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ABSTRACT: This study focuses on the microstructural modifications of regioregular poly(3-hexyl-
thiophene) (rr-P3HT) in the small active channel of thin-film transistors (TFTs) during operations. Polarized
absorption and micro-Raman spectroscopy analyses allow us to probe directly the conformation transitions
of rr-P3HT chains parallel or perpendicular to the channel by means of exciton bandwidth, interchain
electronic coupling, and effective conjugation length. The results of absorption spectra and a joint
experimental—theoretical study of Raman spectra show that an external source-to-drain electric field can
align rr-P3HT chains parallel to the channel, improving electrical performance after long-term operations,
especially charge transport properties. In comparison, the applied external gate field induced an increase in
amorphous fraction of the rr-P3HT films. After the analysis, we propose a chain rearrangement model driven
by an external electric field to interpret the changes of the effective conjugation length of rr-P3HT, rather than
thermal annealing. Our observations provide a thorough explanation for the previously unknown relation-
ships of structure—electronic properties under the extended operations of polymer TFT devices.

Introduction

Conjugated polymeric semiconductor-based thin-film devices
have become a topic of great interest due to their potential
applications for flexible, lightweight, scalable, and low-cost
microelectronic and optoelectronic devices. A large number of
polymeric semiconductors have now demonstrdted performance
(i.e., field-effect mobility above 0.1 cm?/(V s)), which makes them
apphcable in thin-film transistor (TFTs) technologies.'* In recent
years, significant effort has been devoted to understanding the
fundamental relationships between the electrical characteristics
of TFTs and structural properties (from microscopic electronic
structure to solid-state microstructure) of polymeric semi-
conductors.!'? To date, however, there is little known about
the impact of the application of the external electric field and
long-term operations on the above-mentioned structural proper-
ties of polymeric semiconductors and, thus, electrical properties
and the stability of polymeric TFT devices."* With strict reli-
ability and lifetime requirements, the organic/polymeric devices
are progressing to commercial applications greatly. It is impor-
tant to perceive the variation in the molecular properties and
device characteristics from long-term operations.

During device operations, the application of the external
electric field can have significant effects on charge transport
behaviors and electrical characteristics of organic TFTs.® For
disordered polymer semiconductors, the field dependence mobi-
lity generally obeys a Poole—Frenkel behavior, in Wthh the
charge mobility increases at high fields in the range of 10*—10° V/
cm.' From the viewpoint of molecular properties, the presence
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of an external electric field influences the wave function and leads
to induced dipole, quadrupole, etc., moments, thus making the
molecular orbitals no longer optimal in the vibrational sense.'®
Concerning the operational stability of polymeric devices,"'#~°
many researchers have reported that bias-stress-induced instabil-
ity (in general, threshold voltage (Vy,) shift) leads to device
degradation in terms of electrical characteristics and, thus, TFT
performance. Therefore, it is generally accepted that the applica-
tion of large electric fields alters the semiconductor properties of
the organic materials due to the generation of defects and gap
states and the trapping of charges.?'** These effects are more
pronounced in the presence of moisture and/or oxygen than when
the device is operated in a vacuum or in dry air." On the contrary,
several research groups have observed almost unchanged mobi-
lity of polymer-based TFTs after bias-stress and/or long-term
operations.'*!>172%2% However, the physical origins of such
observations are not clear due to the complex microstructure of
polymer films, which in many cases cannot be fully characterized
by conventional diffraction and microscopy techniques. In our
previous studies, in situ micro-Raman spectroscopy has been
proven to directly probe the molecular properties of organic
semiconductors, e.g., pentacene, within the small active channel
of TFTs during operations.”* Recently, we have found that
applied external electric fields alter the molecular geometry and
induce irreversible structural phase transitions of pentacene in a
TFT’s channel, explaining the improved electrical properties
(especially charge transport properties) that develop under ex-
tended operation.”® To the best of our knowledge, a systematic
study involving the change in molecular properties and micro-
structure of conjugated polymers during long-term operations of
TFTsis still missing. The aim of this paper is to report on such an
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investigation. For real applications, the stability and reliability of
TFTs are important key factors to realizing more complex
electronic and circuit applications. In particular, when the devices
are scaled down to nanoscale dimensions, the increase of the
electric field will have a profound impact on the above-mentioned
issues.

In this study, we report experimental observations of chain
conformation and microstructural modifications of regioregular
poly(3-hexylthiophene) (rr-P3HT) in the active channel of TFTs
after long-term operations by using polarized absorption and
micro-Raman spectroscopy. For application in polymer TFT
technologies, rr-P3HT attracts attention due to its great charge
mobility (above 0.1 cm?/(V s))."*°~® After extended operations
of rr-P3HT-based TFTs, we observed a surprising improvement
of electrical performance. Polarized spectroscopy analyses
allowed us to directly probe the conformation changes of
rr-P3HT chains that are parallel (denoted as X-direction) or
perpendicular (denoted as Y-direction) to the active channel of
TFT. Absorption spectroscopy has provided a powerful tool for
determining the exciton bandwidth (1), interchain electronic
coupling (J), and thus the effective conjugation length (L) of
conjugated polymers.'*'*>?%?7 Consequently, the Leg of rr-P3HT
chains in TFTs before and after extended operations can be
compared. A joint experimental—theoretical study on the Raman
spectra also provided a method for detecting the extension of the
Leg and the microstructural homogeneity of conjugated poly-
mers. After the analysis, electric-field-induced intrachain order
enhancements of rr-P3HT chains could be interpreted as per-
forming well according to the analysis of absorption and Raman
spectroscopy and our proposed structural model. Additionally,
the impact of_ the source-to-drain electric field (Egsp), gate
electric field (Eg), and thermal heating effects on structural
changes of the rr-P3HT films during device operations were also
examined.

