E+04 0.59 2.34E+03 0.49 1.51E+02 

0.63 4.92E+03 0.55 1.81E+03 0.59 2.09E+02 

0.61 5.40E+03 0.56 2.33E+03 0.44 4.70E+02 

0.74 3.09E+03 0.47 2.61E+03 0.43 5.91E+02 

0.68 2.67E+03 0.53 1.04E+03 0.49 3.74E+02 

0.70 3.24E+03 0.53 1.05E+03   
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Chapter 3 

Unsorted Single Walled Carbon Nanotubes Enabled the 

Fabrication of High Performance Organic Thin Film 

Transistors With Low Cost Metal Electrodes 
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This chapter involves the work published in the following article, additional 

information has been added to the supporting information as well as tables of 

data as an appendix.  The major contribution of this work is that we have shown 

that unsorted single walled carbon nanotubes can assist in reducing the charge 

injection resistance of metal electrodes who’s work function does not closely 

match the highest occupied molecular orbital of the semiconductor. 

“Unsorted single walled carbon nanotubes enabled the fabrication of high 

performance organic thin film transistors with low cost metal electrodes” 

Reproduced from: Chad S. Smithson, Yiliang Wu, Tony Wigglesworth, and 

Shiping Zhu; Chem. Commun., 2013, 49, 8791-8793. With permission from The 

Royal Society of Chemistry. 

DOI: 10.1039/C3CC43920H 

3.1 Abstract 

Transistors with a diketopyrrolopyrrole-quarterthiophene (DPP-QT) polymer and 

low-cost Al or Cu electrodes were studied. Albeit a large charge injection 

resistance exists between DPP-QT and Al or Cu, the resistance was dramatically 

reduced when unsorted single walled carbon nanotubes (SWCNTs) were 

blended into the DPP-QT film. This led to a high mobility of 0.64 and 1.1 cm2 V-1 

s-1, respectively, for Al and Cu devices, which is similar or even better than the 

device using gold electrodes (0.78 cm2 V-1 s-1). 
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3.2 Start of paper 

Organic thin-film transistors (OTFTs) have attracted extensive research interest 

in the past decade, as they are promising candidates for low-cost, flexible 

circuitry in applications such as e-paper, plastic displays, radio frequency 

identification tags, and large area photonics.1 A significant amount of effort has 

been devoted in recent years to improve the performance of OTFTs, mainly 

through new semiconductor design2,3 and optimization of semiconductor film 

morphology and semiconductor/dielectric interfaces.4,5,6 Many different small 

molecules and polymers are used in the semiconductive layer, with the preferred 

structure being highly conjugated to facilitate strong π-π stacking. This stacking 

allows for excellent charge transfer through the π-electron overlap to produce a 

high charge carrier mobility. However, the choice of electrode materials is limited 

to matching the HOMO level of the semiconductor to the work function of the 

source and drain electrodes to reduce charge injection resistance. For p-type 

semiconductors, expensive Au having a work function of 5.1 eV is the most 

commonly used electrode. Low-cost metals such as Cu and Al are rarely used 

due to a large charge injection barrier and significantly lower performance. 

An attractive alternative to polymer semiconductors for field-effect transistors 

(FET) is single walled carbon nanotubes (SWCNTs), due to their near perfect 

conjugated network with no dangling bonds. In 1998 the first SWCNT FET was 

created using a single SWCNT as the semiconducting channel.7,8 Since then a 
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host of research studies on CNT devices consisting of pure SWCNT channels 

have been performed.9 These devices exhibit a Schottky barrier to 

conduction.10,11 For p-type devices this barrier can be reduced by matching the 

Fermi level of the source/drain metal to the valence band of the SWCNT. It has 

been found that a larger diameter SWCNT channel and a Pd electrode have 

nearly no Schottky barrier,12 providing nearly ballistic transport.13 Additionally, 

one dimensional electrostatic effects around CNTs promote charge carrier 

tunnelling across the contact Schottky barriers allowing for more efficient charge 

injection.14 This makes SWCNTs an extremely attractive alternative to Si based 

devices, unfortunately there is no cost effective method to generate a pure CNT 

channel. An alternative method to utilize their excellent charge injection 

properties has been to incorporate SWCNTs into the electrodes of small 

molecule transistors such as pentacene15 and copper 

hexadecafluorophthalocyanine (FCuPc).16 These devices have been shown to 

exhibit one order of magnitude decrease in charge injection resistance.15 

However this technique again requires difficult fabrication to incorporate 

SWCNTs into the electrodes. A third more feasible option is to disperse CNTs 

within a polymeric matrix forming the semiconducting layer. This approach has 

been popularized by dispersing high cost purified and sorted SWCNTs.17,18,19,20 A 

problem with this is that SWCNTs are generally produced in a 2:1 

semiconducting:metallic ratio and the cost to separate the metallic from 

semiconducting CNTs is very high. Research groups typically avoid using 
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unsorted SWCNTs because if too many metallic SWCNTs are incorporated into 

the film a percolation network is generated creating a short circuit. However, at 

concentrations below the percolation threshold, SWCNTs can be incorporated to 

help reduce charge injection resistance into the polymer matrix as well as 

enhance charge transport of the film. 

In this communication we used the diketopyrrolopyrrolequarterthiophene 

copolymer2,3 (DPP-QT) (Fig. 3.1) with a HOMO of -5.2 eV and three different 

electrode metals Au, Cu and Al with work functions of -5.1 eV, -4.8 eV, and -4.3 

eV, respectively. Films with and without SWCNTs (HOMO –(5.05-4.8 eV))1 were 

generated and their mobility and charge injection characteristics were 

investigated. We show that by using SWCNTs to reduce the charge injection 

barrier for low work function metals such as Cu and Al, the mobility of the film can 

be dramatically increased to be similar or better than Au. Our method provides a 

very simple and cost effective way to enhance the performance of OTFTs 

through the use of a small amount of unsorted SWCNTs. 

A 0.5 wt% DPP-QT in 1,1,2,2-tetrachloroethane solution was first prepared. A 

dispersion of 2 wt% SWCNT with respect to the total weight of DPP-QT and 

SWCNT was prepared by probe sonicating the SWCNTs in the above 0.5 wt% 

DPP-QT solution, resulting in a very stable DPP-QT/SWCNT dispersion. The  

concentration of SWCNTs in the dispersion is approximately 0.01 wt%. Both the 

DPP-QT solution and the DPP-QT/SWCNT dispersion were spin coated onto an 

octyltrichlorosilane (OTS-8) modified silicon wafer with a 200 nm SiO2 layer, 
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Figure 3.1: The diketopyrrolopyrrole-quarterthiophene copolymer (DPP-QT). 

 

yielding an ~30 nm semiconductor layer. Electrodes were deposited using a 

shadow mask, except for channel lengths below 40 μm, which were formed using 

a 20 μm wire. After fabrication, devices were stored under vacuum in the dark, 

and measured in air within 2 hours of being removed from vacuum.  

AFM and SEM images confirm that the SWCNTs are well dispersed in the film. 

Fig. 3.2(a) and (b) show SEM images of the DPP-QT film with and without 

SWCNTs. The SWCNTs are clearly observed and are randomly dispersed in the 

film. The AFM images (Fig. 3.2(c) and (d)) reveal that the polymer forms 

polycrystalline domains. With the addition of 2 wt% SWCNTs, the polymer still 

forms polycrystalline domains, with the number of domains seen to reduce 

showing that the SWCNTs interrupt the packing of the polymer. 
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Figure 3.2: (a) and (b) SEM images of the semiconducting films. (a) A pure 

DPP-QT polymer, showing some crystalline domains of the polymer. (b) 2 

wt% SWCNTs dispersed in the DPP-QT polymer. The tubes are clearly 

observed and are randomly oriented. (c) and (d) AFM images of the 

semiconducting films. (c)   DPP-QT polymer, the polycrystalline domains of 

the material are clearly visible. (d) 2 wt% SWCNTs dispersed in the DPP-QT 

polymer. Fewer polycrystalline domains are observed indicating that the 

SWCNTs disrupt the formation of polycrystalline domains. 

To calculate mobility the following formula was used: 

IDS = μCi(W/2L)(VGS – VTh)2 

where IDS is the drain current, VGS is the gate voltage, VTh is the threshold 

voltage, μ is the mobility of the film, W and L are, respectively, the width and 

length of the transistor, and Ci is the capacitance per unit area of the dielectric 

layer. The HOMO of the DPP-QT polymer is -5.2 eV,2 and is therefore expected 

(b) 2 wt% CNT (d) 2 wt% CNT

(c) 0 wt% CNT(a) 0 wt% CNT
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to have the highest mobility with Au electrodes because Au’s work function most 

closely matches the HOMO of the polymer reducing the charge injection 

resistance. We observed μAu = 0.64 cm2 V-1 s-1 followed by a very small decrease 

when Cu is used (μCu = 0.58 cm2 V-1 s-1) and a large drop for Al (μAl = 0.040 cm2 

V-1 s-1). When the SWCNTs were added to the film, the mobility of the three types 

of devices was enhanced. Three batches of devices were prepared, each 

consisting of 8 transistors of each type. The devices exhibited reproducible 

mobilities, and a high current on/off ratio of over 105, as shown in the transfer 

curves (Fig. S3.1). The average mobility values and their deviation are shown in 

Fig. 3.3.  The mobility of devices with Au electrodes increased slightly (μAu,CNT = 

0.78 cm2 V-1 s-1), which is expected because SWCNTs caused little change in the 

charge injection resistance. Mobility of devices with Al electrodes was increased 

to nearly the same value as Au (μAlCNT = 0.64 cm2 V-1 s-1) revealing that the 

SWCNTs have a large effect on its charge injection. Although Al is prone to 

oxidation in air, we believe that the formation of Al2O3 on the surface of 

electrodes prevents further oxidation, thus a stable semiconductor/ electrode 

interface exists for the top-contact devices. For Cu, there is a large increase in 

the mobility value (μCu,CNT = 1.1 cm2 V-1 s-1). This is because the work function of 

Cu and the HOMO of the SWCNTs match up very well. When stored in a low 

humidity chamber (<30%) in the dark, the devices showed good stability with no 

or little change in electrical performance over 1 month. Attempts to make 

transistors using the unsorted SWCNTs were not successful, as the SWCNTs 
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could not be dispersed in the solvent without DPP-QT. However, we believe that 

the high mobility was contributed by the polymer rather than the SWCNTs, as the 

devices showed a high current on/off ratio. Unsorted SWCNT devices would yield 

a very low current on/off ratio due to the presence of a large amount of 

conductive nanotubes. 

 

Figure 3.3: Average mobility values without and with SWCNTs for a 40 mm 

channel length plotted against the work function of the metals. 

To better understand these mobility changes, we looked at the output curves of 

the devices to determine the charge injection resistance. Measuring the slope of 

the linear region of the output curve provides the inverse resistance of the 

material for a specific gate voltage. Fig. 3.4 provides an example of an output 

curve using Cu electrodes and films with and without SWCNTs. The linear region 

is marked with a dashed line. When these resistances are plotted against the 

channel length a linear increase in resistance is observed corresponding to the 

resistance of the film (Fig. 3.4). A linear regression to the y intercept provides the 

charge injection resistance from the metal electrodes into and out of the film.  It 

AuCuAl

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

4.0 4.5 5.0

M
o

b
ili

ty
 (

cm
2
V

-1
s-1

)

Electrode Work Function (eV)

DPP-QT/CNT

DPP-QT



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

85 
 

should be noted that the resistance measurements of Cu and Al devices without 

SWCNTs showed a large variation. This is due to the very low current in the 

linear regime for these low performance devices. Although the resistance values 

may not be accurate, the trend is clear that both the charge injection resistance 

and its variation were reduced significantly upon addition of SWCNTs. The data 

are summarized in Table 1. For Au there is a small increase in charge injection 

resistance from 0.21 to 0.87 MΩ likely because the SWCNT HOMO level does 

not match that of Au as well as the DPP-QT polymer. For Cu the charge injection 

resistance is decreased by an order of magnitude from ~21 to 2.4 MΩ. The 

largest improvement is observed for Al with a change of 3 to 4 orders of 

magnitude from 104–105 MΩ to ~45 MΩ. These results reveal that a small percent 

of SWCNTs in the film can have a dramatic impact on the charge injection value, 

thus, the mobility improvements of the devices. 
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Figure 3.4: (a), (b) Output curves for OTFT having Cu electrodes, without 

(left) and with (right) SWCNTs and channel lengths of 45 mm and 50 mm 

respectively. The dashed line represents the slope of the linear region for a 

VGS = -55 V. The inverse of the slope is equal to the resistance of the device 

at that VGS.  (c), (d) Channel length vs. resistance for Au and Cu 

source/drain electrodes at a VGS = -25 V. The resistances were determined 

from output curves like the ones in (a), (b). By extrapolating the line of best 

fit back to the y intercept, the charge injection resistance of the transistor 

can be determined. 
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This research presents an opportunity to utilize low cost electrodes such as Cu or 

Al by simply incorporating a small amount of unsorted SWCNT into the film. 

Through AFM and SEM, we have shown that the SWCNTs can be evenly 

distributed throughout the film and still allow the polymer to form polycrystalline 

domains. Preparation of the solution only requires a 2 minute probe sonication, 

allowing the semiconductive layer to be formed from one solution, an important 

factor if we wish to form low cost transistors. We have shown that the HOMO 

level of the semiconductive layer and the work function of the metal do not need 

to be aligned to achieve a low charge injection value if SWCNTs are present. 

This has led to mobility improvements for Cu and Al devices from 0.58 and 0.040 

to 1.1 and 0.64 cm2 V-1 s-1, respectively. In the future the use of unsorted 

SWCNTs could open a new field of transistor production from low cost metals. 

3.3 Supplementary information 

3.3.1 Experimental 

Table 3.1   

Contact resistance for a gate voltage of -25 V 

Drain/Source 

Metal (Work Function) 

Contact Resistance (MΩ) 

DPP-QT DPP-QT/2wt% CNT-A 

Gold (5.1 eV) 0.21 0.87 

Copper (4.8 eV) ~21 2.4 

Aluminium (4.3 eV) 104 -105 ~45 
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Preparation of Diketopyrrolopyrrole-Quaterthiophene Copolymer (DPP-QT) 

solution: 

DPP-QT was synthesized following the procedure reported by Choi et al [J. S. 

Ha, K. H. Kim, and D. H. Choi, JACS, 2011, 133, 10364–10367]. The DPP-QT 

polymer (0.02 g) was dissolved in 1,1,2,2-tetrachlorethane (3.98 g) for 2 hours at 

80 ⁰C in the absence of light to form a 0.5 wt% solution. 

Preparation of DPP-QT / SWCNT dispersion: 

A dispersion of 5 wt% SWCNT respective to the total weight of the DPP-QT and 

SWCNT was first prepared by adding 1.5 mg of Sigma Aldrich (704148) (6,5) 

chirality, carbon >90 %, 77% (carbon as SWCNT), 0.7 – 0.9 nm diameter, 0.5 – 2 

μm length, to 5.6985 g of 0.5 wt% DPP-QT solution. The mixture was immersed 

in an ice bath and probe sonicated on a Branson Digital Sonifier-450 (400 W) at 

35% amplitude for 2 min. Originally, the resultant dark green dispersion was 

centrifuged at 25,000 g force for 30 min and the supernate was collected. After 

the centrifuge, no precipitate was observed at the bottom of the container. The 

SWCNTs were well dispersed and remained in the polymer solution. Therefore, 

the centrifuge step was deemed unnecessary and no longer performed. This 

DPP-QT/SWCNT dispersion was further diluted using the 0.5 wt% DPP-QT 

solution, yielding a dispersion of 2 wt% SWCNT respective to the total weight of 

the DPP-QT and SWCNT, for OTFT device fabrication. The concentration of 

SWCNTs in the dispersion is around 0.01 wt%. 
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3.3.2 OTFT Fabrication and Evaluation: 

All fabrication and characterization of organic thin-film transistor devices (OTFTs) 

was done under ambient conditions taking precautions to isolate the material and 

device from light, but no precautions were taken to isolate the material or device 

from exposure to air or moisture. After fabrication, devices were stored under 

vacuum in the dark, and measured in air within 2 hours of being removed from 

vacuum. Bottom-gate TFT devices were built on n-doped silicon wafer as the 

gate electrode with a 200-nm thermal silicon oxide (SiO2) as the dielectric layer. 

The SiO2 surface was plasma cleaned for 2 minutes. The wafer was 

subsequently rinsed with H2O then isopropanol and dried with an air stream. The 

SiO2 surface was modified with octyltrichlorosilane (OTS-8) by immersing the 

cleaned silicon wafer substrate in 0.1 M OTS-8 in toluene at 60 ⁰C for 20 min. 

