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Wearable thermoelectric conversion devices are one of the key technologies for future sustainable society,
and flexible conducting polymer films are strong candidates for these applications. However, the thermoelectric
transport mechanism of these materials is still unclear due to their unique disordered nature, in particular the poor
interconnectivity between crystalline domains. Here, to overcome this limit, donor-acceptor (D-A) copolymer
films are selected because of the efficient connection between domains via rigid tie molecules. We investigated
their thermoelectric and carrier transport properties using the electrolyte-gating technique and perfectly described
both of them based on the two-dimensional variable range hopping model with a linear density of states around
the Fermi level energy. The present results provide a fundamental understanding of the thermoelectric physics in
D-A copolymer films towards application in wearable devices.
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I. INTRODUCTION

Recently, due to the rapid growth of the “Internet of
Things” (IoT) concept, the 24-hour monitoring of health based
on wearable devices has attracted much interest [1-3]. How-
ever, most IoT devices are still powered by batteries that
require frequent recharging or replacement, and therefore, it
is still difficult to continuously monitor physical and psycho-
logical conditions for a long time. To solve this power issue,
one of the best technologies is wearable thermoelectric batter-
ies, in which electric power is generated from a temperature
difference between the body and ambient air.

Among various candidates, conducting polymers are one
of the best materials for these applications because of their
flexible film structure consisting of ordered rigid domains (fib-
rils or aggregates) and amorphous-like soft boundary region,
as well as their light weight, printability, lower toxicity, and
abundance of their composition atoms (mainly carbons and
hydrogens). Although polymer films are promising for wear-
able devices, their thermoelectric performance is still too low
to satisfy the required output power for microscale sensors
and processors (1-10 uW) [3—-6]. Consequently, guiding prin-
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ciples for achieving higher performance based on the physics
of their thermoelectricity are significantly required.

In general materials, the relationship between the Seebeck
coefficient, S, and the electrical conductivity, o, is simply
explained by their carrier transport mechanisms [e.g., metal-
lic, thermally activated, and variable range hopping (VRH)
transport], and this understanding has led to performance
improvement [7,8]. In stark contrast, the thermoelectricity
of conducting polymer films is not explained by their car-
rier transport mechanisms, and therefore, there are no clear
guiding principles to design high-performance thermoelectric
materials and devices.

In most conducting polymer films, their transport proper-
ties are described by thermally activated or VRH transport
mechanisms arising from the temperature dependence of
the conductivity [9-11], and these models suggest S-o re-
lationships of S o log o or S « |In(o/0y)|*. Here, op is a
temperature-independent factor, and x is dependent on the
shape of the density of states and the dimensionality of carrier
transport. However, the experimentally observed S-o rela-
tionship of conducting polymers has an unusual power-law
dependence of S o~ Y3, where s takes a value of 3 or 4 in
most cases [12,13], meaning a significant lack of a fundamen-
tal understanding of the physics of their thermoelectricity.

Very recently, we proved that the unusual power-law S-o
relationship of semicrystalline poly[2,5-bis(3-alkylthiophen-
2-yl)thieno(3,2-b)thiophene] (PBTTT) is determined not only
by the crystalline domains but also by the boundary region
[14]. Moreover, we proposed that the torsion of PBTTT
molecules in the boundary region causes a negative effect
on the transport properties, i.e., the torsion of the backbone
at the domain boundaries prevents the efficient interdomain
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transport as demonstrated by several semicrystalline polymer
devices [15-17]. Consequently, these results critically indi-
cate that reduction of the boundary effect is the key issue
for fully understanding the thermoelectricity in conjugated
polymers.

Motivated by this assumption, donor-acceptor (D-A)
copolymers are selected as target materials because it is
believed that their crystalline domains are microscopically
bridged via rigid and nearly torsion-free tie molecules (tie
chains) [18-22]. Among the variety of D-A copolymers,
thiophene-flanked diketopyrrolopyrrole (DPP)-based copoly-
mers are one of the most frequently used materials owing
to their high transport performance [23-27]. These polymers
exhibit high backbone planarity due to the so-called “non-
covalent conformational locking effect” [26] through the weak
O-H hydrogen bonding between DPP and thiophene subunits
[28,29]. Such planar polymers exhibit the higher mobil-
ity (>0.1cm? V~'s7!) than the highly-crystalline polymers
with large backbone torsions such as poly(3-hexylthiophene)
(P3HT) and PBTTT due to the improved interconnectivity
between the crystalline domains or aggregates, as is also
demonstrated for various D-A polymers [16-30], some of
which exhibits high mobility even though the molecular or-
ganization is nearly amorphous [18,19]. Therefore, charge
transport process in the thiophene-flanked DPP-based D-A
polymers will not be affected by boundaries and these materi-
als are regarded as one of the best materials for thermoelectric
research. However, to our best knowledge, there is no previ-
ous report of the thermoelectric mechanism for this class of
materials.

