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 Thin films of poly(3,4-ethylenedioxythiophene) (PEDOT) were fabricated via the vapor-
phase polymerization (VPP) of the monomer 3,4-ethylenedioxythiophene (EDOT) with 
FeCl3·6H2O as the oxidant.  The doping level and electrical properties of the VPP-PEDOT 
films were investigated by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and 
electrical conductivity measurements.  The VPP of EDOT was observed by in situ ultraviolet–
visible (UV–Vis) absorption spectroscopy.  The results showed that highly doped PEDOT 
films were formed in the initial stages of VPP, and the doping level increased as the reaction 
proceeded.  The doping level eventually decreased because of the limited amount of the oxidant.  
Therefore, it was concluded that the doping level of VPP-PEDOT thin films could be changed 
depending on the initial amount and supply of the oxidant.  The thermoelectric properties of 
the as-synthesized VPP-PEDOT films were also studied, with the aim of applying them as an 
energy harvester and/or a temperature sensor.

1. Introduction

 Poly(3,4-ethylenedioxythiophene) (PEDOT) has attracted significant attention in recent 
years because of its high conductivity, outstanding chemical stability under ambient conditions, 
and transparency, and consequently has been used in various organic electronic devices.(1–5) 
In addition, the thermoelectric power of PEDOT has also been reported.(6–10)  Thermoelectric 
devices harvest electricity from the heat generated from natural resources and are particularly 
useful for remote sensing applications in the Internet of Things (IoT).(11–13)  Moreover,  
thermoelectric materials can be applied to temperature sensors, because they generate electric 
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voltage from a temperature gradient.  In thermoelectric conversion, the performance of 
materials is defined using a thermoelectric figure of merit, ZT = S2σT∕κ, where S, σ, and κ are 
the Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively.  These 
three parameters are dependent on each other; S has an inverse relationship with σ.  It is worth 
noting that PEDOT shows particular promise for use as a thermoelectric material because its κ 
is low and its σ can be changed by chemical doping.  
 Generally, PEDOT is used with poly(4-styrenesulfonate) (PSS) as the dopant in the form of 
PEDOT:PSS.  The PEDOT:PSS composite can be dispersed in water and its films can be easily 
prepared via the solution processing method.  On the other hand, PEDOT thin films have also 
been fabricated by vapor-phase polymerization (VPP).(10,14–18)  The VPP technique is a bottom-
up processing method(14–19) by which the vapor of the monomer 3,4-ethylenedioxythiophene 
(EDOT) directly polymerizes at the surface of the oxidant layer.  After the polymerization 
process, the counter anions of the oxidant remain in the PEDOT thin films as the PEDOT 
dopant.  In the case of VPP-PEDOT films, high Seebeck coefficients have been reported,(7) 
suggesting the importance of the VPP process in improving the thermoelectric performance.  To 
control the oxidation level of VPP-PEDOT, it is crucial to be able to observe the VPP process.  
However, there are very few reports on the in situ monitoring of the VPP process.  For example, 
Fabretto et al. have reported the in situ analysis of the VPP of PEDOT thin films using a quartz 
crystal microbalance with dissipation measurements.(20)  However, they did not measure the 
absorption spectra.  
 Therefore, in this study, we focused on the VPP of PEDOT thin films and investigated their 
deposition by in situ absorption measurements.  Then, the relationship between the reaction 
time and the doping level of the VPP-PEDOT thin films was investigated and the thermoelectric 
characteristics of the resulting materials were also evaluated.

2. Materials and Methods

 The EDOT monomer and ferric chloride hexahydrate (FeCl3·6H2O) were purchased from 
Tokyo Chemical Industry (Japan) and Nacalai Tesque (Japan), respectively.  The PEDOT 
films were prepared by the VPP technique using FeCl3·6H2O as the oxidant.  FeCl3·6H2O 
was dissolved in ethanol with a concentration of 5 wt%.  This solution was then deposited on 
cleaned fused quartz and Si-wafer substrates by the spin-coating method and dried at 80 °C.  
After drying, the substrate coated with FeCl3·6H2O was immediately mounted in the quartz 
chamber, where the EDOT monomer was evaporated at 60 °C for 10–60 min.  Finally, after the 
completion of the reaction, the substrate with the VPP-PEDOT film was rinsed with ethanol for 
10 min to remove the oxidant and any unreacted monomer.  
 The absorption spectrum was recorded during the VPP reaction using a multichannel 
spectrometer (BAS; SEC2000).  The VPP-PEDOT films were also examined by ultraviolet-
visible-near-infrared spectroscopy (UV–Vis–NIR; JASCO V-670), Raman spectroscopy 
(JASCO NRS-7100), and X-ray photoelectron spectroscopy (XPS; ULBAC PHI X-tool).  The 
morphologies of the films were evaluated by atomic force microscopy (AFM; SII SPI3800N).  
The electrical conductivities of the films were measured by the standard four-terminal method, 
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while the Seebeck coefficients were determined using a laboratory-made setup at 298 K in 
vacuum with a semiconductor parameter analyzer (Keysight Technologies, B1500A).

