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Abstract

Regio—regularity can affect electrical, mechanical, and
optoelectrical properties by changing the microstructure of polymer
semiconductors. In this study, PCDT—-TIC (PC) and PIDT-TIC (PD),
as novel n—type polymer semiconductors, were synthesized, and the
impact of regio—regularity on various properties was analyzed. In the
case of electrical properties, regio—regular (RR) polymers exhibited
superior electrical mobility than regio—random (RA) polymers
because charge transfer is advantageous due to their relatively high
crystallinity (5.9 x 107% 8.6 x 107> cm” V™! s7! for PC-RR and PC~
RA, respectively, and 1.2 x 1072, 1.0 x 1072 ecm? V! s7! for PI-RR
and PI—-RA, respectively). In the case of mechanical properties, the
elastic moduli of RA polymers were significantly lower than those of
RR polymers, and diamond—shaped microvoids were generated at
stetching of 100% for PC—RR, whereas it was observed at stetching

of 150% for PC—RA. Furthermore, as a result of evaluating electrical

properties by fabricating an organic field—effect transistor with a 100%

stretched polymer film, PC—RR and PC—RA showed 90% and 33%
electron mobility retention, respectively. Also, in the case of
optoelectrical properties, PC—RR showed higher R, EQE, and D* than
PC—RA. Also, PC—RR showed higher R, EQE, and D#* than PC—RA.
In particular, the PC—RR polymer—based phototransistors were able
to maintain optoelectronic properties even at stretched conditions
even at NIR wavelengths.

Keyword : Organic Field—Effect Transistors, Stretchable Device,
Organic Phototransistors, Regio—regularity, NIR Photodetector, N—
type Polymer Semiconductor.
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Chapter 1. Introduction

1.1. Organic Field—Effect Transistors

Organic field—effect transistor (OFET) has attracted
technological interest due to its competitive advantages including
easy fabrication, low—cost, light—weight, easy to control electrical,
optoelectrical, and mechanical properties through the molecular
design, and application potential as a flexible device.!”™® The organic
semiconductors, which have a variety of fabrication methods
(vacuum deposition, solution process® 7, and single —crystal growth®),

have great potentials such as memory devices? !!, sensors'?™!,

and
wearable devices.!'®™ 7 OFETs consist of semiconducting layer, a
dielectric layer, source/drain electrodes, and a gate electrode. Based
on these components, the geometric structure of OFETs can be
classified into 4 categories (Figure 1.1). In these geometric
structures, the gate electrode is isolated from the semiconducting
layer by the dielectric layer to control the source—drain current (/ps).
When the voltage is applied between source and gate electrodes
(Vss)and reached a threshold voltage (V7), the charges are localized
at the dielectric layer and form the conducting channel of charge
carriers in a semiconducting layer. The charge transport channel
between source and drain gates can be controlled by applying IGs.
(Figure 1.2). When (Vgs— Vr) > Ths situation, the Ips increase linearly
I'bs and this region is called a /inear region. When the Tps exceeds
Ves— Vr, the channel is pinch—off. Therefore, the charge carrier
depletion region is observed near the drain electrode. After that, if
the Tps further increased, the depletion region extended slightly.
Therefore, the /Ips is saturated, and this region is called the saturation
region. Equation (1) and (2) define /s in the linear and saturation
regimes, respectively.

(1)

Vb

5 )VDs: [Vps| < Vgs — Vrl

w
Ip = TCiIl (VGS —Vr—



_w 2 (2)
Ip = ZCL'.U(VGS = V)%, [Vpsl > Vgs — Vrl
Where, W is the channel width, Z is the channel length, G is the

capacitance of the dielectric and gis the field—effect mobility.

