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Abstract In this paper, we fabricated an organic thermo-
electric (TE) device with modified [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) and poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS); the
device showed good stability in air condition. For n-leg,
PCBM were doped with acridine orange base (3,6-bis
(dimethylamino)acridine) (AOB) and 1,3-dimethyl-2,3-
dihydro-1H-benzoimidazole (N-DMBI). Co-doped PCBM
utilizes synergistic effects of AOB and N-DMBI, resulting
in excellent electrical conductivity and Seebeck coefficient
values reaching 2 S/cm and —500 pV/K, respectively, at
room temperature with dopant molar ratio of 0.11. P-type
leg used modified PEDOT:PSS. Based on modified PCBM
and PEDOT:PSS materials, we fabricated a TE module
device with 48 p-type and n-type thermocouple and tested
their output voltage, short current, and power. Output
voltage measured ~0.82 V, and generated power reached
almost 945 W with 75 K temperature gradient at 453 K
hot-side temperature. These promising results showed
potential of modified PEDOT and PCBM as TE materials
for application in device optimization.

Keywords organic thermoelectric generator, thermocou-
ple, poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate (PEDOT-PSS), [6.6]-phenyl-C61butyric acid methyl
ester (PCBM)

1 Introduction

Since Thomas John Baker, a German scientist, discovered
Seebeck effect in 1821, scientists constantly searched for
thermoelectric (TE) materials for energy application. Some
researchers discovered inorganic TE materials, such as
Bi,Te; and SnSe, with good TE properties and extensive
application in energy field [1-4]. In comparison with
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inorganic TE materials, development of organic TE
materials is retarded by poor stability of their properties,
such as high temperature, that limit their application;
processing of organic materials is also difficult compared
with inorganic ones. However, organic TE materials and
devices feature their own advantages, e.g., abundant
resources, low-cost synthesis, mechanical flexibility, and
solution processability over large areas [5—7]. Currently,
increasing number of scientists explore TE properties of
organic materials [8—13]. On the one hand, electrical
conductivity of organic materials can be controlled by
methods such as doping, on the other hand, thermal
conductivity can be controlled by designing molecular
structures [14—17]. To increase electrical conductivity,
many methods were reproved, for example, using
composite materials to fill materials with high electrical
conductivity [18-20] and preparing new composite
structural materials [21-24]. These methods only bear
significance in controlling P-type TE materials, including
poly(3,4-ethylenedioxythiophene) (PEDOT), which show
good stability in air [25,26]; however, difficulty arises from
using these methods to modify TE properties of n-type
materials. Recently, some new methods were reported for
modification of n-type TE materials, for example, using
doping and phase separation method to process large-sized
materials [27] and modifying side chains of molecules;
both methods can provide n-type TE materials with good
stability in air [28]. Phenyl-C61-butyric acid methyl ester
(PCBM) is one of the promising n-type TE materials, it
presents excellent phase segregation characteristic and
broad application prospects in field of organic solar cells
[29-33]. Pure PCBM features high thermal conductivity
[34,35]; thus, this material cannot be easily processed by
the solution method. When used as filler material, PCBM
blends with other composites materials and easily results in
low thermal conductivity («), realizing high electrical
conductivity (o) and high Seebeck coefficient (S). In some
literature [36—38] that reported some methods in modify-
ing PCBM, acridine orange base (3,6-bis(dimethylamino)
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acridine) (AOB) and 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzoimidazole (N-DMBI)-doped PCBM resulted in
high electrical conductivity, reaching ~4 and ~5.3 S/cm,
respectively. However, these materials cannot simulta-
neously obtain high Seebeck coefficient. Seebeck coeffi-
cient of N-DMBI-doped PCBM is smaller than that of
AOB-doped PCBM. In this article, we selected AOB and
N-DMBI-co-doped PCBM, because it can simultaneously
show high electrical conductivity and Seebeck coefficient
and good stability by doping in air condition [39]. For p-
type TE materials, we selected modified PEDOT:poly-
styrene sulfonate (PSS) as p-type leg. Finally, we
fabricated p-type and n-type TE modules and tested their
output voltage and output power.

