
近红外光的可视化及其应用

刘映雪, 朱福荣

引用本文:
刘映雪, 朱福荣. 近红外光的可视化及其应用[J]. 液晶与显示, 2021, 36(1): 78-104.
LAU Ying-suet, ZHU Fu-rong. Visualization of near-infrared light and applications[J]. Chinese Journal of Liquid Crystals and
Displays, 2021, 36(1): 78-104.

在线阅读 View online: https://doi.org/10.37188/CJLCD.2020-0287

您可能感兴趣的其他文章

Articles you may be interested in

近红外光响应液晶纳米智能材料

Near-infrared light-responsive intelligent liquid crystal nanocomposites

液晶与显示. 2020, 35(7): 631-644   https://doi.org/10.37188/YJYXS20203507.0631

近红外有机小分子电致发光材料研究进展

Research progress of near infrared organic small-molecule electroluminescent materials

液晶与显示. 2021, 36(1): 62-77   https://doi.org/10.37188/CJLCD.2020-0207

钙钛矿发光二极管的研究进展

Research progress of perovskite light-emitting diodes

液晶与显示. 2021, 36(1): 105-112   https://doi.org/10.37188/CJLCD.2020-0284

交流发光二极管的研究进展

Advances in alternating current-driven light-emitting devices

液晶与显示. 2021, 36(1): 21-38   https://doi.org/10.37188/CJLCD.2020-0265

氧化石墨烯液晶的光电特性与显示应用

Electrical-optical properties of graphene oxide liquid crystal and its applications

液晶与显示. 2020, 35(7): 733-740   https://doi.org/10.37188/YJYXS20203507.0733

http://www.yjyxs.com
http://www.yjyxs.com
http://www.yjyxs.com
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0287
http://www.yjyxs.com/CN/10.37188/YJYXS20203507.0631
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0207
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0284
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0265
http://www.yjyxs.com/CN/10.37188/YJYXS20203507.0733


第３６卷　第１期

２０２１年１月　 　
　　　

　　液晶与显示
　　　ChineseJournalofLiquidCrystalsandDisplays

　 　　　　 Vol．３６　No．１

　 Jan．２０２１

　　收稿日期:２０２０Ｇ０９Ｇ１４;修订日期:２０２０Ｇ０９Ｇ２７．
　　基金项目:香港研究资助局项目(No．GRF/１２３０２８１７,No．１２３０３９２０)

SupportedbyResearchGrantsCouncilofHongKongSpecialAdministrativeRegion,China,GeneralReＧ
searchFund(No．GRF/１２３０２８１７,No．１２３０３９２０)

　　∗通信联系人,EＧmail:frzhu＠hkbu．edu．hk

文章编号:１００７Ｇ２７８０(２０２１)０１Ｇ００７８Ｇ２７

VisualizationofnearＧinfrared
lightandapplications

LAUYingＧsuet,ZHUFuＧrong∗

(DepartmentofPhysics,ResearchCentreofExcellenceforOrganicElectronics,

InstituteofAdvancedMaterials,HongKongBaptistUniversity,HongKong９９９０７７,China)

Abstract:Developmentofhigh performancenearＧinfrared (NIR)visualization devicesoffersan
excitingopportunityforaplethoraofapplicationsinbioimaging,food,wellness,surveillance,and
environmentalmonitoring．NIRvisualizationdevicesincludeanNIRphotodetector(PD)unitmonolＧ
ithicallyintegratedwithavisiblelightＧemittingdiode(LED)unit,enablingthedirectvisualizationof
theincidentinvisibleNIRlight．InaNIRvisualizationdevice,theNIRPDunitservesasoneofthe
chargeＧinjectionlayersintheLEDunit．TheholeＧelectroncurrentbalanceintheNIRvisualizationdeＧ
viceiscontrolledbythephotocurrentgeneratedintheNIRPDinthepresenceoftheNIRlight．The
visiblelightemissionintheLEDunitisobservedinareawheretheeffectivechargeinjectionoccurs,

adjustedbytheNIRPDunitinthepresenceoftheNIRlight,suchthattheobjectsreflectingorilluＧ
minatingNIRlightcanbevisualized．Likewise,thechargeinjectionintheLEDunitcanbesuppressed
intheabsentofNIRlightoritisreducedduetothedecreaseinphotocurrentintheNIRPDunit,e．

g．,thepresenceoftheNIRabsorbingmaterialsthatpartiallyblocktheNIRlight．ThisreviewproＧ
videsacomprehensiveoverviewdiscussingtheoperationprincipleoftheNIRvisualizationdevicesand
therecentprogressesmadeindifferenttypesofNIRvisualizationdevicespreparedusingdifferentinＧ
organic,organicfunctionalsemiconductormaterialsandtheircombinations．ThephotonＧtoＧphoton
conversionefficiencyishighlydependentonthequantumefficiencyoftheNIRPDunitandtheLED
unitintheNIRvisualizationdevice．TheeffortsandprogressesinthedevelopmentofaseriesofNIR
visualizationdevicesandtheapplicationsin３Dimageanalysis,NIRdetectioncard,bioimages,health
andenvironmentalmonitoringanddetectionarepresented．
Keywords:NIRvisualizationdevice;NIRphotodetector;NIRphototransistor;lightＧemittingdiode;

photonＧtoＧphotonupconversionefficiency;luminanceonＧoffratio
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摘要:开发高性能的近红外可视化器件在生物成像、食物检测、健康监测和环境分析等领域有着重要意义.近红外可视

化器件由光探测单元和发光单元组成,可将人眼不可视的近红外光转换为可见光.其工作机制是,光探测单元作为发光

单元的载流子注入层,在近红外光下产生光电流,因而被近红外光照射的区域会产生电荷注入,在发光单元的对应区域

复合发光,发射可见光.没有近红外光照射时,光探测单元中不产生光电流,将抑制发光单元中的电荷注入,因而不发

光.因此,近红外可视化器件可用于对辐射、反射或吸收近红外光的物质成像.本综述介绍了近红外可视化器件的工作

原理和最新进展,包括基于无机、有机半导体等不同材料的近红外可视化器件.研究发现,近红外可视化器件的光子转

换效率由近红外光探测单元和发光单元的光电转换效率决定.本文归纳了提高近红外可视化器件的光子Ｇ光子转换效

率的方法和相关工作,探讨和展望了近红外光的可视化技术在三维图像分析、近红外检测卡、生物成像、健康和环境监测

与检测的应用前景.

关　键　词:近红外可视化器件;近红外光电探测器;近红外光电探测晶体管;发光二极管;光子上转换效率;光亮度
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１　Introduction

ThevisualizationoftheinvisiblenearＧinfrared
(NIR)light,throughmonolithicintegrationofthe
thinfilmNIRphotodetector(PD)andlightＧemitting
diode(LED),hasattractedincreasinginterestsfor
aplethoraofapplicationsinsemiconductorwaferinＧ
spection,nightvision,bioimage,healthdetection,

environmentalandsecurity monitoring[１Ｇ９]．Inthe
presentcommercialmarket,theNIRvisualization
systemsuse mainlytheinorganicsemiconductor
based NIR photodetectors,thenightvisionand
thermalimagingsystem[１０]．IntheseNIRimaging
systems,anarrayofinorganicPDs,e．g．,indium
gallium arsenide (InGaAs),indium antimonide
(InSb)arrays or mercury cadmium telluride
(HgCdTe)PDs,isinterconnectedwithasiliconＧ
basedreadoutintegrated circuit (ROIC)active
matrixbackplaneforvisualizingtheNIRimageor
useofanopticalupconverterthatisintegratedwith
thechargedＧcoupleddevices(CCDs)．Thefabrication
ofantimonideＧbasedfocalplanearraysintheconＧ
ventional NIR visualization systemsis generally

basedontheindiumbumptechnologywithlimitaＧ
tionsforuseinflexibleandlargeareaNIRvisualizaＧ
tiondevicesatlowcost[１１Ｇ１３]．

Inordertoaddressthecomplexandcostly
ROICprocesses,aⅢＧⅤcompoundsemiconducＧ
torbasedpixelＧfreevisualizationdevicewasatＧ
tainedforconvertingthe midＧinfrared (１５００
nm)electromagnetic (EM)wavetoNIR (９００
nm)wavelength[１４]．TherareＧearthiondoped
Ge/GaAsheterojunctionusedinthepixelＧfree
visualizationdevicewaspreparedusinganepiＧ
taxialgrowth approach．Although the power
(１５００nm)ＧtoＧpower(９００nm)upconversionefＧ
ficiencyofthepixelＧfreeGe/GaAsＧtypevisualＧ
izationdevicewas(２．４ １́０－５)％,theconceptof
pixelＧfreevisualizationdeviceprovidesagreatinＧ
spirationforthedevelopmentofthepixelＧfree
imaging NIR visualizationdevices．Continuous
progresseshavebeen madeimprovingtheperＧ
formanceoftheintegratedpixelＧfreevisualization
devicesusingdifferentfunctionalinorganicsemiconＧ
ductor materials．The ⅢＧⅤ compoundsemiＧ
conductorＧbasedvisualizationdeviceswerefabricated
usingwaferＧbasedsemiconductorfabricationtechＧ
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nology．TheemissionwavelengthsoftheshorterＧ
wavelengthEM wavesareprimarilylocatedwithin
theNIRrange．Therefore,aCCDcameramustbe
used to capture the invisible NIR emission,

