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Abstract: Novel self-illuminated smart windows were fabricated consisting of Cu-doped ZnS (ZnS:Cu) powder and polymer-

dispersed liquid crystal (PDLC). This smart window shows not only switchable transparency but also self-illumination without 

any attachable luminous body. Its electro-optical characteristics, transmittance, and luminance were investigated in relation to 

various applied voltages and composition ratios. The optical transmittance and luminous intensity increased with increasing 

applied voltages. However, the optical transmittance decreased with increasing ZnS:Cu powder content. One of the self-

illuminated smart windows, which was fabricated with 9 wt% of ZnS:Cu, achieved the optical transmittance of 60.5% (at 550 nm) 

and the luminance of 11.0 cd/m2 at 100 V. This smart window could be used as a normal switchable smart window in daytime 

and light-emitting signage at night. 
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1. INTRODUCTION 

A smart window is a glass whose transmission properties 

are altered when voltage, light, or heat is applied. Examples of 

technologies that enable smart windows are electrochromic 

(EC), liquid crystal (LC), suspended particle devices (SPD), 

polymer-dispersed liquid crystal (PDLC), thermochromic and 

photochromic [1-4]. Among these technologies, PDLC-based 

smart windows are the most commonly used type among the 

available smart windows because of their good properties, i.e., 

size of architectural window as large as 1 × 2 m, switching 

times as fast as 10 ~ 360 ms, transmittance as high as 85% in 

the visible wavelength range, and actual low cost of 

production [5,6]. 

Recently, light-emitting smart windows have gained much 

attention as next-generation smart windows because they are 

capable of switchable transparency as well as light emission 

[7-9]. For example, smart windows assembled by coupling a 

transparent organic light-emitting diodes (TOLEDs) could be 

operated in different states, transparent, opaque and light 

emitting by varying and selecting the applied voltages. Most 

of the light-emitting smart windows that have been reported 

are coupled types between smart windows and transparent 

luminous bodies, such as TOLEDs [7,8] or very small-sized 

surface mount device light-emitting diodes (SMD-LEDs) [9]. 

In this study, we fabricated a novel self-illuminated smart 

window by mixing electroluminescent Cu-doped ZnS 

(ZnS:Cu) powder [10-12] and PDLC without external 

transparent luminous bodies. The micro-bead spacer, which is 

used to make a constant cell thickness in conventional PDLC 

smart windows, was not used in our devices because the 
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micro-sized ZnS:Cu powder sufficiently functioned as a 

spacer. The optical characteristics of the smart windows were 

investigated with respect to the applied voltage and 

composition ratio. It has been observed that the fabricated 

PDLC-based smart window not only shows switchable 

transparency but also self-illumination. 

 

 

2. EXPERIMENTAL DETAILS 

A cross-sectional schematic of the light-emitting PDLC 

smart window fabricated in this work is shown in Fig. 1. To 

switch between transparent and opaque states, the PDLC layer 

was composed of microdroplets of liquid crystal material 

dispersed in a polymer matrix. A similar fabrication of PDLC 

layer was described in our previous study [13]. Self-

illuminated smart windows were fabricated on flexible 

substrates with PDLC mixtures. The PDLC mixtures were 

prepared with various weight ratios of PDLC to ZnS:Cu 

powder, such as 99:1 (1 wt%) to 87:13 (13 wt%). Polyethylene 

terephthalate (PET) substrates, on which indium tin oxide 

(ITO) was deposited, were cut to 50 × 60 mm and were cleaned 

using acetone, ethanol, isopropyl alcohol, and deionized water. 

The PDLC mixture was spin-coated in the middle of two 

substrates, and then cured for 1 min by a UV lamp (365 nm, 

Spectronics ENF-240). For smart window device, we prepared 

by PDLC (QYPDLC-100, Qingdao QY Liquid Crystal Co., 

Ltd.) and ZnS:Cu powder (GGS 42, Osram Sylvania Inc.) with 

average particle size of ~25 µm [14]. The light-emitting PDLC 

samples were irradiated with an ultraviolet lamp (Spectronics 

ENF-240) at a light intensity of 1 mW/cm2 at 365 nm for 1 min. 

For measurement of the electro-optic performance of the light-

emitting PDLC smart windows, an experimental setup was 

built with a voltage source (CVF1-D200, TOKYO SEIDEN 

Inc.), CCD detector (AvaSpec-2048, Avantes), and sample 

stage which was used to monitor the parallel light 

transmittance and luminosity of the PDLC sample cells. The 

curves of the applied voltage versus transmittance were 

obtained by applying an external electric field across the light-

emitting PDLC smart window samples. The image analysis of 

smart window was characterized by field-emission scanning 

electron microscopy (S-4200, Hitachi). 