Experimental Section

Sample Preparation. The TFT substrate with prefabricated
indium—tin oxide (ITO) as the gate and source/drain electrodes
and a conventional silicon dioxide (SiO,) as gate dielectric used
in the experiments have been described previously.?> Before
deposition of rr-P3HT films, the TFT substrate was treated with
oxygen plasma (Drytek MS6 Plasma Etcher Mega Strip 6).
Then, the TFT substrate was transferred into a glovebox under a
nitrogen atmosphere, and the following procedures were carried
out. The rr-P3HT (M, of 87000 g/mol, 98.5% regioregular,
Aldrich) films with a typical thickness of 60—70 nm were spin-
coated from a 0.3 wt % anhydrous p-xylene solution (spinning
speed 2000 rpm and spinning time 30 s) and baked at 120 °C for
2 h. The obtained rr-P3HT film was referred to as the “initial
film”. For reference purposes only, the following rr-P3HT films
(or TFT devices) were also made from different experimental
conditions. For the annealing test, the initial films were further
annealed at 150 °C for 24 h in a vacuum, and the film was
referred to as the “annealed film”. For the thick film-based
TFETs, the rr-P3HT films with a thickness of ca. 200 nm were
spin-coated from a 0.3 wt % anhydrous p-xylene solution
(spinning speed 500 rpm and spinning time 30 s) and baked at
120 °C for 2 h and called a “thick film” (or “thick device™). The
thicknesses of the polymer films were determined by an Alpha-
step (Tencor Instruments, Alpha-step 1Q).

Device Characterization. The electrical characteristics of
TFTs were measured by a Keithley 4200-SCS semiconductor
parameter analyzer in a dark glovebox under a nitrogen atmo-
sphere. The TFT characteristics were measured in a cyclic
procedure. We defined a “full scan” as the following measure-
ment procedures: (1) the output characteristics [drain current
(Ips)—drain voltage (Vps)] were first measured, in which Vpg
went from 0 V scan to —80 V at a different gate voltage (Vgs),
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Figure 1. Schematic diagram of the TFT configuration used in this
study and polarized spectra measurements setup. X- and Y-directions
are defined as parallel and perpendicular to the active channel of TFT,
respectively. Inset: self-assembled lamellar-like crystal orientations of
rr-P3HT.

from 0 V to —80 V with a step of —10 V; (2) the transfer curves
(Ips— Vgs) were measured, in which Vgg from +40 V scan to
—80 V atadifferent Vpg from 0to —80 V withastepof —10 V. In
the linear regime, the field-effect mobility (u;;,,) can be calculated
from transconductance'>®

3lps wc,;
F) VGS Hiin V' DS ( )

L
Vps =const

&m

where C; is the gate capacitance and W/L is the ratio of the
channel width to channel length. In the saturation regime when
Vbs > Vags, the saturated field-effect mobility (us,) can be
calculated by fitting the following TFT model equation™

Ips = %/"sat(VGs —V)? 2

Analytical Methods. The absorption spectra of rr-P3HT films
were produced by a GBC Cintra 202 spectrometer with a scan
rate of 1000 nm/min. The spectrophotometer resolution was
below 0.9 nm. At least three absorption spectra were recorded
on each sample. Micro-Raman spectra of rr-P3HT films, pro-
duced by lattice phonons, were obtained using a Jobin Yvon
LabRam HR spectrometer. A 532 nm solid state laser and a
633 nm He—Ne laser served as the excitation light source and
were kept below 0.5 mW to prevent thermal damage of the rr-
P3HT film. The spatial resolution of the beam spot was around
1 um, obtained using a 100x objective microscope lens. The
spectrometer resolutions are within 0.4 and 0.2 cm™ ! for 532 and
633 nm excitation lines, respectively. Every Raman spectrum
was taken an average of 10 spectra, and at least three spectra
were measured for each sample. Polarized Raman measurement
is always perpendicular to the substrate, and the incident and
detected light are always parallel to each other.

Quantum Chemical Calculations. The Gaussian 03 program®
was used to perform the density functional theory (DFT)
calculations. The geometry optimizations and vibrational fre-
quency calculations of oligo(thiophene)s with thiophene units
up to 14 were performed by using DFT at the B3LYP?/
6-31G(d) level of theory. All geometry optimizations were
performed using direct inversion in the iterative subspace
(GDIIS) method with tight convergence criteria. The geometries
are constrained to C,;, symmetry if n is even and C,, symmetry if
n is odd; thus, the planar conformation of the backbone can be
ensured.