convertingthe NIRlightintodigitalsignalsfor
visualimaging[１５]．TheCCDcamerasaresensitive
fordetectingtheabroadwavelengthrangeofthe
EMwavesfromvisibletoNIR(１１００nm)light[１６]．
ThesiliconＧbasedreadoutcircuitsinthetraditional
imagingsystemshaveanunavoidablethermalmisＧ
match．Toaddressthistechnicalissue,anintegrated
visualizationdevicecomprisinganquantumwellinＧ
fraredphotodetector (QWIP)and　anLED was
proposedforuseinthethermalimagingapplications
in１９９５[１７]．Thepower(９２００nm)ＧtoＧpower(９２７
nm)upconversionefficiencyof０．８％ wasobtained
fortheQWIPＧLEDtypevisualizationdevice．The
chargecarrierstrappedbythequantumwellscanbe
excited under the illumination of the infrared
light．ThephotocurrentintheQWIPＧLEDＧtypeviＧ
sualizationdeviceincreasessubstantiallywhenitis
operatedunderanappliedbias,duetotheexcitation
ofthechargecarriersinthequantum well．The
chargecarriescanthenbeinjectedintotheemission
regionintheLED,therebyemittingthevisiblelight
whichcanbeseenbyhumaneyeorusingtheCCDs．
TheinorganicsemiconductorＧbasedPDshaveapＧiＧn
structure．ThepＧiＧntypePDshaveaphotoresponsＧ
ivityovertherangefrom０．５~１A/W,whichisaＧ
bouttheirtheoreticallimit．AphotonＧtoＧphotonupＧ
conversionefficiencyof＞１０％ wasobtainedbyinＧ
corporatingaphototransistor(PT)intheintegrated
device,duetothegainmechanisminthePT．The
PThastheadvantageousforrealizingphotocurrent
gainduetoitsuniquefeatureofintrinsiccurrent
amplification．TheintegratedInGaAs/InPheteroＧ
junctionPT(HPT)andLED[１８]wasdemonstrated,

achievingapowerＧtoＧpowerupconversionefficiency
of７％．ThephotocurrentintheInGaAsＧbaseddeＧ
tectionlayersisgeneratedundertheilluminationof
theincominglongerＧwavelengthEM waves．MeanＧ
while,theresultantholesflowtothebaselayerto
raisethebasepotentialcausinganabundantelectron

injectionfromtheInPemissionlayer．Asresult,an
amplifiedphotocurrentcanbeobtained．A HPTＧ
LEDbasedvisualizationdevicewithaphotoresponsＧ
ivityof１０ A/W wasobtained,duetothegain
mechanisminthePT．

To converttheincominglongerＧwavelength
EMwavestovisiblelightemission,theelectrolumiＧ
nescence(EL)emissionoftheLEDoverthevisible
lightwavelengthrangefrom４００nmto７００nmis
favorablefordirectvisualizationoftheinvisibleNIR
light．ThevisualizationoftheNIRlightwithout
usingtheCCDcamerashastheadvantagefortheuse
inrealＧtimemonitoringandpixelＧfreeimagingsysＧ
tems．A pixelＧfree NIR visualization devicealso
avoidsthedataacquisitionandprocessing,providing
analternativeNIRimagingmethod．TheNIRvisuＧ
alizingdevicecomprisesaNIRphotodetectionunit,

e．g．,aNIRPDoraNIRPT,andavisiblelightＧ
emittingunit．TheNIRvisualizationdevicescanbe
preparedthroughintegrationofⅢＧⅤcompoundPDs
andorganicLEDunits．Theycanalsobefabricated
usingdifferentcombinationsofdifferentfunctional
materials,e．g．,NIRphotodetectionunitscanbe
preparedusingorganic,quantumＧdotsand peroＧ
vskitefunctional materials．Apartfrom the NIR
photodetectionunits,thelightＧemittingunitsalso
playacriticalroleindeterminingthephotonＧtoＧ
photonupconversionefficiencyofNIRvisualizaＧ
tiondevices．NIRvisualizationdevicesincorpoＧ
rateddifferentlightＧemittingmaterials,suchas
fluorescentemitters,phosphorescentemitters
and thermal activated delayed fluorescence
(TADF)emitters,havebeenreported．Many
progresseshavebeen madeinthedevelopment
ofNIRvisualizationdevicesthroughintegration
ofdifferent NIR photodetectionunitsandthe
LEDunits,e．g．,combinationsofinorganicPD
withorganicLED (OLED)ororganicPD (OPD)

withOLEDunits．Organicsemiconductorshave
advantagestoovercometheissueofepitaxial
structuresforalargeareadevicefabricationvia
vacuumevaporationandpreventtheproblemof
latticemismatching[１９]inthegrowthoforganic
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thin films．The solutionＧprocessable organic
semiconductorscanalsoavoidthelateralcurrent
spreading[１２,２０Ｇ２１]becauseofthelowconductivity
oftheorganiclayersascomparedtothatofthe
inorganicⅢＧⅤsemiconductors．OrganicNIRviＧ
sualizationdevicesareparticularlysuitablefor
applicationsincosteffectivelargeＧareadetection
ormonitoring,whichcanbeachallengetothe
conventional inorganic semiconductorＧbased
devicetechnologies．

Aphoton(NIR)ＧtoＧphoton(blue)upconveＧ
rsionefficiencyof０．０５％ wasobtainedforan
NIRvisualizationdevicecomprisinganorganic
titanylphthalocyanine(TiOPc)NIRsensitizing
layerandafluorescent OLED unit[２２]．Thelow
externalquantum efficiency (EQE)influorescent
OLEDlimitstheoverallphotonＧtoＧphotonupＧ
conversionefficiencyintheNIRvisualizationdeＧ
vices．Anintegrationofabulkheterostructure
typeOPDandaphosphorescentOLEDwasproＧ
posedfortheNIRvisualizationdevice,resulting
inahighphotonＧtoＧphotonupconversionefficiency
of２．７％ duetothehighefficiencyphosphorescent
OLEDs[２３]．Recently,aphotonＧtoＧphotonupconverＧ
sionefficiencyof ＞ １００％ wasreportedforan
NIRvisualizationdevicepreparedthroughmonoＧ
lithicintegrationofaleadphthalocyanine(PbPc)/

C６０planarheterojunctionNIRsensitizinglayerand
a TADFＧOLED,demonstratingthehigh perＧ
formingNIRvisualizationdevicewithoutusing
aPTtypeNIRdetectionunitandthepotential
foruseinlowＧcostandhighresolutionNIRimaＧ
gingsystems[２４]．However,thechoicesofthe
organicsemiconductormaterialswithextendedabＧ
sorptionin the NIR wavelength range,e．g．,

beyond１０００nm,arelimited,duetothelackof
thelow bandgaporganicsemiconductorswith
suitableenergylevels．Toextendaninfrared
sensitivity of the NIR visualization devices
beyond１０００nm,thelowＧcostandsolutionＧproＧ
cessablequantumＧdotsbased materials,e．g．,

leadsulphide (PbS)nanocrystals (NCs),lead
selenide(PbSe)NCs[２５Ｇ２７],andperovskitefuncＧ

tionalmaterialshavebeenproposedformaking
NIRsensitizinglayers．

TheoperationprinciplesoftheNIRvisualＧ
izationdeviceswithanNIRPDＧbasedholeＧinjecＧ
tion layer and an NIR PDＧbased electronＧ
injectionlayerarediscussed．Thestrategiesof
performanceimprovementfortheNIRvisualizaＧ
tiondevicesincludingdevicedesignandmaterial
selectionforthe NIR visualizationdevicesare
alsodiscussedinthefollowingsections．TheexＧ
amplesoftheNIRvisualizationdevicesforappliＧ
cationsin３Dimage,NIRcard,bioimageand
environmentalmonitoringarepresented．ThereＧ
centprogressmadeintheNIRvisualizationdeＧ
viceswithdifferentdevicearchitecturesthrough
integrationofdifferentfunctionalmaterialsand
the materialsprocessingtechnologiesaredisＧ
cussed．

２　CharacteristicsofNIRvisualizaＧ
tiondevices

２．１　PrincipleofNIRvisualization
NIRvisualizationdeviceispreparedthrough

monolithicintegrationofanNIRphotodetection
unit,e．g．,PDorPT,andanLEDunitemitting
thevisiblelight,convertingtheincidentlongerＧ
wavelengthEM wavestoanELemissioninthe
visiblewavelengthrange．Theschematicenergy
diagramofaNIRvisualizationdeviceoperated
underaforwardbiasisshownin Fig．１(a),

whichhasalayerconfigurationofanode/hole
blockinglayer (HBL)/NIR sensitizing layer
(NIRSL)/holetransportinglayer(HTL)/emisＧ
sionlayer (EML)/electrontransportinglayer
(ETL)/cathode．ANIRPDunitcanhaveaconＧ
ventionaloraninverted deviceconfiguration．
TheNIR PD withaninvertedconfigurationis
oftenadoptedforuseintheNIRvisualization
devicesduetheimprovedphotoresponsivityand
processcompatibility,e．g．,photodetectivitythan
thatoftheconventionalphotodetectorasexamined
inFig．２(a)[２８]．TheuseoftheHBListoblocking
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Fig．１　OperationalprincipleofaNIRvisualizationdevice,withaNIRPDunitactingasholeＧinjectionlayer,operated
underanexternalbias(a)inthedark,and(b)inthepresenceofNIRillumination．ANIRvisualizationdeＧ
vice,withaNIRPDunitservingasanelectronＧinjectionlayer,operatedunderanexternalbias(c)inthedark
and(d)inthepresenceofNIRillumination．

Fig．２　(a)SpecificdetectivitymeasuredfortheconventionalandinvertedPDsoperatedunderareversebiasof
１V[２８];(b)CurrentvoltagecharacteristicsofthetandemorganicNIRvisualizationdevicespreparedusing
differentNIRPDunits[５８];(c)PhotoresponsivityoftheorganicSWIRPDswithdifferentNIRabsorbinglayer
thicknesses;(d)PhotoresponsivitymeasuredforthecorrespondingorganicSWIRPDsoperatedatdifferent
temperatures[９];(e)AbsorptionspectrameasuredforthePbSeNCswithdifferentcrystalsizes;(e)Theinset
inFig．５showingtheabsorptionspectrumandTEMimagemeasuredfor５０nmthickPbSeNCsfilm[２５];(f)