1.2. Stretchable Electronic Materials

Stretchable device means electronic devices or materials which
can maintain their properties under highly stretched condition. There
are two kinds of materials have been studied to make a stretchable
device. One is inorganic and the other is organic. Inorganic materials
such as silicon and metals are rigid and brittle in bulk form. Organic
materials are soft and ductile. To solve the inorganic material’ s
original properties, various strategies have been studied. The
representative approach is an island—type of a composite of inorganic
nanoparticles in organic elastomers.® On the contrary, organic
materials can be changed their properties by molecular design. Also,
they can be fabricated the simple ways such as solution process and
ink—jet printing.'” However, the mechanical properties of organic
materials are still a critical issue.*”*2

For fabricating highly stretchable OFET, there are three
representative strategies considered. Geometric structural design is
usually used to improve the stretchability of electrodes.”® The
stretchable electrode should exhibit almost no change in electrical

24-26

properties at stretched states. Buckled or waved pattern , micro—

28730 structures have been applied. Another

cracked?’, or porous
strategy is to design of stretchable devices. The first is to develop
stretchable conductors as a linker between the rigid devices and
substrate.”’ Second is to molecular design for high stretchability
intrinsically. This strategy can be applied to all components of OFET
such as substrate, dielectric, electrode, active layer.?? 2332737
Basically, rigid and brittle materials can’t be used for highly
stretchable electronic devices. However, by changing their geometric
structure, all materials can improve their intrinsic stretchability.
Therefore, stiff materials can be used as components of stretchable
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devices. Figure 1.3 shows the scheme of the geometric structure
change effect. When strain is applied, the energy can be well
dissipated by changing the geometric structure. Therefore, 1D stiff
materials patterned wavy structure can be more stretched without
crack. The effect of the mesh network is shown.® Inorganic materials
can be stretched in a wavy patterned network. In a patterned network,
the wavy line can more improve the stretchability than a straight—
line network. This strategy is usually used when using an inorganic
electrodes or low stretchable material.

The island—type devices were fabricated for using inorganic
material in stretchable displays. However, at the edge of the island,
the strain was localized. Therefore, the rigid island device is damaged
eventually.®® To solve this problem, active materials are deposited
onto a pre—strained substrates. Pre—strain is released, the substrate
is wrinkled in the out of the plane. The buckled structures can resist
strain by dissipating the strain while changing their shapes. Although
these geometric engineering strategies may afford improved
stretchable electronic devices, it should be considered device density
and additional process.*’

As the last strategy to improve the stretchability, intrinsically
stretchable material design with high device density and easy
fabrication process has been actively studied."' By using this strategy,
intrinsically stretchable semiconductors can be directly patterned
and transferred on the substrate to increase device density (Figure
1.4). To improve the intrinsic stretchability, various energy
dissipating elements such as dynamic bond*'™**, nanoconfinement"!,

16, 45

nearly amorphous microstructure , soft cross—linker®®, and side—

17 83re required. In particular, the intrinsically

chain engineering
stretchable semiconductor development is a charming strategy
because polymers can control their electronic properties by
molecular design and have relatively low tensile modulus. In addition,
polymer semiconductors have shown similar skin characteristics

such as self—healing and biocompatible devices.*? ™!
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1.3. Organic Phototransistors

The photodetector absorbs the energy of the irradiated photons
and transforms it as current. The photo—induced current increased
as the charge is excited with no recombination (Figure 1.5).°? To
estimate the optoelectronic properties, there are 4 representative
parameters such as photoresponsivity (R), photocurrent/dark
current ratio (P), external quantum efficiency (EQE, 7), and

detectivity (D). The R and P values are calculated via eq 2 and 3%

n ﬁ _ Ligse — laark (2)
P, P,
B Ligse = laark (3)
~ laark

Where 7L is the photocurrent, P is the incident light intensity, JigntiS
the drain current when the light is irradiated to the OPTs, and Zyark 1S
the current measured in the dark condition. Also, the EQE and D"

values can be calculated via eq 4 and 5

_ (Lighe — laark )he _ %

ePintAApeak q (4)
D* = VA _ .
NEP Zeldark/A (5)

Where h is the Plank constant, ¢ is the speed of light, e is the
fundamental unit of charge, A is the channel domain of the device,
Apeak 1S the specific wavelength of light, and q is the elementary
charge. In eq 5, where A is the active device area of the
photodetector, NEP is known as noise equivalent power.

By using organic photo—transistors (OPTs), the gain values can
be increased due to their additional gate which induces the internal
photoconductive gain.”* **Without applying Vas, the phototransistors

show the same behavior as a photodiode. *%7°?



