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ABSTRACT: Semiconducting polymers exhibiting lyotropic
liquid-crystalline (LC) mesophases allow for precise control
over crystallinity and crystallite orientation using scalable
equilibrium processing techniques. The ability to control
morphologies from molecular to macroscopic scales is
desirable for optimizing polymer electronic devices such as
field-effect transistors. LC mesophases can form in semi-
conducting polymers with branched side chains, but steric
repulsion from the side chain structure increases z-stacking
distances. This change in unit cell negatively impacts
electronic transport, negating any improvements gained by
achieving more favorable mesostructures. Herein, we show
that the z-stacking distance in cyclopentadithiophene-benzo-
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thiadiazole donor—acceptor copolymers is successively shortened by moving the branch point further away from the conjugated
backbone. These materials retain their favorable LC properties, and the change in unit cell is accompanied by a monotonic
increase in charge carrier mobility in field effect transistors. Mobility values span from ~107* to 0.41 cm® V™' s7', reaching their
highest value when the branch point is furthest from the polymer backbone. In addition, these LC materials can be aligned
across large length scales on rubbed polyimide, resulting in an improvement of charge carrier mobility by a factor of 56 when
comparing transistors fabricated parallel and perpendicular to the alignment direction.

Bl INTRODUCTION

Semiconducting polymers exhibiting lyotropic liquid-crystal-
line (LC) mesophases allow for precise control over mesoscale
features from the nano- to macroscale using simple,
equilibrium processing techniques.' ™ This feature is desirable
for organic electronics, where controlling the unit cell,
molecular orientation, and macroscopic orientation of
molecules is essential for providing direct pathways for charge
carriers to travel and maximizing charge transport efli-
ciency.” ** Indeed, power conversion efficiency, carrier
mobility, and conductivity in polymer electronic devices can
vary several orders of magnitude depending on the mesoscale
structure. Molecular design strategies have been successful in
controlling carrier transport properties of semiconducting
polymers by fine-tuning their energy levels and composi-
tion;**~*® however, achieving LC mesophases and controlling
their mesoscale structure using molecular design are far less
understood.

Morphology optimization in conjugated polymers has
primarily focused on developing processing parameters that
nucleate and grow preferred crystallite orientations or trap
nonequilibrium crystal structures.”'”*’~>’ These studies are
mostly phenomenological and may not be predictive or
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broadly applicable to other backbone structures. In addition
to this, most of these studies have been conducted on
polythiophenes, which are being outperformed by donor—
acceptor copolymers having vastly different molecular and
crystalline structures. This makes it especially difficult to apply
processes developed for polythiophenes to newer high
performance donor—acceptor materials. Using LC mesophases
as a method to optimize morphologies is attractive as they
allow for polymer chains and crystals to be aligned using
equilibrium processing techniques. Liquid crystalline meso-
phases are relatively uncommon in conjugated polymers;
however, some polythiophenes®”*" and more recently some
donor—acceptor polymers have been shown to exhibit
lyotropic LC mesophases.”” >* Daoulas et al. studied how
alignment, interaction strength, and persistence length
depended on temperature for various LC polythiophenes and
polyfluorenes.”® These in-depth structure—property relation-
ships are important for guiding future molecular design and
processing in a rational way. The rising prominence of high
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Figure 1. Structures of proposed P2F copolymers with branched side chains. The side chain branch point is moved back from the conjugated
backbone with the goal to decrease 7-stacking distance and increase intermolecular interactions, as depicted at the bottom of the image.

performance donor—acceptor type copolymers prompts the
development of similar structure—property relationships in
these materials as liquid crystalline mesophases. Developing
rational molecular design guidelines that enable control over
mesoscopic structure and improve carrier transport in modern
high-performance semiconducting polymers remains an
important goal.

Lyotropic mesophases are formed when an amphiphilic
semiconducting conjugated polymer is dissolved in a solvent
that has a propensity to dissolve only one component of the
chemical structure, i.e., a selective solvent. Unfavorable
interactions between polymer backbones and nonpolar
solvents allow for crystalline aromatic stacking to dominate
the mesostructure when these polymers were dissolved in
nonpolar “selective” solvents.”> Branched side chains are
necessary to allow solubility in nonpolar solvents, but these
branched side chains also interrupt aromatic packing.’*
Increased 7-stacking distances make intermolecular charge
transport more difficult, negatively impacting the electronic
properties, and specifically the charge carrier mobility, of liquid
crystalline semiconducting polymers.

