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domain boundaries, not by the charge trapping within the crystallites. 
The empirical relation of S ∝ −1/4 seems to be observed in this case 
independent of the microscopic electronic states, such as the degenerate 
state, nondegenerate state, or isolated polarons. We stress here that the 
maximum power factor appears at the boundary of the macroscopically 
metallic state and the nonmetallic state in the doped PBTTT film.

Here, we discuss how macroscopic metallic transport becomes 
possible by electrolyte gating of the present polycrystalline PBTTT 
film. It is widely accepted that the macroscopic charge transport pro-
cess in polycrystalline polymer films is mediated by tie molecules be-
tween the crystalline domains, as schematically illustrated in Fig. 5B 
(39, 40). In this case, the local structure of the tie molecules crucially 
affects the transport process. We then carried out the structural op-
timization of the neutral and cationic states of an isolated PBTTT 
molecule by DFT calculation considering the dimer units. As in the 
case of a similar optimization reported previously (41), the PBTTT 
backbone in the neutral state tends to show a large torsion at the 
thiophene-thienothiophene bonds, as shown in Fig. 5C (top), which 
should limit the on-chain charge transport of the tie molecule and 
thus the interdomain transport. However, the optimized structure in 
the cationic state shown in Fig. 5C (bottom) exhibits perfect planarity 
with C2h symmetry. In addition, the structure becomes more resilient 
to conformational disorder than the structure in the neutral state as 
demonstrated in fig. S5. The planar molecules enable highly efficient 
interdomain connection (40–44), which may explain the metallic tran-
sition observed in the present study. However, the domain connection 
by tie molecules should be quite sensitive to the doping condition, 
presumably due to the structural/energetic disorder of the isolated tie 
molecules induced by the dopant. The metallic behavior in the present 
study using a thin ion gel insulator is observed down to much lower 
temperatures than those in our previous report using a thick and vis-
cous ionic-liquid insulator (12). This finding is also consistent with the 
fact that the metallic temperature dependence of  is not commonly 
observed in the PBTTT thin films, although highly sophisticated dop-
ing methods are adopted (28, 45). We conclude that moderate doping 
by the present electrolyte gating technique enables efficient intercon-
nection of the crystalline domains, resulting in the macroscopic me-
tallic transition to give the maximum P in the PBTTT thin film.

DISCUSSION
The present results demonstrate that the thermoelectric power fac-
tor in conducting polymers can be maximized by careful doping; the 
electrolyte gating technique enables moderate control of the carrier 
concentration without inducing structural/energetic disorder, result-
ing in modification of the macroscopic transport properties from 
inhomogeneous nonmetallic transport limited by domain boundaries 
to homogeneous metallic transport mediated by the rigid tie mole-
cules connecting the adjacent domains. The maximum power factor 
is observed at the boundary of these transport processes.

The above scenario will be further supported if we obtain the tem-
perature dependence of the Seebeck coefficient at various doping 
concentrations, which provides detailed information of the charge 
transport mechanism (1, 14, 41). These measurements are now under 
preparation. Furthermore, evaluation of the thermal conductivity is 
essential to determine the thermoelectric figure of merit ZT (46, 47). 
The combined research using this information provides further 
physical background for designing high-performance polymer-based 
thermoelectric devices for future energy harvesting technologies.

MATERIALS AND METHODS
Sample preparation
Samples of PBTTT with hexadecyl side chains (Mw = 73,700 to 82,800) 
were purchased from Merck Co. Ltd. The electrolyte-gated TFT structure 
for the measurements of thermoelectric properties was fabricated on 
a glass substrate (Corning XG) with typical dimensions of 1 mm by 
1 mm by 0.5 mm cleaned by sonicating in deionized water, acetone, 
and 2-propernol for 5 min each. The substrate was then treated with 
octyltrichlorosilane vapor to form a hydrophobic surface. The polymer 
layer was then fabricated by spin-coating o-dichlorobenzene solution 
(7.5 mg/ml; 2000 rpm for 120 s), followed by annealing (180°C, 30 min) 
on the substrate patterned with Cr (3 nm)/Au (30 nm) gate/source/drain 
electrodes. Last, the ionic-liquid film was fabricated by drop-casting 
[N,N-diethyl-N-methyl-N-(2-methoxymethyl)ammonium]
[bis(trifluoromethanesulfonyl)imide] [(DEME)(TFSI)] (Nisshinbo 
Holdings Inc.) on the device to form the side-gate TFT structure, as 
illustrated in Fig. 1A. The typical channel length (L) and channel 
width (W) were 400 m and 2 mm, respectively.

For the ex situ GIXD measurements, we fabricated the side-gate 
device structure as described above, except that the spin-coating con-
dition of the PBTTT solution is slightly different (4000 rpm for 90 s). 
For the in situ GIXD measurements, we also adopted the side-gate 
device structure as mentioned above, except that we adopted an ion gel 
insulator. The acetone solution of [DEME][TFSI] and poly(vinylidene 
fluoride-co-hexafluoropropylene) with a 1:1 weight ratio was spin-
coated (6000 rpm, 120 s) on a glass substrate. Upon evaporation 
of the solvent, a thin ion gel film with a typical thickness of ~1 m was 
obtained. The ion gel film was delaminated from the substrate and 
then laminated on the polymer film formed on the electrode-patterned 
substrate instead of the drop of ionic liquid in the case of ex situ 
GIXD measurements.