The wafer was subsequently rinsed with toluene and isopropanol and dried with 

an air stream. The DPP-QT solution or DPP-QT/SWCNT dispersion was 

dispensed onto the OTS-8-modified SiO2 layer allowed to sit for 2 min, then spun 

with a 2 s ramp time, at 2000 rpm for 120 s, yielding ~ 30 nm semiconductor 

layer. The semiconductor films were vacuum dried at 70 ⁰C for 30 min and 

annealed at 140 ⁰C for 40 min, and allowed to cool to room temperature under 

vacuum. The same semiconductor thin films were used for OTFT devices as well 

as SEM and AFM characterization. To complete OTFT devices, the Au, Cu and 

Al source and drain electrodes were deposited by vacuum evaporation through a 
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shadow mask on top of the semiconductor layer with channel lengths of 40, 90, 

190 and 370 μm and a width of 1 mm. To generate channel lengths below 40 μm, 

a 20 μm microwire was taped (at the sample edge) onto a wafer. The appropriate 

metal was deposited and the wire was removed, revealing a 20 μm channel. 

Using an electrode tip, the edges were scratched to generate a channel width of 

approximately 1mm. The actual channel lengths and widths were measured 

using an optical microscope. 

From IDS-VGS measurements, the mobility was extracted from the saturated 

regime using the following equation (VDS > VGS): IDS = CiμFE(W/2L)(VGS – VTh)2. 

Where IDS is the drain current, Ci is the capacitance per unit area of the gate 

dielectric layer, VGS and VTh are respectively the gate voltage and threshold 

voltage. VTh of the device was determined from the relationship between the 

square root of IDS at the saturated regime and VGS of the device by extrapolating 

the measured data to IDS = 0. 

3.3.3 Instrumentation 

SEM Imaging Samples were imaged in their native condition (no conductive 

coating applied) using a Hitachi SU-8000 field emission scanning electron 

microscope (SEM) operating in deceleration mode with a landing voltage of 

700V. 
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3.3.4 Atomic Force Microscopy 

Samples were collected on a Park Systems XE-100 AFM operated in dynamic 

force mode. Each image had 2-3 samples imaged with the most representative 

sample displayed in this report. 

3.3.5 Additional Electrical Characterization 

 

Figure S3.1:  Cartoon Depiction of the top contact bottom gate FET design, 

with the work function and HOMO energy levels of the metals used as 

source/drain contacts and the semiconductor material.  The spread in 

energy level for the unsorted SWCNT’s assists in reducing charge injection 

resistance. 
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Figure S3.2: Transfer curves for OTFTs having Au, Cu and Al electrodes 

with and without 2 wt% CNT in the DPP-QT film. The transistors have a 

channel length of 40 μm and a channel width of 1000 μm. 
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Figure S3.3:  (a) Average mobility (b) on/off ratio measurements for the 6 

systems studies at various channel lengths. 

 

Figure S3.4:  Average contact resistance vs gate voltage.  We observe a 

divergence towards higher resistances as the VGS approaches the VTh.
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3.4 Appendix B 

Table A3.1 

Electrical Characterization of devices using Au electrodes at various channel lengths  

(bold values are the average for each channel length) 

Gold no CNT Gold with CNT 

Channel Length 

(µm) 

Mobility 

(cm2V-1s-1) 

On/off Channel Length 

(µm) 

Mobility 

(cm2V-1s-1) 

On/off 

8.6 0.46 2.98E+02 10.6 0.51 5.30E+01 

9.2 0.55 7.75E+01 12.1 0.64 7.39E+01 

   15.8 0.80 1.76E+02 

   16.9 0.65 1.32E+02 

   17.4 0.77 1.24E+02 

14.6 +/- 3 0.67 +/- 0.12 (1.12 +/- 0.5)*101 8.9 +/- 0.4 0.51 +/- 0.06 (1.9 +/- 1.6) *102 

37.4 0.67 1.01E+05 17.5 0.83 2.07E+02 

39.2 0.49 2.58E+03 28.2 0.52 1.13E+02 

39.6 0.76 1.24E+04 30.8 0.48 5.99E+01 

   33.6 0.47 1.17E+02 

   33.6 0.71 1.26E+02 

   33.9 0.60 6.89E+01 
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   34.9 0.56 6.49E+01 

   35.9 0.68 3.23E+02 

   41.3 0.74 2.72E+02 

   41.6 0.78 4.15E+02 

   46.3 0.51 2.11E+03 

   58.7 0.99 1.88E+02 

38.7 +/- 1.2 0.64 +/- 0.14 (3.9 +/- 5.4)*104 36.3 +/- 10 0.66 +/- 0.16 (3.4 +/- 5.7) *102 

92.9 0.89 1.65E+07 84.0 0.90 8.39E+03 

93.6 0.74 6.74E+06 85.6 0.87 8.03E+03 

95.1 0.94 2.05E+07 85.7 0.99 2.08E+03 

100.0 0.90 2.58E+07 88.3 0.87 2.98E+03 

   89.6 0.95 7.36E+03 

   89.9 1.02 3.74E+03 

   90.1 0.91 9.77E+03 

   90.2 0.86 5.41E+03 

   90.6 0.88 7.34E+03 

   90.7 0.97 2.76E+03 

   92.8 0.81 7.26E+03 

   95.9 1.00 3.70E+03 

   96.8 0.89 1.12E+04 
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   98.2 0.89 1.23E+04 

   100.8 0.99 3.18E+03 

   101.7 0.97 5.41E+03 

95.4 +/-3.2 0.87 +/- 0.09 (1.7 +/- 0.8)*107 91.9 +/- 5.3 0.92 +/- 0.06 (6.3 +/- 3.2) *103 

193.0 0.88 6.35E+06 191.8 0.89 7.01E+04 

195.8 0.75 6.71E+06 197.4 0.94 1.06E+05 

195.9 0.86 6.51E+06 199.0 0.92 8.12E+04 

197.8 0.79 6.28E+06 201.6 1.06 8.90E+04 

   202.2 0.98 9.86E+04 

   202.6 1.02 9.31E+04 

   203.2 1.02 8.41E+04 

   203.2 0.98 1.02E+05 

1.95.6 +/- 1.9 0.82 +/- 0.06 (6.5 +/- 1.9)*105 200.1 +/- 4 0.98 +/- 0.06 (9.1 +/- 1.2) *104 

399.4 0.98 3.73E+06 397.9 0.92 6.41E+05 

400.8 0.81 2.62E+06 400.2 0.85 5.60E+05 

416.6 0.83 2.63E+06 419.2 0.88 9.42E+05 

405.6 +/- 9.6 0.87 +/- 0.09 (3.0 +/- 0.6)*106 405.8 +/- 12 0.88 +/- 0.04 (7.1 +/- 2.0) *105 
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Table A3.2 

Electrical Characterization of devices using Al electrodes at various channel lengths  

(bold values are the average for each channel length) 

Aluminum no CNT Aluminum with CNT 

Channel 

Length (µm) 

Mobility 

(cm2V-1s-1) 

On/off Channel 

Length (µm) 

Mobility 

(cm2V-1s-1) 

On/off 

6.8 0.010 6.78E+05 14.5 0.33 4.41E+02 

9.6 0.010 8.22E+05 16.7 0.50 2.53E+02 

14.7 0.020 5.31E+05 16.8 0.45 4.36E+02 

16.7 0.020 2.59E+05 16.9 0.34 1.13E+03 

18.8 0.020 3.55E+04 17.1 0.46 3.93E+02 

   17.4 0.45 5.85E+02 

   18.3 0.49 3.78E+02 

   18.5 0.47 4.24E+02 

   18.9 0.56 3.63E+02 

13.3 +/- 5.0 0.016 +/- 0.005 (4.7 +/- 3.2)*105 17.2 +/- 1.3 0.45 +/- 0.07 (4.9 +/- 2.5) *102 

33.2 0.060 1.17E+06 36.8 0.44 2.86E+04 

38.1 0.030 4.22E+05 37.4 0.61 1.67E+04 

46.5 0.030 7.66E+04 39.1 0.68 2.13E+04 

49.4 0.005 8.49E+02 42.4 0.56 6.25E+04 
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62.6 0.070 1.89E+05 44.3 0.73 3.19E+04 

   44.6 0.64 3.29E+04 

   45.5 0.61 2.49E+04 

   45.6 0.58 3.50E+04 

   55.8 0.70 5.12E+04 

46.0 +/- 11 0.039 +/- 0.026 (3.7 +/- 4.7)*105 43.5 +/- 5.7 0.62 +/- 0.09 (3.4 +/- 1.5) *104 

86.2 0.160 3.75E+05 86.0 0.69 1.19E+05 

87.2 0.080 1.12E+05 87.0 0.74 1.53E+05 

91.3 0.200 9.86E+05 90.9 0.64 1.20E+05 

98.6 0.060 6.71E+04 91.0 0.76 1.10E+05 

100.5 0.010 1.59E+03 91.8 0.65 1.29E+05 

104.5 0.010 4.98E+03 91.9 0.83 1.53E+05 

109.8 0.040 9.50E+04 94.1 0.88 1.51E+05 

   94.5 0.87 1.36E+05 

   95.8 0.86 1.45E+05 

   98.1 0.81 2.25E+05 

   100.8 0.81 1.64E+05 

   108.0 0.89 1.80E+05 

96.9 +/- 9.0 0.080 +/- 0.074 (2.4 +/- 3.5)*105 94.2 +/- 6.0 0.79 +/- 0.09 (1.5 +/- 0.3) *105 

192.7 0.330 8.32E+05 191.9 0.95 3.66E+05 
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197.6 0.020 5.16E+03 192.4 0.97 5.51E+05 

198.4 0.270 5.68E+05 193.3 0.84 2.81E+05 

   195.6 0.89 4.88E+05 

   196.9 0.94 2.67E+06 

   201.4 1.03 3.59E+05 

   205.2 0.99 4.79E+05 

196.2 +/- 3 0.207 +/- 0.16 (4.7 +/- 4.2)*105 196.7 +/- 5.0 0.94 +/- 0.06 (7.4 +/- 8.5) *105 

396.6 0.680 8.06E+05 398.4 0.82 3.72E+05 

   401.7 0.92 2.37E+05 

   412.9 0.88 1.92E+05 

396.6 +/- 8 0.68 +/- 0.15 (8.1 +/- 4.0)*105 404.3 +/- 7.6 0.87 +/- 0.05 (2.7 +/- 0.9) *105 
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Table A3.3 

Electrical Characterization of devices using Cu electrodes at various channel lengths  

(bold values are the average for each channel length) 

Copper no CNT Copper with CNT 

Channel 

Length (µm) 

Mobility 

(cm2V-1s-1) 

On/off Channel 

Length (µm) 

Mobility 

(cm2V-1s-1) 

On/off 

13.2 0.24 1.69E+09 10.7 0.55 8.78E+01 

13.2 0.11 4.69E+07 11.3 0.47 6.81E+01 

13.4 0.58 7.38E+06 11.4 0.55 1.58E+02 

14.1 0.43 7.36E+06 12.3 0.55 1.22E+02 

15.5 0.57 9.69E+06 13.0 0.48 1.49E+02 

15.9 0.55 1.25E+08 13.7 0.63 9.93E+01 

16.0 0.63 3.07E+08 16.6 0.52 1.17E+02 

16.5 0.34 2.39E+08    

18.1 0.47 5.82E+07    

18.2 0.34 1.83E+07    

15.4 +/- 1.9 0.43 +/- 0.17 (2.5 +/- 5.1)*108 12.7 +/- 2.0 0.54 +/- 0.05 (1.14 +/- 0.3) *102 

37.0 0.4 2.78E+08 38.6 1.04 5.44E+03 

44.8 0.4 1.18E+09 38.6 1.13 7.37E+03 

47.2 0.74 9.63E+06 40.5 1.07 9.38E+03 
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47.6 0.63 7.99E+06 43.8 0.76 8.27E+03 

49.0 0.62 1.31E+07 44.2 1.13 1.38E+04 

49.7 0.81 1.31E+07 45.0 1.15 1.35E+04 

53.5 0.69 9.52E+06 46.0 1.27 3.63E+04 

65.8 0.66 6.83E+06 47.5 1.18 1.61E+04 

   48.1 0.85 1.70E+04 

   48.3 1.28 4.44E+04 

   50.2 1.22 2.59E+04 

   50.5 1.07 1.38E+04 

   50.5 0.88 1.13E+04 

   60.2 0.82 1.72E+04 

49.3 +/- 8.2 0.62 +/- 0.15 (1.9 +/- 4.1)*108 45.6 +/- 5.7 1.1 +/- 0.17 (1.7 +/- 1.1) *104 

87.7 0.78 5.90E+06 85.7 1.31 9.00E+04 

93.2 0.76 7.63E+06 90.0 1.15 5.25E+04 

96.0 1.01 6.37E+06 90.2 1.31 9.76E+04 

96.3 0.84 6.06E+06 90.6 1.25 9.49E+04 

97.4 0.91 6.24E+06 91.9 1.16 5.27E+04 

102.6 0.72 4.69E+06 95.2 1.27 9.14E+04 

106.4 1.03 5.35E+06 96.2 1.34 1.24E+05 

114.0 0.81 4.32E+06 96.4 1.23 9.24E+04 
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   98.2 1.33 9.95E+04 

   100.0 1.23 1.15E+05 

   101.6 0.91 4.36E+04 

   106.7 0.98 1.09E+05 

   108.5 1.34 1.21E+05 

99.2 +/- 8.2 0.86 +/- 0.12 (5.8 +/- 1.4)*106 96.5 +/- 6.5 1.22 +/- 0.13 (9.5 +/- 3.0) *104 

201.8 0.94 2.59E+06 194.7 1.40 2.66E+05 

202.5 0.9 2.45E+06 196.1 1.36 2.52E+05 

204.3 1.06 3.09E+06 196.2 1.34 1.37E+05 

205.5 1.02 3.66E+06 198.3 1.42 2.60E+05 

   199.2 1.43 2.02E+05 

   199.2 1.44 2.66E+05 

   200.9 1.43 2.02E+05 

   201.0 1.25 1.10E+05 

203.5 +/- 1.7 0.98 +/- 0.07 (3.0 +/- 0.5)*106 198.2 +/- 2.3 1.38 +/- 0.06 (2.1 +/- 0.6) *105 

401.4 1.08 1.02E+06 397.7 1.40 1.99E+06 

417.4 1.38 9.98E+05 397.8 1.20 2.20E+05 

   401.4 1.45 1.99E+06 

   416.3 1.22 1.46E+06 

409.4 +/- 11 1.23 +/- 0.21 (1.0 +/- 0.02)*106 403.3 +/- 8.8 1.32 +/- 0.13 (1.4 +/- 0.8) *106 

 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

103 
 

Table A3.4 

Extrapolated contact resistance for various VGS values 

 Contact Resistance (MΩ) 

VGS Au no CNT Au with CNT Cu no CNT Cu with CNT Al no CNT Al with CNT 

-5 2.14 -0.88 83.76 7.73 N/A N/A 

-10 1.32 -0.12 34.68 5.29 N/A 3.51E+02 

-15 0.15 0.39 23.67 3.37 N/A 1.87E+02 

-20 0.60 0.28 28.61 2.68 4.01E+05 7.86E+01 

-25 0.21 0.87 20.53 2.40 1.58E+05 4.49E+01 

-30 0.61 0.87 10.49 1.95 1.77E+04 3.74E+01 

-35 0.58 0.86 7.33 1.87 2.86E+03 2.84E+01 

-40 0.57 0.74 5.35 1.62 8.37E+02 2.39E+01 

-45 0.59 0.71 4.49 1.61 3.76E+02 2.11E+01 

-50 0.58 0.68 3.77 1.59 1.83E+02 1.93E+01 

-55 0.58 0.64 3.38 1.66 1.45E+02 1.82E+01 

-60 0.56 0.55 3.11 1.74 9.51E+01 1.85E+01 
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Chapter 4 

A More Than Six Orders of Magnitude UV-Responsive 

Organic Field-Effect Transistor Utilizing a 

Benzothiophene Semiconductor and Disperse Red 1 for 

Enhanced Charge Separation 
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This chapter is a reproduction of the following published article in Advanced 

Materials.   The major contribution of this work is that we show we can use the 

C5-BTBT semiconductor in a UV active phototransistor who’s UV response can 

be increased if a copolymer of DR1 and PMMA (p-DR1) is blended into the film.  

 

“A More Than Six Orders of Magnitude UV-Responsive Organic Field-Effect 

Transistor Utilizing a Benzothiophene Semiconductor and Disperse Red 1 

for Enhanced Charge Separation” 

Reproduced from: Chad S. Smithson, Yiliang Wu, Tony Wigglesworth, and 

Shiping Zhu; Adv. Mater; 2015, 27, 228-233.  With permission from John Wiley 

and Sons. 

DOI: 10.1002/adma.201404193 

4.1 Abstract 

A more than six orders of magnitude UV-responsive organic field-effect transistor 

is developed using a benzothiophene (BTBT) semiconductor and strong donor-

acceptor Disperse Red 1 as the traps to enhance charge separation. The device 

can be returned to its low drain current state by applying a short gate bias, and is 

completely reversible with excellent stability under ambient conditions. 

