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This research presents a flexible reflective thermochromic display (TCD) comprised of thermochromic
pigments and a patterned indium tin oxide (ITO) film coated on a polyethylene naphthalate (PEN) substrate,
and the display’s thermo-optical characteristics. The display showed maximum red, green, and blue
reflectances of 30%, 38%, and 29%, respectively. Furthermore, the display exhibited a continuous grey
color when the temperature was changed continuously. As a flexible display, the display showed reliable
thermo-optical performance without image damage even when highly bent. We expect the proposed TCD
will be used in outdoor information display applications where low cost is a key factor.
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I. INTRODUCTION

Reflective flexible displays have received enormous attention
owing to their light weights, bendabilities, portabilities,
and readabilities in sunlight. These displays have potential
usages as next generation displays in applications, such as,
wearable displays, paper-like displays, smart cards, large
area sensors, and actuators.

Reflective liquid crystal displays (LCDs) [1-3] and electro-
phorectic displays (EPD) [4] have been studied for mobile
devices, outdoor poster displays, and e-books. Although
the technologies of conventional displays, based on LCDs
and organic light emitting diodes (OLEDs), are promising
for flexible display applications, they require expensive,
complex manufacturing processes. On the other hand, the
reflective thermochromic display fabrication process is
cheaper than those of conventional electron-based devices.

Thermochromic materials have attracted great attention
in the chemical, biochemical, and applied research areas,
because their colors and optical properties depend on
external stimuli, such as, heat and mechanical stress, and
ligand interactions [5-9]. Applications for such materials
include reflective thermochromic displays, temperature sensors,
and color filters [10, 11].

Recently, a thermally actuated display using mono-color
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thermochromic polymer and a silver polydimethelysiloxane
(PDMS) conductive wiring pattern was reported by Liu et
al. [5]. The thermochromic polymer used changed from
dark green to white above 60°C. O. Yarimaga et. al. [8]
reported a conjugated polydiacetylene-based multicolor thermo-
chromic display (TCD) that changed color continuously
from blue to red as a function of temperature. The red
color was achieved at 75C and a yellow-green color was
activated at 180C, which is high for a display that
requires a fast response time, low power consumption, and
safe operation. Regarding fabrication, design, and the optimi-
zation of thermo-optical properties, color reversibility and
the color transition temperatures of thermochromic materials
are key considerations [5-7]. However, despite much research
on TCD, few reports have been issued on multicolor
displays and outdoor information display applications [12].

Thermochromism of organic dyes and inorganic materials
(e.g. fluorans, spiropyrans, and luceo dyes) has generally
occurred due to rearrangement of molecular structure (e.g.,
ring opening/closure and tautomeric rearrangement), and an
intercalation/de-intercalation effect, respectively [13]. The
three thermochromic pigments considered in this paper
generate color transitions at 38°C, which is acceptable in
terms of achieving low power consumption. Furthermore,
the maximum contrast ratio (CR) of our thermochromic
display is twice that reported by O. Yarimaga et al. for a
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polydiacetylene (PDA)-based multicolor thermochromic
display [12]. Because a polyethylene naphthalate (PEN) is
used as a flexible substrate, our display could be easily
adapted for use in various environments.

We have reported results of the multicolor-TCD cells
for information display application based on a glass substrate
[14]. Here, we want to extend thermochromic application
as it is applicable to flexible multicolor display which is
highlighted as a next generation display. We present a
simple, flexible, reflective multicolor thermochromic display
based on a PEN substrate coated with an indium tin oxide
(ITO) film. In addition, the optical properties of this
thermochromic display were investigated to examine its
potential as a TCD cell for information displays.

