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NMUPO3NIEKTPUHECKUE
AATHYHUKU

C HECKOJIbKUMU OUJIbTPAMMU
(MHOFOKAHA/IbHDIE)

U CNEPECTPAUBAEMDBIM
OU/IbTPOM

H.Hvoman, M.36epman, K. Ilpaiibep, M.XeliHu,
InfraTec, [ipe3dex, Fepmanus

PaccMoTpeHbl ABa TUNa NUPO3/IEKTPUYECKUX
AATYUKOB — MHOTOKaHasbHble (CHabXeHHble
HEeCKOJIbKUMU GUIbTPaMn) U AATHUKM

c nepectpanBaeMbiM ¢unbTpoM. Knroyesbimu
3/leMeHTaMn 060MX TUNOB AAaTUYMKOB SABNSAIOTCSA
AenuTtesnb Ny4yka, UMeKLW Ui OpUrnHasabHy0 Gpopmy
NOBEPXHOCTU, U onTU4yeckum punbtp Pabpu-
Mepo. B KOHCTPYKLUN 060X TUNOB AATYHNKOB
nUpo3sieKTpUYyeckune 3ieMeHTbl HAaXoAATCS

3a dunbTpamu. NpoBeaeHoO cpaBHEHUE UX
BO3MOXHOCTEN AEeTeKTUPOBaHMS ra3oBbiX CMeCen.

ns1 obecreyeHHs] PaBHOMEPHOIO pacIipefiee-

HHs II0TOKA H3/IyYeHHS IIOBEPXHOCThH [eJIr-

TeJs IIy4Ka BBHIIIOJHEHA OPHUIKMHAJbHBIM
criocoboM: Ha IOBEPXHOCTH IIJIACTHHBI METOJOM
MHUKP006paboTKHM CHOPMUPOBAHEI MHKPOMHpa-
MHAB UIH V-06pa3Hble KaHaBKH, PACIIONOKeHHBIe
¢ marom 100-150 MKM. Y3KOmO/JIOCHBIE (HUIBTPEHI
HK-u3ny4yeHHsS IIOMEIIEeHBl B KacCCeTy, HMEIUIYIo
bopMy ycedyeHHOH 4YeTbIPeXyTOJIbHON IIHPaMHIBL.
Yron Hak/JIOHa TpaHeH MHMKPOIHMPaMHUJ U CTOPOH
KacCeThl ¢ QUIBTPAMU cOCTaBgeT 30°, YTO rapaHTH-
pyeT majieHHe OTPa’keHHEBIX JIy4el Ha IIOBePXHOCTb
bunprpa moA HIpAMBIM yInom. IlepecTpaMBaeMBbIHt
GUIBTP IpeAcTaBiseT cobol MUKpPO3TeKTpoMexa-
HHUUecKylo cucteMy (MOMC, MEMS) c pe3oHaTOpoM
®abpu-Tlepo. [lep>kaTenu 3epkajl pe3oHaTopa UMeKT
CPaBHHUTeIbHO 60JIBIIYI0 TONIIKHY; OAHH JepsKaTe/lb
HeIOABM KEH, a BTOPOM IIO[BelleH Ha IIPY>KHHAX
C KOMIIEHCHPYOIIMMHM 3/IeMeHTaMH. Peryauposa-
HIe BO3IYIIHOIO 3a30pa MeXAy 3epKaJlaMH pe3oHa-
TOPa OCYLIECTBJISETCS 3JIeKTPOCTATUYECKUM IIOJIeM:
yIIpaBsioliee HaNpsKeHUe II0JAaeTCsS MeXKIy Bepx-
HUM 3€PKaJIOM U 3JIeKTPOAOM Ha HHMKHEeM JepsKkaTese.
Beutv M3roToBIeHBI QHUIBTPHI C KOPOTKHUM M IJIHH-
HBIM Ppe30HAaTOPOM /ISl CIIeKTPaJbHBIX THAIa30-
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MULTI-COLOUR AND
TUNABLE-COLOUR
PYROELECTRIC DETECTORS

N.Neumann, M.Ebermann, K. Schreiber, M.Heinze,
InfraTec GmbH, Dresden, Germany

Multi-colour and tunable colour pyroelectric
detectors are compared in respect of gas analysis. The
key elements of the detectors are a beam splitter and
a Fabry-perot filter respectively. Multi-colour and
tunable colour pyroelectric detectors are compared in
respect of gas analysis.

nfrared gas analysers are based on the

absorption of infrared radiation. These systems

determine the concentration of a specific gas
by measuring the amount of radiation absorbed at
specific wavelengths, corresponding to electronic
transitions in the molecules being detected. In
figure 1, the discrete absorption bands of carbon
monoxide, carbon dioxide, propane, methane, and
nitrous oxide are shown in the range from 3...5 pm
as an example.

Methods using filters for analysing a broadband
emitter spectrum, play a majorroleinindustrialand
medical gas analysis. Often such filter photometers
are ranked among non-dispersive methods. This is
not completely correct, as the filters themselves rely
on the interference principle /2/.

The analyser, schematically shown in fig. 2
includes a sample chamber for holding a sample gas,
aradiation emitter for directing a beam through the
chamber and a detector for indicating the amount
of radiation absorbed. Pyroelectric detectors are
widely used as a result of their advantages, like
room temperature operation, robustness, flat
spectral response and low costs. The narrow band
infrared filters are selected in accordance to the
substances to be analysed. The bandwidth of the
filter is much broader than a single absorption
line and could be several percent of the centre
wavelength. For CO, measurements, for instance
a filter with a centre wavelength of 4.26 pm and a
bandwidth of 90...180 nm is commonly used (see
figure 1). Often an additionally reference channel is
used to cancel intensity shifts of the IR emitter.

Different methods are developed to analyse
mixtures with different substances simultaneously.
One is the known filter wheel method. A plurality
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HOB IOJIUH BOJIH 5,0-3,7 MKM H 4,3-3,0 MKM COOTBET-
CTBeHHO. [TUPO3IeKTpUYecKHe KPHCTaJI/Ibl [IOKPHITHL
C/I0eM YepHOro IOIJIOMAIOIIero Marepuana M obna-
OAOT IIJIOCKOM CIIeKTPaJIbHOM XapaKTepPUCTHKOM.
JaTUuKU C JelHTe/leM IIy4YKa I103BONSIOT aHAIH3U-
POBAaTh COCTaB [a30BOK CMeCH I10 HeCKOJIBKUM KOMIIO-
HeHTaM OJHOBPeMeHHO, TOrga KakK AaTYHUKHU C Iepe-
CTpanBaeMbIM QHU/IBTPOM OIpefeNsiioT CofepKaHHe
KOMIIOHEHTOB I'a30BOL CMeCH I10C/Ie/I0BaTe/IbHO.