4.2 Start of paper:  Introduction 
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Organic electronics is a technology that has made great leaps forward over the 

past decades. The flexible characteristic of organic electronic devices, in coupling 

with potential low-cost manufacturing processes, makes them very appealing for 

applications such as memories, large-area sensors, displays, etc. Organic thin-

film transistors (OTFTs), one of the most attractive devices, have been the 

subject of intense research recently, because they cannot only be used as the 

transistor component for constructing integrated circuits and backplanes, but also 

offer excellent possibilities to function as sensors and memory devices.1,2,3,4,5,6,7 

Due to the nearly endless possibilities available for organic materials, sensors 

can be generated to fit nearly any demand. Here, we report a discovery of OTFTs 

with a very large UV response. We used a UV-sensitive semiconductor 2,7-

dipentyl[1]benzothieno[3,2- b ][1] benzothiophene (C5-BTBT) in combination with 

a polymer containing strong donor and acceptor moieties ( Fig 4.1 (a)) to 

fabricate the OTFT and found that a very small amount (≈5%) of disperse red 1 

(DR1), an azobenzene derivative incorporated into the semiconductor layer, 

dramatically increased the UV response of the devices. Our device showed a UV 

response as long as the drain source voltage |VDS| > 0 V. Even at the gate 

voltage VGS = 0 V, a UV response of up to six orders of magnitude could be 

achieved and maintained after the UV light was removed. A large negative gate 

voltage pulse returned the system to its original low current state. Interestingly, 

the device exhibited such remarkable response to UV light only, which makes it 

an excellent candidate for long sought-after organic UV-A sensor. 8,9,10,11,12 Being 
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inert to visible light is a major advantage over standard UV sensors that typically 

use complicated waveguides to separate visible light from UV before sensing can 

occur.13 

 

Figure 4.1:  (a) Materials used to form the semiconductor layer of the OTFT 

and their roles in the film. (b) Bottom-gate top-contact transistor design 

showing how the UV functionality works. (c) Optical microscopy images of 

the two semiconductor films, C5-BTBT appears blue and the polymers 

appear purple.  

 

The alkyl substituted organic semiconductor Cn-BTBT (n represents the number 

of carbon atoms in the alkyl chain) is air stable, soluble in a range of solvents, 
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and optically transparent to visible light.14,15  Films generated from a solution 

containing only Cn -BTBT showed poor coverage with large grain boundaries, 

thus producing low performance devices. However, when spin coated from a 

solution containing Cn-BTBT and an insulating polymer binder, a technique first 

demonstrated in 2005,16,17 uniform and consistent films with high mobilities could 

be obtained. Large BTBT crystal domains could be obtained from a BTBT:PMMA 

solution by controlling the solvent evaporation,18 while off-centre spin coating 

techniques have produced OTFTs with mobilities up to 43 cm2V-1s-1 using BTBT 

in polystyrene binder.19  We chose C5-BTBT as the semiconductor in our study, 

since it has a short insulting alkyl chain, yet good solubility. Instead of 

polystyrene, poly(methyl methacrylate) (PMMA) was used as the polymer binder, 

because the carbonyl groups may function as electron traps to help separate 

photoinduced electron and hole pairs. To further increase electron trapping 

capability, a copolymer (p-DR1) of methyl methacrylate and (E)-2-(ethyl(4-((4-

nitrophenyl)diazenyl) phenyl)amino)ethyl methacrylate was synthesized. We 

believe that the strong donor–acceptor DR1 moiety functions as a deeper trap in 

the semiconductor layer, thus enhancing the charge separation efficiency. Using 

a copolymer provides additional benefits in terms of film uniformity and 

morphology over the small molecule DR1. Spin coating of two different small 

molecular components usually results in vertical phase separation,20 and the film 

morphology has been found to play an important role in transistor performance of 

a polymer and small molecule blend.21  Bottom-gate top-contact OTFTs were 
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fabricated using the blended semiconductor composition on an n++-silicon 

substrate with 200-nm SiO2 as the gate dielectric layer, and Au source and drain 

electrodes (Fig. 4.1 (b)). The optimal blend was found to be at a 1:1 weight ratio 

of (C5-BTBT:PMMA) or (C5-BTBT: p-DR1), producing the highest on/off ratio and 

mobility. Optical microscopy images (Fig. 4.1 (c)) revealed that the film 

morphology of (C5-BTBT:PMMA) and (C5-BTBT: p-DR1) were very similar, with 

both C5-BTBT and the polymer binders forming interpenetrated continuous 

phases. 

Fig. 4.2 provides thin film UV-vis absorbance spectra of PMMA, p-DR1, C5-

BTBT, and their mixtures. PMMA is optically transparent to UV and visible light 

showing no absorbance in the measured range. p -DR1 has a characteristic 

absorbance caused by the azobenzene pendent group at 472 nm. Azobenzene 

compounds also have absorbance in the UV, which can cause solid state 

isomerization. However for donor–acceptor-type azobenzenes, this isomerization 

from trans to cis can thermally revert back to the trans form within seconds even 

in a polymer film22,23 and has been found to have little impact on transistor 

performance.24 The semiconductor C5-BTBT shows a strong absorbance in the 

UV-A range with a maximum at 354 nm. 
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Figure 4.2:  UV–vis spectra of thin films prepared on glass slides.  

Absorbance maxima are labeled. 

The transfer and output curves for these two systems are shown in Fig. 4.3. 

Three different drain source voltages were used; VDS = -60, -0.1, and 0 V, which 

correspond to the saturation region, the linear region, and the gate leakage (at no 

drain bias) of the OTFTs, respectively. When no UV was present, the (C5-

BTBT:PMMA) blend behaved as a typical p -type transistor with a threshold 

voltage (VTh) of -25.9 V. When p-DR1 was used as the polymer binder, the 

presence of the strong electron donating amine group resulted in a significant 

shift of the VTh to -49.7 V by trapping holes around it. In both cases, little to no 

hysteresis was observed. 
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Figure 4.3:  Transfer and output curves of the two types of transistors 

studied. (a) and (c) were measured under yellow light, (b) and (d) were 

measured under an irradiation with 365-nm UV light. 

When exposed to UV-A, both films showed a dramatic change in IDS -VGS 

characteristics, as long as a drain bias was used (VDS ≠ 0 V). The (C5-

BTBT:PMMA) film showed a 45 V shift of the VTh to 19.8 V and a large hysteresis 

effect. The threshold voltage shift is ascribed to the electron hole pair formation 

when exposed to UV-A, increasing the hole density in the film. The hysteresis is a 

result of bias stress causing electron hole pair recombination at a large negative 

gate bias.25  When p-DR1 was used in the film, the threshold voltage shifted over 

90 V from -49.7 to 41.7 V. This extreme shift is assisted by the charge accepting 

nature of the nitro group of DR1, capable of accepting and trapping the 
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photostimulated electrons. This device demonstrated a much larger hysteresis 

phenomenon. In addition, the drain current exhibited a plateau on the return 

sweep and did not reach the original low current state. Detail electrical properties 

of the devices, including mobility, on/off ratio, and threshold voltages, were 

extracted from the transfer curves and summarized in the Supporting Information. 

Similarly, output curves of the (C5-BTBT:PMMA) system demonstrated typical p-

type OTFT behavior. When exposed to UV light, the devices approached 

saturation at a lower VGS than that when no UV light was used. The extreme VTh 

shifts of the (C5-BTBT: p-DR1) system resulted in a device that did not turn on 

until a large negative gate voltage was used when no UV was present. When 

exposed to UV light, the device was already turned on at a high positive gate 

voltage. This offers a very large gate voltage window for sensing to occur. The 

significant difference in I-V characteristics of these two systems was considered 

as follows. The donor–acceptor-type DR1 moiety functions as stronger and 

deeper trap than PMMA. Upon irradiation with the same UV-light, namely, at the 

same charge generation rate, stronger traps causes more efficient charge 

separation, and deeper traps resulted in slower charge recombination, thus a 

larger threshold shift and a higher current during the return sweep. 

The increase in charge carrier density (ΔN*) upon UV irradiation can be 

estimated by the following equation ΔN* = CiΔVTh/e , where Ci = 15 nF cm-2 is the 

capacitance per unit area of the dielectric layer, ΔVTh is the shift of the threshold 
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voltage, and e is the elementary charge.26,27 When exposed to UV light, the 

increase in carrier concentration for (C5-BTBT:PMMA) is 4.28x1012 cm-2 and (C5-

BTBT: p-DR1) is 8.56x1012 cm-2. The latter has an increase in charge carrier 

density approximately two times that of the former. It should be noted that both 

systems showed no response when exposed to visible light such as a laser 

having a wavelength of 488 or 633 nm, although the DR1 moiety has a strong 

absorbance in the visible range. The fact that the systems showed a response to 

UV only, indicates that the increase in charge carrier density is due to the 

excitation of the C5-BTBT semiconductor. Further investigation of this 

mechanism is underway. 

The very strong UV response has been investigated in detail. To minimize power 

consumption, we measured devices at the gate voltage VGS = 0 V, and looked at 

high and low drain source voltages of VDS = -60 V and VDS = -0.1 V, respectively. 

When exposed to UV light, a dramatic IDS increase was observed (Fig. 4.4). The 

increased IDS remained even after the UV light was removed, keeping the device 

in a metastable state of higher conductivity. This metastable conductance state is 

most likely caused by the photoexcitation of an electron from C5-BTBT which is 

then trapped by either DR1 or PMMA, leaving behind a positive charge carrier. 

24,28,29,30  If a large negative gate bias is applied (e.g., -60 V), the device returns to 

its original low current value of ≈1x10-12 A. The large negative VGS bias can 

accelerate the recombination of positive charge carriers with the trapped 
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electrons, thus reducing the charge carrier density.26,31,32,33 This phenomenon 

could be taken advantage of to generate a UV sensor or light-triggered memory 

device. OTFT design could be a benefit for large-area image sensors based on a 

transistor array, as each transistor can be addressed separately in an active 

matrix manner. The three-terminal structure of OTFT also enables an additional 

reset option of the device by applying a gate bias. Fig. 4.4 (b) shows a series of 

writing/erasing cycles corresponding to a device “erased” using a VGS = -60 V for 

2 s followed by “writing or sensing” with UV light to generate a large increase in 

IDS . As seen in Fig. 4.4, the device maintained this large IDS after the UV source 

was removed but was easily erased by the application of another VGS = -60 V. 

The writing/erasing phenomenon is repeatable for hundreds of cycles without 

fatigue for both (C5-BTBT:PMMA) and (C5-BTBT: p-DR1) systems under 

ambient conditions, but with a dramatically larger and faster response for the (C5-

BTBT: p-DR1) system. Specifically, a UV response over six orders of magnitude 

was achieved for (C5-BTBT: p-DR1) device at the VDS = -60 V, and more than 

three orders of magnitude at the VDS = -0.1 V. Such low operation voltages (VGS = 

0 V and VDS = -0.1 V) could be an advantage for fabricating devices with very low 

power consumption. 

To further investigate the UV response of these devices, we measured their UV 

response over an extended period of time (e.g., 12 h). Fig. 4.4 (c) provides long-

term measurements for the studied systems. The devices were exposed to UV 
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light until a saturated IDS value was achieved. The IDS saturation value for the 

(C5-BTBT: p-DR1) system was achieved in less than 30 s, which is much faster 

than that for the (C5-BTBT:PMMA) system that required over 90 min, suggesting 

the DR1 enhances electron trapping likely by providing deeper energy traps than 

PMMA. When the UV light was removed, the IDS decayed, most likely due to 

detrapping or electron hole pair recombination. The detrapping could be 

governed by the spatial distance between carriers to be combined. As positive 

charge carriers are combined with trapped electrons, the conductivity of the 

device decreases at a characteristic rate corresponding to the spatial separation 

of these charges, a phenomenon that has been seen before for other organic 

electronics.26,31,32,33 

We analyzed the writing and the decay processes using two biexponential 

equations, assuming a fast and a slow rate.9,34,35 The following biexponential 

Equation (1) was used for the UV writing  

𝐼𝐷𝑆 = 𝐴(1 − 𝑒(−𝑘𝐴𝑡)) + 𝐵(1 − 𝑒(−𝑘𝐵𝑡))      (1) 

where A and B are constants measured in (A) with the saturation value of the 

drain source IDS(max) = (A + B), kA and kB are the fast and slow rates, and t is time 

in (s). Equation (2) was used for the decay or relaxation curve  

𝐼𝐷𝑆 = 𝐶𝑒(−𝑘𝐶𝑡) + 𝐷𝑒(−𝑘𝐷𝑡) + 𝐸       (2) 
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where C, D, and E are constants measured in (A) with E representing the IDS at 

an infinite time after the UV light was removed, (C + D + E) = IDS(max) , kC and kD 

are the fast and slow decay rates. An example of the fitting can be found in Fig. 

4.4 (d) for the (C5-BTBT: p -DR1) at a VDS = -60 V. Fitting of the long term 

measurements up to 12 h for all four sample conditions can be found in the 

Supporting Information with the parameters summarized in Table 1. 

 

Table 4.1 

Fitting parameters used to model the UV writing and relaxation curves 

 Writing 

 C5-BTBT:PMMA C5-BTBT/p-DR1 

VDS -0.1 V -60 V -0.1 V -60 V 

A 2.30*10-9 9.03*10-7 1.34*10-8 2.19*10-5 

kA 3.15*10-2 1.27*10-2 8.04*10-2 8.02*10-2 

B 6.77*10-9 4.59*10-6 3.39*10-9 5.02*10-6 

kB 4.30*10-4 2.30*10-4 9.11*10-3 8.95*10-3 

 Relaxation 

 C5-BTBT:PMMA C5-BTBT/p-DR1 

VDS -0.1 V -60 V -0.1 V -60 V 

C 3.71*10-9 4.00*10-6 1.01*10-8 2.26*10-5 

kC 1.07*10-2 3.06*10-3 3.97*10-3 9.07*10-3 

D 8.81*10-10 1.87*10-7 4.29*10-9 2.80*10-6 

kD 2.70*10-3 3.80*10-4 3.56*10-4 6.07*10-4 

E 9.34*10-12 1.18*10-8 4.36*10-10 8.49*10-7 

 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

119 
 

 

Figure 4.4:  Response of OTFTs studied when exposed to UV light (blue-

shaded area) at a VGS = 0 V and (a) VDS = -0.1 V and (b) VDS = -60 V. A 2 s 

pulse of a VGS = -60 V is used to return the system to its low conductivity 

state, showing the UV write/erase cycle is repeatable. (c) Long-term 

relaxation measurements of the studied systems when exposed to UV until 

a saturated IDS. (d) Zoom in of (b) with curve fitting shown as dotted lines. 
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For the writing process, the fast writing rate (kA) of (C5-BTBT: p-DR1) system is 

approximately six times faster than that of (C5-BTBT:PMMA) system. Accordingly 

the response time (the reciprocal of the kA) is six times shorter being 13 s for (C5-

BTBT: p -DR1) compared with 80 s for (C5-BTBT:PMMA). These response times 

are in the same order as organic P3HT/DEA systems36 and inorganic ZnS/ZnO 

blends,37 but are slower than specially synthesized ZnO nanorods, which showed 

millisecond response.9 The slower writing rate (kB) of (C5-BTBT: p-DR1) is one 

order of magnitude larger than that of (C5-BTBT:PMMA), which helps explain 

why the former device reaches saturation so much faster. Both the fast and slow 

relaxation rates are similar for the (C5-BTBT:PMMA) and (C5-BTBT: p-DR1) 

systems, except for the (C5:BTBT:PMMA) system at a VDS = -0.1 V. However, 

the amplitude of the slow relaxation term (D) (which dominates on the minutes to 

hours timescale) is much larger for the (C5-BTBT:PMMA) system, as being 

calculated at 19% and 29% of the saturated IDS , in contrast to 4.5% and 10.5% 

for the (C5-BTBT: p-DR1) device, when measured at VDS = -0.1 and -60 V, 

respectively. Due to the spatial separation of the electron and hole, detrapping 

eventually reaches a metastable state where it no longer occurs, represented by 

the term E of Equation (2). At this point, the probability that any trapped electron 

is close enough to a hole to recombine is nearly zero, which results in a 

metastable state that requires another stimulus to return the system to its 

completely detrapped state such as a large negative gate bias. Although the 

relaxation time is longer than that of previously reported systems,9,36,37 our three-
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terminal transistor design enables the use of gate pulse to switch the device off 

immediately. The high current retention over long time could allow the device to 

function not only as a sensor but also as a light induced memory device. At this 

moment, we are not able to assign the physical meanings to these rates, but we 

believe the deeper traps of the (C5-BTBT: p-DR1) system likely favor charge 

separation and inhibit charge combination, thus, allowing the system to achieve 

saturation faster than the (C5-BTBT:PMMA) system upon UV irradiation. 

Nevertheless, the large E value (8.49x10-7 A) of the (C5-BTBT: p-DR1) system 

indicated an excellent stability of the UV response. 