II. EXPERIMENTS

The three different colored thermochromic pigments
were provided by H-W. Sands Corp., a chromic company
of American [15]. The accurate chemical compositions of
the thermochromic pigments obtained from H.W. Sands
Corp. are unknown (proprietary information), but are
presumably similar to other formulations reported in the
literature [16, 17]. The thermochromic material used in the
study is believed to be vinyl acrylate terpolymer-type with
an additive, where the additive reversibly interacts with the
polymer with temperature to result in change in color. The
pigments consist of microcapsules that turn color reversibly
with changes in temperature. The color transition temperatures
of pigments range from -10C to 69°C, precise control
transition temperature is achieved by using different pigment
compositions [17].

In this work, the thermochromic display devised consisted
of a non-thermochromic pigment and thermochromic pigments
on patterned indium tin oxide (ITO)-sputtered polyethylene
naphthalate (PEN) film (Fig. 1). The ITO-heater array was
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FIG. 1. (a) Schematic of the patterned ITO-heater array on
polyethylene naphthalate (PEN) substrate (b) Cross-sectional
schematic of the device (¢) SEM image of the display showing
the PEN substrate, the IN TERMS of heater, and the thermo-
chromic pigment. (d) fabricated thermochromic display cell.

designed to be 5%5 mm’ with 1 mm between adjacent
cells (Fig. 1(a) and (b)). Figure 1(b) shows a cross-
sectional schematic of fabricated display cell. This spacing
enables heat isolation between cells. Pigments were selected
that were black at room temperature and red, green, or
blue at 38°C. The particle sizes of the microcapsulated
thermochromic pigments were such that 97% of particles
were < 6 pum. Reversible thermochromic pigments are
usually a mixture of conventional dyes and pigments. The
thermochromic effect is generally observed by a change
from a colored to a colorless state on increasing temperature.

The thermochromic display (TCD) cell was fabricated as
follows. Indium tin oxide (ITO) films were deposited on
polyethylene naphthalate (PEN) at 100°C for 40 minutes
by RF magnetron sputtering using an indium tin alloy
target composed of In203 (90 wt%) containing SnO; (10
wt%)., All substrates were briefly cleaned ultrasonically
with ethanol and distilled water, and dried on a hot plate
at 100°C for 5 minutes. Deposition was performed in 20
sccm of flowing Ar under mass flow-meter control. The
working and base pressures of the sputtering system were
8x10™* Torr and 5x10° Torr, respectively. The RF power
applied throughout ITO deposition was 15 W. Deposition
was carried out at 100C for 40 minutes to provide
roughly 80 nm thick ITO films. The electrical resistivity
of the ITO-sputtered PEN film was approximately 3.0x10”
Q) - cm. Because the heating material is an ITO conductor
with appropriate resistance, temperature is tunable by adjusting
the electrical current. The red thermochromic pigment was
deposited on the ITO heater by spraying onto a patterned
mask, and pigment was then dried for 10 minutes at 23C.
Subsequently, the patterned mask was shifted to the next
pixel and the green thermochromic pigment was administered
and dried in the same manner. Blue thermochromic pigment
was deposited in the same manner. All pigment layers
were roughly 50 um thick as shown in Fig. 1(c) which is
a scanning electron microscopic (SEM) image taken to
check the real cross sectional dimension of each layer.
Figure 1(d) shows the fabricated thermochromic display cell.
Spectral reflectance was measured as a function of the
applied voltage using a Cary 5000 UV-VIS-NIR spectro-
photometer (Agilent-Korea).

III. RESULTS AND DISCUSSION

We activated the reflective thermochromic display (TCD)
cells by increasing applied voltage that can drive current
in the cell, which enhances temperature by Joule heating.
Experiments were carried out at room temperature (237C).
We also measured the temperature of the center surface of the
display cell under steady state conditions using a thermocouple.