Results and Discussion

Electrical Properties. This study used a bottom-gate
TFT structure with comb bottom-contact ITO source/drain
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Figure 2. Typical electrical characteristics of rr-P3HT-based TFTs (L/W = 10 um/20 mm) before and after long-term operations. (a) Output curves at
the selected effective gate bias (Vgs' = Vgs — V). The thin lines indicate the device at the initial state. After long-term operations, the device then
performed a “full scan” nine times for 9 h, and the curves within the fill area indicate the observed curves at selected Vg . (b) Linear and (c) saturated
transfer curves, respectively. Symbols: (M) initial state, (@) after first time, and (A) after second time of 4 h continuous operations, respectively, and (¥)
after second round of continuous operations and then after nine full scans for 9 h. (d) Comparison of first-time and second-time output current curves as

a function of time.

electrodes on a glass substrate as a testing device (Figure 1).
Such a transparent TFT substrate provides convenience for
measuring directly the spectroscopic properties of rr-P3HT
films within the channel. Moreover, the ITO electrode-based
devices were very durable and suitable for long-term con-
tinuous operations.? In addition, oxygen plasma treatment
was carried out on the TFT substrate to reduce the surface
trap states of SiO, and improve the wetting of the rr-P3HT
solutions. Consequently, the impact of operations on the
chain conformations and molecular properties of rr-P3HT
can be seen after a long-term operation of polymer-based
TFTs. The rr-P3HT active layer on the SiO, surface®’*
consists of a [100] peak at 5.4° 26 that confirms that polymer
backbones self-organize into a lamellar supramolecular
structure (Figure 1, right panel) with an interlamellar pack-
ing distance of 16.4 A.*

The present rr-P3HT devices exhibited good electrical
properties with ug of ca. 5 x 1073=3 x 1072 cm?/(V s)
and an on/off current ratio more than 10° in our testing
channel dimensions. The field-effect mobility depended on
the channel dimensions; therefore, the comparison of field-
effect mobility should be done at the same channel dimen-
sions. The electrical characteristics of the rr-P3HT devices
obtained in this study were comparable with previous studies
by other researchers also using p-xylene as a solvent.”®
First, rr-P3HT TFTs with L/ W of 10/20 yum/mm were tested
and performed long-term continuous operations. The initial
typical output and transfer characteristics are shown in
Figure 2. The device showed the ug, of 6.0 x 1073 sz/
(V s). Then, the device was operated continuously at Vgs =
Vps=—40V for 4 h, and the Ipg as a function of time was
recorded in Figure 2d. Such Ipg decay behavior in organic
TFT devices has been explained bly a %ate-bias stress effect
and charge trapping mechanisms.'*!>1820 After the opera-
tions, a “full scan” per hour measurement was performed on
the same device. Then, there was a rest break of 1 h to reduce
the effects from the transient trap state. After the first round
of continuous operations, the device showed improved out-
put (Figure 2a) and transfer electrical characteristics
(Figure 2b,c) such as larger Ipg, higher mobility, and a
sharper subthreshold swing (SS) behavior. Next, the device
was operated nine times at “full scan” for 9 h; the corre-
sponding output curves are shown in Figure 2a, and the g,
recorded is shown in Figure 3. After 10 h, the device was
operated continuously at Vgs= Vps=—40V for another 4 h,
and the Ipg as a function of time was recorded as a trace
“second” (Figure 2d). After the operations, the device still
showed higher Ipg curves (Figure 2a), improved mobility
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Figure 3. Recorded saturated field-effect mobilities (g, at Vps of —80
V) as a function of experimental time. The arrows indicate that the
devices were performing 4 h of continuous operation at Vpg = Vgs =
—40 V. The incremental amounts for ug, after continuous operation
were also shown. The channel length of the devices: (H) 30 um; (®) 10
um. The devices have the same channel width of 20 mm.

(Figure 3), and sharper SS behavior (Figure 2b,c) than that
of the initial state. After additional prolonged storage, the
device continued to work properly.

Similar experiments of rr-P3HT TFTs with different
channel lengths also were conducted, and as a result, we
found analogous behavior. For comparison, the ug, re-
corded as a function of time for the device with L/W of 30/
20 um/mm is shown in Figure 3. Our experimental results
show a high level of replication based on the use of many
devices with various channel dimensions. Obviously, pre-
vious arguments do not provide a thorough explanation for
the improved electrical characteristics of the present poly-
meric TFTs upon prolonged operation."'*~% In some cases
of polymeric TFTs, gate bias-stress-induced instability has
been found to be reversible and having no significant degra-
dation."*!>'7-1® These results suggest that polymeric TFTs
can exhibit device stability and reliability. Then, we used the
polarized absorption and micro-Raman spectra to trace the
polymer chain conformation changes within the channel,
justifying the improved electrical properties.

Optical Absorption Properties. Figure 4 displays the po-
larized absorption spectra of rr-P3HT films within the active
channel before and after long-term operations.** The rr-
P3HT films show an absorption maximum (4,,,) at 556 nm
(assigned as A; band). After long-term operations, striking
differences were found in the spectra in the films in the X- and
Y-directions, especially in a shoulder at 602 nm (assigned as
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Figure 4. Polarized absorption spectra of the rr-P3HT films within
different channel lengths of TFTs before (denoted by 1) and after
(denoted by 2) long-term operations. (a) Parallel (denoted by X) and
(b) perpendicular (denoted by Y) to the active channel of TFTs.
(¢c) Comparison of the spectra of the initial films, annealed films
(denoted by 3), and the operated films. The numbers in parentheses
are the channel length of TFTs. The dashed lines serve as guidelines.