1.4. Research Objectives

An amorphous polymer—based organic field—effect transistor
was fabricated through molecular design, and electrical properties
were analyzed according to stereoregularity. As a result, regio—
regular polymer showed better electrical properties than regio—
random polymer due to their charge transporting ability. Also,
through the soft contact lamination method, it was confirmed how the
difference in crystallinity due to stereoregularity affects the
retention of the electrical characteristics in the 100% stretched state.
After that, polymer crack onset strains were analyzed by polarized
UV and optical image monitoring. The regio—random polymer films
showed high stretchability with 90% mobility retention under 100%
strain due to its amorphous region acting as an energy dissipation
region. The characteristics of the phototransistor in the NIR region
wavelength band were evaluated by examining the maximum
absorption wavelength band that was later confirmed through
UV/visible spectroscopy analysis. Furthermore, it was shown
through photo—switching that the optical characteristics can be
maintained even with mechanical deformation. In this research, we
develop and evaluate materials with potential that can be applied as
next—generation wearable devices and health monitoring sensors,
based on substances that exhibit optical properties while being

intrinsically stretchable.

5 -":rxﬁ-! _'q.;:-'l u 1-.
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Figure 1.1. Four representative geometric structure of field effect
transistors: a) bottom—gate/bottom—contact (BGBC), b) bottom—
gate/top—contact (BGTC), c¢) top—gate/top—contact (TGTC), d)
top—gate/bottom—contact (TGBC).
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Figure 1.2. Schematic of the OFET operation with p—type
semiconductor (left) and ideal output characteristics of OFETs (right).
a) schematic of carrier concentration in the linear regime, b)
schematic of carrier concentration when the pinch—off occurs, ¢)

schematic of carrier concentration in the saturation regime.
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Figure 1.4. Optical images of intrinsically stretchable polymer
semiconductor polymer film a) 0% stretched state film, b) stretched

state film.



Light

Drain
Og—©
\ T vt
© © O

Gate

Figure 1.5. Schematic of operation mechanism of organic photo—

transistors.



Chapter 2. Electrical Characteristics of Stretchable
Organic Field-Effect Transistors under Mechanical
Strain

2.1. Introduction
Polymer semiconductors are usually used as active layers in

electronic skin due to their softness. However, stretchable polymer
semiconductors have a trade—off relationship between electrical
characteristics and stretchability. The amorphous domains can
dissipate the stress, and crystalline domains can improve the charge
mobility. O’Connor et al. researched the mechanical and electrical
properties by comparing P3HT with PBTTT. PBTTT has more
crystalline domains than P3HT. As a result, the P3HT has higher
crack onset strain, lower modulus, but lower mobility.” And also,
highly regio—regular P3HT has shown large anisotropic charge—
transport characteristics because the polymer chain is aligned to the
direction of strain. For this reason, parallel direction mobility is much
higher than perpendicular direction. To improve the stretchability,
there are still lots of approaches such as side—chain engineering,®
soft  cross—linker  inducing,’*  dynamic  bonding,’*  and
nanoconfinement®'. These strategies can improve the stretchability
of the device without compromising mobility. For example, research
of side—chain engineering effects on the mechanical properties
showed that bulk side chains induced lower elastic modulus, and
crack is generated under the strained state because of their increased
amorphous region. DPP polymer added PDMS cross—link agent is
exhibited crack onset strain exceeding 100% strain. Although being
cross—linked, the films have a lower modulus than the original one
because of the softness of cross—linking agent. DPP—based polymers
induced hydrogen bonding units were reported as high stretchable
materials. However, this improved stretchability is compromised with
charge mobility. Moreover, 10 mol% of hydrogen bonding units were

shown to improve stretchability without any decreasing charge

10 -"x_i';'lll.i



mobility.

The chain properties can be modified using nanoconfinement.
Polymer chains changed more dynamically under nanoconfinement
conditions, Nanoconfined semiconductors were exhibited crack onset
strains above 100% and maintained their mobility under 100% strain.
6 Moreover, the mobilities of the nanoconfined polymer
semiconductor can be improved up to 5 cm? V! s7! by using the

solution shearing process.

