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Abstract

This study investigates a coating method for doping single-walled carbon nanotube
(SWCNT)/poly(3-hexylthiophene) (P3HT) hybrid film. In the hybrid film, P3HT chains were
very highly doped by simple spin-coating of a FeCls/nitromethane solution. Hybrid films
doped by spin-coating exhibited power factors of 267 + 38 pW m™K?, which is an
improvement over that of hybrid films doped by conventional immersion, 103 + 24 pW m™K’
2. The excellent thermoelectric performance is originated from the dramatically increased

electrical conductivity by the sufficient doping of P3HT in the hybrid films.

Introduction

Thermoelectric materials are highly attractive as clean energy harvesting materials because
they can turn waste heat into electricity. The performance of thermoelectric materials can be
evaluated by measuring the Seebeck coefficient (S = -AV/AT, where AV is the voltage
generated by a temperature difference AT within a thermoelectric material), electrical
conductivity (), and thermal conductivity (x). The thermoelectric performance is estimated
using the dimensionless figure of merit (ZT = S?¢T/x). For high-performance thermoelectric
generators, thermoelectric materials with a high Seebeck coefficient, high electrical
conductivity, and low thermal conductivity should be used. If thermoelectric materials are
processed as a thin film onto a substrate, the power factor (S%s) can be used as an alternative
to the figure of merit. Although the 3® method can be used for measuring the thermal
conductivity of thermoelectric thin films, the measurement of the in-plane thermal
conductivity is difficult due to thermal contact resistance, radiation loss, and heat conduction

through the substrate.*
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In recent years, thermoelectric conjugated polymers such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) have been extensively studied
because of their potential for light-weight, flexible, and low-cost printed thermoelectric
generators.”™ However, there is still room for further improvement in the thermoelectric
performance of conjugated polymers. Recently, it was found that single-walled carbon
nanotubes (SWCNTS) are an effective filler for enhancing the thermoelectric performance of
a conjugated polymer matrix.**** Bounioux et al. reported that SWCNT/FeCls-doped poly(3-
hexylthiophene) (P3HT) hybrid films exhibited power factors of 95 + 12 pW m™K™ at room
temperature.** Yu et al. reported that SWCNT/PEDOT:PSS/polyvinyl acetate (PVAc) hybrid
films exhibited power factors up to 160 uW m™K at room temperature.™ Yao et al. reported
that SWCNT/camphorsulfonic acid (CSA)-doped polyaniline hybrid films exhibited power
factors up to 176 pW m™K? at room temperature.* Although these SWCNT/doped
conjugated polymer hybrid films showed enhanced thermoelectric power factors, the
performance still needs further improvement to reach the power factor of bismuth telluride

(Bi,Tes) at room temperature, which is approximately 1000 uyW m™K?.

This study examined a doping method using simple spin-coating that enhances the
thermoelectric power factors of SWCNT/P3HT hybrid films. The SWCNT/P3HT hybrid
films were prepared by a simple bar-coating process. The P3HT chains in a hybrid film were
highly doped through spin-coating of a FeCls/nitromethane solution. These hybrid films
exhibited power factors up to 308 pW m™K? which is the highest value among
inorganic/organic hybrid thermoelectric materials. For comparison, we also prepared
SWCNT/P3HT hybrid films doped by the conventional immersion process. The hybrid film

doped by immersion exhibited power factors up to 144 pW m™K at room temperature.
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Results and discussion

Fig. 1 shows a schematic of the experimental procedure for the preparation of the SWCNT/
FeCls-doped P3HT hybrid film. For the ink formulation, P3HT (40 wt%) and SWCNTs (60
wt%) mixture in o-dichlorobenzene (0DCB) was sonicated in an ice bath. It is well-known
that there is a strong n-m interaction between SWCNT and P3HT. This leads to the best
dispersion of SWCNTs in a good solvent for P3HT, such as oDCB.*****° For the preparation
of the SWCNT/P3HT hybrid film, the ink was bar-coated onto a glass substrate. The bar-
coating process is advantageous for obtaining large-area uniform films, because the volume
between the bar and the substrate can be precisely determined.'”?° Because the undoped
P3HT is not electrically conductive, doping of the hybrid films is required for their enhanced
thermoelectric properties. To obtain SWCNT/highly doped P3HT hybrid films with a high
electrical conductivity, in this study, 0.03 M FeCls/nitromethane solution was simply
overcoated by spin-coating onto the as-prepared SWCNT/P3HT hybrid films. Additional
rinsing and annealing are not required for the doping by spin-coating. In the case of
conventional doping, the as-prepared hybrid films were immersed in the doping solution and

rinsed with methanol.