 

 

3. RESULTS AND DISCUSSION 

The optical characteristics of the light-emitting PDLC smart 

windows with various composition ratios and applied voltages 

are presented in Fig. 2. All of the smart windows showed the 

typical behavior of PDLC smart windows with the OFF/ON 

state of PDLC transmittance under forward bias conditions. It 

was observed that the light transmittance increased as the 

voltage was gradually increased. At applied voltages higher 

than 80 V, high transmittance values of 60% were observed, 

although there were relatively small differences among all 

samples. However, as a result of confirming the transmittance 

in the visible light region, the maximum transmittance 

decreases as the composition ratio of the ZnS:Cu powder 

increases, and a higher applied voltage is required based on the 

equal transmittance. It seems that the decrease in transmittance 

with increased ZnS:Cu powder content in the light-emitting 

smart window structure could be attributed to the increasing 

 

Fig. 1. Schematic diagram of self-illuminated PDLC smart window and turning (a) off and (b) on according electric field. 
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tendency of the opaque ZnS:Cu particles to aggregate. 

Switchable transparency, which is used in typical PDLC smart 

windows was accomplished by using ZnS:Cu powders, 

although the PDLC-ON transmittance was not as high as that 

of the typical PDLC smart window. 

Figure 3(a) shows luminance curves of PDLC smart 

windows with various composition ratios and applied voltages. 

It was observed that the composition ratio of ZnS:Cu powder 

and applied voltage mainly affected the luminosity values of 

the fabricated smart windows. The luminance values of smart 

 

 

 

Fig. 2. Transmittance of the self-illuminated PDLC smart window with various voltages and the weight ratios of (a) ZnS:Cu 1 wt%, (b) 5 wt%,

(c) 9 wt%, and (d) 13 wt%. 
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windows increased with increasing applied voltage and 

composition ratio of ZnS:Cu particle and light-emitting 

phenomena started at the applied voltage of about 60 V. As 

shown in the Photoluminescence results according to the 

ZnS:Cu composition ratio in Fig. 3(b), luminescence intensity 

increase with the content of powder. This behavior could be 

explained by comet-shaped electro-luminescence emission 

occurs along the CuxS precipitates in Cu-activated ZnS 

phosphors in the bipolar field-emission model proposed by 

Fischer [15]. As shown in Fig. 3(a), the light-emitting smart 

windows with the included ZnS:Cu ratio above 5 wt% 

preserved their light-emitting characteristic up to 280 V. 

However, in the case of a little composition ratio of about 1 to 

3 wt%, the PDLC smart window is damaged at an applied 

voltage above 260 V. It seems that the ZnS:Cu ratio is less 

than 5 wt%, it cannot sufficiently act as a spacer, resulting in 

a problem in driving the PDLC smart window device. 

Therefore, as the composition ratio of ZnS:Cu increases, the 

space between the substrates is uniformly separated, so that a 

uniform electric field prevents short circuit of the device. 

Figure 3(c) and 3(d) show that the flexible PET substrate and 

polymer matrix are melted in PDLC smart window regardless 

of day and night mode in case of ZnS:Cu ratio 3 wt% at 260 V. 

Figure 4(a) shows the transmittance and luminosity of the 

PDLC smart windows according to the ZnS:Cu weight ratio. 

The fabricated smart windows had a trade-off between 

transmittance and luminosity depending on weight ratio of 

ZnS:Cu. Considering both transmittance and luminosity, the 

proper composition ratio of ZnS:Cu is 7 to 9 wt%, of which 

9 wt% is the most stable. The performance of the light- 

       

 

            

Fig. 3. Electroluminescence property of the self-illuminated PDLC smart window. (a) Luminance curves according to applied voltages to 

ZnS:Cu weight ratio, (b) photoluminescence intensity according to ZnS:Cu weight ratio, (c) day mode, and (d) night mode of the device with 

3 wt% of ZnS:Cu after burning at 260 V. 
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Fig. 4. Transmittance and luminance of self-illuminated PDLC smart 

window at 100 V. (a) Luminance and transmittance curves, images 

following the weight ratio of (b) ZnS:Cu 1 wt%, (c) 5 wt%, (d) 9 wt%, 

and (e) 13 wt%. 

 

 

emitting smart window fabricated with the composition ratio 

of ZnS:Cu with 9 wt% and an applied voltage of 100 V 

exhibited an optical transmittance of 60.5% (at 550 nm) and a 

luminosity of 11.0 cd/m2 as shown in Fig. 4(a). Figure. 4(b), 

(c), (d), and (e) show images of the transmittance mode (day) 

and light-emitting mode (night) of the smart windows fabricated 

with ZnS:Cu weight ratios of 1, 5, 9, and 13 wt%, respectively.  