2 Experiments

In our experiment, we first dealt with PCBM and PEDOT:
PSS. We used AOB and N-DMBI-co-doped PCBM and
purificatory PEDOT:PSS materials. To process PCBM, we
combined AOB and N-DMBI with PCBM to perform
simultaneous co-evaporation. Singly doped PCBM and
PCBM co-doped with AOB and N-DMBI presented
dopant molar ratios (MRs) ranging from 0.007 to 0.7.
Doping ration of AOB, N-DMBI, and PCBM were
calculated by their molar masses, which measure 265.4,
240.3, and 720.6 g/mol, respectively. During preparation
of PCBM, base pressure of vacuum chamber was 5 x 107
Pa, evaporator sources comprised two copper electrodes,
and their spacing spanned 5 mm. Organic materials were
evaporated on glass substrate, thermal evaporation rate
reached 0.015 nm/s, and thickness of thin film measured
200-300 nm. Temperature of glass substrate was 298 K.
Metal electrode of Au was evaporated on organic
materials, with length measuring 20 mm and thickness
reaching 60 nm. Maximal evaporation rate and doping
concentration were monitored by two quartz crystal
monitors.

PEDOT:PSS (including dispersion) were purchased
from the Sigma-Aldrich Company. We spin-coated
PEDOT:PSS on glass substrate at a speed 1000 rpm.
Thin film thickness totaled 1 um. PEDOT:PSS consisted of
10 g PEDOT:PSS dispersion, 0.3 g sorbitol, 0.5 g N-
methyl-pyrrolidone (NMP), and 10 g isopropanol. Then, 1
mm glass fiber filter was used to filter materials to obtain a
smoother thin film. Finally, we heated the thin film for 5
min at 474 K to remove sorbitol and NMP; this process can
increase electrical conductivity of PEDOT:PSS thin film.

Electrical conductivity and Seebeck coefficient were

measured using Keithley 2400 (Agilent Technologies).
Thermal absorption is a deferring process. To remove
system errors, when thermal absorption reaches saturation,
measured Seebeck voltages are usually averaged after 10
min. In our measurement, temperature difference reached
8 K between hot side and cold side. Second, we kept the
temperature constant, swapped hot-side and cold-side
temperatures, and measured Seebeck coefficient again to
further exclude systematic errors by averaging twice-
measured Seebeck coefficient (S = AV/AT). Seebeck
coefficient thus refers to twice-averaged values. During
Seebeck measurements, indium tin oxide (ITO) substrate
was heated, and unheated side was cooled using a fan to
maintain constant temperature. Substrate temperatures
were within the range of ¢ = 300-475 K. Table 1 shows
some parameters of modified PEDOT:PSS and PCBM.

Measurements in TE experiment may result in some
errors, which are generated by two primary causes: one is
the different potential generated by metal wires when
measuring temperature, and the other is system error
generated by uneven heating. Therefore, standard devia-
tions of performance parameters must be calculated. For
errors of metal electrode, temperature increased at the
interface between sensor and sample at less than 2°C. This
temperature increase induced changes in voltage drop of
sensor element. We eliminated this error in data transac-
tions. In case of Al or Au metal wires, we used Al and Au
material with the same length to measure their different
potentials for correcting corresponding temperatures.
Errors caused by uneven heating are usually inevitable in
experiments. Thus, we computed standards deviations to
eliminate their effects. Standard deviations for Seebeck
coefficient measurement, electrical conductivity, output
voltage, and short current reached 3.3%, 2%, 2.4%, and
3.1%, respectively.

3 Results and discussion

Figure 1(a) shows conductivity of singly-doped and
PCBM co-doped with AOB and N-DMBI under various
doping concentration at z = 298 K in a double-logarithmic
scale. Electrical conductivity of undoped PCBM is o =
10°® S/cm [37], whereas that of doped PCBM is several
orders of magnitude higher. Electrical conductivities of
both single-doped and double-doped PCBM increased
with increasing dopant concentration. Compared with
AOB and N-DMBI doping, electrical conductivity of N-
DMBI-doped PCBM increased by 4-5 orders of magni-
tude than that of pure PCBM. Electrical conductivity of

Table 1 Electrical conductivity, Seebeck coefficient, and power factor (PF) of modified PEDOT:PSS and PCBM at room temperature

sample o/(S-cm ') SAuV-K™ PF/(uW-m 'K ™?)
PEDOT:PSS 1040.1 30045 9+0.25
AOB and N-DMBI-co-doped PCBM 2+40.1 ~50045 14£0.25
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Seebeck coefficient (a) and electrical conductivity (b) after doping with AOB, N-DMBI, and combined AOB and N-DMBI.

Samples doped with AOB and N-DMBI were fabricated by thermal evaporation at varying doping molar ratios (MR) (from 0.07 to 0.7).
(c) and (d) Performance stability tests of AOB and N-DMBI-doped PCBM samples. Samples were exposed to room air or nitrogen

environment condition. Doping MR is 0.11

AOB-doped PCBM increased by 2—3 orders magnitude
than that of pure PCBM. Maximal value of N-DMBI-
doped PCBM got o= 5 S/cm (measured at MR = 0.7).

