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Abstract

Sensors based on organic field-effect transistor (OFET) platforms show great promise for use in
chemical and biological sensors due to their prominent advantages, including high sensitivity, light-
weight, low-cost, simple platforms, and flexible applications. Functional properties of active organic
semiconductor layers can be tailored by material design or/and surface functionalization to enhance
selectivity. To date, a large number of sensors for chemical and biogenic substances have used high-
cost immobilization methods and high-end technologies. OFET-based sensors are particularly attractive
for applications in simple, cost-effective, high-performance electronics. Furthermore, the sensitivity,
selectivity, response time, stability, reproducibility, and limit of detection of sensors can be optimized
by choosing or engineering more suitable fabrication techniques and materials for the active layers.
Such on-demand, structure-engineered, and surface-engineered organic semiconducting layers are
highly desirable for the practical uses of OFETs. In my thesis, commendable molecular engineering,
process engineering and interface engineering are highlighted to demonstrate the feasibility of high-
performance nanoscopically engineered organic-transistor-based sensors.

Here, I begin with an introduction to OFET and organic sensors, with an emphasis on the organic
semiconductor engineering strategies in chapter 1. In detail, in chapter 1, typical properties of organic
semiconductors, a discussion of OFET operation, and a working principles of this OFET-type sensors
are introduced. Chapter 2 presents molecular engineering strategies to enable the fabrication of »n-
channel-dominant ambipolar OFETs. The electrical charge transport through fluorine-substituted
semiconducting materials is investigated. These investigations are easily applied to demonstrate
complementary inverters with a reasonable performance.

In chapter 3, I focus on the device design and fabrication of high mobility OFETs made by using
organic—organic heterointerface. Pentacene is wused as an active layer above, and m-
bis(triphenylsilyl)benzene is used as the bottom layer. Sequential evaporation process without breaking
vacuum of these materials results in high-quality organic semiconductor thin films with far fewer grain
boundaries. In addition, the pentacene film exhibits myriad nanometre-sized pores in the organic layers.
This surprising structure, the pore-rich structure improves the sensitivity of organic-transistor-based
chemical sensors. This approach demonstrates a conceptually novel methodology for the fabrication of
“structurally engineered” organic semiconducting thin films and our work has a significant impact in
the fields of materials science as well as organic electronics.

Furthermore, organic semiconductor engineering strategies to improve sensitivity and selectivity for
biogenic substances by direct semiconductor surface functionalization and to enhance sensitivity and
selectivity towards psychostimulants by modification with specific selective sensing layer are given in

chapter 4 and 5, respectively.



In chapter 4, highly sensitive organic-transistor-based sensors that can selectively detect a
neurotransmitter acetylcholine without enzyme immobilization are fabricated using organic thin films
functionalized with a synthetic receptor, a cucurbit[6]uril (CB[6]) derivative. The liquid-phase sensing
experiments are successfully performed by using organic semiconductor layer with high operational
stability in water. The findings provide a low-cost, simple, and feasible method for the fabrication of
high-performance water-stable sensors for biogenic substances. In addition, the results obtained herein
describe the first demonstration of acetylcholine sensing without any enzymatic reactions using the
synthetic receptor-functionalized OFET-platform. In chapter 5, the direct detection of amphetamine-
type-stimulants (ATS) is suggested for the illicit and designer drugs sensing OFET platforms. Their
novel sensing system and sensing mechanism are studied using other CB homologues, a cucurbit[7]uril
(CBJ[7]) derivative decorated OFET-based sensors. By synergistic combination of a highly selective
synthetic host molecule and a highly sensitive OFET device, the first ATS sensors with specific
synthetic receptor-engineered OFET-platform are demonstrated flexible polymer substrates. These
sensors in physiological buffer system and even in urine samples show highly sensitive sensing

behaviors.
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List of Figures and Schemes

Figure 1.1. Schematic diagrams of two bottom-gate OFET configurations: a) top-contact and b) bottom
contact. OSC, organic semiconductor; S, source; D, drain.

Figure 1.2. Simplified illustration of the operation principle of an OFET with p-channel semiconductor.
OSC, organic semiconductor; S, source; D, drain.

Figure 1.3. a) Schematic diagram of organic-transistor-based sensors. b) Typical device response upon
exposure to analyte. The semiconductor used is p-channel material. Color code: OSC, green.

Scheme 2.1. Synthetic route to PDPP-FBT and PDPP-2FBT. “Suzuki polycondensation conditions (i):
Pd,(dba)s, P(o-tolyl)s, KsPO4, toluene/H,O, 95 °C; Stille polycondensation conditions (ii): Pdx(dba)s,
P(o-tolyl)s, toluene, 120 °C, microwave.

Figure 2.1. UV—vis—NIR absorption spectra of PDPP-FBT and PDPP-2FBT in dilute chloroform (a)
solution and (b) thin film on glass plate. (c) Cyclic voltammograms of PDPP-FBT and PDPP-2FBT. (d)
UPS spectra of PDPP-FBT and PDPP-2FBT.

Figure 2.2. UV-vis-NIR absorption spectra of PDPP-BT in dilute chloroform (a) solution and (b) thin
film on glass plate. Cyclic voltammograms of (¢) PDPP-BT and UPS spectrum of (d) PDPP-BT.
Figure 2.3. TGA traces of (a) PDPP-FBT and (b) PDPP-2FBT, the heating rate is 10 °C min™!. DSC
curve of (¢) PDPP-FBT and (d) PDPP-FBT at a heating rate of 10 °C min™".

Figure 2.4. Calculated side view of model trimers for (a) DPP-FBT and (b) DPP-2FBT; DFT-optimized
geometries and charge-density isosurfaces for (c) DPP-FBT and (d) DPP-2FBT HOMO and LUMO
levels.

Figure 2.5. Calculated side view of model trimer (a) DPP-BT. DFT-optimized geometries and charge-
density isosurfaces for (b) DPP-BT HOMO and LUMO energy levels.

Figure 2.6. Net dipole moments of DPP-BT, DPP-FBT, and DPP-2FBT units in the ground and excited
state, respectively (blue line: dipole moment vector).

Figure 2.7. AFM height images (5 ym % 5 um) of drop-cast (a, b) PDPP-FBT and (c, d) PDPP-2FBT
films (a, c) before and (b, d) after the thermal annealing at 250 °C, on OTS-modified SiO,/Si substrates.
RMS roughness: (a) = 7.67 nm, (b) = 6.90 nm, (c) = 11.80 nm, (d) = 8.57 nm.

Figure 2.8. 2D-GIXD images of drop-cast films of fluorinated DPP-BT copolymers annealed at 250 °C:
(a) PDPP-FBT and (b) PDPP-2FBT. The corresponding GIXD diffractogram profiles: (c) in-plane and
(d) out-of-plane GIXD patterns.

Figure 2.9. 2D-GIXD images of as-cast films of fluorinated DPP-BT copolymers: (a) PDPP-FBT and
(b) PDPP-2FBT. The corresponding GIXD diffractogram profiles: (c) in-plane and (d) out-of-plane
GIXD patterns.



Figure 2.10. Current-voltage (/V) characteristics of OFETs based on ambipolar (a—d) PDPP-FBT and
(e-h) PDPP-2FBT films of annealed at 250 °C. Transfer characteristics for polymer films in (a, €) p-
channel operation (Vps =-100 V) and (c, g) n-channel operation (¥ps =+100 V) mode. (b, d, f, and h)
Output characteristics for PDPP-FBT and PDPP-2FBT films.

Figure 2.11. Current-voltage (/V) characteristics of OFETs based on as-cast film of ambipolar {(a)-(d)}
PDPP-FBT and {(e)-(h)} PDPP-2FBT. Transfer characteristics for polymer films in (a), (¢) p-channel
operation (Vps = -100 V) and (c), (g) n-channel operation (Vps = +100 V) mode. {(b), (d), (f) and (h)}
Output characteristics for PDPP-FBT and PDPP-2FBT films.

Figure 2.12. Inverter characteristic based on (a) ambipolar PDPP-FBT and (b) PDPP-2FBT OFETs
(Vpp = 100V).

Figure 3.1. Device structure and Morphology of organic layers: a) Device schematic and the molecular
structure of TSB3. b) AFM height images of (/eff) pentacene / TSB3 and (righf) pentacene on OTS-
treated SiO». A large number of pores are present in the pentacene-TSB3 film. The scale bars are 1 pm.
c¢) Cross-sectional HRTEM image of pentacene (45 nm) / TSB3 (15 nm) on OTS-treated SiO». The
depth of the pore, also clearly observed in the AFM image of Figure 3.1b, is the same as the thickness
of the pentacene/TSB3 layers. The scale bars are 50 nm.

Figure 3.2. Analysis on TSB3 molecules: a) Ultraviolet—visible spectrum of TSB3 thin film. The band
gap of a TSB3 thin film (15 nm) was measured to be 3.6 eV. b) (Upper) Optimized geometry of a TSB3
molecule in vacuum and (lower) its charge-density isosurfaces calculated by density functional theory
(DFT) calculations. ¢) Cyclic voltammetry results of pentacene and TSB3 molecules.
[HOMO Pentacene: —5.04 eV and HOMO TSB3: —6.58 ¢V] d) Differential scanning calorimetry data
of TSB3 molecules. The glass transition temperature (7;) and melting temperature (7r) of TSB3 were
estimated to be 33 °C and 238 °C, respectively.

Figure 3.3. Cross-sectional SEM (first row) and HRTEM (second and third rows) images of pentacene
(45 nm) / TSB3 (15 nm) and pentacene (45 nm) on OTS-treated SiO». The pentacene/TSB3 film exhibits
much smoother surface than the pentacene film without TSB3, which corroborates more 2D growth of
pentacene on TSB3.

Figure 3.4. Electrical measurement data for the pentacene OFETs and morphological analysis: a)
Current-voltage curves for pentacene OFETs with and without TSB3, measured inside a nitrogen-filled
glovebox. Pentacene/TSB3 OFETS: [urer = 5.5 (£0.7) cm? V! s, Vi = -37.5 (£0.8) V, Ion/lorr = 3.7
(£0.5) x10°]; Pentacene OFETS: [grer = 1.5 (£0.2) cm? V' 57!, Ve =-33.5 (£1.1) V, Ion/lorr = 6.9 (£3.2)
x10°] b) AFM height image and cross-sectional profile of a 15-nm-thick TSB3 film on OTS-treated
Si0,. When the TSB3 thin film is deposited without a rigid layer on top, the substrate surface is severely
dewetted, and the TSB3 film becomes agglomerated. The scale bar is 500 nm. c—f) SEM images of
pentacene (film thicknesses ¢) 5, d) 10, e) 20, f) 45 nm) / TSB3 (15 nm) on OTS-treated SiO». Similar

to Figure 3.4b, clusters are also found in pentacene (5 and 10 nm) / TSB3 layers. However, such clusters



are not observed when a thick layer of pentacene (20 and 45 nm) was deposited onto the TSB3 film.
The scale bars are 500 nm. g) 2D GIXD image of pentacene (5 nm) / TSB3 (15 nm) on OTS-treated
Si0,. Predominantly the thin-film-phase peaks are present. h) Magnified AFM images of pentacene (45
nm) / TSB3 (15 nm) and pentacene (45 nm) on OTS-treated SiO,, and a schematic diagram of the charge
transport inside pentacene layers with and without TSB3. The scale bars are 200 nm.

Figure 3.5. Current-voltage curves of pentacene OFETs measured inside a nitrogen-filled glovebox: a)
Drain current vs. gate-source voltage curves with and without TSB3 in logarithmic scale. b) Drain
current vs. drain-source voltage curves of pentacene OFET with TSB3.

Figure 3.6. OFET-based chemical sensor utilizing the vertical macropores: a) Schematic diagram of an
OFET-based sensor with macroporous layers made of pentacene and TSB3. b) Variation of the output
current in the sensor as a function of time. The bias stress effect was compensated by dividing the
measured current data by the current without the flow of analyte, and the data was normalized to the
initial current at 7=0. The blue regions indicate the flow of methanol gas (analyte). As clearly shown in
the plot, the sensor with TSB3, having vertical macropores, exhibits higher sensitivity than the sensor
without TSB3. Both Vs and Vps were fixed at -100 V.

Figure 3.7. GIXD images of pentacene thin film with and without TSB3: a) Pentacene (45 nm) / TSB3
(15 nm) on OTS-treated SiO,. The pentacene layer with TSB3 shows dominant thin-film-phase peaks.
b) Pentacene (45 nm) on OTS-treated SiO,. The pentacene layer without TSB3 shows dominant bulk-
phase peaks.

Figure 3.8. Two-dimensional grazing incidence X-ray diffraction pattern of 15-nm-thick TSB3 on
OTS-treated SiO,. The circular pattern indicates that the TSB3 film is not preferentially oriented on the
substrate.

Figure 3.9. Proposed mechanism for the growth of pentacene on TSB3. In this growth model, the pores
in pentacene are expected to form on the exposed OTS surface.

Figure 3.10. Snapshots of molecular dynamics systems of TSB3 on OTS and their van der Waals (vdw)
interaction energies at 60 °C. Each system contains 144 OTS molecules in the bottom layer with a, 25,
b, 50 and ¢, 75 TSB3 molecules on top. Vacuum is introduced above TSB3 and below OTS. The term
“BE” stands for binding energy.

Figure 3.11. Snapshots of molecular dynamics systems of (a, b, ¢) pentacene on TSB3 and (d, e, f)
pentacene on OTS, and their van der Waals (vdw) interaction energies at 60 °C. The TSB3 and OTS
layers contain 66 and 81 molecules, respectively. One layer of pentacene is composed of 60 molecules.
(a, d) Monolayers, (b, e) bilayers and (c, ) trilayers of pentacene were simulated. Vacuum is introduced
above pentacene and below the bottom layer (TSB3 or OTS). The term “BE” stands for binding energy.
Figure 3.12. Molecular dynamics simulation of pentacene diffusion: a) Top-view and b) cross-sectional
snapshots of the molecular dynamics system of pentacene on the interfacial region between TSB3 and

OTS. The upper images show the beginning of the simulation. After 50 ps, the pentacene molecules



gradually diffuse towards TSB3, which confirms that pentacene has higher attractive interaction with
TSB3 than OTS. Yellow dashed lines indicate the boundary between OTS and TSB3.

Figure 3.13. Snapshots of molecular dynamics systems of monolayer pentacene on a) TSB3, b)
polystyrene (PS) and c) poly(methyl methacrylate) (PMMA), and their van der Waals interaction
energies at 60 °C. a) The TSB3 and pentacene layers contain 66 and 60 molecules, respectively. b) and
¢) Each system contains 84 pentacene molecules on 50 decamers of PS or PMMA. Vacuum is introduced
above pentacene and below the bottom layer (TSB3, PS or PMMA). The interaction energy in the y-
axis represents binding energy.

Figure 4.1. a) Schematic illustration of the top-contact OFET-based sensors with a synthetic receptor,
AOCBJ6], and b) the molecular structure of AOCB[6]. In the device structure, only monolayer of
AOCBJ6] is shown for clarity.

Figure 4.2. Current-voltage (/-V) characteristics of DDFTTF OFETs with and without AOCBJ[6]. a)
Transfer characteristics for DDFTTF OFETs in p-channel operation mode and a source-drain electrode
geometry of W/L = 180. b) Output characteristics for DDFTTF OFETs with AOCBJ[6].

Figure 4.3. AFM images of OTS-modified SiO,/Si substrates with a scan size of 2 um x 2 um; a), c)
Height and b), d) phase images of DDFTTF film before and after thermal annealing at 150 °C for 30
min in nitrogen conditions. €) Height, f) phase images of AOCB[6]/DDFTTF film after annealing at
150 °C for 30 min under nitrogen conditions.

Figure 4.4. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[6] toward various
concentrations (1 pM — 100 mM) of ACh" and Ch", and pure DI water under typical operation conditions
(Vps = =2 V and Vgs = —60 V). b) Statistical comparisons of the sensing results for ACh* and Ch" (S
indicates Ip/Ip-pask).

Figure 4.5. Comparison of responses of the DDFTTF OFET-based sensors with and without AOCBJ[6]
toward 1 pM of ACh" at Vps=-2 V and Vgs =—60 V.

Figure 4.6. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[6] toward various
Na* concentrations (1 pM — 100 mM) at Vps = -2 V and Vs = —60 V. b) Statistical results for sensing
Na* (S indicates Ip/Ip-gask).

Figure 4.7. Real-time responses of the sensors with AOCB[6] toward pristine PBS and various
concentrations (1 pM — 1 uM) of ACh" in a PBS solution at V'ps =—-2 V and Vgs =—60 V. Acetylcholine
chloride solutions were prepared in a PBS solution (pH 7.4, 0.01 M) containing sodium chloride (137
mM) and potassium chloride (2.7 mM).

Figure 4.8. DFT optimized structures of the complexations of CB[6] and analytes: a) CB[6]-ACh" and
b) CB[6]-Ch". Hydrogens of CB[6] are omitted for clarity. Color code: C, gray; O, red; N, blue; H,
white.

Figure 4.9. DFT optimized structures of the complexation of CB[6]-Na". Hydrogens of CB[6] are



omitted for clarity. Color code: C, gray; O, red; N, blue; H, white; Na, purple.

Figure 4.10. Charge changes on CB[6] after complexation with three guest molecules (ACh*, Ch", and
Na"). For structures obtained from molecular dynamics simulations, charges of CB[6] are obtained from
the natural population analysis at the M06-2X/6-31G(d) level.

Figure 4.11. Signal changes of the sensors with AOCBJ6] for the mixing systems of analytes containing
both ACh* and Ch* at V'ps=-2 V and Vs =—60 V. The red line indicates the rate of the signal change.
Figure 4.12. a) Schematic illustration of flexible DDFTTF OFET-based sensors with AOCBJ6]. b)
Photograph of a flexible sensor prepared with an Al,O3 gate dielectric on an ITO-coated PEN substrate.
¢) Real-time responses of the sensors with AOCB[6] toward 1 pM ACh" under a low-voltage operation
condition.

Figure 4.13. a) Transfer and b) output characteristics for flexible DDFTTF OFET-based sensors with
AOCBJ6] in p-channel operation mode.

Figure 5.1. Chemical structures of the ATS tested and receptor CBJ[7].

Figure 5.2. a) '"H-NMR spectra of complexation of 1 and CB[7] in D,0. (b) X-ray structure of 1@CB[7].
Figure 5.3. a) '"H-NMR spectra of complexation of 2 and CB[7] in D,0. (b) X-ray structure of 2@CB[7].
Figure 5.4. a) Schematic illustration of the top-contact OFET-based sensors with AOCBJ[7]. b) Transfer
characteristics of DDFTTF OFETs with and without AOCB[7] in p-channel operation mode. c) Transfer
characteristics for DDFTTF OFETs with AOCBJ[7] under low-voltage operation.

Figure 5.5. AFM images of the active layers of DDFTTF OFET-based sensors; a) Height and b) phase
images of DDFTTF film after thermal annealing at 150 °C for 30 min in nitrogen conditions. c,e) Height
and d,f) phase images of the surface of the sensors with AOCB[7] film before and after sensing tests
for amphetamine, respectively.

Figure 5.6. a) Comparison of sensing responses of the DDFTTF OFET-based sensors with AOCB[7]
and with AOCB[6] toward 100 mM of PEA at Vps=-2 V and Vgs = -60 V. b) Sensing results of the
sensors with AOCBJ[7] toward various PEA concentrations (from 1 nM to 100 mM) at Vps =-2 V and
Vgs =-60 V.

Figure 5.7. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[7] toward various
concentrations (from 1 pM to 1 uM) of amphetamine under typical operation conditions (Vps = -2 V
and Vgs = -60 V). b) Plots showing the sensitivity for amphetamine. The error bar represents the
standard deviation.