Ay band) and the absorption in the wavelength lower than
540 nm. Previously, the Ay band has been proven related to
the long-range ordered structure; the intensity increases with
a higher degree of crystallinity.*>® On the other hand,
experimental results and theoretical predictions have sug-
gested that the measured absorption for wavelengths lower
than 540 nm is due to the chains with short L., i.e., more
distorted segments, from the amorphous region.?’ In long-
term operations, the rr-P3HT in a 10 um channel showed a
Amax at 560 nm, which is 4 nm red-shifted compared to the
initial state; the Ay band becomes stronger, but the relative
intensities at a shorter wavelength (< 540 nm) are decreased
when compared to those in the initial state in the X- and
Y-directions. Consequently, we found that the amorphous
portion of polymeric film can be transformed into a crystal-
line portion during device operations.

According to recent theoretrcal calculations based on an
H-aggregate model,'*?® the magnitude of the W of rr-P3HT
can be estimated from the absorbance intensity ratio of the
Ao and A; bands by using the following expression

A0N< 1 —0.24W /E, > o)

A, \1+0.073W/E,

where E, is the energy of the main intramolecular vibration
coupled to the electronic transition. Using E, of 0.18 eV
(C=C stretching vibration in the thlophene rmg) and the
experimental absorbance ratio shown in Figure 4, the esti-
mated values of W are listed in Table 1. For the initial films,
the average value of W was ~76 meV with a standard
variation of 5meV based on at least 10 specimens. Moreover,
the initial rr-P3HT films displayed similar W values in the
X- and Y-directions, suggesting an isotropic structural fea-
ture. However, after long-term operations, the rr-P3HT
films displayed smaller W, especially in the X-direction.
Quantum-chemical calculations have shown that increasing
the L. of conjugated polymers reduces the J,*7 decreasing
the value of W (W =4J for free exciton bandwidth) when the
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Table 1. Comparison of the Absorption Maximum (4,,,.), Exciton
Bandwidth (W), Interchain Electronic Coupling (J/), and Relative
Effective Conjugation Length (L) of rr-P3HT in the Active Channel
of TFTs before and after Long-Term Operations

channel
length  operation measured — Apax

(um)  conditions direction® (nm) W (meV) J(meV) Ly

10 before X 556 73.2 18.3 1.00
Y 556 74.3 18.6 0.99

after X 560 31.1 7.8 1.68

Y 559 45.7 11.4 1.36

30 before X 556 75.3 18.8 1.00
Y 556 76.0 19.0 0.99

after X 557 48.0 12.0 1.28

Y 556 63.3 15.8 1.10

“ X and Y denoted as the directions that parallel and perpendicular to
the active channel of TFTs, respectively.

Legris longer than the intermolecular separation. Therefore,
it was expected that the L. in the initial films (with W ~ 76
meV) would be larger than 20—30 monomers according to
recent theoretical predictions.”’*® For example, Clark
et al.”” observed that the rr-P3HT film made from chloro-
form solution has a W value of ~120 meV. They suggested
that a corresponding L. would have 20—30 monomers
based on Zerner’s intermediate neglect of differential overlap
(ZINDO) method. Here, the present rr-P3HT film has a
smaller W value than the chloroform film, suggesting a
longer Leg. Using Barford’s model,* the reldtlve Legr could
be estimated with scaling relations: J ~ Loy '8 for parallel
conjugated chains, just as in the rr-P3HT case. We assumed
that the L.y of the initial film in the X-direction before
operations equals unity, L.gs= 1 (one). The estimated relative
L.grvalues are listed in Table 1. In the X-direction the L.shad
a larger improvement than the Y-direction in both devices
with L of 10 and 30 um, indicating the anisotropic structural
properties. By combining Spino’s model and Barford’s
equation, it could mean that it is difficult to cause a further
increase of the Ay band intensity when L. is gradually
extended (also see Supporting Information Figure S1). In
other words, when the Ay/A; value is high (e.g., larger than
0.8), a slight increase of Ay/4; value implies the largely
extended L.y Meanwhile, a considerable narrowing of the
spectrum shape and a red shift of 4, band suggest that the
extent of the conjugation of rr-P3HT is more homogeneous.
It is well-known that TFT devices will undergo thermal
self-heating when operated at high voltage and high current,
especially on a thermally insulating substrate, e.g., glass
substrate. Previous reports on Si-based TFTs found that
the self-heating effect causes the unsaturated Ipg in the
output curve and/or device performance degradation.*
Chabinyc et al.*' examined the self-heating effects on the
electrical characteristics of polymer-based, i.e., regioregular
poly[5,5'-bis(3-dodecyl-2-thienyl)-2,2’-bithiophene], TFTs.
They suggested that the self-heating cannot completely ex-
plain the rise in Ipg at high Vpg for polymer-based TFTs with
ashort channel. In Figure 2a, the output curves of the present
rr-P3HT TFTs do not show a considerable unsaturated
phenomenon even after long-term operations. Therefore,
we conclude that the self-heating effect does not have a
serious impact on the electrical characteristics of the rr-
P3HT-based TFTs. However, the thermal energy generated
from long-term operations of TFTs may provide a possible
method of inducing structural changes of rr-P3HT films.
Therefore, we conducted complementary annealing experi-
ments (150 °C for more than 24 h) for the initial rr-P3HT
film. The absorption spectra are shown in Figure 4c; the
increment of L.y was smaller than 10% in the X- and
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Figure 5. Comparison of polarized micro-Raman spectra of the rr-P3HT films within the active channel of TFTs (L/W = 10 um/20 mm) before
(denoted by 1) and after (denoted by 2) long-term operations: (a) Aexe = 532 nm; (b) Aexe = 633 nm. The X- and Y-directions are parallel and
perpendicular to the channel, respectively. The solid curves represent the best fit with a Gaussian/Lorentzian function, while the thin lines to the
experimental data. Traces DX and DY are obtained by subtracting 1X from 2X and 1Y from 2Y, respectively. Trace DX—DY is obtained by
subtracting the DY from DX. The dashed lines serve as guidelines. [Note: the best-fit spectra were used to obtain the difference spectra.]
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Figure 6. DFT calculated frequencies (left axes) and Raman activity
(right axes) of the strongest symmetric C,—Cjp stretching (v;) band
versus the reciprocal of the number of thiophene units (1/r) for oligo-
(thiophene)s. The dashed and dotted lines are fitted to a linear and an
exponential decay law, respectively.