In the present study, we investigate both the thermoelec-
tric properties and the charge transport mechanism of D-A
copolymer films using the electrolyte-gating technique to con-
trol their carrier concentration. All experimental results, such
as the temperature (7)-o and S-o relationships, are com-
pletely explained within the framework of the conventional
VRH model, and this study obviously concludes that the in-
terconnection between domains is a key element to understand
the physics of the thermoelectricity in conducting polymer
films.

II. EXPERIMENTAL METHODS
A. Sample preparation

D-A copolymers of poly(2,5-bis(2-octyldodecyl)-3-(5-
(thieno[3,2-b]thiophene-2,5-yl)thiophene-2-yl)-6-(thiophen-
2,5-yDpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (DPPT-TT),
poly(3-(2,2’-bithiophen-5,5'-yl)-2,5-bis(2-octyldodecyl)-6-
(thiophen-2,5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione)
(PDPP3T), and poly(3—(2,2":5',2"-terthiophen-5,5"-yl)-
2,5-bis(2-octyldodecyl)-6-(thiophen-2,5-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H, 5H)-dione) (PDPP4T) were purchased from
Ossila Ltd. The gap energies between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the target polymers are 1.26 eV
(DPPT-TT), 1.56 eV (PDPP3T), and 1.2 eV (PDPP4T) [20].
First, Au/Ni (15/5 nm) electrodes were thermally evaporated
on a glass substrate (Corning XG) with a typical size of 1 cm
x 1 cm x 0.5 mm. The channel length and channel width

were 0.4 and 2 mm, respectively. Second, the glass substrate
with electrodes was cleaned in deionized water, acetone,
and 2-propernol for 10 minutes each and by ozone-plasma
treatment for 20 minutes. Third, we prepared 5 mg ml~!
o-dichlorobenzene solutions of D-A copolymers. Then, a
conducting polymer layer was fabricated by the spin-coating
method (1500 rpm for 150 s). The resultant D-A copolymer
films were annealed at 100 °C for 30 minutes in a N,-filled
glove box. Finally, we formed an ion gel film composed
of the ionic liquid (N,N-diethyl-N-(2-methoxyethyl)-N-
methylammonium bis-(trifluoromethylsulfonyl)-imide)
[DEME][TFSI] and an organic polymer poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP)) (weight
ratio of [DEME][TFSI]/P(VDF-HFP) = 1) on another glass
substrate by spin-coating (6000 rpm for 120 s). The ion gel
film was annealed at 70 °C for 30 minutes and then transferred
onto the conducting polymer films.

B. Measurement of the Seebeck coefficient and
the four-point-probe electrical conductivity

Thermoelectric measurements were performed in a Nj-
filled glove box at room temperature. The electrolyte-gating
transistor sample was fixed on two Peltier elements (Laird
Technologies, CP1.0-31-05L) to generate a temperature
difference (AT). Moreover, two K-type (alumel-chromel, di-
ameter of 100 um each) thermocouples (Sakaguchi EH VOC
Corp. TCKTO0051) were placed on the surface of the polymer
films to measure the temperatures of the source (7, ) and drain
(Tg) electrodes. The measured temperature was monitored by
a temperature controller (Lakeshore, model 335). We set sev-
eral values of AT (= T4 — Tp) using the two Peltier elements
and simultaneously monitored the thermoelectromotive force
(AV) through the source and drain electrodes using a nano-
voltmeter (Keysight 34420A). Then, the Seebeck coefficient
was determined by the slope of the relationship between AV
and AT based on the definition of S = AV/AT. It should
be noted that the linearity of the AV—AT profiles was sig-
nificantly degraded when the channel resistance between the
source and drain electrodes was higher. Thus, the Seebeck
coefficient at lower electrical conductivities (<0.1Scm™!)
was not measured in this study. After collecting the Seebeck
coefficient results, the four-point-probe electrical conductivity
was estimated from current-voltage curves by applying a drain
voltage from —0.1 to 0.1 V. The voltage drop between the
two voltage probes in the four-point-probe configuration was
monitored using a nanovoltmeter (Keysight 34420A).