For ESR measurements, we adopted a top-gate bottom contact 
(or staggered) device structure, as illustrated in Fig. 3A and reported 
previously (33). The polymer film was fabricated on a 3-mm by 
30-mm quartz substrate patterned by Cr (5 nm)/Au (30 nm) source/
drain electrodes. L and W are 100 m and 15 mm, respectively. The 
ionic-liquid film was separately formed on a polyethylene naphthalate 
substrate patterned with a Cr (3 nm)/Au (30 nm) gate electrode 
by drop-casting an ethyl acetate solution of [DEME][TFSI] and 
poly(methyl methacrylate) (Mw = 120,000; Aldrich Co. Ltd.) with a 
weight ratio of 9:1. Last, these two substrates were laminated with 
each other and sealed into an ESR sample tube.

For determination of the temperature dependence of the conduc-
tivity and magnetoresistance measurements, we fabricated side-gate 
TFTs with a thin ion gel insulator as described above. The polymer 
film was fabricated by spin-coating (4000 rpm for 90 s), followed by 
annealing at 215°C for 20 min and subsequent slow cooling. L and W 
were 40 m and 2 mm, respectively. By using a thin ion gel insulator 
with a typical thickness of 1 m, the surface tension at the polymer/
ion gel interface produced by different thermal expansion coefficients 
is minimized, which is necessary to avoid sample cracking during 
low-temperature measurements.

Device characterization
Thermoelectric properties were measured at room temperature as 
follows. The electrolyte-gated TFT was mounted between two Peltier 
elements to give a temperature gradient. The electrical conductivity 
was determined from the current-voltage characteristics obtained 
by the two-probe method under the application of Vg. The Seebeck 
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coefficient was determined from the linear slope of the thermoelec-
tromotive force (V) versus the temperature difference (T) induced 
between the source and drain electrodes for each Vg value. The T 
was measured by two thermocouples (K type,  = 100 m). Note that 
the linearity of the V-T slope was degraded when the channel re-
sistance was high in the low |Vg| region, possibly due to the voltage 
drop caused by the small leakage current. Thus, the Seebeck coeffi-
cient in the low-conductivity region of  < 1 S/cm was not measured 
in the present study.

GIXD measurements were performed using a Rigaku FR-E Micro-
focus High Intensity X-ray generator system with a CuKa x-ray source 
( = 1.5418 Å) at the High Intensity X-ray Diffraction Laboratory at 
Nagoya University. The in-plane and out-of-plane diffractions were 
detected by an imaging plate. Ex situ measurements were carried out 
by removing the ionic liquid before the GIXD measurements after 
the application of each Vg for ~15 min. After the GIXD measurements, 
the ionic liquid was dropped again, and the next Vg was applied. The 
in situ measurements were carried out with the ion gel film formed 
on top of the polymer film during the application of Vg. The inci-
dent x-ray was irradiated on the polymer film surface through the 
ionic-liquid layer.

ESR measurements were performed using a Bruker E-500 spec-
trometer. A TE011 cylindrical cavity with a high-quality factor was 
adopted for highly sensitive measurements. The magnetic field was 
determined with an accuracy of ±0.01 G using a nuclear magnetic 
resonance teslameter. The spin susceptibility was determined by twice 
integration of the first-derivative ESR signal calibrated according to 
that of CuSO4·5H2O.

The temperature dependence of the conductivity and the magneto-
resistance measurements were performed by using a physical prop-
erty measurement system (PPMS) (model 6000, Quantum Design). 
The gate voltage was applied at room temperature. After waiting until 
the gate current falls to a stationary value (typically 20 min), the sam-
ple was cooled at a rate of 5 K/min down to 180 K. The conductivity 
above 180 K was measured by the pseudo-four-probe method under 
the application of Vg. The current-voltage characteristics were mea-
sured by using an Agilent B1500A semiconductor parametric ana-
lyzer, whereas the voltage drop between the source-drain electrodes 
was monitored by a nanovoltmeter (Hewlett-Packard 34420A). Be-
low 180 K, where the ion gel is frozen, the cooling rate was reduced to 
0.3 to 0.5 K/min, and the conductivity was directly measured by the 
PPMS system without applying Vg because the doping level is main-
tained in this case. The magnetoresistance was measured under a 
magnetic field applied perpendicular to the film.

DFT calculation
DFT calculations of the optimized structures of the dimer units were 
performed with the B3LYP functional and 6-311G(d, p) basis set. The 
alkyl side chains were replaced by methyl units. The calculations were 
carried out using the Gaussian 16 software package (48).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/7/eaay8065/DC1
Section S1. S- relations expected for conventional semiconductors and metals
Section S2. Effects of high Vg on the transport and thermoelectric properties
Section S3. In situ GIXD measurements during the application of Vg

Section S4. AFM imaging of the PBTTT thin film
Section S5. Anisotropy of the ESR parameters
Section S6. DFT calculation of backbone rigidity in the neutral and cationic states

Fig. S1. Thermoelectric properties of the electrolyte-gated PBTTT thin films.
Fig. S2. In situ GIXD measurements of electrolyte-gated PBTTT thin films.
Fig. S3. AFM imaging of the PBTTT thin film.
Fig. S4. Angular dependence of the ESR parameters at various doping levels.
Fig. S5. DFT calculation of the torsion potential.
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