Figure 2 shows the temperatures obtained by applied
voltage and pixel images of the TCD when the applied
voltage was increased from 0 V (23C) to 6 V (65C).
Figure 2(a) presents temperature versus applied voltage
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FIG. 2. (a) Characterization of the temperature with applied
voltage and (b) photo images of the display cells when the
applied voltage was changed from 0 to 6 V.
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FIG. 3. Temperature dependent reflectance spectra to the thermo-
chromic display cells coated with three different thermochromic
pigments.

curves. The display cell was black at below 2.0 V, as
shown in Fig. 2(b), but this changed to red, green, and
blue by applying a voltage above 4 V. Increasing the applied
voltage decreased the time taken to induce the color change
(at 42°C). As shown in Fig. 2, the temperatures achieved
were homogeneously distributed between electrodes. Furthermore,
the continuous color changes mean that various colors can
be obtained by mixing the red and green, and blue grey.

To confirm various gray levels, we measured spectra
reflectances at different temperatures (Fig. 3) Figure 3 shows
variations of reflectance spectra versus temperature for
TCD cells coated with three thermochromic pigments. Red
(at 650 nm of Fig. 3(a)), green (at 510 nm of Fig. 3(b))
and blue ((at 475 nm of Fig. 3(c)) reflectances were
increased by 30%, 38% and 29%, respectively, when cell
temperatures were increased from 23C to 657C.

These results mean that the reflectance can be tuned by
adjusting cell temperature. Moreover, the color pigments
have unique visible spectra, which is a key factor when
considering multicolor activation of a reflective fine gray
level. For a TCD cell size of 2.2x1.4 cmz, the current
required to generate maximum color reflectance was 0.16
A at 6 V, which corresponded to a power requirement of
1 W at a cell temperature of 65C.

To investigate the potential of TCD cells for flexible
information displays where high pixel resolution is not
demanded, we simply examined optical and mechanical
cell stabilities. The TCD cell was bent by using hand
power. Figure 4 shows photographs of a bent thermochromic
display and reflectance spectra of the green cell exposed to
repeated bending under no applied voltage (23°C) and
under an applied voltage of 6 V (65°C), and contrast ratios
(CR) according to polar angle at azimuthal angles of 0°,
45°, 90°, and 135°. As shown in Fig. 4(a)-(b), the “RGB”
logo was activated in a highly bent state and even
reflectance at room temperature and at 65°C were almost
unchanged after repeated bending (100 times), as shown in
Fig. 4(c).

Based on Fig. 4(d)-(f), the CR values of the red, green,
and blue pigments were 6.5:1, 7.3:1, and 7:1, respectively,
in almost all directions for polar angles above 80°, which
we ascribe to an excellent viewing angle, which provided
almost the same image quality over 80° without any
additional optical components. Moreover, the maximum
CR of the TCD cell at 6 V (65C) was 7.5:1, which is
much larger than the CR value (2.87:1) of the poly-
diacetylene-based display reported by O. Yarimaga et al.
[12]. When a voltage above 6 V was applied, the image
appeared within 2 s. However, recovery (turn-off time)
took 10 s at room temperature. We believe that the
proposed TCD cell has great potential for poster
information display applications because of its simplicity
and cost effectiveness, even though it has a slow response
time.
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FIG. 4. Photo images of the bent thermochromic display cell with a “RGB” logo: (a) the off state (0 V) and (b) in the steady state under
an applied voltage of 6 V, (c) Reflectance spectra at room temperature and at 65 C of a thermochromic display cell after repetitive
bending, and contrast ratio characteristics by polar angle at each azimuthal angle for (d) red, (d) green, and (e) blue thermochromic

pigments.

We present a flexible reflective TCD comprised of thermo-
chromic pigments on an ITO-sputtered polyethylene naphthalate

IV. CONCLUSION

(PEN) film. The described TCD was fabricated by spraying,

which is simple and cost effective. In addition, multicolor
activation was well maintained even in a highly bent state,
had a wide viewing angle of over 80° and its thermo-
optical performance was stable under mechanical bending
stress. Although this device is not ideal for general
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application, we believe that it will find a niche in the
outdoor information display sector, which demands cost-
effectiveness, lightness, and ease of use, and that it will be
of interest to those developing low-end e-paper and
information applications.
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