In summary, we present a UV-sensitive material system (C5-BTBT: p-DR1) and 

its device utilizing the OTFT structure. The device demonstrates a strong change 

in current when exposed to UV-A, likely due to the photoexcitation of an electron 

in the C5-BTBT molecule, which is then trapped by both PMMA and DR1 leaving 

behind a positively charged hole. The addition of DR1 as a pendant group on the 

PMMA matrix provides more easily accessible and deeper traps, allowing the UV 

response to occur faster. For the (C5-BTBT: p-DR1) system, electron hole pair 

generation results in a threshold voltage shift from -49.7 to 41.7 V. Within 13 s at 

a VGS = 0 V, the IDS shows a UV response over six orders of magnitude for a VDS 

= -60 V and three orders of magnitude for a VDS = -0.1 V and maintains this high 

current after the UV light was removed demonstrating a slow relaxation. The 

device can be returned to its low drain current ground state by applying a short 1-
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2 s gate bias of -60 V. The system is stable under visible light at ambient 

conditions and completely reversible. Mathematical models of the writing and the 

decay processes using a biexponential equations were proposed, revealing fast 

and slow processes. The relaxation process for the (C5-BTBT: p-DR1) systems 

show a smaller amplitude than the (C5-BTBT:PMMA) system suggesting that 

DR1 is providing an increased energy barrier to detrapping. This UV response 

offers the possibility of generating a UV-A sensor that is transparent to visible 

light, requires no complicated waveguides, and can operate at low voltages. It 

also has the potential to function as an optically programmed/electronically 

erased memory device. 

4.3 Experimental section 

Materials : Hexamethyldisalazane (HMDS), chlorobenzene, and poly(methyl 

methacrylate) (MW = 140 000) were purchased from Aldrich and used as 

received. p-DR1 synthesis can be found in the Supporting Information. C5-BTBT 

was synthesized at Xerox Research Center of Canada using a proprietary 

method and purified using preparative GPC and recrystallized twice from 

hexanes. 

 

Device Fabrication and Characterization:  All fabrication and characterization of 

OTFT devices was done under ambient conditions. Bottom-gate TFT devices 

were built on an n -doped silicon wafer as the gate electrode with a 200 ±10 nm 
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thermal silicon oxide (SiO2) as the gate dielectric layer. The SiO2 surface was 

plasma cleaned for 2 min. The wafer was subsequently rinsed with H2O then 

isopropanol and dried with an air stream. The SiO2 surface was modified with 

HMDS by immersing the cleaned silicon wafer substrate in 0.1 M HMDS in 

toluene at 60 ºC for 20 min. The wafer was subsequently rinsed with toluene and 

isopropanol and dried with an air stream. The semiconductor layer was deposited 

onto the HMDS-modified SiO2 layer by coating a chlorobenzene solution 

containing C5-BTBT (1 wt%) and PMMA (1 wt%) or C5-BTBT (1 wt%) and p-DR1 

(1 wt%) and allowing it to sit on the wafer for 2 min. This was then spin coated at 

2000 rpm for 120 s using a 2-s ramp time. After drying the semiconductor layer 

under vacuum for 30 min, gold source and drain electrodes were deposited by 

vacuum evaporation through a shadow mask with a channel length (L) of 80 ± 5 

μm and a width (W) of 950 ±10 μm. 

Electrical characteristics of the devices were measured in a humidity (30% RH) 

and temperature (21 ⁰C) controlled room under yellow light on a Keithly 4200 

Semiconductor Characterization System. Before measurements the back of the 

silicon wafers were sanded to remove any oxide layer, allowing it to be the gate 

of the device. 

All UV irradiation was performed using a UVP Blak-Ray B-100AP High-Intensity 

UV Inspection Lamp (100 watt 365 nm bulb). The lamp was held over the sample 

at a distance of ≈10 cm producing a light intensity of 4.0 ± 0.5 mW cm-2. 

 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

124 
 

4.4 Acknowledgements 

This work was supported in part by a Xerox Research Foundation and a 

Collaborative Research & Development grant from NSERC. 

 

4.5 Supporting information 

4.5.1 Synthesis of p-DR1 

THF was purchased from Sigma Aldrich, stirred over Lithium hydride for 1 

hour, filtered and distilled from sodium/benzophenone under nitrogen.  Monomer 

methyl methacrylate (MMA, Aldrich, 99%) was distilled under vacuum. After 

passing through a column of inhibitor remover, it was stored at -20°C before use.  

Methacryloyl chloride, disperse red 1, azobisisobutyronitrile, anhydrous 

triethylamine, reagent grade isopropanol, toluene, chlorobenzene, methanol, 

hexanes and ethyl acetate were purchased from Sigma Aldrich and used as 

received 

(E)-2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethyl methacrylate 

(DR1 monomer):  Under N2, in a 100 mL round bottom flask dried in an oven 

overnight, 4.156 g (13.2 mmol) of disperse red 1 were dissolved in 30 mL of THF 

and 13 mL of triethylamine and surrounded by an ice bath.  Over a one hour 

period a clear colourless solution consisting of 4 mL (35.8 mmol) of methacryloyl 

chloride dispersed in 20 mL of THF was added dropwise to the dark red disperse 

red 1 solution.  A white gas was released in the vessel until the addition was 
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completed and a dark red precipitate was formed.  After 1.5 hours, the solution 

was warmed to room temperature and allowed to stir overnight.  The solvent was 

removed under vacuum, leaving an oily red solid, which was dissolved in 

chloroform and purified by column chromatography using a 25/75 v/v ethyl 

acetate/hexanes mixture.  The final product was dried under vacuum 3 hours 

yielding 4.25 g (11.1 mmol) of red powder 84.1% yield.  1H NMR (200MHz, 

CDCl3, δ): 8.32 (d, 2H), 7.91 (t, 4H), 6.82 (d, 2H), 6.11 (s, 1H), 5.60 (s, 1H), 4.38 

(t, 2H), 3.73 (t, 2H), 3.55 (q, 2H). 1.94 (s, 3H), 1.27 (t, 3H);  UV–vis (thin film on 

glass slide): λmax (ε) = 489 nm; Anal. calcd for (C20H22N4O2): C 62.82, H 5.80, N 

14.65; found: C 61.21, H 6.03, N 14.00. 

 (E)-2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethyl methacrylate-

co-methyl methacrylate copolymer (p-DR1): Under N2, in a 25 mL round 

bottom flask dried in an oven overnight, 0.500 g (1.31 mmol) DR1-monomer and 

1.394 mL (13.1 mmol) methyl methacrylate was added.  0.0215 g (0.131 mmol) 

of azobisisobutyronitrile dissolved in 5 mL of THF was added to the solution, 

creating a dark red slurry.  This was immediately immersed in an oil bath at 60 ⁰C 

and reacted for 17 hours producing a thick red solution.  After cooling to room 

temperature, the thick red liquid was washed 3 times with 20 mL of H2O which 

caused it to form a sticky red mass.  The material was dissolved in 25 mL of THF 

producing a clear red solution.  To this 50 mL of methanol was added 

precipitating out a red solid.  This was filtered and washed 3 times with 10 mL of 
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methanol.  The resultant red solid was dried under vacuum for 3 hours 1.2375 g.  

(Mn = 48,700 PDI = 1.88);  1H NMR (CDCl3, 200MHz), 

Co-polymer composition determined from the integration of the 1H NMR, 

(C20H22N4O2)x(C5H8O2)y  peak (d, 8.32) x = 1, peak (t, 1.94 ) y = 11.86 ; UV–vis 

(thin film on glass slide): λmax (ε) = 475 nm;  Anal. calcd for 

(C20H22N4O2)x(C5H8O2)y: (C 62.82, H 5.80, N 14.65)x  (C 59.98, H 8.05)y.  

Found: C 58.94, H 7.60, N 2.12 x = 1, y = 5.86 
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4.5.2 Solution preparation 

Table S4.1. 

Materials used to prepare solutions for spin coating 

Solutiona) C5-BTBT (g) PMMA (g) p-DR1 (g) Chlorobenzene (g) 

sol-1 ---- 0.0400 ---- 3.96 

sol-2 0.0400 ---- ---- 3.96 

sol-3 ---- ---- 0.0400 3.96 

sol-4 0.0400 0.0400 ---- 3.92 

sol-5 0.0400 ---- 0.0400 3.92 

a)  All solutions were passed through a 45 µm filter before use 

 

UV-Vis Sample Preparation:  Glass microscope slides were cleaned with 

isopropanol and air dried.  sol-(1,2,3,5) were drop cast onto the glass slides 

where they sat for 2 minutes before being spin coated at 500 RPM for 90 sec 

using a 5 sec ramp time.  These samples were used to acquire UV-Vis 

measurements on a Cary 5000 UV-Vis-NIR Spectrometer using a blank glass 

slide as the background. 
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4.5.3 Additional electronic characterization 

Table S4.2 

Electronic properties of the OTFTs under ambient conditions and 

exposed to UV light (VDS = -60 V) 

 UV-off UV-on 

BTBT/PMMA BTBT/p-

DR1 

BTBT/PMMA BTBT/p-

DR1 

Mobility 

(cm2V-1s-1) 

0.190 0.129 0.377 0.778 

On/Off ratio 2.23*106 1.27*105 3.20*105 2.17*102 

VTh (V) -25.9 -49.7 19.8 41.7 

 

Table S4.3 

Electronic properties of the OTFTs under ambient conditions and 

exposed to UV light (VDS = -0.1 V) 

 UV-off UV-on 

BTBT/PMMA BTBT/p-

DR1 

BTBT/PMMA BTBT/p-

DR1 

Mobility  

(cm2V-1s-1) 

0.001 0.002 0.0003 0.001 

On/Off ratio 1.17*103 1.34*103 7.68*102 9.08 

VTh (V) -16.35 -49.3 27.1 45.7 
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4.5.4 Long term irradiation measurements at various VGS 

 

Figure S4.1:  Two minute UV irradiation of C5-BTBT:PMMA under various 

VDS with a constant VGS of 0V followed by removal of UV light to allow 

relaxation for 45 minutes. 

 

Figure S4.2:  Two minute UV irradiation of C5-BTBT:p-DR1 under various 

VDS with a constant VGS of 0V followed by removal of UV light to allow 

relaxation for 45 minutes. 
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4.5.5 Biexponential fitting curves 

  

 

Figure S4.3:  Long Term UV irradiation of C5-BTBT:PMMA at a VGS = 0 V and 

a VDS = -0.1 V.   
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Figure S4.4:  Long Term UV irradiation of C5-BTBT:p-DR1 at a VGS = 0 V and 

a VDS = -0.1 V.   
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Figure S4.5:  Long Term UV irradiation of C5-BTBT:PMMA at a VGS = 0 V and 

a VDS = -60 V. 
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Figure S4.6:  Long Term UV irradiation of C5-BTBT:p-DR1 at a VGS = 0 V and 

a VDS = -60 V. 
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Effect of Azobenzene Derivatives on UV-Responsive 

Organic Thin-Film Phototransistors Using a 2,7-

dipentylbenzo[b]benzo[4,5] thieno[2,3-d]thiophene 

Semiconductor 
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Effect of Azobenzene Derivatives on UV-Responsive Organic Thin-Film 

Phototransistors Using a 2,7-dipentylbenzo[b]benzo[4,5] thieno[2,3-

d]thiophene Semiconductor 

 

This chapter is a reproduction of the following published article accepted for 

publication July 02, 2015, in The Journal of Material Chemistry C.  The major 

contribution of this work is that we show that the HOMO/LUMO energy levels as 

well as the electron accepting or donating nature of small molecule additives can 

be used to predict how they will affect the UV phototransistor properties of our 

C5-BTBT:PMMA blended phototransistor. 

 

Reproduced from: Chad S. Smithson, Darko Ljubic, Yiliang Wu, and Shiping Zhu; 

J. Mater. Chem. C, 2015.  With permission from The Royal Society of Chemistry. 

DOI: 10.1039/C5TC01251A 

5.1 Abstract 

We have studied a UV responsive phototransistor and how the addition of various 

azobenzene derivatives alters the rise and relaxation times when exposed to and 

removed from UV light respectively.  A three-component semiconductor system 

was studied consisting of a UV responsive material C5-BTBT, a polymer binder 

PMMA, and 1 of 5 different azobenzene materials for UV response enhancement.  
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The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) were determined experimentally and found from DFT 

theory.  Azobenzene units with a pendent nitro group have lower HOMO and 

LUMO levels than the semiconductor C5-BTBT.  This combined with their 

electron withdrawing nature allow them to stabilize excited electrons, extending 

the lifetime of excitons, keeping the system at a high current longer.  Using a bi-

exponential model, we see the relaxation rate constant τ increase from 278 to 

578 s when nitro-azobenzene was used.  Meanwhile, when azobenzene contains 

the electron donating unit NH2, the HOMO of the material was found to be higher 

than that of C5-BTBT.  This allowed another pathway for excited electrons to 

decay to their ground state, causing hole pair recombination, reducing IDS.  The 

relaxation curves when UV light is removed demonstrate a clear increase in 

decay rate over the control system, showing the charge donating amino-

azobenzene assist in charge recombination. 

5.2 Start of paper: Introduction 

Organic Thin-Film Transistor (OTFT) technology offers many new 

opportunities for future electronic development.1  One opportunity is the 

advanced functionality that can be applied to an OTFT by altering the 

semiconductor material, something that cannot be done for silicon based 

devices.  Among the advanced OTFTs a need exists for easy to fabricate 

UV sensitive devices for a number of applications including ultraviolet 
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sensing and memory.   UV sensors can be generated from either a UV-

diode, or UV-OTFT.  In both devices, charge carrier density is altered by an 

incident UV light.  In UV-OTFTs the drain current (IDS) is increased by 

altering the gate voltage (VGS) whereas, a UV-diode does not require a gate 

voltage for IDS enhancment.2,3  A major necessity for these devices to 

separate them from silicon based devices is the need for them to be blind 

to the visible spectrum.  Current UV sensors require the use of inorganic 

materials such as Si, Cd, Ga Ge4 and ZnO5,6,7,8 and often require 

waveguides to split the light allowing only UV light to enter the sensor.9  

The use of these waveguides complicates device structure (increasing 

costs), and reduces efficiency due to loss and a need to block the sensor 

from the original incoming UV light.   

Photoswitching is one promising option where the response of the material 

to a photo stimuli dictates the device’s switching speed.  Gold nanoparticles 

have been used for this approach.10  Another common way to utilize 

photoswitching is to generate a bistable device based on the OTFT design 

and incorporate photochromic materials such as spiropyran11, or 

diarylethane12,13,14 into the semiconductor.  Typically these materials are 

mixed with a semiconducting polymer such as poly(3-hexylthiophene-2,5-

diyl) (P3HT).15  The devices function by altering the highest occupied 

molecular orbital (HOMO) of the photochromic material when photo 

stimulated so it more closely matches that of the semiconductor or work 
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function of the electrodes.16  Another approach for UV-OTFTs is to utilize a 

small molecule semiconductor that has a specific UV absorption such as 

BPTT, which absorbs at 380 nm with a photocurrent to dark current ratio of 

2x105.17  For all the mentioned organic devices, if they can match inorganic 

device quality and sensitivity, the advantages associated with organic 

electronics can be gained including solution processability, potential device 

flexibility, and reduced manufacturing costs. 

In this paper we investigate a photosensitive OTFT where a photon excites 

an electron to a higher energy state generating an exciton, which through 

the applied drain source voltage (VDS) allows for the generation of an 

electron-hole pair, increasing the devices conductivity.18  It has been 

observed that the bulk of charge transport occurs at the 

semiconductor/dielectric interface, where we expect the generated holes to 

remain while the electrons accumulate at the drain.19  Knowing this we 

have expanded upon our original report which demonstrated that the UV 

sensitive material 2,7-dipentylbenzo[b]benzo[4,5] thieno[2,3-d]thiophene 

(C5-BTBT), which has an absorption edge that begins at 367 nm and 

peaks at 354 nm, making it completely transparent to the visible spectrum 

exhibits this type of photoconductivity.  C5-BTBT is an excellent 

semiconductor and has shown high mobility values when used in OTFTs.  

In addition, it is solution processable and air stable, making it an ideal 

candidate for electronic devices.  When mixed with a polymer binder such 
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as poly(methylmethacryate) (PMMA), consistent and well dispersed films 

are formed.  From these films we were able to generate bottom-gate top-

contact OTFTs using a silicon wafer as the gate with a 200 nm SiO2 layer 

as the dielectric and Au as the source and drain.  The 1:1 blend of C5-

BTBT:PMMA forms a semiconductor film with a modest mobility that we 

measured to be approximately 0.1 cm2V-1sec-1.  This mobility can be 

increased by two orders of magnitude through advanced printing 

techniques or the use of other polymer binders to alter the morphology.2,20  

The most interesting feature of this device is that, when exposed to UV 

light, with no gate bias present and a drain source voltage of  

-60 V, a slow 6 order of magnitude increase in current is observed (the “on 

state”), which can be returned to its low current “off state” state by pulsing 

the system with a gate voltage of -60 V.21  This photo-induced conductance 

is the source of study in this paper to which we develop guidelines for how 

to decrease the device response time to UV stimulus and extend its “on 

state” lifetime for memory devices or decrease the “on state” lifetime for 

sensors. 

