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A reflective flexible display was fabricated by placing a thermochromic pigment on a polyethylene 
naphthalate (PEN) substrate coated with an indium tin oxide (ITO) film, and its thermo-optical 
characteristics were investigated. The reflective thermochromic display showed good image quality with 
a reflectance of approximately 65%. As a flexible display, the display showed reliability without damage 
to the image even after the display was bent strongly. The reflective display cell exhibits continuously 
the gray level according to the temperature controlled by applied voltage. This low cost display is expected 
be used in outdoor poster applications where information needs to be presented clearly.
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I. INTRODUCTION

Reflective flexible displays have attracted considerable 
attention as a next generation display because of their 
lightweight, rolling or folding capability for 3D configurations, 
low power consumption and sunlight readability. These merits 
highlight potential future applications, such as paper-like 
displays, smart cards and watches as well as wearable displays 
and actuators, etc.

A few types of flexible displays using liquid crystal, 
electrophorectic materials, or organic light emitting materials 
have been studied. Among them, reflective liquid crystals 
(LCDs) [1-3] and electrophorectic displays (EPD) [4] have 
been studied for mobile devices, outdoor signboard applications 
and e-books. Although the technologies of conventional displays, 
such as LCDs, are relatively well established for flexible 
displays, most are expensive and the manufacturing process 
is too complex for flexible display applications and outdoor 
displays. On the other hand, reflective thermochromic displays 
have a much simpler fabrication process compared to 
conventional electron devices.

Thermochromic displays have been explored and manu-
factured for application to emerging devices using chromatic 

materials, such as electronic papers. Owing to the range of 
brightness and optical properties that respond to external 
stimuli, such as heat, mechanical stress and ligand interactions, 
thermochromic materials have been studied widely in bio-
chemical, chemical, and other applied research areas [5-9]. 
The applications for such materials include thermochromic 
displays, color filters and temperature sensors [10, 11].

Recently, L. Liu et al. [5] reported a thermally-actuated 
display fabricated from monochromatic thermochromic 
polymer and silver polydimethelysiloxane (PDMS) conductive 
wiring patterns. The thermochromic powder turns from a 
dark state to a white state above 60℃. O. Yarimaga et. al. 
reported a thermochromic display based on thermochromic 
conjugated polydiaceltylenes superamolecules [8]. Unfortunately, 
the thermochromic polymer materials were activated at 180℃, 
which is too high for use as a display requiring a rapid 
response time, low power consumption and safety. For the 
case of the fabrication, design and optimization of the thermo-
optical properties of a thermally-actuated display, color 
reversibility according to temperature and the color transition 
temperature of thermochromic materials must be considered 
in conjunction [5-7]. The monochromatic thermochromic 
pigment reported in this paper generates a color transition 
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(a) (b)

FIG. 1. (a) SEM image of the thermochromic pigment 
coated on a glass, (b) fabricated unit thermochromic display 
cell. 

at 38℃, which is an appropriate temperature for low power 
consumption in the transition of brightness.

This paper reports a reflective flexible display fabricated 
using thermochromic pigment on polyethylene naphthalate 
(PEN) substrates coated with an indium tin oxide (ITO) film. 
This display can be adapted easily to a range of application 
environments. In addition, the manufacturing process is 
quite simple and relatively inexpensive. The thermo-optical 
properties of the thermochromic display were also investigated.

II. EXPERIMENTS

The monochromatic thermochromic pigment was obtained 
from H.W SANDS. CO. The pigment was composed of 
microcapsules that change the brightness reversibly. The 
transition temperature of the pigment, ranging from -10℃ 
to 69℃, can be tailored by adjusting the pigment com-
positions [12]. For commercial reasons, the precise chemical 
compositions of the thermochromic pigment purchased from 
H.W SANDS CORP. are proprietary information but are 
believed to be similar to other formulations reported in the 
literature [13, 14].

In this study, a thermochromic display was simply manu-
factured with approximately 50 μm thickness of monochromatic 
thermochromic pigment coated on the patterning indium 
tin oxide (ITO) sputtered on polyethylene naphthalate 
(PEN) film. The ITO-heaters were designed roughly to be 
0.2 × 0.2 cm2 with 0.5 mm between adjacent pixels. The 
spacing creates heat isolation among the cells. The thermo-
chromic pigment, whose color is black at room temperature 
and changes to white at approximately 38℃, was employed. 
As observed by scanning electron microscopy (SEM, Fig. 
1(a)), 97% of the microcapsulated thermochromic pigment 
particles were less than 6 μm in size. 

