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Abstract: The ability to control the molecular organization of electronically active liquid-crystalline polymer
semiconductors on surfaces provides opportunities to develop easy-to-process yet highly ordered
supramolecular systems and, in particular, to optimize their electrical and environmental reliability in
applications in the field of large-area printed electronics and photovoltaics. Understanding the relationship
between liquid-crystalline nanostructure and electrical stability on appropriate molecular surfaces is the
key to enhancing the performance of organic field-effect transistors (OFETSs) to a degree comparable to
that of amorphous silicon (a-Si). Here, we report a novel donor—acceptor type liquid-crystalline semiconduct-
ing copolymer, poly(didodecylquaterthiophene-alt-didodecylbithiazole), which contains both electron-donating
quaterthiophene and electron-accepting 5,5’-bithiazole units. This copolymer exhibits excellent electrical
characteristics such as field-effect mobilities as high as 0.33 cm?V-s and good bias-stress stability
comparable to that of amorphous silicon (a-Si). Liquid-crystalline thin films with structural anisotropy form
spontaneously through self-organization of individual polymer chains as a result of intermolecular interactions
in the liquid-crystalline mesophase. These thin films adopt preferential well-ordered intermolecular 7—m
stacking parallel to the substrate surface. This bottom-up assembly of the liquid-crystalline semiconducting
copolymer enables facile fabrication of highly ordered channel layers with remarkable electrical stability.

Introduction

Organic field-effect transistors (OFETSs) based on 7-conju-
gated polymers have recently attracted significant attention
because of their potential use as soft channel materials in
organic/printed optoelectronic devices such as active-matrix flat
panel displays (AMFPDs), electronic paper, RFID tags, and
chemical/biosensors.' "® The solution processability of 7z-con-
jugated polymers has also stimulated interest in their utilization
as active electronic elements for low-cost, large-area, and
flexible active matrix display backplanes, with performance that
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is comparable to that of hydrogenated amorphous silicon (a-
Si:H)-based thin-film transistors.’ >° However, when polymer-
based OFETS are fabricated and tested under ambient conditions,
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their electrical performance decreases significantly, primarily
due to the sensitivity of the polymer chains to atmospheric O,/
H,O0 and to structural defects.®>' Channel materials need to have
environmental and electrical reliability as well as a sufficiently
low off-state current and a high charge-carrier mobility if they
are to be used in high-resolution liquid crystal displays (LCDs)
and organic light emitting diodes (OLEDs).'>2>72*

In general, the oxidative stability of sr-conjugated polymers
depends on their ionization potential (IP), that is, on the energy
of the highest occupied molecular orbital (HOMO) with respect
to vacuum. New polythiophene derivatives with various classes
of fused aromatic rings in the polymer backbone have recently
been found to exhibit even higher charge mobility and oxidative
stability than regioregular head-to-tail poly(3-hexylthiophene)
HT-P3HT.">'"-** Electron-donating (p-type) thiophenes are the
most commonly incorporated into polymer backbones, resulting
in environmental and electrical stability limitations. This situ-
ation inspired us to design a polymer system with electron-
accepting and electron-donating building blocks, that is, a
donor—acceptor type alternating copolymer with liquid-crystal-
line nature, to optimize processability, crystalline nanostructure,
and environmental/electrical reliability. It has recently been
reported that sr-conjugated polymers with donor—acceptor
structure along the polymer main chain exhibit interesting
electrochemical, optical, and electronic properties.>> %’ Mc-
Cullough et al. have demonstrated that semiconducting polymers
comprised of electron-accepting thiazolothiazole units in the
polymer backbone have high charge mobility and enhanced
oxidative stability.”® However, they reported that these polymers
exhibit less-ordered liquid-crystalline nanostructure because their
long-range ordering is weaker than that of polythiophenes.?®

Another common problem with OFETs is that they tend to
exhibit some electrical instability under external bias stress,
likely due to charge traps created through partial disorder in
the structure of the thin films and the characteristics of the
semiconductor/insulator interface. Bias-stress instability and
environmental instability can be significant challenges for
semiconducting polymers.?® ~3® To be comparable to a-Si-based
TFTs, OFETs should exhibit similar resilience with respect to
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Scheme 1. Synthetic Schemes for the Tetramer and the
Corresponding Semiconducting Copolymer, PQTBTz-C12,
Composed of Quaterthiophene and 5,5’-Bithiazole Units®
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electrical bias stress.>” Although there have been a few studies
aimed at enhancing the electrical stability of s-conjugated
polymers under external bias stress, an adequate understanding
of the relationship between crystalline nanostructure and bias
stress driven electrical instability on the microscopic scale is
still needed. Therefore, an in-depth and systematic study of
highly ordered sz-conjugated copolymer thin films with minimal
concentration of charge traps is crucial.