LuminancevoltagecharacteristicsandphotonＧtoＧphotonupconversionefficiencymeasuredfortheNIRvisualＧ
izationdeviceshavingfluorescent,phosphorescenceandexciplexlightＧemittingmaterialsintheLEDunits[５７]．

theholeinjectionto NIR sensitizinglayer,an
invertedNIRPDunit．Theuseofthe HBLalso
helpstoreducethedarkcurrentintheNIRvisualＧ
izationdevices,assistinginenhancingthephotosenＧ
sitivityandthephotonＧtoＧphotonupconversioneffiＧ
ciency[２９]．Forexample,zincoxide(ZnO)andtitaＧ
niumdioxide(TiO２)Ｇbased HBLsaretocreatea
largeinjection barrierattheanode (indium tin
oxide,ITO)/HBLinterface[３０]．Thereby,ZnOthinＧ

filmcanblocktheholeseffectivelyinthedarkenviＧ
ronmentandalsosignificantlyreducedarkcurrent
densitycontributingtonoiseissueandphotodetecＧ
tivityinthe NIR visualizationdevices[２５,２７]．NIR
sensitizinglayer,oralsoknownastheNIRsensitiＧ
zer[３１],photosensitivelayer[４],photoresponsive
layer[５]andchargegenerationlayer[３０],hasa
poorholetransportingpropertypreventingthe
holeleakageintheabsentofNIRlight,thereＧ
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fore,NIRSL mayalsoactastheHBLinthe
NIR visualization devices． The different
functionalmaterialsincludeinorganic,organic,

perovskite and quantumＧdots based NIR
absorbingmaterialsandtheircombinationshave
beenadoptedforuseinNIRvisualizationdevices
assummarizedinTab．１~４．Inrecentyears,the
quantumＧdots and perovskite semiconductors
basedNIRabsorbingmaterialshaveattractedan
increasinginterestforapplicationinNIRvisualＧ

izationdevices．ApartfromtheNIRdetectionpart,

the lightＧemitting unit is another important
functionallayerintheNIRvisualizationdevices．The
LEDunitinthe NIR visualizationdevicehasa
typicallayerconfiguration ofanode/HTL/EML/

ETL/cathode．TheuseoftheHTLandETLhelps
toachievetheholeＧelectronbalanceintheEML．
Whenbothofholesandelectronsaresimultaneously
injectedintotheEML,theexcitonsarerecombined
toreleaseenergybyemittingthevisiblelight．

Tab．１　ExamplesofNIRvisualizationdevicesfabricatedusinginorganicfunctionalsemiconductormaterials

NIRSLs EMLs
Detectionand

emissionregion/nm
ηW/W/％ Activearea/(cm×cm) Ref．

Ge GaAs １５００to９００ ０．００００２４ [１４]

GaAs/AlGaAs InGaAs/GaAs ９２００to９２７ ０．８０ ０．０００２×０．０００１ [１７]

GaAs/AlGaAs InGaAs/GaAs ８４００to８７５ ０．４×０．３ [１６]

GaAs/AlGaAs GaAs ９０００to８１５ [３２]

GaAs/AlGaAs GaAs/AlGaAs １５００to８１８ [３３]

InGaAs/InP InAsP １２００~１６００to１０００ [１５]

InGaAs/InP InGaAsP/InP １５００to１０００ ０．０１ ０．１５×０．１５ [３４]

InGaAs/InP AlGaAs/GaAs １５００to８７０ ０．４６＠４V [３５]

InGaAs/InP GaAs/AlGaAs １５００to８７０ １＠７V [３６]

InGaAs/InP GaAs/AlGaAs １５００to８７０ ７ [１８]

InAsSb/GaSb GaAs/AlGaAs ２２００~４２００to８４０ ６＠２００K [１１]

GaNAsSb/GaAs GaAs/AlGaAs １３００to９５０ ４ ０．０４×０．０４ [３７]

GaAs AlGaInP ８１０to５９０or６３０ [７]

　　ηW/W:power(longerＧwavelenghEM wave)to　power(shorterＧwavelengthEM wave)upconversionefficiency

Tab．２　 Examplesof NIR visualization devicesprepared usingacombination ofinorgaricandorganicfunctional
semiconductormaterials

NIRSLs EMLs
Detectionand

emission
region/nm

Luminance/
(cd􀅰m－２) ηW/W/％ ηP/P/

％
Von/V

Activearea/
(cm×cm) Ref．

InGaAs/InP Alq３∶C５４５T １５００to５２０
１５２０＠２０V

with１．１mW/mm２ ０．７＠２０V １０ ０．１×０．１ [３８]
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续　表

NIRSLs EMLs
Detectionand

emission
region/nm

Luminance/
(cd􀅰m－２) ηW/W/％ ηP/P/

％
Von/V

Activearea/
(cm×cm) Ref．

InGaAs Alq３∶C５４５T １５００to５４３
１５８０＠１１．５V

with０．６７mW/mm２ １．５＠１１．５V ３．２ ０．１×０．１ [３９]

InGaAs/C６０ Alq３∶C５４５T １５００to５２０ ９３０＠１mW/mm２ ０．０８×０．０８ [２０]

InGaAs/InP Alq３∶C５４５T １５００to５４５
２５０００＠１２V

with１mW/mm２ １５＠１２V [４０]

InGaAs Alq３∶C５４５T １５００to５６４
９０００＠１５V

with１．２mW/cm２ １５０＠２１V ５９％＠２１V ６ [２１]

InGaAs/GaAsMQWs Alq３∶C５４５T ９８０to５２０
１２６４＠２０V

with１mW/mm２ ０．８１＠２０V ２．６ ０．０１ [４１]

InGaAs/C６０ Alq３ １５００to５２０ ２００＠１６V ０．５７＠１６V ０．２％＠１６V ９ ０．４×０．４ [１２]

InGaAs/GaAsMQWs Alq３∶C５４５T ９２０to５２０
６０５０＠２０V

with１mW/mm２ ４＠２０V ０．０１ [１９]

InGaAs/GaAsMQWs Alq３∶C５４５T ９８０to５２０ ３７００＠１６V ２．５ [４２]

InGaAs/GaAsMQWsCBP∶Ir(ppy)３ ９８０to５１０
７９００＠１５V

with１mW/cm２ ４．８％＠１５V [４３]

　　ηP/P:photon(NIR)tophoton(visible)upconversionefficiency

Tab．３　ExamplesofNIRvisualizationdevicespreparedusingorganicfunctionalsemiconductormaterials

NIRSLs EMLs
Detectionand

emission
region/nm

Luminance/
(cd􀅰m－２) LUMon/off

ηP/P/％or
ηW/W/％

Von/V
Activearea/
(cm×cm) Ref．

aＧSiC∶H Alq３ ６３３to５２０ ０．９１＠４５V [４]

MeＧPTC
tＧBuPhＧPTC

orAlq３

４０(redtored)or
２(redtogreen)

[４５]

MeＧPTC tＧBuPhＧPTC ２５０(redtored) [４６]

TiOPc Alq３ ６５０togreen ３ [２２]

TiOPc aＧNPD ７８０to４７０ １０００＠１２V ０．０４ [４７]

CuPc/PTCBI Alq３ ３１５ [４８]

TNFDM Alq３ ８１０to５３０ [８]

(SnPc)∶C６０ CBP∶Ir(ppy)３ ８３０to５３０ ８５３＠１５V １４００＠１２．７V ２．７at１５V ２．７ ０．０４ [２３]

TiOPc∶C６０ CBP∶Ir(ppy)３ redtogreen ２００ [４９]
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续　表

NIRSLs EMLs
Detectionand

emission
region/nm

Luminance
/(cd􀅰m－２) LUMon/off

ηP/P/％or
ηW/W/％

Von/V
Activearea
/(cm×cm) Ref．

P３HT∶PCBM Alq３ [５０]

SnPc∶C６０or
PbSNCs

CBP∶Ir(ppy)３
ormCP∶

FlrpicormCP∶
Ir(MDQ)２

９００~１４００
to５１５

PbSNCs∶１．０２＠
１２００nm
(reflective
devices)

４ １ [３１]

ClAlPc∶C７０ CBP∶Ir(ppy)３ １５５３＠７V １０００＠７V ＞６％＠７V ２．７ ０．１６ [５]

CIAIPc∶C６０ CBP∶Ir(ppy)３ ７８０togreen
４．３８％
＠３V

２．７ ０．０４ [５１]

PbPc/C６０ Alq３ ０．０６６＠４１V ０．５ [５２]

ClAlPc/C７０ CBP∶Ir(ppy)３ ７８０togreen [５３]

CIAIPc∶C７０ CBP∶Ir(ppy)３ ７８０togreen ３．４６

０．２x０．２
(Al)//
０．６×０．６

(Ag/MoO３)

[６]

INGＧTＧDPP∶
PCBM

４CzIPN∶CBPor
２CzPN∶mCPor
４CzTPNＧPh∶CBP

or２CzPN∶
４CzTPNＧPh

８１０to４８０
(blue)or５１２
(green)or５８４
(red)or４８０＋
５７７(white)

１５０＠Green

０．１１(green)or
０．０４４(blue)or
０．０７(red)or
０．０８８(white)

２．２~２．５V ４ [３０]

SnNc∶C６０ Alq３ ８３０togreen ６１８２＠１２V ０．４５＠１３V [５４]

VOPc CBP∶Ir(ppy)３ ~２７４ ~６．４７ [５５]

SQＧ８８０∶
PCBM

Alq３ ３１３＠１２V ６２９＠５V ０．２７＠１２V ２．５ １．６ [５６]

CIAIPc∶C７０

fluorescent,
phosphorescent,

andexciplex
system

０．０４ [５７]

SnNcCl２∶C６０
CBP∶Ir(ppy)

２(acac) ９８０togreen ４５４ １８４４＠１cd/m２ ５＠２５．８V １．２×１．２ [５８]

PDPP３T∶
PCBM

Bepp２∶
Ir(ppy)２(acac) ２９．６ [４]

PbPc/C６０ ２PXZＧOXD ８０８to５２０ ＞１００ ２５６＠１５V ２×２ [２４]

C６０/Cy７ＧT Alq３ ８３０togreen ６７０＠５V ４２１１＠５V ０．６１＠１０V ２ ０．０３１ [５９]

PBDTTＧBTQ∶
PCBM

CBP∶Ir(ppy)３ １１００to５２０ ０．８＠９．５V ３．５ [２８]
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Tab．４　SummaryofNIRvisualizationdevicespreparedusingacombinationoffunctionalquantumＧdotandperovskitesemiＧ
conductormaterials

NIRSLs EMLs
Detectionand

emission
region/nm

Luminance/
cd􀅰m－２ LUMon/off ηP/P/％ Von/V

Activearea/
(cm×cm) Ref．

PbSeNCs CBP∶Ir(ppy)３ １５００to５２０ ＞１００ １．３＠１７V ７ ０．０４ [２５]

PbSNCs TCTA∶Ir(ppy)３１０４３togreen ＞１００ １５９７ ８ [２６]