Herein, we show that by moving the branch point further
away from the conjugated backbone, the intermolecular
packing becomes more favorable for charge transport while
the amphiphilicity and high solubility required to form
lyotropic LC mesophases are retained. These materials exhibit
temperature- and solvent-dependent self-assembly in solution
while the 7-stacking distance moves to closer distances as the
branch point is moved further from the polymer backbone.
This change in unit cell is accompanied by a monotonic
increase in charge carrier mobility when fabricating organic
field-effect transistors (OFETs), with values spanning from
107*to 0.41 cm® V' 57!, reaching their highest value when the
branch point is furthest from the polymer backbone. Given we
are only changing the side chain, and the conjugated backbone
and processing conditions remain the same, we do not expect
large differences in paracrystallinity or energetic disorder along
the backbone to be a significant driver of the differences in
carrier transport we observe. In addition, we take advantage of
the unique ability of liquid crystals to propagate alignment
across large distances to fabricate OFETs exhibiting a large
anisotropy in charge carrier mobility. LC semiconducting
polymers can be aligned by solution casting onto rubbed
polyimide, resulting in an improvement of charge carrier
mobility by a factor of 56 when comparing OFET's fabricated
parallel and perpendicular to the alignment direction.

Bl RESULTS AND DISCUSSION

We synthesized a series of regioregular alternating copolymers
consisting of (4,4-dialkyl-4H-cyclopenta[1,2-b:5,4-b°]-
dithiophene and S-fluorobenzo[2,1,3]thiadizacle (P2F). The
solubilizing alkyl side chains have 2-butyloctyl (BO) branched
side chains with the branch points at various distances from the
conjugated backbone (1, 3, 4, S, and 11 carbons away). The
branched side chain increases solubility of the nonpolar
portion of the molecule, critical to providing the ambiphilicity
necessary for forming lyotropic liquid crystalline meso-
phases.””*> Moving the branch point further from the
conjugated backbone decreases the m-stacking distance,
allowing for stronger intermolecular electronic coupling,
improving the carrier transport. The impact these structural
changes have on mesostructures as well as electronic properties
is explored herein. We also explore using rubbed polyimide as
an alignment layer on top of which we fabricate OFETSs as a
facile method of providing ideal mesostructures for charge
transport across large distances. This study establishes design
rules guiding how the unit cell of lyotropic mesophases can be
tuned by side chain modification and how this affects charge
carrier mobility in OFETs.

P2F—C1-BO, P2F—C3—BO, P2F—C4—BO, P2F—C5—BO,
and P2F—C11-BO polymers and side chains were synthesized
according to modified literature procedures (Figure 1).36738
These polymers exhibit high solubility in many organic
solvents (THF, hexanes, chloroform, and chlorobenzene) as
well as the distinct solvent- and temperature-dependent optical
properties expected of self-assembled conjugated polymers.

Lyotropic LC mesophases in PCDTPT-type copolymers
consist of extended polymer chains exhibiting ordered -
stacking in solution.””** The order in solution is apparent in
the optical absorbance of lyotropic solutions, which is similar
to that of highly crystalline thin films. The planar and extended
polymer chains and crystalline 7-stacking are evidenced by a
red-shifted absorbance spectrum with pronounced excitonic
coupling. These optical features are clearly present in P2F—
C1-BO when comparing the spectrum from materials
dissolved in chlorobenzene (isotropic) and hexanes (lyotropic)
(Figure 3). Polymers P2F—C3—BO, P2F—C4—BO, P2F—CS—
BO, and P2F—C11-BO exhibit markedly different pathway-
dependent LC properties. When initially dissolved in
chlorobenzene, they exhibit the broad featureless red-shifted
spectra associated with aggregated states.”””*° This is
confirmed using dynamic light scattering, showing an aggregate
size of 2 ym. Upon heating to 125 °C in chlorobenzene, the
absorbance spectra are indicative of fully dissolved chains and
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Figure 2. (A) Optical absorbance of P2F—C1—BO as an isotropic solution in chlorobenzene (black trace) and as a liquid crystalline solution in
hexanes (red trace). The low-energy absorption indicates crystalline 7-stacking in solution. (B) Annealing solutions of P2F—C5—BO copolymers
allow liquid crystalline mesophases to form, shown by UV—vis. Initially the UV spectrum indicates aggregation (black trace). Once heated the
spectra blue-shifts, indicating aggregation is absent (red trace). Upon cooling an absorbance indicating crystalline 7-stacking emerges (blue trace),

evidence of self-assembly into a lyotropic liquid crystalline mesophase.