Here, we have designed a new donor—acceptor type copoly-
mer (see Scheme 1), poly(didodecylquaterthiophene-alt-didode-
cylbithiazole), PQTBTz-C12, by copolymerization of electron-
donating thiophene and electron-accepting thiazole units into
the same polymer backbone to increase the IP. In this case, the
introduction of unsubstituted bithiophene units (the insoluble
component) enhances intermolecular ;71— stacking. Further-
more, alkyl chain-substituted thiophene/thiazole blocks (the
soluble component) along the polymer backbone were used to
increase the IP because of the enhanced rotational freedom along
the backbone'® (Figure S5) and the electron-accepting nature
of the 35,5"-bithiazole units.>>~2” In particular, PQTBTz-C12
presents a liquid-crystalline nature with a clear mesophase
region, resulting in highly crystalline thin films forming
spontaneously through the self-assembly of individual chains
after thermal annealing. Also, we confirm that this novel
polymer exhibits high field-effect mobilities of 0.33 cm?*/V +s,
good environmental stability, and unprecedented bias-stress
stability comparable to that of a-Si.*” Our findings therefore
enable the realization of high-performance and high-stability
polymer electronic devices, thus offering a promising protocol
for the bottom-up assembly of new flexible electronics.

Results and Discussion

PQTBTz-C12 has a higher IP value (5.19 eV) than does
head-to-tail (HT)-P3HT (4.9—5.0 eV) measured under identical
conditions, which suggests that PQTBTz-C12-based OFETs are
likely to have a low off-state current (nonoxidative state).
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Figure 1. Phase and temperature dependences of the optical behavior of PQTBTz-C12. (a) UV —vis absorption spectra of PQTBTz-C12 in solution (O)
and thin film annealed at 180 °C (@). The large red-shift observed in the absorption maxima indicates that PQTBTz-C12 self-assembles into a densely
packed film. (b) Effects of varying the annealing temperature on the UV —vis absorption spectra of PQTBTz-C12 thin films.

PQTBTz-C12 also exhibits high solubility in common organic
solvents because of the presence of head-to-head (HH) linkages
along the polymer backbone, which increases the twist angle
between adjacent aromatic rings. Interestingly, devices fabricated
with polymers with HH linkages usually exhibit low mobilities
(ca. 107* cm?/V +s) because of both poor crystallinity and loose
interchain interactions in the solid state;>> however, PQTBTz-
C12 thin films were found to be highly crystalline, leading to
high mobilities. The thermal properties of PQTBTz-C12 were
characterized with differential scanning calorimetry (DSC)
(Figure S6). We found that PQTBTz-C12 exhibits two discrete
endotherm transitions (7{s—wy and Ty;—ppn) on heating, and two
exothermic transitions (7—s)c and T;—.n) on cooling. The first
transition corresponds to the solid—mesophase transition, and
the second corresponds to the mesophase—isotropic transition.
The DSC results suggest that the self-assembly of PQTBTz-
C12 should be significantly affected by thermal annealing.
Interestingly, when the molecular weight of PQTBTz-C12 was
increased from 13KD to 22KD, the liquid-crystalline phase was
weakened and finally became semicrystalline for a molecular
weight of 41KD (Figure S7). We anticipate that varying the
molecular weight of PQTBTz-C12 will also affect its charge-
carrier mobility and electrical instability under bias stress in
OFETs as well as the crystalline microstructures.