Figure 5.8. a) Comparison of sensing responses of the DDFTTF OFET-based sensors with and without
AOCBJ7] toward 1 pM of amphetamine at V'ps=-2 V and Vgs =-60 V.

Figure 5.9. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[7] toward various
concentrations (from 1 pM to 1 uM) of methamphetamine under typical operation conditions (Vps = -2
V and Vgs =-60 V). b) Plots showing the sensitivity for methamphetamine. The error bar represents the

standard deviation.



Figure 5.10. a) Comparison of the electrical characteristics of the DDFTTF OFETs with AOCBJ[7]
before and after sensing tests for amphetamine, and re-thermal annealing. b) AFM height image of
AOCB[7]/DDFTTF film on OTS-treated SiO2 after re-annealing at 150 °C for 30 min in nitrogen
conditions.

Figure 5.11. a) Real-time responses of the sensors with AOCB[7] toward pristine PBS and various
concentrations (from 1 pM to 1 uM) of amphetamine in a PBS solution at Vps =-2 V and Vgs =-60 V.
Amphetamine solutions were prepared in a PBS solution (pH 7.4, 0.01 M) containing sodium chloride
(137 mM) and potassium chloride (2.7 mM).

Figure 5.12. a) Sensing responses of the DDFTTF OFET-based sensors with AOCB[7] toward pristine
artificial urine at Vps =-2 V and Vgs = -60 V. b) Sensing results of the sensors with AOCBJ[7] toward
various amphetamine concentrations (from 0.2 pM to 0.2 uM) in a urine solution at Vps =-2 V and Vs
=-60 V.

Figure 5.13. a) Schematic illustration of a flexible DDFTTF OFET-based sensor with AOCB[7] sensor
prepared with an Al,Os gate dielectric on an ITO-coated PEN substrate. b) Real-time responses of the
sensors with AOCBJ[7] toward 1 pM amphetamine under a low-voltage operation condition. The inset
shows a photograph of the flexible sensor with AOCBJ7].

Figure 5.14. a) Transfer and b) output characteristics for flexible DDFTTF OFET-based sensors with
AOCBJ7] in p-channel operation mode.
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Chapter 1

Introduction to Organic Field-Effect Transistors

1.1. Organic Field-Effect Transistor (OFET) Overview

Inorganic semiconductor has been intensively studied and widely applied, however, it requires
extremely high purity and very precisely controlling the process under highly demanding conditions.
To overcome those challenges, organic semiconductors potentially offer possible solutions. Organic
semiconductors including conjugated polymers and small-molecule-based materials have attracted
great interest, because they have many promising advantages including their easy-processing, large-
area, lightweight, good compatibility with a wide variety of substrates such as flexible plastics, and low
cost. Due to their processability advantages and unique electrical, chemical, and optical properties, they
have long been considered an impressive class of materials for use in diverse electronic devices such as
organic field-effect transistors (OFETs),!! diodes,® sensors,™! solar cells,!!> "I and memory
devices.!'?

Among them, transistor based on organic semiconductors is a basic and fundamental building block,
and OFETs are referred to as electronic switching elements in all modern electronic devices. The typical
OFETs are composed of three main components, an active semiconductor layer, a dielectric (or
insulator), and three-terminals (i.e., source, drain, and gate electrodes). Depending on the positon of the
source and drain contacts onto the semiconductor layer, a top-contact and a bottom-contact OFET, two
types of device architectures are possible (Figure 1.1). The former involves source and drain electrodes
onto a prefabricated semiconductor layer, whereas the latter is constructed by depositing the organic
semiconductor over the gate dielectric and contacts. The top-contact structure can have an electrical
performance advantage in terms of larger effective contact area and smaller contact resistance, although
the bottom-contact devices are preferable to printed electronics with direct high resolution patterning

of the electrodes.['- 4

1 However, the top-contact configuration is often difficult to realize with OFETs.
Attachment of the electrodes is usually carried out thermally with metals and can destroy organic thin-
films; moreover, metal atoms can diffuse into the organic layer.

The schematic and working principle of OFETs are described in Figure 1.2. Their performance
critically depends on the efficiency with which charge carriers (electrons and/or holes) move within a
very narrow conducting channel. OFETs operate as an electronic switch, in which the current flow
between the source and drain electrodes is modulated by the gate electrode. A sufficiently high electric
field provides the formation of the conducting channel at the interface between semiconductor and gate

dielectric as a consequence. In this case, positive charge carriers (i.e., holes) are induced and localized

in the semiconductor by applying negative voltage on the gate (with p-channel semiconductors). If at
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the same time a voltage is applied at the drain electrode, holes can be injected from the source into the
channel, and holes will be collected by the drain electrode. This conducting state is called the “on” state.
However, instead of negative if the gate voltage is set, no holes are created within the conducting
channel, which defines the “off” state. In principle, the source-drain current flows (/p) in the very few
semiconductor monolayers in the by potential difference between source and drain electrodes (¥ps). A
negative/positive gate voltage (Vgs) induces positive/negative charge carriers (holes or electrons),
OFETs are available in two channel type (P or N). In OFETs, the three key device parameters of interest
include field-effect mobility (urer, measured in cm? V! s1), on/off current ratio (on/Iorr), and threshold
voltage (Vtu), which were extracted from the transfer curves. Vru is defined as the minimum gate
voltage that required to make the transistor ON. The characteristic curve can be differentiated into two
regions: at low drain voltage, the source—drain current increases almost linearly (linear region), later to
convert into a saturation region. In saturation operation mechanism, the difference between the gate and
the drain voltage drops to zero and pinch-off of the channel occurs, allowing that the /p becomes
independent of the drain bias. As the drain voltage increases more, there is behavior with a clear
saturation of the /p beyond the pinch-off point.

The prer and Vry were estimated in the linear regime (for Vps << Vgs — V) with the following

equation:

w v
Ip = + prerCy (VGS — Vru — %s) Vps, (1)

and in the saturated regime (for Vps > or = Vgs — Vn):
w

2
]D:ZﬂFETCg (VGS_VTH) , (@

Here, Ip is the drain current, # and L are the semiconductor channel width and length, respectively,
C, is the capacitance of the gate dielectric and Vgs is the gate-source voltage. By calculating these
parameters, the key issues for high-performance OFETs are the development of new organic
semiconducting films with optimal electronic properties (high charge-carrier mobility, high on/off ratio,

and low threshold voltage).
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1.2. Fabrication of High-Performance Organic Semiconductors

The semiconductor governs the charge transport in the OFET. A high quality and high performance
organic semiconductor is a pre-requisite for a high performance transistor. As mentioned previously,
small molecules or oligomers as well as polymers are suitable the active semiconducting layers for
OFET applications. Owing to their crystallinity, strong intermolecular interactions between large -
conjugated systems generally lead to a high charge-carrier mobility. The development of high
performance OFETSs have attracted considerable attention in the materials/electronics community over
the past two decades with high potential applications, such as radio frequency identification tags, driver
circuits for flexible displays, sensors and nonvolatile memories. However, their practical applications
are often limited by the relatively low field-effect mobility (uret), caused by a poor quality of organic
thin film, compared to widely used single-crystal silicon.['!

The key points for development of high mobility OFETs have been highlighted from aspects of
appropriate molecular engineering, process engineering and interface engineering. Based on these
considerations, historically there have been more examples of good p-channel materials than #-channel
materials for OFETs. The observation of a low n-channel mobility is generally the result of the extrinsic
effects, such as the presence of specific traps for electrons (due to photo-oxidation of the n-conjugated
backbone) or the instability of radical-anions towards water, hydroxyl groups, or oxygen.['®! However,
unipolar n-channels and n-channel-dominant ambipolar (i.e., they conduct holes and electrons) OFETs
are essential for developing low-power complementary integrated circuits that utilize both positive and
negative gate voltages to turn transistors on and off. This can be achieved by introducing strong
electron-withdrawing substituents such as fluorine, cyano, or diimide moieties into the conjugated
backbone.['*!*] Jts backbone turns into electron deficient states, which results in the increment of
electron affinity and the decrement of LUMO energy levels.

Semiconductor/dielectric interface, another crucial important interface in OFETs, significantly affects
the efficiency of charge transport through the channel region. Since charge carrier transport in OFETs
is mainly located in the first few monolayers of an organic layer next to the dielectric surface, especially
in a bottom-gate configuration, the properties of dielectric surface affects the growth and the
morphology of the semiconducting layer, which in turn determines the whole device carrier mobility.
By adding an interfacial layer between the semiconductor and the underlying substrate, the interface
properties can be effectively controlled for favourable mesoscale/nanoscale ordering of the organic
semiconducting layer. Accordingly, many studies have focused on surface modifications such as a self-
assembled monolayer (SAM) or a thin polymeric layer on inorganic gate dielectrics.?*2*! It is generally
known that the dielectric films should possess low trapping density at the surface, low surface roughness,

low impurity concentration, and good compatibility with organic semiconductors.
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1.3. Sensor Applications of Nanoscopically Engineered Organic Semiconductors

In addition to typical switching elements for logic circuits, OFETs can be utilized as sensor platforms.
In general, OFET-based sensors and detectors show output electrical signals responding to the amount
of target species diffused into the channel region, where the signals can be further modulated by
applying additional gate field.** Their amplification features of detected signals are obtained by tuning
the applied voltage on the third electrode (i.e., gate terminal), leading to higher sensitivity compared to
conventional sensors that have two electrodes. Furthermore, a relatively high mobility OFET can
facilitate a superior signal amplification and high response speed of an OFET sensor. Aiming to improve
the sensing capability, structure and morphology of the semiconducting layer need to be specifically
controlled to effectively detect the target analytes. For example, enhancing film durability against
mechanical force is required for pressure sensors, and light pathways need to be adjusted for
photodetectors.

Progress in research on OFET-based sensors has been greatly accelerated with sensing a wide range

[25, 26 27,28

of analytes including chemical compounds,? 2% biological species,?” 2% pressure,® 2°! and light, 31
as well as for food.). Figure 1.3 shows the schematic of typical organic-transistor-based sensors. The
sensor response is closely related to charge transport in the device, which can be influenced by analyte
dipole-induced charge trapping at grain boundaries. In some cases, the analyte dipoles lead to an
increase in device current, because of more charges being induced in the channel. Organic materials
with more grain boundaries result in higher sensitivity in OFET-based sensors, which typically occurs
from the fact that the grain boundaries generally afford pathways for the diffusion of analytes into the
channel region of the transistor.l”-”) However, as grain boundaries®** and dislocations**! prevent efficient
charge-carrier transport on the device performance, reducing such disorders in molecular packing has
been extensively studied.!’ 33371 In OFET-based sensors, the device architecture often limits their
performance by blocking the efficient diffusion of analytes into the active channel region. Their physical
structure can be controlled effectively by the properties of the semiconductor/dielectric interface.
Controlling this interface has always been an important topic in the organic electronics community.
Therefore, structurally engineered-organic semiconducting films with vertical porous structures that do
not degrade charge transport may provide more efficient and direct pathways, which eventually lead to
fast response and high sensitivity toward target analytes.

Actually, despite the above their high sensitivity, pristine OFET-based sensors without additional
functionalization often exhibit low selectivity for target analytes because all elements, including
analytes and impurities that typically diffuse into the channel region through grain boundaries, can
contribute to changes in the detected signal. Therefore, highly selective detection with OFET-based
sensors for real applications often requires chemical modification or immobilization of specific

receptors on a device surface to capture target analytes.l”- 24 3411 General OFET-based sensors have

utilized anchoring group and enzyme immobilization for enhanced selectivity of metabolic processes
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so far. These systems still have shortcomings such as high cost, lack of long-term stability, and
complicated fabrication processes. The sensors based on specific synthetic receptor-engineered OFET
are a highly promising alternative to classical methods employing enzyme immobilization due to their
high selectivity and sensitivity, and can provide a low cost, simple, and viable approach for the
fabrication of high-performance OFET-based sensors. Their outstanding performance of sensor devices
is expected due to the commendable combination of highly selective synthetic receptors and highly
sensitive OFET devices. Furthermore, the sensitivity, stability, and selectivity of sensors can be
optimized by choosing or engineering more suitable fabrication techniques and materials for the active
layers of the devices. Such on-demand, structure-engineered, and surface-engineered organic
semiconducting layers are highly desirable for practical applications of OFETs.

Remarkable progress in nanoscopically engineered organic-transistor-based sensors is of great
importance for widespread applications as they surprisingly exhibit enhanced sensitivity, stability, and

selectivity of the devices, which are core requirements of sensors.
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Figure 1.1. Schematic diagrams of two bottom-gate OFET configurations: a) top-contact and b) bottom
contact. OSC, organic semiconductor; S, source; D, drain.
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Figure 1.2. Simplified illustration of the operation principle of an OFET with p-channel semiconductor.
OSC, organic semiconductor; S, source; D, drain.
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Figure 1.3. a) Schematic diagram of organic-transistor-based sensors. b) Typical device response upon

exposure to analyte. The semiconductor used is p-channel material. Color code: OSC, green.
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Chapter 2

Investigation of Charge-Transport Properties in Fluorinated DPP-

Benzothiadiazole (BT) Polymer Semiconductors

Abstract

Over the past few years, one of the most remarkable advances in the field of polymer solar cells (PSCs)
has been the development of fluorinated 2,1,3-benzothiadiazole (BT)-based polymers that lack the solid
working principles of previous designs, but boost the power conversion efficiency. To assess a rich data
set for the influence of the fluorinated BT units on the charge-transport characteristics in organic field-
effect transistors (OFETs), we synthesized two new polymers (PDPP-FBT and PDPP-2FBT)
incorporating diketopyrrolopyrrole (DPP) and either single- or double-fluorinated BT and thoroughly
investigated them via a range of techniques. Unlike the small differences in the absorption properties
of PDPP-FBT and its non-fluorinated analogue (PDPP-BT), the introduction of doubly fluorinated BT
into the polymer backbone induces a noticeable change in its optical profiles and energy levels, which
results in a slightly wider bandgap and deeper HOMO for PDPP-2FBT, relative to the others. Grazing
incidence X-ray diffraction (GIXD) analysis reveals that both fluorinated polymer films have long-
range orders along the out-of-plane direction, and n—mn stacking in the in-plane direction, implying
semicrystalline lamellar structures with edge-on orientations in the solid state. Thanks to the strong
intermolecular interactions and highly electron-deficient n-systems driven by the inclusion of F atoms,
the polymers exhibit electron mobilities of up to 0.42 and 0.30 cm? V! s'! for PDPP-FBT and PDPP-
2FBT, respectively, while maintaining hole mobilities higher than 0.1 cm? V! s, Our results highlight
that the use of fluorinated BT blocks in the polymers is a promising molecular design strategy for

improving electron transporting performance without sacrificing their original hole mobility values.
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2.1. Introduction

The use of solution-processable semiconducting polymers for organic field-effect transistors (OFETs)
continues to attract considerable interest since polymeric systems can offer the possibility of cheap raw
materials, low processing costs, excellent film formation, and mechanical properties such as flexibility

1-12

and large-area uniformity.['"'?) Recently, diketopyrrolopyrrole (DPP)-based donor—acceptor (D-A)
polymers have been widely developed, and have proven themselves to be one of the most promising
semiconductors for high-performance unipolar p-channels and p-channel-dominant ambipolar OFETs
(with hole mobilities exceeding 3 cm? V-'s) 318 Nonetheless, the development of DPP-based
polymers with high-performance n-channel charge transport has lagged behind that of the
aforementioned p-channel dominant polymers, primarily due to the inherent instability of the electron
charge carriers in the presence of ambient oxidants such as O,, HO, or 03.

The research efforts of our groups have recently focused on developing high electron-affinity
polymers based on DPP, using a structural modification of the conventionally-used 2,1,3-
benzothiadiazole (BT) acceptor moiety. For example, by copolymerizing with a stronger acceptor bis-
benzothiadiazole (BBT) unit relative to BT, the resulting polymer (PDPP-BBT) showed even n-channel
dominant characteristics, yet yielded unsatisfactory electron mobility results (~107° e¢m? V7's71).[1% In
the meantime, many other groups have often highlighted the use of fluorinated BT units into the polymer
backbone, and demonstrated improved photovoltaic performance.!??’! Although the cause of the
efficiency improvement varies noticeably depending upon the specific systems, it is generally
recognized that the inclusion of fluorine (F) atoms can not only fine-tune the energy levels of polymers,
but also promote non-covalent interactions through C-F---H, F---S on mesoscopic solid-state

s.26281 In addition, it is well known that the strong electron-withdrawing nature of F atoms

structure
allows for efficient electron injection into the LUMO and increases hydrophobicity, which can increase
the electron affinity and environmental stability of semiconductors in OFET operations, relative to their
fluorine-free analogues.?**4

These early results motivated us to design DPP-based polymers containing the ubiquitous fluorinated
BT blocks (FBT (1F) and 2FBT (2F)), with a view to assessing semiconductors with high electron
mobility and high environmental stability. Herein, as an attempt to investigate the effects of fluorinated
BT blocks on the charge-carrier transport properties in OFETs, we report on the synthesis and
characterization of  poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolof3,4-c]pyrrole-1,4-dione-
57,5 -diyl-alt-fluorobenzo 2,1,3-thiadiazol-4,7-diyl] and poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione-5",5 ’-diyl-alt-difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT
and PDPP-2FBT, see Scheme 2.1), and show the differences in their optophysical and redox properties,
molecular packings, and OFET performances. Furthermore, we elucidate how the degree of the

substitution of F atoms on a BT unit affects the charge-carrier mobilities and the dynamics of dominant
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polarity by comparison with a non-fluorinated analogue (PDPP-BT), and finally discuss the overall

structure—property relationship.