The thickness of the as-prepared SWCNT/P3HT hybrid film was 55.1 + 6.2 nm (Fig. 2a).
After doping by immersion and spin-coating, the thicknesses of the SWCNT/ FeCl;-doped
P3HT hybrid films were 51.2 + 3.0 nm and 49.7 £ 2.6 nm, respectively (Fig. 2a). Although
the film thicknesses were slightly decreased after the doping processes, the differences were
within the standard deviation. The Seebeck coefficients of the hybrid films were measured
under dark ambient conditions utilizing a custom built system (Fig. 2b). The Seebeck
coefficient was estimated from a slope of the straight line fit of AV/AT (Fig. S1). The hybrid

films exhibited positive values of Seebeck coefficient, because both SWCNTs and P3HT
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have p-type characteristics. To estimate the thermoelectric properties of the bar-coated hybrid
films, electrical conductivity and power factor were also measured (Fig. 2c and 2d). The
trade-off relationship between the Seebeck coefficient and electrical conductivity of doped
conjugated polymers is well-known.>?*?® As the doping level of conjugated polymers
increases, the Seebeck coefficient decreases and the electrical conductivity increases. The
typical behavior of conjugated polymers was also observed in the SWCNT/P3HT hybrid
films. After the conventional doping of the as-prepared SWCNT/P3HT hybrid films, the
Seebeck coefficient decreased from 56.1 + 2.3 pV K™ to 40.0 + 3.1 pV K™, and the electrical
conductivity increased from 141 + 13 S cm™ to 638 + 57 S cm™. After doping by spin-coating,
the change in thermoelectric properties was even more significant. The Seebeck coefficient
and electrical conductivity of the hybrid films doped by spin-coating were 31.1 + 2.1 pV K*
and 2760 + 170 S cm™, respectively. From the Seebeck coefficient and electrical conductivity,
the power factors of the hybrid films were calculated. The power factors of the
SWCNT/P3HT hybrid films undoped, doped by immersion, and doped by spin-coating were
44.4 + 6.1 pW mK? 103 + 24 uyW m™K?, and 267 + 38 pW m™K™, respectively. Using
both doping processes, the power factors of the hybrid films increased. The increased power
factors are thought to be due to the increased electrical conductivities. Using the spin-coating
doping process, the electrical conductivity and power factor of the hybrid films increased
more dramatically. The maximum power factor of the SWCNT/P3HT hybrid film doped by
spin-coating reached 308 pW m™K™. To the best of our knowledge, this is the highest value

among inorganic/organic hybrid thermoelectric materials.

Fig. 3 shows the scanning electron microscope (SEM) images of the SWCNT/P3HT hybrid
films undoped, doped by immersion, and doped by spin-coating. In the hybrid films, the

networks of SWCNT bundles are clear. The interconnected networks of SWCNT bundles are
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also observed in the atomic force microscope (AFM) images (Fig. 4). The inter-SWCNT
bundle connections are thought to be the electrical pathways in the hybrid thin films. In all
three films, the diameters of 1-dimensional SWCNT bundles were in the range of 10-30 nm.
After both doping processes, surface morphologies of the hybrid films were maintained. It
has been reported that the thicknesses and morphologies of the P3HT films significantly
affect the thermoelectric properties.?’ However, this study did not find meaningful differences
in thicknesses and surface morphologies among the hybrid films undoped, doped by
immersion, and doped by spin-coating. Because of the inter-SWCNT bundle connections, an
acceptable electrical conductivity of 141 + 13 S cm™ was measured, even in the
SWCNT/non-conductive P3HT hybrid films. After the effective doping of P3HT chains by
spin-coating, the electrical conductivity of the hybrid films increased to 2760 + 170 S cm™,

which is comparable to that of indium tin oxide (ITO) electrodes.

Fig. 5 shows the UV-vis spectra of the SWCNT/P3HT hybrid films undoped, doped by
immersion, and doped by spin-coating. The relative doping level of P3HT can be estimated
with the change in its absorbance.?*® The decrease in the absorbance for the neutral form
(Amax = 560 nm) and increase in the absorbance for the oxidized form (Anax = 800 nm) are
evidence of the dopant uptake.”®*° During the doping process, dopants diffuse into the P3HT
chains and capture electrons from the P3HT chains. The absorbance at 560 nm decreased
more in the hybrid film doped by spin-coating than in the hybrid film doped by immersion.

(The absorbance peak at 800 nm could not be extracted from the absorbance for SWCNTSs.)