Y-directions. The initial films were annealed at 120 °C for 2 h
before running any test, making the films very stable and
reliable. Obviously, simply thermal effects would not allow
the rr-P3HT chains to reorganize and therefore increased Legp
significantly and led to anisotropic structural changes of the
initial films. In summary, we believe that the electric field
applied during device operations may dominate the increases
in Legr of rr-P3HT films.

Raman Spectroscopy. The increased L is confirmed by
joint polarized micro-Raman spectroscopic measurements
(Figure 5) and DFT vibrational analysis (Figure 6). We
focused on the vibrational modes coupled to the electronic
transition at the region of 1350—1500 cm” !, that is, the most
intense symmetric C,—Cp stretching deformation (~1448
cm™ !, denoted as v, band) and Cp—Cg stretching deforma-
tions (ca. 1380 cm !, denoted as v, band) exist in the
aromatic thiophene ring.*?

The Raman spectra of the initial film in the X- and Y-
directions showed the same spectrum shape, e.g., similar
center frequency and half-width () of the v; and v, bands,
even using different laser sources (532 and 633 nm), as shown
in Figure 5. However, the peak center frequency of the v; and
v, bands depends on the excitation energy. When we used a
532 nm excitation line with the wavelength located at the
disorder/order (amorphous/crystalline) crossover regime,

the peak centers of the v; and v, bands are located at
1447.8 and 1380.1 cm™ ', respectively. In contrast, the peak
centers downshift to ca. 1444.3 and 1379.2 cm ™' by 3.5 and
0.9cm™ !, respectively, for the v; and v, bands when using a
633 nm laser. A 633 nm laser with energy was located at the
red edge of absorption; therefore, an enhancement of the
Raman band feature related to the ordered structures was
observed. The downshift of Raman lines can be interpreted
with a theoretical vibrational analysis of oligo(thiophene)s
(nT) with a different number of thiophene rings (7). Figure 6
shows a good linear curve of the frequency of the v; band
against the reciprocal of the n. Therefore, the v; band down-
shifts by 3.5cm ', indicating the greater contribution of long
conjugation segment vibrations in the film. The results are
consistent with early studies on aromatic ring vibrations in
the m-conjugated polymer systems, e.g., poly(p-phenylene
vinlylene)** and polythiophenes,** where the increasing Leg
causes the Raman lines to downshift. Consequently, the 532
and 633 nm excitation lines allow us to obtain the structural
information related to the chains in the disordered
(amorphous) and highly ordered (crystalline) regions, re-
spectively. (Note: when using a 633 nm excitation line, the
relative weak Raman signals, i.e., slightly enlarged noise, of
the films were due to low resonance with electronic transi-
tions and low laser power which aim to minimum thermal
damage to rr-P3HT films.)

