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集成线性渐变滤光片和InGaAs焦平面的微型
光谱模组及其波长定标
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(2中国科学院上海技术物理研究所 中国科学院红外成像材料与器件重点实验室,上海200083)

摘 要:提出一种集成线性渐变滤光片和InGaAs焦平面的微型近红外光谱模组.作为核心分光元件,线

性渐变滤光片被紧密耦合在光敏芯片表面.相比于光栅分光方式,模组具有紧凑的光学结构和稳定的光

学特性.对此光谱模组进行波长定标实验,并给出了标定准确性评价.实验结果表明,该光谱模组的波长

范围为900~1700nm,波长准确性优于1.3nm,光谱分辨率小于通道中心波长的1.25%.基于此光谱模

组的波长定标方法准确、可行,可以被用于微型近红外仪等在线光谱分析领域.
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IntegratedLinearVariableFilter/InGaAsFocalPlaneArraySpectral
Micro-moduleandItsWavelengthCalibration
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Abstract:Anintegratedspectralmicro-modulewithalinearvariablefilterandanInGaAsfocalplane
arraywasproposed.Asthecorelightdispersingelement,thelinearvariablefilterwascoupledwithan
InGaAsdetectorarray.Compared withthegratingspectrometer,the micro-modulehascompact
structureandstableopticalproperties.Thewavelengthcalibrationmethodanditsaccuracywereproposed
andvalidatedexperimentally.Thespectralrangeofthemoduleisfromabout900nmto1700nm.The
calibrationaccuracyisbetterthan1.3nmandthespectralresolutionisnolargerthan1.25% ofpeak
wavelength.Experimentalresultsdemonstratethatthemethodofwavelengthcalibrationisfeasibleand
accurate.Thespectralmicro-modulecanbewidelyusedinfieldoron-lineapplications.
Keywords:Spectroscopic;InGaAs;Focalplanearrays;Linearvariablefilter;Calibrationaccuracy
OCISCodes:300.6340;280.4788;040.3060

0 Introduction
InGaAsdetectorswerewidelyappliedinspaceremotesensingforitsfastresponseandhighsensitivity
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atnearroomtemperature[1-2].TheIn0.53Ga0.47AsmateriallatticeismatchedtoInPsubstratewithcut-off
wavelengthatabout1.7μm

[3].ThecutoffwavelengthofIn1-xGaxAsmaterialcanbeextendedto2.5μm
byadjustingthecompositionratioofIncomponentto0.83[4].IntheNear-Infrared(NIR)spectralanalysis
applications,spectrometerswithInGaAsdetectorwereusedinmanyfieldssuchasfoodsecurity,chemical
industryandqualitydetectionofagriculturalproducts[5-6].

Inrecent years,the NIR spectroscopy industry is undergoing a major transformation of
miniaturizationandaffordability[7].Arisingnumberofinstrumentsaredecreasingbothinsizeandcost[8].
Accordingtothenumberofpixelsinthedetector,theseminiaturehandheldNIRspectrometerscanbe
dividedintodifferenttypes.Asingle-elementdetectorwithanarrow-bandfilterformsthemostsampleand
stablestructurewiththelowestcost,whichcanjustbeusedtodetectaspecificwavelengthfeatureofa
substance.Thegratingscanningspectrometercanachieveawiderspectralrangewithasingle-element
detector.Howeverithasaninferiorperformanceforfieldapplicationsinsize,robustnessandmeasurement
timebecauseoftheexistenceofmovingparts.Fixed-gratingspectrometerwithlineardetectorarrayhasa
shortmeasurementtimeandgood-enoughspectralresolutionnormallyaround1nm[9],butthestructureis
stillquitecomplex.ThoughtheCzerny-Turneropticalstructurecanreducethesizeofinstrument,itwas
stilltooheavytobeusedinportableapplications.TheLinearVariableFilter(LVF)isacuneiformand
dielectricthin-filmFabry-Perotbandpassfilterdepositedusingenergeticprocesses[10].Asaresultofthe
varyingfilmthickness,thewavelengthtransmittedthroughthefiltervarieslinearlyinthedirectionofthe
wedge.TheLVFspectrometeremploysanLVFdirectlybondedtoalinearInGaAsdetectorarray,which
resultsinanextremelycompactandruggedstructurewithnomovingparts.Comparedtothegrating
spectrometers,thisstructurecanreducethecomplexityofopticaltrainandincreasetheluminousfluxat
thesametime.Suchaspectralmodulehasbeenprovedtobeagoodchoiceforhandheldoron-line
applicationswithamoderatespectralresolution.Thegolf-ball-sizedNIRspectrometerdevelopedbyJDSU
isasuccessfulcaseofLVF,whichcanbeconnectedtocomputerbyaUSBcable[11].Inordertoobtain
reliabletestresults,spectralmeasurementdevicesneedrigorouscalibration.Inultravioletbandandvisible
lightband,thestandardlightsources,suchasmercurylamp,arewidelyusedforwavelengthcalibration.
However,high-performancemonochromatorandstandardreferencematerialarethebetterchoiceforthe
NIRwaveband.
Inthispaper,wepresentanintegratedNIRspectralmicro-modulewithanLVFandadomestic

InGaAsFocalPlaneArray(FPA).TheLVFisintegratedwiththeFPAdirectly,whichismountedintoa
hermeticmetallicpackagetoformasolidstructure.Thewavelengthcalibrationandperformanceevaluation
ofthemodulearealsopresentedindetail.Comparedtospectrometer,thespectralmicro-modulecanbe
combinedwithdifferentelectronicdesignandhasabetterflexibility.