2.2. Experimental Section

General procedures and methods: All starting materials were purchased either from Aldrich or Acros
and used without further purification. All solvents are ACS grade unless otherwise noted. Anhydrous
THF was obtained by distillation from sodium/benzophenone prior to use. Anhydrous toluene was used
as received. 3,6-Bis-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-thiophene-2-yl)-2,5-bis(2-
octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) was prepared according to established literature
procedures.*>! UV-Vis-NIR spectra were taken on Cary 5000 (Varian USA) spectrophotometer.
Microwave reactions were performed by Microwave Synthesis Reactor (Microwave, Anton Paar). DFT
calculations were performed using the Gaussian 09 package with the nonlocal hybrid Becke three-
parameter Lee-Yang-Parr (B3LYP) function and the 6-311G basis set to elucidate the HOMO and
LUMO levels after optimizing the geometry of DPP-BT, DPP-FBT, and DPP-2FBT trimer using the
same method and time-dependenct self-consistent filed (TD-SCF) approximation was used for
excited state dipole moment. Number-average (M,) and weight average (M,,) molecular weights, and
polydispersity index (PDI) of the polymer products were determined by gel permeation chromatography
(GPC) with Waters 150C GPC using a series of mono disperse polystyrene as standards in THF (HPLC
grade). Cyclic voltammetry (CV) measurements were performed on Solartron electrochemical station
(METEK, Versa STAT3) with a three-electrode cell in a 0.1 M tetra-n-butylammonium
hexafluorophosphate (#-BusNPF¢) solution in acetonitrile at a scan rate of 100 mV/s at room
temperature under argon. Ag/Ag" electrode, a platinum wire and a glass carbon disk were used as the
reference electrode, counter electrode, and working electrode, respectively. The HOMO energy levels
were obtained from the equation HOMO (eV) = — (E(ox°™ + 4.4). The LUMO levels of polymers were
obtained from the equation LUMO (eV) = — (E@ea®™ + 4.4). Ultraviolet photoelectron spectroscopy
(UPS) was examined by AXIS-NOVA CJ109, Kratos. The polymer solution was prepared in
chloroform with 5 mg mL™! for PDPP-BT, PDPP-FBT, and PDPP-2FBT. The PDPP-BT, PDPP-FBT,
and PDPP-2FBT solution was spin-coated on indium tin oxide (ITO) glass films, respectively. Film
fabrication was done in a Ny-atmosphere glovebox. The UPS analysis chamber was equipped with a
hemispherical electron-energy analyzer (Kratos Ultra Spectrometer), and was maintained at 1.0 x 107
Torr. The UPS measurements were carried out using the He I (Av =21.2 eV) source. Thermogravimetric
analysis (TGA) was performed by Simutaneous DSC/TGA instrument (TA Instruments, USA) at the
heating rate of 10 °C min™'. Differential scanning calorimetry (DSC) curves were recorded by

Differential Scanning Calorimeter (TA Instruments, USA) at the heating rate of 10 °C min™'.
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OFETs device fabrication and characterization: OFETs were fabricated in the top-contact bottom-
gate configuration using a SiO»/Si wafer. A 300-nm-thick SiO, layer (capacitance per unit area, C; = 10
nF ¢cm™) and the underlying highly n-doped Si (< 0.004 Q-cm) were utilized as the gate dielectric and
the gate electrode, respectively. The SiO, surface was modified with n-octadecyltrimethoxysilane (OTS)
based self-assembled monolayer (SAM). Prior to the treatment of OTS SAM, the SiO, surface
contamination was removed using Piranha (H>SO4 + H,O;) solution. The SiO»/Si substrates were
washed sequentially with deionized water and then used the UV-ozone treatment. The OTS solution (3
mM in trichloroethylene) was spin-coated on the cleaned substrate at 3000 rpm then, the substrates
placed in a vacuum desiccator with NH4OH vapor for overnight. The OTS solution treatment was used
to remove OH groups from the SiO, surface, and to optimize dielectric/semiconductor interface. The
Si0,/Si substrates were washed with toluene, acetone, and isopropyl alcohol and dried by blowing
nitrogen gas. The polymeric semiconducting layer was deposited on the cleaned substrates by drop
casting. The polymer solution (~5 mg mL') was prepared in 1,2,4-trichlorobenzene and filtered through
a 0.22 um syringe filter. The films were dried in vacuum oven at 100 °C to remove solvent residue.
Then the PDPP-FBT and PDPP-2FBT thin films were annealed at 250 °C for 30 min on a hot plate. All
the samples were fabricated inside a nitrogen-filled glovebox. A 40-nm thick gold layer was thermally
deposited through a shadow mask to form the source and drain electrodes. OFETs have a channel length
(L) of 50 ym and a channel width (W) of 1000 ym with W/L = 1000 um/50 ym = 20. The transfer and
output characteristics of ambipolar PDPP-FBT and PDPP-2FBT OFETs were measured by using a
Keithley 4200 semiconductor parametric analyzer under nitrogen atmosphere. The carrier mobility was
calculated in the saturated regime according to the equation:

Ins = (WR2L)uCi(Va— Vi)
where Ips is the drain current, /¥ and L are the semiconductor channel width and length, respectively, u
is the mobility, C; is the capacitance per unit area of the gate dielectric layer, and Vs and V't are,
respectively, the gate voltage and threshold voltage.

2,5-Bis(2-octhyldodecyl)-3,6-bis(5-(trimethylstannyl)thio-phen-2-yl) pyrrolo[3,4-c]pyrrole-1,4-
dione (2): Compound 2 was prepared according to established literature procedures.® Isolated yield =
420 mg (87 %).

Typical Procedure for Suzuki coupling Polymerization and Polymer Purification: Boronic ester
TDPP (0.20 mmol), dibromo FBT or 2FBT (0.20 mmol), tris(dibenzylidenacetone) dipalladium (0) (1.7
mg, 2.0 ygmmol), anhydrous toluene (4 mL) were mixed in a Schlenk flask which was purged with argon
for 30 minutes. To this solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 gmol) and K3PO4 in demineralized
water (2mL) were added and the reaction mixture was heated at 95 °C under vigorous stirring for 48
hours. The crude product was poured into a mixture of methanol (300 ml). The resulting solid was

filtered off and subjected to sequential Soxhlet extraction with methanol (1 d), acetone (1 d) to remove
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the low molecular weight fraction of the materials. The residue was extracted with chloroform in order
to produce a dark purple product after precipitating again from methanol and drying in vacuo.
Poly(3,6-dithien-2-yl-2, 5-di(2-octyldodecyl)-pyrrolo[ 3,4-c[pyrrole-1,4-dione-5",5 ’-diyl-alt-
Sfluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT): Isolated yield of polymer PDPP-FBT = 100 mg
(50 %). GPC analysis M, = 6.1 kg/mol, M, = 12.4 kg/mol, and PDI = 2.02 (against PS standard).
Poly(3,6-dithien-2-yl-2, 5-di(2-octyldodecyl)-pyrrolo[ 3,4-c[pyrrole-1,4-dione-5",5 -diyl-alt-
difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-2FBT): Isolated yield of polymer PDPP-2FBT = 100
mg (50 %). GPC analysis M, = 6.6 kg/mol, My, = 10.9 kg/mol, and PDI = 1.66 (against PS standard).
Typical Procedure for Stille coupling Polymerization and Polymer Purification: Stannylated TDPP
(0.20 mmol), dibromo FBT or 2FBT (0.20 mmol), tris(dibenzylidenacetone)dipalladium (0) (1.7 mg,
2.0 ymmol), anhydrous toluene (4 mL) were mixed in a 10mL of microwave vessel which was purged
with argon for 30 minutes. To this solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 umol) was added and the
reaction mixture was heated at 120 °C under vigorous stirring for 6 hours using microwave machine.
The crude product was poured into a mixture of methanol (300 ml). The resulting solid was filtered off
and subjected to sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1d) to
remove the low molecular weight fraction of the materials. The residue was extracted with chloroform
in order to produce a dark purple product after precipitating again from methanol and drying in vacuo.
Poly(3,6-dithien-2-yl-2, 5-di(2-octyldodecyl)-pyrrolo[ 3,4-c[pyrrole-1,4-dione-5",5 ’-diyl-alt-
Sfluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT): Isolated yield of polymer PDPP-FBT = 150 mg
(75 %). GPC analysis M, = 24.0 kg/mol, M,, = 48.2kg/mol, and PDI = 2.01 (against PS standard).
Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[ 3,4-c]pyrrole-1,4-dione-5",5 ’-diyl-alt-
difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-2FBT): Isolated yield of polymer PDPP-2FBT = 150
mg (75 %). GPC analysis M, = 25.0 kg/mol, My, = 58.6 kg/mol, and PDI = 2.34 (against PS standard).
The polymers were synthesized by Dr. Junghoon Lee and Prof. Changduk Yang, UNIST.

2.3. Results and Discussion
2.3.1. Synthetic Strategies, Synthesis, and Characterization
The fluorinated BT (FBT and 2FBT) and diboronic ester DPP derivatives were easily synthesized

26,351 Polymerization of the FBT and 2FBT monomers using

according to the established methods.!
standard palladium(0)-catalyzed Suzuki polycondensation with the diboronic ester co-monomer
produced the corresponding polymers (PDPP-FBT and PDPP-2FBT). However, the number-average
molecular weight (M,) was below 10 kDa with a polydispersity index (PDI) of approximately 2.5 for
both the polymers, as determined by gel permeation chromatography (GPC) in THF after Soxhlet

purification. It has been reported that a high molecular weight can play an important role in achieving

nanometer-sized interconnected morphologies, hence resulting in efficient channels for charge-carrier
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11.37.38] Thereby, the observed relatively low molecular weights

transport via a hopping mechanism.!
prompted us to screen various Suzuki coupling conditions, such as the utilization of a microwave-
assisted heating protocol, the use of tiny amounts of catalyst, varying the solution concentration, the
replacement of Pd(PPhs)s with Pdx(dba)s as a catalyst, and different ligand/palladium ratios, in order to
improve the molecular weights. Nevertheless, the attempted synthesis of the polymers by Suzuki
polymerization only afforded undesired low molecular weight materials, possibly due to either the
competing base- and/or metal-catalyzed protodeborylation of the electron-rich thiophenes adjacent to

s.39421 In addition, we found no appreciable difference

the DPP monomer under our reaction condition
in the molecular weight, even if the monomer was diiodo BT. Therefore, we decided to apply a Stille
polycondensation instead of the Suzuki one, because the Stille-coupling reaction is generally recognized
as a better alternative to the Suzuki protocol, when electron-rich species (thiophenes or pyrroles) are
coupled.”> 1 Thus, the key DPP monomer, distannyl DPP was prepared by lithiation using
diisopropylamide (LDA) and subsequent quenching with trimethyltin chloride. Stille polymerization
under microwave heating conditions was employed to form the PDPP-FBT and PDPP-2FBT
respectively, which indeed proceeded in good yields (75-80%), with sufficiently high molecular
weights (M, of 24.0 kDa and 25.0 kDa with PDIs of 2.01 and 2.34 for PDPP-FBT and PDPP-2FBT
respectively, as determined by GPC and THF eluent). Both polymers were soluble in common organic
solvents such as tetrahydrofuran, chloroform, toluene, and chlorobenzene.

The UV-vis-NIR absorption spectra of the polymers in chloroform solution and in a solid state are
shown in Figure 2.1a and 2.1b. The absorption data are listed in Table 2.1. Upon changing from
solutions to films, the absorption peaks for both polymers are not only red-shifted (~20 nm) and
broadened to some extent, but also their low-energy shoulder bands at the range of 870-910 nm are
intensified, presumably because of the occurrence of the aggregation or 7/ stacking in solid state. This

43,481 Very interestingly, although the spectral

is a common phenomenon for rigid conjugated polymers.!
profile of PDPP-FBT is nearly identical to that of the non-fluorinated PDPP-BT (See Figure 2.2),[4>47]
the increment in the number of F atoms from 1 to 2 on the repeating unit leads to a blue shift in the
absorption onset (Aonset) and maximum (Amax) of the polymer. This results in a larger optical band gap of
PDPP-2FBT (E, " = 1.26 e¢V), which is 0.06 eV larger than that of PDPP-FBT (£, = 1.20 eV).
Therefore, one can conclude that the inclusion of one F atom on the BT unit of PDPP-BT hardly affects
the absorption characteristics, but the incorporation of two F atoms can alter the intrinsic optical
properties, compared to the non-fluorinated PDPP-BT.

Cyclic voltammetry (CV) reveals reversible oxidation/reduction behaviors for both polymers, with
the PDPP-2FBT being oxidized at a voltage that is 0.15 eV higher, relative to the PDPP-FBT (Figure
2.1¢). In addition, the ionization potential (IP) values of each polymer measured by ultraviolet

photoelectron spectroscopy (UPS) (Figure 2.1d and Table 2.1) show similar trends with slight
differences in their energy levels. On the other hand, the LUMO of PDPP-2FBT is -3.53 eV, which is
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0.04 eV lower than that of PDPP-FBT (-3.49 eV), implying that doubly-fluorinated BT effectively
lowers the HOMO level with only a minor effect on the LUMO.

The thermal properties of PDPP-FBT and PDPP-2FBT were investigated by thermogravimetric
analyses (TGA), and differential scanning calorimetry (DSC). The combination of TGA and DSC data
for the both polymers confirmed their good thermal stability without any phase transition processes
(See Figure 2.3).

The computational calculations were carried out on the trimer systems of each polymer using density
functional theory (DFT) with the B3LYP hybrid functional and the 6-311G(d) basis set, as implemented
in Gaussian 09. Figure 2.4 presents the adopted planar conformation with extremely small torsional
angles for both cases, showing excellent co-planarity. In addition, both the HOMO and LUMO
isosurfaces for the two model oligomers show delocalized characteristics, indicating the high possibility
of ambipolar charge transport. Notably, upon taking a closer look at these structures, their HOMO
isosurfaces were relatively more localized on the lateral axis z-systems, when compared to that
observed for the non-fluorinated PDPP-BT (see Figure 2.5). Thereby, both fluorinated polymers would
strengthen their electron charge-carrier transport and be expected to afford n-channel dominant
ambipolar OFETs, in line with our aforementioned hypothesis. After the optimization of the geometrical
structures, time-dependent DFT (TD-DFT) calculations for the polymer repeating unit were also
performed for the analysis of the backbone chain dipole dependence (Table 2.2). The single unit of
PDPP-FBT shows a larger change in dipole on transition from the ground to excited states (Apge) than
that of PDPP-2FBT, most likely due to the asymmetry-induced odd-numbered F-substitute on BT motif
(see Figure 2.6 and Table 2.2). Even though the current level of the theory above can only provide
general trends, this database would be a useful benchmark for predicting the effect of more subtle
structural modifications with fluorination for conjugated polymers.

2.3.2 Thin-Film Microstructure Analysis

The film morphologies of fluorine-substituted conjugated polymers were examined using tapping-
mode atomic force microscopy (AFM). The polymer films were drop-casted onto n-
octadecyltrimethoxysilane (OTS)-modified SiO»/Si substrate from the polymer solution (~5 mg mL™)
using 1,2,4-trichlorobenzene (b.p. =214 °C) as the solvent. The drop-casting method typically provides
a longer drying time than a spin-coating technique and enables the formation of films with a higher
degree of crystallinity. The use of solvents with high-boiling points is known to be beneficial for
forming higher crystallinity structures and larger crystal sizes, typically leading to enhanced
performance in OFETs.[*!1 The drop-cast PDPP-FBT and PDPP-2FBT films exhibited granular
structures (Figure 2.7). Remarkably, the as-cast polymer films showed relatively larger void areas and
more distinct grain boundaries between crystalline domains, whereas the polymer films that were
annealed at 250 °C for 30 min exhibited interconnected granular domains with more smooth surfaces.

The PDPP-2FBT film had smaller granular domains with a larger root-mean-square (RMS) roughness
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value of 8.6 nm, compared with that (6.9 nm) of the PDPP-FBT film. In addition, the optimized drying
time for the preparation of PDPP-FBT films was significantly longer (about 1.5 times) than that of the
PDPP-2FBT films. A longer drying time typically leads to the formation of polymer films with
enhanced crystallinity.*-!!

Two-dimensional grazing incidence X-ray diffraction (2D GIXD) analyses of the drop-cast films
were also performed to investigate the effects of the F-containing benzothiadiazole moieties of the DPP-
based copolymers on the crystallinity and molecular packing further. Figure 2.8 shows 2D GIXD
images and the corresponding diffractogram profiles of the annealed PDPP-FBT and PDPP-2FBT films.
The calculated crystallographic parameters are summarized in Table 2.3. PDPP-FBT and PDPP-2FBT
both exhibited well-defined diffraction peaks up to (300) diffraction in the out-of-plane directions,
indicating that fluorinated polymers have a long-range ordered lamellar packing. Both polymer films
displayed strong (100) diffractions at g, values of 0.28 and 0.27 A, corresponding to d-spacings of
22.8 and 23.4 A, respectively. It is known that fluorine-sulfur interactions can facilitate the planarization
of the polymer backbone, leading to a reduction in the intermolecular packing distances.** 4% 32
However, the d(100)-spacing of the PDPP-2FBT film was larger than that of the PDPP-FBT film. This
is presumably due to the increase in the number of bulky F atoms and the electrostatic repulsion between
F atoms.53! PDPP-FBT and PDPP-2FBT showed discernible (070) diffraction peaks in the in-plane
direction, which corresponded to 7—r stacking (z-stack distance ~3.8 A). These results indicate that
both polymers have a strong preference for edge-on molecular orientations that are effective for charge
transport between source and drain electrodes.®™ The annealed polymer films exhibited decreased
d(100)-spacings and increased coherence lengths, when compared to those of the as-cast films (see
Figure 2.9 for the 2D GIXD images and the corresponding diffractogram profiles of the as-cast films).
This indicates that the polymer films exhibit denser molecular packing after the thermal annealing.
2.3.3 OFET Performance

To investigate the electrical performance of F-substituted DPP-BT copolymers, top-contact bottom-
gate OFET devices were constructed with PDPP-FBT and PDPP-2FBT films as the semiconducting
layer. The details about OFET fabrication are included in the Experimental Section. Figure 2.10
exhibits the typical V-shaped ambipolar characteristics of OFETs based on PDPP-FBT and PDPP-2FBT
films after thermal annealing. /- characteristics of the as-prepared films are also presented in Figure
2.11. The electrical performance characteristics such as charge carrier mobilities, on/off ratios, and
threshold voltages are listed in Table 2.4. The electrical performance of the F-substituted DPP-BT
copolymers was enhanced after thermal annealing. This is mainly due to the denser molecular packing
characteristic after thermal annealing, as described in thin-film microstructure analysis. The
enhancement in electron mobility was relatively larger than that of the hole mobility after the thermal
annealing. It has been reported that the trap density of electrons by ambient oxidants commonly tends

to decrease after proper thermal annealing, leading to enhanced electron mobility in ambipolar
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5331 As a control experiment, we also tested the electrical performance of PDPP-BT

semiconductors.!
OFETs with gold contacts. The thermally annealed PDPP-BT OFETs exhibited hole-dominant
ambipolar transport behaviors, with the optimized hole and electron mobilities of up to 0.11 and 0.076
cm? Vsl respectively (Table 2.5). In general, the injection barriers of electrons from the gold
electrode (work function ~ 5.1 eV) to the LUMO were usually much larger than to the HOMO, due to
the high-lying LUMO of the common polymer semiconductors, and the current flow is typically
dominated by hole transport. In our experiment, the introduction of fluorine atoms into the main
backbone of the BT unit effectively lowered the energy levels of the resulting polymers. The respective
HOMO levels of the PDPP-BT, PDPP-FBT, and PDPP-2FBT are -5.10, -5.38, -5.48 eV, while their
respective LUMO levels are -3.90, -4.18, and -4.22 eV, due to the increase in the number of electron-
withdrawing fluorine substituents. Consequently, the hole injection barriers from gold to F-substituted
polymers would increase, while the electron injection barriers would decrease. Therefore, both F-
substituted polymers exhibited electron-dominant ambipolar transport behavior after optimization
(Table 2.4). However, the PDPP-FBT films showed a better electrical performance than PDPP-2FBT
films, despite their higher LUMO and HOMO energy levels that are less favorable for the electron
charge-carrier transport. The OFETs based on annealed PDPP-FBT films exhibited the maximum
electron and hole mobilities of 0.42 cm? V! s' and 0.21 cm? V-!s”!, whereas the average electron and
hole mobilities were 0.33 £ 0.05 and 0.15 £ 0.03 cm? V's”!, respectively. On the other hand, the OFETSs
constructed with the annealed PDPP-2FBT films showed the maximum electron and hole mobilities of
0.30 cm? Vs and 0.10 cm? V-'s”!, with the average electron and hole mobilities of 0.19 + 0.07 and
0.077 £ 0.021 cm? V-Is7!, respectively. These results can be attributed to the morphological factors,
rather than to the energy levels. As shown by AFM and GIXD results, the PDPP-FBT films exhibited
denser molecular packing with much larger grains. These findings indicate that the charge transport in
these fluorinated polymers is significantly affected by the morphological features, in addition to
energetic factors.