The results of long-term operations on the X- and Y-
directions of the Raman spectra from the rr-P3HT films are
shown in Figure 5. Using a 532 nm laser (see Figure 5a), we
observe a slight downshift of the v; and v, bands by 0.4 and
0.8 cm ™! in the X-direction (by 0.3 and 0.4 cm ™" in the Y-
direction), respectively, compared to the initial film. For the
initial rr-P3HT films, it is hard to cause a downshift of the
Raman bands (the standard derivations are smaller than 0.1
cm™).* The results suggested that the initial films have
stable structural properties with fine L.q Even after a
postannealing for more than 24 h at 150 °C to improve the
structural quality, the resulting downshifts of the v; band
were only 0.2 cm ™' in the X- and Y-directions (see Support-
ing Information Figure S2). Quantum-chemical calculations
(Figure 6, left axes) show that it becomes more difficult to
observe the frequency shift of the Raman line with the
increasing of L. In addition, we also observed an enhanced
Raman intensity of the films after long-term operations,
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especially in the X-direction. According to Figure 6 (right
axes), the increase of n, i.e., Legp, results in a rapid increase of
Raman activity of the v; band. Consequently, the increased
intensity (or integrated peak area) suggests an enhanced L
of rr-P3HT films in the X-direction more than the Y-direc-
tion, confirming the dnlSOtrOplC structural propertles (also
see the subtraction spectra in Figure 5a).** Furthermore,
using a 532 nm laser, we observed more reduction of ﬁ of the
Raman bands in the X-direction (30.9 and 11.9 cm ™' for v,
and v, bands respectively) than in the Y-direction (31.5 and
12.0 cm ™! for v; and v, bands, respectively) of the oFerated
film compared to the initial films (32.1 and 13.3 cm™ ', for v;
and v, bands, respectively).** After long-term operatlons the
reduced f of the Raman bands indicates more structural/
environmental homogeneity and better interchain order in
the disordered region. Considering the charge transport at
the microscopic level,® the reduced f in absorption and
resonance Raman spectra also suggest a lower vibrational
reorganization energy that benefits the charge transfer.*’

Next, we used a 633 nm excitation line to explore the
evolution of highly ordered structure in the films after long-
term operations (see Figure 5b). First, we observe an en-
larged downshift of the v, bands by 0.8 cm™' in the
X-direction after long-term operations when compared to
the 532 nm excited spectra (only 0.4 cm™'). In the Y-direc-
tion, however, the downshift of the v; bands was only
0.3 cm '. When watching the difference spectra in
Figure 5b (upper panel), a relatively low frequency peak of
the v, band at ca. 1436 and 1438 cm ™! (v, band at ca. 1376
and 1378 cm ™ ') was observed in the X- and Y-directions. As
in Figure Sa (upper panel), we observe an increased intensity
in the X-direction. This observation provided strong evi-
dence that the structural qualities in the X-direction are
superior to those in the Y-direction after long-term opera-
tions (also see the trace DX—DY in the upper panel of
Figure 5b). Furthermore, the above-mentioned observations
were also supported by the difference spectra, which ob-
tained by subtracting the normalized spectra (intensity of
strongest peak normalized to 1.0) of the operated film from
the initial film (see Supporting Information Figure S3). In
comparison, no clear anisotropic signal in Raman spectro-
scopy was detected for the initial and annealed films (see
Supporting Information Figure S2).

Electric Field Effects. The effects of E sp and E G on rr-
P3HT structural changes in TFT devices were examined by
applying drain bias or gate bias for a period of time. The
results of absorption spectra of the rr-P3HT films are shown
in Figure 7. In this figure, the changes of the correspond-
ing spectra are easily observed, even when only applying the
E sp (Figure 7a) or E g (Figure 7b). When only applying the
E sp, the observed changes in the absorption spectra are very

similar to the data observed after long-term operations. The
results are summarized as follows: (1) the intensity of the 4
band increased, (2) the absorption peak maximum (A4.x)
and the onset of absorption onset show red shifts, and (3)
there was a significant decreased absorbance in wavelengths
lower than 540 nm. In the X-direction, we observe a more
pronounced behavior than in the Y-direction. Taking the W
value (shown in Figure 7a) and assuming L. of the initial
film was one, the calculated L.y was 2.17 and 1.15 in the
X- and Y-directions, respectively. We observed a large
increment of L.y in the direction parallel to the E gp field
as compared to that of the device operating in the saturation
regime for a long time (see Table 1). The results indicates that
the E gp field dominates the increase in L.y and produces
anisotropic structural properties of rr-P3HT films.

On the contrary, only applying the E g to the rr-P3HT
film, the absorption spectra exhibit an opposite tendency
(Figure 7b); the intensity of the 4, band decreased, there was
a considerable increase in absorbance in wavelengths lower
than 540 nm, and a blue shift of A4, in_the X- and
Y-directions. The results suggested that the E s field will
reduce the extent of conjugation and the L. of chains and
then increase the disorder/amorphous portion in the films. In
Figure 7b, we observe a reduction in L after the operations
by a factor of approximately 30—40%. After repeating the
experiment many times, we could not see clear anisotropic
structural properties induced by the Es field. Such
E g-driven structural changes of rr-P3HT films in the active
channel could be verified further with Raman spectroscopic
studies, as shown in Figure 8. Here we used a 633 nm
excitation line to monitor the structural variations of the
films, particular in_the highly ordered/crystalline region.
After applying the E g field for a while, the rr-P3HT films
show a significant decrease in Raman intensity (also see trace
DX and DY in Figure 8), and the v; and vy bands are shifted
slightly to a higher frequency by approximately 0.4—
0.7 cm™ ' in the X- and Y-directions. From the subtraction
spectra in Figure 8 (trace NDX), we observe that the relative
intensity of the low-frequency part (peak center at ca. 1432
cm~ ') was reduced, while the higher frequency part (peak
center at ca. 1449 cm™ ") was increased. This result also demon-
strates that the E g field would create structural defects in the
chains, reducing the L.y as observed by optical absorption
spectroscopy.