The UV—vis absorption peaks of crystalline zz-conjugated
polymer films are usually shifted to longer wavelengths (red
shift) relative to those measured in solution. This behavior is
due to the intermolecular interactions between the polymer
chains and the planarization effect of the r-conjugated polymer
backbone, which enable the polymer chains to self-assemble
into a well-ordered nanostructure in the solid state.'”*’%%° The
extent of the red shift is related to the degree of order in the
polymer;?” for example, there is a large red shift (of more than
70 nm) for some regioregular s-conjugated polymers, such as
HT-P3HT, whereas there is only a small shift or no shift at all
for others, such as HH-P3HT.* In Figure 1, which shows the
UV—vis absorption spectra of PQTBTz-C12 in a chlorobenzene
solution and in the solid state, the absorption peaks correspond-
ing to the w—s* transitions of the polymer are present at 470
and 542 nm, respectively. This large red shift (of about 70 nm)
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suggests the presence of strong chain-to-chain interactions.
PQTBTz-C12 thin films exhibit a distinctive vibronic splitting
with a strong shoulder near 584 nm, which is typical of
regioregular semiconducting polymers.'”>"*%%° In addition, the
effects of thermal annealing on PQTBTz-C12 films were
investigated using UV —vis absorption spectra (Figure 1b). A 1
wt % chlorobenzene solution of PQTBTz-C12 was spin-coated
to fabricate films that were subsequently annealed at 100, 150,
and 180 °C for 1 h under nitrogen. For the as-spun sample, the
main absorption band of the PQTBTz-C12 thin film is at 532
nm. Importantly, as the annealing temperature increased past
150 °C, the intensity of the 578 nm shoulder peak due to 7—x
stacking as well as the main absorption band increased. These
features became dramatically pronounced for samples annealed
in the mesophase region (180 °C).

To investigate in detail the microstructure of the PQTBTz-
C12 thin films at different thermal annealing temperatures,
we conducted grazing incidence angle X-ray diffraction
(GIXRD)®!'**! and tapping-mode atomic force microscopy
(TM-AFM) measurements. Figure 2a—c shows the two-
dimensional (2D) GIXRD patterns of 60 nm PQTBTz-C12
films spin-coated onto molecularly functionalized [octade-
cyltrimethoxysilane (OTS)-treated] SiO, substrates. By using
a fixed grazing incidence angle (0.18°) that is above the
critical angle for total reflection from the PQTBTz-C12 thin
films but below the critical angle (0.23°) of the SiO, substrate,
the scattering from the substrate was reduced relative to the
scattering from the films. In these 2D GIXRD patterns,
intense (h00) crystal reflections with higher-order peaks (see
the insets in Figure 2a—c), which can be used as a criterion
for a lamellar stacking due to the alkyl side-chains along
the a-axis (d-spacing of (100), d00) = 21 A), are slightly
scattered along the Debye rings in the ¢, (out-of-plane)
positions satisfying Bragg’s law; this result suggests that most
of the (h00) planes of PQTBTz-C12 chains are oriented
parallel to the gate dielectric (in the edge-on orientation).
The 2D GIXRD patterns also contain two intense in-plane
reflections appearing vertically at a given gq,, (>0), which
can be indexed to (003) and (010). As shown in Figure 2a,
in the case of the as-spun PQTBTz-C12 thin films (i.e., not
annealed), the 2D GIXRD pattern contains peaks with low

(41) Yuan, Q.; Mannsfeld, S. C. B.; Tang, M. L.; Toney, M. F.; Liining,
J.; Bao, Z. J. Am. Chem. Soc. 2008, 130, 3502.



Liquid-Crystalline Semiconducting Copolymers

ARTICLES

003) (010)
o

q!] {A.‘l‘)

Gy (A7) Gy (A7)

PQTBTzL12

Annealed
at180°C

q; Annealed
at 100 °C

= =

Figure 2. Effects of thermal annealing on molecular orientation and morphological features. 2D GIXD patterns of the PQTBTz-C12 thin films spin-coated
onto OTS-treated SiO, substrates for various annealing temperatures: (a) as-spun, (b) 100 °C, (c) 180 °C. The data are plotted versus the scattering vector
q. (The insets in (a), (b), and (c) show the log-scale X-ray intensity profiles along the g, axis, and the crystallographic assignments of the peaks are labeled.)
AFM topographs of the PQTBTz-C12 thin films spin-coated onto the OTS-treated SiO, substrates for various annealing temperatures: (d) as-spun, (e) 100
°C, (f) 180 °C. The insets in (d), (e), and (f) show the polarized optical microscope images (right-up) and schematic features of self-organization of the
PQTBTz-C12 chains for various annealing temperatures (left-down). (g) Schematic representation of liquid-crystalline domains in PQTBTz-C12 thin films
for various annealing temperatures, where ¢, is the surface normal direction.