The electrical conductivity of P3HT can increase greatly by doping, whereas SWCNTSs are
insensitive to doping. The increased electrical conductivity of SWCNT/P3HT hybrid films
doped by spin-coating is thought to be originated from sufficient doping of P3HT matrix. It

has been reported that the doping method significantly affects the electrical conductivity and
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the power factor of conjugated polymers.*®*' Drastic enhancement of the electrical
conductivities of SWCNT/conjugate polymer hybrids by improving the electrical
conductivities of the polymer matrices have also been reported.**% To estimate the influence
of the doping method on the electrical properties of P3HT matrix, we prepared 50 nm-thick
P3HT films that were undoped, doped by immersion, and doped by spin-coating (Fig. S2).
The electrical conductivities of P3HT films undoped, doped by immersion, and doped by
spin-coating were ~10° S cm™, ~10* S cm™, and 61.9 + 7.6 S cm™, respectively. To estimate
the relative doping levels, UV-vis spectra of the 50 nm-thick P3HT films undoped, doped by
immersion, and doped by spin-coating were obtained (Fig. 6). Highly doped state of the
P3HT film after doping by spin-coating is confirmed by the largely decreased absorbance at
560 nm and greatly increased absorbance at 800 nm. In the spectrum of the P3HT film doped
by immersion and rinsed with methanol, the changes in the absorbance are smaller. The
doping levels of the P3HT films were obtained from elemental concentrations of S and Cl,
measured by energy dispersed X-ray spectroscopy (EDS) measurements.’®>* The doping
levels of P3HT films doped by immersion and doped by spin-coating were 0.19 and 0.48,
respectively. The doping level of 0.48 is comparable to that of the heavily doped P3HT films
(0.4).2% The UV-vis spectra and EDS measurements correspond well to the measured
electrical conductivities. The insufficiently doped state of the P3HT film after doping by
immersion is might be due to dedoping during rinsing. Previously, we have reported that the
lower thickness of P3HT films results in a relatively greater extent of dedoping during the
rinsing process after conventional doping by immersion.® For example, the electrical
conductivity of the 200 nm-thick P3HT film doped by immersion and rinsed with methanol
was less than 10° S cm™. To verify this, we prepared the P3HT film doped by immersion and
not rinsed, whose highly doped state was confirmed by UV-vis spectroscopy (Fig. 6).

Unfortunately, the electrical conductivity and elemental concentrations of this P3HT film
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could not be measured because of irregular deposition of the excess dopants on the film
surface (Fig. S2). In case of doping by spin-coating, the residual solution with excess dopants
and reaction products such as Fe** and CI ions are removed from the film surface by the
spinning process and additional rinsing is not required. Although the aggregated excess
dopants and reaction products on the film surface were not observed, they might still be
remaining present. It seems that the amount of the impurities is negligible to obtain reliable
thermoelectric performances in this study. However, the effect of the impurities remaining on

the film surface on the electrical properties cannot be completely excluded.

Kymakis and Amaratunga reported that the electrical conduction in SWCNT films follows a
three-dimensional variable-range hopping model, while that in SWCNT/non-conductive
polymer hybrid films obeys a fluctuation-induced tunneling model.*® In the hybrid films, the
non-conductive polymer matrix acts as a barrier to bundle-to-bundle hopping. Because the
axial electrical conductivity of SWCNT bundles is known to be 10000 — 30000 S cm™** the
resistance between the SWCNT bundles is a dominant factor determining the total electrical
conductivity of the SWCNT/P3HT hybrid films.*? The inter-SWCNT bundle resistance in the
hybrid film could be reduced by decreasing the average inter-bundle distance and/or by
increasing the electrical conductivity of the polymer matrix. This was confirmed
experimentally for the SWCNT/P3HT hybrid films (Fig. 7). We measured electrical
conductivities of the SWCNT/P3HT hybrid films undoped, doped by immersion, and doped
by spin-coating, as a function of the SWCNT composition. The electrical conductivities of all
three types of hybrid films increased with increasing SWCNT composition. The average
inter-bundle distance should decrease with increasing SWCNT composition. In the SWCNT
composition range 20 - 60 wt%, the electrical conductivities of the SWCNT/P3HT hybrid

films increased dramatically after doping by spin-coating, whereas the electrical conductivity
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enhancement of the hybrid films doped by immersion was relatively less. Doping by spin-
coating increases the electrical conductivity of the P3HT film from ~10° S cm™ to 61.9 + 7.6
S cm™. In the SWCNT/P3HT hybrid film doped by spin-coating, the increased electrical
conductivity of the P3HT matrix could lower the resistance between the SWCNT bundles. It
can be concluded that doping by spin-coating is more effective to obtain highly doped P3HT
in the hybrid films than conventional doping by immersion. It is suggested that the increased
electrical conductivity and power factor of the hybrid films doped by spin-coating are due to
the sufficient doping of P3HT in the hybrid films. The results of this study indicate that the
doping method affects the thermoelectric properties of conjugated polymer-based composites.
Through effective doping, thermoelectric power factor of conjugated polymer-based

composites could be enhanced.