Structural Model. Figure 9 proposes a simple vector model
with electric field—dipole moment interaction to rationalize
the structural modifications of rr-P3HT films in the channel
of TFT devices during operations. Here, we assume that the
initial rr-P3HT chain has an intrinsic dipole moment P,
vector in the Cartesian coordinates and the dipole is along
the rr-P3HT backbones due to C—S—C polar bond in the
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fit spectra were used to obtain the difference spectra.]
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Figure 9. A simple vector model with electric field—dipole moment
interactions: (a) drain field (E sp) and (b) gate field (E ) effects.

thiophene ring. The vector Py’ is the vector projection of Py
on X— Y plane. From spectroscopic data, the rr-P3HT chains
have a random arrangement within the active channel of
TFT, leading to a homogeneous isotropic film. The magni-
tude of the X-component (Py,) and Y-component (Py,) of Py’
vector is nearly equivalent in the initial film (also see defini-
tions in Figure 9).

First, an E gp field was applied along the X-axis direction.
The interaction (l? between an electric field and the polymer
was expressed as®

= -E ZP cos 0; (4)

where P; is the dipole moment of the jth bond and 6, is the
angle between of the direction of the P; and the ﬁeld direc-
tion. There is a tendency for the molecules to align them-
selves with their dipole axes in the direction along the applied
field; therefore, induced orientation polarization is pro-
duced. Equation 4 indicates that polarization of a polymer
in an field occurs by chain subunits tending to align their
dipolar and highly polarizable bonds with the field direction.
In addition to the Py, the extra dipole moment can be induced
by the field and the charge motion along the polymer chain
(i.e., current passing the polymer chain) can induce a dipole
moment. The U should be large and have the capability to
push the distorted segments into more planarized conjuga-
tion segments, and therefore, the resulting dipole moment
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Pp (and Pp) would be larger than the Py (and Py') (note: Pp’
as the vector projection of Pp on x—y plane; see Figure 9a).
DFT calculations of dipole moment of oligo(thiophene)s
also support the observations in which the P, increased with
the increasing n, e.g., Py =0.41,0.81, and 1.40 D forn=4, 8,
and 14, respectively. A dipole should align itself with an field
and lead Pp toward the X-axis. The magnitude of X-compo-
nent (Pp,) is larger than the Y-component (Pp,). Mean-
while, the Pp, and Pp, are both larger than the Py, and Py,
as 111ustrated in Figure 9a. The model provides a reasonable
explanation for increased L.g in the X- and Y-directions.
Additionally, thermal self-heating from TFT’s operations
can cause the self-organization of polymer chains and lead to
a slight increase of L.gr in the X- and Y-directions (also see
Figure 4c). The self-heating effect may be one way to cause
the increased L. in the Y-direction. Unfortunately, the
effects of electric field and self-heating on structural changes
of the rr-P3HT films could not be separated clearly during
TFT’s operations. However, we believe that the self-heating
will increase the degree of polymer chain vibration due to
increased input of thermal energy, thus speeding up rearran-
gement of the polymer chains under the field. Supporting
this, Sugita and Tasaka®’ have shown that polymer chain
conformation changed from a randomly coiled state to an
oriented state due to the field—dipole interaction in the melt
state. Kakade et al.*® recently reported that an electric field
used to macroscopically align polymer nanofibers can also
align polymer chains parallel to the fiber axis.

On the basis of the proposed model, the E gp effects are
much more pronounced when the device has a smaller
channel and/or is operated in the high field (i.e., saturation
regime). Such electric-field-induced conformational changes
in rr-P3HT are irreversible processes, and the induced dipole
moment of a polymer in an electric field is proportional to the
strength of the field. The E gp strength in the 10 xm channel is
3 times that of the 30 #m channel; we also observed a similar
amount of L (also see Table 1).

Next, we consider the effect of the E G field on structural
changes of rr-P3HT films as illustrated in Figure 9b. The
direction of the E g field was assumed to be along the Z-axes.
After the interaction between E g and Py, the resulted dipole
P would be toward the Z-axes and therefore lead to the
reduced magnitude of vector projection of P; on x—y plane
(P5'). The magnitude of the X-component (Pg,) and
Y-component (Pg,) of Pg' both are smaller than that of
Py, and P;,. Under ideal conditions, if the charge distribu-
tion induced by E g was uniform within the channel, Pg, and
Pg, should be approximately equal. On the other hand, if
any nonuniformity takes place in the charge distribution of
the active layer, this may induce a field along a specific
direction; therefore, Pg, and Pg, would be unequal. Con-
sequently, we observe a slight difference between the two
spectra in the X- and Y-directions (Figure 7b). From
the viewpoint of chain conformation, the reduced dipole
moment suggests a short Legrand an increase in the distorted
segments (or defect) in the conjugation chains. Therefore,
we saw an increased disorder/amorphous fraction in the film
as evidenced by the absorption and Raman spectroscopic
measurements.