BBEAEHWUE

B ocHoBe paboTel UK-Ta30aHaIN3aTOPOB JIESKUT CBOH-
CTBO ra30oB CeJIeKTHBHO IIoriomarh HMK-usnyyeHue
OIlpeleeHHBIX MJIWH BOMH. KOHILIEHTpAILIMs TOrO
WM WHOTO rasa OIpelesercs IyTeM H3MepeHHUs
BeJIMYMHBl OCTableHUs] H3JIy4eHHUs C OIpefeseH-
HBIMU [OJIHHaMH BOJIH, KOTOPble COOTBETCTBYIOT
37IeKTPOHHBIM IIepexoflaM B MoJIeKylaX ObHapysKu-
BaeMoro rasa. Ha puc.l mmpeacTaB/ieH CIIEKTP CejieK-
THBHOTO IorjiomeHus MK-H31yYeHUs B OHalla30He
JUIMH BOJIH OT 3 10 5 MKM [IJII MOHOOKCH /1A YIJIEPOAa,
OUOKCHIA yIaepona, IIpolaHa, MeTaHa M OKCHIA
asota (I).

MeTozbl aHaAK3a CIOEKTPpa M3/JIy4YeHHS LIHPOKO-
[IOJIOCHBIX H3/1ydaTe/led C IOMOIIBI0 ONTHYECKHUX
GUIBTPOB UIPAIOT BasKHYIO POJIb B 3a/aYax Ia30BoOro
aHa/JIM3a B HPOMBIIIJIEHHOCTH M MeOHIIMHe. J[ocTa-
TOYHO YaCTO MCIOJIb30BaHHE (POTOMETPOB C OIITH-
YeCKUMH (QUIBTPAMH OTHOCAT K YHC/IY HeJUCIIEep-
CHMOHHBIX METOJOB aHajaH3a. JTO He COBCeM BEPHO,
[IOCKOJIBKY [eHCTBHe QUJIBTPOB OCHOBAHO Ha SIBjIe-
HUU uHTepdepeHIUH [2].

CxeMa rasoaHanau3saropa (puc.2) BK/IIOYaeT: IIpO-
600T6OpHYIO KaMepy, B KOTOPYIO 3aKauHBaeTCS UCCIIe-
ayemMasi rasoBas CMecCh, HCTOUHHK HK-H3nydyeHHS
U OAaTYUK KM3MEepeHHUs KOJHYeCTBa IIOTJIOI@HHOI0
u3aydeHus. [IMposnekTpuYecKue JATYNKU HaXOOAT
IIMPOKOe IpPUMeHeHHe 61arofapss TaKUM IpPeUMy-
IeCTBaM, KaK BO3MOKHOCTb paboThI IPH KOMHATHOM
TemIieparype 6e3 OXJa’kAe€HHSs, BBICOKOH HaJeXKHO-
CTH, JINHEMHOMY XapaKTepy CIIeKTPaJIbHON YyBCTBU-
TeJIBHOCTY M HU3KUM 3KCIIYaTallMOHHBIM 3aTpaTaM.
Y3komomnocHsle ¢uAbTPel HK-H3/1ydeHUs] BBHIOHpPAIOT
B 3aBHCHMOCTH OT aHa/IM3UPyeMBbIX BelecTs. [looca
IIPONYCKaHU QHILTPAa HAaMHOIO LIMpPe OTAeNbHOU
JMHHHU IIOIJIOMEHHS M MOXKET COCTaBIATh HECKOIBKO
IIPOLIEHTOB OT LIeHTPa/JbHOK [JIHHEI BOIHBL. Hampu-
Mep, I8 H3MepeHHUs colepkaHHUs CO, 06BIYHO
HCIIO/Ib3YIOT GU/IBTP C LIeHTPA/IbHOM JJIMHOL BOTHBL
4,26 MKM U II0JI0COH IIPOIyCKaHHUs oT 90 1o 180 HM
(cM. puc.l). 3a4acTylo JOMONTHUTENBHO HCIIONb3YIOT
CpaBHUTEJBHBIN (3TAa/IOHHBIN) M3MepPUTEIbHBIH
KaHaJI /IS KOMIIEHCAllUH IIOTPeIlHOCTel H3Mepe-
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Transmittance
o
N
T

0 1
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[nnHa BosHbI, MKM / Wavelength, pm

m 1000ppm CO m 1000ppm CO,

m 10000ppm C,Hg = 10000ppm CH, 1000ppm N,O

— KosdpduumeHT nponyckanmns / Transmittance

— Y3KOMNONOCHbIV GUNLTP A8 U3MepeHns KoHLeHTpauun CO,
CO, NBP Filter

Puc.1. KoagppuyueHm nponyckavusi MK-usayyeHus pasauy-
HbIMU 2a3aMU U Y3KONOAOCHbIM GUAbMPOM 0AS1 U3MepPEeHUSs
codepxkarus CO, 8 duanasoHe 9AUH 80AH 0m 3 00 5 MKM
(T=273K, p=1013 2Ma, I=5cm) [1]

Fig. 1. Transmission of different gases and of a CO2 Near
Bandpass filter in the 3...5 ym band (T=273 K, p=1013hPa,
[=5cm)[1]

of filters, each of which transmit radiation at an
absorption band of a gas component to be detected,
are alternately positioned in the radiation path
to produce a time-multiplexed signal having the
concentration information for all gases.

Detectors with separate spectral channels are
developed to overcome the drawbacks of size,
power consumption and mechanical sensitivity
of the filter wheel method. A simple approach
is the combination of several detection units

WHdppaKkpacHbIvi razoaHanmsaTop 418 U3MepeHuns KoHueHTpauun CO,
IR CO, Gas Analyser

onTtuyecknin dunbTp / Filter

MHdpakpacHas namna
IR Lamp

OaTumk NK-m3nydeHns
IR Detector

® Monekynbl CO,
CO, Molecule

O O Monekynbl Apyrnx rasos
Other Molecules

Puc.2. Cxemamuyeckoe uzobpaxkeHue KOHCMPYKUUU 2a30aHA-
Auzamopa ¢ K-puabmpom
Fig. 2. Schematic of an infrared filter gas analyser
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HUH, CBSI3aHHBIX C U3MeHeHHUSIMH HHTEeHCHBHOCTH
HM3J1y4eHu s, co3maBaeMoro MK-usaydarenem.

I OMHOBPEMEHHOIO HM3MEpPeHHS KOHIeHTpa-
LMK HECKOJIbKHX KOMIIOHEHTOB B MHOIOKOMIIO-
HEHTHBIX I'a30BBIX CMeCSIX pa3paboTaHO MHOXKECTBO
pa3sIUYHBIX MeTomoB. OnuH K3 Haubonee pacmpo-
CTpaHeHHBIX - GOTOMeTPHYEeCKHMH MeTOoJ, aHa/lH3a
C MCIOJIb30BaHMEM J[JHMCKa CO CBeTOQHIBTPAMU.
Kaxapii QUIBTP IPOIyCKaeT H3jydeHHe TOJIbKO
C TeMHU OJHHAMH BOJIH, KOTOpPBIE COOTBETCTBYIOT
CIIEKTPY ITOTJIOIIEHH S OLHOr0 M3 KOMIIOHEHTOB ra3o-
BOI cMecH. UIBTPEI ITOOYepeJHO YCTaHABIUBAIOTCS
Ha BbIXoJle IP0o600TOOPHON KaMephl, U B pe3yybTaTe
bopmupyeTcss MYIbTUIUIEKCUPOBAHHBIM CHUIHAJ,
COepP>KAIIMKU HHPOPMALMIO O KOHLIEHTPALMH BCeX
KOMIIOHEHTOB I'a30BOM CMeCH.

