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Abstract: To ensure the long-term reliability of flexible photovoltaic (FPV) modules, it is crucial to develop an effective mois-

ture barrier layer that prevents the infiltration of moisture and oxygen. We developed such a layer composed of parylene (700

nm) and AlOx (70 nm), optimizing its material properties, moisture-blocking performance, and processing conditions. The bar-
rier layer applied to the Ethylene Tetrafluoroethylene (ETFE) substrate demonstrated a water vapor transmission rate (WVTR)
of 6.33 x 102 g/m?day and an average visible light transmittance (AVT) of 85.3% over the 380-780 nm wavelength range. For
the FPV module with this barrier, Damp/Heat (DH) reliability testing was conducted at 85°C and 85% relative humidity for up
to 1,000 hours. During testing, the power conversion efficiency (PCE) decreased slightly from 25.4% (0 hr) to 24.7% (1,000 hr),
reflecting a minimal reduction of only 0.7%. The primary cause of degradation was identified as a -4% relative change in short-

circuit current density (Jsc) before and after DH testing. Consequently, the ETFE/parylene/AlOx multilayer moisture barrier

proved highly effective in ensuring the long-term reliability of solar modules.

Keywords: Flexible photovoltaic modules, Moisture barrier, Parylene-AlOx, Water vapor transmission rate, Damp/heat test,
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Fig. 1. Schematic of moisture barriers in organic/inorganic materials:
(a) a 2-dyad structure and (b) a model of moisture ingress through
dyads. The polymer film substrates used are ETFE and PEN.

Table 1. List of polymers for flexible PV module encapsulation with their WVTR and CTE values.

WVTR (g/m?/day)*

Polymers (thickness in pum) CTE (x 106 Ky® Application Reference
ETFE 1.5 (100) 90-170 Substrate [22]
PEN 6.7 (25) 20-21 Substrate [23]
18 (25 20-80 22
PET 3.9-17 Eloz)) 60-80 Substrate {24}
EVA 16.7 (380) 160-200 Encapsulant [24]
POE 4.11 (500) 36-110 Encapsulant [25]
PIB <0.1 120 Edge sealant [26]
Butyl rubber <0.1 80-192 Edge sealant [26]

2 Measured at 38°C, 100% RH, ® CTE, coefficient of thermal expansion
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Moisture barrier layer®
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I

Moisture barrier layer*®

* AlOx, dyad on ETFE substrate

Fig. 2. Schematic of the layout of a flexible photovoltaic module
(photo: completed PV module).
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Gy = 5474 nm

6.y = 6.062 nm Gis = 5.729 nm
Fig. 6. Topographical morphology of moisture barriers: (a) and (d)
for bare film, (b) and (e) for a single AlOx layer, and (c) and (f) for a
1-dyad structure. (a)—(c) on PEN film and (d)—(f) on ETFE film.
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Table 2. Average visible transmittance (%) for ETFE based moisture
barrier.
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Fig. 9. Development of surface damage of flexible PV module during damp/heat test.

4.2 E

2 AolA FPV & A2 FS AT SATS
o] @ tof| tiste] ALstIct FAof T AlO, F7]2hat
§71-87] thE5 dyadZ 0|23 WVTR EA{0]|A] parylene
71952 AlOy 719re] 7= 242 700 nme} 70 nmoj|
A A ZARxRHACZ AAE QL ETFE/dyadolA
WVTR =6.33 X 107 g/m’/day®] £2AIH E4S Aglo
™ 380-780 nm FupgFol A AVTE 85.3%2 &7 5]
lth. ETFE/dyad & ATH5-& &85t FPV 252 85°C
9} A& & 85% RHOJA] 1,000A]7F 591 DH Al & PCE
7} 25.4% (0 hr)oll 4] 24.7% (1,000 hr)& 0.7% Z+Ast%
ot o] 23t A0 U0 2 = AJse/Jsc (0 hr)9] 4% A
off IQict. §HH, Vocel FF: vl Al dslof] Bost 710
2 Uehdt}h 22X 0 2 ETFE/parylene (700 nm)/AlOy
(70 nm) & 13t 05 2R S-2 FPV & o 9
o] LA a7t o) @45t 102 HItE| Qi)

ORCID

Jeha Kim https://orcid.org/0000-0001-9022-2384

REFERENCES

[11 M. E. Shayan, G. Najafi, B. Ghobadian, S. Gorjian, M. Mazlan,
M. Samami, and A. Shabanzadeh, Sustainability, 14, 3566
(2022).
doi: https://doi.org/10.3390/su14063566

[2] T.F. Santos, B. R. Carvalho, E. V. Santos, R. F. P. Pereira, D.
F. S. Souza, and J. H. O. Nascimento, Sustain. Energ. Fuels, 9,
2591 (2025).
doi: https://doi.org/10.1039/D4SE01537A

[3] Y.lJiang and Y. Qi, Mater. Chem. Front., 5, 4833 (2021).
doi: https://doi.org/10.1039/D1QMO00279A

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

B. Commault, T. Duigou, V. Maneval, J. Gaume, F. Chabuel,
and E. Voroshazi, Appl. Sci., 11, 11598 (2021).

doi: https://doi.org/10.3390/app112411598

H. Samadi, G. Ala, V. L. Brano, P. Romano, and F. Viola, World
Electr. Veh. J., 14, 154 (2023).

doi: https://doi.org/10.3390/wevj14060154

F. Di Giacomo, A. Fakharuddin, R. Jose, and T. M. Brown,
Energy Environ. Sci., 9,3007 (2016).

doi: https://doi.org/10.1039/C6EE01137C

S. Kim, H. V. Quy, and C. W. Bark, Mater. Today Energy, 19,
100583 (2021).

doi: https://doi.org/10.1016/j.mtener.2020.100583

X.Li, P.Li,Z. Wu, D. Luo, H. Y. Yu, and Z. H. Lu, Mater. Rep.
Energy, 1, 100001 (2021).

