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The doping effects of thermal decomposable ammonium formate (AF) from 5 to 50 wt.% on
the electrical conductivity, Seebeck coefficient, and microstructures of poly(3,4-ethylenedi-
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) films have been investigated for the
first time for modern thermoelectric applications. It has been found that the Seebeck coef-
ficient can be effectively tuned in a very wide range by varying the AF doping concentra-
tion, where a maximum value of 436.3 lV/K was obtained, i.e., �40 times higher in
magnitude than the pure PEDOT:PSS films prepared with same processes. The greatly
enhanced Seebeck coefficient is considered to be the result of reducing the carrier concen-
tration, as evidenced by the Hall measurement. In addition, AF also plays an important role
in the formation of the closed or open pores and channels within the films for phonon scat-
tering, as can be clearly observed in the SEM images. The present work provides a new pro-
cedure to effectively control the Seebeck coefficient as well as the microstructures of
PEDOT:PSS polymer by a simple blending approach with suitable thermal steps, which
has not previously been reported.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction where S, T, r, j and P are the Seebeck coefficient, absolute
In recent years, thermoelectric (TE) materials have be-
come one of the hottest research topics since a series of
remarkable breakthroughs in the TE figure of merit (ZT),
which mainly originate from the novel nanostructural de-
sign [1,2]. This new technique for the first time enables
TE technology to approach a level that is comparable with
other green-energy systems, and further accelerates the
progress in fundamental researches and applications. The
ZT value determined for the performance evaluation of
TE materials is governed by multiple physical parameters,
expressed as:

ZT ¼ r � S2

j
T ¼ P

j
T ð1Þ
. All rights reserved.
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u.tw (C.-H. Chen),
temperature, electrical conductivity, thermal conductivity
and power factor, respectively [3–6].

Among the various categories of thermoelectric materi-
als, a great deal of attention has recently been given to or-
ganic TE materials, particularly since the time when the
conducting polymers were discovered. The solubility and
flexibility, which allow for either the easy blending or inte-
grating with other organic/inorganic TE materials with
simple or unusual topologies, are the most attractive fea-
tures of the organic TE materials [3]. Furthermore, for poly-
mers, the low thermal conductivity becomes an important
and critical contribution for obtaining high ZTs. The ionic
conducting polymers (ICPs), e.g., polyaniline (PANI) [7,8],
polypyrole (PPy) [9], and polythiophene [10–12], along
with their high electrical conductivity and intrinsically
low thermal conductivity, are considered as the most
promising and novel organic TE materials.

Toshima et al. have demonstrated a series of PANI films
[13,14], one of the most commonly studied TE polymers,
with various dopants and found that some specific dopants
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Fig. 1. Chemical structures of PEDOT, PSS, AF, and DMSO.
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can effectively increase the electrical conductivity to sev-
eral hundred Siemens per centimeter. However, due to
the low Seebeck coefficient, the highest ZT can only reach
�10�3 around room temperature, which is still insuffi-
ciently high for practical application. The ICPs with specific
dopants indeed provide the excellent and stable electric
conductivities needed, but it is generally difficult to obtain
a high Seebeck coefficient simultaneously. A significant
enhancement in ZT has been achieved by synthesizing
specially designed copolymers with a high electrical
conductivity, e.g., poly(2,5-dimethoxyphenylenevinylene-
co-phenylenevinylene) and poly(2,5-diethoxyphenylene-
vinylene-co-phenylenevinylene), which exhibit a greatly
improved ZT of �10�2 and �10�1, respectively [15,16].

As a popular commercial conducting polymer, the
water-dispersible poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS) has become one of the
most promising conductive polymers and has been widely
applied in modern photoelectronic devices [17]. The TE
investigations for PEDOT:PSS can be traced back to 2002,
when Kim et al. established that the Seebeck coefficient
decreases with the addition of the dielectric solvent of di-
methyl sulfoxide (DMSO) [10]. The topic began to attract
growing interest until in 2009 numerous results were pub-
lished regarding both as-received PEDOT:PSS and blended
composites [10–12,18]. Although the addition of DMSO
has been widely accepted as an effective approach to
greatly increase the electrical conductivity by several or-
ders of magnitude, in the meantime, the Seebeck coeffi-
cient also drastically decreases, even with a very small
addition, e.g., 0.5 wt.%, and seems to have less change with
the variation of the DMSO concentration [11].