PbS∶P３HT∶
PCBM

CBP∶Ir(ppy)３ ８５０to５１０ ２０ [６０]

FaPbI３
CBP∶Ir(ppy)

２(acac) ８３０to５２０ １０００＠５V ３＠５V １．９ １×１ [２９]

DPPＧDTT∶
PC７０BM//
DPPＧDTT∶
COi８DFIC

CsPbBr３ ８５０to５２０ ＞１００ １．９＠６V ０．１ [６１]

PbSNCs CdSe/ZnS ９６６to６３８ ３３０ ８０００＠７V ３ ２．５ ０．２×０．２ [６２]

PbSNCs CdSe/ZnS １６００to５２５ ２１００ １０００
６．５(Agside)

or５．４(ITOside) ２．５ ０．０５ [２７]

PbSNCs CdSe ９７０to６２４ １５５ １００００＠７V ６．３＠１５V ２．５ [６３]

DPPＧDTT∶
SWIRdye

CsPbBr３ １４００to５１６ ０．１＠１４V １×１．５ [９]

　　Theschematicenergyleveldiagramsofan
NIRvisualizationdevice,withaNIR PDunit
actingasholeＧinjectionlayer,operatedunderan
externalbiasinthedark,andinthepresenceof
NIRilluminationisshowninFig．１(a)and１(b)．
TheschematicenergyleveldiagramsofanNIR
visualizationdevice,withaNIRPDunitserving
asanelectronＧinjectionlayer,operatedunderan
externalbiasinthedarkandinthepresenceof
NIRilluminationareshowninFig．１(c)and１
(d)．Thechargecarriersin NIR visualization
devicescanbe motivatedbyboththeelectric
fieldandtheincidentNIRillumination．TheNIR
visualizationdevicewithanNIRPDＧbasedholeＧ
injectionlayer[４Ｇ５,３０,６１]iswidelyused．Inthedark
withoutanyelectricfield,thechargecarriersare
suppressed and then the NIR visualization
devicesareinoffＧstate．The NIR visualization
devicesunderforwardbiasedwithoutNIRirradiＧ
ationisalsoin offＧstatesincethe holesare

blockedfromtheanodeaspresentedinFig．１(a)．
Inanidealcase,theholeinjectionistotallysupＧ
pressedfromanodeandNIRsensitizinglayeris
inoffＧstatethatnochargecarrierscanbegeneraＧ
ted．Theholescanbeinjectedfromtheanode
andtransportedtotheEMLtogeneratethehole
currentwhenthecertainvoltageisappliedtothe
deviceifitisnotdesignedproperly．Underlarge
externalelectricfield,NIRsensitizinglayeracts
asaholeＧtransportinglayer withapoorhole
blockingability．ThepoorluminanceonＧoffratio
isduetothebalancebetweentheholeandelecＧ
troncurrents,limitedbythe NIR sensitizing
layer．Todealwiththisproblem,theinsertof
HBLattheanode/NIRsensitizinglayerisanefＧ
ficient method．Under NIRillumination with
forwardbiased,NIRsensitizinglayercanabsorb
theincomingNIRlightsourcetocreatephotogeＧ
neratedexcitons．Thephotogeneratedexcitons
arethendissociatedintoholesandelectrons,
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transportingtotheirrespectiveelectrodessucＧ
cessivelyasshowninFig．１(b)．ThephotogenerＧ
atedholesfromNIRsensitizinglayerareinjected
intotheHTLandrecombinedwiththeelectrons
injectedfromthecathodetoformexcitonsinthe
EML．Theupconvertedvisiblelightcanthenbe
emittedandpenetratedthroughthetransparent
(semiＧtransparent)electrodes．

InadditiontotheNIRvisualizationdevices
witha NIR PDＧbasedholeＧinjectionlayer,as
showninFig．１(a)and１(b),theNIRvisualizaＧ
tiondeviceswithanNIRPDＧbasedelectronＧinＧ
jectionlayer[３３Ｇ３４]istheotherpossibleapproach,
asshowninFig．１(c)and１(d),althoughitis
relativelylessreported．Ina NIRvisualization
devicewitha NIR PDＧbasedelectronＧinjection
layer,theelectroninjectiontotheEMLcanbe
suppressedbyNIRsensitizinglayerindark,as
illustratedinFig．１(c)．WhentheNIRvisualizaＧ
tiondeviceisoperatedinthepresenceofNIRilＧ
lumination,the electronＧhole current balance
canbeobtainedduetotheenhancedelectroninＧ
jectionenabledbyNIRsensitizinglayerinthe
presenceofNIRlight,aspresentedinFig．１(d)．
TheNIRvisualizationdeviceswitheitheraNIR
PDＧbasedholeＧinjectionlayeroraNIRPDＧbased
electronＧinjectionlayerofferagreatpotentialfor
applicationinpixelＧfreeNIRimaging．
２．２　PerformanceofNIRvisualizationdevices

NIRvisualizationdeviceiscapableforconＧ
vertingalongＧwavelengthphotonwithlowerenＧ
ergytoashorterＧwavelengthphotonwithhigher
energyinthepresenceoftheNIRlightsource．
Photon(NIR)ＧtoＧphoton(visible)upconversion
efficiency (ηp/p)[６,２３,２７Ｇ２８,５８]isakeyparameter
usingtoevaluatetheperformanceoftheNIRviＧ
sualizationdevices．Itcanbecalculatedbythe
numberofoutputphotonsemittedfrom the
emissionunittothenumberofinputphotonsin
NIRsensitizinglayerexcitedbytheNIRlight
sourceasillustratedinEq．(１)．

ηp/p＝
∫Iλvis( )λvis

R λvis( )hcdλvis

PNIRλNIR

hc

×１００％＝

Pvis

hυ－vis

　PNIR　
hυNIR

×１００％ , (１)

whereIλvis( ) andRλvis( ) arethephotocurrent
and photoresponsivity of the photodetector
whichisusedtocollectemittedphotonsfrom
emissionunit,respectively．λvis ,λNIR ,handc
arethewavelengthofemittedvisiblelight,the
wavelengthoftheincidentNIRlight,thePlanck
constantandthespeedoflight,respectively．

hυ－visistheaveragephotonenergyoftheemitted
visiblelightandhυNIRisthephotonenergyofthe
incidentNIRlight,Pvis isanemittedvisible
powerandPNIRisanincidentNIRpower．

Anexternalpower(longerＧwavelengthEM
wave)ＧtoＧpower(shorterＧwavelengthEM wave)
upconversionefficiency (ηW/W )[３８]isthesecond
waytodeterminetheupconversionefficiencyof
thedeviceasdefinedinEq．(２)．

ηw/w＝
Pvis

PNIR
×１００％, (２)

whichalsocanbecalculatedbymultiplyingthe
photoresponsivity(A/W)oftheNIRsensitizing
unitandtheopticalpowerefficiency(W/A)of
theemissionunit．Theexternalpowerefficiency
canensurethecalculationoftheupconversion
efficiencyexcludinganycontributionfrom the
darkcurrent．

Thephotoresponsivity(R)[６４]isdetermined
byaratioofphotocurrentinphotodetectortothe
incidentopticalpowerwhichcanbecalculatedin
Eq．(３)．

R＝
Ilight－Idark

Plight
　, (３)

whereIlight ,IdarkandPlightarethecurrentinthe
presenceoflight,thecurrentintheabsenceof
lightandthepowerofincidentlightsource,reＧ
spectively．InordertoboostingthephotonＧtoＧ
photon upconversion efficiency,the photoreＧ
sponsivity of NIR sensitizing layer and the
opticalpowerefficiencyoftheemissionlayer
shouldbeoptimizedviasoundengineeringofdeＧ
viceconfigurationandmaterialselection．

TheemissioncapabilityoftheNIRvisualＧ
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izationdeviceiscloselyrelatedtoitscurrenteffiＧ
ciencyandopticalpowerefficiency．TheturnＧon
voltage of the NIR visualization device is
generallydefinedastheappliedvoltagewhenluＧ
minanceisreachedto１cd/m２ assameasthe
characteristicofLEDs．AluminanceonＧoffratio
oracurrentdensityonＧoffratioistheothervital
parametersusedtoevaluatetheperformanceof
theNIRvisualizationdevice[５１,５４,５８]．Theluminance
onＧoffratio(LUMon/off)oftheNIRvisualization
deviceisdefinedastheluminanceilluminated
withNIRlight(LUMw/NIR)dividedbythelumiＧ
nancewithoutNIRlightillumination (LUMw/NIR)
atdifferentappliedbiasedinEq．(４)．

LUMon/off＝
LUMw/NIR

LUMw/oNIR
, (４)

thecurrentonＧoffratio (CEon/off)canbedeterＧ
minedasaratioofthecurrentdensitywithNIR
lightirradiation(CEw/NIR)tothecurrentdensity
withoutNIRlightirradiation (CEw/oNIR)inthe
NIRvisualizationdeviceswithdifferentapplied
biasedinEq．(５)．

CEon/off＝
CEw/NIR

CEw/oNIR
, (５)

theNIRvisualizationdevices,havingaphotodeＧ
tection unit with a high EQE and alightＧ
emittingunitwithahighEQE,arebeacquired
forattainingthehighphotonＧtoＧphotonupconveＧ
rsionefficiencyandluminanceonＧoffratio．The
performanceoftheNIRvisualizationdevicescan
be optimised throughinterfacialengineering,
suitabledesignofdeviceconfigurationandselecＧ
tionofappropriatematerialcombinations．