C. Low-temperature measurements:

Low-temperature experiments were performed in a physi-
cal property measurement system (PPMS, Quantum Design,
model 6000). A gate voltage was applied at 300 K with
application of a —10 mV drain voltage. The transistor char-
acteristics were monitored by a semiconductor parameter
analyzer (Agilent Technologies, Inc. BIS00A). Simultane-
ously, the voltage drop between the two voltage probes in
the four-point-probe configuration was measured using a
nanovoltmeter (Hewlett-Packard 34420A). We performed the
low-temperature measurements for Vg = —1.5'V, at which the
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FIG. 1. Chemical structures of D-A copolymers and film char-
acterization. (a) Molecular structures of DPPT-TT, PDPP3T, and
PDPPA4T. (b) XRD out-of-plane and in-plane profiles obtained from
the optimized DPPT-TT film as a function of the scattering vector.

gate current is lower than the drain current. The temper-
ature control conditions were 2 K min~! above 100 K and
1 K min~' below 100 K.

III. EXPERIMENTAL RESULTS

Among the various D-A copolymers, we mainly focused
on DPPT-TT [Fig. 1(a)], which is one of the most typical
materials within the DPP family. First, we fabricated field-
effect transistors (FETs) of DPPT-TT films and optimized
the annealing temperature based on their carrier mobilities
(see Appendix A). In parallel with the optimization, we
verified the film quality by atomic force microscopy and
x-ray diffraction (XRD) measurements. Figure 1(b) shows
out-of-plane and in-plane XRD patterns obtained for the op-
timized DPPT-TT film. As shown in Fig. 1(b), diffraction
peaks of h00 are observed perpendicular to the substrate
surface, and the corresponding interplanar spacing is 20.4 A,
which agrees with the interlamellar distance of DPPT-TT
and proves the formation of a crystalline lamellar structure
similar to those observed in the previous report [23-25]. It is
known that in the case of DPP-based monomer or oligomer
films there can appear some polymorphs with different trans-
port properties [31], whereas no signature of such polymorph
is observed in the present polymer film. This result indicates
that the present DPPT-TT has an edge-on orientation, indicat-
ing in-plane two-dimensional (2D) hopping transport within
the crystalline domains. On the other hand, there is no obvious
(010) peak along the specific in-plane direction, suggesting a
small in-plane domain size and low coherence of the 7w —rx
stacking structure. Despite such low in-plane crystallinity of
the DPPT-TT film, the FET mobility exceeds 0.2cm?> V~!s~!
(see Appendix A), which is comparable to or even higher than

TABLE 1. Fitting results of the Zabrodskii analysis. The values
of the Seebeck coefficient of sample no. 3 at each room-temperature
electrical conductivity are estimated from the experimentally ob-
served S-o relationships in sample no. 1 and sample no. 2. The results
of PBTTT and P3HT are also shown [9,10].

Vs 0300K o) Ty Estimated S
V) (Sem™) (Sem™) (K) (WVK™)

-1.6 5 4038 11481 100
-1.7 39 1591 3498 53
-1.8 92 1204 1648 34
-1.9 127 1160 1273 27
PBTTT [9] 120 2000 19 400 -
P3HT [10] 100 840 6300 -

those of semicrystalline PBTTT and P3HT films [32—-34]. The
observed high mobility even though the low crystallinity can
reasonably been explained in terms of the high planarity of the
backbone conformation with the torsion angle of at most 4 °
between the structural subunits [28]; the highly planar back-
bones can electrically interconnect the adjacent crystalline
domains efficiently to suppress the effect of domain bound-
aries on the macroscopic charge transport [16—18], suggesting
that the negative effect of the boundaries on the transport
process observed in the case of PBTTT due to the infe-
rior interdomain connection by the large backbone torsion is
suppressed.