doi: https://doi.org/10.1016/j.matre.2020.09.001

M. Babin, G. C. Eder, Y. Voronko, and G. Oreski, J. Appl.
Polym. Sci., 141, 5573 (2024).

doi: https://doi.org/10.1002/app.55733

P. C. With, U. Helmstedt, and L. Prager, Front. Mater., 7, 200
(2020).

doi: https://doi.org/10.3389/fmats.2020.00200

0. K. Segbefia, A. G. Imenes, and T. O. Satre, Sol. Energy, 224,
889 (2021).

doi: https://doi.org/10.1016/j.solener.2021.06.055

A. Mavlonov, Y. Hishikawa, Y. Kawano, T. Negami, A.
Hayakawa, S. Tsujimura, T. Okumura, and T. Minemoto, Sol.
Energy, 286, 113174 (2025).

doi: https://doi.org/10.1016/j.solener.2024.113174

K. T. Tanko, Z. Tian, S. Raga, H. Xie, E. A. Katz, and M. Lira-
Cantu, MRS Bull., 50, 512 (2025).

doi: https://doi.org/10.1557/s43577-025-00863-5

B.J.Kim, D. Han, S. Yoo, and S. G. Im, Korean J. Chem. Eng.,
34,892 (2017).

doi: https://doi.org/10.1007/s11814-016-0303-3

J. Wang, D. J. Gardner, N. M. Stark, D. W. Bousfield, M.
Tajvidi, and Z. Cai, ACS Sustain. Chem. Eng., 6,49 (2018).
doi: https://doi.org/10.1021/acssuschemeng.7b03523

E. Y. Choi, J. H. Kim, B. J. Kim, J. H. Jang, J. Kim, and N. Park,
RSC Adv., 9, 11737 (2019).



J. Electr. Electron. Mater., Vol. 38, No. 5, pp. 538-545, September 2025: Kim 545

doi: https://doi.org/10.1039/c9ra01107b

[17] L. J. Sutherland, H. C. Weerasinghe, and G. P. Simon, Adv.
Energy Mater., 11,2101383 (2021).
doi: https://doi.org/10.1002/aenm.202101383

[18] K. H. Yoon, H. S. Kim, K. S. Han, S. H. Kim, Y. E. K. Lee, N.
K. Shrestha, S. Y. Song, and M. M. Sung, ACS Appl. Mater.
Interfaces, 9, 5399 (2017).
doi: https://doi.org/10.1021/acsami.6b15404

[19] J. G. Gluschke, F. Richter, and A. P. Micolich, Rev. Sci. Instrum.,
90, 083901 (2019).
doi: https://doi.org/10.1063/1.5099293

[20] C. Bellmann, N. Beshchasna, J. Uhlemann, and K. J. Wolter,
Proc. 32nd Int. Spring Seminar on Electronics Technology,
(Brno, Czech Republic, 2009), 1.
doi: https://doi.org/10.1109/ISSE.2009.5206975

[21] Y. Sakakihara, K. Watatani, K. Terao, F. Shimokawa, and H.
Takao, Proc. 2019 IEEE SENSORS, (Montreal, QC, Canada,
2019), 1.
doi: https://doi.org/10.1109/SENSORS43011.2019.8956814

[22] https://www.professionalplastics.com/professionalplastics/
Accessed 11 June (2025).

[23] https://www.goodfellow.com/global/en-gb/polymer Accessed 02
June (2025).

[24] https://omnexus.specialchem.com/polymer-property Accessed 02
June (2025).

[25] https://www.efunda.com/materials/polymers/properties/polym
er_datasheet.cfm?MajorID=TPE&MinorID=2 Accessed 30 May
(2025).

[26] https://polymers.netzsch.com/Materials/Details Accessed 30 May
(2025).

[27] U. Farva and J. Kim, Mater. Chem. Phys., 267, 124584 (2021).
doi: https://doi.org/10.1016/j.matchemphys.2021.124584

[28] H. W. Lee, S. Kim, J. Kim, and E. Kim, J. Kor. Phys. Soc., 82,
280 (2023).
doi: https://doi.org/10.1007/s40042-022-00672-y

[29] J. Kim, Appl. Sci. Converg. Technol., 33, 45 (2024).
doi: https://doi.org/10.5757/ASCT.2024.33.2.45

[30] S. A. Gevorgyan, A. J. Medford, E. Bundgaard, S. B. Sapkota,
H. F. Schleiermacher, B. Zimmermann, U. Wiirfel, A. Chafiq,
M. Lira-Cantu, T. Swonke, M. Wagner, C. J. Brabec, O. Haillant,
E. Voroshazi, T. Aernouts, R. Steim, J. A. Hauch, A. Elschner,
M. Pannone, M. Xiao, and F. C. Krebs, Sol. Energy Mater. Sol.
Cells, 95, 1398 (2011).
doi: https://doi.org/10.1016/j.s0lmat.2011.01.010

[31] M.D.Kempe, D. L. Nobles, L. Postak, and J. A. Calderon, Prog.
Photovolt., 26,93 (2018).
doi: https://doi.org/10.1002/pip.2947




<<
  /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