2.2. Experimental Section

2.2.1. Fabrication of OFETs and electrical characteristics

Commercially available, highly n—doped (100) Si wafers, with
thermally grown SiO2 (300 nm; C; = 11.5 nF cm™ ), were used as
substrates and gate dielectrics for bottom—gate top—contact (BGTC)
structure OFETs. The SiO: surfaces were modified with a self—
assembled monolayer (SAM) composed of OTS according to a
previously reported procedure. The polymers were dissolved in
chloroform (2 mg mL™!), and the solutions were stirred for 6 h. After
that, the polymer solutions were spin—coated at 2000 rpm for 1 min
on the OTS treated SiO2/Si wafers. Then, the wafers were annealed
at 100°C for 10 min. For BGTC OFETs, 40 nm gold source and drain
electrodes were thermally evaporated on the polymer films. By using
a shadow mask, the channel length (L) and width (W) are 50 gm
and 1000 g m, respectively.

The field—effect mobility in the saturation region was calculated

by the following equation:

w
Ip = ﬂCiM(VGs — V)2, Vps| > Vs — Vr|

Where, W is the channel width, L is the channel length, ( is the
capacitance of the dielectric and gis the field—effect mobility. All
electrical properties of the OFETs was measured by using Keithley

4200 semiconductor parametric analyzer in an N2 atmosphere.

2.2.2. Electrical Characteristics of OFETs under Stretched
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Conditions

To characterize the electrical performance of the OFET
according to the stretched conditions, the polymer solution (2mg/ml,
in chloroform) was stirred overnight at 50C. After that, the polymer
films were formed by spin—coating process onto OTS treated SiO2/Si
wafer. These polymer films were transferred onto the PDMS (20:1,
base to cross—linker mass ratio), and the films were stretched onto
PDMS. Then, these stretched films were directly laminated onto the
Si02/Si wafer by soft contact lamination method®. After that, 40 nm
gold source and drain electrodes were thermally evaporated on the
stretched films. The electrical characteristics of the stretched film
based OFETs were measured using a Keithley 4200 semiconductor

parametric analyzer.
2.2.3. Mechanical Characterizations

The elastic modulus of polymer films was calculated by using
nanoindenter (NX—10, Park Systems) and the Berkovich tip was
used to compress the sample. The Oliver—Pharr method was used to
define the elastic modulus and the Poisson’s ratio value is set as 0.5
for all calculations. The thin films of polymer were spin—coated onto
OTS treated SiO2/Si wafer. Each polymer was indented 10 points and
the average value of elastic modulus was reported.

To measure the crack onset strain, the dichroic ratio by using
polarized UV/vis spectroscopy (JASCO, V=770) was calculated. In

the absorption analysis, Quartz crystal was measured as baseline, and
PDMS (Sylgard 184, Dow Corning, cured at 70°C) was measured

twice according to stretching direction. The spin—coated polymer
films were transferred onto PDMS and stretched. The polarized
UV/visible spectroscopy was investigated twice under the
mechanical strain.

Optical microscopy (OLYMPUS, BX53) monitoring was

performed to prove the crack onset strain. The transferred polymer
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films onto the PDMS substrate were stretched from O to 100% strain

using a custom—made stretching station.

2.3. Results and Discussion

2.3.1 Mechanical characterizations

Figure 2.1 shows the molecular structure of PC, and PI based
polymers. To confirm the effect of the amorphous microstructure on
the polymer’s mechanical properties, atomic force microscopy
(AFM), and grazing incidence X—ray diffraction (GIXD) were used
(Figure 2.2). Through the nanoindentation analysis the elastic
modulus of PC—RA, PC—RR, PI-RA, and PI-RR films were measured
(Figure 2.3).5% 56 The elastic modulus values were calculated through
the Oliver and Pharr method.?” The elastic modulus of PC—RA, PC—
RR, PI-RA, and PI-RR were 0.309, 0.568, 1.02, and 2.53 Gpa,
respectively. It has been reported that elastic modulus calculated
from nanoindentation tends to be almost the same as those calculated
from the free—standing tensile test.’® " The regio—regular (RR)
polymers have a higher modulus than each regio—random (RA)
polymers. The high modulus of RR polymers was attributed to their
relatively high crystallinities, and these relatively high crystallinities
are because the regular polymer chain configuration makes them
more amorphous, which increases the free—volume. In addition, the
elastic modulus of the PC based polymers was lower than that of the
PI based polymer, which is consistent with the result of GIXD
analysis (Figure 2.4, and Table 2.1).