1 Methodology
Thespectralmicro-moduleiscomprisedbytwocomponents:a900~1700nmLVFandadomestic

256-pixeluncooledInGaAsdetectorarrayintegratedwithlow-noiseReadoutIntegratedCircuit(ROIC),or
so-calledanFPA.Fig.1(a)illustratesthebasicstructureofthemodule.TheinterconnectionoftheROIC
andInGaAsdetectorarrayisachievedbybondingtechnology.Intheearlywork,wehavemasteredthe
maturetechnologyoftheInGaAsFPAs.Theaveragepeakdetectivityandtheresponsenon-uniformityof
theFPAsaresuperiorto3×1012cm·Hz1/2/Wand5%attheroomtemperature[12].TheLVFisintegrated
directlytotheInGaAsdetectorarray,whichmakeseachpixelofthespectralmicro-modulerespondtoa
differentcenterwavelength.TheLVFismanufacturedbyVortexOpticalCoatingsLimitedinUK.The
sizeis15mmlong,3.5mmwideand0.5mmthick.InordertomatchthespectralrangeofourInGaAs
detectorarray,a900~1700nmtypeLVFischosen.AnimageoftheintegratedNIRspectralmicro-
moduleisprovidedinFig.1(b).KeyattributesofthemodulearesummarizedinTable1.Asacorepartof
theportabledevicesusedinfieldoron-lineapplications,thespectralmicro-moduleiscustom-designedto
meetthelowpower-consumptionandminiaturizationrequirement.
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Fig.1 Spectralmicro-moduleintegratedLVFandInGaAsFPA

Table1 Keyattributesofthespectralmicro-module

Parameter Specification
Spectralrange 939~1689nm
Numberofpixels 256(202usedinthismodule)

Pixelsize/arraypitch 50μm×500μm/50μm
Dimensions 55mm(L)×30mm(W)×15mm(H)

Weight 73g
PowerRequirement <20mA@5V
OperatingTemperature -20~60℃

  Calibrationofthewavelengthneedstobedone
beforethe application ofthis spectral micro-
module.Thecalibration method mainlydepends
upontherelativespectralresponsesofallpixels,
whichareobtainedbytheuniversalelectro-optic
testbenchforIR detectors[13].In general,as
showninFig.2,thetestbenchincorporatesthe
followingequipment:theiHR550monochromator
(HORIBA,Japan)withatungstenhalogenlamp
and a optical collimator;the DG2020A data
generator(Tektronix,USA)usedtogeneratethe
pulsesequencesforspectral micro-module;the
N6700B modular power system mainframe
(Agilent Technologies ,USA)usedaspower Fig.2 Universalelectro-optictestbenchforIRdetectors

supply;theSR560low-noisepreamplifier(SRS,USA);anNIdataacquisitioncardandaindustrial
computerwiththedata-processingsoftware.Thewavelengthcalibrationprocessinthisstudycanbe
achievedinthreesteps.Firstly,wetesttherelativespectralresponsesofallpixelsfrom900nmto
1700nmwith1nmstepping.ThegratingofiHR550monochromatorissetto950lines/mm.Theentrance
slitandexitslitarebothsetto4mm.Theintegrationtimeofthespectralmicro-moduleisdeterminedby
thepulsesequencesofDG2020A,itis3msinthispaper.Secondly,foreachpixel,wecangetacurvewith
thewavelengthasX-axisandtherelativespectralresponseasY-axis.Inthis way,wecanget
correspondingpeakwavelengthforeverypixel.Finally,theNIRwavelengthstandardreferencematerial
SRM-2035a(NIST,USA)isusedtoverifytheaccuracyofwavelengthcalibration.SRM-2035aisaglass
filtercontainingholmiumoxide(Ho2O3),samariumoxide(Sm2O3),ytterbiumoxide(Yb2O3),and
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neodymiumoxide (Nd2O3)[14-15].Duetotheselectiveabsorptionofrareearthelementsfordifferent
wavelengthsoflight,SRM-2035ahasseveralstandardabsorptionpeaksintheNIRregion.