Figure 2(a) shows a schematic illustration of the
electrolyte-gated transistor using the DPPT-TT film. The gate
dielectric layer is an ion gel film composed of an ionic lig-
uid, [DEME][TFSI], and an organic polymer, P(VDF-HFP).
Figure 2(b) displays the thermoelectric measurement setup in
a N,-filled glove box at room temperature [35]. As shown in
Fig. 2(b), two thermocouples were directly placed onto the
surface of polymer films to monitor the temperature of the
source (T) and drain (7g) electrodes. Figure 2(c) presents
the transfer curve of the DPPT-TT electrolyte-gated transistor
(sample no. 1), in which clear transistor operation is observed.
Moreover, there is a large hysteresis between forward and
backward sweeps, possibly due to the doping and dedoping
processes of anion molecules. However, it should be noted
that the penetration of anion molecules into the polymer film
does not degrade the crystalline domains, which has been ver-
ified by XRD measurements performed under electrochemical
doping conditions (see Appendix B).

Along with the transistor measurements, we performed
both Seebeck coefficient and four-point-probe electrical con-
ductivity measurements at fixed gate voltages. Figures 2(d)
and 2(e) summarize the electrical conductivity dependences
of the Seebeck coefficient and the power factor in DPPT-TT
films (samples no. 1 and no. 2), respectively. For comparison,
we also fabricated electrolyte-gated transistors using other
D-A copolymers, such as PDPP3T and PDPP4T [Fig. 1(a)].
As shown in Fig. 2(d), for all of these D-A copolymers, the
collected highest conductivities at 300 K (o3p0k) are greater
than 100S cm™! and are comparable to those of semicrys-
talline PBTTT and P3HT films (Table I) [9,10] even though
the crystallinity of the present polymers is lower than these
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FIG. 2. Thermoelectric measurement of donor-acceptor copolymer films using the electrolyte-gating technique. (a) Schematic cross-
sectional illustration of the electrolyte-gating transistor. An optical photograph of the DPPT-TT sample is also provided, with the dotted frame
being the region of the ion gel. The scale bar corresponds to 1 cm. (b) Schematic illustration of the thermoelectric measurement setup combined
with electrolyte-gating transistors in a N,-filled glove box at room temperature. (c) Transistor characteristics of the DPPT-TT electrolyte-gating
transistor (sample no. 1) with application of a constant drain voltage (Vp) of —100 mV. (d) S-o relationships in D-A copolymer films (DPPT-TT,
PDPP3T, and PDPP4T). The relationship of S o o ~!/4 is also indicated. (e) Power factors in D-A copolymers as a function of o.

semicrystalline polymers, again proving the less negative ef-
fect from boundaries due to the efficient connection between
domains via tie molecules. These D-A copolymer films ex-
hibit similar and reversible thermoelectric features with less
hysteresis, indicating that the observed S-o relationships are
intrinsic properties of D-A copolymers. Moreover, as shown
in Fig. 2(e), the power factors of these films are well maxi-
mized by the electrolyte-based carrier doping, which has also
been demonstrated in PBTTT very recently [14].

To determine the charge transport mechanism of DPPT-
TT films, we also measured the temperature dependences of
the four-point-probe electrical conductivity in the DPPT-TT
electrolyte-gated transistor (sample no. 3) at various gate volt-
ages. The temperature range was set below 270 K, at which
the magnitude of the gate leakage current is less than 1 nA.
As shown in Fig. 3(a), the DPPT-TT film exhibits insulating

DPPT-TT no.3

ding)/dinT) &

iaal
100

1
0 50 100 150 200 250 10

Temperature (K) Temperature (K)

FIG. 3. Charge transport properties of DPPT-TT films inves-
tigated by using electrolyte-gating transistors. (a) Temperature
dependences of the four-point-probe electrical conductivity (o) at
various gate voltages (Vi) in the DPPT-TT electrolyte-gating tran-
sistor (sample no. 3). (b) Zabrodskii plots at various gate voltages.
Black solid lines correspond to the results of n = 1/2.