Our previous work used a disperse red 1 (DR1)-methyl methacrylate 

copolymer as both a binding matrix and for device enhancement, allowing 

the device to reach maximum current faster and extending decay lifetime 

compared to when pure PMMA was used as the binding matrix.  In order to 

screen numerous materials, we replaced the DR1-PMMA copolymer with 
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PMMA and a series of azobenzene small molecules to determine which 

has the strongest effect on the device performance and why.  This 

approach causes an overall decrease in device performance because we 

go from a two-component system to a three-component system where the 

phase separation in the films is more complicated.  However, this is 

acceptable, because it eliminates the cumbersome step of synthesizing 

numerous copolymers, allowing for a much faster and wider screening of 

materials. The materials include azobenzene containing no substituents 

(Azo-1), azobenzene containing an electron donating amino group (Azo-2), 

azobenzene containing an electron accepting nitro group (Azo-3), an 

azobenzene material with both groups (Azo-4) and the DR1 small molecule 

so the results could be compared to the previous work (see Fig. 5.1).  In 

addition, density function theory (DFT) calculations were used in 

conjunction with cyclic voltammetry and UV-vis measurements to estimate 

the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energy levels of the materials both theoretically 

and experimentally.  These measurements show that the placement of both 

the HOMO and LUMO directly influences the turn on time and decay rate of 

the systems.  In addition we found that the choice of an electron 

withdrawing or electron donating substituent, influence the device 

performance. 
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Figure 5.1:  (a) Materials used to form the semiconductor layer.  (b) OTFT 

top contact bottom gate device design.  (c)  Optical microscope images of a 

PMMA:C5-BTBT film and a PMMA:Azo-1:C5-BTBT film, showing that film 

morphology is not altered with the addition of the azobenzene small 

molecule. 

5.3 Experimental / Results  

All films were spin coated from a 1,1,2,2-tetrachloroethane (TCE) solution.  

TCE was chosen because it was able to completely dissolve all the 

materials used in this study to generate uniform films.  The film morphology 

was not altered with the addition of azobenzene small molecules. When 

spin coated from the same solvent at the same conditions, films with 

different azobenzene additives also exhibited the similar morphology as 

shown in the optical images (Supporting Information Fig. S5.1). However, 

comparing the results of a C5-BTBT:PMMA film spin coated from 

chlorobenzene solution reported previously to  films prepared from TCE, 

we observe different morphologies.  Optical images of films made from 
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TCE showed a large number of striations typical of polycrystalline domains 

(Fig. S5.1). The dispersion of these domains is very even but generates a 

significantly larger number of grain boundaries than films obtained from 

chlorobenzene solution. As a result, the device prepared from TCE showed 

a lower mobility and lower saturation current.  The lower performance is 

acceptable because all films in this report are made from TCE; therefore 

they have the same morphology allowing comparisons among each other. 

AFM measurements were performed to confirm the morphology were 

similar (Fig. 5.2).  Topographical images show that all films have a 

relatively low surface roughness and are composed of small (~10 nm) 

spherical features evenly dispersed in the PMMA matrix. The phase 

images provide more information, making it easy to distinguish between the 

small molecules and the polymer binder.  C5-BTBT forms discrete 

spherical crystal domains within the film, with a large amount of overlap to 

form a percolating network.  It appears that the C5-BTBT domains are 

slightly bigger with less discrete edges when the polar azobenzene 

materials are present (Azo-2, Azo-3, Azo-4 and DR1), suggesting the 

polarity of the additive has an effect on C5-BTBT crystallization in the film. 

Unfortunately we cannot distinguish between the phase of the azobenzene 

additive and that of the semiconductor C5-BTBT. 
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Figure 5.2:  AFM images of the semiconductor films (scale bar 200 nm).  (a) 

Topographical images, (b) phase image. 

Transfer curves in the dark demonstrate typical p-type behaviour for all 

samples (Fig. 5.3).  By considering the system containing no azobenzene 

small molecules (PMMA:C5-BTBT) as our control system, observations can 

be made as follows.   Addition of azobenzene containing an amino group 

(Azo-2, Azo-4, DR1) shifted the threshold voltage (VTh) towards the 

negative direction (Table 1) compared to the control.  This is indicative of 

charge traps being introduced into the system.22  Meanwhile, azobenzene 

samples that do not contain amine groups (Azo-1, Azo-3), showed a VTh 

shift in the positive direction compared to the control to about -4 V, which 

suggests the filling of charge traps.2  When the UV light was on, the VTh of 

the control sample was shifted by only 14 V, while all the azobenzene 

containing samples showed much larger shifts, indicating the addition of 

the azobenzene small molecule allows for an increase in the number of 

charge carriers when exposed to UV light.  It has been reported in the past 

b)

a)
Control Azo-1 Azo-2 Azo-3 Azo-4 DR1
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that electrons generated by illumination fill the traps, causing the shift in 

threshold voltage.23,22  The largest ΔVTh occurs when a pendent amino 

group is present.  The ΔVTh can be used to estimate the increase in charge 

carrier density from dark to UV conditions, using the equation  

ΔN* = CiΔVTh/e [1] 

where Ci = 15 nF cm-2 is the capacitance per unit area of the dielectric 

layer, ΔVTh is the shift of the threshold voltage, and e is the elementary 

charge.24,25,26  The photocurrent/dark-current ratio (Pill) was calculated at a 

VGS = 0 V using equation [2]. 

𝑃𝑖𝑙𝑙 =
(𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘)

𝐼𝑑𝑎𝑟𝑘
 [2] 

where Ilight and Idark is the measured current under UV irradiation and in the 

dark respectively. These data are summarized in Table 5.1. A large 

photocurrent ratio eliminates the need for additional circuitry to increase the 

device gain and can be used as a figure of merit for device performance.  

These devices exhibit a photocurrent/dark-current ratio between 3-6 orders 

of magnitude which is large enough to unambiguously distinguish between 

the “off state” and “on state”.  Return sweeps for the transfer curves were 

measured, but make the graphs too cluttered.  They can be found in the 

supporting information.  It should be noted that in the dark, little to no 

hysteresis was observed.  However, under UV irradiation, the gate bias 

stress causes separated charges to recombine creating a large hysteresis 

effect.27  
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Figure 5.3:  Transfer Curves for the 6 systems studied with and without UV 

light.  (a) From left to right Azo-4, DR1, Azo-2, PMMA, Azo-3, Azo-1.  (b) 

From left to right PMMA, Azo-2, Azo-4, Azo-1, DR1, Azo-3. 

 

Table 5.1 

Electronic Characterization Data for the systems studied in dark and 

under UV light 

Sample Pill 

Mobility 

dark 

(cm2V-1 sec-

1) 

VTh 

Dark (V) 

VTh UV on 

(V) 

ΔVTh 

(V) ΔN* 

Control 3.3*103 0.10 -17 -3 14 1.87*1012 

Azo-1 9.2*105 0.08 -4 18 23 3.56*1012 

Azo-2 9.0*104 0.10 -43 12 55 5.62*1012 

Azo-3 3.7*106 0.04 -8 38 46 3.93*1012 

Azo-4 1.9*105 0.08 -42 23 65 6.74*1012 

DR1 5.8*105 0.10 -42 29 70 7.12*1012 
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Similar to our previous report21, all devices showed completely reversible 

behaviour.  The devices were turned to their “on state” by applying a UV 

stimulus, while a large gate bias stress (VGS = -60 V) returned them to their 

“off state”.  We were interested in how to speed up the rise times and alter 

the decay times for use as either a memory device (long decay time) or a 

sensor (short decay time). Fig. 5.4 provides the current response of 

devices over time when exposed to UV light for 20 minutes.  All devices 

reached a saturation current within this period of time, the UV light was 

then removed and the decay of the IDS was measured.  The response and 

decay curves were fitted using biexponential models, one for the current 

rise when exposed to UV light [3] and one for the decay when the UV light 

was removed [4].   

𝐼𝐷𝑆 = 𝐴(1 − 𝑒(−𝑡/𝜏𝐴)) + 𝐵(1 − 𝑒(−𝑡/𝜏𝐵)) + 𝐸      [3] 

𝐼𝐷𝑆 = 𝐶𝑒(−𝑡/𝜏𝐶) + 𝐷𝑒(−𝑡/𝜏𝐷) + 𝐹        [4] 

where A, B, C, D, E and F are constants measured in (A), t is time in (s), τA 

and τB, are rise times given in (s), τC and τD, are decay times given in (s).  

The biexponential models consist of a fast and slow exponential τ term.  

Table 5.2 summarizes the fitted values for each curve where the fast term 

was used as a measure of stimulus response speed and decay speed.  For 

response times, devices containing nitro groups responded faster than the 

others.  Those containing an amino group respond slower than pure 

azobenzene, likely due to the increased number of low energy traps 
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generated from the amino groups.  Over a 20 minute UV exposure, all the 

devices eventually reach a saturation value with azobenzene taking the 

longest of all the samples.  There was a significant difference in the decay 

times of the devices.  Devices containing electron accepting groups 

remained in the high current state, displaying slow decay times.  Meanwhile 

the azobenzene containing electron donating groups (amino groups) 

displayed a significantly faster decay rate.  Interestingly the DR1 sample 

does not follow the trend of the other amine containing groups, which could 

be caused by the additional electron withdrawal due to the OH pendent 

group on the amine unit. 

 

Figure 5.4:  (a) samples irradiated with UV light for 20 minutes to ensure 

saturation current, the dashed line shows when the UV is removed to show 

the current decay over time. (b)  UV write erase cycle of Azo-3:PMMA:C5-

BTBT showing the reproducibility and re-writability of the system. 

 

1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

0 1,000 2,000 3,000 4,000

I D
S

(A
)

Time (s)

Control Azo-1

Azo-2 Azo-3

Azo-4 DR1
1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

0 100 200 300

I D
S

(A
)

Time (s)

UV on

UV 
off

Gate Bias VG=-60 V
a) b)

UV on UV off



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

152 
 

Table 5.2 

Values used to model the rise and decay curves of the samples 

Writing (UV light exposure) 

 A (A) τA  (s) B (A) τB (s) E 

Control 1.45*10-6 499 9.00*10-7 1.2*103 7.67*10-12 

Azo-1 1.20*10-6 371 1.60*10-19 6.7*103 1.21*10-11 

Azo-2 6.59*10-7 249 8.05*10-8 1.1*106 6.16*10-12 

Azo-3 2.40*10-6 125 1.32*10-8 1.4*105 7.67*10-12 

Azo-4 2.01*10-7 225 2.20*10-6 2.3*105 7.67*10-12 

DR1 2.01*10-6 306 8.19*10-7 2.8*103 7.67*10-12 

Decay (UV light removed) 

 C (A) τC (s) D (A) τD (s) E 

PMMA 1.02*10-6 18 5.35*10-7 278 1.10*10-7 

Azo-1 5.38*10-7 55 4.58*10-7 516 3.94*10-8 

Azo-2 6.93*10-7 50 4.06*10-8 649 9.00*10-11 

Azo-3 1.15*10-6 80 8.48*10-7 578 5.68*10-8 

Azo-4 2.70*10-7 47 2.97*10-8 493 4.37*10-10 

DR1 1.01*10-6 67 7.85*10-7 580 1.11*10-7 

 

5.4 HOMO LUMO energy level determination. 

Given the very similar morphology of these systems, to understand the 

significant difference in photoresponse, we looked at the HOMO and LUMO 

energy levels of all materials involved in the charge transfer.  DFT 

calculations using Gaussian 03 were performed using the B3LYP/6-

311G(d,p) basis set to determine the energy levels of the HOMO and 

LUMO of each material. Hybrid functionals such as this one carry an 
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average error of 0.2 eV.  To provide an experimental comparison for the 

DFT calculations, cyclic voltammetry measurements were performed (Fig. 

5.5).  Cyclic voltammetry measurements have been shown to be an 

excellent method to approximate the HOMO of a material.  Varying 

viewpoints on how to analyze and standardize CV measurements exist in 

the literature,28,29 making the comparison of HOMO and LUMO data difficult 

to achieve.  Therefore, clearly stating the values used when converting CV 

measurements to the vacuum level is necessary for comparison with other 

works.  We have chosen to follow the method set forth in 2011 by Cardona 

and Bazan,30 which uses the onset of oxidation (Eonset, ox) obtained from 

cyclic voltammetry to determine the HOMO which is shown to have an 

accuracy of approximately 0.1 eV when compared to ultraviolet 

photoelectron spectroscopy (UPS) measurments.28  To convert to the 

Fermi level the following equation is used; 

EHOMO = -(E[onset, ox vs Fc+/Fc] + 5.1)(eV)       [5] 

where the E1/2 of the ferrocenium couple (Fc+/Fc) in CH3CN is given a value 

of 0.4 eV vs the saturated calomel electrode (SCE)31 with SCE being 0.24 

eV vs the normal hydrogen electrode (NHE) and NHE being -4.46 eV vs 

the vacuum level.  Although it is possible to use Eonset, red in the above 

equation to determine the LUMO value, a more accurate LUMO is obtained 

when the bandgap energy Eg is assumed to be equal to the Eonset opt 
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obtained from the optical edge of UV-vis measurements. This value is 

easily converted from nm to eV using the conversion;  

Eonset opt = hc/λ = 1240(eV·nm)/λ       [6] 

where h is planks constant, c is the speed of light in a vacuum and λ the 

wavelength where the onset of absorbance occurs in the UV-Vis spectrum.  

The LUMO is determined using the following equation;  

ELUMO = EHOMO + Eonset opt        [7] 

A general trend is observed, where the experimental HOMO-LUMO levels 

are found at a lower energy than the calculated values Fig. 5.5.  This is 

expected as calculated values will always overestimate energy levels, and 

they do not take into account the solvent effect that occurs during CV 

measurements.  However, the position of the HOMO and LUMO relative to 

one another is consistent across the experimental and calculated data, 

demonstrating that one or the other method can be used to obtain 

comparable HOMO/LUMO energy levels.  To simplify, the rest of this report 

will focus on the experimental HOMO and LUMO levels.  The HOMO of 

Azo-1 and Azo-3 are lower than that of the C5-BTBT.  Meanwhile, all 

samples containing an amino group Azo-2, Azo-4 and DR1, have a HOMO 

above that of C5-BTBT.  The LUMO energy levels for all the materials are 

fairly close in energy with all of them being lower than that of C5-BTBT. 
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Figure 5.5:  (a) Cyclic voltammetry measurements of the materials studied.  

The onset to oxidation (0/1+) was used as the experimentally measured 

HOMO for each system. (b) dark boxes, HOMO and LUMO energy levels 

measured from CV and UV vis, open boxes calculated using DFT theory 

with a B3LYP/6-311G(d,p) basis set. PMMA from the following reference.32 

 

5.5 Charge transfer and trapping based upon HOMO LUMO energy levels 

The transistors studied here can be grouped into three different categories 

based on the relative positions of the azobenzene HOMO/LUMO energy 
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BTBT:PMMA (Fig. 5.6 (d)), we observe that the HOMO of both materials 

are very close and because band theory assumes bands are not discreet 

energy levels, but instead a spread of the density of states, we can assume 

these two materials have overlapping HOMO levels.  When irradiated with 

365 nm UV light, an electron from the C5-BTBT valance band (HOMO) can 

be excited into the LUMO of the material leaving a hole in the valance band 

for conductance to occur.  This hole is moved through the material due to 

the external VSD, causing conductance to occur resulting in an increased 

current.  While this is occurring, the electron can travel in the conductance 

band (LUMO) of C5-BTBT, but does not have the energy to enter the 

LUMO of PMMA as its LUMO lies higher in energy than the C5-BTBT 

LUMO, limiting the distance the electron can travel as it will eventually be 

stopped by PMMA.  This excited electron will eventually return to its ground 

state causing a charge recombination. 