the aggregate signatures disappears (Figure 2). Cooling at a
rate of 1 °C/min allows ordered aggregates to form, and a
pronounced vibronic peak appears due to high fidelity
crystalline 7-stacking emerging from solution. This nascent
solution order is vital to providing thin film morphologies that
allow for efficient intermolecular charge transport. The feature
persists at room temperature indefinitely and indicates how
directing the self-assembly process is critical for allowing the
lyotropic liquid crystalline mesophase to form in these
materials. This self-assembly pathway may be a result of the
branch point moving further back and increasing intermo-
lecular interactions, kinetically trapping disordered aggregates.
The thermodynamically favorable crystalline structures can
only be approached once given the activation energy to break
up and re-form. This self-assembly of lyotropic liquid
crystalline mesophases using solution annealing is observed
for all P2F copolymers except for P2F—C1—BO, which forms
Iyotropic liquid crystalline mesophases without annealing (see
the Supporting Information).

Birefringence is observed using polarized optical microscopy
in both thin films and annealed solution for all P2F
copolymers. These images confirm that liquid crystalline
mesophases are present in solution, that the nascent
crystallinity can be readily transferred to thin films, and that
the grain size in the LC texture tends to increase as the branch
point moves further from the backbone (see the Supporting
Information). In all cases, the structure consists of extended
polymer chains and ordered s-stacking. The threaded
birefringent texture indicates a nematic lyotropic liquid
crystalline mesophase, echoing previous results with related
polymers,‘%’35 and is present in both thin films cast from
lyotropic solution as well as lyotropic solutions (Figure 3).
Transferring the close and ordered 7-stacking from solution to
solid state during processing is critical to forming desirable
mesostructures for OFETs.

The unit cell of the LC mesophase can be directly impacted
by side chain design.”’ ™" As the side chain branch point
moves further from the conjugated backbone, the 7-stacking
distance within the lyotropic mesophase becomes shorter. This
is observed using grazing incidence wide-angle X-ray scattering
(GIWAXS) on spin-coated films of P2F copolymers cast from
lyotropic solution. We find that the crystallinity does not

P2F-C5-BO thin film

P2F-C5-BO solution
(chlorobenzene)

Figure 3. Polarized optical microscope images of P2F—CS—BO as a
thin film cast from chlorobenzene (top) and as a self-assembled
solution in chlorobenzene (bottom, concentration of 25 mg/mL).
The threaded liquid crystalline texture present in both solution and
solid state indicates a nematic liquid crystalline structure similar to
previously reported liquid crystalline donor—acceptor polymers.

depend on the processing conditions but rather the solvent
choice, a result that is expected for lyotropic LC systems.*”**
As established for PCDTPT-type copolymers, these P2F type
copolymers show reflections at low g (0.2-0.6 A™')
corresponding to alkyl spacing (200) and at high g (1.2—1.8
A™") corresponding to z- stacking (020) (see the Supporting
Information).”'***°**! The z-stacking peak clearly moves to
higher q values (closer distances) as the branch point moves
from 1 to 11 carbons away from the backbone (Figure 4). A
more intimate and ordered 7-stacking is desired for providing
efficient intermolecular charge transport, and it is expected that
these structural changes will manifest in distinct mobility
improvements when used in OFETs. In fact, P2F—C11-BO
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Figure 4. The n-stacking distance versus branch point for P2F
copolymers determined using GIWAXS. Moving the branch further
from the conjugated backbone reduces the z-stacking distance, which
should improve intermolecular charge transport.

exhibits 7-stacking that is comparable to the P2F and
PCDTPT copolymers having linear side chains. As such, we
expect this material will exhibit similar mobility to those high
performance semiconductors, with the added control over
orientation and crystal structure provided by accessing liquid
crystalline mesophases.