Tem He MeHee, MeTOJ aHAJIK3a C KCII0JIb30BAHHUEM
JHMCKA CO CBETOQUIBTPAaMH MMEET Psfi HeOCTATKOB,
Kak To: OospIIMe pa3Mepsl KOHCTPYKIIUH, BBICOKOE
3HepromnoTpebieHHe, UyBCTBUTEIBHOCTh K MeXaHU-
YeCKHUM BO3JeHCTBUAM H M3HOC MeXaHHYeCKHUX KOM-
IIOHEHTOB. [JJaTYHKH C OTIAEeJIbHBIMH CIIEKTPaTbHBIMHU
KaHaJIAMHU JIMIIEHBI STUX He0CTaTKOB. Ka3anocs 65,
caMoe IIPOCTOe pelleHHe -~ IIOMEeCTHTh HeCKOJIbKO
IIPUeMHHUKOB H3/TyUYeHUs B OAUH KOPIIYC K IIOTYYUTh
MHOTOKaHa/IbHBIM AaTYHUK. OJHAKO IIPHU 3TOM Y3KO-
Io7I0CHBIe QUIIBTPBl OYAYT PacIONoKeHbl B OJHOK
nockocTu. CreoBaTenbHO, IOTpebyeTcst rasoBas
KioBeTa 6osnpliero guameTpa. MoskeT BO3HHKHYTb
U gpyras npobieMa - HepaBHOMEPHOCTh ITOTOKaA
M3/Iy4eHHSs, BbI3BAaHHAs HM3MEHEeHHUSIMH OTpasKaio-
IIek CII0COOHOCTH CT@HOK KIOBETHl MJIM CMellleHHeM

Puc.3. Cxemamuyeckoe u3obpaxkeHue KOHCMpyKuUU Gomome-
MpU4ecKo20 2a30aHAAU3AMopa ¢ Habopom ceemodurbmpos
Fig. 3. Principal of a filter wheel photometer

in a common package to form a multi-colour
detector. The narrowband filters are arranged in
one plane. Therefore, the diameter of the gas cell
is increased. An additional problem appears from
radiation unbalance caused by inhomogeneous
changes of the reflectance of the cell wall or from
changes of the position of the radiation emitter
for instance of the filament of a incandescent
lamp. InfraTec provides two solutions for this
problem with a parallel and a serial spectral filter
mode:

M3nyyeHune / Radiation

NK-punbTp
Infrared Filter

Mbe303N1eKTPUHECKNiA
NpNEMHUK
Detector Chip [Jenutenu nyyka

Beam Splitter Array

usnyyeHus

Puc.4. MNpuHuun delicmeus u cxemamuyeckoe U306PG)KEHU€ MHO20KAHAAbHO20 damuyuKa co B8CMPOEHHbIM deaumenem nyyka

Fig. 4. Principal and schematic drawing of a multi-colour detector with integrated beam splitter

110 POTOHMKA N23/57/2016



N OPTOELECTRONIC DEVICES m
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN o

MCTOYHHUKA HM3Iy4YeHHUsT. Kom-
na"us InfraTec rpezgjaraeTr ABa
THIIA [AaTYUKOB, KOHCTPYKIIHSA
KOTOPBIX MCK/IKYaeT IOSABJIEHHE
romobHOM mpobieMbl. DTO: MHO-
FOKAHA/BHBIM JaTUYHUK CO BCTPO-
€HHBIM [eJHUTe/leM IIyuyKa K31y~
YeHHUS U JAaT4YHUK C HU3MeHSeMOH
I10/I0COK IPOITYCKAHHUS Ha OCHOBe
rnmepecTpamBaemMoro  QHIbTpa
®abpu-Tlepo.

a)
MHOIOKAHA/IbHbIV
OATHUK

IIpMHLOUI [eHMCTBUS MHOIOKa-
HaJIPHOTO [JAT4YHMKa CO BCTPOEH-
HBIM JleJIMTe/lleM Iy4Ka II0Ka3aH

HOM damyuke

Puc.5. lenumenn nyuka: a) - 8 08yXKaHanbHomM damuuke; 6) — 8 4emblpexkaHab-

Fig. 5a. SEM image of a two channel beam splitter Fig. 5b. SEM image o four
channel beam splitter

b)

Ha puc.4. Ilpoxomsumn dvepes

aneprypHyio pauadpparmy moTtok MK-usnydyeHHs
momnajgaer Ha [OeAUTeNb I[y4YKa M pasfensgercs
Ha 4YeThIpe 4acTH. KaskAbIH OTPa>keHHBIH IIY4YOK IIPO-
XoguT 4yepe3 MK-GuUAbTp U HafaeT Ha IHUPO3IEKTPH-
YeCKUU IPHEeMHHUK. Jle/IMTe/ N ITy4YKa IPeICTAB/ISIOT
cob0l1 IIACTUHBI, Ha IIOBEPXHOCTH KOTOPHIX MeTO-
IOM MHKP006paboTKU cPOpMHUPOBAHBI MUKPOCTPYK-
TYpbl, pacIiososkeHHble ¢ marom 100 mau 150 MKM
nnsi obecriedeHHs] PaBHOMEPHOIO pacIipefle/leHHUs
IIOTOKA M3/y4eHHUs. [IoBePXHOCTh Je/IuTe/el Iy4dKa
rosojioveHa. @UILTPEl yCTAHOBJIEHBI 10, OIIpeie/ieH-
HBIM yIJIOM, YTOOBI OTPaskeHHOe U3/yueHHe IaaJIo
Ha HUX IepHeHIUKYIAPHO. TaKkasg KOHCTPYKLHS
[pefoTBpalllaeT CMellleHHe KPHUBOH IIPONYCKaHUS
dunpTpa B 06macTh 60/1ee KOPOTKUX BOTH U HCKIIIO-
YaeT BJIHSHHE IIPOTUBOIIOIOKHOIO GUIBTPA.