When the rr-P3HT TFTs were operated in the saturation
regime (e.g., Vps = Vgs = —40 V), the magnitude of E gp
(e.g., 40 kV/em when L = 10 um) is relatively weaker
than that of the £ (e.g., >1 MV/cm if the thickness of
rr-P3HT is ~70 nm). However, after long-term operations,
we still observe a structural improvement of the rr-P3HT
films. Besides electric field, according to eq 4, the U also
depends on the p; and the angle 6,. On the rr-P3HT films
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relative effective conjugation length (L) is also shown.

grown on Si0,, we observed a [100] peak at ~5.37° 26 (also
see Figure 1),°'3? suggesting there would be more large
dipole moment components in the X—Y plane than along
the Z-axis (Py., also see Figure 9a) and the angle 6; between
the E g and P;would be larger than 45° (and even near 90°).
Furthermore, the charge transport direction in a TFT device
is parallel to the E sp, thus inducing a large dipole moment
along the Egp. This may be why the Esp dominates the
structural changes of rr-P3HT films rather than the E G field.

The impact of E gp and E G fields on the structural changes
can be checked further using the rr-P3HT active layer with
different thicknesses. For the thick film in the initial state, the
absorption spectrum (Figure 10a) showed a blue shift of
Amax and a reduced relative intensity of 4o band compared to
the thin film (Figure 10b) and therefore a larger value of W.
The results suggest the inferior structural properties with
short L. for the thick film. The observations are similar to
that done by Joshi et al.'! After long-term operations, we
observed a more pronounced structural improvement of the
thick device compared to a thin device. The phenomena now
can be attributed to the E g effect, which gradually decreases
as the polymer thickness increases. Therefore, polymer films
with lower thicknesses would have a large E g effect, dimin-
ishing the effect from the E gp field.

Discussion. Recently, several studies have suggested that
the intrachain order of polymer chains, i.e., the L.g, domi-
nates the mobility in rr-P3HT-based TFT devices rather than
in-plane s-stacking in some cases.”®!® More recently,
Grigorian and coauthors*® have shown that the reduced
m—am distance in rr-P3HT films (characterized by in-plane
grazing incidence X-ray scattering) does not lead to an
increase of mobility. Clark et al. reported an excellent
correlation between W obtained from the absorbance spec-
tra and the mobility, obtained from TFTs.'? Recently, we
also have observed that the larger the A4y/A4; absorbance
ratio, the higher the mobility in rr-P3HT TFTs made using
various solvents, including chloroform, toluene, p-xylene,
and TCB.*' In order to assess the negative effects from long-
term bias stress on the device’s characteristics, we used the
TCB®'? as a solvent to prepare rr-P3HT active film with a W/
value of ca. 55 meV (note: slightly larger than that of the
p-xylene device after extended operations). A comparison of
absorption spectra of rr-P3HT films made from p-xylene
(after long-term operations) and TCB (before device oper-
ation) also are provided in the Supporting Information
Figure S4. After long-term operations, the p-xylene film
shows a slight larger 4, intensity and narrower spectrum
width than the initial film spun from TCB, suggesting
improved microstructure modified by the electric field. The
Usar Of the fresh TCB device (without any previous oper-
ations) measured with L/ of 10/20 um/mm was ug, of

1.30 x 1072 cm?/(V s), which was larger than that of the
p-xylene dev1ce after long-term operations (i = 8.1 x 10~°
+2 x 10~ *cem?/(V s)). The results imply that this may be due
to the generation of negative effects of long-term bias stress
such as electronic defect/trap states and mobility de%rada-
tion, as previously suggested by other researchers.'!**! The
present study shows that the improved electrical properties
of polymer-based TFTs after long-term operations are due
to Egp-induced structural improvements of the rr-P3HT
active layer, while for the E g effect the disordered segments/
amorphous fraction is increased significantly and therefore is
unfavorable for charge transport. Consequently, we suggest
that the E g-induced structural disorder in polymer films
may provide an origin for the gate-bias stress-induced in-
stability of polymer-based TFTs. In this study, we focus on
the rr-P3HT films made from p-xylene solution. The same
observations are true for rr-P3HT films made from other
solutions, e.g., TCB and chloroform (see Supporting Infor-
mation Figures S5 and S6).

Conclusion

We have demonstrated that the intrachain order of rr-P3HT
chains can be enhanced by applying an electric field during the
operations of polymeric TFTs, especially with polymer back-
bones parallel to the Esp. The results of the analyses of the
polarized absorption and micro-Raman spectra indicated that
the disordered chains reorganize into extended chains with
improved homogeneity that are driven by E gp. The microstruc-
tural improvements observed in this study could provide a
reasonable explanation for increased charge mobility after
long-term operations. Using the electric field—dipole interaction
model, we can explain the evolution_of the conformation of the
polymer chains under the Esp and E g fields. The Egp induced
the polymer chain orientation in the direction along the active
channel and produced anisotropic structural properties of the
polymer active layer; therefore, it would be better for charge
transport in TFT devices. In comparison, the large E g field
makes the planarized and ordered chains more distorted and
increases the amorphous fraction in the films. This gives new
insight into the gate-bias stress-induced instability of polymer-
based TFTs from the viewpoint of structural properties of
polymer active layer. Additionally, the effects of electric-field-
induced intrachain order enhancements were larger than those
induced by the thermal annealing process. Consequently, the
concept of electric-field-induced orientation can provide an
efficient approach to align polymeric chains with high degree of
orientation and therefore anisotropic structural properties.
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