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INTRODUCTION Poly(3,4ethylenedioxythiophene):poly(styre
nesulfonate) (PEDOT:PSS) is a widely investigated ionic
conducting polymer (ICP) in many research aspects and
serves also as a promising thermoelectric polymer along
with its potentially high and tunable electrical conductiv-
ity.1–3 The effectiveness of a thermoelectric material is
related to the dimensionless figure-of-merit (ZT) defined
as rS2T/r, where r is the electrical conductivity, S is the
Seebeck coefficient, j is the thermal conductivity, and T is
the absolute temperature.4 Ongoing research efforts on
PEDOT:PSS are largely targeted at improving the electrical
conductivity mainly due to less-effective strategies in mod-
ifying Seebeck coefficient and the intrinsically low thermal
conductivity.

Among the numerous electrical-conductivity-improving
techniques, surface treatment with chemical solvents is a
special branch in contrast to the conventional solution
blending approaches, since it can be directly and repeatedly
performed on baked ICP films.5–10 We have previously dem-
onstrated that by spin-coating solvents containing polar
groups, such as 2-methoxyethanol (ME) and ethylene glycol,
on the pristine PEDOT:PSS film can significantly enhance
the electrical conductivity.10 Similar enhancement was
found by repeatedly immersing the PEDOT:PSS film into
ethylene glycol.5 Surface treatments specifically for increas-
ing the Seebeck coefficient have less been reported
although its tuning is also crucial as the electrical conduc-
tivity for thermoelectric applications. However, to date, only
few few blending additives, e.g., ammonium formate
(HCOONH4, AF)

11 and urea (CO(NH2)2),
12,13 have been pro-

ven to effectively enhancing the Seebeck coefficient of the
pristine PEDOT:PSS film.

In this work, a novel composite recipe coupling binary mix-
tures of the ME solvent and ammonium salt, which has
respectively proven as the electrical conductivity and See-
beck coefficient enhancers, was for the first time introduced
for treating the surface of baked PEDOT:PSS films. Two
potential ammonium salts, AF and ammonium nitrate
(NH4NO3, AN), with various salt/ME ratios were applied for
identifying the most effective recipe and the resulting ther-
moelectric properties.

Table 1 shows the thermoelectric properties of the pristine
PEDOT:PSS films and those surface treated with single rea-
gent, ME or the aqueous solution of AF (AFaq). As can be
seen, the ME treatment on the pristine PEDOT:PSS film
actually leads to at least three orders improvement in the
electrical conductivity. The Hall measurement confirmed that
the improvement originates from the simultaneously
increased carrier concentration and mobility. However, the
Seebeck coefficient simultaneously decreases with the ME
treatment. In contrast, AFaq only slightly improves the elec-
trical conductivity mainly due to the slight decrease in the
carrier concentration and the slight increase in the carrier
mobility, but noticeably, it specifically enhances the Seebeck
coefficient up to �20% (1.0M AFaq).

The electrical conductivity and Seebeck coefficient are both
related with the carrier concentration as expressed14:

p5r=elH5Nlexpð2eS=kBÞ (1)

where p is the carrier concentration, e is the unit charge, lH

is the hall mobility, Nl is the effective density of states of
transport level, and kB is the Boltzmann constant. It is thus
understandable that reducing the carrier concentration is a
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practicable way to increase the Seebeck coefficient. Accord-
ing to Table 1, the AF solution plays unique roles not only
on reducing the carrier concentration to increase the See-
beck coefficient, but more significantly, on enhancing the car-
rier mobility of the pristine PEDOT:PSS film to lead the
slightly improved electrical conductivities. It is thus reasona-
ble to conclude that, by utilizing a binary mixture of AF and
ME, the carrier concentration and mobility of the PEDOT:PSS
film are expected to be effectively tuned to have an
enhanced ZT.

Figure 1 shows the Seebeck coefficient, the electrical conduc-
tivity and the resulting power factor of the ME/salt surface-
treated PEDOT:PSS films. It is clearly that when the ammo-
nium salt, AF or AN, incorporates with ME, the Seebeck coef-
ficient increases with the salt concentration whereas the
electrical conductivity shows an opposite tendency, indicat-
ing the dominative role of the ammonium salts as mentioned
above (AFaq). In contrast to the ammonium salts, the quan-
tity of ME is relatively constant since ME serves as a solvent
in the binary mixture. In other words, the ME induced
enhancement in the electrical conductivity is approximately
independent of the salt concentration and is thus insufficient
to cover the lost carrier concentration caused by the
increased ammonium salts to keep a high electrical conduc-
tivity as the single ME treatment. Despite the binary mix-
tures seem not to be more effective than the single reagent

(ME or AFaq) in individually enhancing the Seebeck coeffi-
cient or electrical conductivity, the resulting power factors
are still several orders higher than the pristine film and
reaches a similar level of the ME treated one (Table 1).

As aforementioned, ME is rather crucial but insufficient in
quantity for enhancing the electrical conductivity of the
PEDOT:PSS films. To strengthen the ME effect, we performed
a special two-step procedure in which pure ME treatment
takes the lead prior to the ME/salt ones. In contrast to the
single treatment with the binary mixtures, the ME pretreat-
ment could provide additional amount of ME and reaction
time with the PEDOT:PSS films for independently tuning the
electrical conductivity. As displayed in Figure 1, with the ME
pre-treatment, the power factors are significantly enhanced
for all the specimens mainly due to the twice improved elec-
trical conductivities. The result also implies that ME and
ammonium salts play their respective roles in enhancing the
electrical conductivity and Seebeck coefficient of the
PEDOT:PSS films.