３　NIRvisualizationdevices

３．１　Functionalmaterials
３．１．１　NIRabsorbingmaterials

The performance of NIR visualization
devicesintentlydependsontheefficiencyofan
NIRsensitizinglayerandanemissionlayer．The
choicesofNIR sensitizinglayercanbe ⅢＧⅤ
basedinorganic,organic,perovskite(e．g．,forＧ
mamidiniumleadiodide,FAPbI３)[２９]andquanＧ

tumＧdotssemiconductors．Inpastdecades,the
inorganic ⅢＧⅤ compoundsemiconductors (e．
g．,GaAs/AlGaAsandInGaAs/InP)havebeen
usedintheNIRvisualizationdevices．However,
thedifficultinherentprocessofinorganicⅢＧⅤ
compoundmaterialsincludinglatticemismatch,
rigidandbrittlecharacteristicslimittheapplicaＧ
tioninflexibleandlargeＧareadevices．Thereby,
theorganicsemiconductorsarepromotedinNIR
sensitizinglayerssubstitutinginorganic materials,
becauseofsolutionfabricationcapabilities,cost
benefitaswellasabundantdiversityoforganic
materials．TheNIRelectrondonorandacceptor
organic materials used in NIR visualization
devicesaresummarizedinFig．３andFig．４,respecＧ
tively．TheNIRorganicphotodetectors(OPDs)
havingdifferentphotoactivelayerconfigurations,inＧ
cludingbulkheterojunction(BHJ),e．g．,SnNcCl２∶
C６０,anddonor/acceptorplanarheterojunction
(PHJ),e．g．,C６０/SnNcCl２,asshowninFig．２
(b),havebeenreported[５８]．Theresultsshow
thattheNIRvisualizationdeviceswithaPHJ
typeNIRsensitizinglayerhavelargercurrent
densitygaincausingbetterphotonＧtoＧphotonupＧ
conversionefficiencyincomparisontothatwith
anNIRelectrondonortypeNIRsensitizinglayer
oraBHJtypeNIRsensitizinglayer．Theuseof
anNIROPDcomponentwithaPHJtypephotoＧ
activelayerhelpstoenhancetheluminanceonＧ
off ratio of the NIR visualization devices,
realizedthroughthesuppressionofthecharge
injectionintheabsenceofNIRlight[２４,５２]．The
absorptionoforganic materials withextended
absorptiontothelongwavelengthbeyond１０００
nmisoneofthechallengestheNIROPDsface．
Thisisduetothelimitedchoiceoflowbandgap
organicfunctionalmaterials[２１]．InvariousappliＧ
cationssuchasbiomedicalimagingandenvironＧ
mentalmonitoring,theabsorptionspectrumof
NIRabsorbing materialsinsamplescoverover
thespectralregionbeyond１０００nm．Therefore,
theNIRabsorbing materialswithanextended
absorptiontothelongwavelengthsareessential
forapplicationinNIRvisualizationdevices．
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Fig．３　MolecularstructuresofsomeexampledonormaterialsusedintheNIRvisualizationdevices

Fig．４　MolecularstructuresofsomeexampleacceptormaterialsusedintheNIRvisualizationdevices

　　AlargeＧareaNIRvisualizationdevice,comＧ
prisingashortＧwavelengthinfrared(SWIR)dye
basedBHJOPD,hasbeensuccessfullydemonＧ
strated[９]．TheSWIROPDishighlysensitiveto
theNIRlightoverwavelengthrangefrom６００
nmto１６００nm,whichhasprofoundimpactson
aplethoraofapplications．Thephotoresponsivity

oftheorganicSWIROPDsincreaseswiththickＧ
nessoftheSWIRBHJ,asshowninFig．２(c)．A
２００nmthickSWIRBHJwasoptimizedforharＧ
vesting the incoming long wavelength phoＧ
tons[２２,２５Ｇ２６,２９Ｇ３０,６１]．Thephotoresponsivityofthe
optimizedSWIR OPD,whichcanbeoperated
overatemperaturerangefrom２４０Ktoroom
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temperature,isshowninFig．２(d)．QuantumＧ
dotsPDs(QPDs)isalsoachoicefortheNIRviＧ
sualization devicesin extending the spectral
regionbeyond１０００nm,forexample,using
PbSeNCs[２５]andPbSNCs[２７]asNIRsensitizing
layers．TheabsorptionspectraofthelowcostandsoＧ
lutionprocessedPbSeNCs,withanextendedabsorpＧ
tionoverthewavelengthrangefrom７００nmto２０００
nm,areshowninFig．２(e)．
３．１．２　LightＧemittingmaterials

InparalleltotheoptimizationofNIRphoＧ
todetection component,the efficiency ofthe
emissioncomponentisanothercrucialfactorfor
determiningtheoverallperformanceoftheNIR
visualizationdevices．Thelightoutputinthe
NIR visualizationdevicesiscloselyassociated

withtheinternalandexternalquantumefficiency
oftheemissionunit[５４]．Differentstrategieshave
beenadoptedforenhancingtheemissionefficienＧ
cy,includingthelightoutＧcouplingstructures,

interfacialmodificationforefficientchargeinjecＧ
tionandbalancedelectronＧholecurrentbalance,

etc．Amongthem,thesuitablematerialselection
isthemoststraightforwardandcriticalapproachfor
attaining high emission quality．Organic lightＧ
emitting materials,thatcanbepreparedthermal
evaporation,areoftenadoptedforuseintheNIRviＧ
sualizationdevicesbecauseoftheflexiblefabrication
processesandvarietyofmaterialchoices,including
fluorescence, phosphorescence and thermally
activateddelayedfluorescence(TADF)asshownin
Fig．５．

Fig．５　Molecularstructuresofexample(a)fluorescent,(b)phosphorescentand(c)thermalactivateddelayed
fluorescence(TADF)emissionmaterialsusedintheNIRvisualizationdevices．

　　Thefluorescentmaterialse．g．,coumarin
５４５Tdopedtris(８Ｇhydroxyquinolinato)aluminium
(Alq３∶C５４５T),andphosphorescentmaterials,e．
g．,facＧtris(２Ｇphenylpyridine)iridiumdoped４,

４′Ｇbis(NＧcarbazolyl)Ｇ１,１′Ｇbiphenyl (CBP∶IrＧ
(ppy)３)areexamplesoftheorganicEMLsused
intheNIRvisualizationdevices．Theemission
efficiencyoftheOLEDunitplaysacriticalrole

indeterminingthephotonＧtoＧphotonupconversion
efficiencyoftheNIRvisualizationdevices [２４,４３,５６]．
The photonＧtoＧphoton upconversion efficiency
obtainedfortheNIRvisualizationdeviceswitha
phosphorescentOLEDemissionunitandafluoＧ
rescentOLEDunitisshowninFig．２(f),the
NIRvisualizationdeviceswithaphosphorescent
OLED unithavea higheroverallphotonＧtoＧ
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photonupconversionefficiency[５７,６５Ｇ６７]．Theuse
ofaphosphorescentOLEDunit,havinga１００％
internalquantumefficiency,wouldbecertainly
morepreferredthanafluorescentOLEDunit,

havinga２５％ internalquantum efficiency,for
applicationinNIRvisualizationdevices．Therefore,

theuseofphosphorescentOLEDunitisadoptedfor
attainingahighphotonＧtoＧphotonupconversioneffiＧ
ciencyintheNIRvisualizationdevice．Theuseofthe
TADFemissionmaterialshasalsobeenattempted
forachievinghighperformance OPD/OLEDＧtype
NIR visualization devices．The useofa TADF
OLEDunitforattaininghighphotonＧtoＧphotonupＧ
conversionefficiencyoftheNIRvisualizationdevice
hasbeendemonstrated[６８]．ThesolutionＧprocessable
perovskitelightＧemitting diode,e．g．,fabricated
based on caesium lead bromide (CsPbBr３ )

emitter[９,６１] and quantumＧdotbased[２７,６２Ｇ６３] LEDs
havealsobeenadoptedasthelightＧemittingunitsin
theNIRvisualizationdevices．Thehighperforming
solutionＧprocessable NIR devices,comprising a
combinationofNIR OPDcomponentanddifferent
perovskiteorquantumＧdotbased LED units,

havebeendemonstrated[６９Ｇ７１]．Theperovskiteor
aquantumＧdotLEDcomponentsanELspectrum
withaverynarrowfullwidthathalfmaximum
(FWHM),providingasaturatedcoloremission
characteristicinthe NIR upconnversion devices．
TheseLEDscanalsobepreparedusingsolution
fabricationprocesses,offeringacomparabledeＧ
vicefabricationfreedomfor makinglargearea
NIRvisualizationdevicesonflexiblesubstrates．
３．２　Devicearchitectures
３．２．１　Emissionlayerconsideration

ForaconventionalNIRvisualizationdevice,

itconsistsofaNIRPDunitandanLEDunit,

asshowninFig．６(a)．TheNIRsensitizinglayer
actsastheNIRＧsensitivechargeＧinjectionlayer
in the LED unit．The electronＧhole current
balanceintheLEDunitcanbeobtainedinthe
presentoftheNIRlight．However,thephotonＧ
toＧphotonupconversionefficiencyoftheNIRviＧ
sualizationdevicescanbelimitedduetothemisＧ

matchbetweenthecurrentdensitygeneratedin
theNIRsensitisinglayerandtheonerequired
forhighluminanceintheLED unit．Thatis,

５０％ ofthephotogeneratedchargecarriersis
wasted．Apartfrom the materialselectionfor
NIRsensitizinglayerandvisiblelightemission
layerintheOPD/OLEDstackeddevices,interＧ
facialengineeringanddevicedesignaretheimＧ
portantfactorsforharvestingtheexcessphotoＧ
generatedchargecarriersintheupconversion
processes．Forexample,atandemorganicNIR
visualizationdevice[５８,７２]isproposedanddesignedby
sandwichinganorganicNIRsensitizinglayerinbeＧ
tweentwoOLEDsasillustratedinFig．６(b)．This
devicedesignenablestocapturebothphotogenerated
holesandelectronsatthesametimecausingasigＧ
nificantenhancementinluminanceonＧoffratiowith
NIRirradiationaspresentedinFig．６(c)．Thewidth
ofthelightＧswitchingregionforthetandemNIRviＧ
sualizationdeviceis６V,whichismuchhigherthan
thatfortheconventionalNIRvisualizationdevice(０．
８V)．Therefore,thetandem NIRvisualizationdeＧ
viceswithabetterlightＧswitchingcapabilityleading
toanimprovementintheluminanceonＧoffratioand
photonＧtoＧphotonupconversionefficiency．