To investigate the polymer film morphology under the
mechanical strain, the soft contact lamination method was used to
transfer the polymer films from Si wafer to PDMS, and those polymer
films were monitored by optical microscopy under the specific strain
states using a custom—made stretching device (Figure 2.5).°*77° For
PI—-RR films, the diamond—shaped microcracks were observed at 80%

strain, and both the crack density and size increased with increasing
11 O 11 =L —
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strain (Figure 2.6, 2.7). When monitoring the PC—RR, and PI-RA
films, the diamond shape microcracks were observed at 100% strain
states. In contrast, there was no crack in the PC—RA films even at
100% strain. When the films were stretched to 150%, the micro—
cracks were observed. To further investigate the chain alignment of
polymer films under mechanical strain, the dichroic ratios of each
polymer were calculated by using polarized UV/visible spectroscopy
(Figure 2.8). The dichroic ratio of PC—RA film increased up to 2.1
when the strain increased up to 100% due to its high degree of
polymer chain alignment and low elastic modulus. In the case of PC—
RR, PI-RA, and PI—RR, the dichroic ratios increased until their crack
onset strain (100, 100, and 80% for PC—RR, PI-RA, and PI-RR,
respectively), and they were no longer increased after the crack
onset strain, which resulted from polymer chain relaxation due to the
crack formation under crack onset strain. These results were
consistent with optical microscopy analysis results of the polymer

films.
2.3.2. Electrical Characteristics of OFETSs

To investigate the electrical characteristics of PI, and PC based
polymers, bottom—gate top—contact (BGTC) OFETSs were fabricated
(Figure 2.9). The polymer solutions in chloroform (2 mg mL™!) were
spin—coated onto SiO2/Si substrates which were modified by n—

octadecyltrimethoxysilane (OTS) self—assembled layer (SAM) and
then annealed at 100°C for 10 min. The electrical characteristics of

the comparison of the transfer characteristics, electron mobility, and
output characteristics in N2 according to the molecular composition
and stereo—regularity respectively (Figure 2.10, and Table 2.2). All
of the polymers exhibited electron—dominant charge transport
characteristics. The average electron mobility (#cave) of PI=R, PI—
A, PC—R, and PC—A was 1.23 x 1077, 1.01 x 107%, 5.81 x 107°, and
4.75 x 107 cm* V7!, respectively, and on/off ratios were over the

10° for all the copolymers (Figure 2.11). Also, to verify the electrical
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characteristics and avoid the overestimation issues of charge carrier
mobility, the reliability factor (r) was calculated in the saturation
regime. The r [%] factor means the ratio of measured FET mobility

to ideal FET mobility and the equation as follows (eq 1)."' 7"

I 05 _ 05 2
( DS max DS,0 >
_ Hmeasured Vemax = Ve,0

B Hideal B (%) (1)

Where /bsmax 1S measured source—drain current at the maximum gate

voltage (Vomax), and Ibso means the source—drain current at the
onset gate voltage (Vo). The ideal electron mobility of all the
polymers were 2.6 x 102 ecm? V!, 1.5 x 10 ecm? V7!, 6.45 x 107°
em® V7' and 2.93 x 107 cm® V7! for PI-RR, PI-RA, PC-RR, and
PC—RA, respectively. As previously reported, the regio—regular
polymers were shown better charge transport properties than regio—
random polymers due to their relatively high crystallinity to favor

intra—/inter—molecular charge transfer.”

2.3.3. Electrical & Optoelectrical Characteristics of PI, and PC
polymers based OFETs under Mechanical Strain

To further confirm the electrical properties of PI, and PC based
OFETs under mechanical strain, electrical characteristics were
estimated with OFETs of which device geometry is BGTC. For the
stretched films fabricating, the polymer films which were onto the
OTS treated SiO/Si wafer were laminated to PDMS (20:1 ratio of
base to cross—linker), and the PDMS were stretched with polymer
films. After that, these films were laminated on the SiO2/Si in the Ny
filled glove box by using the soft contact lamination method (Figure
2.12). The transfer curves of all the polymers under various
mechanical strains (e, 0—100%) which consist of two directions,
perpendicular and parallel directions to the channel were shown that
all polymers can maintain their transistor characteristics even at 100%
strain (Figure 2.13). According to the stretching direction which is
parallel or perpendicular to the transistor channel, the mobility