B oTnuyMe OT APYTHX MHOIOKAaHAJIbHBIX [aT-
YHMKOB, Y JAaTYMKa C JeJHTejeM IIy4yKa BCero ogHa
anepTypHas auadparma, 4TO I103BOJISET MCIIONB30-
BaTh Ta30BYI KIOBETY MEHBIIEro AMaMeTpa H, Clie-
ZoBaTe/lbHO, IIPObbl MeHbIIero obbeMa. 3TO B CBOIO
odepenib yCKOpsieT ITpolecc 06HOBIEHUS ITPo6BI rasa
M II03BOJIET KCIIONIb30BaTh CEHCOPHBIE MOMYJIH
MeHbIIero pasmepa. IIoMHMMO 4YeThIpexXKaHaJ/IbHBIX
JAaTUYMKOB C JeNUTeNsIMKU Iy4YyKa B BHUJE YeThipe-
XyTOJMBHBIX MHUKPONHpaMHJ[, KommaHus InfraTec
BBIIIYCKaeT AByXKaHa/IbHble JaTYUKH C JeIUTeIIMU
Iy4Ka C MHKPOCTPYKTYpoH B BHje V-06pa3sHBIX
KaHaBOK. Ha pucyHkax 5 (@) u 5 (6) mpencTaBieHsl
CHMMKH IIOBEPXHOCTH [eJUTeNs IyyKa B JByXKa-
Ha/JIbLHOM M 4YeThlpeXKaHa/IbHOM [aT4yHKe, IOy~
YeHHble C IIOMOIIBI PaCTPOBOTO 3JIEKTPOHHOIO
Mukpockomna (POM). HecMoTpsl Ha TO, UTO IIAr pac-
07I0KeHH s V-06pa3sHBIX KAHABOK M IIHPAMU/, BaPbH-
pyercst ot 100 mo 150 MKM, yroa HaKJOHa IpaHeH

+ the multi-colour detector with integrated beam
splitter and

« the tunable-colour detector with integrated
Fabry-Perot filter

MULTI-COLOR DETECTOR
The principle of the multi-colour detector with
integrated beam splitter is shown in figure 4. The
IR radiation entering through the aperture stop
is divided by a beam splitter in four parts. Each of
the partial beam is going through an IR filter and
hits a pyroelectric detector chip. The beam splitters
are made of gold plated microstructures with a
pitch of 100 pm or 150 pm respectively, to achieve
a homogeneous distribution of the radiance. The
filters are arranged under a certain angle to obtain a
normal incidence of the radiation. This assembling
avoids the drifting of the filter transmission curves
to shorter wavelengths and the influence of the
opposite filter

As the beam splitter detector compared to other
multi-channel detectors has only one aperture
stop, it is possible to use a gas cell with a smaller
diameter reducing the gas volume. A smaller gas
volume reduces the size of the sensor module and
accelerates the gas-exchange. In addition to four-
channel beam splitter detectors using four-sided
micro pyramids, InfraTec also applies two-channel
detectors based on micro V-grooves. In fig.5 SEM
images of two - and four-channel beam splitters are
shown. Whereas the pitch of the V-groves and the
pyramids is varying between 100 pm and 150 pm,
the tilt angle amounts 30°. During manufacturing
it is essential to realize extremely sharp edges to
minimize the reflection deviating from 30°.

PHoTONICcs N23/57/2016 1M
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BCerZa [IOCTOSIHHBIN U COCTaBJISIET
30°. IIpx M3roTOBJIEHHH Ba’KHO
IIOJIyYUTh OYe€Hb OCTpPhle I'PaHH,
4TO6Bl MHHHMHU3HPOBATH OTKJIO-
HeHHS BeJIMYMHBI yI/Ia OTpaske-
Hu 0T 30°.

Ha pwMc.6 10Ka3aHO TIIpo-
CTPaHCTBEHHOE pacIpefeaeHue
YYBCTBUTEJIBHOCTH OTHEJIbHOIO
KaHaJla [JaTyMKa C PasHBIMH
TUIIAMHA  Je/lHUTeled Iyd4Ka.
H3MepeHUsl [IPOBOAU/IMCEH IIyTeM
CKaHHPOBAHUSA aIlepTyprl 2,5 MM
Ja3epHBIM HOATHOM [HaMeTpoOM
100 mxm. CjeBa Ha PpHCYHKe
IIOKa3aHO paclpejeleHre YyB-
CTBUTEJBHOCTH IIPH MCIIOIH30-
BaHUHU [eJIUTeNs Iy4YKa B BUE
CTPYKTYyphl M3 IMHPaMH[ pas-
MepoM 10x10 M KacceThl ¢ QHUIIb-
TPaMH C YIJIOM HaKJIOHA CTOPOH
30°. B LeHTpe IIOKa3aHO pacIipe-
JeJleHre YYBCTBUTE/NBHOCTH IIPH
HUCII0/Ib30BAHUHU JeIUTe/s Iy4Ka
B BUJEe CTPYKTYpPhl M3 HHpPaMU[,
pa3smepoM 4x4 u KacceTsl ¢ QUL
TPaMH C YIJIOM HaKJIOHA CTOPOH
30°. CmpaBa IIOKa3aHO pacmpeje-
JleHHe 4YYBCTBUTE/BHOCTH IIPH
KCIIO/Ib30BAHUHU eIUTe/s MydKa
B BHJe OJHOI 4eTbIPeXyIOJbHOMH

Puc.6. MNpocmpaHcmeeHHoe pacnpedeneHue 0mHOCUMeAbHOU YyscmaumenbHOCmU
0mMOeAbH020 KAHAAA 0aM4UKA € pa3HbIMU munamu deaumenell ny4Kka u kaccem

¢ puabmpamu (caeea: deaumenb nyuKa 8 8Ude CMPYKMypbl U3 MUKPONUPAMUA pas-
mepom 10 x 10 u kaccema ¢ y2nom HakAoHA cmopoH 30°; 8 ueHmpe: 0eaumenb ny4Kka
8 8Ude cmpyKmypbl U3 MUKponupamuo pazmepom 4x4 u Kaccema ¢ Y2AoM HAKAOHA
cmopoH 30°; cnpasa: denumenb ny4Kka 8 eude omoenbHOU NUpamudbl u Kaccema

C y2/0M HAKAOHA CMOpPOH 15°)

Fig. 6 Spatial distribution of the relative responsivity of a single channel with
different types of beam splitter designs and arrangements of beam splitters (left:

10 x10 micro pyramid beam splitter / 30°-filter cage, centre: 4 x4 micro pyramid
beam splitter / 30°-filter cage, right: single pyramid beam splitter / 15° filter cage)
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NIHUPaMHUABL U KacceTbl C QUIIb-

TPaMH C YIJIOM HaKJ/IOHA CTOPOH 15°. [leTUTe/Ib IIy4Ka
B BHJE CTPYKTYPHl M3 MHKPOIHPAMHJ, pasMepom
4x4 He obecmeynBaeT TpebyeMoOM OIHOPOLHOCTH
YyBCTBHUTE/NBHOCTH, TOIZA KaK IIPH HUCIIONb30BAHUU
CTPYKTYPHI M3 MUKPOIIMpaMu/ pasMepoM 10 x10 mmpo-
HCXOAUT Hajlexallee o6pa3oBaHUe OTAeAbHBIX IyU-
KOB H3JIyYeHMSs, YTO B CBOIO ouepe/lb obecrieunBaeT
JNOCTaTOYHYK OJHOPOJHOCTb YYBCTBHTE/IbHOCTH.
Ilo PUCYHKY CIIpaBa MOXHO CZHenaTh 3aK/IIUYeHHe
0 MOJIHOM HENPHUIONHOCTH KOHCTPYKLIMH C OJHOM
NUPaMUION M KacceToM, B KOTOPOM Ha OQHUIBTP
JOIOJHUTE/IBHO I0NlafaeT YacTh OTPaskeHHOIO H3I1y-
YeHHUs C IPOTHUBOIONOKHOIO GuibTpa. IIpU Takom
PacIpocTpaHeHHH Jydyer BO3HHUKAIOT I1apa3sHTHBIE
CHUTHAJIHL.