Two ambipolar transistors based on fluorinated DPP-BT copolymers were integrated into the
complementary metal-oxide-semiconductor (CMOS)-like inverters. Figure 2.12 shows the output
voltage (Vour) as a function of the input voltage (¥1n) at a constant supply voltage (Vpp) of 100V. The
gate voltage is the circuit input voltage, which varies from 0 V to Vpp. At a small input voltage (Vi),
the p-channel transistor was on, and the n-channel transistor was off. The inverter of PDPP-FBT with
high charge carrier mobilities of both holes and electrons exhibited a gain of 12. However, a higher gain
value of 25 was recorded from the PDPP-2FBT inverters. Furthermore, the sharp switching of the
circuits was shifted to nearly V'pp/2 in PDPP-2FBT. This result is most likely due to the higher symmetry

of the threshold voltages of PDPP-2FBT transistors in p-and n-channel operation modes. % 3 >7]
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2.4. Conclusion

Two conceptually identical polymers apart from having a different number of F atoms on their
repeating unit (PDPP-FBT (one F) and PDPP-2FBT (two F)) are synthesized and carefully investigated
in a comparative manner, in order to understand the effects of introducing fluorinated BT moieties into
DPP polymers. While PDPP-FBT shows very similar optical properties to those of its non-fluorinated
analog (PDPP-BT); interestingly, a noticeable change in the optical profiles and energy levels is
observed by increasing the number of F atoms on the BT unit atom from 1 to 2, thereby resulting in a
wider bandgap and deeper HOMO for PDPP-2FBT, relative to the others. In GIXD analysis, the films
of both polymers appear to have strong lamellar textures with three out-of-plane peaks and a 7
stacking peak in the in-plane diffraction, indicating that the polymers adopt a preferential edge-on
orientation relative to the substrates. To our delight, the fluorinated polymers FETs exhibited high
electron mobilities of up to 0.42 cm? V-!s’!, together with hole mobilities as high as 0.21 cm? Vs,
These results are rationalized through a combination of the stronger intermolecular non-covalent
interactions and higher electron-affinity z-systems, both of which can be induced from the F
substituents. Not only does this study therefore provide new insights into charge-transport
characteristics and our understanding of semiconducting polymers with incorporated fluorinated BT
units, but also offers a powerful strategy for the molecular design of high-performance n-channel

OFETs.
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Scheme 2.1. Synthetic route to PDPP-FBT and PDPP-2FBT. “Suzuki polycondensation conditions (i):
Pdy(dba)s, P(o-tolyl)s, KsPOs, toluene/H,O, 95 °C; Stille polycondensation conditions (ii): Pdx(dba)s,

P(o-tolyl)s, toluene, 120 °C, microwave.
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Figure 2.1. UV—vis—NIR absorption spectra of PDPP-FBT and PDPP-2FBT in dilute chloroform (a)
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Figure 2.6. Net dipole moments of DPP-BT, DPP-FBT, and DPP-2FBT units in the ground and excited

state, respectively (blue line: dipole moment vector).

Figure 2.7. AFM height images (5 ym % 5 um) of drop-cast (a, b) PDPP-FBT and (c, d) PDPP-2FBT
films (a, c¢) before and (b, d) after the thermal annealing at 250 °C, on OTS-modified SiO,/Si substrates.
RMS roughness: (a) = 7.67 nm, (b) = 6.90 nm, (c) = 11.80 nm, (d) = 8.57 nm.
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Figure 2.8. 2D-GIXD images of drop-cast films of fluorinated DPP-BT copolymers annealed at 250 °C:
(a) PDPP-FBT and (b) PDPP-2FBT. The corresponding GIXD diffractogram profiles: (c) in-plane and
(d) out-of-plane GIXD patterns.
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Figure 2.9. 2D-GIXD images of as-cast films of fluorinated DPP-BT copolymers: (a) PDPP-FBT and
(b) PDPP-2FBT. The corresponding GIXD diffractogram profiles: (¢) in-plane and (d) out-of-plane
GIXD patterns.
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Figure 2.10. Current-voltage (/V) characteristics of OFETs based on ambipolar (a—d) PDPP-FBT and
(e—h) PDPP-2FBT films of annealed at 250 °C. Transfer characteristics for polymer films in (a, €) p-

channel operation (Vps = -100 V) and (c, g) n-channel operation (Vps =+100 V) mode. (b, d, f, and h)
Output characteristics for PDPP-FBT and PDPP-2FBT films.
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Figure 2.11. Current-voltage (/) characteristics of OFETs based on as-cast film of ambipolar {(a)-(d)}
PDPP-FBT and {(e)-(h)} PDPP-2FBT. Transfer characteristics for polymer films in (a), (¢) p-channel

operation (Vps =-100 V) and (c), (g) n-channel operation (Vps =+100 V) mode. {(b), (d), (f) and (h)}
Output characteristics for PDPP-FBT and PDPP-2FBT films.
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Figure 2.12. Inverter characteristic based on (a) ambipolar PDPP-FBT and (b) PDPP-2FBT OFETs
(Vop = 100V).
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Table 2.1. Optical and electrochemical properties of PDPP-FBT and PDPP-2FBT.

uv CvV UPS
Polymer Amax™”! Amax ™ E™ Enomo Erumo ESLY EpUPS
[nm]* [nm]’ [eV] [eV] [eV] [eV] [eVY
PDPP-FBT 798 816 1.20 -5.22 -3.49 1.73 5.38
PDPP-2FBT 750 772 1.26 -5.37 -3.53 1.84 5.48

“Chloroform solution. “Spin-coated from chloroform solution. “Determined from the onset of the
electronic absorption spectra. “Cyclic voltammetry determined with (Euomo = ~(E (0x°"'+ 4.4 ¢V) and
(ELumo = ~(E rea™™ + 4.4 €V); °ESY = Erumo - Enomo; "Eie™™ = hv - (Eewofr - Enomo), incident photon
energy (hv=21.2¢eV) for He L.

Table 2.2. Summary of the ground state and excited state dipole moment for DPP-BT, DPP-FBT, and
DPP-2FBT monomer (TD-SCF, RB3LYP/6-311G (d) level).

Unit He (D) He (D)’ A e (D)
TDPP-BT 1.8588 15.5770 14.31069
TDPP-FBT 0.9139 16.4406 16.50265
TDPP-2FBT 1.2191 17.0104 16.04434

“, : ground state dipole moment; “p, : excited state dipole moment; “jig : overall change calculated by
the following equation, A pee = [(Hex — Hex)” + (Hey — Mey)” + (Hez — per)’]'?

Table 2.3. Crystallographic parameters calculated from GIXD profiles.

Preparation condition Crystallographic parameters PDPP-FBT PDPP-2FBT
q (A 0.273 0.269
Ascast (100) d-spacing (A) 23.0 234
FWHM (A™) 0.032 0.028
Drop- Coherence length (A) 177.9 205.0
casting q (A 0.276 0.268
Annealing at 100) d-spacing (A) 22.8 23.4
250°C FWHM (A™) 0.022 0.024
Coherence length (A) 259.0 239.9
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Table 2.4. Summary of OFETs performance data based on PDPP-FBT and PDPP-2FBT films.

Sample” p-channel n-channel
,Uh,maxc ,uh,avgd VT He,max Ueavg VT
Polymer Condition [cm?V"  [em? V! Lo/l [cm? V1 [em? V! Lo/l
1 s—l] S—l] [V] S—l] S-l] [V
Without 0.060 4 0.044
PDPP-  amnealing %7 (0020 107 04 00615015 100 366
FBT Thermal 0.15 ) 0.33 5
annealing” 0.21 (£0.03) >10 -17.5 0.42 (0.05) >10° 309
Without 0.023 4 0.016 5
PDPP-  anncaling 0030 (0.004) 1O 7L 0029 500y 107 328
2FBT Thermal 0.10 0.077 102 -19] 0.30 0.19 ~102 286

annealing (£0.021) (£0.07)
“The p-channel and n-channel characteristics of ambipolar OFETs were measured in a nitrogen
atmosphere. "Thermal annealing was applied at 250 °C. “The maximum mobility of the OFET devices
(L =50 um and W = 1000 um). “The average mobility of the OFET devices (L = 50 um and W = 1000
um). “The standard deviation was carried out by using more than 10 devices.

Table 2.5. Summary of OFETs performance data based on PDPP-BT films.

Sample’ p-channel n-channel
,Uh,maxc ,Uh,avgd VT Me,max He,avg VT
Polymer Condition [cm?V! [ecm? V! L/l V] [cm?  [cm? V! Lo/los v
S-l] S-l] V-l S-l] S-l]
Without = p53 0019 156 197 00047 %090 i 606
annealing (£0.003) (£0.001)
PDPP-BT 1y crmal 0.080 0.057
. s . 2
annealing” 0.11 (£0.023) >10 243  0.076 (0.021) >10 473

“The p-channel and n-channel characteristics of ambipolar OFETs were measured in a nitrogen
atmosphere. "Thermal annealing was applied at 250 °C. “The maximum mobility of the OFET devices
(L =50 um and W = 1000 xm). “The average mobility of the OFET devices (L = 50 um and W = 1000
pm). “The standard deviation was carried out by using more than 10 devices.
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Chapter 3

Fabrication of Nanostructured Organic Semiconductor Thin Films and Their

Chemical Sensor Applications

Abstract

The physical structure of an organic solid is strongly affected by the surface of the underlying substrate.
Controlling this interface is an important issue to improve device performance in the organic electronics
community. Here we report an approach that utilizes an organic heterointerface to improve the
crystallinity and control the morphology of an organic thin film. Pentacene is used as an active layer
above, and m-bis(triphenylsilyl)benzene is used as the bottom layer. Sequential evaporations of these
materials result in extraordinary morphology with far fewer grain boundaries and myriad nanometre-
sized pores. These peculiar structures are formed by difference in molecular interactions between the
organic layers and the substrate surface. The pentacene film exhibits high mobility up to 6.3 cm?> V! s
!, and the pore-rich structure improves the sensitivity of organic-transistor-based chemical sensors. Our
approach opens a new way for the fabrication of nanostructured semiconducting layers towards high-

performance organic electronics.
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3.1. Introduction

The semiconductor-dielectric interface significantly affects the performance and the reliability of
field-effect transistors!!¥. In organic field-effect transistors (OFETs), especially in a bottom-gate
configuration, the surface of the gate dielectric affects the growth and the morphology of the
semiconducting layer, which in turn determines how fast charge carriers can move in the channel
region). As grain boundaries!® and dislocations!”! prevent efficient charge transport between adjacent
molecules, reducing such disorders in molecular packing has been extensively studied®!%. By adding
an interfacial layer, such as self-assembled monolayers (SAMs) and polymeric materials, between the
semiconductor and the underlying substrate, the interface properties can be controlled effectively for
favourable mesoscale/nanoscale ordering of the organic semiconducting layer™™. It is generally known
that the surface of well-ordered SAMs promotes the two-dimensional (2D) growth of vacuum-deposited
organic semiconductor thin films and improves the crystallinity; the surface of disordered SAMs is
believed to degrade the film quality by reducing the interaction between the surface and admolecules,
inducing the three-dimensional (3D) growth rather than the 2D growth!!!: 121,

Here we report that a soft and rubbery organic surface that has a suitable interaction energy with
organic admolecules can induce the quasi 2D growth with few nuclei and result in high-quality organic
thin films with indistinct grain boundaries. Compared with previous high-quality pentacene grains in
the rage of few micrometres, our pentacene films exhibited much larger grains and crystalline
homogeneity. Furthermore, a high-quality macroporous pentacene thin film was formed by selective
adsorption and enhanced lateral diffusion on an organic heterointerface. Sequential evaporations of a
small-molecule dielectric and pentacene resulted in high field-effect mobility (urer), up to 6.3 cm? V!
s’!, as well as nanometer-sized pores in the organic layers having vertical orientation with respect to the
substrate. We attribute this high urer to the large and continuously-connected pentacene grains and to
the clean interface between the two organic layers, which were evaporated without breaking vacuum.
The macropores were found to enhance the sensitivity of OFET-based chemical sensors because of the

enhanced diffusion of analytes into the active channel region.

3.2. Experimental Section

Device fabrication: Heavily doped silicon wafers (n-type, < 0.004 Q-cm) with thermally grown 300-
nm-thick SiO, were used as substrates. The SiO»/Si wafers were cleaned with piranha solution (a
mixture of 70 vol% H>SO4 and 30 vol% H»0,), followed by UV-ozone treatment. The surface of the
wafers was modified with n-octadecyltrimethoxysilane (OTS) self-assembled monolayer.!'* The OTS
solution (3 mM in trichloroethylene) was spin-coated at 3000 rpm for 30 s onto the wafers, and then the
samples were kept overnight in a vacuum desiccator with a few drops of NH4OH. The wafers were

washed with toluene, acetone and isopropyl alcohol, and dried under nitrogen gas. The contact angle of
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deionized water on the OTS-treated SiO, was typically above 110°.

To fabricate the OFETs, TSB3 (15 nm) and pentacene (45 nm) layers were sequentially deposited
onto the OTS-treated SiO,/Si substrates in a thermal evaporator without breaking vacuum. The base
pressure was below 5.0 x 107 torr, and the deposition rate was maintained at 0.1-0.2 A s™!. For pentacene
OFETs without TSB3, only a pentacene layer (45 nm) was thermally evaporated. During the
evaporation, the samples were heated at 60 °C. Gold source/drain electrodes (40 nm) were thermally
evaporated through a shadow mask onto the pentacene layer. The source/drain patterns had a channel
length (L) of 50 pm and a channel width (W) of 1000 pm (W/L = 20).

To measure the capacitance of the gate dielectric, TSB3 (15 nm) and gold electrode patterns (40 nm)
were deposited sequentially onto OTS-treated SiO,/Si with gold electrode patterns in a single vacuum
process.

Electrical Measurement: The current-voltage characteristics of the OFETs were measured inside a
glove box filled with nitrogen gas by using a Keithley 4200-SCS semiconductor parametric analyzer.
The field-effect mobility (urer) and the threshold voltage (V1) were estimated in the saturation regime
(Vs = -100 V) with the following equation:'¥]

I, = E/UFETCg (VGS Vi )2 , (D
2L
where Ip is the drain current, C, is the capacitance of the gate dielectric and Vs is the gate-source
voltage.

In the sensor measurements, methanol vapour was produced by flowing nitrogen gas into a flask
filled with liquid methanol. Vapourized methanol then flowed to the sensor device through a 3-mm-
wide tube. The end of the tube was installed 5 cm above the surface of the device. While the flow of
methanol was on, the gas flow was maintained at 4 sccm.

The capacitance of the gate dielectric was measured with an Agilent 4284A. Both OTS-SiO; (300
nm) and TSB3 (15 nm)-OTS-SiO; (300 nm) samples had almost identical capacitance of 11 nF cm™.

Morphology Characterization: The surface morphologies were characterized with AFM (Digital
Instruments Multimode) and SEM (Hitachi S-4200).

2D GIXD measurements were performed at the 3C and 9A beamlines of the Pohang Accelerator
Laboratory.

Cross-sectional HRTEM images were obtained by using a field emission electron microscope (JEOL,
JEM-2100F). In the preparation of HRTEM specimens, aluminum (250 nm) and platinum (1.3 pm)
layers were sequentially deposited on the samples to protect the organic layers against high-energy
gallium ions (acceleration voltage of 30 kV) during focused-ion-beam milling process (FEI, Helios).

Material Analysis: The optical and thermal behaviors of TSB3 were measured by using a UV-Vis
spectrophotometer (Varian, CARY-5000) and a differential scanning calorimetry (Perkin-Elmer DSC7),

respectively.
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Cyclic voltammetry was performed by using a PowerLab/AD instrument model system. A
tetrabutylammonium hexafluorophosphate (BusNPFs) solution in acetonitrile (0.1 M) was used as the
electrolyte solution. Three kinds of electrodes were used in the measurements: Ag/AgCl reference
electrode, glassy carbon working electrode, and platinum counter electrode. The potential of the
Ag/AgCl reference electrode was internally calibrated by using the ferrocene/ferrocenium redox couple

(Fc/Fct). The energy levels of organic semiconductors were estimated with the equations below:

EHOMO == ((Eonset,ox - E1/2(Ferracene) ) +4. 8) [e V] ? (2)

ELUMO = _((Eonset,red - E1/2(Fermuene) ) + 48) [eV] ’ (3)

DFT calculation: DFT calculations were performed by using the Gaussian 03 package with the Becke,
3-parameter, Lee-Yang-Parr (B3LYP) function and the 6-31G* basis set after optimizing the geometry
of TSB3.

Molecular dynamics simulation: To interpret the bonding and non-bonding interactions in the atomic
systems of interest, the COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies) force field was employed. The equation for the total interaction energy, ¥ (R),

which contains nearly 30 potential energy parameters, has the generic form:

V(R ) = (Z V.Vtretching + thending + z vtortinn + Z vdefm‘matinn ) b + (Z vCoulmnh + Zvvan der Waals + Z vMamefdispemion ) nb ’
4)

The first four terms are the energies of bond stretching, angle bending, torsion and deformation,
respectively, which mostly are fitted into anharmonic forms. The next three terms are the long-range
electrostatic (i.e., Coulombic), van der Waals (i.e., 9-6 Lennard-Jones) and dispersion (i.e., Morse type)
interaction energies, respectively. The final term is present for the simulation of semi-ionic systems.
The total interaction energy, V(R), is integrated with respect to time following the Verlet algorithm to
provide pair-wise momenta between atoms, and the time interval was set to be 1 fs. We performed all-
atom molecular dynamics simulations with the isometric and isothermal ensemble (i.e. constant NVT,
where N is the number of molecules, V is the volume and T is the temperature) at 60 °C. All systems
with interfaces were constructed by adding each constituent system and allowing it to undergo energy
minimization with a relaxation period for 10 ps. After each interfacial system was constructed, it was
relaxed with the same ensemble for 20 to 30 ps and run for 100 ps to calculate the binding energies and
obtain other results. Molecular dynamics (MD) simulations were performed by Prof. Sang Kyu Kwak,

UNIST.

3.3. Results and Discussion

45



3.3.1. Material properties and device fabrication

For the insulating small-molecule organic layer, we employed m-bis(triphenylsilyl)benzene (TSB3),
as shown in Figure 3.1a. This organosilicon compound has a high energy gap of 3.6 eV in a thin film
(Figure. 3.2a), due to the electronically isolated phenyl rings. The highest occupied molecular orbital
(HOMO) level of TSB3 was estimated to be -7.1 eV by density functional theory (DFT) calculations,
which is far lower than that of pentacene (-5.0 eV) (Figure. 3.2b). The HOMO level was also
experimentally confirmed by using cyclic voltammetry (Figure. 3.2¢). As a result, unfavourable charge
transfer between TSB3 and pentacene is minimized during OFET operations. The glass transition
temperature (7,) and melting temperature (7m) of TSB3 were estimated to be 33 °C and 238 °C,
respectively (Figure. 3.2d). For the fabrication of OFETs, TSB3 and pentacene molecules were
sequentially deposited in a thermal evaporator (< 107 torr) while n-octadecyltrimethoxysilane (OTS)-
treated SiO; substrates were heated to 60 °C, which is higher than the 7 of TSB3. Detailed fabrication
process is described in the Methods section. The structure of the OFET is schematically illustrated in
Figure 1a. As control devices, another set of pentacene OFETs was also fabricated on OTS-treated SiO»
excluding the evaporation of TSB3.
3.3.2 Macroporous pentacene film with indistinct grain boundaries

We first examined the morphological and the crystalline characteristics of the organic thin films. As
shown in the atomic force microscopy (AFM) images of Figure 3.1b, the presence of the TSB3 layer
drastically alters the morphology of pentacene. In contrast to the small pentacene grains obtained in the
absence of TSB3, the pentacene layer with TSB3 is continuously connected with indistinct grain
boundaries. Dendritic or faceted grains have been commonly observed from pentacene thin films
evaporated on a variety of substrates such as polymers, SAMs and inorganic layers!®!. The extraordinary
pentacene morphology on TSB3 indicates that the TSB3 layer significantly affects the growth of
pentacene film. The pores in the pentacene film on TSB3 range in size from 50 to 150 nm, and their
depth is found to be similar to the thickness of the organic layers (Figure 3.1b). A cross-sectional image
of the pores was obtained with high-resolution transmission electron microscopy (HRTEM) in Figure
3.1c. The pores are connected to the OTS surface, which confirms that the pore depth corresponds to
the combined thickness of the organic layers. It is noteworthy that no grain boundary defects are visible
in the cross-sectional HRTEM image within the pentacene layer on TSB3, which is in agreement with
the AFM image in Figure 3.1b (detailed cross-sectional HRTEM analysis can be found in Figure. 3.3).