The thermochromic display cell was fabricated as follows. 
Indium tin oxide (ITO, 90 wt%In2O3 and 10 wt%SnO2) 
films were deposited on PEN substrates by RF magnetron 
sputtering. Briefly, all substrates were cleaned ultrasonically 
with ethanol and deionized water, and dried on a hot plate 
at 100℃ for 5 minutes. Deposition was performed in 20 
sccm of flowing Ar gas controlled by a mass flow-meter. 
The working and base pressure of the sputtering system 
was 8 × 10-4 Torr and 5 × 10-6 Torr, respectively. The 
applied RF power throughout ITO deposition was 15 W. 
Deposition was carried out at 100℃ for 40 minutes. The 
thickness of the ITO film is roughly 80 nm. The electrical 
resistivity of the ITO-sputtered PEN film was approxi-
mately 2.55 × 10-2 Ω･cm. Because the heating material is 
an ITO conductor with the appropriate resistance, the 
temperature is tunable by adjusting the electrical current. 
The thermochromic pigment was deposited on the ITO 
heater by a spray method. Fig. 1(b) presents the fabricated 
thermochromic display cell. The spectral reflectance was 
measured as a function of the applied voltage using a Cary 
5000 UV-VIS-NIR spectrophotometer (Agilent-Korea).

III. RESULTS AND DISCUSSION

The chromism of the reflective thermochromic display 
(RTD) cell was examined as a function of the supplied 
power that can drive the current in the cell. This generates 
brightness due to a change in temperature. The temperature 
could be controlled by adjusting the intensity of the 
driving voltage. The measurements were performed at 
room temperature (24℃). The display cell was fabricated 
on a 1.5 × 2.5 cm2 ITO-sputtered PEN film. The temperature 
was reading at a steady state using a thermometer with a 
thermocouple probe attached to the center of the display 
cell. 

Figure 2 shows temperature of the active pixel according 
to voltage, average turn on/off times during repetitive 
voltage cycles, and pixel images of the RTD cell when the 
applied voltages were changed from 0 V (24℃) to 8 V 
(72℃). As shown in Fig. 2(a), the temperature of the 
thermochromic cell increased roughly as a square function 
of applied voltage. In addition, the display cell showed a 
reliability without significant change in repetitive 
turn-on/off as a crucial factor for the performance display 
as shown in Fig. 2(b). In Fig. 2(b), turn on time was 
measured by the time necessary for the display to become 
from the dark state at room temperature to the white state 
(at 43℃). In case of turn off time, we measured the time 
taken to reach the temperature (at 28℃) at which the cell 
changes from the white state to the completely dark state 
as shown in Fig. 2(a) and 2(c). As the temperature of heating 
effects with respect to applied voltage to the cell is increased, 
turn on time decreased. When supplying a power of 1 W 
(72℃), the cell changed from the black state to the white 
state within 1 s, while turn off time showed about 7.5 s at 
room temperature. The time taken to “turn on” or “turn 
off” depends on the type of thermochromic pigment and 
substrate and so on. The time that heat is dissipated from 
the display cell was measured in the range from 1 to 8 s 
at 25℃. For the display cell the black state was observed 
below about 2 V, whereas the brightness of the RTD cell 
was turned from a black state to a white state within a 
few seconds by applying a voltage above 4 V. The pixel 
images in Fig. 2(c) show that the temperature increased 
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FIG. 2. Photo images of the thermochromic display cell 
according to the applied voltage, from 0 to 8 V.

FIG. 3. Reflectance spectra of monochromatic thermochromic 
pigment according to the temperature.

(a) (b)

(c)

FIG. 4. Optical images of thermochromic display cell with the 
“RTD” logo under mechanical bending: (a) before display 
activation, (b) at the applied voltage of 8 V, (c) Reflectance 
spectra at room temperature and 54℃ of thermochromic 
display cell after repetitive bending stress.

homogeneously between the electrodes with increasing 
applied voltage. This means that various gray levels with 
continuous brightness according to temperature can be 
obtained in a RTD cell. 

The spectral reflectance of the thermochromic display 
cell was measured as a function of the temperature to 
confirm the various gray levels shown in Fig. 2. Fig. 3 

shows changes in the reflectance spectra with various 
temperatures by controlling supplied power to the RTD 
cell. With increasing temperature, the white reflectance was 
increased by approximately 65% over the entire visible 
range. Here, the dimension of the cell is 1.5 × 2.5 cm2, 
and the white maximum reflectance showed at 72℃, 
which corresponded to about 1 W of supplied power. This 
shows that the reflectance can be varied by controlling 
temperature of the cell according to the intensity of the 
supplied power to the RTD cell. The thermochromic 
pigment showed a clearly distinctive spectrum, which is a 
crucial factor in the activation of a reflective fine gray 
level as a function of temperature. 

The optical and mechanical cell stability of flexible 
thermochromic display cells were examined by mechanical 
distortion to determine the potential of the thermochromic 
cell for flexible information poster display applications. 
The display device was composed of a flexible PEN film 
and a monochromatic pigment coated on the patterned 
ITO-sputtered PEN substrate using a spray method and 
dried at room temperature for approximately 10 minutes.

Figure 4 shows photo images of the thermochromic display 
cell with the logo, “RTD”, under no applied voltage and 
under applied voltage of 8 V in the bent state. Even in a 
highly bent state, the spatial uniformity of light modulation 
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could be observed without damage. For simplicity, this 
display cell was fabricated by spraying the thermochromic 
pigment using the patterned logo mask of RTD shape on 
the ITO-heater.