OATHUK C NMEPECTPANBAEMbIM
OUJIbTPOM

[IpUHLMI JeHMCTBUS JAaTUHKA C IIepecTpaHBaeMBbIM
uIbTPpOM CXeMaTH4eCcKH IIOKa3aH Ha puc.’/. Ilepe-
CTpPauBaeMBbIN QUIIBTP IIPeACTaBIseT COO0KM MHKPO-
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In fig 6 the spatial sensitivity distribution of
one single channel of a beam splitter detector
with different types of beam splitter designs and
arrangements of beam splitters is demonstrated.
The measurement was conducted by scanning the
aperture of 2.5 mm by a laser spot with a diameter
of 100 pm. The left picture shows the responsivity
distribution using a 10x10 pyramid structure and
a 30° filter cage, whereof in the centre a 4x4
pyramid structure and a 30° filter cage was used.
On the right a single four-sided pyramid and a
15° filter cage was used. Using a beam splitter
with remarkably larger and in a 4x4 grid arranged
micro pyramids the homogeneity is unsatisfactory,
however the application of a beam splitter
with 10x10 micro pyramids leads to a sufficient
composition of the single beams, resulting in a
good homogeneity of the responsivity. The right
hand figure shows that a single pyramid and a
filter cage, which additionally uses the reflected
fraction of the opposite filter, is completely
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3/eKTpoMexaHHUYeckylo cucrtemy (MOMC, MEMS)
c pesoHatopom ®abpu-Ilepo. [lepskaTenud 3epKall
pe3oHaTopa HMMEIT CPaBHUTENBHO OONBIIYIO TOJ-
IIMHY; OOWH Jep)KaTelb HENOABM>KeH, a BTOPOH
IIOABEIIeH Ha MPY>KHHAX U MOXKET [epeMeIaThCs
10 BepTHUKaIu. [IIacTUHBL C BBITPABAeHHBIMH 3Jle-
MeHTaMu MBOMC u croeluaabHBIM IIOKPBITHEM COe-
OUHSIOTCS HEINOCPeACTBEeHHO LPYr C APYTOM HIIHU
pasmensaioTca cioeMm ¢otopesucTta SU-8. Takas KoOH-
CTPYKLMS MMeET CPeAHIOI CJIO0KHOCTh H3TOTOBJIE-
HHU. PeryivpoBaHHe BO3LYUIHOIO 3a30pa MeXIY
3epKajlaMK pe30HaTopa OCYILIEeCTB/ISETCS 3JIeKTPO-
CTaTHU4YeCKHUM II0JIeM: YIIpaBJifiollee HaIpPsIKeHHe
IIOAeTCSL MeK/AY BePXHHUM 3epKajioM U 3JIeKTPOJOM
Ha HU>KHEM JepskaTteie.

[lepecTpanBaeMbll QHUJIBTP YCTAHOBJIEH Hap,
I PO3TeKTPUUECKUM MPHEeMHHKOM, 006/aJaromium
IIJIOCKOI XapaKTePUCTHUKON CIIeKTPalbHOH 4YBCTBU-
TelbHOCTH (pHcC.8). [IpMeMHHUK U MepecTpauBaeMbli
GUIBTp 3aKaOYeHH B Koprnyc TO-8 ¢ IIMPOKOIIOIO0C-
HBIM OITHYeCKHUM OHIBTPOM. IIIHPOKOIOIOCHBIN
ONTHUYeCKHUH QUIBTP IPOIyCKaeT TONbKO U3/ydeHHe
C IJIMHAMH BOJH, JIeKAIIMMH B JHAlla30He IIepe-
cTporiku ¢uiusTpa Pabpu-Ilepo, u 610KHpyeT bosee
BBICOKME IOPSAKH HHTepPepeHUUU W AJIHUHHOBOJ-
HOBOE H3/IyYeHHe.

Knwo4yeBbIM 3/IEMEHTOM IlepecTparuBaeMoro Gpuib-
Tpa HK-Hu3nydeHUs SBASETCS CTAaHOAPTHBIHM HHTEp-
depomeTp Pabpu-Ilepo, BHIIIOTHEHHBIH II0 TeXHOJIO-
rud MEMS (MOMC - MUKpO3/IeKTpPOoMeXaHUUecKue
cucteMsl). OH MpeAcTaBisieT COOOM ONTHYECKUH
pe30HaTOp, COCTOSIMIMK M3 [BYyX IapajjelbHBIX
3epKaJl, PAcCIOIOKEHHBIX Ha pacCTosHUH d Apyr
oT apyra. Cpema MeXAay 3epKajaMy HMeeT IT0Ka3a-
TeJIb IIPeJIOMJIEHHUS N, M3MeHSsIs pacCTOIHHE MeXIY

i g
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J‘ LLINpOKONOAOCHBLIM GUALTP
Broadband Pass

NK-n3nyyeHme (3-5 MKm)
I R Gosum

Cnon
dpoTopesuncTa
SU-8
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OTpaxaTesb
Reflector
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VControI
*r— I

2neKTpoa
Electrode

RREE
RENE
R
1111 Bo3gywHbIn3a3op / Air Cavity
A

Mpo3neKTpuYeckmnii NpUeMHMK
Pyroelectric Detector

Puc.7. OcHosHble 3nemeHmbl U NnpuHuUn delicmaust dam4uka
¢ nepecmpausaemblim GuAbmMpom
Fig. 7. Design principle of the detector with tunable filter

inapplicable. This beam guiding originates "ghost
figures.

TUNABLE-COLOR DETECTOR

The design principle of the tunable-colour detector
is shown in figure 7. The tunable filter is a MEMS
based fabry-perot filter. It is based on an approach
using relatively thick reflector carriers, one of them
being fixed and the other suspended by springs
which allow vertical movement. A set-up of coated
and etched wafer is bonded directly or by an
intermediate SU-8 layer. This yields in medium
fabrication complexity. In order to achieve the
tuning of the resonator cavity, an electrostatic
actuation using a parallel plate design has been
chosen.

embim puabmpom

LLinpokononocHbIn GunbTp / Broad Bandpass
Kpbiwka / Cap

®unbtp ®abpu-repo / Fabry-Perot filter
Skpanupytowmi cnow / Shielding
MUpOoTeXHMYECKNN NpueMHKK / Pyroelectric chip
KomneHcupytowas cxema / Compensating chip
MoHTaxHas nnata / Wiring board
OnepaumoHHbI ycunutens / Op-amp

Paszbem / TO socket

Puc.8. Cxemamuueckoe u3o6paxerue (caesa) u pomozpacus o6pazua (cnpasa) nupoanekmpu4eckozo dam4uxa c nepecmpaued-