TheNIRvisualizationdevicespreparedusinga
PDPP３T∶PCBMOPDandatandemOLED,comＧ
prisingabilayerEML１/EML２emissionstructure,

werealsoreported[４]．AhigherphotonＧtoＧphoton
upconversionefficiency (２９．６％)isrealizedby
usingatandemNIRvisualizationdeviceconfiguＧ
ration,asshowninFig．６(d)．Fig．６(e)shows
thatthephotonＧtoＧphotonupconversionefficiencyof
thedevicesiscloselyrelatedtotheopticalpower
intensityandexternalelectricfield．Normalized
ELspectrameasuredforacontrolOLEDandthe
NIRvisualizationdeviceareshowninFig．６(f)．
TheELspectrameasuredforthetandemtype
NIRvisualizationdeviceisslightlybroaderthan
thatoftheNIRvisualizationdevicewithasingle
emissionunit,duetophotonabsorptionandreＧ
generationprocessesintheNIRsensitizingand
emissionlayers．
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Fig．６　SchematiccrossＧsectionalviewsofNIRvisualizationdeviceswith (a)oneOLEDunitand (b)two

OLEDunits[５８];(c)LuminanceonＧoffratioofthecorrespondingNIRvisualizationdevicesasafunction

ofvoltage[５８];(d)SchematiccrossＧsectionalviewtheorganicNIRvisualizationdevicewithtwoOLED

units[４];(e)ηp/p􀅰V characteristicsmeasuredfortheNIRvisualizationdeviceasafunctionofthe

powerintensityofNIRillumination[４];(f)NormalizedELspectrameasuredforacontrolOLEDand

theNIRvisualizationdevice[４]．

３．２．２　NIRdetectionwithagainmechanism
Thephotodetectionunitin NIRvisualization

devicescanbeeitheraphotodetectororaPT．
Generally,theNIRvisualizationdeviceswitha
photodetectorarecommonlyutilized．ThephotoＧ
detectorcomprisesastackoffunctionallayers
betweenananodeandacathode．However,the
EQEofthephotodetectorislessthan１００％．
TheemissionbehaviouroftheLEDunitisdeＧ
pendentontheexternalbiasandthephotoreＧ
sponseofthephotodetectorcomponentinthe
NIRvisualizationdeviceinthepresentofthe
NIRlight．ThephotonＧtoＧphotonupconversion
efficiencyishighlydependentonthequantumefＧ
ficiencyofthephotodetectorandLEDunitsin
theNIRvisualizationdevice．Developingefficient
NIRphotodetectorandLED,e．g．,improving
theexternalquantum efficiency,isthekeyto
obtainhighupconversionefficiency．Thephoton

tochargeconversionefficiencyintheNIRphotoＧ
detectorunitisprimarilylimitedbytheexciton
dissociationandchargecollectionefficiency．For
example,theuseofaverticalinfraredphotoＧ
transistorenablesan enhance photoresponse,

duetotheinherenttransistoramplificationcapaＧ
bility．However,thereisatradeＧoffbetweendeＧ
vicecomplexity and efficiency．To achieve a
higherEQEinphotodetection,thePTswitha
highgainaredesiredforattainingthephotonＧtoＧ
photonupconversionefficiencyintheNIRvisuＧ
alizationdevices,takingtheadvantagesofthe
intrinsic current amplification characteristics
withanEQEinexceedof１００％．

AhybridNIRvisualizationdevicecomprisinga
pＧnＧptypeInGaAs/InP HPTandan OLED,as
showninFig．７(a),enablestoachieveahigh
photonＧtoＧphoton upconversion efficiency[２１]．
TheHPTconsistsofaheterojunctionstructure
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ofabaseregionandalightsensitivecollector．
ThisallowstheincomingNIRlightthatcanbe
absorbedinthenarrowbandgapoftheheteroＧ
junctioninthebipolartransistorforchargegenＧ
eration．Thephotogeneratedholesandelectrons
areinjectedintothecollectorandthebaseregion
assistedwithabuiltＧinjunctionfield．Electrons
areaccumulatedinthebaseregiontoformaforＧ
wardbiasinthebaseＧemitterjunctionallowing
formoreefficientholeinjectiontotheemitter．
Therefore,theinjectedholescandiffuseacross
thethinbaselayerandreachthebaseＧcollector
depletionregionleadingtoagaininthecurrent
through the increase charge collection,and
therebyahigherphotonＧtoＧphotonupconversion
efficiency．Inadditiontotheincorporationofa
HPT,an infraredＧvisible visualization lightＧ

emittingPT (LEPT)[２６]andtheorganiclightＧ
emittingfieldeffecttransistors (OLEFETs)Ｇ
basedNIRvisualizingdeviceshavealsobedemＧ
onstrated[５５],asshowninFig．７(b)．Theorganic
fieldＧeffecttransistor(OFET)ＧbasedNIRphotoＧ
detectorshavetheprocessadvantageforusein
opticalcommunicationandflatpaneldisplays[７３Ｇ７６]．
Encouragingprogresseshavebeen madeinthe
developmentofNIRvisualizationdevices,e．g．,

incorporatingaverticalinfraredphototransistor
withanOLED,attainingahighphotonＧtoＧphoton
upconversionefficiencyofmorethan１５００％ata
lowerNIRpowerintensityof０．５３μW/cm２[２６]．
TheNIRvisualizationdeviceswithaPThashigher
sensitivityatlowerincomingNIRlightintensity
whichisacommonphenomenonintheNIRviＧ
sualizationdevicewithaphotodetectoralso．

Fig．７　(a)SchematicdevicestructureandtheschematicenergybanddiagramofaNIRvisualizationdevice

preparedusingacombinationofaninorganicPTandanOLED[２１];(b)SchematiccrossＧsectionalview

ofanNIRvisualizationdevicehavinganOLEFETunit[５５];(c)SchematiccrossＧsectionalviewofan

NIRvisualizationdevicewithaTADFＧOLEDunit[２４];(d)VoltageＧdependentEQEofacontrolNIR
PD;(e)PhotonＧtoＧphotonupconversionefficiencyoftheNIRvisualizationdevicemeasuredusingan

NIR (８０８nm)lightsourcewithdifferentintensities[２４]．
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　　Mostrecently,anallＧorganicNIRvisualizaＧ
tion device comprise a photomultiplication
PbPc/C６０PHJOPDandahighＧefficiencyTADF
OLEDwithahighestphotonＧtoＧphotonupconveＧ
rsionefficiencyof２５６％isreportedasshownin
Fig．７(c)[２４]．Thisisthefirstdemonstrationofan
NIRvisualizationdevicewithaphotonＧtoＧphoton
upconversionefficiencyover１００％ excludinga
builtＧintransistorforcurrentamplification．The
emergingphotomultiplicationtype OPDs withan
EQEof ＞１００％[７７] havebeendemonstratedfor
realizinghighperformanceorganicNIRvisualization
devices,asshowninFig．７(d)．Photomultiplication
effectisdesirableforexcellentsensitiveOPDswith
strong photodetection capability of week light
signal,preventingtheadoptionoflowＧcostpreＧamＧ

plifiercircuit．AhighphotonＧtoＧphotonupconversion
efficiencyisrealizedintheNIRvisualizingdevice
throughaphotocurrentgainmechanismenabled
bythePTunit．ThevoltagedependentEQEcharacＧ
teristicsmeasuredfortheNIRvisualizationdevice
usingaNIR(８０８nm)lightsourcewithdifferentinＧ
tensitiesareshowninFig．７(e)．
３．２．３　Interfacialengineering

Inanoptimizeddevicestructure,aninterfaＧ
cialengineeringplaysanimportantroleindeterＧ
miningtheperformanceofthemultiＧlayerNIR
visualizingdevices．ThesurfaceelectronicpropＧ
ertiesofthefunctionalinterlayer,e．g．,anulＧ
trathinintermediateconnectinglayer (ICL)as
listedinTab．５,iscrucialinfacilitatingtheeffiＧ
cientcarrierinjectionandlightoutcouplingin

theNIRvisualizationdevices．Examplesofthe

embeddedtitanium (Ti,２０nm)andgold(Au,

２００nm)mirrorsconnectingthePDandOLED

unitsintheNIRvisualizationdeviceareshown

inFig．８(a)[３７]．Theembeddedmetalmirrornot

onlyactsasagoodcontactintheorganicＧinorＧ

ganicinterface,butalsohelpsreducingtheturnＧ

onvoltageoftheNIRvisualizationdevice,as

showninFig．８(b)．UnderanilluminanceofNIR

lightintensityof０．６７mW/mm２,theNIRvisuＧ

alizationdevice withanembedded mirrorhas

muchhigherluminanceataround１５８０cd/m２as

comparedtothatofthecontrolNIRvisualization

devicewithouttheembeddedmirror．However,

aredＧshiftedinemissionspectrum wasobserved

intheNIRvisualizationdevicewithanembedded

metal mirror,caused duetothe microcavity
effect．An ultrathin intermediate connecting
layer(ICL),e．g．,athinlithiumfluoride(LiF,

１nm)/Aluminium (Al,１．５nm)stack,canbe

usedtoimprovethetransparencyandassistin

holeinjectiontotheOLEDunitinthestacked

devices,asschematicallyshowninFig．８(c)[６]．

DuetoanultraＧhightransmittanceintheICL,it

doesnotonlyaffecttheincoming NIR light

sourceandthegreenlightemission,butalsoimＧ

provephotoresponsivityasexpressedinFig．８
(d)．TheuseoftheICLalsohelpstoreducethe

interfacialbarrierinthemultiＧlayertheNIRviＧ

sualization devices,resultingin boostingthe

currentdensityunderNIRillumination．

Tab．５　SummaryofNIRvisualizationdevicespreparedusingdifferentinterfacialmodificationapproaches

Modificationtechniques StructureofUPDs
Detectionand

emissionregion/nm
Ref．

Metalmirror&
transparenttopelectrode

nＧInPsubstrate/nＧInP Cladding/iＧInGaAs/pＧInPcladding/

Ti(２０nm/Au (２００nm)/C６０/CuPc/NPD/Alq∶C５４５T/

Alq/LiF(１nm)/Al(５nm)/Ag(２０nm)
１５００to５４３ [３９]
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续　表

Modificationtechniques StructureofUPDs
Detectionand

emissionregion/nm
Ref．

Metalmirror&

transparenttopelectrode

InP substate/pＧInP/pＧInP/iＧInGaAs/nＧInGaAs/pＧInGaAs/

pＧInGaAs/Ti(２５nm)/Pt(５５nm)/Au (１２０nm)/C６０/

CuPc/aＧNPB/Alq３∶C５４５T/Alq３/LiF(１nm)/Al(５nm)/

Ag(１５nm)