Conclusion

In summary, SWCNT/P3HT hybrid thin films were prepared by simple bar-coating. Within
the hybrid films, SWCNT bundles with diameters in the range of 10-30 nm formed an
interconnected network. The Seebeck coefficient, electrical conductivity, and power factor of
the as-prepared SWCNT/P3HT hybrid films were 56.1 + 2.3 pV K?, 141 + 13 S cm™, and
44.4 + 6.1 pW m™ K, respectively. The thermoelectric properties of the hybrid films were
shown to be greatly enhanced by doping via spin-coating process. After doping by spin-
coating with an FeCls/nitromethane solution, the Seebeck coefficient, electrical conductivity,
and power factor of the hybrid films were 31.1 + 2.1 uV K?, 2760 + 170 S cm™, and 267 +
38 W m™K? respectively. This study suggests that SWCNT/highly doped conjugated
polymer hybrid films may be promising candidates for room temperature thermoelectric

applications.
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Experimental

Preparation of SWCNT/P3HT hybrid films

Purified HiPco single-walled carbon nanotubes were purchased from Unidym. Regioregular
P3HT (M, 37,685 g mol™, regioregularity 98.5%), anhydrous ferric chloride, and
nitromethane were purchased from Sigma-Aldrich. oDCB was purchased from Junsei. All
chemicals in this study were used as received. The P3HT was dissolved in oDCB. The
SWCNTs were then added to this solution. The mixture was sonicated in an ice bath using a
probe sonicator (VCX-750 Vibra-Cell, Sonics & Materials) at 10 W for 1 hr. This ink was
then bar-coated onto a glass substrate (76 mm x 26 mm). During the bar-coating process,
6.35 mm diameter bar closely wound with a 32 um diameter wire was used and the carrying
speed of the bar was maintained at 10 mm/s during the bar-coating process. For conventional
doping, the as-prepared SWCNT/P3HT films were doped by immersion in 0.03 M
FeCls/nitromethane solution for 1 hr. The doped P3HT films were finally rinsed with
methanol to remove excess dopants. For doping by spin-coating, 0.03 M FeCls/nitromethane

solution was spin-coated at 3000 rpm for 30 s onto the as-prepared SWCNT/P3HT films.
Characterizations

The Seebeck coefficients of the hybrid films were measured under dark ambient conditions
utilizing a custom built system. Before the measurement, silver paste was printed onto the
SWCNT/P3HT hybrid films through a screen mask. Two silver electrodes, 5 mm in width,
were separated by a distance of 40 mm. The temperature gradient between the two electrodes
was varied from 1 to 10 °C. The Seebeck voltage generated by the temperature difference was

measured with a Keithley 2182A Nanovoltmeter. The Seebeck coefficient was estimated from
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a slope of the straight line fit of AV/AT (Fig. S1). The electrical conductivity of the
SWCNT/P3HT hybrid films was measured with the standard van der Pauwe direct current
four-probe method.* All the measurements were conducted at room temperature using a
Keithley 195A digital multimeter and a Keithley 220 programmable current source. The
thickness of the films was determined with an alpha-step surface profiler (a-step DC50, KLA
Tencor). UV-vis spectra of the hybrid films were recorded with a Scinco UV S-2100. The
surface morphologies of the films were observed with a field-emission SEM (MIRAS3,

TESCAN) operating at 20 kV and a tapping-mode AFM (Nanoscope 1V, Digital Instruments).
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Fig. 1 Schematic diagram of the fabrication and doping processes of the bar-coated

SWCNT/P3HT hybrid film.
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Fig. 2 (a) Thicknesses, (b) Seebeck coefficients, (c) electrical conductivities, and (d) power

factors of the bar-coated SWCNT/P3HT hybrid films undoped, doped by immersion, and

doped by spin-coating, respectively.
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Fig. 3 SEM images of the bar-coated SWCNT/P3HT hybrid films (a) undoped, (b) doped by

immersion, and (c) doped by spin-coating.
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Fig. 4 AFM images (1 um x 1 um) of the bar-coated SWCNT/P3HT hybrid films (a) undoped,

(b) doped by immersion, and (c) doped by spin-coating.
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Fig. 5 UV-vis spectra of the bar-coated SWCNT/P3HT hybrid films undoped, doped by

immersion, and doped by spin-coating.
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Fig. 6 UV-vis spectra of the P3HT films undoped, doped by immersion, and doped by spin-

coating.
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Fig. 7 Electrical conductivities of the SWCNT/P3HT hybrid films undoped, doped by

immersion, and doped by spin-coating, as a function of the SWCNT composition.
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The single-walled carbon nanotube (SWCNT)/poly(3-hexylthiophene) (P3HT) hybrid films

doped by spin-coating exhibited power factors up to 308 pW m™ K.
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