When an azobenzene derivative is added to the system two new scenarios 

are generated (Fig. 5.6 (e), (f)).  The second category occurs for both Azo-

1 and Azo-3, where the HOMO of the azo is energetically unfavorable for 

the Azo unit to move an electron into a hole on C5-BTBT or PMMA and it 

therefore will not take part in hole conductance.  The LUMO of these Azo 

systems is lower in energy than that of C5-BTBT.  Therefore an excited 

electron on C5-BTBT can fall from the C5-BTBT conductance band into the 

LUMO of the Azo material.  Azo-3 has a strong electron withdrawing nitro 
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group (which we see from the calculated molecular orbital, has a LUMO 

with a large electron concentration on the nitro group Fig. 5.6 (b)). able to 

trap an excited electron for a longer time period than C5-BTBT.  Because 

the HOMO of nitroazobenzene should not take part in hole transport, there 

is no lower energy Azo state for the electron to decay to.  Therefore, as 

long as the Azo group retains the excited electron, hole conductance can 

occur.  With time the excited electron will decay back to recombine with a 

hole on either C5-BTBT or PMMA.  This dependence of the recombination  

 

Figure 5.6:  The HOMO and LUMO molecular orbitals calculated using DFT 

theory for (a) C5-BTBT, (b) Azo-3, (c) Azo-2. (d), (e), (f) Experimentally 

determined HOMO LUMO energy levels of materials involved in charge 

transfer, explaining how each system reacts to the UV stimulus.  The blue 

arrows represent pathways for electron movement to occur.  The red arrow 

represents a pathway for charge recombination to occur. 
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of the excitons on the strength of the electron accepting material, provides 

a method to extend the hole lifetime after the UV source is removed. 

Table 5.3 

Cyclic Voltammetry and UV-Vis Data used to experimentally determine 

the HOMO and LUMO levels as well as the calculated HOMO and LUMO 

values 

Material 

EOnset 

Red 

(eV)a) 

HOMO (eV) 

Eopt 

onset 

(nm)d

) 

Eg (eV) 

LUMO 

(eV) 

Experb) Calcc) 

Exper

e) 

Calc 

c) Exper f) Calcc) 

C5-BTBT 1.21 -6.31 -5.63 367.1 3.38 4.23 -2.93 -1.40 

Azo-1 -1.25 g) -7.25 g) -6.36 364.2 3.40 3.92 -3.85g) -2.43 

Azo-2 0.76 -5.86 -5.29 505.5 2.45 3.33 -3.41 -1.96 

Azo-3 1.84 -6.94 -6.87 384.8 3.22 3.62 -3.72 -3.25 

Azo-4 0.81 -5.91 -5.70 583.5 2.13 2.89 -3.78 -2.81 

DR1 0.89 -5.99 -5.74 583.7 2.12 2.91 -3.86 -2.84 

a) Values determined from cyclic voltammetry vs SCE, scan rate 200 mV, 

solvent CH3CN, electrolyte NBu4PF6, Pt electrodes  

b) Values determined from cyclic voltammetry Vs Fermi level using equation 

[5] 

c) Obtained using DFT with a B3LYP 6-311G(d,p) basis set;  

d) Obtained from UV-vis 

e) Using equation [6] 

f) Obtained from equation [7] 

g) only the oxidation peak was obtained from CV, so its onset was used as 

the LUMO and the UV-vis was used to determine the HOMO 
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The final category occurs for the amino containing azobenzene systems 

(Azo-2, Azo-4 and DR1) who’s HOMOs are higher in energy than C5-

BTBT and PMMA while their LUMOs are lower in energy than C5-BTBT.  

When UV light excites an electron on C5-BTBT, a ground state electron 

from the Azo HOMO can decay into the lower energy C5-BTBT HOMO 

filling the generated hole and placing the hole on the higher energy amine-

azobenzene HOMO.  This is a trap which will prevent conductance 

because electrons will need to be raised in energy to fill this hole.  

Therefore enough excitons must first be generated to fill all the holes 

before conductance can occur.  As a result it takes longer for a device to 

turn on.  Like the previous scenario, the excited electrons can decay into 

the lower energy LUMO of the Azo group.  It is possible the Azo system will 

already have donated an electron from its HOMO to fill the hole generated 

by C5-BTBT, therefore this excited electron can decay down to its electron 

deficient HOMO.  Alternatively the electron can combine with a hole by 

decaying directly from the LUMO level to fill a hole in the C5-BTBT/PMMA 

conductance band.  The calculated molecular orbital for the LUMO of these 

materials shows no molecular orbital density on the amino groups Fig. 5.6 

(c), supporting the idea that the material is more likely to donate an 

electron which can cause charge recombination.  The result of this is an 

expected slower write time and increased decay rate. 
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Two other scenarios exits, but did not fall into the azobenzene systems 

studied here.  Those systems are when the HOMO is lower than C5-BTBT 

and the LUMO is higher than C5-BTBT.  This system is expected to have 

no appreciable effect on the systems performance, and will just take up 

physical space in the system generating gaps in the band structure.  The 

other when both the HOMO and LUMO are higher than those of C5-BTBT 

respectively.  In this scenario, we expect a slower write time due to the 

traps caused by the material.  The decay rate should also be faster 

because the traps provide a smaller bandgap where excited electrons can 

decay to and recombine.  Therefore this scenario would be similar to case 

three discussed above. 

If we wish to generate a memory device we want to choose a material that 

has a HOMO lower than C5-BTBT and a LUMO lower than the C5-BTBT 

LUMO.  Additionally the material should contain a large amount of electron 

accepting groups so it can stabilize an excited electron for an extended 

period of time.  Meanwhile if we want a sensor, we wish to choose a 

material that has a HOMO that matches C5-BTBT and a LUMO lower than 

C5-BTBT.  The material should contain electron donating groups to help 

expedite the hole pair recombination process. 
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5.6 Conclusions 

We explored the UV response of an OTFT consisting of C5-BTBT as a UV 

stimulant, PMMA as a polymer binder, and a series of azobenzene units 

containing different substituents.  HOMO and LUMO energy levels were 

calculated and measured experimentally.  Systems containing azobenzene 

with the electron donating amine groups, had HOMO values higher than 

that of C5-BTBT, which introduced charge traps into the system causing a 

slower response to the UV stimulus because the traps needed filling.  In 

addition they had faster decay rates because the electron donating nature 

of the amine group combined with the charge traps provided an additional 

pathway for charge recombination to occur.  Meanwhile, systems 

containing electron donating nitro groups were found have a much slower 

decay rate once the UV light was removed compared to systems without 

nitro groups because of the electron withdrawing nature of the nitro group, 

being able to stabilize an excited electron.  These results provide a method 

to determine what materials can be mixed with C5-BTBT to enhance its UV 

response and either extend the decay time (memory device) (electron 

donating groups), or decrease the decay time (sensor device) (electron 

accepting groups).  This roadmap can be used for future work to generate 

more effective UV devices.  
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5.8 Supporting information 

5.8.1 Experimental 

A.  Materials 

4-(diethylamino)azobenzene (98%) (Azo-2) was purchased from Alfa Aesar 

and used as received.  The following materials were purchased from Sigma 

Aldrich ferrocene (Fe(Cp)2), Bis(pentamethylcyclopentadienyl)iron(II) 

(Fe(Cp*)2), azobenzene (99%) (Azo-1), 4-nitroazobenzene (90%) (Azo-3), 

diethyl-(4-(4-nitro-phenylazo)-phenyl)-amine, disperse red 1 (95%) (DR1), 

2-[Ethyl[4-[2-(4-nitrophenyl)ethenyl]phenyl]amino]ethanol (98%) (Azo-4), 

PMMA (MN =140,000), HPLC grade CH3CN, reagent grade isopropanol, 

toluene and 1,1,2,2-tetrachloroethane(TCE).  (Fe(Cp)2) and (Fe(Cp*)2) 

were purified by sublimation.  Azo-3 was dissolved in ethyl acetate and 

filtered to remove impurities, the solvent was then removed using a rotary 

evaporator.  It was then dried 60°C under vacuum overnight.  All other 

samples were used as received.  C5-BTBT was prepared using the 

methods outlined in reference 33,20.  
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B.  UV-Vis sample preparation/measurements 

Glass microscope slides were cleaned with isopropanol and air dried.  

Solutions from Table S5.1 were drop cast onto the glass slides where they sat for 

2 minutes before being spin coated at 500 RPM for 90 sec using a 5 sec ramp 

time.  These samples were used to acquire UV-Vis measurements on a Cary 

5000 UV-Vis-NIR Spectrometer using a glass slide with a 40.0 mg PMMA, 3.96 g 

TCE solution spin coated on it as the background. 

Table S5.1 

Materials used to prepare solutions for spin coatinga) 

Sampleb) 

Mass 

(mg) mmoles PMMA mass (mg) 

C5-BTBT 

(mg)c) 

TCE 

(g) 

Azo-1 2.4 0.0133 37.6 40.0 3.92 

Azo-2 3.4 0.0133 36.6 40.0 3.92 

Azo-3 3.0 0.0133 37.0 40.0 3.92 

Azo-4 4.0 0.0133 36.0 40.0 3.92 

DR1 4.2 0.0133 36.0 40.0 3.92 

aC5-BTBT and PMMA UV-vis spectra can be found in reference21 

bAll solutions were passed through a 0.45 µm filter before use 

cThe solutions used for UV-vis were the same composition except no C5-BTBT 

was added and its weight was replaced by an equivalent weight of TCE. 

C.  Cyclic voltammetry measurements 

Pt was used as the working, reference and counter electrodes.  Solutions 

were 2 × 10–3 M test compound and 0.1 M N(Bu4)PF6 as the supporting 

electrolyte in CH3CN.  Solutions containing the electrolyte, test compound and 
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solvent were stirred with a bubbling stream of argon for 5 minutes before 

measurements were taken.  During measurements, the chamber was sealed with 

a flow of argon over the solution.  Scan rates of 100 mV/s and 200 mV/s were 

used.  Data was collected on a PAR (Princeton Applied Research) model 283 

potentiostat (using PAR PowerCV software).  Ferrocene (1.9 mg, 0.002 M) was 

added as a reference to zero the spectra.  For samples where the ferrocene 

halfwave could not be distinguished from the analyte, Fe(Cp*)2 (3.3. mg, 0.002 M) 

was used in its place.  All samples were standardized vs SCE , where E1/2 of the 

ferrocenium couple (Fc+/Fc) in CH3CN is given a value of 0.4 eV vs (SCE).31  

These spectra were then converted to the vacuum scale by applying the following 

formula EHOMO = -(E[onset, ox vs Fc+/Fc] + 5.1)(eV).30 

Table S5.2 

Materials used to prepare solutions for cyclic voltammetry 

Sample 

Mass 

(mg) 

Molarity 

(mol/L) 

N(Bu)4PF6 

mass (g) 

N(Bu)4PF6 molarity 

(mol/L) 

CH3CN 

(mL) 

Azo-1 1.8 0.002 0.1937 0.1 5 

Azo-2 2.5 0.002 0.1937 0.1 5 

Azo-3 2.3 0.002 0.1937 0.1 5 

Azo-4 3.0 0.002 0.1937 0.1 5 

DR1 3.0 0.002 0.1937 0.1 5 
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D.  Electrical measurements 

Sample preparation and characterization was performed in a similar manor to 

that outlined in our previous paper,21 with the following differences;  Solution 

compositions are different and outlined above in Table S5.2.  Spin coating 

conditions were changed from 2000 rpm to 3000 rpm.  Measurements were no 

longer performed under humidity controlled conditions and instead measured 

under ambient conditions. 

5.8.2 Experimental Data 

E.  Optical microscopy measurements 
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Figure S5.1:  Optical Microscope images of films spin coated from 1,1,2,2-

tetrachlorethane (TCE) onto an HMDS modified Si/SiO2 wafer, as well as a 

control film spin coated from chlorobenzene.  All films show similar 

morphology when spin coated from the same solvent. 

PMMA:BTBT
Solvent: TCE

PMMA:BTBT
Solvent: chlorobenzene

Azo-2:PMMA:BTBT
Solvent: TCE

Azo-4:PMMA:BTBT
Solvent: TCE

Azo-1:PMMA:BTBT
Solvent: TCE

Azo-3:PMMA:BTBT
Solvent: TCE

DR1: PMMA:BTBT
Solvent: TCE
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F.  Transfer curves 

 

Figure S5.2:  Transfer curves for all systems studied under dark conditions 

showing a forward and backward sweep. 

 

Figure S5.3:  Transfer curves for all systems studied under UV conditions 

showing a forward and backward sweep. 
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G.  Cyclic voltammetry results 

Table S5.3 

Cyclic Voltammetry Data, all values in (eV)a) 

Material E Onset
 0/1+ E1/2

0/1+ E1/2
1+/2+ E1/2

1-/0 E1/2
2-/1- 

C5-

BTBT 1.21 1.31 ---- ---- ---- 

Azo-1 ---- ---- ---- -1.33 ---- 

Azo-2 0.76 0.92b) 1.61 b) -1.76 ---- 

Azo-3 1.84 2.13 b) ---- -0.83 -1.13 

Azo-4 0.81 0.93 b) ---- -0.91 -1.32 b) 

DR1 0.89 1.03 b) ---- -0.94 -1.29 

a) Values determined from cyclic voltammetry vs SCE, with the onset of 

oxidation or reduction reported 

b) Irreversible oxidation or reduction 
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Figure S5.4:  Cyclic voltammograms of film materials (vs SCE) showing the 

onset of reduction or oxidation for. 

y = -0.0371x - 0.0429

y = -7.1846x + 8.6661

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

C5-BTBT

1.21 V

y = -0.007373x + 0.000182

y = -6.488x - 8.1183

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

Azo-1

1.25 V

y = -0.1020x + 0.0765

y = -4.0641x + 7.3625

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

Azo-3

1.84 V

y = -0.1253x - 0.1365

y = -4.8716x + 3.9643

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

Azo-4

0.81 V

y = -0.0074x - 0.0419

y = -8.5302x + 7.6168

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

DR1

0.89 V

y = -0.0601x - 0.0898

y = -7.4044x + 5.6901

-1.0

-0.6

-0.2

0.2

0.6

1.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

N
o

rm
a

li
ze

d
 C

u
rr

e
n

t

Potential (V vs SCE)

Azo-2

0.76 V



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

170 
 

 

H.  UV-Vis measurements 

 

Figure S5.5:  UV-vis spectra of film materials with the absorption edge 

calculations shown. 
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I.  Rise and decay measurements with experimental modeling 

 

Figure S5.6:  (Left side), IDS vs time showing the current rise over a 20 

minute UV exposure with the experimental (black) and biexponential curve 

fitting (red).  (Right) IDS decay vs time starting after the 20 minute UV 

exposure with experimental (black) and biexponential curve fitting (red).   
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Figure S5.7:  (Left side), IDS vs time showing the current rise over a 20 

minute UV exposure with the experimental (black) and biexponential curve 

fitting (red).  (Right) IDS decay vs time starting after the 20 minute UV 

exposure with experimental (black) and biexponential curve fitting (red).   
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Chapter 6 

UV Response Time Manipulation Using Non 

Isomerizable Naphthalene and Anthracene Based 

Additives 
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6.1 DFT calculations 

The success of the work utilizing azobenzene additives led us to investigate other 

materials that could have even more pronounced phototransistor affects when 

combined with C5-BTBT, specifically faster turn on times and longer memory 

retention times.   To achieve this we focused our studies on materials that would 

not isomerize, were planar, soluble, and could be altered to have electron rich or 

deficient pendent groups.  Naphthalene and anthracene derivatives were used as 

they fit all the above criteria. 

Chapter 5’s work showed that DFT calculations of molecular orbital (MO) energy 

levels can help predict how the additive will affect the system.  Fig. 6.1 provides a 

summary of the HOMO, LUMO and LUMO +1 energy levels of the studied 

materials.  Position of the additives HOMO and LUMO compared to the UV 

sensitive C5-BTBT semiconductor are crucial to device performance.  For 

sensing speeds, the elimination of charge traps is desired.  A HOMO lower in 

energy than C5-BTBT, can help fill charge traps, increasing sensing speeds, 

while a HOMO higher than C5-BTBT will add traps, slowing sensing speeds.  

Once a UV photon is absorbed by C5-BTBT, it will excite an electron on C5-

BTBT to an unoccupied MO.  From there it can decay back down to its HOMO, 

causing hole pair charge recombination, or through π-π-orbital overlap, can hop 

onto an empty equal or lower lying LUMO of the additive.  The LUMO of this 
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additive can either extend or decrease the lifetime of electron hole recombination 

depending on how strongly it can stabilize the electron.  Therefore, the additives 

LUMO and electron affinity affect how long the device remains in its high 

conductivity state.   

 

Figure 6.1:  DFT calculations of the HOMO (solid boxes), LUMO and LUMO 

+1 (open boxes) energy levels calculated at the BY3LYP 6-311 G(d,p) level 

for the materials used in the semiconductive layer.  Grey dashed lines have 

been added to guide the eye to track the HOMO and LUMO energy levels of 

C5-BTBT vs the additives. 
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6.2 Results / discussion 

6.2.1 Transfer curves 

OFET devices were spin coated from a solution of additive, PMMA and C5-BTBT.  