Closer m-stacking allows for improved charge carrier
mobility when these materials are evaluated in OFETs.
Given the similarity of electronic properties (identical
semiconducting backbone) and crystalline packing motif
(similar scattering profiles), the improvement in mobility is
most likely correlated to the differences in molecular packing.
Transistors for P2F—C1—BO were fabricated from hexanes
(Iyotropic) solutions, and P2F—C3—BO, P2F—C4—BO, P2F—
C5—BO, and P2F—C11—BO were all fabricated from the self-
assembled lyotropic solutions in chorobenzene. Solutions were
drop cast onto OFET substrates (bottom contact, bottom gate
and bottom contact, top gate), and the mobility was tested at a
source drain voltage of —30 and —80 V. Mobility values were
determined to be an average of at least six devices using the
gradual channel approximation from the transfer curve
between gate voltages of —30 and —50 V. P2F—C1-BO
exhibits a low mobility of ~10™*cm® V™! 57!, a value typical for
PCDTPT type copolymers having branched side chains.
Moving the side chain back from the conjugated backbone
monotonically increases charge carrier mobility, with P2F—
C11-BO having a mobility of 0.4 cm®> V' s7' (see the
Supporting Information). While the M, of P2F—C11-BO (M,
=101 kDa) is higher than the other polymers in this study (M,
~ 20-30 kDa), similar polymers have shown only a relatively
small increase in mobility when increasing past these molecular
weights (2—3-fold increase) compared to the increase in
mobility spanning several orders of magnitude we observe with
decreasing 7-stacking distance.” This allows us to confidently
say that decreasing 7-stacking distance in these donor—
acceptor polymers improves carrier transport. Previous
researchers have used PCDTPT polymers having side chains
with branch points at C1 as model systems to develop novel
structure—property relationships in high performance donor—
acceptor type semiconducting polymers.””**>>>> This ap-
proach has revealed how molecular structure influences unit
cell, alignment, and carrier mobility of high performance
semiconducting polymers, but ultimately this side chain
structure causes significant disruption to the electronic

properties. We observe that moving branch points further
from the backbone reduces z-stacking distance, which
correlates with an improved hole mobility when these materials
are used in OFETs. This molecular design method is an
effective way to achieve the same control over solubility and
crystalline structure during processing while maintaining the
favorable electronic properties of donor—acceptor type
copolymers. We expect this design rule to be generally
applicable to all polymers consisting of indacenodithophene
and cyclopentadithiophene donors, and in general we find that
the solution annealing process results in higher charge carrier
mobilities when it results in LC mesophases.

Liquid crystalline P2F copolymers can be aligned effectively
on rubbed polyimide, templating a macroscopic morphology
that is well suited for OFETs when charge transport is along
the direction of alignment. Glass substrates topped with 20 nm
of polyimide were rubbed with a synthetic nylon velvet cloth to
align polyimide chains on the surface.”**> This substrate
feature acts as a template for aligning P2F—C11-BO as it is
slowly dried on this surface after drop casting. We observe this
strong alignment effect using polarized optical microscopy.
P2F—C11-BO films appear green due to the strong
absorbances at ~400 and 900 nm. Under a single polarizer
perpendicular to the rubbing direction, P2F—C11-BO is
nearly invisible, but the film appears green when the polarizer
is parallel to the direction of rubbing (Figure 5). This strong
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Figure S. The 7z-stacking distance versus hole mobility as determined
by OFET measurements. Closer 7-stacking results in for efficient
intermolecular charge transport and higher charge carrier mobilities.
Error bars indicate one standard deviation; mobility values are
averaged from six measurements.

dichroism (dichroic ratio ~3—4) indicates alignment of the
polymer chains in the direction of the rubbed polyimide
alignment layer and allows us to easily control the macroscopic
orientation of liquid crystalline polymers using a simple
technique. To examine what effects these morphological
changes have on charge transport, we fabricated bottom gate,
top contact transistors having our polyimide alignment layer
on top of a substrate consisting of our heavily doped silicon
gate and 300 nm of thermally grown SiO, dielectric (Figure 6).
A control device was fabricated using a layer of polyimide
which was spin coated but not rubbed. After annealing the
devices, we observe a large anisotropy between carrier
mobilities measured parallel and perpendicular to alignment.
Parallel hole mobility (0.020 cm® V™' s7") is measured to be 56
times larger than perpendicular hole mobility (0.00036 cm®
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Figure 6. Characterization of P2F—C11-BO aligned transistors. Polarized optical microscopy showing significant dichroism when comparing
polarizers perpendicular (A) and parallel (B) to the rubbing direction. Crossed polarizers indicate a liquid crystalline texture that aligns with the
direction of rubbing (C). Field effect transistor measurements show significant anisotropy in carrier mobility (D, E), with a large improvement
being observed when the channels are placed parallel to the direction of the rubbed alignment layer. Channel width = 2 mm; channel length = 160

pum.