15 P 1"i 1Y,



retention tends to be changed. In general, the OFETs stretched
parallel to the channel showed higher mobility retention than
stretched perpendicular ones due to polymer chain alignment. The
polymer chains tend to be aligned along the stretched direction. Thus,
high mobility retention in a parallel direction resulted from favored
intramolecular charge transfer in parallel direction to channel (Figure
2.14). During the electrical characterization under the strain, all the
polymers in this study can dissipate the strain energy by deforming
the amorphous region, and the rigid backbone of polymers makes the
charge transport to be maintained along with the conjugated
structures. Therefore, the charge transport pathway can be
maintained by the rigid, coplanar, and conjugated backbone of the
polymers. Especially, the PC—RA based OFETSs show higher electron
mobility retention up to 90% at 100% strain in a parallel direction to
channel due to its relatively amorphous microstructure and low
elastic—modulus. In contrast, PI-RR showed a large mobility
decrease which is 11% of initial mobility under the 100% strain and
this decrease of mobility resulted from crack propagation. PC—RR,
and PI-RA films showed 33%, and 35% mobility retention.

2.4. Conclusion

In conclusion, mechanical characteristics were analyzed
according to the regio—regularity of PC, and PI films. Due to the
increase of the amorphous region by the chain configuration, the
elastic modulus of regio—random polymers was lower than that of
regio—regular polymers as 0.309, and 0.568 Gpa for PC based
polymers. PI based polymer also show same tendency as 1.02, and
2.53 Gpa, respectively. Optical microscopy monitoring was
performed for crack onset strain analysis, and it was confirmed that
diamond—shaped micro voids occurred in 150% of PC—RA polymers.
In PC—RR, PI-RA, and PI-RR, cracks started to occur at 100, 80,
and 100%, respectively. Also, the size and density of the formed
micro void cracks increased as the strain increased. Additionally, the

dichroic ratio was determined through polarized UV/visible
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spectroscopy analysis. PC—RA, whose crack onset was confirmed to
be 150%, continued to increase the dichroic ratio up to 2.1 even at
100% strain. The dichroic ratio of PC—RR steadily increased up to
80% strain, and then the slope decreased sharply as it reached 100%
strain, which is because of the micro voids found in OM monitoring.
PI-RA and PI—RR polymers also showed decreased slope when they
reached the crack onset strain as confirmed by OM monitoring, and
both PC and PI polymers showed high dichroic ratios at regio—
random (RA) polymers. This is because molecular alignment can
occur more easily due to the relatively high amorphous. As a result
of measuring the electrical properties, the electron mobility of PI—
RR, PI-RA, PC-RR, and PC-RA was 1.23 x 107%, 1.01 x 107%, 5.81
x 1073, and 4.75 x 10 %cm? V ~L. In general, regio—regular polymers
showed higher mobility than regio—random polymers because charge
transfer could be better due to their relatively high crystallinity. After
that, the electrical properties retention under the strain. PC—RA
stretched in parallel to the channel direction showed an electron
mobility retention up to 90% under 100% strain, and PC—RR showed
mobility retention up to 33%. PI-RA and PI-RR showed electron
mobility retention of 35% and 11% under 100% strain, respectively,
which is consistent with the previously measured dichroic ratio,
elastic modulus, and crack onset strain results. Through this study,
the effect of stereoregularity of novel n—type stretchable polymer
semiconductors on changes in mechanical properties and electrical

properties of polymer semiconductor materials was characterized.
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Figure 2.1. Molecular structures of the PCDT—TIC regio—random
(PC—RA), PCDT-TIC regio—regular (PC—RR), PIDT—TIC regio—
random (PI—RA), and PIDT—TIC regio—regular (PI-RR).
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Figure 2.2. AFM height images PC—RA, PC—RR, PI-RA, and PI—
RR.
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Figure 2.6. Optical images under mechanical strain for finding the
crack onset strain of PC—RA, and PC—RR polymer films.
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Figure 2.7. Optical images under mechanical strain for finding the
crack onset strain of PI—RA, and PI—RR polymer films.
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Figure 2.9. Device configuration of OFETs (BGTC).
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Chapter 3. Optoelectrical Characteristics of
Stretchable Organic Phototransistors

3.1. Introduction

With the advent of the 4th industrial revolution and artificial
intelligence industry, photo detectors which can be applied as
wearable devices form are attractive fields. Especially, in the field of
optoelectronic devices, studies have been widely conducted because
of their potential for wearable devices and health care devices. "> 7°
The organic semiconducting materials can be applied in wearable or
health care devices with lightweight, flexible, stretchable, and easily
controllable their optoelectronic properties by molecular design.”” "®
™ With this nature, various strategies have been revealed over the
past vyear. By wusing heterojunction structures of organic
semiconductor, the photogeneration efficiency has been improved
with fulfilling up to 10 Jones.!” Furthermore, the organic
semiconductors has easy absorption wavelength tuning nature, thus
allowing wide or high sensitivity to specific wavelengths that from
UV—vis to near—infrared (NIR) range.