Fig. 8. Schematic drawing (left) and picture of a sample (right) of a tunable pyroelectric detector with integrated filter
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OMNTO3JIEKTPOHHDbIE MPUBOPDI

3epKajlaMH, MOXKHO PeryJIupo-
BaTh IIOJIOKEHHME I10JIOCHI IIPOILY- d
ckaHus ¢unabrpa. Ha puc.9 cxe-
MaTHYeCKH II0Ka3aH IIPHHIIMII
HeNCTBUSL pe30HaToOpa u H306pa-
J)KeHa 3aBHCHMOCTBH IIPOIIYCKa-

=

|
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T FSR N
Trmax i

FWHM

HUs UHTepdepoMeTpa OT AIHUHBI 9&
BOJIHBI A,
s mepecTpoMKH (QUIBTPa

MeXZAy 5 MKM M 3 MKM Tpeby- LI
eTCd IOpANOK HHTepdepeHIUU RR
m=1 U M3MeHeHHe PACCTOSHUS
MeXJy 3epKajJaMK pe3oHaTopa
d mpubnusutensHo ¢ 2500 HM
g0 1500 um. Jlyis mOJIOC IIPOILY-
cKkaHus 100-50 HM TpebyeTcs TOY-
HOCTb (oTHomeHHe FSR kK FWHM)
oT 40 o 80 MM OoTpaskaTelbHas

Puc. 9. Cxemamuueckoe u3obpaxceHue U cnekmp nponyckasus uHmepgepomempa
®a6pu-Mepo FSR: Free Spectral Range (06aacmb c80600H0l ducnepcuu); FWHM:
Full Width at Half Measure (noAHas WUpUHA HA YpOBHE NOAOBUHHOLU amnAumydbi);
CWL: Centre Wavelength (ueHmpanbHas dauHa 8oAHbI)

Fig. 9. Schematic arrangement principle and transmission spectra of the Fabry-
Perot interferometer (FSR: Free Spectral Range; FWHM: Full Width at Half
Measure; CWL: Centre Wavelength)
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CII0CO6HOCTH 3epKasl oT 92 1o 96%
COOTBETCTBEHHO.

Jnsi co3maHUsl MIHUPOKOIONIOCHBIX OTpakaTeser
06BIYHO HCIIONB3YIOT pacipefie/leHHble GPIrroBCKUe
oTpaskatenu (PBO) [3]. BparroBckue oTpaskaTenu
II0/Iy4aIOT YepemoBaHHEM CJIOeB H3 MaTepHUajioB
¢ Hu3KkUM (L) u BelcokuM (H) rokasaTtenem IIpesioM-
neHus. ONTHYeCKasd TOJIIMHA Ka>kKAOIo CJI0d paBHA
YeTBepTH AJMHB BoinHBL (QWOT, Quarter-Wave
Optical Thickness). Takum obpazom GopMHPYOTCS
nepuoAbl YyepemosaHus LH (nepuon PBO). [ TOro
YTOOBI CO3/aTh LIMPOKYIO 30HY C 60IBIMIKUM KO3PPHU-
LIMeHTOM OTpPa’kKeHHs B JHalla3oHe IJIMH BOJIH OT 3
0 5 MKM [Jaske C MaJbIM Iiepuomom PBO, Heobxo-
JMMO HCIIO/Ib30BaTh TOHKHeE IIJIEHKH C MAKCUMAaJIbHO
BO3MOXHBIM OTHOIIEHHEM IIOoKa3aTeseH IIpeloMile-
HUA ny/n;. Ha puc.10 npenacraBieHa 3aBUCHMOCTD
KRo3dPuIIMeHTa OTpPaskeHUs OPITTOBCKUX OTpaska-
Teler C pasHBIM YUCIOM IIepHUOMOB UepelOBaHUS
OT OTHOIIEHMS IIOKa3aTejell IpelOMJIEHMS Ny/n;
O onopHofI JJIMHBL BOJIHH 3,5 MKM. Kpome Toro,
IJIsL OTpaskaTess C IIepPUOAOM 2 IIOKa3aHa 3aBHCHU-
MOCTb IIHPHUHEL I10/I0CHI IPOIYCKaHUS (IIpU K03ddu-
LiMeHTe OoTpaskeHUs 90%) OT OTHOILIEHMUS IIOKa3aTe-
7el peJloMJIeHU S Ny/n; .

sl U3rOTOBJIEHHS oOTpa’kaTeleld B KadecTBe
MaTepHajaa C HU3KHUM IIOKa3aTeJeM IIpeIoOMIeHUS
6bLI MCIIONIB30BAH AUOKCUZ KPEMHHUS C IOKa3aTe-
aeM IpeaoMiieHHMs 1,38 mpu OjIMHE BOJHBEL 4 MKM,
a B KadeCTBe MaTepHalla C BBICOKMM IIOKa3aTejem
IIpe/IOMJIEHHSI OB MCIIONB30BAH IIOTHKPUCTAJIIH-
YeCKHH KPeMHUH C [TIoKa3aTeseM IpejoMJIeHU 3,33
IIpY IJIMHE BOMHBI 4 MKM. [l IIOJIyYeHHs CJI0eB
6bIT HCIIONB30BAH METOJ XHMHUYECKOTO OCaXKAe-
HUS K3 ra3oBod ¢assl (XOI'®, CVD, Chemical Vapor

114 ®OTOHMKA N23/57/2016

The tunable filter is arranged on top of a
pyroelectric detector with a flat spectral response,
shown in figure 8. Both, the tunable filter and
the detector, are packaged in a TO-8 housing with
a broad bandpass filter. The broad bandpass filter
transmits only in the tuning range of the filter and
blocks higher interference orders and long wave
radiation.

A classical Fabry-Perot interferometer is the key
element of the MEMS based tunable IR filter, which
is built up of an optical resonator consisting of two
coplanar reflectors with a separation distance d and
a material with a refraction index n in between
them. By varying the separation distance d, the
filter can be spectrally tuned. In figure 9 the set-up
principle and the transmission as function of the
wavelength A is presented.

The tunability of the filter between 5 pm and 3
pm requires an order number m =1 and a physical
adjustment of the resonator cavity with a distance d
of about 2500 nm to 1500 nm. Bandwidths of 100...50
nm require a finesse (the ratio of FSR to FWHM)
between 40..80 or a reflectance of the coplanar
reflectors of 92...96% respectively.

Distributed Bragg reflectors are commonly
used to generate a broadband reflector /3/. Bragg
reflectors are built up by alternating quarter wave
optical thickness (QWOT) layers with low (L) and
high (H) refractive index, forming a (LH) periods.
In order to generate a broad high reflective zone
from 3...5 pm even with a low period number, thin
films with as high as possible refractive index ratio
nH/nL have to be applied. This is shown in fig. 10,
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Deposition). Bonblnas BeTHYNHA OTHOIIEHHU I ITOKa3a-
Tesjlel MpeJloMJIeHUS Ny/n;, paBHag 2,41, mo3BoauiIa
yke M3 JBYX map cioeB |LH|? MOTyYUTH HIIMPOKYIO
30HY ¢ 60TBIIKMM KOIQPUIIIEHTOM OTpaskeHHUS IJIs
JHuala3oHa JJIWH BOIH 3-5 MKM. CpelHHUH KM Mak-
CHUMaJIBHBIN KO3QQULIMEHTHl OTPaKeHU S COCTaBUIHU
95% 1 96% COOTBETCTBEHHO [4].