Due to the difficulty of independently controlling the
Seebeck coefficient and electrical conductivity, blending
of different organic/inorganic TE materials provides a sim-
ple and potential way to individually optimize these two
parameters of the blended TE composites. For instance,
Zhang et al. have demonstrated one design of organic–
inorganic hybrid films, i.e., one Bi2Te3 granular layer coated
with one thick PEDOT:PSS layer, and obtained a power fac-
tor of �16 lW/mK2, which is much lower than their theo-
retical prediction using a simplified ideal model [12]. See
et al. have also presented an in situ synthesis of the com-
posite of the Te nanorods and PEDOT:PSS, which has a
maximum Seebeck coefficient of 163 lV/K and power fac-
tor of �70 lW/mK2 [18]. All these hybrid results indicate
that no matter whether the TE heteromaterials are inte-
grated in parallel or serial methods, the final TE perfor-
mance is directly correlated with that of the individual
components [12]. It is thus of great importance and mean-
ingful to make efforts to enhance the TE performance of all
components, especially the polymers, such as the PED-
OT:PSS polymers in the above cases.

In this paper, the effects of the ammonium formate (AF)
dopants on the Seebeck coefficient, electrical conductivity,
power factor and microstructures of the commercial PED-
OT:PSS films are presented. It has been reported that AF
can cut off alkyl groups or side chains from benzene [19].
The results motivated us to examine if AF can be a promis-
ing dopant to effectively tune the electrical properties of
conducting polymers. In addition, since AF will decompose
into formamide and water with the presence of heat [20],
in our experience, a two-step drying process was specially
designed to form PEDOT:PSS films with nano/micro-frac-
tures in which significant phonon scattering may occur,
reducing the thermal conductivity of the films. During
the first drying step at lower temperature, the only solvent,
water, will be gently removed to create dried AF blended
PEDOT:PSS films and a very small fraction of the AF do-
pants will also decompose into the gas phase. The follow-
ing higher-temperature step will make the trapped solid
AF dopants almost decompose to simultaneously form
open or closed voids or channels randomly distributed
over the films.

2. Experiment

Commercial PEDOT:PSS and AF were purchased from
H.C. Starck (Clevios PH 500, 1.0–1.4 wt.%) and Showa
Chemical Inc., respectively, and used without further puri-
fication. The received PEDOT:PSS solution was doped with
5, 10, 20 and 50 wt.% AF, and respectively denoted as P5,
P10, P20, and P50. It must be noted that the weight per-
centages mentioned above are expressed only by the
respective weight percentages of the solid content irre-
spective of the water solvent, not the whole solution mix-
ture. The 5 wt.% DMSO doped and raw PEDOT:PSS
solutions were also prepared for comparison. The chemical
structures are shown in Fig. 1. The glass slides were cut
into 2.5 � 2.5 cm2 pieces as the substrates and washed
with ultrasonic cleaning processes in detergent, deionized
water, and isopropyl alcohol, sequentially. An approximate
100 lL of each prepared PEDOT:PSS solution was dropped
onto the as-cleaned glass substrate using a micropipette
and spread evenly. The deposited sample was firstly dried
in air at 40 �C for 1 h mainly to drive off the H2O solvent
and then kept at 80 �C for another 1 h to further remove
the residual solvent as well as to evaporate the AF dopants.
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The final thickness of each dried PEDOT:PSS film was in the
range of �4–6 lm.