The photodetector operates by absorbing the energy from the
light source and transforming it as an electrical current. The light—
induced current increased when the charges are pulled out without

recombination.’? !

3.2. Experimental Section

3.2.1. Optoelectronic characterization.

The photo—induced I—V characteristics and real—time photo—
switching were conducted under vacuum (£5.0 x 10—6 Torr). The
optoelectronic properties were measured with a monochromatic light
source under vacuum (£5.0 x 10—6 Torr) and Keithley 4200
semiconductor parameter analyzer to characterize the electrical
properties of a device.

26 A 8-t



3.2.2. Photo—switching under the mechanical strain

To fabricate the stretched polymer film based OFETSs, the
polymer solution (2mg/ml, in chloroform) was stirred overnight at
50C. After that, the polymer films were formed by spin—coating
process onto OTS treated SiO2/Si wafer. These polymer films were
transferred onto the PDMS (20:1, base to cross—linker mass ratio),
and the films were stretched onto PDMS. Then, these stretched films
were directly laminated onto the SiO2/Si wafer by the soft contact
lamination method. Under the incident light pulsed at the 20s, the
monochromatic light was irradiated to stretched polymer films based
on OPTs.

3.3. Results and Discussion

To investigate optoelectronic properties of PI, and PC
copolymers, cyclic voltammetric was measured (Figure 3.1). Figure
3.2 shows the HOMO, and LUMO energy levels of PC, and PI based
polymers. Also, UV/vis absorption spectra were analyzed to confirm
their absorption peak and coefficient (Figure 3.3, Table 3.1). The
organic phototransistors (OPTs) of which the structure is bottom—
gate top—contact were fabricated. The lights which consist of various
wavelengths and light intensities (A is from NIR to UV region;
intensities are from 10 to 100 W cm ™2 were emitted through a
monochromatic light source under a vacuum (below 5.0 x 107° Torr).
The maximum absorption wavelengths of PI-R, PI-A, PC—R, PC—-A
(738, 721, 835, 755 nm, respectively) which are shown in Table 3.1
were selected. When comparing the transfer characteristics of the
OPTs upon light irradiation with dark condition, increased drain
current which resulted from irradiate the light was found in the PC
polymers based OPTs (Figure 3.4). In addition, additional
photoinduced current increases were observed when the light
intensity was increased. To estimate the optoelectronic properties of
the PI, and PC based OPTs further, the photocurrent / dark—current
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(P), and photoresponsivity were calculated (Figure 3.5). Note that
the optoelectronic properties of PC polymers were higher than PI
polymers OPTs. The enhanced OPTs performance of PC polymers
compared to that of PI polymers based OPTs may be related to their
high crystallinity, and longer exciton diffusion length, as evident by
the larger movement of Von towards the negative direction. The R
and P of the PC—RR based OPTs were measured under
monochromatic light irradiation (A = 838 nm, intensity = 60 g¢W
cm?), and the R and P values were 36 A W—1, and 116 respectively.
Also, PC—RR OPTs showed maximum R and P values of 203, and 94,
respectively, in the 60 ¢ W cm™? of light irradiation. The EQE and Dx
values were also estimated to investigate the photo—response
behaviors of OPTs. The PC—R based OPTs had EQE, and D" values
of 5282%, and 1.4 x 10'? Jones under the maximum absorption
wavelength (838 nm, intensity = 60 W cm™?), respectively.