Optical microscopy images of the films show they are of similar morphology and 

UV-Vis shows all samples absorb somewhere between 465-345 nm.  Fig. 6.2 

provides transfer curves for all the systems studied in dark conditions and under 

UV irradiation.  By comparing systems to the PMMA:C5-BTBT control, we see 

the effects of each additive, with a major effect being the introduction or removal 

of charge traps.  In a p-type semiconductor, a trap is a material with a filled MO 

able to donate electrons to holes in the valance band, preventing conduction, 

while not taking part in hole conduction itself.  As expected additives with a 

HOMO level higher in energy than C5-BTBT (NH2-Anth, 2OCH3-Naph, 2OCH3-

Anth), introduced additional traps into the system, shifting the VTh to more 

negative values.  Despite NH2-Naph’s, HOMO being just below that of C5-BTBT 

we observe a small negative VTh shift of -6 V which could be a result of the 

imprecision of DFT calculations.  All additives with a  HOMO lower in energy than 

C5-BTBT,  showed a VTh shift in the positive direction indicating the filling of 

charge traps.>  When under UV illumination, all the systems show a large VTh 

shift, with the ΔVTh being 3-5 times larger than the control, indicating there is an 

increased number of sustained charge carriers. 
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Figure 6.2:  Transfer curves for the studied systems in (a) dark conditions 

and (b) under UV illumination. 

All devices showed increased Pill and R at a VGS = 0 V with results summarized in 

Table 6.1. The highest values are obtained for additives containing electron 

accepting groups, which are expected to trap photogenerated electrons the 

longest, preventing recombination, resulting in a higher photocurrent.  NO2-Anth 

showed the greatest increase in Pill of 1.6*106 which is 3 orders of magnitude 

greater than the control and the highest R value of 7.8 A/W.  However as we will 

see in chpt. 8, these devices are being measured at a saturation R value. 

6.2.2 UV response times 

Device speeds are very important and were measured for illumination (sensing).  

Unfortunately each of our tested systems reached a different saturation value, 

which made evaluating response times difficult.  For this reason, we chose to 

characterize the sensing speed by taking the time required to reach 20% of the 

maximum photocurrent because this value is high enough to unambiguously 
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determine between the off and on state (Fig. 6.3).  The devices showed a fast 

initial increase in photocurrent, followed by a slow increase which has been 

observed many times in the literature2,3 and is similar to our previous work.  All 

devices had faster sensing speeds than the 110 s control time, with the two 

fastest NO2-Anth and 2NO2-2Cl-Anth being 8.8 and 1.6 s respectively (Table 

6.1). The fastest sensing times for these systems can be attributed to both their 

trap filling characteristics as well as the easily accessible LUMO and LUMO+1 

located well below that of C5-BTBT. 

 

Figure 6.3:  (a) IDS response at VGS = 0 V during a 20 min irradiation and the 

40 min after UV light was removed.  (b) zoom in of the first 2 min of (a) with 

the 20% of saturation marked with a round blue marker.  
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Table 6.1 

Electrical characterization parameters of the systems studied at a Pinc = 

3.8 mWcm-2 and VDS = -60 V 

 VTh (V)    

Time to reach 

20% saturation 

value (s)  

Sample 

UV 

off 

UV 

on 

ΔVTh 

(V) Pill 

R 

(A/W) 

UV on 

(rise) 

UV off 

(decay) 

Reset 

VGS 

(V) 

Control -17 -3 14 3.3*103 0.02 110.2 108 -55 

NO2-Naph -17 28 45 7.3*105 2.6 19.7 151 -35 

NO2-Anth -13 46 59 1.6*106 7.8 8.8 392 -60 

2NO2-Anth -2 40 42 5.7*105 2.3 15.0 >2400 -75 

2Cl2-2NO2-

Anth 

-1 49 50 5.5*105 2.8 1.6 >2400 -90 

NH2-Naph -24 16 40 1.4*105 0.54 75.4 55 -25 

NH2-Anth -44 30 74 6.1*105 3.0 59.3 239 -40 

2OCH3-

Naph 

-27 20 47 6.8*105 0.23 56.1 373 -35 

2OCH3-Anth -23 39 62 6.6*105 2.4 19.1 > 2400 -70 

 

Relaxation lifetimes are dependent on how fast charge recombination of an 

electron hole pair occurs.  Table 1 summarizes how long each system takes to 

decay to 20% of its saturation value.  Only NH2-Naph has a faster decay rate 

(55s) than the control system 108 s, which can be attributed to its 2 MO’s lower in 

energy than C5-BTBT combined with the poor electron stabilization of 
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naphthalene and the electron donating amino group.   Meanwhile the stronger 

electron stabilizing anthracene systems showed longer decay rates, with both 

NO2-Anth and 2Cl-2NO2-Anth which have 2 MO’s below that of C5-BTBT having 

decay rates greater than 2400s.  The strong electron accepting nature of the 

pendent groups helps extend the lifetime of the photocurrent by preventing 

electron hole recombination.  The decay rates are too slow for use in sensors, but 

show promise for memory based devices. 

6.2.3  VGS reset 

As can be seen by Fig 6.3 (a), all devices show a persistent photocurrent, which 

is caused by the maintained separation of electron hole pairs generated from the 

UV source.  A large enough negative gate bias is able to force trapped electrons 

to be released allowing for the recombination of electron hole pairs, returning the 

system to its initial low condition off state.  This ability to reset the system through 

a gate bias offers advanced functionality for devices.  By illuminating each device 

for 20 sec, followed by the application of a gate voltage, we were able to 

determine how strong of a negative bias is required to return each system to its 

off state (Fig. 6.4).  As expected the additive with electron donating groups 

required a gate voltage lower than the control of -55 V, with the NH2-Naph group 

resetting at -25 V.  Meanwhile, additives with electron accepting groups required 

much stronger biases, with the 2Cl-2NO2-Anth system having the strongest at -

90 V.  The NO2-Naph system is an anomaly that we believe is caused by a 
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decreased electron stabilization of the less conjugated naphthalene system vs 

anthracene.  

 

Figure 6.4:  Drain current after being exposed to a 30 second UV exposure, 

followed by the corresponding gate voltage.  All data points were recorded 

at a VGS = 0 V after the corresponding VGS of the data point was applied for 

2 seconds. 
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6.3 Conclusion 

The above additives contained either electron donating or accepting groups, 

expected to increase UV decay rates or extend them respectively.  We see this 

trend most strongly displayed in the systems that through DFT calculations have 

both a LUMO and LUMO+1 lower in energy than C5-BTBT.  With the increased 

number of MO’s available, the chances a UV excited electron could decay onto 

the additive were increased.  From that point, the electron donating or accepting 

properties of the additive impacted how long the photocurrent could be 

maintained after the UV stimulus was removed.  The VGS required to return the 

system to its ground state corresponded well to the lifetime of the persistent 

photocurrent, with the NO2-Anth and 2Cl-2NO2-Anth systems showing the 

longest lifetimes, and NH2-Naph the shortest.   

6.4 Experimental / additional characterization 

6.4.1 Materials 

The following materials were purchased from Sigma Aldrich, 1-naphthylamine (≥ 

99%) (NH2-Naph), 4—aminoanthracene (90%) (NH2-Anth), 1,4-

dimethoxynaphthalene (97%) (OCH3-Naph), 9,10-dimethoxy-anthracene 

(2OCH3-Anth), 9-nitroanthracene (93%) (NO2-Anth), 9,10-dinitro-anthracene 

(98%) (2NO2-Anth), 1,5-dichloro-9,10-dinitro-anthracene  (2Cl-2NO2-Anth),  

PMMA (MN =140,000), reagent grade isopropanol, toluene and 1,1,2,2-

tetrachloroethane (TCE).  (NO2-Anth) was re-crystallized from ethyl acetate. 
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(NH2-Anth) were dissolved in ethyl acetate and filtered to remove impurities, the 

solvent was then removed using a rotary evaporator.  These samples were then 

dried 60°C under vacuum overnight.  All other samples were used as received.  

C5-BTBT was prepared using the methods described in chapters 4 and 5.  

Sample preparation and testing equipment is the same as chapter 5. 

6.4.2  UV-Vis sample preparation / measurements 

The same procedures of chapter 5 were used but concentrations from Table 6.2. 

Table 6.2 

Materials used to prepare solutions for spin coatinga) 

Sampleb) 

Mass 

(mg) mmoles 

PMMA 

(mg) 

C5-BTBT 

(mg)c) 

TCE 

(g) 

Control 4.0 0.0133 36.0 40.0 3.92 

NO2-Naph 2.3 0.0133 37.7 40.0 3.92 

NO2-Anth 3.0 0.0133 37.0 40.0 3.92 

2NO2-Anth 2.0 0.0133 38.0 40.0 3.92 

2Cl2-2NO2-Anth 4.5 0.0133 35.5 40.0 3.92 

NH2-Naph 1.9 0.0133 38.1 40.0 3.92 

NH2-Anth 2.6 0.0133 37.4 40.0 3.92 

2OCH3-Naph 2.5 0.0133 37.5 40.0 3.92 

2OCH3-Anth 3.2 0.0133 36.8 40.0 3.92 

b) All solutions were passed through a 45 µm filter before use 

c) The solutions used for UV-vis were the same composition except no C5-

BTBT was added and its weight was replaced by an equivalent weight of TCE. 
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6.4.3 Electrical measurements 

See Table 6.3 for additional electrical characterization 

Table 6.3 

Additional electrical characterization 

 

Mobility 

(cm2/V·s) On/off ratio VTh (V)  

UV  

off 

UV 

on UV off UV on 

UV 

off 

UV 

on ΔN* 

Control 0.10 0.16 1.0*106 5.6*105 -17 -3 1.87*1012 

NO2-Naph 0.08 0.13 3.1*107 1.2*105 -17 28 4.19*1012 

NO2-Anth 0.06 0.42 7.9*105 3.6*101 -13 46 5.50*1012 

2NO2-Anth 0.03 0.08 5.0*107 4.1*104 -2 -40 3.99*1012 

2Cl2-2NO2-Anth 0.05 0.11 2.3*107 5.5*102 -1 49 4.69*1012 

NH2-Naph 0.09 0.08 6.8*105 2.6*105 -24 16 3.72*1012 

NH2-Anth 0.03 0.13 9.9*104 1.6*104 -44 30 7.68*1012 

2OCH3-Naph 0.03 0.02 3.0*107 7.7*105 -27 20 4.35*1012 

2OCH3-Anth 0.05 0.08 9.6*107 4.0*104 -23 39 5.83*1012 
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6.4.4 Optical microscopy measurements 

 

Figure 6.5:  Optical Microscope image of films spin coated from 1,1,2,2-

tetrachlorethane onto an HMDS modified Si/SiO2 wafer, scale bar is 100μm. 
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6.4.5 UV-Vis measurements 

 

Figure 6.6:  Thin film UV vis with the absorbance onset labelled. 
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Chapter 7 

Rapid UV-A Photo Detection, Using a BTBT Organic 

Field Effect Transistor Enhanced by a 1,5-dichlor-9,10-

dintiro-anthracene Additive 
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This chapter is a reproduction of the following article submitted for publication on 

July 21, 2015 to Applied Physics Letters.  The major contribution of this chapter is 

that having understood the effects of the HOMO/LUMO and electron accepting 

nature of small molecule additives from chapters 5 and 6, we chose the strongest 

performing system and explored its UV phototransistor properties in more depth. 

 

“Rapid UV-A Photo Detection, Using a BTBT Organic Field Effect Transistor 

Enhanced by a 1,5-dichlor-9,10-dintiro-anthracene Additive” 

Chad S. Smithson, Darko Ljubic, Yiliang Wu, and Shiping Zhu;  

 

7.1 Abstract 

Using the organic thin-film transistor architecture, a UV-A sensitive phototransistor 

was produced using an organic semiconductor 2,7-dipentyl[1]benzothieno[3,2- b 

][1] benzothiophene (C5-BTBT) and a strong electron accepting, non-

photoisomerization additive 1,5-dichloro-9,10-dintiro-anthracene  (2Cl-2NO2-

Anth).  At 0 gate bias the photoresponsivity of the device begins to saturate at a 

Pinc = 1 mW/cm2, where a photo to dark current ratio of Pill > 105 is observed with 

a photoresponsivity of 9 A/W.  The photoresponsivity was increased with the 

decrease of Pinc, reaching 40 A/W at a Pinc = 0.0427 mW/cm2.  A persistent 

photocurrent with a Pill >105 was observed for greater than 2 hours, demonstrating 
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the potential use for rewritable photo memory. We also showed that by applying a 

VGS program consisting of a reset pulse of -90 V every 2nd data point, the device 

can perform as a UV sensor or switch, acting on the timescale of 600 ms.  

7.2 Start of paper 

The production of advanced electronic materials will always prove to have value 

for future devices.1  Amongst these materials, photosensitive devices are able to 

produce incredible technologies ranging from solar cells to artificial eye 

detection.2  The phototransistors, a device where the incident light modulates the 

charge carrier density within the channel3 producing a photocurrent, offers a 

variety of advanced designs including optical sensors, optical memory, and 

optical switches, all of which present exciting opportunities for future technology 

integration.4,5  Research attention using phototransistors has been focused on 

utilizing visible light, while other parts of the electromagnetic spectrum are largely 

ignored.  Sensors able to detect Ultra Violet (UV) light, ranging from 100 – 400 

nm have many applications including, air quality monitoring, environment 

monitoring, bio-medical instrumentation, space communications and research, 

high temperature flame detection, and plasma research6,7,8 as well as optical 

memory,9,10 and optical switching devices11.  All of these technologies can be 

implemented using the three terminal Thin-Film Transistor (TFT) architecture, 

which can reduce noise and amplify electrical signals giving it a distinct 

advantage over diode devices.1   
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Although silicon based technology remains the dominate force in the field, more 

robust and adaptable UV based devices are emerging.  Current research for UV 

sensing typically uses wide band-gap metal oxide semiconductors such as ZnO 

films and nanowires,12,13,14,15,16,17,18,19  as well as other inorganic materials such 

as GaN, ZnSe, and AlGaN.20  There are select examples of organic 

phototransistors with the most prominent being azobenzene21,22 spiropyran,23 

furylfulgid and diarylethene24,25,26,27,28, which are all able to isomerize in the solid 

state.29  Other interesting devices such as Au-nanoparticles coated with 

azobenzene derivatives have been used as photoswitchs.30  The mechanism for 

the generation of photocurrent differ among devices.  Spiropyran, diarythethylene 

and azobenzene adjust their HOMO/LUMO energy levels through isomerization 

to better match the semiconductor HOMO or electrode work function.  

Meanwhile, ZnO nanowires react with O2, trapping electrons allowing hole 

conductivity.   

 

Two common figures of merit are used to characterize phototransistors and 

sensors.  The first is the photocurrent/dark current ratio, which is the difference 

between the current measured in the dark and that under illumination,  𝑃𝑖𝑙𝑙 =

(𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘)

𝐼𝑑𝑎𝑟𝑘
, where Ilight and Idark are the drain source (IDS) currents under UV 

illumination and in the dark respectively.  The second is photoresponsivity, which 

determines how much light is absorbed compared to how much reaches the 
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device,  𝑅 =  
𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝑃𝑖𝑛𝑐∙𝐴
, where Pinc is the irradiated lights incident power (W/cm2) 

and A is the area of the channel (cm2).2  Amorphous silicon devices have an R 

value of 300 A/W, making a benchmark for organic materials to beat.  In addition 

to these values, (1) air stability, (2) high sensitivity, (3) UV response speeds, (4) 

time required to return to the off state, and (5) ease of fabrication are important 

characteristics to be considered. 

 

Using the 3 terminal device structure, we have created a UV-A sensitive 

phototransistor that performs well on all the above mentioned criteria.  The device 

uses the photoactive 2,7-dipentyl[1]benzothieno[3,2- b ][1] benzothiophene  (C5-

BTBT) semiconductor mixed with polymethyl methacrylate (PMMA) to form the 

semiconductor of a field effect transistor (Fig. 7.1).  With the addition of a small 

amount of a strong electron accepting 1,5-dichloro-9,10-dintiro-anthracene  (2Cl-

2NO2-Anth) compound, the photoresponse of the device was dramatically 

increased. The photoconductivity of this report has a similar mechanism to ZnO 

nanowires.  The p-type UV sensitive semiconductor absorbed photon generates 

an exciton, which dissociates into free charges, an electron (e-) and hole (p+).  

Through the induced source drain electric field, p+ are swept from the system 

while the e- remains trapped in the film, generating a persistent 

photocurrent.31,4,22,32  

 



Ph.D. Thesis – C. Smithson; McMaster University – Chemical Engineering 
 

196 
 

The semiconductor by solids consisted of 5 mol% 2Cl-2NO2-Anth with respect to 

C5-BTBT.  PMMA was then added to make up the difference in weight so there 

was an equal wt% C5-BTBT vs PMMA and 2Cl-2NO2-Anth combined.   The 

solids were dissolved in 1,1,2,2-tetrachloroethane to form a 1.0 wt% solution.  

Bottom-gate, top-contact thin-film transistors were fabricated by spin coating the 

solution at 3000 RPM onto a Si wafer containing a 200 ± 10 nm SiO2 dielectric 

layer modified with a monolayer of hexamethyldisilazane (HMDS).  Gold 

electrodes were evaporated through a shadow mask, generating devices with a 

length and width of 85 ± 5 and 950 ± 10 μm, respectively.   Electrical 

characterization was performed under ambient conditions using a Keithly SCS 

4200, at a VDS = -60 V.  A  Black-Ray B-100AP High-Intensity UV Inspection 

Lamp with a 365 nm bulb was used for UV irradiation at various intensity which 

was measured with a Vernier UV-A sensor. 