The sheet resistance and the electrical conductivity were
measured with an automated four-point probe system
(Resistest RT-80/Resistage RT-80, Napson Corporation).
The corresponding carrier concentration and Hall mobility
were characterized with a Hall system (Accent HL5500).
The cross-section SEM images provided the accurate thick-
nesses needed. For the Seebeck coefficient measurement, a
maximum temperature gradient of 10 �C was created be-
tween two electrodes with an interval of 1.0 cm. The See-
beck voltage and temperature difference were recorded
in situ for obtaining the Seebeck coefficients. The samples
for the scanning electron microscope (SEM; JSM-6500, JEOL)
were broken in liquid nitrogen to avoid plastic deformation
of the films. Thermogravimetry analysis (TGA, Q500, TA
instruments) was deployed not only to understand the
decomposition process of AF but also to characterize the
thermostability of the produced films. All TGA samples were
pre-heated at 40 �C for 10 min. The time-resolved
decomposition of the as-received AF powders at 80 �C and
the temperature-dependent weight loss of the prepared
PEDOT:PSS films up to 800 �C were respectively recorded.
The furnace chamber was constantly purged with nitrogen
to minimize the effect of oxygen and to serve as a carrier
gas, taking waste out of the chamber. The UV–Vis absorption
spectra were recorded with a UV–Vis spectrophotometer
(Evolution 300, Thermo Scientific). Thermal conductivity
Fig. 2. The cross-section and top-view (inset) SEM images of (a) PH 500, (b) P10
sample preparation.
was analyzed by placing a free-standing polymer film be-
tween two stacking copper pillars. A heat source generates
heat from the bottom of the lower pillar and heat flows up-
ward, through the sample, and then into the upper pillar.
Temperatures were measured at certain points of the two
pillars to calculate the speed of the heat flow and thermal
conductivity of the polymer film.

3. Results and discussion

Fig. 2 shows the cross-section and top-view SEM images
of the unmodified and AF-doped PEDOT:PSS films, respec-
tively. In contrast to the very smooth and flat surface of the
unmodified PEDOT:PSS, the surface roughness as well as
the morphological defect within the film, e.g., the cracks,
voids and column structures, obviously increase with the
increase of the AF dopant, especially when the AF exceeds
20 wt.%. It is difficult to spread the PEDOT:PSS solution
with AF dopants over 50 wt.% since the strong ionic inter-
action among the AF salts will make the solution gel.

In order to identify the role of AF on the fracture struc-
tures, TGA analysis was performed on the as-received AF
powders to understand its decomposition behavior. As can
be seen in Fig. 3(a), the weight of the AF powders decreases
approximately as a linear function with the heating time at
80 �C and approaches complete decomposition after
100 min. It is thus clear that the structural fractures of the
PEDOT:PSS films as observed in Fig. 2 were mainly created
, (c) P20, and (d) P50. (e) Image of the close-up of the crack formed during
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Fig. 3. TGA curves of (a) as-received AF powders and (b) PH 500 and P10.

Table 1
Seebeck coefficients (S), sheet resistances (R), electrical conductivities (r),
and power factors (P) of the as-received and modified PEDOT:PSS films.

R (X/h) r (S/cm) S (lV/K) P (lW/mK2)

PH 500 825.57 1.21 12.4 0.019
DMSO-doped 2.93 524.30 11.6 7.06
P5 21,590 0.11 30.6 0.010
P10 619,100 0.019 220.0 0.092
P100 323,640 0.036 436.3 0.69

P100:P10 solution stored at 10 �C for 1 month.

Table 2
Carrier concentrations (n), Hall mobilities (lH), and calculated electrical
conductivities (rH) of the as-received and modified PEDOT:PSS films.

n (cm�3) lH (cm2/Vs) rH (S/cm)

PH 500 5.5 � 1018 2.96 2.64
DMSO-doped 1.1 � 1021 3.81 670
P10 4.3 � 1017 1.43 0.0984
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during the second drying process, i.e., 80 �C for 60 min, due
to the violent decomposition of AF at this condition. Because
of the lower mechanical strength of the PEDOT:PSS film, the
decomposition gas will be released toward the film surface
or just trapped in the films. When the three-dimensional
pores or channels are open to atmosphere, the inner gas will
be exhausted by the gravity of the PEDOT:PSS films to form
collapsed two-dimensional interfaces.