The electrical characteristics of the pentacene OFETs with and without TSB3 were measured in the
saturation regime inside a nitrogen-filled glovebox. As shown in Figure 3.4a, the pentacene OFETs
with TSB3 exhibited higher output currents compared with the pentacene OFETs without TSB3 (Figure.
3.5 for current-voltage curves in logarithmic scale and drain current vs. drain-source voltage curves).
The pentacene OFETs with TSB3 had an average urer of 5.5 (£0.7) cm? V! 57!, whereas the pentacene
OFETs without TSB3 showed an average et of only 1.5 (£0.2) cm? V! s, The Ion/Iorr ratios of both
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sets of OFETs were more than 10%, and the threshold voltage values were -37.5 (+0.8) V (with TSB3)
and -33.5 (£1.1) V (without TSB3).

A thorough investigation of the pentacene/TSB3 interface is needed to elucidate the remarkably high
urer of the pentacene OFETs with TSB3, because charge transport in OFETs occurs in the channel
region in the vicinity of the gate dielectric!'Y. The morphology of TSB3 is, however, unstable due to its
low Tg, so the growth dynamics of pentacene thin films on TSB3 is difficult to study directly. We
observed huge clusters of TSB3 after deposition of a 15-nm-thick TSB3 layer on OTS-treated SiO»
(Figure 3.4b). Such clusters were also found in pentacene (5 and 10 nm) / TSB3 (15 nm) layers;
however, such clustering was not observed when a thick layer of pentacene (more than 20 nm) was
deposited onto the TSB3 film (Figure 3.4c-f). We speculate that the TSB3 layer becomes stable in the
presence of a thick upper pentacene layer, which suppresses the agglomeration of the bottom TSB3. We
performed 2D grazing incidence X-ray diffraction (GIXD) measurements on 5-nm-thick pentacene on
TSB3. The 2D GIXD pattern in Figure 3.4g indicates that the first few layers of pentacene on TSB3
have predominant thin-film phase. It is known that the coexistence of different pentacene polymorphs
can contribute to an increase in the charge-transfer resistance due to the inter-grain and inter-domain
structural mismatches between different crystalline phases!!® 1> 1 'We attribute the high uper of
pentacene OFETs with TSB3 to the structural homogeneity of the first few layers of pentacene, which
contain far fewer grain boundaries, as well as to the clean semiconductor (pentacene) / dielectric (TSB3
on OTS-treated Si0O;) interface, produced by the sequential evaporation process without breaking
vacuum, as illustrated schematically in Figure 3.4h.

3.3.3 Application of macropores to OFET-based chemical sensor

In addition to the typical switching operation in logic circuits, OFETs can be used for sensor
devices!'?Y, In general, the output current of OFET-based sensors and detectors is scaled with the
amount of target species diffused into the channel region®!l. In OFET-based chemical sensors, the
device structure often limits their performance by blocking the efficient diffusion of analytes into the
active channel region. Thus, organic semiconducting films with porous structure that facilitate charge
transport may be ideal for OFET-based chemical sensors. The vertical macropores in the
pentacene/TSB3 layers can improve the sensitivity of OFET-based chemical sensors by enhancing the
diffusion of analytes into the channel region. In contrast to previous OFET-based sensors, in which the
analytes diffuse into the channel through grain boundaries!?!), the macropores provide more efficient
and direct pathways, which eventually leads to fast response and high sensitivity to the changes in
analyte concentration (Figure 3.6a). We monitored the changes in the output current of pentacene
OFETs with and without TSB3 while the flow of vapourized methanol was turned on and off
sequentially. In order to confirm that methanol does not swell nor dissolve TSB3, a TSB3 layer was
exposed to vapourized methanol, and its morphology was examined by AFM. The exposure of the TSB3

layer to methanol did not affect its physical structure. It is known that methanol molecules typically
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decrease the channel charge density of p-channel devices due to its electron-donating characteristics??).

As shown in Figure 3.6b, the OFET-based sensor with TSB3 exhibited a significant decrease in the
output current when the device was exposed to methanol vapour. In addition, the response and recovery
occurred within a few seconds, which demonstrates a remarkably fast and stable performance compared
with previous OFET-based sensors?* 2*! as well as for other chemical sensors based on conducting

(251 carbon nanotubes®! or inorganic semiconductors?’). On the other hand, the OFET-based

polymers
sensors without TSB3 showed much lower sensitivity under the same condition. These results indicate
that the macroporous structure induced by TSB3 is highly beneficial to improving the performance of
OFET-based sensor devices.

3.3.4 Discussions

The flat and smooth morphology of pentacene on TSB3 is evidence for the Frank-van der Merwe
growth of the pentacene admolecules®. In the Frank—van der Merwe growth, admolecules attach
preferentially to the substrate surface rather than to the pre-deposited area, which leads to the formation
of atomically smooth and fully covered layers!*®). Figure 3.7 shows 2D GIXD patterns of pentacene
thin films with and without TSB3. The (00/) reflections in the ¢, direction (out-of-plane) indicate that
pentacene molecules have stand-up orientation on TSB3. The two intense in-plane reflections,
appearing vertically at a given ¢y, can be indexed to {1, +1} and {0, 2}, respectively; each reflection
index represents two distinct crystalline polymorphs of pentacene thin film, which are referred to as the
pseudo-orthorhombic “thin-film” phase and the triclinic “bulk” phase®. The multiple reflection spots
in these vertical “Bragg-rods” suggest that our pentacene films consist of ordered multi-stacked layers
in both vertical and lateral directions®’!. Interestingly, the pentacene film on TSB3 consists
predominantly of the thin-film phase, whereas both thin-film and bulk phases are present in the
pentacene film without TSB3. Note that the circular pattern at g ~ 1.37 Alin Figure 3.7a is due to the
underneath TSB3 layer, which is not preferentially oriented on the substrate (Figure. 3.8).

We devise the mechanism in Figure 3.9 for the growth of pentacene on TSB3 to explain the indistinct
grain boundaries and the formation of the pores. Molecular dynamics (MD) simulations were performed
to test our model®!-32!, Firstly, the direct contact between TSB3 and OTS was studied in an attempt to
explain the dewetting of TSB3. The interaction energy between TSB3 molecules is more negative, i.c.,
more attractive, than the interaction energy between TSB3 and OTS (Figure. 3.10). This result indicates
that agglomeration of TSB3 occurs instead of covering the substrate. The atomically smooth OTS layer
with low surface energy may also expedite the dewetting of TSB3, which is already in a rubbery state
because the substrate temperature is higher than its 7,. Once pentacene is evaporated, it starts to be
adsorbed onto the rubbery TSB3 film rather than onto the dewetted OTS area. We calculated the TSB3-
pentacene and OTS-pentacene interaction energies with MD simulations. Monolayer, bilayer and
trilayer of pentacene were constructed on TSB3 and OTS (Figure. 3.11); the relatively unfavourable

interaction (i.e., larger positive binding energy) is estimated between pentacene and OTS. This result
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indicates that the deposition of evaporated pentacene molecules occur preferentially on the TSB3
surface rather than OTS. When the pentacene molecules encounter the dewetted OTS surface, they are
captured by the pentacene/TSB3 layers through the van der Waals force. To confirm this selective
growth, we simulated the movement of the pentacene molecules by placing them at the boundary
between the TSB3 and OTS layers, as shown in Figure 3.12. After 50 ps, the pentacene molecules,
which straddled at the boundary, have diffused towards the TSB3 layer. Previously, Bao and coworkers
estimated the mean travelling distance of pentacene molecules on OTS surfaces by using the capture
zone model: 0.67 and 1.12 um for crystalline and amorphous OTS, respectively®!. Since in our study
the size of the pores in the pentacene film with TSB3 range from 50 to 150 nm, the pentacene molecules
deposited on dewetted OTS have enough time to escape to the pentacene/TSB3 layer. Thus, the large
number of macropores in the pentacene thin film on TSB3 is attributed to the dewetting of TSB3 and
the preferential growth of pentacene via diffusion onto TSB3 rather than OTS.

The high et of the pentacene OFETs with TSB3 indicates that the macropores in the pentacene
layer do not severely affect the charge transport, as depicted in Figure 2h. During the growth of
pentacene, the nucleation density () in the first seeding layer is known to be related to the ratio between
the diffusion constant (D) and the deposition rate (F) by the following equation: N = F/DB*, In our
experiment, N is mainly dependent on the D of pentacene adsorbed on the surface because F remains
constant by controlling the evaporation condition. The D value seems to be larger on the TSB3 surface
than on the OTS, as inferred from the enlarged crystal domains with indistinct grain boundaries on the
TSB3 layer. The soft and rubbery characteristics of the TSB3 surface facilitate the lateral diffusion of
pentacene molecules™ 1. Similarly, previous studies revealed higher D values for pentacene
admolecules on disordered SAMs, which have mobile alkyl chains and soft surface, than on ordered
SAMs!!! 12 This enhanced surface diffusion contributes to the self ordering of pentacene with far fewer
grain boundaries in the first seeding layer. Kim et al. reported that the surface viscoelasticity of polymer
gate dielectrics affects the performance of pentacene transistors; pentacene thin films deposited at
substrate temperatures higher than the 7, of the polymer dielectrics had inferior pentacene crystallinity
and morphology®®®.. In the case of these polymer dielectrics, however, the attractive interactions with
pentacene molecules are much stronger than our soft small-molecule dielectric TSB3 (see the MD
simulation results in Figure. 3.13). Therefore, the diffusivity of pentacene admolecules is reduced on

the polymers, which hinders the growth of high-quality pentacene thin film.

3.4. Conclusion
In summary, we have investigated the effects of the organic heterointerface between rubbery small-
molecule dielectric and pentacene on the performance of OFETs and chemical sensors. TSB3, an

organosilicon insulating compound with low T, significantly changed the morphology of pentacene
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thin layer and affected the device performance. Continuously interconnected pentacene grains with far
fewer grain boundaries were formed on TSB3, leading to remarkably high et up to 6.3 cm?> V' s In
addition, a large number of vertical macropores observed in the organic layers significantly improved
the sensitivity of chemical sensors. Our finding demonstrates that organic small-molecule
heterointerfaces, enabling a sophisticated control of the growth and morphology in organic thin films,
can be utilized to improve the performance of organic electronic devices and to expand their

applications.
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Figure 3.1. Device structure and Morphology of organic layers: a) Device schematic and the molecular
structure of TSB3. b) AFM height images of (/eff) pentacene / TSB3 and (right) pentacene on OTS-
treated SiO,. A large number of pores are present in the pentacene-TSB3 film. The scale bars are 1 pum.
¢) Cross-sectional HRTEM image of pentacene (45 nm) / TSB3 (15 nm) on OTS-treated SiO,. The
depth of the pore, also clearly observed in the AFM image of Figure 3.1b, is the same as the thickness
of the pentacene/TSB3 layers. The scale bars are 50 nm.
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Figure 3.2. Analysis on TSB3 molecules: a) Ultraviolet—visible spectrum of TSB3 thin film. The band
gap of a TSB3 thin film (15 nm) was measured to be 3.6 eV. b) (Upper) Optimized geometry of a TSB3
molecule in vacuum and (lower) its charge-density isosurfaces calculated by density functional theory
(DFT) calculations. c¢) Cyclic voltammetry results of pentacene and TSB3 molecules.
[HOMO Pentacene: —5.04 eV and HOMO TSB3: —6.58 ¢V] d) Differential scanning calorimetry data
of TSB3 molecules. The glass transition temperature (7;) and melting temperature (71) of TSB3 were

estimated to be 33 °C and 238 °C, respectively.
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Figure 3.3. Cross-sectional SEM (first row) and HRTEM (second and third rows) images of pentacene
(45 nm) / TSB3 (15 nm) and pentacene (45 nm) on OTS-treated SiO». The pentacene/TSB3 film exhibits
much smoother surface than the pentacene film without TSB3, which corroborates more 2D growth of

pentacene on TSB3.
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Figure 3.4. Electrical measurement data for the pentacene OFETs and morphological analysis: a)
Current-voltage curves for pentacene OFETs with and without TSB3, measured inside a nitrogen-filled
glovebox. Pentacene/TSB3 OFETs: [urer = 5.5 (£0.7) cm? V! s, Vi = -37.5 (£0.8) V, Ion/Iorr = 3.7
(£0.5) x10°]; Pentacene OFETS: [grer = 1.5 (£0.2) cm? V' s, Ve =-33.5 (£1.1) V, Ion/Iorr = 6.9 (£3.2)
x10°] b) AFM height image and cross-sectional profile of a 15-nm-thick TSB3 film on OTS-treated
Si02. When the TSB3 thin film is deposited without a rigid layer on top, the substrate surface is severely
dewetted, and the TSB3 film becomes agglomerated. The scale bar is 500 nm. c—f) SEM images of
pentacene (film thicknesses c) 5, d) 10, e) 20, f) 45 nm) / TSB3 (15 nm) on OTS-treated SiO». Similar
to Figure 3.4b, clusters are also found in pentacene (5 and 10 nm) / TSB3 layers. However, such clusters
are not observed when a thick layer of pentacene (20 and 45 nm) was deposited onto the TSB3 film.
The scale bars are 500 nm. g) 2D GIXD image of pentacene (5 nm) / TSB3 (15 nm) on OTS-treated
Si0,. Predominantly the thin-film-phase peaks are present. h) Magnified AFM images of pentacene (45
nm) / TSB3 (15 nm) and pentacene (45 nm) on OTS-treated SiO,, and a schematic diagram of the charge

transport inside pentacene layers with and without TSB3. The scale bars are 200 nm.
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Figure 3.5. Current-voltage curves of pentacene OFETs measured inside a nitrogen-filled glovebox: a)
Drain current vs. gate-source voltage curves with and without TSB3 in logarithmic scale. b) Drain

current vs. drain-source voltage curves of pentacene OFET with TSB3.
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Figure 3.6. OFET-based chemical sensor utilizing the vertical macropores: a) Schematic diagram of an
OFET-based sensor with macroporous layers made of pentacene and TSB3. b) Variation of the output
current in the sensor as a function of time. The bias stress effect was compensated by dividing the
measured current data by the current without the flow of analyte, and the data was normalized to the
initial current at /=0. The blue regions indicate the flow of methanol gas (analyte). As clearly shown in
the plot, the sensor with TSB3, having vertical macropores, exhibits higher sensitivity than the sensor

without TSB3. Both Vgs and Vps were fixed at -100 V.
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Figure 3.7. GIXD images of pentacene thin film with and without TSB3: a) Pentacene (45 nm) / TSB3
(15 nm) on OTS-treated SiO,. The pentacene layer with TSB3 shows dominant thin-film-phase peaks.
b) Pentacene (45 nm) on OTS-treated SiO,. The pentacene layer without TSB3 shows dominant bulk-
phase peaks.
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Figure 3.8. Two-dimensional grazing incidence X-ray diffraction pattern of 15-nm-thick TSB3 on

OTS-treated SiO». The circular pattern indicates that the TSB3 film is not preferentially oriented on the

substrate.
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Figure 3.9. Proposed mechanism for the growth of pentacene on TSB3. In this growth model, the pores

in pentacene are expected to form on the exposed OTS surface.
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Figure 3.10. Snapshots of molecular dynamics systems of TSB3 on OTS and their van der Waals (vdw)
interaction energies at 60 °C. Each system contains 144 OTS molecules in the bottom layer with a, 25,
b, 50 and ¢, 75 TSB3 molecules on top. Vacuum is introduced above TSB3 and below OTS. The term
“BE” stands for binding energy.

61



O
p-2. %1
K

. 18 .
° —HB— BE vdw (Pentacene-TSB3)
£ —@— BE vdw (Pentacene-OTS) °
S
5 16 I 1
> .
g /l
w141 u .
S
=] ([
8 [ |
S 12t ]
3
£

10 1 1 1

60 120 180

Number of pentacene

Figure 3.11. Snapshots of molecular dynamics systems of (a, b, ¢) pentacene on TSB3 and (d, e, f)
pentacene on OTS, and their van der Waals (vdw) interaction energies at 60 °C. The TSB3 and OTS
layers contain 66 and 81 molecules, respectively. One layer of pentacene is composed of 60 molecules.
(a, d) Monolayers, (b, e) bilayers and (c, ) trilayers of pentacene were simulated. Vacuum is introduced

above pentacene and below the bottom layer (TSB3 or OTS). The term “BE” stands for binding energy.
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Figure 3.12. Molecular dynamics simulation of pentacene diffusion: a) Top-view and b) cross-sectional
snapshots of the molecular dynamics system of pentacene on the interfacial region between TSB3 and
OTS. The upper images show the beginning of the simulation. After 50 ps, the pentacene molecules
gradually diffuse towards TSB3, which confirms that pentacene has higher attractive interaction with

TSB3 than OTS. Yellow dashed lines indicate the boundary between OTS and TSB3.
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Figure 3.13. Snapshots of molecular dynamics systems of monolayer pentacene on a) TSB3, b)
polystyrene (PS) and c) poly(methyl methacrylate) (PMMA), and their van der Waals interaction
energies at 60 °C. a) The TSB3 and pentacene layers contain 66 and 60 molecules, respectively. b) and
c¢) Each system contains 84 pentacene molecules on 50 decamers of PS or PMMA. Vacuum is introduced
above pentacene and below the bottom layer (TSB3, PS or PMMA). The interaction energy in the y-

axis represents binding energy.
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Chapter 4

Highly Sensitive and Selective Biosensors Based on Functionalized Organic

Semiconductors

Abstract

Biosensors based on a field-effect transistor (FET) platform allow continuous monitoring of
biologically active species with high sensitivity due to the amplification capability of detected signals.
To date, a large number of sensors for biogenic substances have used high-cost enzyme immobilization
methods. Here, we report highly sensitive organic field-effect transistor (OFET)-based sensors
functionalized with synthetic receptors that can selectively detect acetylcholine (ACh"), a critical ion
related to the delivery of neural stimulation. A cucurbit[6]uril (CB[6]) derivative, perallyloxyCB[6]
((allyloxy)12CB[6], AOCBJ6]), which is soluble in methanol but insoluble in water, has been solution-
deposited as a selective sensing layer onto a water-stable p-channel semiconductor, 5,5'-bis-(7-dodecyl-
9H-fluoren-2-yl)-2,2'-bithiophene (DDFTTF) layer. The OFET-based sensors exhibit a detection limit
down to 1 pM of ACh", which is six orders of magnitude lower than that of ion-selective electrode
(ISE)-based sensors. Moreover, these OFET-based sensors show highly selective discrimination of
ACh" over choline (Ch"). Our findings demonstrate a viable method for the fabrication of OFET-based
biosensors with high sensitivity and selectivity, and allow for practical applications of OFETs as high-

performance sensors for biogenic substances.
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4.1. Introduction

Sensors based on organic field-effect transistor (OFET) platforms show great promise for use in
chemical and biological sensors, as they have many advantages including high sensitivity, ultra-low
cost, simple fabrication, and flexible applications.['*! In particular, OFET-type sensors can amplify
electrical signals obtained from binding events with analytes by tuning the applied gate voltage, leading
to higher sensitivity compared to conventional sensors with two electrodes.*”) OFET-based sensors

have been applied in various fields, such as environmental monitoring,!' 'l drug delivery,['> 3 food

[14, 15 [16, 17

safety tests, !'and homeland security. 1 One of our research groups has recently reported highly
sensitive chemical sensors using highly crystalline pentacene layers with macroporous structures, which
are helpful for the diffusion of analytes into the channel region.["¥! However, pristine OFET-based
sensors without additional functionalization often exhibit low selectivity for target analytes because all
elements, including analytes and impurities that typically diffuse into the channel region through grain
boundaries, can contribute to changes in the detected signal. Therefore, highly selective detection with
OFET-based sensors requires chemical modification or immobilization of specific receptors to capture
target analytes on a device surface.!'>2!