Changes in electrical conductivity of AOB-doped
PCBM ranged from 10° to 102 S/cm, and Seebeck
coefficient varied from —520 to —148 uV/K when molar
concentration of dopant changed from 0.007 to 0.7 at room
temperature. Side chain of AOB material features a
nitrogen ion, which serves as a primary electron donor.
When PCBM was doped with AOB, PCBM accepted an
electron from nitrogen ions, elevating Fermi energy close
to energy level of lowest energy unoccupied molecular
orbital of PCBM and increasing electrical conductivity. As
electron donor, nitrogen ion also recombined holes
(original ion); this effect decreased the number of free
carriers, resulting in increased Seebeck coefficient than that
of undoped PCBM.

Electrical conductivity of N-DMBI-doped PCBM
(5 S/cm) is higher than that of AOB-doped PCBM.
However, Seebeck coefficient of N-DMBI-doped PCBM is
slightly lower than that of AOB-doped material. This
observation resulted from addition of dense charge carriers
that increased electrical conductivity, especially that of N-
DMBI-doped PCBM. Charge carriers were distributed

along a manifold of states in energy and space, thus leading
to their transport along denser parts of the system. After
doping of PCBM by N-DMBI, low-lying localized states
were filled, significantly increasing density and mobility of
charge carriers. Therefore, electrical conductivity
increased. Some literature reported this view [40—42],
e.g., in organic field-effect transistor devices, which are
filled by gate bias.

Seebeck coefficient is negative for PCBM system co-
doped with AOB and N-DMBI. Hence, in doping PCBM
systems, electrons served as primary charge carriers.
Seebeck coefficient decreased with increasing dopant
concentration and also exhibited correlation with energy
difference between transport level and Fermi-level. Energy
difference in AOB-doped PCBM was smaller than that of
N-DMBI-doped PCBM, indicating that concentration of
charge carrier is also smaller in AOB-doped than in N-
DMBI-doped PCBM. Therefore, Seebeck coefficient of
AOB-doped PCBM is higher than that of N-DMBI.
Overall, PF of N-DMBI-doped PCBM was better than
that of AOB-doped PCBM, because electrical conductivity
of N-DMBI doping was higher than that of AOB-doping.

When AOB and N-DMBI were co-doped in PCBM,
combination of AOB and N-DMBI improved electrical
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conductivity and Seebeck effect behavior compared with
single doping with AOB or N-DMBI. Maximum electrical
conductivity measured 5 S/cm (MR = 0.7), and maximum
Seebeck coefficient totaled =550 pV/K (MR = 0.007). In
codoping system, nitrogen ions served as primary electron
donors on AOB sidewalls. Simultaneously, nitrogen ions
also provided hole acceptors on N-DMBI. After co-doping
of PCBM, electron and hole recombination action led to
decreased concentration of charge carrier and increased
Seebeck coefficient. On the other hand, low-lying localized
states were filled, leading to energy difference between
transport levels, and Fermi-level was decreased by
synergistic effects of codoping, leading to increased
mobility and electrical conductivity of co-doping than
single doping with AOB or N-DMBI.

To determine stability of device by doping with AOB
and N-DMBI, related samples were placed in air or
nitrogen environments. Meanwhile, all samples were
placed in nitrogen environment over 2 days (~ 48 h).
Afterward, electrical conductivity and Seebeck coefficient
both decreased rapidly, as shown in Figs. 1(c) and 1(d).
Samples were relatively stable when placed in a glove box.
Oxygen may cause rapid deterioration of TE character-
istics. We expected degeneration by oxygen or as effect of
water. Seebeck coefficient value reached 10 pV/K at room
temperature for pure PCBM, but when placed in air,
Seebeck coefficient dramatically changed to ~400 pnV/K.
After doping by AOB and N-DMBI, Seebeck coefficient
and electrical conductivity both increased. Seebeck
coefficient was higher in air than in nitrogen conditions,
whereas changes in electrical conductivity was minimal in
nitrogen condition for AOB and N-DMBI-codoped
samples. We also tested effects of water on PCBM. We
fabricated PCBM solutions with higher concentrations of
up to 5 mg PCBM per mL of water and observed that
Seebeck coefficient increased to —200 pV/K, whereas
electrical conductivity decreased rapidly. Therefore, water
poses more significant effect than oxygen.