4. CONCLUSIONS 

We added ZnS:Cu to fabricate PDLC smart windows that 

can convert between transparency and light emission without 

attaching an artificial luminous body. The mixed ZnS:Cu of 

our device can function as a ball spacer with an average size 

of ~20 μm, enabling uniform and stable self-illuminated smart 

window operation. It can also be easily applied to existing 

PDLC fabrication processes. The self-illuminated smart 

windows tended to have lower transmittances than those of 

conventional PDLC smart windows due to the addition of 

ZnS:Cu particles. Therefore, we have proposed an optimal 

guideline considering the tradeoff between transmittance and 

luminosity. In our system, the device fabricated with 9 wt% of 

ZnS:Cu is optimal. The smart windows fabricated for this 

experiment can be used as switchable transmittance smart 

windows in the daytime and light-emitting signage at night. 

 

 

ORCID 

Gi-Seok Heo https://orcid.org/0000-0002-1512-0879 

 

 

ACKNOWLEDGEMENT 

This study has been conducted with the support of the Korea 

Institute of Industrial Technology as “Development of Core 

Technologies for a Smart Mobility (KITECH JA-22-0005)”. 

 

 

REFERENCES 

[1] X. Guo, Z. Xu, J. Huang, Y. Zhang, X. Liu, and W. Guo, Mater. 

Lett., 244, 92 (2019). [DOI: https://doi.org/10.1016/j.matlet. 

2019.02.070] 

[2] Y. Ke, J. Chen, G. Lin, S. Wang, Y. Zhou, J. Yin, P. S. Lee, and 

Y. Long, Adv. Energy Mater., 9, 1902066 (2019). [DOI: 

https://doi.org/10.1002/aenm.201902066] 

[3] N. Aste, M. Buzzetti, C. Del Pero, R. Fusco, D. Testa, and F. 

Leonforte, Energy Procedia, 105, 967 (2017). [DOI: https://doi. 

org/10.1016/j.egypro.2017.03.427] 

[4] R. Onodera, Y. Seki, S. Seki, K. Yamada, Y. Sawada, and T. 

Uchida, Appl. Phys. Express, 6, 026503 (2013). [DOI: https://doi. 

org/10.7567/APEX.6.026503] 

[5] J. Liu, X. Liu, and Z. Zhen, Mater. Lett., 163, 142 (2016). [DOI: 

https://doi.org/10.1016/j.matlet.2015.10.060] 

[6] G. D. Filpo, K. Armentano, E. Pantuso, A. I. Mashin, G. 



 

 

 

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 6, pp. 562-567 November 2022: Kim and Heo 567 

 

 
 

Chidichimo, and F. P. Nicoletta, Liq. Cryst., 46, 986 (2019). 

[DOI: https://doi.org/10.1080/02678292.2019.1566506] 

[7] T. Uchida, M. Shibasaki, T. Matsuzaki, and Y. Nagata, Appl. 

Phys. Express, 6, 041604 (2013). [DOI: https://doi.org/10.7567/ 

APEX.6.041604] 

[8] D. C. Choe, G. W. Kim, R. Lampande, and J. H. Kwon, SID 

2015 DIGEST, 46, 821 (2015). [DOI: https://doi.org/10.1002/ 

sdtp.10343] 

[9] L. Yang, X. Xu, Y. Yuan, Z. Li, and S. He, Optical Materials 

Express, 9, 4483 (2019). [DOI: https://doi.org/10.1364/OME. 

9.004483] 

[10] S. Ummartyotin, N. Bunnak, J. Juntaro, M. Sain, and H. 

Manuspiya, Solid State Sci., 14, 299 (2012). [DOI: https://doi. 

org/10.1016/j.solidstatesciences.2011.12.005] 

[11] T. Kryshtab, V. S. Khomchenko, J. A. Andraca-Adame, L. V. 

Zavyalova, N. N. Roshchina, V. E. Rodionov, and V. B. 

Khachatryan, Thin Solid Films, 515, 513 (2006). [DOI: 

https://doi.org/10.1016/j.tsf.2005.12.284] 

[12] M. Warkentin, F. Bridges, S. A. Carter, and M. Anderson, Phys. 

Rev. B, 75, 075301 (2007). [DOI: https://doi.org/10.1103/PhysRevB. 

75.075301] 

[13] E. M. Kim, I.-S. Choi, J.-P. Oh, Y.-B. Kim, J.-H. Lee, Y.-S. Choi, 

J.-D. Cho, Y.-B. Kim, and G.-S. Heo, Jpn. J. Appl. Phys., 53, 

095505 (2014). [DOI: https://doi.org/10.7567/JJAP.53.095505] 

[14] S. W. Shin, J. P. Oh, C. W. Hong, E. M. Kim, J. J. Woo, G. S. 

Heo, and J. H. Kim, Applied Materials and Interfaces, 8, 1098 

(2016). [DOI: https://doi.org/10.1021/acsami.5b07594] 

[15] A. G. Fischer, J. Electrochem. Soc., 110, 733 (1963). [DOI: 

https://doi.org/10.1149/1.2425863] 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