intensities and broadly diffused Debye rings of (£00), (003),
and (010) reflections, implying low crystallinity and less-
ordered crystalline nanostructure. The patterns for the samples
annealed at 100 °C, whichis below the observed solid—mesophase
transition temperature, contain peaks with higher intensities
(see the inset in Figure 2b) and split Debye rings of (003)
and (010). On the other hand, for samples annealed at 180
°C, which is below the observed mesophase—isotropic
transition (at mesophase), the patterns provide evidence of
well-ordered molecular structure with perfectly edge-on
orientation, in particular the narrow spots in the g, (out-of-
plane) direction (see Figure 2c). Further, the presence of
distinctly vertical rod-shape patterns indicates that the
PQTBTz-C12 thin films consist of multistacked layers that
are preferentially oriented normal to the substrate as well as
to the lateral direction, although these in-plane GIXRD
patterns also contain scattered reflections along the Debye
rings. Furthermore, the azimuthal angle scan at the g
position (Figure S8) provides evidence that the polymer
chains in the as-spun sample are less oriented relative to the
substrate than the sample annealed at 180 °C, as shown in
the schematic diagrams in Figure 2g.

High-resolution scans were used to determine precisely the
d-spacings for PQTBTz-C12 thin films to examine the degree

of misorientation of the domains in greater detail. Enhancements
in the intensity of the (k00) peak in the out-of-plane mode
(Figure 3a) and the (010) peak in the in-plane mode (Figure
3b) occur with increased annealing temperature, which implies
that the formation of liquid-crystalline domains with high out-
of-plane and in-plane order is induced by thermal annealing.
Further, when the angular spread of the orientations of the
crystallites was measured, rocking curves on the (200) reflections
were obtained (Figure 3c). We then imaged the Bragg scattering
from the (200) peak to determine its relative misorientation with
respect to the substrate over a wider range than possible with
the high-resolution scans. Although the (200) peak is weaker
than the (100) peak, the background scattering near it is
significantly weaker than that at the (100) peak. The variation
of the mosaic distributions in the PQTBTz-C12 thin films can
be measured because the rocking curve changes only the w angle
with respect to the Bragg angle when 26 is on the Bragg
reflection (the inset of Figure 3c). The mosaic distributions of
the (200) crystal planes are almost unchanged by the annealing
process, and only the number of well-oriented crystals is
changed. In the case of the sample annealed at mesophase (180
°C), however, a sharp peak (with lwl < 0.022°) corresponding
to well-oriented crystals appears, and the fwhm becomes as low
as 0.04°. Interestingly, a broad background (with lwl > 0.022°),

J. AM. CHEM. SOC. = VOL. 131, NO. 17, 2009 6127



ARTICLES

Kim et al.

:

Intensity (a.u.)
Intensity (a.u.)

T 3
8 = :

e :
£ o2l side-view .
£

104 F Il 1 1 1
5 10 15 20 25 30 04 02 00 02 04
2theta (degree) Omega (degree)
apac.ar |
Self-assembly : : 21A

(120) 010)

(001)

Coplanar structure

Figure 3. High-resolution X-ray scattering patterns of PQTBTz-C12 thin
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X-ray scattering (out-of-plane), (b) grazing incidence X-ray scattering, and (c) rocking curves of the (200) peak for PQTBTz-C12 thin films spin-coated
onto OTS-treated SiO, substrates with various annealing temperatures. Black line, as-spun; blue line, annealed at 100 °C; and red line, annealed at 180 °C.
The insets in (a), (b), and (c) show schematic diagrams of the geometry of the X-ray setup. (d) Schematic diagram of the self-assembly of the PQTBTz-C12

chains on the specified surface, showing the edge-on orientation.

corresponding to marginally oriented crystals, is present as well,
which might be due to the diffuse scattering induced by the
increased roughness of the film (Figure 3c).** These results
indicate that the lateral coherence length of the (200) planes
increases with annealing temperature.'® From these studies, we
also can demonstrate that liquid-crystalline thin films form
spontaneously through the self-assembly of the individual
PQTBTz-C12 chains as a result of intermolecular interactions
in the liquid-crystalline mesophase and adopt preferential well-
ordered intermolecular 77—z stacking (3.7 A) parallel to the
substrate surface (Figure 3d).