Fig. 3(b) is the temperature dependence of the weight
loss of PH 500 and P10 from 40 to 800 �C. Basically, the
TGA curves for PH 500 and P10 are quite similar to our
expectation, since PH 500 is the only main component
for both cases. A drastic weight loss of P10 found at the
very beginning stage up to �100 �C should originate from
the further decomposing of the residual AF, as discussed
above. As can be seen, at 80 �C, i.e., the temperature of
the second drying step, the weight loss difference between
PH 500 and P10 remains at less than 1.5%, indicating the
possible residual level of AF. The adding of AF seems not
to affect the thermostability of the PH 500 films. As dis-
played, the substantial decomposition for both PH 500
and P10 found at �300 �C is close to that for traditional
Polyimide (PI), which is commonly used for flexible sub-
strates in electronic devices. Therefore, the thermostability
of the present AF-doped PH 500 film is sufficient for future
applications of the soft thermoelectric devices.
Table 1 summarizes the measured thermoelectric prop-
erties of the as-received and modified PEDOT:PSS films.
The most notable changes are that the electrical conductiv-
ity of the AF doped film decreases by one to two orders of
magnitude compared to the unmodified PH 500. For fur-
ther evaluation of the electrical conductivity, Hall mea-
surements were carried out and the results confirmed
that all the prepared films were hole-type carrier domina-
tion. In the p-type semiconductors, the electrical conduc-
tivity r can be expressed by the relationship:

r ¼ e n lH ð2Þ

where e, n, and lH is the electronic charge, carrier concen-
tration, and Hall mobility, respectively. As can be seen in
Table 2, the electrical conductivity of the pristine and mod-
ified PEDOT:PSS films obtained from the product of these
two competing factor, n and lH, is of the same order of
magnitude as that measured by 4-point probe method as
shown in Table 1, indicating the reliability of the present
measurements. Obviously, the largely decreased electrical
conductivity of the AF doped PEDOT:PSS film (P10), was
mainly caused by the one-order-of-magnitude reduction
in the carrier concentration. This probably results from
the interaction between the AF molecules and PSS mono-
mers, and thus inhibits the role of the carrier supplier of
PSS for PEDOT. Checking the results in Table 2, the Hall
mobility shows relatively less variation (<50%) with do-
pants, either the DMSO or the AF.

In addition to the electrical conductivity, it is notewor-
thy that the Seebeck coefficient for P10 as displayed in Ta-
ble 1 is �20 times higher than that for as-received PH 500
as well as the widely-synthesized DMSO-modified PH 500.
Generally, the Seebeck coefficient will be affected, either
increasing or decreasing, even with only slight doping,
e.g., the DMSO, but will not effectively vary with the dop-
ing concentration. It is surprising in the present case that
the Seebeck coefficient significantly enhances with the AF
doping concentration.

A theoretical derivation of Seebeck coefficient (S) is ex-
pressed as [21]:
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SðTÞ ¼ 1
eT

R
½EFðTÞ � E�drðEÞdER

drðEÞdE
ð3Þ

where EF is the Fermi level and dr(E) the differential con-
ductivity at energy E. This equation holds for both band
and hopping transport. With the further assumption of
unipolar charge carrier transport at one narrow transport
level (ET), Eq. (3) can be written as:

SðTÞ ¼ EFðTÞ � ET

eT
ð4Þ

The energy difference EF(T)�ET is correlated to the car-
rier concentration as well known [22]. The variation of
about one order decrease of the carrier concentration will
great increase the EF(T)�ET, and thus enhance the Seebeck
coefficient according to Eq. (4). Similar tendency between
the carrier concentration and thermoelectric properties,
including the electrical conductivity and the Seebeck coef-
ficient can also be observed in doped organic semiconduc-
tors [21].

In addition to the direct evidence of the carrier concen-
tration influence on the electrical conductivity and Seebeck
coefficient, here we further consider another phenomenon
that might happen in the present AF doped system and af-
fect these two parameters, r and S. It has been reported
that AF can substitute double bonds sites and cut off side
groups with the presence of catalysts [19,23,24]. Thus, it
is reasonable to consider that the double bonds on PEDOT
will be partially damaged by AF. The conjugation length of
PEDOT will thus be reduced and the lowered density of
states of the conducting bands and valence bands lead to
a wider band gap. Martin et al. have experimentally proven
the correlation between the conjugation length and the
band gap by analyzing UV–Vis spectra of samples with a
precisely controlled conjugation length from one oligomer
to six oligomers. They found that the UV–Vis absorption
energy Eabs (eV) were found to be ruled by the following
equation derived from Kuhn’s electron gas model [25].