3. Results and Discussion

 The as-spun yellow FeCl3·6H2O film turned blue after being heated in the quartz chamber 
with the EDOT monomer for 60 min at 60 °C [Fig. 1(c) inset].  Figure 1(a) shows the Raman 
spectrum of the VPP-PEDOT thin film obtained at an excitation wavelength of 532 nm.  The 
bands related to symmetric Cα=Cβ stretching at 1423 cm–1, asymmetric C=C stretching 
at 1501 cm–1, Cβ–Cβ stretching at 1365 cm–1, Cα–Cα inter-ring stretching at 1260 cm–1, 
oxyethylene ring deformation at 990 cm–1, and symmetric C–S–C deformation at 693 cm–1 
could all be assigned to PEDOT.  The strong absorption peak related to symmetric Cα=Cβ 
stretching at ~1423 cm–1 indicated the oxidation of VPP-PEDOT.(18,21)  The XPS spectrum 
[Fig. 1(b)] had peaks characteristic of carbon, oxygen, sulfur, and chlorine.  The atomic 
concentrations of C, O, S, and Cl calculated from the areas of their respective peaks were 67.7, 
18.7, 6.6, and 5.6%, respectively; these values are consistent with the atomic ratio of PEDOT.  
Although Fe from the oxidant (FeCl3·6H2O) was removed during washing with ethanol 
after the polymerization process, Cl– ions remained in the PEDOT thin films.  These results 
suggest that the PEDOT thin films were doped with Cl–.(6,18,22)  Figure 1(c) shows the UV–
Vis–NIR absorption spectrum of the VPP-PEDOT thin film.  The VPP-PEDOT film sample 
showed absorption bands in the wavelength region of 200–400 nm and broad absorptions in 
the wavelength region of 500–2000 nm.  The absorptions at ~900 nm and above 1250 nm were 
attributed to polaron and bipolaron states, respectively.(9,23,24)  These results suggest that a 
highly doped VPP-PEDOT film was obtained when VPP was conducted for 60 min at 60 °C.
 In order to monitor the polymerization reaction, UV–Vis absorption spectra were measured 
during the VPP process [Fig. 2(c)].  Figure 2(a) shows the time course of the UV–Vis absorption 
spectrum upon heating the reaction mixture at 60 °C from 1 to 60 min.  Before heating 
(at 0 min, not shown), the absorption band corresponding to FeCl3·6H2O was observed at 
300–400 nm.  After heating for 1 min, the absorbance increased slightly in the wavelength 
region between 500 and 800 nm, and subsequently increased continuously during VPP.  As the 

Fig. 1. (Color online) (a) Raman spectrum, (b) XPS spectrum, and (c) UV–Vis–NIR absorption spectrum of VPP-
PEDOT thin film prepared at 60 °C for 60 min.
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gradual absorption from 500 nm into the IR region indicated a highly doped PEDOT sample, it 
was concluded that the VPP-PEDOT prepared in this study was doped within the first minute of 
the VPP process.  The intensity of the band observed at 300–400 nm decreased dramatically at 
5 min and only slightly from 5 to 20 min, and then increased again in the 20–60 min duration.  
This absorption region is related to not only FeCl3·6H2O but also to PEDOT.  Therefore, in the 
initial 5 min, the intensity decreased with the decrease in the amount of FeCl3·6H2O, while it 
increased after 20 min as PEDOT started to form.  On the other hand, the absorption intensity 
in the region assignable to PEDOT (500–800 nm) increased sharply after 5 min of heating and 
continued to increase from 5 to 50 min.  Therefore, the time course of the UV–Vis absorption 
spectrum was examined from 1 to 5 min [Fig. 2(b)].  
 The absorption in the range of 300–400 nm (FeCl3·6H2O) decreased and that of 500–800 
nm (PEDOT) increased sharply after 90 s of heating.  These results indicated that FeCl3 has a 
high redox activity, which leads to the rapid polymerization of EDOT and doping in PEDOT.  In 
other words, highly doped PEDOT thin films were prepared in the initial stage of VPP.  
 Figure 3 shows AFM images of VPP-PEDOT films.  The film prepared for a reaction 
time of 5 min was composed of grains with diameters of 70–100 nm [Fig. 3(a)].  After 20 
min, the tighter layer that suggested polymer growth and some fissures were observed [Fig. 
3(b)].  After 60 min, grooves with a depth of ~40 nm and a length of less than 1 μm were 
observed at the film surface [Fig. 3(c)].  Evans et al. have proposed a bottom-up PEDOT film 
growth mechanism during VPP.  They described that the initial PEDOT layer with packed 

Fig. 2. (Color online) UV–Vis absorption spectra during VPP. (a) 1–60 min, (b) 60–300 s, and (c) experimental 
setup for in situ UV–Vis measurements.