GIXRD measurements show the type of molecular structural
order that is present within the PQTBTz-C12 thin films,
whereas the AFM observations can be used to determine the
morphological features of the top surface. Figure 2d—f shows
AFM phase images of PQTBTz-C12 thin films prepared on
OTS-treated SiO, substrates for various annealing temperatures.
In the AFM images (Figure 2f) of PQTBTz-C12 thin films
annealed at the mesophase (at 180 °C), polycrystalline structures
with rod-shape grains that are 300—500 nm in length are clearly
evident, which arise from the self-organization of the PQTBTz-
C12 chains oriented perpendicularly to the substrates in the
liquid-crystalline phase. This microscale morphology leads to
the formation of highly ordered domains on the macroscale,
giving rise to polarized optical microscopy (POM) findings (inset
of Figure 2f) unlike those of the other samples (the insets in
Figure 2d,e). However, as can be seen in Figure 2d and e, that
is, for the sample annealed at 100 °C as well as the as-spun

(42) Wolfing, B.; Theis-Brohl, H.; Sutter, C.; Zabel, H. J. Phys.: Condens.
Matter 1999, 11, 2669.
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sample, nodule-like nanostructures with some nanofibers are
observed, resulting from misorientation of PQTBTz-C12 chains.
The GIXRD, AFM, and POM results demonstrate that variations
in the annealing conditions of PQTBTz-C12 result in drastic
changes in the molecular orientation, crystallinity, and surface
morphology of its thin films. This ability to control the chain
orientation and crystalline order enables us to establish later in
this Article a direct correlation between the liquid-crystalline
nanostructure and the electrical stability under external bias
stress.

To determine the relationship between film morphology and
electrical performance, the field-effect mobilities of PQTBTz-
C12 thin films in top-contact OFETs were measured. A cross-
sectional view of the transistor device structure is shown in
Figure 4a. The SiO, dielectric surface was modified with dense
octadecyltrimethoxysilane (OTS) SAMs to enhance the electrical
performance of the PQTBTz-C12-based OFETs. The SAM
layers were determined to be molecularly flat over large areas
by AFM with roughness around 0.2 nm. The detailed preparation
procedure of this OTS SAMs is given in the experimental
section in the Supporting Information. This OTS differs from
most of those reported in literature in that it is a crystalline
OTS characterized by GIXRD.** Such crystalline OTS layer
was found to enhance two-dimensional growth for pentacene
and resulted in higher charge-carrier mobility.**** Figure 4b
shows the typical output characteristics (Ip—Vp) at different gate

(43) Detailed characterization of this crystalline OTS is to appear in: Ito,
Y.; Virkar, A.; Mannsfeld, S.; Tang, M.; Oh, J.; Locklin, J.; Toney,
M.; Bao, Z., manuscript in preparation.

(44) Lee, H. S.; Kim, D. H.; Cho, J. H.; Hwang, M. K.; Jang, Y. S.; Cho,
K. J. Am. Chem. Soc. 2008, 130, 10556.
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Figure 4. Performances of PQTBTz-C12-based OFETs and their variation with annealing temperature. (a) A schematic side-view of the transistor and a
chemical representation of the OTS interlayer used in this study, (b) output (Vgs: 0 to —40 V), and (c) transfer characteristics of a device with W = 1000
um and L = 100 xm based on the PQTBTz-C12 thin film annealed at the mesophase (180 °C) for 1 h, exhibiting a field-effect mobility of 0.33 cm?V+s
under ambient conditions. Vps is the source-drain voltage, which was varied from —1 V (linear region) to —40 V (saturation region). (d) Comparison of

forward and backward transfer plots according to annealing condition.

voltages (Vi) of OFETs based on PQTBTz-C12 thin films
annealed at the mesophase (180 °C) for 1 h. They are typical
of p-type semiconductors, with well-resolved current linear
regimes (ohmic region) in the low drain-source voltage range
(Vps < —1 V) and a saturation current near 16 uA at Vg =
—40 V. Further, no significant hysteresis was observed (Figure
4d). By using the transfer characteristics of the transistors shown
in Figure 4c, the average field-effect mobility (0.33 cm?/V+s)
was calculated in the saturation regime (Vps = —40 V) under
ambient conditions.*® In particular, a very low off-state current
was observed (about 0.1—1 pA) as compared to the typical HT-
P3HT system (about 10—100 pA). This result is explained by
the deeper HOMO level (5.19 eV) of PQTBTz-C12, due to
incorporation of electron-accepting units in the PQTBTz-C12
backbone. In addition, we speculate that the decreased off-
current can partly be a function of the highly crystalline nature
of the SAM. Figure 5 shows the dependence of the average
field-effect mobility on annealing temperature for devices on a
60 nm thick PQTBTz-C12 film. Annealing the devices at the
mesophase (180 °C) results in a field-effect mobility (0.33 cm?
V! s7!) that is about 1 order of magnitude higher than in the
samples without annealing (0.04 cm? V™! s71), although similar