V™' s7') and is 6 times larger than the unaligned control
sample (0.0036 cm”> V™! s7'). The absolute hole mobilities are
lower than when measured using SiO, dielectrics possibly due
to interfacial effects between the polymer, polyimide, and SiO,
hampering charge injection. Because of this, we only present
parallel and perpendicular transistors for the highest mobility
polymer, P2F—C11—BO. The significant anisotropy in carrier
mobility for P2F—C11-BO indicates effective alignment of the
polymer chains between the transistor channels. This result
shows how liquid crystalline semiconductors can be aligned
using simple and facile techniques to provide macroscopic
morphologies that are well suited for OFETs, and provide
direct pathways for charge carriers throughout the material.

B CONCLUSIONS

Side chain branch point location affords critical control over
the structure, processing, and electronic properties of semi-
conducting polymers consisting of regioregular (4,4-dialkyl-
4H-cyclopenta[ 1,2-b:5,4-b°]dithiophene and S5-fluorobenzo-
[2,1,3]thiadizacle donor and acceptor units (P2F). Classically,
P2F copolymers polymers have shown high mobility but poor
solubility and poor control over crystalline fraction, unit cell,
and orientation. Liquid crystalline mesophases arising from
branched side chains in these polymers exhibit favorable
control over crystalline fraction and orientation but possess a
unit cell having a large 7-stacking distance, ultimately resulting
in materials with low charge carrier mobility. We synthesized
novel side chains that maintain lyotropic liquid crystalline
mesophases and gain control over both the orientation of
crystalline fraction and the unit cell, specifically the z-stacking
distance. When the the branch point is moved further from the
conjugated backbone, the lyotropic liquid crystalline behavior
is retained as observed by UV—vis and POM, while GIWAXS
shows the z-stacking distance is decreased. This results in
higher charge carrier mobility, reaching a maximum in the
unaligned case of 0.41 cm®* V™' s7!. These liquid crystalline
materials can be aligned using a polymer alignment layer on
the dielectric. This operationally simple equilibrium coating
process results in significant anisotropy in the carrier mobility
and an improvement on the unaligned OFETs, showing how
we can take advantage of our liquid crystalline mesophases to

control unit cell and macroscale structures and allow for
further increases in carrier mobility.

B EXPERIMENTAL SECTION

Materials. 4H-Cyclopenta[1,2-b:5,4-b’]dithiophene was synthe-
sized from 4H-cyclopenta[1,2-b:5,4-b']dithiophen-4-one (purchased
from Ark Pharm Inc.) according to literature procedures.50 2-
Butyoctyl bromide was prepared from 2-butyloctanol according to
literature procedures.’” n-Butyllithium was titrated with salicylalde-
hyde—phenylhydrazone immediately before use.”® All other reagents
were purchased from Sigma-Aldrich and used as received. All solvents
were purchased from Sigma-Aldrich, dried, degassed, and stored over
molecular sieves under a nitrogen atmosphere prior to use. Polyimide
precursor solution was purchased from Sigma-Aldrich (poly(3,3’,4,4'-
benzophenonetetracarboxylic dianhydride-co-4,4’-oxidianiline/1,3-
phenylenediamine), amic acid solution, electronic grade) and diluted
to 1 wt % using NMP. FBT—C1—BO, FBT—C3—BO, FBT—C4—BO,
FBT—C5-BO, and FBT—C11—BO were synthesized using analogous
adapted literature procedures,*>® described in detail in the
Supporting Information.