In particular, sensors for biogenic substances have received great interest for use in early diagnosis
and consultation, and thereby for treating a disease during the initial stages. Acetylcholine (ACh") is a
prominent neurotransmitter in the human central nervous system, and choline (Ch") is an important
constituent of ACh". They are involved in various functions such as learning, memory, and muscle

(2931 More importantly, a deficiency in ACh" is associated with Alzheimer’s disease, which

contraction.
is considered the most common neurodegenerative disease in the elderly. Therefore, the detection of
ACh" concentration is of great importance for perceiving pathological conditions. Many amperometric
sensors for the detection of ACh™ have utilized enzyme immobilization by acetylcholine esterase (AChE)
for enhanced selectivity of metabolic processes.!* 3233 The detection limits of these methods are
typically in the range of pM to nM. Among them, ACh" sensors based on carbon nanotube FETs have
shown outstanding performance with the detection limit of sub-nM (100 pM) due to their current-
amplifying characteristics.?>] Despite their high sensitivity, these systems still require enzyme
immobilization and have shortcomings such as high cost, lack of long-term stability, and complicated
fabrication processes.

Recently, synthetic receptor-functionalized ion-selective electrodes (ISEs) have been reported as a
reliable alternative to classical methods employing enzyme immobilization for making low-cost and
high-performance electronic ACh* sensors.*® 371 However, the two-electrode-system ISE sensors
exhibit detection limits in the uM range for ACh", which is not sufficient for early-stage disease
diagnosis. To date, there has been no report concerning synthetic receptor-functionalized FET-type

sensors for the sensitive and selective detection of ACh" without any enzymatic reactions.
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Here, we demonstrate highly sensitive and selective OFET-based ACh" sensors that function in the
absence of AChE. A water-stable p-channel semiconductor, 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2'-
bithiophene (DDFTTF) layer, was chosen as the active layer due to its relatively high mobility and
operational stability in water.*®! In addition, a cucurbit[6]uril (CB[6]) derivative, perallyloxyCB[6]
((allyloxy)12CB[6], AOCBJ6]), was utilized as the receptor molecule to functionalize the semiconductor
film.*>) CB[6] has a carbonyl group-fringed hydrophobic cavity (~5.5 A diameter) which can
encapsulate small organic molecules and ions.[***] Particularly, AOCB[6] shows high affinity and
selectivity toward ACh*,%! and it is freely soluble in alcohol, but insoluble in water. Therefore, the
AOCBJ6] layer can easily be deposited using the spin coating method with an alcoholic solution of
AOCBJ[6] on top of the DDFTTF semiconducting layer, and the deposited film acts as a stable and
selective sensing layer for ACh" in the aqueous phase. Compared to previous highly sensitive ion-
selective biosensors, our OFET-based sensors show remarkably enhanced sensitivity with the much
lower detection limit, down to 1 pM of ACh", which is six orders of magnitude lower than that of ISE-
based sensors. Moreover, these OFET-based sensors show highly selective discrimination of ACh* over
choline (Ch"). Our findings demonstrate the high effectiveness of a synthetic receptor-functionalized
OFET platform for ACh" sensing. In addition, the developed OFET-based sensing platform provides a
low-cost, simple, and viable approach for the fabrication of highly sensitive and selective water-stable

OFET-based sensors for biogenic substances.

4.2. Experimental Section

Materials: Acetylcholine chloride, and choline chloride were used as received from Aldrich.
DDFTTF was obtained from Lumtech (Taiwan). AOCB[6] was prepared according to the synthetic
procedure reported in the literature.*"!

Fabrication of DDFTTF-Based OFET Sensors: Heavily n-doped Si wafers (<0.004 Q cm) with a
thermally grown 300 nm-thick oxide layer (SiO,, Cy = 10 nF cm™) were cleaned with Piranha (H>SOs4
and H,O, with volume ratio of 7:3) solution. The SiO,/Si substrates were sequentially modified by UV-
ozone treatment. The SiO, surface was treated with OTS as self-assembled monolayer. The OTS
solution (3 mM) prepared in trichloroethylene was spin-coated onto the wafers at 3000 rpm for 30 s,
and then the wafers were placed overnight in a vacuum desiccator with ammonia vapor. The wafers
were sequentially washed with toluene, acetone, and isopropyl alcohol, followed by drying under the
gentle flow of nitrogen gas. The contact angle of DI water on the OTS-treated wafer was approximately
110°. The DDFTTF films (~15 nm thickness) were deposited by thermal evaporation at a rate of 0.1-0.2
A s7'under a base pressure of 5.0 x 107° torr. During the evaporation, the optimal substrate temperature
for DDFTTF deposition was 105 °C. The films were annealed at 150 °C for 30 min in a nitrogen

atmosphere. The top-contact bottom-gate devices were completed by depositing gold layer (~40 nm
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thickness) through a shadow mask with a channel width (#) and a channel length (L) of 9000 pm and
50 pm, respectively. A silicon monoxide (SiO, ~20 nm thickness) layer was thermally deposited onto
the electrodes except for the gold contacts. The SiO layer was used as a passivation layer for the liquid-
phase sensing. Then, the solution-processable AOCB[6] (~5 mg mL™" in methanol) was spin-coated
onto the underlying film at 5000 rpm for 30 s. The films were dried in a vacuum oven at 60 °C for ~12
h and annealed at 150 °C for 30 min to remove the residual solvent.

Sensing Tests and Characterizations: For the sensing test, DDFTTF OFET-based sensors were
exposed to solutions containing three analytes (acetylcholine chloride, choline chloride, and sodium
chloride) in DI water. The electrical performance and sensing tests of OFETs were measured using a
Keithley 4200 semiconductor parametric analyzer. The field-effect mobility (  rer) was calculated in
the saturated regime with the following equation:

I, :%luFETCg (VGS_VTH)2 (D
where Ip is the drain current, C, is the capacitance per unit area of the gate dielectric layer, and Vs and
Vru are the gate voltage and threshold voltage, respectively.

AFM characterization: AFM images were recorded with Agilent 5500 scanning probe microscope
(SPM) running with a Nanoscope V controller. The film morphologies were characterized by high-
resolution tapping mode under ambient conditions.

Density Functional Theory (DFT) Calculations: Since the guest binding of AOCBJ6] is essentially
the same as CB[6], we did the following calculations with CB[6]. To delineate the features of
acetylcholine (ACh"), choline (Ch") and Na* bound CBJ[6], we derived the gas phase structures of their
1:1 complexes in the regime of density functional theory (DFT). Hybrid meta exchange-correlation
functional M06-2X, a member from family of Minnesota functional*! was employed incorporating the
6-31G(d) basis set using Q-Chem software package.[*! All molecular structures in this work were built
using the program Avogadro.[*®! The binding energy AEpind was obtained by subtracting the sum of the
electronic energies of the unbound CB[6] and ACh*, Ch", Na" from that of their corresponding
complexes.

Molecular Dynamics (MD) Simulations and Natural Population Analysis (NPA): We parameterized
atomic partial charges with the RESP approach!*”! and adopted other parameters from the GAFF force
field*®! for three guest molecules and CB[6]. In all cases, we solvated the complex of CB[6] and a guest
molecule with TIP3P water®! in a cubic box with each side of 35 A, and a chloride ion is added to
neutralize the system. For each complex, we conducted an equilibrium MD simulation for 3.5 ns after
carrying out the energy minimization on initial structures. We propagated a MD trajectory for 1 ns for
each given complex. The integration time step was 1 fs with constraints on hydrogen atoms with the
LINCS algorithm.® Temperature was maintained at 300 K with the velocity rescaling thermostat

proposed by Bussi et al.l’!! and pressure was controlled to 1 atm with the Berendsen’s weak coupling
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scheme.*? Non-covalent interactions in the range of 10—12 A were gradually modified to zero at 12 A.
We sampled 500 structures from MD trajectories with 2 ps interval, and subsequently performed the
natural population analysis (NPA)B3! on these sampled structures at M06-2X/6-31G(d) level with Q-
Chem software package.*! Specifically, we computed natural populations of CB[6] and guest
molecules by treating water molecules and a chloride ion as point charges. The GROMACS software

package!®*! was used to carry out all MD simulations.

4.3. Results and Discussion
4.3.1. Device Fabrication and Characterization

OFET-based sensors with AOCB[6] were prepared with bottom-gate top-contact configuration. The
DDFTTF thin film (~15 nm thickness) was thermally evaporated onto n-octadecyltrimethoxysilane
(OTS)-treated SiO,/Si substrates at an optimal substrate temperature of 105 °C. Source and drain
electrodes (~40 nm thickness) were formed by evaporating gold through a shadow mask. In addition,
the source and drain electrodes in the channel area were covered with a SiO passivation layer (~20 nm
thickness). The SiO layer acts as an electrical insulator and chemical barrier to prevent the source-drain
electrodes from peeling off during the OFET sensor operation in liquid solutions.?* 3% 51 An AOCB[6]
solution (~5 mg mL™") in methanol was spin-coated to form a stable and homogeneous receptor layer
on the semiconductor film for selective analyte adsorption. Further details on the fabrication of OFET-
based sensors are described in the Experimental Section. The corresponding device structure and
AOCBJ6] are shown in Figure 4.1a and 4.1b, respectively. The electrical characteristics of OFETs with
and without AOCB[6] were measured in the saturation regime as shown in Figure 4.2. The DDFTTF
OFETs without AOCB[6] had an average field-effect mobility (urer) of 0.053 ¢cm? V™! s7!, with an
on/off current ratio (Ion/lo) of more than 10°. After functionalization with the AOCB[6] layer, the
DDFTTF OFETs showed an average urer of 0.028 cm? V™!'s7! and Iow/Iosr larger than 10°. The electrical
performances of DDFTTF OFETs fabricated with and without AOCB[6] are summarized in Table 4.1.
The mobility degradation after functionalization with AOCB[6] may arise from the electron-donating
effect of AOCBJ[6] molecules that decreases the density of holes (charge carriers of p-channel devices),
as well as from the trapped impurities generated during solution processing.*! The off-current increased
by one order of magnitude most likely due to the effect of doping by oxygen, leading to the decreased
Ion/Ior under ambient conditions.’” The threshold voltage (Vi) was changed from —26.3 V to —5.6 V,
indicative of the easier turn-on after functionalization with AOCB[6]. Despite the minor degradation in
the charge carrier mobility of the OFET devices, they showed ample device performance for sensing
analytes in the aqueous phase (vide infra).

4.3.2. Thin-Film Microstructure Analysis
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We investigated the morphological characteristics of organic thin films using atomic force
microscopy (AFM) analysis (see Figure 4.3). The DDFTTF thin films showed various grain sizes and
distinct grain boundaries with a relatively large surface roughness (a root-mean-square (RMS)
roughness of 7.5 nm) (Figure 4.3a and 4.3b). The thin films became smoother with a RMS roughness
of 1.8 nm after thermal annealing at 150 °C (Figure 4.3¢ and 4.3d). The AOCBJ6] layer spin-coated
on DDFTTF film was annealed at 150 °C in a nitrogen atmosphere to remove the residual solvent. The
thermogravimetric analysis (TGA) of AOCBJ[6] revealed that it was stable up to ~310 °C. The AOCB[6]
layer covered the DDFTTF device uniformly and completely with a RMS roughness of 2.5 nm (Figure
4.3e and 4.3f), and the cross-sectional AFM analysis revealed that the thickness of the AOCBJ[6] layer
was 17.0 nm. As the height and diameter of AOCBJ[6] was about 0.9 nm and 2.2 nm, respectively, it is
considered that approximately 10 or more layers of AOCB[6] were deposited with a high density on
the semiconductor film.

4.3.3. Sensitivity and Selectivity of OFET-Based Sensors

In OFET-based sensors, chemical or physical adsorption of target analytes leads to a change in the

channel current, which depends on the analyte composition, concentration, and OFET operating

(24, 58-60] In addition, the OFET-based sensors have excellent current-amplifying properties

conditions.
induced by an external gate field. A sensing platform was prepared by placing a polydimethylsiloxane
(PDMS) mold reservoir onto the OFET sensor device, and sensing experiments were performed under
ambient conditions. Prior to detecting the analytes, a baseline current was estimated with deionized (DI)
water. The DDFTTF OFET-based sensors exhibited minimal sensing signals upon continuous exposure
to DI water, as shown in Figure 4.4a. After stabilizing the drain current, solutions (~15 pL) containing
analytes were injected into the PDMS reservoir. The sensitivity of sensors was calculated by dividing
the measured data by the baseline current.

Figure 4.4a shows the liquid-phase sensing behaviors of DDFTTF OFET-based sensors
functionalized with AOCBJ[6] toward ACh" and Ch". The sensors showed positive sensing behaviors,
in which the drain current was enhanced after injection of the analytes. Surprisingly, the detection limit
(1 pM) of the DDFTTF sensors with AOCB[6] toward ACh" was six orders of magnitude lower than
that (~uM) of ISE-based sensors*®! and two orders of magnitude lower than that (100 pM) of AChE-
based biosensors,*! respectively. We also monitored changes in the drain current of the sensors with
and without the AOCB[6] layer, while the devices were exposed to 1 pM of ACh" (Figure 4.5). The
sensors with AOCB[6] showed much higher sensitivity for ACh" compared to the sensors without
AOCBJ6]. The OFET-based sensors without AOCB[6] exhibited low sensitivity because the grain
boundary defects in organic semiconductors could solely provide pathways for the diffusion of analytes
into the channel region. These results indicate that introduction of the AOCB[6] layer significantly
improves the sensitivity of the sensors through selective binding of ACh" on the device surface.

In addition, responses of the sensors with AOCB[6] toward sodium ion (Na*), which is also known
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as interfering species for the detection of ACh", were monitored (Figure 4.6a). Interestingly, the sensing
signals of Ch* and Na" were very different from ACh". For Ch", almost no signals were detected at
concentrations lower than uM. Moreover, no signals were detected for Na® at uM concentrations.
Figure 4.4b shows the statistical comparison of the sensing data for the concentration of ACh* and Ch".
The change in the drain current for ACh™ was observed at a wide concentration range (1 pM — 100 mM),
whereas the sensors for Ch" and Na* (Figure 4.6b) exhibited no detectable signals at concentrations
lower than 1 uM. These results support the excellence of our sensor devices for the selective and
sensitive detection of ACh". Such superior sensing ability of our sensor devices originates from the
commendable combination of highyl selective synthetic receptors and highly sensitive OFET devices.
We also monitored sensing signals of ACh* by using a baseline buffer solution, instead of DI water
(Figure 4.7). For the sensing test, acetylcholine chloride solutions were prepared in a phosphate-
buffered saline (PBS) solution (pH 7.4, 0.01 M) containing sodium chloride (137 mM) and potassium
chloride (2.7 mM). This sensing condition was close to the normal physiological conditions found in
blood. The AOCB[6]-functionalized OFET sensors could also detect ACh* with the detection limit
down to 1 pM in the PBS solution, although they exhibited relatively lower sensitivity compared with
that in DI water due to the interfering effects of cations.

To understand the superior selective sensing nature of our sensor devices, we performed density
functional theory (DFT) calculations of AOCB/[6] with these three analytes. In these calculations, CB[6]
was used as a host material because the guest binding nature of AOCB[6] is essentially the same as
CB[6]. Note that the allyloxy group is only introduced for solvent orthogonality. DFT optimized
structures of ACh* and Ch" interacting with the CB[6] host are shown in Figure 4.8. In the energy-
minimized configuration, ACh" is parallel to the cavity axis and the acetyloxy end group was penetrated
inside the cavity with its methyl group interacting with one of the carbonyl portals. The positively
charged trimethylammonium group was located over the opposite carbonyl portal. Thus, complexation
between CB[6] and ACh" showed a strong binding energy of —86.5 kcal mol™!, which is attributed to
the strong charge-diople interactions and hydrogen bonding between CB[6] and ACh*. When AOCB[6]
forms a complex with ACh", the carbonyl group of AOCB[6] would partially donate electrons to the
positively charged ammonium group of ACh", and these charge-dipole interactions tend to increase the
electron-withdrawing characteristics into the channel region, thereby leading to an increase in the hole
current of the p-channel OFET sensor devices. For complexation between CB[6] and Ch*, the
ammonium group of Ch* weakly interacts with the portal of the host and the hydroxyethyl group of Ch*
does not enter the host cavity. Thus, AOCB[6] forms a weak host-guest complex with Ch*, which
showed a lower binding energy of —69.5 kcal mol™! than that of CB[6]-ACh". The calculated structures
were well matched with the 'H-NMR spectra of each complex.® 3" In 'H-NMR, protons of
trimethylammonium groups of ACh* show small downfield shifts and protons of the acetyl group show

large upfield shifts upon complexation with AOCB[6], which indicate the formation of strong host-
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guest complexes as shown in Figure 4.8a. However, all protons of Ch* show very small downfield
shifts upon addition of AOCB[6], which indicates that the ammonium group of Ch" interacts weakly
with the portals of the host and the hydroxyethyl of the molecule exists outside the cavity, as shown in
Figure 4.8b. For complexation between CB[6] and Na*, Na* interacts weakly at the portal of the host
(Figure 4.9).

Since DDFTTF OFET-based sensors are p-channel devices, complexation of the host molecule with
cationic guest molecules would increase the signals by increasing the hole carrier density in the channel
region owing to the overall electron-withdrawing characteristics toward the active layer. Because all
three analytes have the same +1 charge, we assume that the differences between sensing behaviors of
guest molecules should be related to their binding constants to the host molecule. In addition to this, the
partial charge change differences of the host molecule upon complexation with each guest molecule
would also affect the differences in the sensing signals. Therefore, we calculated the partial charge
changes in the host molecule upon complexation with each guest molecule (Figure 4.10). As in the case
of sensing signals, complexation with ACh" shows the largest charge changes on CB[6] (0.063 £0.008),
Na" shows the smallest charge changes (0.020 +0.005), and Ch* shows moderate changes (0.052
+0.009). Considering the sensing results of each molecule, the difference in charge changes between
ACh" and Ch" should be larger than the value shown in Figure 4.10. The reason for the difference
between calculated and experimental results may originate from the differences in binding probabilities
(i.e. binding constant) of each guest molecule to the host molecule on the device surface. In contrast to
ACh", which strongly binds to the host, Ch™ has a very weak interaction with the host. These large
differences in the binding probability and accumulation of each binding event on the device surface
may cause such a large difference in the sensing signals.

For ACh" sensors, a significant analytical challenge is the detection of ACh* with high sensitivity and
selectivity in the presence of Ch". Thus, the signal intensities of the sensors for analyte blend systems
were investigated using a mixture solution of two analytes (Figure 4.11). Mixed solutions containing 1
uM ACh" and Ch* analytes were prepared with various volume ratios (1:1, 2:1, and 3:1) of ACh*
relative to Ch'. The sensors with AOCBJ[6] showed enhanced signal intensities with an increasing
volume ratio of ACh" in the mixed solutions, indicative of the high selectivity toward ACh" compared
to Ch". This was due to the relatively higher binding affinity of AOCB[6] toward ACh* compared to
Ch".