(45) Virkar, A.; Mannsfeld, S. B. C.; Toney, M.; Tan, Y. H.; Liu, G.-Y;
Scott, J. C.; Miller, R.; Bao, Z., manuscript submitted.
(46) Horowitz, G. Adv. Mater. 1998, 10, 365.
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Figure 5. Variation in the charge-carrier mobility in PQTBTz-C12-based
OFETs with annealing temperature. The inset shows the DSC curve,
representing the liquid-crystalline mesophase and POM images of the
samples annealed at (a) 100 °C and (b) 180 °C, respectively.

turn-on voltages are observed. Interestingly, the field-effect
mobility is gradually modulated by the variation in annealing
temperature, indicating that the vertically and laterally well-
ordered crystalline phase in the PQTBTz-C12 films promotes
structural ordering, resulting in a high crystallinity and high
field-effect mobility. In addition, as shown in Figure 6,
PQTBTz-C12 devices are more stable against atmospheric
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oxygen than are P3HT-based devices, with only slight degrada-
tions in the mobility and the on/off ratio when they are stored
under ambient conditions (humidity level ~ 30%)."

The field-effect mobility of the PQTBTz-C12-based-OFETs
is similar to that of the a-Si-based TFTs used in commercial
display backplanes. However, if organic transistors are to replace
a-Si TFT-based backplanes as the active elements in electronic
devices, they should also exhibit excellent long-term electrical
stability.?**® Unfortunately, OFETs commonly suffer from
gate-bias or drain-bias stress under ambient conditions and over
time cause a detrimental shift in the threshold voltage.>* Such
bias-stress instabilities, for example, charge-trapping instabilities,
have been observed in OFETs for a wide range of materials,
including pentacene,*’ " various oligothiophene derivatives,”>*
polytriarylamine,®'** polythiophene derivatives,®* **>* and
polythienylenevinylene.>*>> In an attempt to understand the
physical origin of this charge-trapping instability, several studies
have investigated this effect for various dielectric materials®
and various dielectric surface treatments.’>>’” However, although
important progress has been made in determining the charge-
trapping mechanism in OFETs exhibiting electrical instability,
no organic semiconductors with good electrical bias stability
and high mobility have been reported. We now investigate the
relationship between the film morphology and the charge-
trapping instability of PQTBTz-C12 on a hydrophobic molec-
ular surface.
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To determine the electrical stability of the PQTBTz-C12-
based OFETSs, a prolonged gate bias of —20 V was applied in
ambient and inert conditions (under N,) for 10 000 s (about 3 h),
and its effects on the drain current and charge-carrier mobility
were monitored. The transfer curves were measured at a drain
bias of —1 V (linear region) and —40 V (saturation region, see
Figures S9 and S10) by sweeping the gate bias from 40 to —40
V. The transfer curves shift with stress time in the direction of
the applied gate bias, as shown in Figure 7a—c. Thus, a negative
gate-bias stress causes a negative threshold shift, while the
mobility remains unchanged. This effect is attributed to the shal-
low trapping of charges in less mobile states located in the
semiconductor at the interface with the insulator.*” In other
words, the subthreshold slope of the device does not change
even after the device has undergone gate-bias stressing, indicat-
ing that no additional defect states are created at the channel/
insulator interface when the device is stressed.’® The threshold
voltage shift (AVy,) is indicative of charge-trapping instabilities
in the transistor; that is, the applied gate potential is effectively
screened by a build-up of trapped charges in the gate dielectric
insulator or in the active layer itself.”® Interestingly, we observed
that the magnitude of the AV, shift decreases with increasing
annealing temperature, from —14.5 V (unannealed) to —2.6 V
(annealed at 180 °C). In other words, the device annealed at
180 °C (mesophase) exhibits the lowest Vi, shift (the highest
electrical stability). These results indicate that high hole mobility
and high crystalline films tend to have enhanced electrical
stability due to a smaller number of hole trapping sites (annealed
at the mesophase). Also, the AV, shift can be affected by the
characteristics of the OTS SAM such as crystallinity and surface
energy. In our case, the OTS SAM showed a highly crystalline
nature,*>** resulting in a reduced number of charge-trapping
sites as compared to those observed on SAMs prepared by
conventional dipping methods. To demonstrate the effect of the
properties of the OTS SAMs on the TFT performance (mobility
and electrical stability), we are going to compare our crystalline
OTS SAMs to those prepared by the traditional method in due
course.