１５００to５４５ [４０]

Metalmirror&

transparenttopelectrode

InPsubstrate/pＧInP/pＧInP/iＧInGaAs/nＧInGaAs/pＧInＧ

GaAs/pＧInGaAs/Ti(２０nm)/Au (１００nm)/C６０/CuPc/

aＧNPB/Alq３∶C５４５T/Alq３/LiF(１nm)/Al(５nm)/Ag
(１５nm)

１５００to５６４ [２１]

Ultrathinintermediate

connectinglayer(ICL)

Glass/ITO/NPB/CBP∶Ir(ppy)２(acac)/B４PyPPM/Liq
(１nm)/Al(１nm)/C６０/SnNcCl２/NPB/CBP∶Ir(ppy)２
(acac)/B４PyPPM/Liq/Al

９８０togreen [５８]

Ultrathinintermediate

connectinglayer(ICL)&

transparenttopelectrode

Glass/ITO/TAPC/CBP∶Ir(ppy)３/Bphen/LiF (１nm)/

Al(１．５nm)/CIAIPc∶C６０/TAPC/MoO３/Ag(１６nm)/

MoO３(３０nm)
７８０togreen [６]

Transparenttopelectrode

nＧInP substrate/nＧInP cladding/iＧInGaAs/C６０/CuPc/

NPB/Alq∶C５４５T/Alq/LiF(１nm)/Al(５nm)/Ag(１５

nm)/Alq(４５nm)
１５００to５２０ [２０]

Transparenttopelectrode

nＧGaAs substrate/nＧGaAs/GaAs/InGaAs/GaAs QWs/

InGaAsＧGaAs/pＧGaAs/MoO３Ｇdoped CuPc/NPB/ Alq３

∶C５４５T/Alq３/LiF(１nm)/Al(２５nm)
９８０to５２０ [４１]

Transparenttopelectrode

nＧInP Substrate/nＧInP Cladding/iＧInGaAs/SiN/C６０/

CuPc/aＧNPD/Alq３/LiF (１ nm)/Al (５ nm)/Ag (１５

nm)/Alq(４５nm)
１５００to５２０ [１２]

Transparenttopelectrode

nＧGaAssubstrate/InGaAs/GaAs MQWs/SiNx/MoO３Ｇ

dopedPTCDA/NPB/Alq３ ∶C５４５T/Alq３/LiF (１nm)/

Al(２５nm)
９２０to５２０ [１９]

Transparenttopelectrode
ITO/ZnONPsorBCP/PBsNCsorSnPc∶C６０/TAPC∶

emitter/Bphen/Mg∶Ag(１１nm)/Alq３(５０nm)
９００~１４００to５１５ [３１]

Transparenttopelectrode
ITO/ClAlPc∶C７０/TAPC/CBP∶Ir(ppy)３/BPhen/LiF
(１nm)/Al(２nm)/Ag(１４nm)/WO３(４０nm)

７８０togreen [５]

Transparenttopelectrode
Glass/ITO/TiO２/SQＧ８８０∶C６０/MoO３/TPD/Alq３/Ca
(２nm)/Au(８nm)/Alq３(５５nm)

NIRtogreen [５６]

Transparenttopelectrode
Glass/ITO/ZnO/Ag/ZnO/PbS/MoO３∶PolyＧTPD/

CdSe/ZnS/ZnO/ITO (１４０nm)
１６００to５２５ [２７]

Transparenttopelectrode

& RLCD MODE

ITO/PEDOT∶PSS/P３HT∶PCBM/Ca/Ag/NPB/Alq３/

Ca(２０nm)/Ag(１２．５nm)/NPB(１００nm)/UVＧcurable

epoxy/E７∶NOA６５

６３２．８togreen [５０]
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Fig．８　(a)SchematiccrossＧsectionalviewofahybridinorganicＧorganicNIRvisualizationdevicehavinganemＧ

beddedTi(２０nm)/Au(２００nm)metalmirror[３９];(b)LuminancevoltagecharacteristicsoftheNIR
visualizationdevices,withorwithoutanembeddedmetalmirror,measuredunderaNIRilluminationof

０．６７mW/mm２[３９];(c)DeviceconfigurationofthecathodicＧcontrolledallＧorganicNIRvisualizationdeＧ

vicewithorwithoutanultrathinintermediateconnectinglayer(ICL)[３９];(d)JＧVcharacteristicsofthe
cathodicＧcontrolledallＧorganicNIRvisualizationdeviceswithdifferentICLs,measuredinthedarkand

underalightintensityof０．１５mW/mm２[６];(e)SchematiccrossＧsectionalviewofaNIRvisualization

devicewithanIPVM/ITOIRtransparentvisiblelightmirror[３１];(f)PhotonＧtoＧphotonupconversion
efficiencyspectrameasuredfortheNIRvisualizationdevicewithareflectiveelectrode,atransparent

topelectrodeandanIPVM/ITObottomelectrode[３１]．

３．２．４　Lightextraction
Foroptoelectronics,transparentelectrodes[７８]

areimportantfortransmitting bothlightand
chargeinjection．Themostcommontransparent
electrodesin NIR visualizationdevicesinclude
ultraＧthinmetals,e．g．,dielectric/thinmetal/diＧ

electricelectrodesorsilvernanowiresortransＧ
parentconductingoxides,takingtheadvantages
ofsimultaneoushighopticaltransparencyand
goodelectricconductivity．A summaryofthe
common dielectric/thin metal/dielectrictransＧ
parentelectrodesusedinthetransparentNIRviＧ
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sualizationdevicesislistedinTab．５．ThethickＧ
nessoftheultraＧthinmetal,e．g．,silver(Ag),

aluminum (Al)and gold (Au)contacts,is
crucialforthebalanceofelectricalandoptical
effects．ThetransparencyoftheultraＧthinmetal
contactdecreaseswiththeincreaseinmetallayer
andisalsocloselyassociated withthesurface
roughness(Rq)andthelateraluniformityofthe
ultraＧthinmetallayer[７９]．Forexample,theAg
layerwithathicknessof１０nmto１５nmhasa
goodvisiblelighttransparencyandisoftenused
for makingtransparent NIR visualization deＧ
vices．

Inadditiontothetransparentelectrodes,an
IRＧpassＧvisiblemirror(IPVM)isanalternative
approachtofurtherenhancetheperformanceof
theNIRvisualizationdevice[３１]TheIPVM used
intheproposedNIRvisualizationdeviceisconＧ
sisting of２２layers ofalternatinglowＧindex
(SiO２)/highＧindex (TiO２)dielectricthinfilms
whichisinsertedbetweentheglasssubstrate
andtheITOanodeasdemonstratedinFig．８(e)．
Itcanreflectonlyvisiblelightofwavelengths
from４００nmto６５０nm;meanwhile,transmit
NIRlightsourceofwavelengthsbeyond１２００
nm．Fig．８(f)indicatesthe NIR visualization
devicewiththetransparentIPVM/ITObottom
electrodehastwoＧfoldenhancementinphotonＧ
toＧphotonupconversionefficiencycomparedto
thetransparent NIR visualization device with
onlyITO anode,whichiscomparabletothe
nonＧtransparentNIRvisualizationdevice．OLED
iswidelyusedinemergingdisplaytechnology
butthedecreaseincontrastratioofthedisplay
withincreasingtheambientlightintensityisstill
achallenge[４９,７９]．Normally,acircularpolarizer
orablacklayerinsideOLEDiscommonseenin
ordertoreducingtheambientreflection,butit
isstillcausedlowcontrastratiounderthedirect
light．Hence,areflectiveliquidcrystaldisplay
(RLCD)isproposedtosolvetheissueoflow
contrastratioinOLEDbaseddisplay．Apolymer
dispersedliquidcrystal(PDLC)actedasthereＧ

flectiveagentischoseninthisRLCD modein
the NIR visualizationdevice[５０]．A stackofa
PDLConOLED/OPVdoesnotonlyimprovethe
contrastratiooftheimaging,butalsoenhance
thedevice’slifetimeandoperationalstability．
Thus,thetransparentNIRvisualizationdevices
with high contrast ratio are beneficial for
imagingapplications．

４　Applications

Highperformance NIR visualizationdevices,

especiallyconsistingoftransparentelectrodes,

haveattractedsignificantinterestsinapplicationsin
realＧtimeimaginganalysis,fastandportabledeＧ
tection,nightvision,NIRrangefindingandbioＧ
metricidentificationas wellasenvironmental
monitoring．TheapplicationsusingdifferentNIR
visualizationdevicesarediscussed．Inpresenceof
theNIRlightsource,theemissioninthelightＧ
emittingpartisobservedonlyinanareaofthe
NIRvisualizationdeviceswithoutanyNIRabＧ
sorbingmaterialsblocked;thatmeansthehapＧ
peningofefficientchargeinjectiontakingplace
withinthedevices．Hence,thematerialsillumiＧ
natingorreflectingNIRlightcanbevisualized
asvisibleimagingviatheNIRvisualizationdeＧ
vices．Meanwhile,theluminanceoftheNIRviＧ
sualizationdevicesisfarenoughandevenhigher
thanthatofaLCDscreenemittedataround２００
cd/m２[４１]．TheNIRvisualizationdevicetechnology
isadirectandeffectivemethodtohelptodetect
theobjectmadewithNIRabsorbingmaterials．
４．１　MultiＧspectraland３Dimaginganalysis

ThecommercialmultiＧspectralNIRimagers
arecommonlyfabricatedwithacombinationof
expensiveepitaxialgrowntypicalinorganicⅢＧⅤ
compound semiconductors and complicated
ROIC．TheinorganicⅢＧⅤtypedsemiconductorsare
nothighlysensitivetothevisibleregion,thereＧ
fore,theuseofthesesemiconductormaterials
haslimitationsinthedevelopmentofmultiＧspecＧ
tralsensing．Tosimplifythecommercialdesign
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NIRimagingcameras,amultiＧspectralimaging
systemconsistingwithacommerciallyavailable
digitalsingleＧlensreflex (DSLR)cameraanda
proposedtransparent NIR visualization device
have been demonstrated as shownin Fig．９
(a)[３１]．ThemultiＧspectralimagingsystemisesＧ
tablishedbyinsertingatransparentNIRvisualＧ
izationdevicebetweentwoachromaticdoublet
lenses．TheNIRimageoftheobjectfocusedon
thetransparentNIRvisualizationdeviceisupＧ
convertedtovisibleimageandtheniscaptured
bytheCMOSimagingsensorrecordedasadigital
imageformat．ThismultiＧspectralimagingsystem
canobtainanimageatwavelengthsrangingfrom
NIRtovisibleregions．Thesharpphotoimage
canbecapturedindark with１２００nm NIR
flashlight．TheDSLRcamera,withalowＧcost
NIRvisualizationdeviceandwithoutcomplicated