Eabs ¼ V0 þ
h2

4mL2
0

� V0

4

 !
1

N þ 0:5
ð5Þ

where V0 is the amplitude which corrects the free electron
gas model, h the Plank constant, m the mass of the electron,
L0 the unit length of the conjugation, and N the number of
conjugated bonds. Since N is much larger than 0.5 in the
present case, the absorption energy Eabs shows a linear
relation with 1/N. As a result, the blue shift of the UV–Vis
peak should increase with the decreasing of conjugation
length. The slight decrease of the Hall mobility of P10 as
observed in Table 2 might also be correlated to the possible
decrease of conjugation length. The UV–Vis spectra of the
prepared films shown in Fig. 4 represent a large blue shift
for the AF-doped PH 500, which provides reliable evidence
of the widening of the band gaps. As previously discussed,
the widened band gap should mainly originate from the
great decrease of the carrier concentration of the AF doped
films.

According to the definition of the power factor, either
increased electrical conductivity or especially the Seebeck
coefficient is of great importance to enhance the power
factor. However, these two parameters generally cannot
be increased simultaneously due to the inverse relation
to the gap between ET and EF of the material, i.e., when
the gap becomes wider, a higher Seebeck coefficient can
be obtained, whereas a lower electrical conductivity will
be presented. This trade-off has also been one of the major
problems for all categories of thermoelectric materials.
Although the electrical conductivity decreases by two or-
ders of magnitude due to the doping of 10 wt.% AF (P10),
the one order of magnitude increase in the Seebeck coeffi-
cient leads to an overall one order increase in the power
factor, compared with the pristine PH 500. A similar ten-
dency can also be found in the case of P5.

In order to investigate the AF doping effect on the pho-
non scattering and to estimate the ZT value, the thermal
conductivity of P100 was measured near the room temper-
ature. The obtained thermal conductivity of 0.18 W/mK is
close to that of the PH 500 film with 5% DMSO (0.32 W/
mK) [26] and PH 500 pellet with 10% DMSO (0.17 W/mK)
[27] been reported. The estimated ZT value of P100 would
thus be 1.1 � 10�3 at room temperature. This result indi-
cates that not only can electrical conductivity modification
improve the ZT value, but TE behavior can also be en-
hanced by modifying the Seebeck coefficient to a compar-
ative value regarding other works.

Another interesting phenomenon is observed that when
the prepared AF doped film is stored at lower temperatures
(�10 �C) in refrigerator for a period of time, the Seebeck
coefficient increases with the storage time. For instance,
the Seebeck coefficient of P10 rises from the initial 220
to 436.3 lV/K after 1 month storage. The solution was kept
in a refrigerator at all times and only taken out for sample
coating. The mechanism of this effect on especially the See-
beck coefficient is not clear so far.

4. Conclusion

In summary, we have successfully incorporated AF
into Clevios PH 500 with various concentrations from 5
to 50 wt.% to form continuous films with distinct
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thermoelectric properties and microstructures. With the
increase of the AF doping, the Seebeck coefficient discern-
ibly varied in a pretty wide range in which a maximum of
436.3 lV/K was found for 10 wt.% AF (P100), i.e., �40 times
greater in magnitude, compared with 12.4 lV/K for pure
PH 500. The greatly increased Seebeck coefficient, as well
as the accompanying decreased electrical conductivity,
probably originates from the reduction of the conjugation
length of PEDOT by AF, as evidenced by the UV–Vis spectra.
The best power factor obtained is 0.69 lW/mK2, which is
one order higher than that of pristine PH 500, but it is still
lower than PH 500 blend with 5 wt.% DMSO, due to its lack
of electrical conductivity. Nevertheless, this work provides
a new procedure to increase the Seebeck coefficient of the
polymer by simple blending, which has not previously
been reported. In addition, AF also plays an important role
in the formation of the closed or open pores and channels
by thermal decomposing of AF, as can be seen in SEM
images. These nano/micro-defects are considered to effec-
tively scatter phonons and thus to further enhance the
thermoelectric performance.
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