Measurements were initially taken at a high Pinc = 3.8 mW/cm2, to obtain data 

under UV saturation conditions.  Transfer and output curves for the device can be 

found in Fig. 7.1.  From the transfer curve, we observe a VTh of -24 V.  This Vth is 

shifted to much higher values >100 V, under UV illumination, a direct result of the 

photogenerated current.  Little hysteresis exists under dark conditions, but a 

strong hysteresis is seen under UV illumination.  This is a result of the strong 

negative bias, causing charge recombination.  Measuring the device at a VGS = 0 

V, we observe a large Pill = 5.5*105, with an R = 2.8 A/W.  The low R value is a 
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result of measuring the device under saturation conditions, and as seen further in 

this report increases at lower UV intensities.  Comparing this to the literature, on 

average, devices have an R value in the range 10-1 – 101 A/W.33  ZnO nanowires 

have pushed this value to 106 A/W, but at the trade-off of Pill < 101.19  The output 

curves under dark conditions shows typical p-type FET behavior.  

   

Figure 7.1:  (a) Bottom gate top contact TFT device structure, and the 

materials used to make up the semiconductor layer.  (b) Transfer curves for 

the studied systems in the dark and under UV illumination. Output curves 

for the device in (c) the dark and (d) under UV illumination. 

The sensitivity of the device was tested by varying the UV light intensities in the 

range 0.043 to 3.8 mW/cm2 (Fig. 7.2).  A progressive shift of Vth can be 

observed, where the device reaches saturation at 1.07 mW/cm2.  This saturation 

becomes more evident when looking at a plot of Pill vs Pinc (Fig. 7.2 (b), red 

curve).  Below this saturation value, a curve can be fit with the equation Pill = 

8*105(Pinc)0.52  which can be simplified to Pill = 8*105(Pinc)1/2.  Above 1 mW/cm2 Pill 

plateaus for all higher intensities, showing this to be the saturation of 

photocurrent.  Plotting R vs Pinc below 1 mW/cm2, shows the relationship R = 
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9.3(Pinc)-1/2 suggesting the R is inversely proportional to the square root of Pinc.  At 

saturation R = 9.02 A/W.  As the light intensity exceeds saturation, we see a 

deviation from linearity, colored in blue, fitted by the equation R = 9.6(Pinc)-0.96, 

which is approximately R = 9.6/Pinc implying an inverse relationship between 

intensity and photoresponsivity.  This change from an inverse square root 

relationship to an inverse relationship can be attributed to the fact that after 

saturation generated charge carriers will combine almost immediately as they 

cannot be sustained as a persistent photocurrent. 

Literature UV sensing speeds cover many orders of magnitude from 

nanoseconds to minutes,7,34,33,19.  Often the increase in response speeds comes 

at the price of decreased R, Pill or difficult device fabrication.  This device shows 

a fast initial increase in photocurrent, followed by a slow increase which has been 

observed many times in the literature.35,36  UV response times under various Pinc, 

were measured and evaluated by how long it took the device to reach an  IDS = 

10-6 A given by the red dashed line in Fig. 7.2 (c).  A plot of these response time 

vs Pinc is provided, showing that after the device reaches saturation, response 

times plateau at ~ 1.6 s.  Below saturation, the response time can be fitted to the 

following equation, tresponse = 18/exp(2Pinc).  The decay speed appears to be 

independent of Pinc.  Therefore below the saturation intensity of Pinc = 1 mW/cm2, 

there is a tradeoff between response time Pill and R. 
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Figure 7.2:  (a) Transfer curves of the 2Cl-2NO2-Anth system under varying 

UV intensities. (b)  photoresisitivity (R) as a function of Pinc with fitting 

below (black) and above (blue) Pinc saturation and Pill (red) below Pinc 

saturation. Note some data are omitted in (a) for viewing clarity. (c)  IDS 

response at VGS = 0 V during a 30 second irradiation followed by 5 min with 

the UV light removed. The inset is the first 20 seconds of irradiation.  A red 

dashed line has been added at 10-6 A which was used as the device “on” 

value.  (d) Response time of the device to reach 10-6 A, vs Pinc. 
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Because 2Cl-NO2-Anth aids in maintaining e-/p+ separation, dispersion of 2Cl-

2NO2-Anth plays an important role in device fabrication.  We did not optimize 

dispersion in this report as our intention in the future is to do this by generating a 

copolymer.  However, we did observe some examples where the device showed 

very exceptional behavior.  Fig. 7.3 is an example where the devices’ persistent 

photocurrent allowed for a Pill retention well about 105 for 2 hours after the UV 

source was removed.  This demonstrates that with proper fabrication, a photo 

memory device can be generated.   

  

Figure 7.3:  IDS response curve with respect to time for a good performing 

devices, the inlay is a zoom in of the initial irradiation. 

The persistent photocurrent of the devices allows for its use in organic memory, 

unfortunately, the long decay lifetime of all the tested devices makes them 

ineffective as sensors.  However, they can be changed into sensors by applying a 

repeating reset to the devices.  A measurement was taken every 300 msec (the 

limit of the measuring instrument) at a VGS = 0 V and VDS= -60 V.  Every second 
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data point was a pulse at VGS = -90 V which was found to be a strong enough 

negative gate bias to immediately return the system to the low current off state.  

All other data points were measured with a VGS = 0 V.  This makes every second 

measurement a fresh data set with the negative gate bias returning the system to 

its starting state.  When analyzing the data, every second measurement can be 

ignored, providing a UV response plot on the timescale of 600 ms.  From the 

response curves, we see that the device responds fast enough to provide an 

accurate data set.  Two red dashed lines are added to the Fig 7.4 to provide a 

definitive on (10-6 A) and off (5*10-10 A) for the device.  The fast UV response 

time combined with the ability to reset on command, provides the opportunity for 

this system to be used as a sensor or photoswitch.  

We have generated a UV-A active phototransistor with a solution processable, air 

stable, semiconductive layer that requires no annealing.  Unlike most literature 

organic UV phototransistors, this device does not employ isomerization to 

produce a UV photocurrent.  The photocurrent saturates at Pinc = 1 mW/cm2.  

Below this point, we observe Pill = 8*105Pinc
2, with a maximum of 9*105 and R = 

9.3(Pinc)-1/2 having a value of 9.02 A/W at saturation.  Photoresponse speeds 

approximately follow the equation, tresponse = 18/exp(2Pinc), with a response time 

of ~ 1.6 s at photocurrent saturation.  Devices were shown to be able to maintain 

a photocurrent with a Pill > 105 for over 2 hours, providing opportunities for 

photomemory.  We also demonstrated the slow decay time of the device can be 
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Figure 7.4:  UV sensing measurements using the 2Cl-2NO2-Anth system by 

resetting the system every second measurement with a VGS = -90 V.  The 

plotted data then ignores every second measurement to provide 

continuous UV sensing. (blue bars have been added to show when the UV 

light is on) 

worked around by using a VGS program to change the device into a photosensor.  

The ease of fabrication, and stability of this system, combined with literature 

comparable UV response times, Pill and R values, makes it an exciting candidate 

for future UV based devices. 
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8.1 Conclusions 

The theme of this thesis was to utilize the OFET device design and alter the 

semiconductor layer by generating blends of materials.  Through these blends, 

the features of two unique materials could be jointly utilized to enhance device 

performance.  Two major device enhancements were studied, mobility 

enhancement utilizing unsorted SWCNT’s, and photo-stimulation using the UV 

sensitive C5-BTBT.  Some key conclusions regarding this research were reached 

and are as follows. 

8.1.1 SWCNT research conclusions 

Semiconductor enriched single walled carbon nanotubes are highly expensive 

and can only be fabricated on a milligram scale.  In addition, solution processing 

of a pure SWCNT solution results in a film of CNT clusters reducing their mobility 

through CNT/CNT junctions.  To bypass these two major problems, we explored 

if the DPP-QT semiconductive polymer mixed with unsorted SWCNTs which are 

a combination of 1/3 metallic, 2/3 semiconductive could enhance the mobility of 

the OFET device, while still producing well dispersed consistent films. Three 

commercial brands of SWCNT’s were studied to which we found they could be 

dispersed within the DPP-QT polymer but catalysts and cleaning conditions used 

during CNT fabrication had a strong impact on their dispersion and overall 

mobility.  The high aspect ratio of the semiconductive tubes and their near 
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ballistic mobility, did show an increase in overall device mobility approximately 

doubling it.  However as the CNT concentration was increased, the negative 

effects of the m-SWCNT’s became more apparent, reducing the device on off 

ratio until it was no longer feasible as a commercial device.  The conclusion was 

that the addition of 2.0 wt% SWCNT from sigma Aldrich (CNT-A) which were 

produced by CCVD CoMoCAT® technique and cleaned by a HF (aq) wash 

produced the highest mobility while maintaining an on/off ratio > 105. 

We then explored if unsorted SWCNT’s could reduce the charge injection barrier 

from the source and drain into the semiconductor when different source/drain 

metals were used (Au, Cu, Al).  Due to the mixture of CNT chirality’s, there was a 

broad spread in the HOMO level of the SWCNT.  This provided a pathway to help 

match the work function of the electrodes with that of the DPP-QT polymer.  Au 

already had a good energy match with DPP-QT and no major effect was 

observed by the SWCNTs.  Cu had moderate energy mismatch, resulting in a 

reduction by 1 order of magnitude, and Al which had the greatest energy 

mismatch had a reduction by 103 orders of magnitude.  The conclusion to this 

was that due to the unsorted nature of the SWCNT’s, their broad HOMO energy 

spectrum could be utilized to reduce the charge injection ratio of low cost metals, 

allowing for the use of these metals with semiconductive polymers that they 

would otherwise pair poorly with. 

This research was very relevant to the industry, but it has become apparent that if 

SWCNT’s are to become a major factor in printed electronics, they will need to be 
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sorted SWCNTs.  We were not equipped to perform SWCNT sorting research 

and the pace of the research was so fast, that by the time we would be properly 

equipped, the industry research would have already eclipsed us.  For this reason 

we moved on to other research involving blend technology. 

8.1.2 Phototransistor research conclusions 

During the research period of this thesis (3.5 years), the average mobility of 

organic materials surpassed the amorphous silicon (a-Si:H) threshold of 1 cm2V-

1s-2, with devices reaching as high as 47 cm2V-1s-2.  With this barrier breached, 

advanced functional OFET devices could be investigated.  To this end, we 

performed an in depth study of the semiconductor C5-BTBT, which had been 

shown to have mobility values > 10 cm2V-1s-2 and a sharp absorption at 354 nm 

(UV-A range), but no absorption in the visible range, making it visible blind.  This 

made it an ideal candidate for phototransistor research.  The general principle of 

a phototransistor is that an absorbed photon creates an exciton which can be 

separated into an e-/p+ pair through the electric field from the source drain.  Our 

original device which was a 1:1 C5-BTBT/PMMA blend (PMMA generated even 

films and is UV-A and visible light blind), did demonstrate photoconductivity but at 

a slow rate with a poor maximum Pill value.  It was our belief that charge 

recombination was the major reason for this poor performance.  Therefore if 

recombination could be controlled, we could enhance device performance.  This 

was achieved by the addition of 5% of another small molecule.  The HOMO and 

LUMO energy levels of these small molecules was investigated.  Our results 
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showed that if the materials HOMO was higher in energy than that of C5-BTBT, it 

would act as a charge trap, further slowing the UV response of the device.  Also if 

the LUMO was lower in energy, it could accept an e-, allowing for better charge 

separation, resulting in faster illumination times and a higher Pill.  If the small 

molecule was electron deficient by containing groups such as NO2 or Cl, it would 

act as an electron trap of an excited electron, allowing for the maintained 

separation of the e-/p- pair.  This could be utilized as an electronic memory 

device.  Meanwhile if the additive contained an electron rich group such as NH2, it 

would allow for faster charge recombination, decreasing the time it took for the 

system to return to its low current off state when UV illumination was removed. 

The best performing device was that containing the highly electron deficient 

additive 2Cl-2NO2-Anth.  This was further investigated and found to have a high 

R value and Pill even down to light intensities as low as 10-2 mW/cm2.  We 

demonstrated that the gate of the OFET could be utilized to force charge 

recombination, returning the system to its off state with a quick negative pulse, 

allowing for its use as both a memory device and sensor with sensitivity on the 

millisecond timescale.  The potential of this system was demonstrated with this 

device, and our polymeric p-DR1:C5-BTBT system demonstrated that if the 

additive was part of the polymer binding matrix, its increased dispersion allows 

for even better device performance.  To this end we conclude the research 

performed in this thesis, and now guide the reader to some future goals for this 

work. 
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8.2 Future Work 

8.2.1 Building a more efficient system 

We showed that by incorporating the additive onto the binding polymer matrix 

increases its dispersion within the film, allowing for increased interaction with the 

C5-BTBT semiconductor.  Therefore we can improve the systems performance 

by reducing the number of materials used.  To begin, the choice of polymer can 

be changed from PMMA to an electron deficient or electron rich polymer, 

provided it has the appropriate HOMO LUMO levels to interact correctly with C5-

BTBT and remains blind to visible and UV light.  This can generate a two-

component semiconductor film allowing for increased interaction between C5-

BTBT and the polymer.  The start of this research has already been performed 

within our group displaying very promising results.1 

The ideal system would consist of only one material.  This could be generated by 

creating an A-B polymer of C5-BTBT and another material.  The second material 

either being electron deficient or electron rich.  The anthracene backbone used in 

this thesis offers an excellent starting point for this type of synthesis. 

8.2.2 Altering the electronic nature of C5-BTBT 

The phototransistor research of this thesis used only the C5-BTBT semiconductor 

which has a sharp absorbance at 354 nm making it sensitive to a very small band 

of electromagnetic radiation.  This is useful for many purposes, but can the C5-

BTBT structure be modified to shift its absorbance maximum.  Countless 
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literature examples show that it should be possible be adding pendent groups to 

shift this absorbance maximum both higher and lower (Fig 8.1).  In doing this, we 

can generate a series of transistors all utilizing the same fabrication techniques, 

but each using a different BTBT based semiconductor which has been tuned to a 

specific wavelength. 

 

Figure 8.1:  Potential method to adjust absorbance maximum of BTBT 

derivatives. 

 

8.2.3 Electrode design 

Throughout this research, we have utilized the traditional OFET electrode design 

of a parallel source and drain for device testing.  Phototransistors can operate 

with a much higher sensitivity by maximizing the surface area while minimizing 

the channel length.  This is because excited electrons will have a shorter distance 

to travel to reach the source and drain, reducing the chances of charge 

recombination by defects or impurities.  The simplest method to do this is to 

create an interdigitated device pattern such as that shown below in Fig. 8.2. 

S

S

R
1R

1 Adjust R1 to alter absorbance 
peak of the BTBT derivative
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Figure 8.2:  Electrode Design allowing for increased surface area with 

decreased channel length.  Additionally the large pads at the ends can 

allow for the addition of alligator clips as electrode leads, allowing for 

testing of flexible substrates. 

 

8.2.4 Generating an all organic device 

The goal of all organic electronics is to remove the brittle silicon components and 

replace them with flexible organic materials.  We can test if this system will 

perform on a flexible device design.  A good suggested starting point for this 

synthesis is to use a PET/ITO substrate/gate and spin coat on a PVP:HDA 

dielectric layer (Fig 8.3).2,3  The semiconductor can be spin coated on this 

followed by the addition of source and drain electrodes.  This device architecture 

already has an example in the literature using C8-BTBT to generate incredibly 

high mobility devices,4 so we know fabrication is possible.   

 

Zoom in

Channel length
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Figure 8.3:  Synthesis to generate an all organic substrate with gate and 

dielectric layer ready for the addition of a solution processed 

semiconductor. 

 

8.3 Contributions of this thesis work 

The work of this thesis can be summarized in three major contributions to the 

scientific community: 

1) The wide HOMO energy spread of unsorted SWCNT’s allows them to be 

used to reduce the charge injection resistance between an energy 

mismatched electrode and semiconductive channel. 
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2) We developed a narrow wavelength UV phototransistor that is solution 

processable and air stable, utilizing a UV sensitive semiconductor. 

3) We developed a methodology for choosing appropriate materials to be 

used in conjunction with the UV sensitive semiconductor to modulate 

device performance. 

8.4 Final thoughts 

The continued advancement of organic electronics and printed electronics 

undoubtedly shows that they will become commercially relevant in the near 

future.  For this reason a thorough understanding of how to manipulate material 

choices to add advanced functionality will become an essential field.  It is my 

hope that through my use of blended systems, I have been able to provide 

additional insight into how one can better choose the appropriate material to 

achieve their device goals.  
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