heating

heating
(a)

heating

For single thermocouple model, as shown in Fig. 2(a), p-
and n-type devices were connected by ITO. PEDOT:PSS
was heat-treated, followed by spin-coating onto an ITO
glass substrate. Then, we erased one half PEDOT:PSS by
using ethyl alcohol on ITO and covering the cleaned part
with AOB- and N-DMBI-codoped PCBM by thermal
evaporation. Lastly, Au and Al electrodes were deposited
on top of PEDOT:PSS and PCBM devices, respectively,
forming the final ITO/PEDOT:PSS/Au and ITO/ PCBM/
Al TE devices on the same ITO glass substrate. Effective
length of single p-type or n-type devices measured 5 mm,
and width spanned 2 mm. Active area of p- or n-type single
devices reached 10 mm?. As shown in Fig. 2 (b), we built a
TE module with 48 legs based on PEDOT:PSS and doped
PCBM materials. First, 3 mm x 3 mm AIN wafer was used
as substrate. A total of 48 bottom silver electrodes were
inkjet-printed onto ultraviolet/ozone-treated substrates,
each 0.35 mm x 0.25 mm and 0.1 mm apart. Then,
compressed p- and n-type polymer samples (0.3 mm x 0.2
mm x 1 mm) were placed in a small check with 60 nm
evaporated Au layer on one side and were adhered to
bottom substrate using silver paste. PEDOT:PSS func-
tioned as the p-leg, and n-leg consisted of AOB and N-
DMBI-codoped PCBM. As depicted in Figs. 3(a) and 3(b),
voltage and current of fabricated TE devices and modules
were measured at different temperatures. At At = 75 K,
output voltage and current of TE modules measured 0.82 V
and 11.52 mA, respectively.

Figure 4(a) shows maximum power output of TE
module with different load resistances. Useful power
outputs of PEDOT:PSS and PCBM thermocouple with
various load resistances were measured at hot-side
temperatures of 373 and 453 K, respectively. Temperature
differences reached 50 and 75 K, respectively. This all-
organic TE module provides a maximum power output of
945 uW when hot-side temperature is 453 K, and
temperature difference is 75 K. Figure 4(b) shows
maximum output power per area of a PCBM and

Fig. 2 (a) Schematic diagram of p- and n-type organic TE devices structure in heating conditions: ITO/PEDOT:PSS/Au + ITO/PCBM/

Al thermocouple device and (b) TE module schematic diagram
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Fig. 4 (a) Useful power output of PEDOT:PSS and PCBM thermocouple devices with various resistance loads were measured at hot-
side temperature of 373 and 453 K, respectively. Temperature differences reached 50 and 75 K, respectively. (b) Maximum output power
per area of PEDOT:PSS/PCBM TEGs consisting of 48 thermocouples legs. (Matrix packing density defined as the area occupied by legs
over total area of TEG of 0.48). Extrapolated limit power output for packing density of 0.94 is plotted with a dashed line

PEDOT:PSS thermocouple model. Assuming optimal
packing density of legs (dashed line 1 in Fig. 4), the
highest expected electrical power generation from such
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Fig. 5 Output power stability of TE device with hot-side
temperature of 373 K and temperature difference of 50 K

modules was extrapolated to 2.81 uW/cm? at At = 30 K.

TE module showed good stability. We tested stability of
power with increasing time and observed that under
ambient atmosphere, it did not degrade after 2800 min at
high temperature of 373 K, as shown in Fig. 5. Deduced
half-lifetime is longer than 50 h.

4 Conclusions

PCBM were doped with AOB or N-DMBI as n-type legs in
TE module. In codoped samples, synergistic effects of
AOB and N-DMBI can simultaneously increase electrical
conductivity and Seebeck coefficient compared with
single-doped and undoped PCBM samples. Electrical
conductivity reached 2 S/cm, and obtained Seebeck
coefficients were as large as —500 pV/K when dopant
molar ratio was 0.11. These characteristics remained
almost constant when samples were placed in air



122

environment for 2 days. Based on these p-type (PEDOT:
PSS) and n-type (PCBM) TE materials, a TE module
consisting of 48 thermocouple legs were fabricated. Upon
application of a 75 K temperature gradient, maximum TE
voltage measured 0.82 V at hot-side temperature of 453 K.
Although efficiency of organic TE devices is still much
lower than state-of-the-art inorganic TE devices, it can be
further increased by device optimization. Organic TE
devices also feature many advantages, including facile
synthesis, being light-weight, low-cost, and non-toxicity.
These results can promote organic TE materials and
devices and their development and application in green
energy field.
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