(a)

(b) (c)



Sensors and Materials, Vol. 30, No. 12 (2018) 2877

small polymer particles formed at the oxidant-vapor interface, and that the liquid oxidant was 
transported up to the surface through the granular PEDOT layer by the capillary mechanism.(25)  
In our experiment, the bottom-up growth of PEDOT films was suggested, because the oxidant 
(FeCl3·6H2O) with a melting point of 37 °C was in the liquid state at 60 °C during VPP.  On 
the other hand, Li et al. have reported that FeCl2 remained on the PEDOT film after the VPP 
process and easily aggregated.(26)  The fissures and grooves observed at the VPP-PEDOT 
surface were probably generated because of the loss of FeCl2 during rinsing.  After 5 min, the 
PEDOT film thickness remained unchanged at approximately 60 nm, which was comparable to 
the spin-coated oxidant thickness.  These results suggest that the VPP-PEDOT film thickness 
depended on the thickness of the oxidant layer and increased rapidly in the initial 5 min during 
VPP.  
 In order to evaluate the variations in the oxidation state and electrical properties of VPP-
PEDOT thin films at various reaction times, we estimated the doping level and measured the 
electrical conductivity.  The doping level was calculated from the area ratio of the doped to 
undoped peaks of the thiophene S2p signal in the high-resolution XPS spectrum, using the 
shift of the S2p signal in response to the positive charges induced in the thiophene rings by the 
Cl– dopant.(15,26)  As shown in Fig. 4(a), the doping level of the VPP-PEDOT films increased 
between 10 and 20 min, reached the maximum, and decreased beyond this time point.  The 
conductivity measured with 1.0-mm-wide and 60-nm-thick VPP-PEDOT thin films increased 
drastically to a maximum of 2.3 S/cm at 20 min and then became approximately constant, as 
shown in Fig. 4(b).  These conductivities are much lower than those of previously reported VPP-
PEDOT thin films.  The conductivity of the thin films was also found to be dependent on the 
film structure.  In this case, from the AFM images, these film structures with many grooves 
were responsible for the low conductivity in the in-plane direction.
 From the in situ UV–Vis measurement of EDOT polymerization and the evaluation of the 
doping level and conductivity of the VPP-PEDOT films, it was found that EDOT polymerized 
rapidly in the initial stages of VPP (1–5 min) and the oxidant was consumed proportionately.  
Up to 20 min, with continuous polymerization and doping with Cl–, the doping level and 
consequently the conductivity of the PEDOT films also increased.  Subsequently, the doping 
level decreased because the amount of the oxidant available was limited.  However, the 
conductivity was higher than that at 10 or 15 min because the PEDOT chain length increased.  
These results suggest that the initial amount and supply of the oxidant are important in 
controlling the doping level of VPP-PEDOT films.

Fig. 3. (Color online) AFM images of VPP-PEDOT thin films formed at 60 °C for (a) 5, (b) 20, and (c) 60 min.

(a) (b) (c)
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 The thermoelectric properties of the film formed with a reaction time of 20 min were 
evaluated.  The temperature was measured using chromel–alumel thermocouples and the 
Seebeck coefficient was calculated from the ΔV∕ΔT slopes.  The Seebeck coefficient of the VPP-
PEDOT film at 300 K under vacuum was estimated to be 28.9 μV/K from the linear output 
voltage versus temperature difference curve of the films [Fig. 4(c)].  This value is comparable 
to that previously reported for pristine PEDOT.(10)  As the focus of this study was simply to 
monitor the polymerization process, the VPP reaction conditions were not optimized.  However, 
the in situ monitoring of the VPP process proved useful for examining the polymerization 
conditions necessary for fabricating PEDOT thin films for use as thermoelectric materials.

4. Conclusions

 In this study, we investigated the fabrication of PEDOT thin films by VPP and characterized 
the obtained VPP-PEDOT thin films by AFM, UV–Vis–NIR absorption spectroscopy, Raman 
spectroscopy, and electric conductivity measurements.  The PEDOT films doped with Cl were 
formed on oxidant-coated substrates upon heating the EDOT monomer for 60 min at 60 °C.  
The in situ monitoring of the polymerization of EDOT indicated that the monomer was rapidly 
polymerized and highly doped PEDOT was formed in the initial stages of VPP.  It was also 
found that the doping level of the VPP-PEDOT films estimated from XPS spectra changed with 

Fig. 4. (Color online) Relationship between reaction time and (a) doping level and (b) conductivity of VPP-
PEDOT thin films; and (c) the thermoelectric properties of VPP-PEDOT thin film with 20 min reaction time.

(a) (b)

(c)
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heating time because of the change in the amount of the oxidant available.  In this experiment, 
the conductivity of the VPP-PEDOT film was low and the highest Seebeck coefficient was 
28.9 μV/K.  Therefore, it was proposed that the initial amount and supply of the oxidant were 
important in the control of the chemical doping of VPP-PEDOT during polymerization.  In 
situ UV–Vis measurements of EDOT polymerization were useful for monitoring the VPP 
process, and the optimization of the VPP process led to the enhancement of the thermoelectric 
performance of the VPP-PEDOT thin films.
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