Instrumentation and Methods. Microwave reactions were
performed using a Biotage microwave reactor in a mixture of dry,
degassed xylenes and dimethylformamide using procedures outlined
in the Supporting Information. Nuclear magnetic resonance (NMR)
spectra were obtained on Varian 600 MHz spectrometer. Gel
permeation chromatography (GPC) was performed in chloroform
(CHCl;) on a Waters 2690 separation module equipped with a
Waters 2414 refractive index detector. Molecular weights were
calculated relative to narrow PS standards. DSC was conducted on a
PerkinElmer DSC 8000 outfitted with a liquid nitrogen cooling
module. Polarized optical microscopy was conducted with a Olympus
BXS1 microscope outfitted with a Linkam THMS600 temperature-
controlled stage. All polymer films and solutions were imaged while
sandwiched between glass microscope slides. UV—vis spectra were
collected at a concentration of 0.2 mg/mL using a Shimadzu 3600
UV—vis—NIR spectrometer outfitted with a heated sample stage.
Dynamic light scattering was performed using a Viscotek 802 DLS
with a 60 mW, 825 nm laser light source at a concentration of 0.5 mg/
mL. Grazing incidence wide-angle X-ray scattering was conducted on
beamline 7.3.3 at the Advanced Light Source (ALS). Silver behenate
was used as a calibration for the beam center and sample-to-detector
distance. 2D GIWAXS scattering images were collected using a Pilatus
2M area detector at an incidence angle of 0.15°. The samples were
kept under a helium environment during X-ray exposure to minimize
sample degradation and scattering from oxygen. The collected data
were processed using Nika, a 2D data reduction macro on IgorPro
using established procedures. 1D profiles along the in-plane direction
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were created by plotting intensities along line cuts near g,,= 0. Thin
films for GIWAXS were spin coated onto silicon wafers from a 10 mg/
mL solution of the indicated solvent for 60 s at 1500 rpm.
Ellipsometry was conducted using a J.A. William alpha se
ellipsometer.

Transistor Fabrication and Testing. Highly doped silicon was
used as the gate contact with a 300 nm silicon dioxide layer as the
dielectric. Source and drain contacts (5 nm Ni/50 nm Au) were
deposited using standard two-step photolithography. Before polymer
deposition, the substrates were cleaned by sonication in acetone and
isopropanol for 3 min each and were then dried in an oven under
ambient atmosphere at 120 °C for 20 min. The substrates were
treated with UV—0Oj; for 20 min. Subsequently, the substrates were
then passivated using decyltrichlorosilane (from Gelest Chemicals)
from a 0.2 vol % solution in toluene at 80 °C for 25 min. PCDTPT
solutions were drop cast onto the substrates at 7 mg/mL. The final
device architecture (from bottom to top) for these bottom gate,
bottom contact OFETs was Si (500 um)/DTS-treated SiO, (300
nm)/Ni (5 nm)/Au (50 nm)/blend layer. For top contact devices, Au
contacts were evaporated through a metal shadow mask atop the
polymer semiconductor.

The mobility of blend devices was obtained by fitting the following
equation to the saturation regime transfer characteristics: IDS = (W/
2L)Cu(Vgg — V)%, where W is the channel width (1 or 2 mm), L is
the channel length (80 or 160 um), C, is the gate dielectric layer
capacitance per unit area (10 and 11.5 nF/cm?), Vg is the gate
voltage, Vy;, is the threshold voltage, and Ipg is the source-drain
voltage. Devices were measured under nitrogen in a glovebox using a
Signatone 1160 probe station and Keithley 4200 semiconductor
parametric analyzer. Mobility values were calculated from a gate
voltage range of —30 to —50 V at a source-drain voltage of —80 V.

Aligned Transistor Fabrication. We fabricated bottom gate, top
contact devices by spin coating a 1% polyimide precursor onto a
substrate from NMP at 1000 rpm for S min, followed by baking at 200
°C for 3 h to achieve a 20 nm thick layer of polyimide as determined
using ellipsometry. Substrates were glass for POM imaging, or for
transistors highly doped silicon was used as the gate contact with a
300 nm silicon dioxide layer as the dielectric. The polyimide was
rubbed using a velvet cloth at 5 g/cm? for a distance of 150 cm by
placing a weight on top of the substrate of known surface area and
dragging it across the cloth for the desired distance. P2F—C10—BO
was drop cast on the polyimide from chlorobenzene at 1 mg/mL and
allowed to dry under saturated chlorobenzene atmosphere at 25 °C.
Source and drain contacts (30 nm Au) were deposited using vacuum
evaporation, and the substrates were annealed at 200 °C for 8 min
prior to testing. The transistor mobility was measured in an identical
manner as described above having a channel length of 80 or 160 ym.
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