In addition to amplification of the detected signals, OFET-based sensors are suitable for applications
in low-cost and flexible electronics. To explore the possibility of using a flexible sensor platform, our
sensors were also fabricated with indium tin oxide (ITO)-coated polyethylene naphthalate (PEN) as the
polymer substrate and aluminum oxide (Al>O3) as the transparent dielectric (Figure 4.12a). A 100 nm-
thick AL,Os gate dielectric layer was deposited on the PET substrate via a radio frequency (RF)

magnetron sputtering technique, and a photograph of the resulting flexible sensor is shown in Figure
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4.12b. The transfer and output characteristics of the DDFTTF OFET-based sensor with AOCBJ[6] are
shown in Figure 4.13a and 4.13b, respectively. The results of the sensing experiments for ACh*
exhibited performances similar to SiO; dielectric-based sensors. The flexible sensors could also detect
ACh" with a detection limit of 1 pM under low-voltage operation conditions (¥ps = —0.5 V and Vgs =
—10 V) (Figure 4.12c¢). These results describe the first demonstration of ACh* sensing without any
enzymatic reactions using synthetic receptor-functionalized flexible FET-type sensors. In addition, our

findings expand the range of practical applications of OFET-based sensors.

4.4. Conclusion

We demonstrated highly sensitive OFET-based sensors that can selectively detect a neurotransmitter
in the human central nervous system, ACh*, without enzyme immobilization processes. AOCBJ[6], a
synthetic receptor molecule with selective recognition sites for ACh', could effectively be
functionalized on top of the water-stable organic semiconductor DDFTTF layer due to solvent
orthogonality. All OFET-based sensors prepared on a rigid Si wafer and a flexible plastic substrate
showed a detection limit for ACh" down to 1 pM, which was six orders of magnitude lower than the
detection limit (~uM) of ISE-based sensors and two orders of magnitude lower than that (100 pM) of
AChE-based biosensors, respectively. Furthermore, the sensors could detect ACh* with high sensitivity
and selectivity even in the presence of Ch*, due to the higher binding affinity of AOCB[6] toward ACh*
compared to Ch*. These results describe the first demonstration of ACh* sensing without any enzymatic
reactions using a synthetic receptor-functionalized OFET-platform. This work also describes a low-cost,
simple, and viable methodology for the fabrication of highly sensitive and selective water-stable OFET-
based sensors for biogenic substances, and opens up the possibilities of replacing current enzyme-based

biosensors.
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DDFTTF R: CH,CH=CH,
OTS-treated SiO.
n-doped Si

Figure 4.1. a) Schematic illustration of the top-contact OFET-based sensors with a synthetic receptor,
AOCBJ6], and b) the molecular structure of AOCB[6]. In the device structure, only monolayer of
AOCBJ6] is shown for clarity.
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Figure 4.2. Current-voltage (/-V) characteristics of DDFTTF OFETs with and without AOCB[6]. a)
Transfer characteristics for DDFTTF OFETs in p-channel operation mode and a source-drain electrode

geometry of W/L = 180. b) Output characteristics for DDFTTF OFETs with AOCBJ[6].
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RMS = 2.5 nm
500 nm

Figure 4.3. AFM images of OTS-modified SiO,/Si substrates with a scan size of 2 um x 2 um; a), c)
Height and b), d) phase images of DDFTTF film before and after thermal annealing at 150 °C for 30
min in nitrogen conditions. e) Height, f) phase images of AOCB[6]/DDFTTF film after annealing at

150 °C for 30 min under nitrogen conditions.
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Figure 4.4. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[6] toward various
concentrations (1 pM — 100 mM) of ACh" and Ch", and pure DI water under typical operation conditions

(Vps = =2 V and Vgs = —60 V). b) Statistical comparisons of the sensing results for ACh* and Ch" (S

indicates Ip/Ip-gask).
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Figure 4.5. Comparison of responses of the DDFTTF OFET-based sensors with and without AOCB[6]

toward 1 pM of ACh" at Vps=—-2V and Vgs =—-60 V.
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Figure 4.6. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[6] toward various
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Figure 4.7. Real-time responses of the sensors with AOCBJ[6] toward pristine PBS and various

concentrations (1 pM — 1 uM) of ACh™ in a PBS solution at V'ps =—-2 V and Vss =—60 V. Acetylcholine

chloride solutions were prepared in a PBS solution (pH 7.4, 0.01 M) containing sodium chloride (137
mM) and potassium chloride (2.7 mM).
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(a) (b)

CB[6]-ACh* CB[6]-Ch*

Figure 4.8. DFT optimized structures of the complexations of CB[6] and analytes: a) CB[6]-ACh" and
b) CB[6]-Ch". Hydrogens of CB[6] are omitted for clarity. Color code: C, gray; O, red; N, blue; H,

white.

CB[6]-Na*

Figure 4.9. DFT optimized structures of the complexation of CB[6]-Na". Hydrogens of CB[6] are
omitted for clarity. Color code: C, gray; O, red; N, blue; H, white; Na, purple.
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Figure 4.10. Charge changes on CB[6] after complexation with three guest molecules (ACh*, Ch", and
Na"). For structures obtained from molecular dynamics simulations, charges of CB[6] are obtained from

the natural population analysis at the M06-2X/6-31G(d) level.
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Figure 4.11. Signal changes of the sensors with AOCBJ[6] for the mixing systems of analytes containing
both ACh" and Ch" at V'ps=—-2 V and Vs =—60 V. The red line indicates the rate of the signal change.
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Figure 4.12. a) Schematic illustration of flexible DDFTTF OFET-based sensors with AOCBJ[6]. b)
Photograph of a flexible sensor prepared with an Al,O3 gate dielectric on an ITO-coated PEN substrate.
¢) Real-time responses of the sensors with AOCB[6] toward 1 pM ACh" under a low-voltage operation

condition.
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Figure 4.13. a) Transfer and b) output characteristics for flexible DDFTTF OFET-based sensors with
AOCBJ6] in p-channel operation mode.
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Table 4.1. Summary of OFET performance obtained from DDFTTF thin films with and without
AOCBJ6] layers.

b) ©) V
: o Hmax HMavg TH
Functionalization [em? V! §71] [em? V! §71] Lon/Lote V]
N/F? 0.076 0.053 (+0.038)9 >10° -26.3
AOCBJ[6] 0.042 0.028 (£0.029) >10° -5.6

9The surface of DDFTTF thin films was not functionalized with AOCB[6]; ®The maximum and ®the
average mobility measured from more than 10 OFET devices (L = 50 pm and W = 9000 pum); YThe
standard deviation.
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Chapter 5

Highly Sensitive Amphetamine-Type Stimulants Sensors Based on Surface-

Engineered Organic Semiconductors

Abstract

One of the important social issues is the screening of amine-based illicit and designer drugs. To date, a
large number of detectors for amphetamine-type stimulants (ATS) have used high-cost, custom-built
test equipment. Here, highly sensitive organic field-effect transistor (OFET)-based sensors
functionalized with synthetic supramolecular receptors are reported that can selectively detect
amphetamine, a well-known illicit drug. A cucurbit[7]uril (CB[7]) derivative, which has good solubility
in methanol but insoluble in water, has been solution-deposited as a selective sensing layer onto a water-
stable p-channel semiconductor, 5,5'-bis-(7-dodecyl-9H-fl uoren-2-yl)-2,2'-bithiophene layer. The
OFET-based sensors exhibit a detection limit down to 1 pM of amphetamine, which is six orders of
magnitude lower than that of commercial ATS detectors. These experimental results show that specific
synthetic receptor-engineered OFETSs are promising platforms for high-performance ATS sensors on
both conventional silicon and flexible substrates. Moreover, these OFET-based sensors show highly
sensitive determinations of amphetamine in urine samples. Such superior sensing ability of the ATS
sensor originates from the synergistic combination of a highly selective synthetic host molecule and a
highly sensitive OFET device with high fidelity and with low cost as well as rapid on-site detection
capability.
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5.1. Introduction

Amphetamine-type stimulants (ATS), a group of drugs whose principal members include
amphetamine and methamphetamine, have been widely used for medical use during several decades.[1]
For example, it is known that amphetamine works on the brain’s dopamine and norepinephrine
neurotransmitter systems and therefore it is used for the treatment of attention deficit hyperactivity
disorder (ADHD), narcolepsy, asthma, antidepressant, and so on.!'"¥ However, frequent and long-term
use of ATS may cause drug addiction and other serious side effects such as insomnia, hallucination,
delusions, etc.> ® Therefore, the use of ATS is restricted in many countries and strictly allowed only
for medical purposes. Despite such regulations and controls, however, there has been a pronounced
increase in the abuse of ATS worldwide. Especially, ATS rapidly replacing heroin and cocaine among
drug addicts because it is cheap and easily accessible than other illicit drugs. Taken as pills, smoked,
inhaled or injected, it is particularly attractive to young people because ATS produce a sense of high
energy, a release of social inhibitions and feelings of cleverness, competence and power. Accordingly,
abuse of ATS is of increasing concern to many countries and quickly growing problems, and more
importantly, this is not an individual’s problem but society’s burning issue. Therefore, along with the
strict regulation of the use of ATS by the government, there have been developed several methods to
detect ATS including gas chromatography/mass spectrometry (GC/MS), liquid chromatography/mass
spectrometry (LC/MS), immunoassay, and so on.””) However, these analysis methods usually require
long operation time, sophisticated experimental procedures and expensive equipment with well-trained
professional operators. Thus, there is large demand for the development of easy, sensitive, selective,
and rapid ATS detection method.

Compare with traditional analysis methods as mentioned above, supramolecular chemistry has not
been applied for the detection of such drugs due to the lack of synthetic receptors which are suitable for
specific recognition of ATS and related synthetic drugs.!'>!5! Recently, tetraphosphonate cavitand
receptor immobilized silicon microcantilevers were utilized for the detection of ATS and related
synthetic drugs. Although this method provides some possibilities of supramolecular approaches can
be used for the drug detection, there still are several things to be improved including detection limit of
the drugs.

Sensors based on an organic field-effect transistor (OFET) show great promise for use in chemical
and biological sensors, as they have many advantages including high sensitivity, low cost, simple
processing, continuous monitoring, etc.['®2!1 As pristine OFET-based sensors often exhibit low
selectivity due to the lack of recognition unit, therefore, highly selective detection with OFET-based
sensors often requires chemical modification of specific receptors on a device surface to capture target
analyte. Recently, we have reported a highly selective and sensitive acetylcholine sensor based on an

OFET device.[?! In this sensor, the surface of an OFET was functionalized with an acetylcholine
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specific synthetic host molecule, a cucurbit[6]uril (CB[6]) derivative, and the sensor showed a detection
limit for acetylcholine down to 1 pM, which was two orders of magnitude lower than that of
acetylcholinesterase-based biosensors. Such superior sensing ability of the sensor is originated from the
synergistic combination of a highly selective synthetic host molecule and a highly sensitive OFET
device. This success prompts us to develop portable ATS sensors using other CB homologues with high
fidelity and sensitivity with low cost as well as on-site detection capability (Figure 5.1).13-2") Herein,
we report a cucurbit| 7Juril (CB[7]) derivative functionalized OFET device sensor for ATS which shows
highly sensitive and selective sensing for ATS in water and even both in physiological buffer and urine.

In addition, here we also report a flexible OFET sensor with a polymer substrate.

5.2. Experimental Section

Materials: MultihydroxyCB[7] (250 mg, 0.025 mmol) was dissolved in anhydrous DMSO (100 mL)
and sonicated for 0.5 h, and sodium hydride (0.68 g, 18 eq.) was added to the solution. The mixture was
stirred for 12 hours under argon atmosphere. Then, 1-Bromo-4-phenylbutane (2.0 g, 18 eq.) was slowly
added to the mixture and the mixture was stirred for 12 hours. After completion of the reaction, large
amount of ether was added to the solution then the solution was stirred and precipitate was washed with
ether two more times. After decanting ether layer, methanol was added to the beaker and add excess
amount of ether to get precipitates. The solution was centrifuged and the precipitate was washed with
ether twice. After decanting ether, yellowish precipitate was collected and dried in vacuum. MS
(MALDI-TOF): m/z 1803.76 [M4+MeOH+H]" (exact mass: 1803.73), 1952.27 [M5+MeOH+H]"
(exact mass: 1951.82), 2101.01 [M6+MeOH+H]" (exact mass: 2099.90). Synthesis of CB[7]
derivatives was performed by Dr. Ilha Hwang and Prof. Kimoon Kim, POSTECH.

DDFTTF-Based OFET Sensor Fabrication: OFET-based sensors were fabricated with a heavily n-
doped silicon wafer (<0.004 Q cm) covered with a thermally grown 300 nm-thick oxide layer (SiO., C,
= 10 nF cm™). The SiO,/Si wafers were cleaned with Piranha (a mixture of H,SO4 and H>O» by volume
ratio of 7:3) solution, followed by UV-ozone treatment. The SiO, surface was treated with OTS in
solution phase as self-assembled monolayer according to previously reported method.?*! The OTS
solution (3 mM in trichloroethylene) was spin-coated onto the wafer. The wafer was exposed to NH,OH
vapor in a vacuum desiccator at room temperature overnight, followed by sequential washing, and
drying with nitrogen blowing. The contact angle (droplet of DI water) on the hydrophobic OTS-treated
wafer was ~110°. The DDFTTF thin films (~15 nm nominal thickness) were thermally deposited onto
the OTS-treated SiO»/Si wafer at 0.1-0.2 A s™! under a base pressure below 5.0 x 107 torr. During the
evaporation, the optimal substrate temperature for DDFTTF deposition was 105 °C. The films were

annealed at 150 °C for 30 min in a nitrogen atmosphere. Gold contacts (~40 nm thickness) were
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thermally evaporated onto the DDFTTF films to form source and drain with a channel width (W) and a
channel length (L) of 9000 um and 50 um, respectively. A silicon monoxide (SiO, ~20 nm thickness)
layer was thermally deposited onto the electrodes except for the gold contacts. The SiO layer was used
as a passivation layer for the sensor operation in liquid solutions. Then, the solution-processable
AOCBJ7] were dissolved in methanol (~5 mg mL™") and the film was spin-coated onto the underlying
film at 7000 rpm for 30 s. The films were dried in a vacuum oven at 60 °C overnight and annealed at
150 °C for 30 min to remove the residual solvent.

Electrical Measurement: The electrical performance and sensing tests of OFETs were measured using
a Keithley 4200 semiconductor parametric analyzer. The field-effect mobility (urer) was calculated in
the saturated regime using the following equation:

w 2
I, :ZIUFETCg (VGS_VTH) (D

where /p is the drain current, C, is the capacitance per unit area of the gate dielectric layer, and Vgs

and Vry are the gate voltage and threshold voltage, respectively.

5.3. Results and Discussion
5.3.1. Synthesis and Characterization of CB[7]

The stable 1:1 inclusion complex formation and strong interactions between ATS and CB[7] were
confirmed by NMR and mass spectrometries. Firstly, "H NMR spectra of amphetamine hydrochloride
(1) bound to CB[7] are shown in Figure 5.2. As shown in Figure 5.2a, '"H NMR spectroscopy showed
drastic changes in proton signals of ATS upon complexation with CB[7]. For example, when a freshly
dissolved 1 in D>O was treated with 1 equiv. of CB[7], most of the proton signals of 1 were upfield
shifted and only the methyl protons in N-methyl secondary amines were downfield shifted. The cavity
and carbonyl-laced portals of CB[7] mediate encapsulation of 1 through hydrophobic and ion-dipole
interactions in water. For the cases of methamphetamine (2) also showed similar results as in case of 1
(See Figure 5.3a). In addition to NMR analyses, quantitative measurements of the binding affinities
between CB[7] and ATS were performed by isothermal titration calorimetry (ITC). ITC analysis
revealed that CB[7] has excellent affinities for all the three ATS in Figure 1 with a 1:1 stoichiometry
(K. =10°—10° M™"). For example, The binding constant of 1 toward CB[7] was (1.2 £ 0.1) x 10° M\,
The formation of the inclusion complex is enthalpy-driven (4H® = -41.5 £+ 0.2 kJ/mol), where the
unfavorable entropic contribution (TAS® = -6.8 £ 0.3 kJ/mol) is apparently compensated by the large
favourable enthalpic gain, as a result of the hydrophobic interactions between the phenyl ring of the
guest and the inner wall of the host cavity as well as strong ion-dipole interactions between ammonium

groups of the guest and carbonyl-laced portals of the host. Finally, the stable inclusion complex
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formation is also confirmed by single crystal X-ray analysis. Single crystals of 1 and 2 complexed with
CBJ[7] suitable for X-ray work were obtained from water by vapor diffusion, and the crystal structures
of the complexes are shown in Figure 5.2b and Figure 5.3b. In both complexes, the benzyl residues of
guests encapsulated deep inside of the CB[7] cavity exhibit complete inclusion of the guests while the
ammonium group positioned near the carbonyl rims of CB[7]. The main planes passing through benzene
ring of 1 and 2 are tilted by 55.2°and 45.0°, respectively, with reference to the main sevenfold symmetry
axis of CB[7]. Such orientations of 1 and 2 lead to ion-dipole interactions between CB[7] and
ammonium groups (shortest Nee+O distances: 2.958 (11) A, 2.772 (5) A for 1@CB[7] and 2@CBJ[7],
respectively). CB[7] derivatives (allyloxyCB[7] (5)) which have good solubility in methanol and not
soluble in water. Therefore, the CB[7] film can easily be deposited using the spin coating method with
a methanol solution of § on top of the DDFTTF semiconducting layer. The recognition property of the
functionalized CB[7] is basically the same as of the CB[7] itself and functionalization of outer wall of
the receptor molecule only affect on the solubility of the molecule and processability for the sensor
device fabrication. Therefore the deposited film acts as a stable and selective sensing layer for ATS in
the aqueous phase.
5.3.2. Fabrication of OFETSs and I-V Characterizations

The bottom-gate/top-contact transistor-based sensors were fabricated to demonstrate highly sensitive
chemical detection, using allyloxyCB[7] (AOCB|7])-functionalized semiconductor layer. A p-channel,
5,5'-bis-(7-dodecyl-9H-fl uoren-2-yl)-2,2'-bithiophene DDFTTF thin film (~15 nm thickness) was
deposited with thermal evaporation onto #-octadecyltrimethoxysilane (OTS)-treated Si0,/Si substrates
as the active layer for the OFET type-sensor device due to its relatively high mobility and stability in
water.?®! The gold source and drain electrodes (~40 nm thickness) in the channel area were covered
with a SiO passivation layer (~20 nm thickness) as previously reported®! (see also “Experimental
Section” above). A selective receptor, AOCBJ[7] solution (~5 mg mL™"), which was dissolved in
methanol, was spin-coated on top of the semiconductor. The corresponding device structure is shown
in Figure 5.4a. The electrical characteristics of OFETs with and without AOCBJ[7] were measured in
the saturation regime (Figure 5.4b). The linear regime operation also showed obvious field-effect
behaviors (Figure 5.4¢). The DDFTTF OFETs with AOCB[7] had a relatively high field-effect mobility
(urer) 0f 0.02 cm? V7! 7!, with an on/off current ratio (Zon/Zor) of more than 10° in ambient conditions.
Although high mobility is not an essential requirement for sensing applications, it can facilitate a
superior signal amplification and high response speed.*!
5.3.3. Microstructural Analysis of Thin-Film

We conducted a tapping-mode atomic force microscopy (AFM) investigation, to investigate the
surface morphological characteristics of DDFTTF films and AOCB[7]-functionalized DDFTTF films
before and after amphetamine sensing. The thermal evaporation of 30 nm of DDFTTF resulted in highly
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planar surfaces over large areas as shown in Figure 5.5a,b. The annealed DDFTTF thin films showed
the polycrystalline grains and distinct grain boundaries with a root-mean-square (RMS) roughness of
1.7 nm. The spin-coated AOCBJ7] layer covered the DDFTTF layer fully and uniformly (Figure 5.5¢
and 5.5d), which were crucial for highly sensitive sensor fabrication. The cross-sectional AFM analysis
revealed that the thickness of the AOCB[7] layer was 3.7 nm. As can be seen in Figure 5.5¢.f, the
surface of AOCB[7]-functionalized films clearly showed crumpling morphology after sensing tests.
Moreover, the AOCB[7] aggregation morphology in DDFTTF thin films existed mainly due to the
binding interaction between AOCB[7] host and amphetamine. However, this results of the AFM
analysis showed that the surface of the organic active layer of the sensor was maintained after direct
exposure to the liquid-phase analytes.
5.3.4. OFET-Based Sensors

A sensing system for the detection of liquid analytes was prepared by placing a polydimethylsiloxane
(PDMS) mold container onto the sensor device. Sensing experiments were performed under ambient
conditions by monitoring the output current as a function of time. The Vps and Vs were fixed at -2 V
and -60 V, respectively. Prior to detecting the analytes, a baseline current was estimated with deionized
(DI) water. After stabilizing the output current, solutions (~15 pL) containing analytes were injected
into the mounted PDMS container. The sensing signals were normalized by dividing the drain current
by the baseline current (/p//p-sase). In a control experiment, biogenic amines, phenylethylamine (PEA)
exposure can be measured via binding interaction at the target site. The sensors with AOCB[7] showed
the much higher drain current change for liquid-phase PEA compared to the sensors with AOCB[6]
(Figure 5.6a). CB homologues and derivatives, their varying cavity and portal sizes can expand the
scope and lead to tunable molecular recognition properties from those of CB[6]. CB[7] has the mean
diameter of the internal cavity ~7.3 A, which forms complexes easily with larger guest molecules that
are not included in CB[6].[* ?%! This finding indicates that the introduction of the AOCB[7] layer
significantly enhances the sensitivity of the sensors through selective binding of bulky amines, such as
PEA. We also monitored the change of drain current toward PEA at different concentrations (Figure
5.6b). The signal changes of the sensors increased with an increasing concentration of PEA. However,
the sensors toward 1 nM PEA showed negative sensing behaviors, in which the drain current decreased
after injection of the analytes. The complexation between CB[7] and PEA has a lower binding constant
of (8.6 £ 0.7) x 10* M from ITC analysis, which supports that AOCB[7] forms a weak host-guest
complex with PEA. Thus, the sensors for PEA exhibited the detectable signals at concentrations higher
than 1 nM.