behavior up to the maximum electrical conductivity, and the
observed temperature dependences of the conductivity are
not explained by thermally activated hopping transport (see
Appendix C), even though it is one of the typical transport
mechanisms in conducting polymers. Next, we also consid-
ered the VRH transport mechanism. Within the framework of
the VRH model, the temperature dependence of the electrical
conductivity is described as

o(T) = opexp [—(?)n]

where n correlates with the dimension of the transport system
and T is interpreted as an effective energy separation between
localized states [36,37]. To determine the exponent n, we
performed Zabrodskii analysis, as shown in Fig. 3(b) [38]. In
the Zabrodskii plot, n is equal to the slope of the relationship
between log d(Ino)/d(InT ) and log T. As shown in Fig. 3(b),
linear trends corresponding to n = 1/2 are clearly observed
up to 200 K at all gate voltages. Notably, in semicrystalline
PBTTT and P3HT films, although the temperature depen-
dences of their conductivity are also explained by the VRH
model, the obtained 7 is dependent on both the doping level
and temperature, making it difficult to analyze the S-o rela-
tionship of these materials based on the VRH model [9,10]. In
stark contrast, the doping level and temperature-independent
behavior of the constant n = 1/2 in DPPT-TT films gives us
the opportunity to understand both the thermoelectric proper-
ties and the charge transport mechanism within the framework
of the VRH model.

To gain more insight into the transport mechanism in
DPPT-TT films, we summarize the fitting results of the
Zabrodskii analysis in Table I. First, the values of 7 are
strongly gate-voltage dependent. This behavior can be under-
stood based on high-density electrochemical carrier doping,

ey
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FIG. 4. Relationship between log S and log |In(o /oyp)|. The pre-
dicted slopes for the pairs of (d, n) = (1,0), (2, 1), and (3, 2) are
also indicated.

which leads to an increase in the density of localized states
at the Fermi level and a decrease in the energy separation
between localized states. Second, the T; values at all gate
voltages are greater than room temperature, which supports
VRH transport with constant n = 1/2 up to room tempera-
ture. Third, as summarized in Table I, among the DPPT-TT,
PBTTT, and P3HT films with similar room-temperature con-
ductivity, the Ty of the DPPT-TT film is smaller than those of
the PBTTT and P3HT films, concluding that the localization
effect at boundaries (~7p) in the DPPT-TT film is suppressed
by the more efficient connection between domains via tie
molecules.

Since we described the T-o relationship very well, we
tried to understand the S-o relationship of DPPT-TT films
[Fig. 2(d)] based on the VRH model. Generally, the condition
of n = 1/2 is interpreted in terms of the one-dimensional (1D)
Mott VRH model or Efros-Shklovskii (ES) VRH model, and
both of these models predict an identical S-o relationship (see
Appendix D) of [37-39]:

k2T o\2dInog(E)
S1D Mott VRH = SES VRH = B—(— In —) _
8e oE

’

E=Er

@

where kg, e, og, and Eg are the Boltzmann constant, the el-
ementary charge, the spectrum conductivity, and the Fermi
level energy, respectively. Consequently, under the condition
of a constant [dln og(E)/OE|g_gg], this equation predicts an
S — |In (o /0p)|* relationship with a power of x = 2. Based
on this idea, we prepared the logarithmic plot of S ver-
sus |In(o/op)|, calculated from the room-temperature S-o
relationship [Fig. 2(d), samples no. 1 and no. 2] and the
temperature dependence of o (Fig. 3, sample no. 3). These
parameters are also summarized in Table I [40]. As shown
in Fig. 4, although we obtained an x-power-law relationship
between the experimental S and |In(o /0y)|, our experimen-
tal results do not follow the slope of 2, suggesting that the

00

thermoelectric mechanism in DPPT-TT films is not simply
explained by the 1D Mott VRH model or ES VRH model.

Therefore, to understand the S-o relationship of DPPT-TT
films, we extended our analysis to the general VRH model,
in which »n is described by (1 4+ n)/(1 + p +d), where p
represents the shape of the density of states around the Fermi
level energy [i.e.,.D(E) x (E-Ep)*] [37,41]. Based on this
primitive expression, the pairs of (d, u) corresponding to
n = 1/2 are limited to (1, 0), (2, 1), and (3, 2). Moreover, the
theoretical S-o relationship in the Mott VRH transport system
is predicted to be

SMott VRH = ké—T—l (—1 i)ﬁ nox(E) .
2¢ (14d)* o OE  |p_g,

(3

Again, under the condition of a constant

(0lnog(E)/OE|p_gp), one can expect an x-power-law
relationship between S and |Ino/op|. In particular, with
constant n = 1/2, the predicted slopes x of S o |In (o /09)|*
for dimension d =1, 2, and 3 correspond to 2, 4/3, and
1, respectively. On the other hand, as shown in Fig. 4, the
experimentally obtained x obeys 1 < x < 4/3, strongly
indicating 2D or 3D VRH transport with nonzero w. In
addition, the gate-voltage-dependent decrease in 7y (Table I)
indicates an increase in the density of localized states at the
Fermi level by carrier doping, and these results also agree
with VRH transport with nonzero .