The reflectance of the cell measured at room temperature 
(25℃) and 54℃ was almost the same without any significant 
degradation after repetitive bending stress of 100 times as 
shown in Fig. 4(c). When the applied voltage was above 4 V, 
the logo image appeared within a few seconds. Furthermore, 
the thin-film thermochromic display could be adapted 
easily to a range of application environments due to the 
polyethylene naphthalate (PEN) matrix. 

Consequently, the proposed thermochromic display cell 
shows great potential in various thermally comfortable 
poster information reflective display applications where 
low cost is needed, in spite of its slow response time.

IV. CONCLUSION

This paper presented a reflective type flexible thermo-
chromic display comprised of ITO-sputtered polyethylene 
naphthlate (PEN) film and thermochromic pigment. The 
thermochromic cell is fabricated using a spray method which 
may be a very simple and cost effective fabrication process. 
The cell exhibited excellent thermo-optical performance and 
stability, even in a highly distorted state. Our reflective thermo-
chromic cell is expected to be used in various information 
displays where cost efficient, lightweight and ease of use 
are required. In particular, it appears useful for thermally 
comfortable outdoor and/or indoor reflective display types, 
and can be used for low-end e-paper and information appli-
cations.

ACKNOWLEDGMENT

This research was supported by the 2012 Yeungnam 
University research grant and the Human Resources Develop-
ment Program of Korea Institute of Energy Technology 
Evaluation and Planning Grant (No. 20104010100580) 
funded by the Korea government Ministry of Knowledge 
Economy.

REFERENCES

1. D.-W. Kim, C.-J. Yu, Y.-W. Lim, J.-H. Na, and S.-D. Lee, 
“Mechanical stability of a flexible ferroelectric liquid 
crystal display with a periodic array of columnar spacers,” 
Appl. Phys. Lett. 87, 051917-1~051917-3 (2005).

2. H. Sato, H. Fujikae, Y. Iino, M. Kawakita, and H. Kikuchi, 
“Flexible grayscale ferroelectric liquid crystal device 
containing polymer walls and networks,” Jpn. J. Appl. 
Phys. 41, 5302-5306 (2002).

3. H. Sato, H. Fujikae, H. Kikuchi, and T. Kurita, “Fluorinated 
polymer alignment layers formed at low temperature for 
plastic-substrate-based liquid crystal devices,” Jpn. J. Appl. 
Phys. 40, L53-L55 (2001).

4. A. Henzen, N. Ailenei, F. V. Reeth, G. Vansichem, R. W. 
Zehner, and K. Amundson, “An electronic ink low latency 
drawing tablet,” SID Int. Symp. Digest Tech. Papers 35, 
1070-1073 (2004).

5. L. Liu, S. Pen, W. Wen, and P. Sheng, “Paperlike thermo-
chromic display,” Appl. Phys. Lett. 90, 213508-1~213508-3 
(2007).

6. Y. Noguchi, T. Sekitani, and T. Someya, “Organic-transistor-
based flexible pressure sensors using ink-jet-printed electrodes 
and gate dielectric layers,” Appl. Phys. Lett. 89, 253507-1~
253507-3 (2006). 

7. H. A. Seeboth, J. Kriwanek, and R. Vetter, “Novel chromo-
genic polymer gel networks for hybrid transparency and 
color control with temperature,” Adv. Mater. (Weinheim, 
Ger.) 12, 1424-1426 (2000).

8. O. Yarimaga, M. Im, B. Gu, T. W. Kim, Y. K. Jung, H. 
G. Park, Y.-K. Choi, “A thermally actuated organic display 
device using thermo-chromatic polymer composite film 
with self-aligned patterns,” in Proc. IEEE MEMS Technical 
Digest (Tucson, Arizona, USA, 2008), pp. 750-753.

9. M. Seredyuk, A. B. Gaspar, V. Ksenofontov, S. Reiman, 
Y. Galyametdinov, W. Haase, and R. Vetter, and P. Gutlich, 
“Room temperature operational thermochromic liquid crystals,” 
Chem. Mater. 18, 2513 (2006).

10. A. Mills and A. Lepre, “Development of novel thermo-
chromic plastic films for optical temperature sensing,” The 
Analyst 124, 685 (1999).

11. M. G. Baron, M. Elie, M. G. Baron, and M. Elie, 
“Temperature sensing using reversible thermochromic polymeric 
films,” Sens. Actuators B Chem. 90, 271-275 (2003).

12. http://www.hwsand.com/category/141.aspx.
13. D. C. Maclaren and M. A. White, “Design rules for 

reversible thermochromic mixtures,” J. Mater. Chem. 40, 
669-676 (2005). 

14. G. Shimizu, Shiga, and Y. Hayasshi, “Thermochromic 
composition,” U.S. Patent, US4717710 (5, January, 1998).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