ROICarrays,offersagreatpotentialsolutionto
amelioratethemultiＧspectralimagingsystemin
ordertoreducingthecostandimprovetheimaＧ
gingquality．Normally,thephotoimagescapＧ
turedbyadigitalcamerapresentas２Dprojected
apertures．Withanassistanceofhighperformance
NIRvisualizationdevice,the３Dimageofareal
objectcanberealizedviaareflectiveandnonＧreＧ
flectiveobjectasexpressedinFig．９(b)[５]．The
upconvertedimagesisobservedbythenaked
eyeorcapturedbyadigitalcamerafortheappliＧ
cationinnightvision．Theimageresolutionof
upconvertedimagesachieves４００dotsperinch
(dpi)whichabletosolvetheproblemofimaging
distortion．Hence,thehighlyperformancetransＧ
parentpixelＧfree NIR visualizationdevicesare
promisinginthedevelopmentofimagingsysＧ
tem．

Fig．９　DifferentapplicationsofNIRvisualizationdevices．(a)DemonstrationofthemultiＧspectralimaging
cameraincorporatingwithatransparentNIRvisualizationdevice．ImagestakenbythemultiＧspectral

imagingcameraundertheroomlightandinthedarkwithaninfraredflash[３１];(b)A３DimageofareＧ

alobjectcapturedatnightusinganNIRvisualizationdevice[５];(c)A NIRdetectioncarddetectsthe

NIRlightshowingavisiblelightspotusingaflexibleNIRvisualizationdevice[４];(d)ANIRvisualizaＧ
tiondeviceforuseinbloodvesselmapping．Theimagesclearlyshowtheveinpositionwithadark

browncolourindarkenvironmentusingaNIRvisualizationdevice[６]．
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４．２　NIRcard
NIR visualizationdevicetechnologyprovides

alternativeapplicationsusedforNIRrangefindＧ
ing．NIRdetectioncardsaregeneralcommercial
productswhichareusedtofindoutthewaveＧ
lengthrangeofNIRlightsourceinopticalpath
alignmentprocedures．ThecommercialNIRdeＧ
tectioncardsaremostlymadefromraremetal．
To preventconsumingenvironmentallyunfriendly
raremetalinproducts,theNIRvisualizationdeＧ
vicesthatcanbefabricatedusingsolutionＧproＧ
cessableorganicsemiconductor materialshave
attractedgrowinginterests．AsshowninFig．９
(c),theflexibleallＧorganic NIR visualization
deviceshowspossibleapplicationin NIRlight
detection[４]．ComparedtocommercialNIR deＧ
tectioncards,theNIRvisualizationdevicehasa
bettercapabilityinweekincidentpowerintensity
oftheNIRlightsource．TheNIRvisualization
devicesareabletodetectthethresholdpowerinＧ
tensityaslowasμW/cm２ whichismuchlower
thanthethresholdpowerintensityonorderof
mW/cm２incommercialrare metalbased NIR
detectioncards．InpresenceofNIRlightradiaＧ
tion,theupconvertedvisibleimageofletter“A”

canbeclearlydisplayedontheNIRvisualization
devicewithoutdistortionandwithgoodcontrast,

unlikelythebluroutputimageshownontheNIR
detectioncard．ThehighperformanceNIRvisuＧ
alizationdevicecanalsobeusedasaNIRcard
forthealignmentoftheopticalpathinvolving
invisibleNIRlightsources．
４．３　Bioimaging

ThewavelengthrangeofNIRisgenerally
definedasfrom７５０nmto２５００nminelectroＧ
magnetic radiation spectrum．The detection
abilityofhumanvisionislimitedwhichcanseea
narrowvisiblelightwavelengthrangefrom３８０
nmto７５０nm．Therefore,NIRvisualizationdeＧ
vices effectively extend the detection range
beyond７５０nmwhicharesignificantinbiometric
identification,forinstance,capturingveinprint
offingersandbloodvessels．Forexample,the

bloodvesselsinhumanbodyhave９０％ ofthe
bloodand１０％ oftheveinwall．TheNIRlight
canpenetratetobiologicaltissuessuchashuman
skindeeplybutitcanbeabsorbedbytheveins．
Therefore,theprecisepositionofbloodvessels
underskincanbeidentifiedinarealＧtimeand
sharpunconvertedimageusingaNIRvisualization
deviceinthepresenceoftheNIRlightilluminaＧ
tion,asshowninFig．９(d)[６]．Furthermore,aselfＧ
powered,micrometerＧscaleNIRvisualizationdevices
aredevelopedandgiveademonstrationforoptoＧ
geneticstimulationinlivinganimals[７]．TheproＧ
posedNIRvisualizationdevicescanbeimplanted
intosubdermaltissuesandmonitorthechronic
operationstabilityin behavinganimals which
offerstherealizabletechniquesinoptogenetics
such as synchronization of neural activities．
Therefore,the nonＧdestructive and realＧtime
visualizationtechnologyisgreatpotentialityin
biomedicalusessuchaslocalbloodvesselsmapＧ
ping,subcutaneousinjectionaswellasoptogeＧ
neticstimulation．
４．４　Environmentalpollutiondetection

NIRvisualizationdevicescanbeadoptedfor
determiningthepresenceoftheNIRＧabsorbing
pollutantmaterialsembeddedinNIRabsorbing
mediumsuchasNIRＧabsorbingmicroplasticsin
marineanimalsortheleakageoftoxicchemical
gaseshaving NIRＧabsorbingcharacteristicswhich
areeitherharmfultotheenvironmentortopeoＧ
ple[９]．The traditionaltechniques such as a
FourierTransformInfrared(FTIR)andRaman
spectroscopyfordetectionofNIRＧabsorbingmaＧ
terialsusuallytakealongtime,involvingexpenＧ
siveandcomplexequipment,limitingtheirapＧ
plication．Therefore,theNIRvisualizationdevices
provideafastwaytodetecttheseNIRＧabsorbing
pollutantsin marinesystem andenvironment．
Untilnow,therearestillveryfewresearcheson
thedemonstration of NIRＧabsorbing pollutant
materialsusing NIR visualizationdevices．The
recentprogresses madeintheadvancementof
OPDs,OLEDsandperovskiteLEDshaveproＧ
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videduniqueopportunityfortheadvancementof
theNIRvisualizationdevicesforapplicationin
detectionofNIRＧabsorbingpollutantmaterials．

Therecentprogressesmadeintheadvancement
oforganic NIR photodetectors,organicLEDsor
perovskiteLEDshaveprovidedauniqueopportunity
forattainingcostＧeffectivehighＧperformanceoptoeＧ
lectronicdevices．OrganicNIRphotodetectorsand
LEDsasthekeycomponentsintheNIRvisualＧ
izationdeviceshavethepotentialadvantagesin
termsofcosteffectiveness,chemicaltenability,and
flexibility．TheoutcomesoftheNIRvisualization
devices,althoughstillintheinitialstage,willbe
veryinspiring,offeringanexcitingnovelNIR
visualizationtechnologyforfastand portable
detectionofNIRＧabsorbingpollutantsin marine
environment．Thecontinuousprogressesmadein
thesolutionＧprocessableorganic NIR detectors
andtheLEDswouldhelptodevelopanovelNIR
visualization device platform technology for
applicationinfastandportabledetectionofNIRＧ
absorbingpollutantsinenvironment．

５　Summary

Inthisreview,wediscussthedevelopment
ofhighperformanceNIRvisualizationdevices,

relatingto device design approach,operation
mechanisms,materialsprocessingtechniques,

andthepotentialsforaplethoraofapplications
inbioimaging,wellness,healthandenvironＧ
mentalmonitoringanddetection．ThephotonＧtoＧ
photon upconversion efficiency,animportant
parameterinNIRvisualizationdevices,ishighly
dependentonthequantumefficiencyoftheNIR
photodetectionunitandvisibleLEDunit．ToimＧ

provethesensitivityanddetectioncapabilityin
the NIR visualization devices,the suitable
choicesofanNIRsensitizinglayermustbeinＧ
cluded facilitating efficient light absorption,

chargegenerationandtransportationprocesses．
Tounderstandtheeffectofmaterialselectionon
theperformanceofaNIRsensitizinglayer,inorＧ
ganicⅢＧⅤ compound,organic,perovskiteand
quantumＧdotsbasedsemiconductorshavebeen
discussed．Thenewdonor/acceptorBHJＧtypeor
PHJＧtypeorganicmaterials,perovskitesorcolＧ
loidalquantumＧdotsbased materialsaregood
choicesforNIRsensitizinglayerbecauseoflarge
diversityof materials,promisingsensitivityand
broaddetectionrangebeyond１０００nm．InaddiＧ
tiontothechoiceofNIRsensitizinglayers,the
designofdeviceconfigurationisalsoa vital
factoraffectingtheperformanceofthephotodeＧ
tectionunit．Itisfoundthatthephotodetection
unitwiththeinverteddevicedesignhasbetter
photoresponsivity and lower dark currentin
comparisontotheconventionalphotodetection
unit,resultinginhigherluminanceonＧoffcapaＧ
bilityandphotonＧtoＧphotonupconversioneffiＧ
ciencyintheNIRvisualizationdevices．

With rapid technological developmentin
NIRＧrelatedapplicationsincludingimagingcamＧ
eras,nightvision,NIRrangefindingandbioＧ
medicalusesaswellasenvironmentalmonitoring,

theemerginghighefficiency NIR visualization
devicesispromisingforthenextmajorstepin
thisfield．The NIR visualization technology
offersastraightforwardandeffectivemethodin
detectingtheobjectmadewith NIRabsorbing
materials avoiding the sophisticated circuit
designsanddataprocessing．
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