Among 2D and 3D VRH transport, the 2D nature of the
hopping process is consistent with the edge-on orientation
of the DPPT-TT molecules observed by XRD measurements
(Fig. 1), where the conducting planes consisting of the 7 —m
stacking lie in the film plane and are separated by insulating
alkyl chains along the film normal. Moreover, due to the
definition of u [i.e., D(E) o (E-Eg)*], it is difficult to con-
sider dlnog (E)/0E |g_gp as constant for (d, n) = (2, 1) and
(d, n) = (3, 2). However, one can expect dlnog(E)/IE |g_gg
to approach a constant value as the doping level (and o)
becomes sufficiently high. As shown in Fig. 4, the experimen-
tally obtained x approaches 4/3 for smaller log |In(c /oy)],
obviously indicating that both the thermoelectric properties
and the charge transport mechanism of DPPT-TT films are
completely explained within the framework of the VRH
model with (d, u) = (2, 1).

IV. DISCUSSION

Finally, we should discuss the guiding principles for higher
performance in DPPT-TT films. Very simply, according to
Eq. (3), one can predict a higher peak value of the power
factor for a larger op. Although oy is generally proportional
to the attempt-to-escape frequency, how to control oy is still
an open question. First, because interchain hopping is less
effective than the intrachain hopping, large contribution of the
interchain hopping in the spin-coated nonaligned film tends to
result smaller o. Thus, uniaxial alignment of the DPPT-TT
chains will make oy larger. Another approach might be to
synthesize DPPT-TT molecules with a higher polymerization
degree (longer polymer chain). Because in DPPT-TT films,
efficient intradomain transport via 2D 7 —m interactions and
interdomain connection via rigid tie molecules are expected,
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FIG. 5. Film optimization. (a) Field-effect mobilities of DPPT-TT film annealed at various temperatures. AFM topologies of the DPPT-TT
films before (b) and after (c) annealing at 200 °C. (d) Out-of-plane and in-plane XRD profiles of the DPPT-TT film without annealing. (e)
Out-of-plane and in-plane XRD profiles of the DPPT-TT film annealed at 200 °C.

one can guess the unique carrier transport, in which carri-
ers might hop between DPPT-TT molecules when the chain
ends of these molecules are located in the boundary region
of adjacent domains [17]. Therefore, a longer polymer chain
will decrease the number of hoping sites and thus increase oy.
This assumption also agrees with the gate-voltage-dependent
decrease of oy (Table I) since penetrated cations and anions
might degrade the carrier transport in the boundary region.

V. SUMMARY

In summary, both the thermoelectric and charge transport
properties in D-A copolymer films were investigated by the
electrolyte-gating method. In contrast to the unusual S-o re-
lationship empirically reported for most polymers, the S-o
relationship of D-A copolymer films is completely described
by the conventional 2D variable range hopping process with a
linear DOS at the Fermi energy, producing a peak structure of
the power factor. The applicability of this simple framework is
presumably ensured by the unique carrier transport within the
D-A polymer thin film. This result opens a pathway to fully
understanding the fundamental thermoelectric mechanism in
conducting polymer films and provides a guideline to enhance
their thermoelectric performances.
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APPENDIX A: OPTIMIZATION OF THE ANNEALING
TEMPERATURE AND FILM CHARACTERIZATION

We fabricated DPPT-TT field effect transistors on
octyltrichlorosilane-treated Si/SiO, substrates. Figure 5(a)
presents the field-effect mobility of DPPT-TT film in the linear
region as a function of the annealing temperature. As shown
in Fig. 5(a), the maximum mobility (~0.25 em®V=ls™h s
observed at an annealing temperature of 100 °C. Thus, we
concluded that 100 °C was the optimum condition for the
present study.

