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ABSTRACT: We report the performance improvement of
electrochromic devices for modulating the transmittance
contrast of long wavelength infrared light between 1.5 and
5.0 um based on a double layer of conducting polymers. The
device, fabricated with poly(3-hexylthiophene) (P3HT) and
poly(3,4-ethylenedioxythiophene) (PEDOT) as the first and
second layers, respectively, showed an transmittance contrast
of 60% with a response rate under 5 s, which is greater than
the transmittance contrast of cells based on only P3HT or
PEDOT (approximately 40%).

Electrochromism is defined as a reversible and visible change
in the transmittance of a material by applying different
voltages or electric currents, resulting in electrochemical
oxidation or reduction [1]. Over the last several decades, a
number of electrochromic devices based on various
electrochromic materials such as tungsten oxide or nickel
oxide have been discovered [2-6]. Electrochromic materials
with the ability to modulate radiation in the visible and near
infrared wavelengths have been used for optical displays,
smart windows, and rear-view mirrors [7,8]. However, there
have been few studies on infrared (IR) electrochromism,
probably due to the relative difficulty in preparing IR
transparent electrodes and the lack of interest in IR
electrochromic devices [9].

Conducting polymer, known as m-conjugated polymers,
have been extensively investigated due to their potential for
application in various areas such as actuators [11], sensors
[12], and light-emitting diodes [13]. In particular, conducting
polymers have recently gained much attention for use in
electrochromic devices because of their excellent coloration
efficiency, rapid color-switching ability, and broad color
availability [14,15]. A range of colors can be controlled and
depend on the oxidized (doped) and reduced (undoped) states
of the conducting polymers; thus, electroactive conducting
polymers have the potential to be electrochromic materials.

Here, we fabricated electrochromic devices using two
kinds of conducting polymers, i.e., poly(3,4-
ethylenedioxythiophene) (PEDOT) and poly(3-
hexylthiophene) (P3HT). These materials were made into
thin films to modulate the transmittance of IR light between
1.5 and 5.0 pm. It has been known that PEDOT changes in
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color from faint blue (in its oxidized state) to deep blue (in
the reduced state), while P3HT changes from transparent (in
its oxidized state) to red-pink (in the neutral state) in the
visible range. However, IR electrochromism of these
materials has been poorly reported. In this work, double
layers of conducting polymers were applied to the device and
compared with single layer device performance. The
transmittance contrast of electrochromic devices was
measured under alternating potential steps (£2.7 V) in the
infrared region between 1.5 and 5.0 pm.

The electrochromic device structure is made up of a
double polished Si wafer/patterned Au grid/conducting
polymer/liquid electrolyte =~ with  spacer/patterned Au
grid/double polished Si wafer, as shown in Fig. 1a. The use
of a double polished Si wafer as a substrate is essential due to
its transparency to IR light. In order for electrons to travel in
the device, an electrically conducting material should be
coated on the wafer substrate. However, most electrically
conducting materials, such as metal, carbon, indium tin oxide
(ITO), and F-doped tin oxide (FTO), are not transparent to
the IR spectral region. Thus, the metal patterned grid was
fabricated using Au via a photolithographic method to
minimize the IR light absorption of the substrate (Fig. 1b).
The Au patterned Si wafer, with a line width of 20 um and a
line repeat period of 500 um, showed an IR transmittance of
90%.

Conducting polymer thin films (Fig. 1¢) on the Au grid/Si
wafer were prepared as an electrochromic material via
solution polymerization. For example, PEDOT thin films
were formed by spin coating the solution, which consisted of
3,4-ethylenedioxythiophene monomer, pyridine retardant,
Fe(IlI)-tosylate oxidant, and 1-butanol as the solvent. After
spin coating, polymerization was carried out at 80°C for 5
min. The electrolyte consisted of 1.0 M LiClO, in propylene
carbonate, with a spacer between the Au grid/Si wafer. The
thickness of the electrolyte was controlled by the thickness of
the spacer.
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Figure 1. (a) Schematic representation of the transmissive
infrared electrochromic device, (b) gold patterned silicon
wafer, and chemical structures of (c) PEDOT and P3HT, (d)
doped PEDOT and doped P3HT.

The IR transmittance spectra of electrochromic devices
fabricated with a single layer of conducting polymer are
shown in Fig. 2a,b depending on the voltage applied: the
neutral state (—2.7 V) and the doped state (2.7 V) for PEDOT
and P3HT. For both conducting polymer systems, the IR
transmittance was reduced in the doped state, compared to
the neutral state. This difference is believed to result from the
decreased number of carbon double bonds due to the loss of
electrons. The transmittance difference between the neutral
and the doped states originated from the formation of free
charge carriers caused by electrochemical doping and the
resultant increase in conduction. The transmittance contrast is
plotted based on the transmittance difference between the
neutral and doped states between the wavelengths of 1.5 and
5.0 pm, as shown in Fig. 2¢, d. The transmittance contrast of
the PEDOT-based device was relatively stable
(approximately 40% over the entire wavelength), but the
transmittance contrast of the P3HT device was strongly
dependent on the wavelength. The overall transmittance
contrast of the PEDOT-based device was higher than that of
P3HT device, probably due to the higher conductivity of the
former (44.4 S/cm) compared to the latter (0.1 S/cm), as
measured by an impedance analyzer.
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Figure 2. Transmittance spectra of electrochromic devices
fabricated with a single layer of conducting polymer: (a)
PEDOT and (b) P3HT. The transmittance contrast of (c)
PEDOT and (d) P3HT.
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Figure 3. Transmittance contrast of electrochromic device
fabricated with double layer PEDOT/P3HT on Au-patterned
silicon wafer under alternating potential steps (£2.7 V).

The electrochromic devices were also fabricated with
double layer thin films using P3HT and PEDOT as the first
and second layers, respectively. In this scenario, the device
configuration was Si wafer/Au
grid/P3HT/PEDOT/electrolyte/Au grid/Si wafer. As shown in
Fig. 3, the average transmittance contrast of the double layer
cell reached 60% in the infrared region between 1.5 and 5.0
um, which is much higher compared to the single layer cells.
The kinetics of the electrochromic device were also measured
using real-time FT-IR (while a square wave voltage between
-2.7 V and 2.7 V was applied to the device). The switching
time of the undoping reaction was slower than that of the
doping reaction, which is consistent with previous reports
[16,17]. When the half periods of the devices were reduced,
the transmittance contrast was slightly reduced, indicating the
response time of the cell.

In conclusion, we have developed an IR transmissive
electrochromic device using double layer conducting
polymer thin films. The device configuration made up of a
double polished Si wafer/patterned Au
grid/P3HT/PEDOT/electrolyte/patterned Au grid/ double
polished Si wafer was suggested. The transmittance contrast
of the double layer cell reached 60% in the infrared region
between 1.5 and 5.0 pm, which is much higher compared to
single layer cells. These IR transmissive electrochromic
devices have potential for use in military camouflage.
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