The real-time liquid-phase sensing responses of sensors functionalized with AOCB[7] toward
amphetamine, which is a known illicit drug, are shown in Figure 5.7a. The DDFTTF OFET-based

sensor showed enhanced drain current after injection of liquid-phase analytes. In p-channel OFET-
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based sensors, hole charge-transport may increase after the absorption of amine receptors, amphetamine
because the electron-withdrawing effects into the channel region. This can be induced by charge-dipole
interactions between the carbonyl group of AOCBJ[7] and the positively charged ammonium group of
amine analytes. Surprisingly, the detection limit (1 pM) of the DDFTTF sensors with AOCBJ[7] toward
amphetamine was six orders of magnitude lower than that (~uM) of the commercial detectors. Figure
5.7b shows the statistical data for the sensing results of amphetamine. The sensing signals of the sensors
increased with an increasing concentration of amphetamine. However, its an excellent linearity of its
response was maintained only at very low analyte concentrations, and the sensors possess a nonlinear
sensitivity at high concentrations of analyte. Detection lineariry is directly affected by specific
absorption rates of the analyte. As the solute concentration increases, the analyte molecules may begin
to interact with each other, through intermolecular attractive forces. Such interactions may result in the
nonlinear response at high analyte concentrations. We also monitored changes in the drain current of
the sensors with and without the AOCB[7] layer, while the devices were exposed to 1 pM of
amphetamine (Figure 5.8). The sensors with AOCB[7] showed much higher sensitivity for
amphetamine compared to the sensors without AOCB[7]. These results indicate that introduction of the
AOCBJ7] layer significantly improves the sensitivity of the sensors through selective binding of
amphetamine on the device surface.

Furthermore, Figure 5.9a shows that the direct-sensing behaviors of methamphetamine, which is also
known as amphetamine-like popular drugs. The positive sensing behaviors, in which the drain current
is enhanced after binding events with the analytes, were also observed for methamphetamine. The
AOCB]|7]-functionalized sensors could also detect methamphetamine, although they exhibited
relatively lower sensitivity compared to sensors for amphetamine due to the effects of bulky analytes.
For complexation between CB[7] and methamphetamine, the enhanced electron donating ability of the
methyl group of methamphetamine may interrupt the strong charge-dipole interactions between CB[7]
and the positively charged ammonium group of methamphetamine. Figure 5.9b shows the statistical
data for the sensitivity of the methamphetamine sensors.

The proposed sensor in this study was tested reusability of the sensor for practical applications. The
transfer curves of DDFTTF OFETs with AOCBJ[7] were measured in ambient air before and after
sensing for amphetamine, and after re-thermal annealing (Figure 5.10a). After a sensing test, the off-
current increased due to the doping effect of the analytes and oxygen.!?> 3% In most of the OFET-based
sensors, the active semiconductor layers are exposed to the target analytes, in which the channel currents
can be changed by charge doping or de-doping from the analytes. After sensing of amphetamine, we
thermally re-annealed the devices at 150 °C for one time only in nitrogen conditions. The annealing
process for the reusable, robust sensors shows that the increased in off-current completely recovery to

the original current value. The morphological analysis has also been performed with AFM analysis
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(Figure 5.10b). The AFM image of AOCBJ7]-functionalized DDFTTF film after re-annealing showed
relatively uniform surface with reducing AOCB[7] aggregation. The results clearly support good
reusability of AOCB[7]-functionalized DDFTTF films in liquid-phase analytes, through strong binding
of the sensing layer to the surface of the organic active layer.

For our real biological sensing platform, we included the sensors toward phosphate-buffered saline
(PBS) systems (pH 7.4, 0.01 M ), containing sodium chloride (137 x 10> M ) and potassium chloride
(2.7 x 103 M) (Figure 5.11). The sensing tests were prepared in the PBS baseline estimation and in
PBS solvent. The sensor with AOCBJ[7] exhibited the minimal changes in the output current when the
device was exposed to pristine PBS. In the presence of the PBS solution (under a physiological
condition), the OFET sensors showed remarkably enhanced signal intensities toward various
amphetamine concentrations (1 pM — 1 uM). However, these sensors exhibited the lower sensitivity
compared with our previous results in DI water due to the relatively high binding affinity between
AOCB]J7] and the interfering cations (Na* and K™).

When people take specific drugs, drugs or their metabolites can typically eliminate or excrete drug
matter from the body. Urine drug testing used by police has been the most common method for drug-
detection analysis because of ease of sampling. For drug sensors with low-cost and high practicality,
we have performed additional experiments for OFET-based amphetamine sensors by using a artificial
urine, instead of DI water. The AOCB[7]-functionalized OFET sensors exhibited minimal sensing
signals after continuous injections of the only artificial urine solution (Figure 5.12a). Amphetamine
solutions were prepared in the urine solution, and then its dilution on concentrations was conducted
with DI water. Prior to injection of the analytes, baseline tests were performed using artificial urine.
The sensors could also detect amphetamine with the detection limit down to 0.2 pM in the artificial
urine samples even after the post dilution process, as shown in Figure 5.12b. The ATS sensor herein
can be applied to sub-picoM concentration of amphetamine determinations in urine samples.

The OFET-based sensors are also of vital importance for many artificial intelligent and health-care
applications. In particular, the development of wearable sensor platform based on flexible devices is
underway for use in health-care applications. In Figure 5.13a, we also fabricated flexible drug sensors
using an indium tin oxide (ITO)-coated polyethylene naphthalate (PEN) substrate and an aluminum
oxide (Al>O3) transparent gate dielectric. A 100 nm-thick Al,Os dielectric layer was deposited on the
PET substrate via a radio frequency (RF) magnetron sputtering technique, and a photograph of the
fabricated flexible sensor is shown in Figure 5.13b. The transfer and output characteristics of the
DDFTTF OFET-based sensor with AOCBJ[7] are investigated, which exhibited ample electrical
performance (Figure 5.14a and 5.14b). The results of the sensing experiments for amphetamine
exhibited performances similar to SiO dielectric-based sensors. Using these AOCB[7] decorated

flexible sensor platform, the selective detection of amphetamine with a concentration of 1 pM has been
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also realized under low-voltage operation conditions (Vps = —1.5 V and Vgs = —10 V). These results
describe the first demonstration of rapid ATS sensing with supramolecular chemistry using synthetic

receptor-functionalized flexible OFET-type sensors.

5.4. Conclusion

In summary, the results reported herein demonstrate that highly sensitive and portable OFET-based
ATS sensors without high-cost equipment. The molecular recognition at the interface for amphetamine
is achieved with high fidelity and with low cost by supramolecularly functionalized with organic
semiconductors. AOCB[7], a synthetic receptor molecule which has good solubility in methanol and
not soluble in water, could effectively be deposited on top of the water-stable DDFTTF semiconducting
layer. The first ATS sensors with specific synthetic receptor-engineered OFET-platform are
demonstrated on both rigid substrate (Si0,/Si) and flexible plastics (polyethylene terephthalate PET)
substrates. These sensors in DI water and even in physiological buffer system showed a detection limit
for amphetamine down to 1 pM. Furthermore, the sensors could detect amphetamine with high
sensitivity and selectivity even in the presence of artificial urine, due to the higher binding affinity of
AOCB|7] toward amphetamine compared to urine. Such superior sensing ability of the ATS sensor is
originated from the synergistic combination of a highly selective synthetic host molecule and a highly
sensitive OFET device with high fidelity and with low cost as well as on-site detection capability. This
work also provides a viable methodology for the fabrication of OFET-based sensors that can detect the

drugs directly in real street samples.
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Figure 5.1. Chemical structures of the ATS tested and receptor CBJ[7].
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Figure 5.2. a) 'H-NMR spectra of complexation of 1 and CB[7] in D,0O. (b) X-ray structure of 1@CB[7].
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Figure 5.3. a) 'H-NMR spectra of complexation of 2 and CB[7] in D,0O. (b) X-ray structure of 2@CB[7].
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Figure 5.4. a) Schematic illustration of the top-contact OFET-based sensors with AOCBJ[7]. b) Transfer
characteristics of DDFTTF OFETs with and without AOCB[7] in p-channel operation mode. ¢) Transfer
characteristics for DDFTTF OFETs with AOCBJ[7] under low-voltage operation.
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Figure 5.5. AFM images of the active layers of DDFTTF OFET-based sensors; a) Height and b) phase
images of DDFTTF film after thermal annealing at 150 °C for 30 min in nitrogen conditions. c,e) Height
and d,f) phase images of the surface of the sensors with AOCBJ[7] film before and after sensing tests

for amphetamine, respectively.
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Figure 5.6. a) Comparison of sensing responses of the DDFTTF OFET-based sensors with AOCB[7]
and with AOCBJ[6] toward 100 mM of PEA at Vps =-2 V and Vgs = -60 V. b) Sensing results of the
sensors with AOCB[7] toward various PEA concentrations (from 1 nM to 100 mM) at Vps =-2 V and
Vgs =-60 V.
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Figure 5.7. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[7] toward various
concentrations (from 1 pM to 1 uM) of amphetamine under typical operation conditions (Vps =-2 V
and Vgs = -60 V). b) Plots showing the sensitivity for amphetamine. The error bar represents the

standard deviation.
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Figure 5.9. a) Real-time responses of DDFTTF OFET-based sensors with AOCB[7] toward various
concentrations (from 1 pM to 1 uM) of methamphetamine under typical operation conditions (Vps = -2

V and Vgs =-60 V). b) Plots showing the sensitivity for methamphetamine. The error bar represents the

standard deviation.
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Figure 5.10. a) Comparison of the electrical characteristics of the DDFTTF OFETs with AOCB[7]
before and after sensing tests for amphetamine, and re-thermal annealing. b) AFM height image of
AOCBJ[7]/DDFTTF film on OTS-treated SiO2 after re-annealing at 150 °C for 30 min in nitrogen

conditions.
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Figure 5.11. a) Real-time responses of the sensors with AOCB[7] toward pristine PBS and various
concentrations (from 1 pM to 1 uM) of amphetamine in a PBS solution at V'ps =-2 V and Vs =-60 V.
Amphetamine solutions were prepared in a PBS solution (pH 7.4, 0.01 M) containing sodium chloride

(137 mM) and potassium chloride (2.7 mM).
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Figure 5.12. a) Sensing responses of the DDFTTF OFET-based sensors with AOCB[7] toward pristine
artificial urine at Vps =-2 V and Vs = -60 V. b) Sensing results of the sensors with AOCB|[7] toward

various amphetamine concentrations (from 0.2 pM to 0.2 uM) in a urine solution at Vps = -2 V and Vs

=-60 V.
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Figure 5.13. a) Schematic illustration of a flexible DDFTTF OFET-based sensor with AOCB[7] sensor
prepared with an Al,Os gate dielectric on an ITO-coated PEN substrate. b) Real-time responses of the
sensors with AOCBJ[7] toward 1 pM amphetamine under a low-voltage operation condition. The inset

shows a photograph of the flexible sensor with AOCBJ7].
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Figure 5.14. a) Transfer and b) output characteristics for flexible DDFTTF OFET-based sensors with
AOCBJ7] in p-channel operation mode.
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Chapter 6

Summary and Perspectives

In chapter 1, typical properties of organic semiconductors, a discussion of OFET operation, and
device architectures are briefly introduced with their sensor applications. The working principles of this
OFET-type sensors are discussed in detail, the significance of nanoscopically engineered organic
semiconductors for high-performance sensors are also introduced.

In chapter 2, two new polymers (PDPP-FBT and PDPP-2FBT) incorporating diketopyrrolopyrrole
(DPP) and either single- or double-fluorinated 2,1,3-benzothiadiazole (BT) were synthesized and
investigated. The introduction of doubly-fluorinated BT into the polymer backbone induces a noticeable
change in its optical profiles and energy levels, which results in a slightly wider bandgap and deeper
HOMO, relative to the others. GIXD analysis reveals that both polymer films have semi-crystalline
lamellar structures with edge-on orientations in the solid state. Thanks to the strong intermolecular
interactions and highly electron-deficient z-systems driven by the inclusion of F atoms, the polymers
exhibit excellent electron-transporting properties (1 = 0.42 and 0.30 cm? V-'s! for PDPP-FBT and
PDPP-2FBT, respectively). This study highlights that the use of fluorinated BT blocks in the polymers
is a powerful strategy for the molecular design of high-performance n-channel-dominant ambipolar
OFETs without sacrificing their original hole mobilities.

In chapter 3, an organic heterointerface was successfully fabricated to improve the crystallinity and
control the morphology of an organic semiconductor thin film. This work newly report that soft and
rubbery characteristics of small molecules interfacing the organic semiconductor can enhance the
diffusion of deposited admolecules and improve their crystallinity when the substrate surface is heated
at a temperature higher than its glass transition temperature (7). Pentacene is used as an active layer
above, and m-bis(triphenylsilyl)benzene is used as the bottom layer. Sequential evaporations of these
materials result in extraordinary morphology with far fewer grain boundaries and myriad nanometre-
sized pores. These peculiar structures are formed by difference in molecular interactions between the
organic layers and the substrate surface. The pentacene film exhibits high mobility up to 6.3 cm? V! s
!, and the pore-rich structure improves the sensitivity of organic-transistor-based chemical sensors. This
approach demonstrates a conceptually novel methodology for the fabrication of “structurally engineered”
organic semiconducting thin films towards high-performance organic electronics.

In chapter 4, highly sensitive organic-transistor-based sensors that can selectively detect a
neurotransmitter acetylcholine (ACh") without enzyme immobilization have been prepared by

functionalization with a synthetic receptor, a cucurbit[6]uril (CB[6]) derivative. PerallyloxyCB[6]
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((allyloxy)i12CB[6], AOCB[6]), which is soluble in methanol but insoluble in water, has been effectively
solution-deposited onto a water-stable p-channel semiconductor, 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-
2,2'-bithiophene (DDFTTF) layer, owing to the solvent orthogonality. The OFET-based sensors
prepared on a rigid Si wafer and a flexible plastic substrate exhibit a detection limit down to 1 pM of
ACh", which is six orders of magnitude lower than that of ion-selective electrode-based sensors.
Moreover, these OFET-based sensors show highly selective discrimination of ACh* over choline (Ch"),
due to the higher binding affinity of AOCB[6] toward ACh* compared to Ch". This work describes a
low-cost and viable way for the fabrication of high-performance sensors for the detection of biogenic
molecules. From this work, highly sensitive and selective water-stable OFET-based sensors are a highly
promising alternative to conventional enzyme-based biosensors.

In chapter 5, the results obtained herein demonstrate high-performance amphetamine-type stimulants
(ATS) sensor from the synergistic combination of a highly selective synthetic host molecule and a
highly sensitive OFET device with high fidelity and with low cost as well as on-site detection capability.
Other CB homologues, a cucurbit[7]uril (CB[7]) derivative was utilized as the receptor molecule to
functionalize the semiconductor film. The first ATS sensors with specific synthetic receptor-engineered
OFET-platform are demonstrated on rigid substrate (SiO»/Si) and even on flexible plastics
(polyethylene terephthalate PET) substrates. These sensors in DI water and even in physiological buffer
system showed highly sensitive (detection limit of 1 pM of amphetamine) sensing behaviors.
Furthermore, these OFET-based sensors show highly sensitive determinations of amphetamine in
artificial urine samples. This work provides a viable methodology for the fabrication of OFET-based
sensors that can detect the drugs directly in real street samples.

OFETs, three-terminal electronics using organic semiconductors as an active layer, are recognized to
be one of the key building blocks for materials/electronics communities. Owing to the growing interest
in the field of organic electronics, numerous materials, methods, architectures, and characterization
techniques are in development for sensor applications. In particular, OFETs can serve as promising
sensor platforms due to their potential applications in cost-effective, light-weight, flexible, high-
performance electronics. The intrinsic capability of OFETs to directly transform chemical or physical
sensing events to the electrical signals provides them with great potential as reliable sensors offering
high sensitivity, selectivity, and rapid responses. Although rapid advances in developing such OFET-
based sensors in the last several years have demonstrated the peaking significance and potential utility
of this unique class of sensing platforms, most of the current works still remain a number of challenges
to be addressed on the sensors’ quality for diverse practical uses.

Continuous efforts to further improve the qualities of sensors, including sensitivity, selectivity,
response time, stability, reproducibility, limit of detection, can be effectively performed by using on-

demand, structure-engineered, surface-engineered, and tailored organic materials for the active layers
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of the devices. For potential commercial uses include wearable consumer electronics, smart robotics,
medical prosthetics, electronic skin, and health monitoring, therefore, detection systems on
nanoscopically engineered organic-transistor-based sensors must be addressed and developed.
Furthermore, this needs in-depth understanding of the working mechanism of the sensors. More
importantly, portable and miniaturized sensors with wireless and smartphone applications for the real-
time detection capabilities should be created by nanoscopically engineered organic-transistor-based

sensors, which afford excellent components for the state-of-the-art protocol-type sensors.
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