Next, we determined the influence of the annealing tem-
perature on the film structure by atomic force microscopy
(AFM, Multimode 8, Bruker) and x-ray diffraction (XRD)
measurements. Figures 5(b) and 5(c) show the AFM topolo-
gies of nonannealed and 200 °C annealed DPPT-TT films,
respectively. As shown in Fig. 5(b) and 5(c), there is no critical
change between the two films. Moreover, Fig. 5(d) and 5(e)
summarize the XRD profiles obtained from the two films.
As shown in Figs. 5(d) and 5(e), although out-of-plane peaks
are observed in both films, there are no clear in-plane peaks
corresponding to - stacking. For the in-plane peaks, the
shape in the high wave number region is different from that
in Fig. 1(b), which is possibly due to the scattering from the
glass substrate. According to these results, the morphology of
DPPT-TT films is considered to not drastically change when
the annealing temperature is less than 200 °C.
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FIG. 6. GIXD measurements combined with electrolyte-gating
transistors. (a) Optical photograph of the measurement setup and
schematic illustration of the experimental procedure. (b) Normalized
(100) peaks as a function of the wave number vector, g, at different
gate voltages (Vi) in the DPPT-TT electrolyte-gated transistor. The
spectrum of the pristine state is also indicated. (c) Two-point-probe
electrical conductivity dependence of the full width at half maximum
(FWHM) of the (100) peak. The S-oy,, relationship of DPPT-TT
(sample no. 1) is also indicated.

APPENDIX B: GRAZING-INCIDENCE X-RAY
DIFFRACTION (GIXD) MEASUREMENTS COMBINED
WITH THE ELECTROLYTE-GATING TECHNIQUE

To evaluate the effect of carrier doping on the film
morphology, we combined GIXD measurements with the
electrolyte-gating transistor technique [14]. The GIXD mea-
surements were performed using a Rigaku FR-E microfocus
high intensity x-ray generator system with a CuKa x-ray
source (A = 1.5418 A) in ambient air at the High Intensity
X-ray Diffraction Laboratory at Nagoya University. For this
experiment, we prepared electrolyte-gated transistors of large
DPPT-TT films, in which the channel length and the channel
width were 2 and 10 mm, respectively. Figure 6(a) shows an
optical photograph of the measurement setup and a schematic
illustration of the experimental procedure. First, we applied
a gate voltage and simultaneously monitored the transistor
properties. After observing the saturation of the drain current,
we removed the ion gel film. Second, we performed GIXD
measurements for 10 minutes and then replaced the ion gel
film. We repeated these measurement steps to collect the
gate-voltage dependence of the XRD profiles. It should be
noted that we succeeded in tracing the relationship between
the structural and electrical properties in the same DPPT-TT
film using the electrolyte-gating transistor method.

Figure 6(b) presents the normalized (100) peaks as a func-
tion of the wave number vector, ¢g,, at various gate voltages.
As shown in Fig. 6(b), the (100) peak continuously shifts
to lower values as the negative gate voltage increases, in-
dicating a change in the interlamellar distance due to the
intercalation of anion molecules. The observed peak struc-
ture, however, seems to be constant upon carrier doping.
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FIG. 7. Arrhenius plot and Jonker plot of the S-o relationships
in D-A copolymer electrolyte-gating transistors. (a) Arrhenius plots
obtained from the DPPT-TT electrolyte-gated transistor (sample no.
3). (b) Jonker plot of the S-o relationships in DPPT-TT, PDPP3T,
and PDPPAT.

Figure 6(c) summarizes the electrical conductivity depen-
dence of the full width at half maximum (FWHM) of the (100)
peaks shown in Fig. 6(b). The S-op, relationship of DPPT-TT
(sample no. 1) is also indicated. As shown in Fig. 6(c), the
interlamellar distance expands from 20 to 22 A, indicating
that the calculated electrical conductivity in the present study
is slightly overestimated. On the other hand, since the value
of the FWHM of the (100) peaks is significantly small, it is
suggested that the intercalation of anion molecules does not
disturb the structure of the crystalline domain in the DPPT-TT
film.