Real—time photo—switching properties of all the polymers were
measured under pulsed incident light (60 W cm™ %) when the Vgs
value of 100 V. These Vgs correspond to values that the maximum R
values were obtained. The calculated rise time (1) and decay time
(t9) defined as the taking time to reach 90% of the maximum
photocurrent and the taking time drop to 10% of the maximum
photocurrent, respectively. The PC—R polymer based OPTs were
0.15 s and 0.66 s for the rise, and decay time, respectively (Figure
3.6). The shorter response time is an important parameter when the
OPTs are integrated with circuits and act as fast response
photodetectors. Also, Figure 3.7 shows that the photocurrents can be
amplified by the positive bias. The normalized /ps was nearly O at Vgs
= 0 V but this current was increased dramatically to nearly 100, and
400 when the Vgs was 60 V, and 100V, respectively. These results
are one of the advantages of the transistor’s amplification properties.
Using these properties, the OPTs could modulate the photo—
responsivity.

The real—time photo—switching behavior of PC—R according to
the change of wavelengths was performed under incident light pulsed
at 20 s (Vps =100V, Vs = 60 V). As a result, due to the low bandgap
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of PC—R, the photo—induced currents were shown differently in the
same intensities (30 #W cm™®) of various wavelengths which
consist from NIR region to UV region (Figure 3.8). Also, PC—RR
based OPTs showed to keep their photoresponsivity under a

mechanical strain up to 100% (Figure 3.9)

3.4. Conclusion

In conclusion, the optoelectrical properties were measured. The
monochromatic light wavelengths were selected as maximum
absorption peaks (755, and 838 nm for PC—RR, and PC—RA,
respectively). The R, P, EQE, and D* values of PC—RR and PC—RA
at the same light intensity were 36, 116, 5282, 1.4 x 10'%, and 1.1,
378, 180, and 4 x 107, respectively. In particular, in the case of PC—
RR, even at a 10 ¢ W cm %, it showed high optical characteristics
(203, 94, 24186, 8.2 x 102 for R, P, EQE, and D%, respectively), and
the 1, and 14 values also showed a fast response speed of less than
0.15 and 0.66 sec, respectively. In addition, it showed that the photo—
response could be improved through amplification, which is an
advantage of OPT's, and photoresponsivity showed through real—time
photo—switching from the NIR region to the UV region. Finally, by
measuring the electrical characterization of stretched film—based
OPTs, photoresponsivity could maintain even at the stretched state

through real—time photo—switching.
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Table 2.1. Relevant parameters of PC—RA, PC—RR, PI-RA, and PI—
RR polymer films at in—plane directions of GIXD data.

In-Plane ni-m Stacking Cell Axis (010)

(A1) d-spacing FWHM  Coherence
q (A) (A1) length (&)
PC-RA 1.514 4.149 0.089 64.128
PC-RR 1.514 4.150 0.076 75.268
PI-RA 1.511 4.158 0.081 70.321
PI-RR 1.512 4.157 0.076 75.435

Table 2.2. Summarized electrical characteristics of OFETSs based on
PIDT-TIC & PCDT-TIC.

Average Values

peav
Polymers  Type Ton Lot Vr P
Al Al J - V] [cm? V-1s71]
RR 1.69x 10° 824 x 101" 2.05x10° 296 1.21x 107
PIDT
RA 1.85x10° 1.49x 10™ 124 x 10° 347 1.01 x 102
RR 2.14x10° 1.59x 10 1.34x10° 12.7 5.94x 102
PCDT
RA 1.02x 10°¢ 9.59 x 102 1.06 x 10° 141 858x 107
y qey
I I

]
R

S |



Table 3.1. Optical and electrophysical properties of PC—RA, PC—RR,
PI-RA, and PI-RR.

3. max

Tefitm ™

)

“onset

E,™

cv ov
Enowmo Epmuo’

Mn

(o (o] mmP VP [V [V kDa] O

PC-RA 763 755 918 135 -539 -409 408 243

PC-RR 843 835 933 133  -536  -410 442 230

PI-RA 733 721 811 153 -556 -384 698 165

PI-RR 745 738 823 151 -555 -385 721 1.63

Table 3.2. Optoelectronic Properties of PI and PC based OPTs.
o max Light
Polymer [:;'l'n]ﬂ intensity RIAWT] P EQE, n [%] D* [Jones]
[ kW em-2 ]

PI-RR 738 60 10 1650 1711 1.5 x 1012

PLRA 721 60 13 1740 235 47x 10"

PC-RR 838 10 203 94 24186  8.12x 10"

PCRR 838 60 36 116 5282 14x 10"
PCRA 755 55 1.1 378 180 4x10°
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