IIpy yBelIMUYeHUHN 4YKCIa IIepuogoB PBO mo Tpex
CpeAHUH U MaKCHMaJIbHBIH KO3OOUIIHEHTH OTpaske-
HHUS YBeIMYUBAKOTCA 00 98% 1 99% COOTBETCTBEHHO,
a XapaKTepHCTHKa 30HBI C BBICOKUM KO3POHUIIMEeH-
TOM OTpa’keHH s IPUHUMaeT Oojee IIPSIMOYTOTIbHYIO
dopMmy (cm. puc. 11). OmHAKO IIPHU 3TOM B CTPYKType
M3 Tpex IIap CJIOEB yBeJMYHBAeTCsl LIepPOXOBATOCTh
[I0BePXHOCTH ILIEHOK, H3-3a 4Yero 3aMeTHO CHMKa-
eTCs ITPOU3BOAUTEIBHOCTE [5]. B CBSI3U € 3TUM B Kave-
CTBe 6P3rroBCKOro oTpaskaTess 6bl1a BeIOpaHA CTPYK-
Typa C IByMsl IapaMu cjoeB |LH|?, a crieKTpaabHbIi
IHaria3oH 3-5 MKM OBl pa3zelieH Ha [1Ba MOAJHAIIa-
30Ha: 3,0-4,3 MKM U 3,7-5,0 MKM.

Ha obpaTHY0 CTOPOHY IJTACTHHBI OBI/I0 HAHECEHO
[IPOCBeT/I0lIee IIOKPhITHE /IS YMeHbIIeHH I [I0TepPb
Ha OTPa’keHHe W Iy/JIbCAIlUH B 06J1aCTH C BBICOKHUM
KO3QPHUIIMeHTOM OTpa>keHHSsI, BBI3BAHHBIX MHOIO-
KpPaTHBIMH OTPa’kKeHUSIMH B KPeMHHEBOM IIOA-
J0KKe. Kak MOXHO BHIETh Ha pHC.12a, IIPOCBeTIIS-
Iollee IOKPBITHE C OLHUM YeTBEepPTbBOTHOBEIM C/I0EM
JaeT MMHHHMAJBHBIN KO03QPULHEHT OTpPa>keHHUs
TOJIBKO IIPH OIIOPHOM [JIMHe BOJHBI. MHOrociou-
Hasi CTPyKTypa, HaobopoT, yBenuduBaeT Ko3PU-
LIMeHT MPOIycKaHUs B Oojee MIMPOKOM JHalla3oHe
OAUH BOJH. B 3TOM KOHCTPYKIIMM HCIIONb3yeTCs
TOJIBKO YeTBePTbBOIHOBBIH C/I0M AHOKCHIA KpeMHHUS
B KayeCTBe IIepBOI0 CjI0 U TOHKHE IIJIEHKHU JHOK-
CHJa KpPeMHHS M IIOJIMKPHUCTA/IMYECKOIO0 KpeMm-
HUSI, B KOTOPBIX BBIIIOJIHSIETCS YCJIOBHE Ng<<A, AJIS
obecrieueHHsl CpefHero 3HaueHHs KodddHIiMeHTA
oTpakeHHS [6].

TpexcioliHoe  IpPOCBeTASIOIlee  IOKPHEITHE
Ha OCHOBe IIJIEHOK BBICOKOM YUCTOTBI KMeeT CPeHUM
KOo3pPULIMeHT oTpakeHUs 0,6% BO BCEM CIIeKTPaJlb-
HOM [Auara3oHe 3-5 MKM. MHHUMaAbHBIN K030-
buLHeHT oTpaskeHUs cocTaBiseT 0,3%. Ha pucyHKe
126 Tak>ke MOKHO BHJETh, YTO BHe 007acTH OIop-
HOHM [JWHBl BOMHBl MHOIOCJIOHMHOE IIPOCBETIS-
Iollee IOKPhITHe yMeHbIlaeT aMIUIMTYAY IIyjabCa-
LUHMH KM yBeJH4YHBaeT KO3QPUIIMEHT MPONyCKaHUA
HaMHOTIO0 JIy4llle, YeM OJHOCIOKHOe IIPOCBeT/sIolee
IIOKPBITHE.

sl BOCTUKEHHUS ONITHMasbHBIX YCIOBUM UHTEP-
depernyu ¢uasTp Pabpu-Ilepo M3roToBIeH C IIpPHU-
MeHEHHeM TexHOJIOTHH o06beMHON MHUKpoobpa-
6oTku. OmpaBkH 060MX 3epKan (HEIOABHKHOTO
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Puc. 10. KoagppuuueHm omparkeHusi 6p32208CKUX 0Mpaxka-
meneli ¢ pazHblM YUCAOM Nepuodos YepedosaHus Npu ONopHoOL
OAUHe 80/AHbI 3,5 MKM U 3d8UCUMOCMb WUPUHbI NOAOCHI NPO-
NYCKAHUS 0mM OMHOWeHUsI NoKasamenet npenomaeHust

Fig. 10. Reflectance of Bragg reflectors at the reference
wavelength of 3.5 ym and bandwidth vs. ratio of the refractive
indices for different layer periods

in which the reflectance of a Bragg reflector with
different layer periods at the reference wavelength
(3.5 pm) is plotted against the ratio of the refractive
indices, nH/nL. Additionally, the bandwidth (at 90%
reflectance) of a reflector with period number of 2 is
calculated against the ratio of the refractive indices,
ny/n;.

Silicon dioxide with a refractive index of 1.38 at
4 um is used as low refractive index material and
polycrystalline silicon with a refractive index of 3.33
at 4 pm is used as high refractive index material
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Puc.11. KoagduyueHm ompaxkeHust KpemHUesbix N00A0XKeK
€ 08yMsI U mpems napamu cnoes