Figure 2 shows the AFM phase images of the pristine and
surface treated PEDOT:PSS films. The lighter and darker
regions represent PEDOT- and PSS-rich phases, respectively.
The less contrastive blurred image shown in Figure 2(a)
indicates that the PEDOT and PSS chains of the pristine film
are uniformly blended. When the surface treatments are

TABLE 1 Thermoelectric Properties of the Pristine and Surface Treated PEDOT:PSS Films

Treatment

Reagent

Seebeck Coeffi.

(V K21)

Electrical Conduct.

(S cm21)

Carrier Concen.

(cm23)

Carrier Mobility

(cm2 V21 s21)

Power Factor

(lW m21 K22)

None 19.11 0.33 1.6 3 1019 0.13 0.01

ME 15.01 757 2.0 3 1020 37.15 17.06

AFaq (0.1M) 21.06 7.83 1.3 3 1019 3.75 0.35

AFaq (0.5M) 21.54 1.49 2.6 3 1018 3.53 0.07

AFaq (1.0M) 23.34 0.95 2.1 3 1018 2.83 0.05

FIGURE 1 The Seebeck coefficients, electrical conductivities, and power factors of the ME/salt and ME-ME/salt (with ME pretreat-

ment and then ME/salt) treated films. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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performed, the much higher contrasts as observed in Figure
2(b–f) strongly evidence the occurrence of the phase separa-
tion of PEDOT and PSS. This phenomenon originates from
the great difference in the solubility of hydrophilic PSS and
hydrophobic PEDOT with the polarity solvents, e.g., H2O or
ME, as reported previously.10 In addition, the charge screen-
ing effect, which would also lead to the phase separation
and form a rather continuous network of PEDOT-rich phase,
might occur with the presence of ME. Similar charge screen-
ing effect has also been reported for hydrolyzed hexafluor-
oacetone in PEDOT:PSS.15,16 The resulting aggregation of the
PEDOT chains would specifically enhance the carrier mobil-
ity of the PEDOT:PSS films as found in Table 1. In compari-
son with the solvent of ME, it was also found that the more
polar molecule of H2O could dissolve and subsequently
remove a greater amount of PSS to have a brighter AFM
image [Fig. 2(c)].

Regarding the role of AF and AN, it has been addressed that
the ammonium could induce the desulfonation reaction on
the sulfonic acid group of PSS.17,18 It is thus reasonable to
believe that the ammonium obtained from the dissolved AF
or AN in H2O or ME could also react with acid groups of
PSS. In addition, a simple carrier exchange between the
ammonium and H1 of the PSS chains could reduce the active
concentration of sulfonate on the PSS chains by forming
ammonium sulfate. These two phenomena would lead to a
lowering of the carrier concentration and thus the Seebeck
coefficient of PEDOT:PSS.

However, with the copresence of ME and AN or AF, the
resulting phase distribution and ratio of PEDOT and PSS
have a relative balance and are quite similar, well explaining

their similar electrical conductivities. Figure 2(f) shows the
AFM image of the two-step ME-ME/AF treated film. Although
the amount of the dark PSS region is slightly lesser than Fig-
ure 2(d,e), the aggregated PEDOT region resulted from the
pre-ME treatment is much larger, bringing the higher electri-
cal conductivity.

The thermal conductivities were characterized following the
ASTM D5470 protocol. It was found that the thermal conduc-
tivity is quite identical before and after the surface treat-
ment, falling in the range of 0.195–0.213 W m21 K21. The
optimized power factor and the resulted ZT of the ME/AF
treated PEDOT:PSS films can achieve a rather high level of
�20 lW m21 K22 and 0.033, respectively.

The innovative composite recipe coupling ammonium salts
and ME was proposed and successfully demonstrated
through the surface treatment method for improving the
thermoelectric performance of the PEDOT:PSS films. The
present remarkable enhancement in the resulting ZT is evi-
denced as the result of the phase separation brought by ME
and the dedoping effect brought by AF, which leads to the
optimization of the electrical conductivity and Seebeck coeffi-
cient, respectively.

EXPERIMENTAL

The pristine film of PH 1000 is prepared by evenly spread-
ing commercial PEDOT:PSS solution (Clevios PH 1000, Her-
aeus) onto the cleaned glass substrates (2.5 3 2.5 cm2) with
a subsequent baking process. Hundred microliter of pure ME
or mixtures of ME and single ammonium salt, AF or AN, was
dropped onto the baked pristine PEDOT:PSS films and then

FIGURE 2 AFM phase images of (a) the pristine PEDOT:PSS film, and the (b) ME, (c) AFaq (0.1M), (d) ME/AN (0.1M), (e) ME/AF

(0.1M), and (f) ME-ME/AF (0.1M) treated ones. The area scanned is 1 3 1 lm2 for each image. The color scale indicates a range of

�800 mV. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the surface coated film was spun at 2000 rpm and dried at
120�C for 1 h. The electrical conductivity was acquired with
an automated four-probe system and Hall measurement sys-
tem (HMS-3000, ECOPIA). The Seebeck coefficients were
recorded in situ with a maximum temperature gradient of
10�C. Scanning electron microscopy (SEM, JSM-6500, JEOL)
samples were broken in liquid nitrogen to avoid plastic
deformation. Atomic force microscopy (AFM) phase images
were captured in tapping mode (Veeco DiInnova system).
Etched Si probes (resonance frequency 150 kHz, force con-
stant 5 N m21, tip radius of curvature 10 nm) were used
under ambient conditions. Typical scan rates during record-
ing were 0.7–1 line s21.
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