To better understand the electrical stability of our devices,
we modeled the change in threshold voltage using the following
equation.

(58) Suresh, A.; Muth, J. F. Appl. Phys. Lett. 2008, 92, 033502.
(59) Powell, M. J.; Van Berkel, C.; Hughes, J. R. Appl. Phys. Lett. 1989,
54, 1323.
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There is a stretched-exponential decay in the threshold voltage
with stress time:

AV,(1)= AV,(1 — exp[—(Ur)']) (1)

with Vo = V, — V0, where Vi, is the threshold voltage at the
start of the experiment. The relaxation time (7) in eq 1 is
thermally activated:

r=v""exp(E,/ksT) 2)

where E, is the mean activation energy for charge trapping, and
v is a frequency prefactor. Figure 7d shows the relative threshold
voltages (ViR = AVy/AVy: Vo = Ve = Vino, Where Vi is the
threshold voltage at the start of the experiment) as functions of
stress time on a logarithmic scale. The solid curves are fits to
this data with a stretched-exponential time dependence. The
kinetics follow stretched-exponential time dependence behavior,
in agreement with the formalism developed to explain meta-
stability in a-Si-based TFTs.°>®' By using this fitting model, it
is possible to quantify the charge-trapping instability of the
PQTBTz-C12-based OFETs. Remarkable agreement is ob-
served in all devices for a relaxation time (7) and a dispersion
parameter (f3), indicating that these two factors (z and ) vary
with the film microstructure, which affects the degree of
interfacial trapping at the PQTBTz-C12/OTS-SiO; interface.
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M.; Robertson, J. J. Appl. Phys. 2000, 87, 144.
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“W”, determined at a drain voltage of —40 V (saturation region).

Furthermore, Figures 7e,f and 8 show AV, as a function of
stress time for various applied negative gate biases and the
dependence of the relaxation time (7) and the dispersion
parameter (f3), respectively, on the gate bias. With increases in
the gate-bias stress voltage, VR effectively increases from 0.1
to 0.5, 7 decreases from 5 x 107 to 2 x 10* s, and 3 increases
from 0.2 to 0.5, which is similar to the case of a-Si-based TFTs,
wherein f§ ranges from 0.2 to 0.3, indicating the dependence of
charge-trapping instability on gate bias. The relaxation time (7
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Figure 9. Recovery of AVy, via self-relaxation. Subsequent gate sweeps
of devices annealed at room temperature (a) and 180 °C (b) under continuous
gate-bias stress showing parallel shift along the gate voltage axis, plotted
on linear and logarithmic scales of the channel current. After self-relaxation
for 500 s, that is, once the stress is removed, the threshold voltages recover
to their initial values.

~ 5 x 107) of PQTBTz-C12-based transistors is comparable
to that (z ~ 8 x 107) of a-Si-based TFTs.>! However, there are
other challenges in electrical instability of PQTBTz-C12-based
transistors to be perfectly comparable to a-Si-based TFTs. These
include off-bias driven instability and temperature dependency
of electrical instability.

To examine the stress recovery phenomena, we compared
the transfer curve during gate-bias stressing and after removal
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of the bias, and showed that after self-relaxation for 500 s, the
threshold voltage recovers to its initial value irrespective of
annealing conditions (Figure 9). This implies that charge-
trapping instability is primarily generated at the near interface
between polymer semiconductor and OTS-modified SiO, di-
electric layer, not in the polymer bulk.

Conclusions

In conclusion, we have developed a novel, high performing,
and highly stable donor—acceptor type liquid-crystalline semi-
conducting copolymer, PQTBTz-C12, by intramolecularly
incorporating both electron-donating quaterthiophene and electron-
accepting 5,5’-bithiazole units. This new polymer exhibits high
field-effect mobilities of 0.33 cm?/V *s and unprecedented bias-
stress stability comparable to that of a-Si. Highly crystalline
thin films are formed spontaneously after annealing through self-
organization of individual polymer chains as a result of
intermolecular interactions in the liquid-crystalline mesophase,
which provides a facile means for the fabrication of a highly
ordered semiconductor channel layer with a minimal concentra-
tion of charge traps and high electrical stability.
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