APPENDIX C: ARRHENIUS PLOT AND JONKER PLOT

Figure 7(a) shows the Arrhenius plot (i.e., In o vs
1/T) obtained from the temperature dependences of the
four-point-probe electrical conductivity in the DPPT-TT
electrolyte-gated transistor (sample no. 3). If the carrier trans-
port mechanism of DPPT-TT films is explained by thermally
activated hopping transport, then one can see a linear relation-
ship between In o and 1/T. However, as shown in Fig. 7(a),
such linear behavior is not observed for all measured gate volt-
ages. Furthermore, Fig. 7(b) summarizes the S-o relationships
in D-A copolymer films (sample no. 1 and sample no. 2) on a
semilogarithmic scale (the Jonker plot). In addition, Table II
summarizes the slope values of the S-log o trends. As shown
in Fig. 7(b), even though linear behavior is observed in D-A
copolymer films, the slope value is lower than the theoretical
value in the Jonker plot (-198 © VK™'), as summarized in

TABLE II. Slope values between S and log ¢ in D-A copolymer
films.

Sample Slope value of S-log o plot
DPPT-TT no. 1 56
DPPT-TT no. 2 =57
PDPP3T no. 1 -54
PDPP3T no. 2 —69
PDPPA4T no. 1 -62
PDPPAT no. 2 =53

Theoretical value -198
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TABLE III. Summary of the exponent n.

TABLE IV. Summary of the values of x{= 2/[n(1 + d)]}.

D(E) « const. D(E) « |[E-Eg| D(E) o (E—Eg)*

D(E) « const. D(E) « |[E-Eg| D(E) o (E—Eg)?

Dimension, d (n=0) (n=1 (=2 Dimension, d (n=0) (w=1 (nw=2)
3 1/4 2/5 172 3 2 5/4 1

2 1/3 172 3/5 2 2 4/3 10/9

1 172 2/3 3/4 1 2 372 4/3

Table II [7,8]. Therefore, it is concluded that the thermally ac-
tivated transport model is not suitable for the charge transport
mechanism of D-A copolymer films.

APPENDIX D: THEORETICAL S-0 RELATIONSHIP FOR
THE VARIABLE RANGE HOPPING TRANSPORT SYSTEM

In this section, we attempt to derive the theoretical S-o
relationship in the variable range hopping (VRH) transport
system from conventional theory. First, within the theory of
VRH transport, the temperature (7') dependence of the elec-
trical conductivity (o) is expressed as

o(T) = opexp [—(?)n}

where o( is a temperature-independent factor and Ty is in-
terpreted as an effective energy separation between localized
states [36,37]. In particular, considering the energy-dependent
density of states [i.e., D(E) « (E—Eg)"*] due to the Coulomb
gap, the exponent n in Eq. (D1) is generally described as
[37,41]

(D)

" 1+ pu
l+u+d
Here, p takes values of O, 1, and 2, and d is the system
dimensionality. According to Eq. (D2), Table III summarizes
the value of n for various pairs of (d, ).
Next, the Seebeck coefficient in the VRH system is theo-
retically described as [39]
N kB El% 8anE(E)
" 2ekgT  OE

(D2)

, (D3)

E=Ep

where kg, e, E}, and o are the Boltzmann constant, the ele-
mentary charge, the energy transported by hopping carriers,
and the spectrum conductivity, respectively. Based on the
Mott doctrine, E}, is given by [39]

1 1
EnMot) = H_dkB(TOTd) 1

By substituting Eqgs. (D1) and (D4) into Eq. (D3), the
theoretical S-o relationship in the VRH transport system is
predicted to be

(D4)

BT 1 ( G>ﬁ dInog(E)

Sniort = B
Mott 26 (1+d)2 BE

n_
00

E=Ey
(D5)

Under the condition of a constant (dlnog(Eg)/0E), if
2/(n(1 + d)) is written as x, then one can see an x-power-law
relationship between S and |In o /oy| from Eq. (D5). Table IV
summarizes the values of x for various pairs of (d, w).

In the case of the Efros-Shklobskii (ES) VRH model, the
o-T relationship and Ej, are given by

o(T) = opexp [—(?)1,

1 1
EnEs) = sz(ToT)f,

(D6)
D7)

regardless of the system dimensionality [37]. Consequently,
by substituting Egs. (D6) and (D7), Eq. (D3) becomes

K:T 291 E
Ses = 2 (- ) dlnox(E)
8e o) oE

(D8)

E=Ep
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