2 Resultanddiscussion
Fig.3presentstherelativespectralresponsesofthewholepixelsrangingfromabout900nmto

1700nm.TheFullWidthatHalfMaximum (FWHM )ofeachpixeldistributesbetween11nmand16nm,
whichincreaseswiththeincreaseofpeakwavelengthbyandlarge.AlltheFWHMarelessthan1.25%of
thepeakwavelength,whichisconsistentwiththespecificationofLVF.AsshowninFig.4,weusepixel
101to103asexample,λ1,λ2andλ3werethepeakwavelengthofpixel101to103.Thepeakwavelengthof
pixel102is1317.6nmwhiletheFWHMis14nm.Thespectralintervalbetweenpixels(λ2-λ1orλ3-
λ2)is3.7nmandislessthanthehalfofFWHM.Sowetakeeverypixelasaspectralchannelandthevalue
ofFWHMshouldbethespectralresolutionofchannels.Thus,thewavelengthcalibrationresultsofall
pixelsareobtainedandshowninFig.5.BecausetheselectedLVFinthispaperisageneraltypeinsteadof
custom-built,thematchoftheLVFandtheInGaAsdetectorarrayisnotsoperfect.Theeffectivesizeof
LVFisalittleshortsothatonly204pixelsarecovered.Thepixelsfrom205to256arenotusedhere.The

Fig.3 Relativespectralresponseofthewholepixels

Fig.4 Relativespectralresponsesofpixel101to103 Fig.5 Calibrationresultsofthewholepixels
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wavelengthintervalsbetweentwoadjacentpixelshaveagooduniformityasdesiredandtheaveragevalueis
3.72nm.Thewavelengthdistributionisstrictlylinearandthelinearfitequationisshownas

y=936.14+3.72x (1)
whereyisthepeakwavelengthandxshowsthepixelnumber.Itcanbeexplainedbytworeasons.Firstly,
theLVFiswell-knownforthestableandreliableopticalproperties,whichowningtoitswedgestructure
andmaturemanufacturingprocess.Secondly,thealignmenttechniqueincouplingprocessmakestheLVF
inanexactangleandposition.
  Theverificationofwavelengthcalibrationis
carriedoutbymeansofSRM-2035a.Therearesix
standardabsorptionpeaksinthewavelengthrange
900~1700nm[13-14].ThetransmissivityofSRM-
2035ais measured bythecalibratedspectral
micro-module.We choose the deviation from
standard wavelengthasanindextoshow the
accuracy of calibration. Fig.6 shows the
transmissivity spectra of SRM-2035a. The
deviationsarelessthan1nmasshowninTable2,
exceptforthewavelengthpeakNo.5(with1.3nm
deviation).Consideringthedeviationscausedby
testingprocess,thesesmalldeviationswillnot

Fig.6 TransmissivityspectraofSRM-2035a

Table2 DeviationofthewavelengthcalibrationtestedbySRM-2035a

Absorptionpeak Standardwavelength/nm Calibratedwavelength/nm Deviation/nm
No.1 975.8±0.1 975.0 0.8
No.2 1075.6±0.1 1076.0 0.4
No.3 1151.5±0.1 1152.1 0.6
No.4 1222.2±0.2 1221.2 1
No.5 1366.8±0.1 1368.1 1.3
No.6 1469.1±0.2 1469.2 0.1

affecttheresultsinmostapplicationsofspectral
analysis.Inconsequence,theverificationresult
demonstrates that the calibration method is
feasibleandaccurate.
  Wealsotesttheresponseofa1389nmsingle-
modedistributedfeedbacklaserwiththespectral
micro-module.Withoutthetemperaturecontrol
unit,thelaser's temperature drift has great
influenceonthepeakwavelengthaccuracy.Butthe
FWHM canbestilltakenasaverificationof
spectralresolution.AsshowninFig.7,thetest
valueofpeakwavelengthandFWHMare1386.8nm
and14.9nm.TheFWHMislessthan1.25% of
thepeakwavelength,whichisinagreementwith
thecalibrationresults.

Fig.7 Spectralresponseofa1389nmsingle-mode
distributedfeedbacklaser

  Forhigherutilizationefficiency,thesizeofLVFshouldbecustom-designedtocoverallthe256pixels.
Moreover,thewavelengthcalibration methodweuseddidnotinvolveanycomplicated mathematical
calculationandcouldbeusedinallkindsspectrometer'scalibration,itwasstilltoocomplextoadoptin
massproduction.AsshowninFig.5,thewavelengthdistributionofpixelscanbeseenaslinearbenefiting
fromtheLVF'suniformity.Thus,simplifiedcalibrationmethodfortheLVFintegratedspectralmicro-
modulecanbeexploredbasedonthestandardreferencematerialandhigh-precisionlaser.
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3 Conclusion
Anintegratedspectralmicro-modulewithanLVFandanInGaAsfocalplanearraywasreported.The

spectralrangeisfromabout900nmto1700nm,withtheFWHMofeachpixelsdistributingbetween
11nmand16nm.Awavelengthcalibrationmethodanditsaccuracyverificationwerebothproposed.The
calibrationaccuracyistestedtobelessthan1.3nmandthespectralresolutionisnolargerthan1.25%of
peakwavelength.Theresultsconfirmthatthemethodofwavelengthcalibrationisfeasibleandaccurate.
Withthecompactstructureandstableopticalproperties,thespectralmicro-modulecanbewidelyusedin
fieldoron-lineapplications.
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