Fig. 11. Spectral reflectance of silicon substrates with layer
stacks
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Fig. 12a. Reflectance of single and multi-layer layer anti-reflection coating Fig.12b Transmittance fringes of FP filters with Si;N,,
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M IIOJBU’KHOIO) U3TOTOBJEHBl U3 KPeMHUEBHIX Ila-
CTUH ToamMKHON 300 MKM C BBICOKHMM yOeJIbHBIM
CONpPOTHB/IeHHeM. HemoABUKHBIM OTpa’kaTellb
HaXOOMTCS B LEHTPE W OKPYKeH YIpaBAAKIIHMU
3/IeKTpoJaMHU. IIOABHMIKHBIM OTpPa’kaTeslb YAEP>KH-
BaeTCs [OUAroHa/IbHO HaIlpaBIeHHBIMH MIPYKHU-
HaMH, Paclo/lOKeHHBIMH B yIVIaX BHeIIHeH paMKH.
BbI7I0 HM3roTOB/IEHO HECKOJBKO PA3THYHBIX ITOABHIK-
HBIX OTpa’kaTe/lel Ha MPY>XKHHaX [/ olpefe/eHHUs
ONTHMAa/IbPHOM KOHCTPYKLHMH C TOYKH 3peHHS Mak-
CHMaJIbHOIO JHalla3oHa IepecTPOMKH OHIbTPA,
MHHMMAJIBHOTO BJIMAHUS CHJIBI TSKeCTH Ha IeH-
TPaAJIbHYIO JJIMHY BOJHBI M IIMPUHY II0JIOCHL IIPOITY-
CKaHHS, MUHHMAaJbHOIO OTKJIOHEHHS OTpa’kaTeslel
OT IapaJl/IeJIPHOCTH IIOA AelCTBHeM MeXaHHYeCKHX
HaIpPsSOKeHUH, a TaKKe HeBBICOKOM CJIOKHOCTH H3I0-
TOBJIeHUS [7]. KOHCTPYKLHMS C Iapa/l/leIbHBIMU Py~
KUHaAMU obeclledyrBaeT IOYTH HIeanbHOE IIepe-
MellleHMe B BepPTHKAJbHOM HampapjaeHHH. Ho 3To
TOJIBKO IIPU OTCYTCTBHM MeXaHHYECKMX HaIps-
KeHHH U AedopMallMi B IIOCKOCTH IIJIACTHHBI.
Hanps>keHHS B IIPOJOJBHOM HaIlpaB/JIeHHUH He KOM-
MeHCUPYIOTCA NPy>KUHAMHU. OHU IIPUBOJAT K Aedop-
MalMH IIPY>KHHBI B BEePTHKA/JIbHOM HaIIPAB/IIEHHUH,
KaK ITI0Ka3aHo Ha puc.13.

OOHHMM M3 BAapPUAHTOB pelleHHUd AAHHOU IIpo-
671eMbl SIBJISIETCSI HCIIOJNIb30BaHME IIPY>KHH C KOM-
[leHCaTOpaMH MeXaHH4YeCKHUX HaIlpsUKeHHH, Kak
II0Ka3aHo Ha puc.l4a, 6. T-o6pasHble KOMIIEHCATOPBI
CIIOCOBCTBYIOT YMEHBIIEHUIO MeXaHUYeCKUX HaIlpsi-
SJKeHHUU B IPOAOJBHOM HaIlPaBJIeHHH, IIOCKOJIBKY
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for the reflectors. The layers are deposited by CVD
processes. Because of the high ratio of refractive
indexes nH/nL of 2.41 a wide high-reflective zone
from 3..5 pm with a high average and maximum
reflectance of about 95% and of 96% respectively was
obtained already with a |[LH|? layer stack /4/.
Increasing the period number to 3 the average
and maximum reflectance increases to 98% and

Puc.13. Pesyabmampl usmepeHus NAOCKOCMHOCMU 8 GuAbmpe
C hapanneAbHbIMU npy>KUHAMU

(0n51 u3MepeHU Ll UCNOAb308aACS onmuYeckull npopuromemp
WYKO NTI100)

Fig 13. Flatness measurement results on a filter with parallel
spring design (measured by WYKO NTI1100)
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CYyX020 mpasneHus

springs with a stress compensating element

Puc.14. POM-u306paxkeHus: a) — n0d8UXXH020 dep>kamensl, U320MosAeHH020 U3 00HOL NAGCMUHBI C UCNOAb308AHUEM MeXHOA02UL
CYXx020 mpasneHus; 6) — NpY>KUH ¢ KOMNEHCAmMopoM MexXaHUYeckux HanpskeHull, U320MoeAeHHbIX C UCN0Ab308AHUEM MexHoAo2UU

Fig. 14a. SEM image of the single wafer movable reflector carrier fabricated by dry etching Fig. 14b. SEM image of the dry etched

ZIM-IZM/H&belt  25-25-V

MOTYT H3rubaThCsi B IIONepeYHOM HaIIpaBJIE€HHUH.
[IperMyIIecTBAMH TaKOM KOHCTPYKLHHU SBISIOTCS
IIPOCTOTA U HAJEeXKHOCTh TeXHOJIOTHMH, Oomblras
cBobozma BeIbOpa IIapaMeTpPOB KOHCTPYKIIUH MU BBHICO-
Kasg TOYHOCTb HM3IOTOBJIeHHUS IMPYXKHUH. TexHOI0-
TUs CYXOrO TpaBJIeHHUS I103BOJISieT H3rO0TaBIMBATh
MUHHATIOPHBIE IIPY>KHUHBI C O4eHb Ma/IOH HIKMPHUHON
npopeseii. CiefoBaTe/lbHO, IIPY>KUHBI OyoyT 3aHU-
MaTh OYeHb MaJI0 MecCTa Aaske B QUJIBTPax CO CJIOXK-
HOM KOHOQUTypallhell, U [OJs1 3/J1eKTPOCTATHUYeCKOro
yIIpaBIeHHUs MOXeT ObITh HCIIOIb30BaHa bosblias
IJIOIIAlb IUIACTHUHBI. B COYeTaHUU C KUAKOCTHBIM
TpaBjeHHEM [Jisl PeryJiupoBaHUs TONLHUHBL IIPY-
SKUHBI MOXXHO C BBICOKOM TOUHOCTBIO M3TOTaB/IMUBATh
KOHCTPYKIIMH TpebyeMOI MacCHl.

Pe3ynbTaThl M3MepeHHUs KO3QPHIIMEeHTOB IIPOIIY-
CKaHHUS QUIIBTPOB C KOPOTKUM M IJIIMHHBIM Pe30Ha-
TOpOM, IpeAcTaB/ieHHble Ha puc.l5, 16, moaTBepsK-
JAIOT, YTO IIPH UCIIO0/Ib30BAHU M TaKOM KOHCTPYKLHH
GUIBTPa JOCTUTAETCSI BBICOKMM K03QPUIIMEHT IIpo-
IIYCKAaHU A U y3Kas I10j10Ca IIPOIYCKaHUA. 3HaYeHHUs
FWHM p1s GUIBTPOB C AAUHHBIM U KOPOTKHUM pe30-
HaTOPOM COCTaBH/IM, COOTBeTCTBeHHO, 100+20 HM
1 80120 HM. 3aBUCHMOCTb LIeHTPaJbHOU [JIHHEI
BOJIHBl OT HAIIPSKeHUS HMeeT BHUJ CTAaHIAPTHOIO
rpadpura QYHKIMH KBAaZpPaTHOIO KOPHs. YMeHbIe-
HHUe Ko3¢dHIlMeHTa MPOIYCKaHUS BO BpeMs Ilepe-
CTPOMKM OHIBTPA IPOUCXOAUT H3-3a OTKJIOHEHUS
IIOABMIKHOTO OTpaskaTesis OT TOPH30HTAIBHOTO
MIOJIOKEHHUSI, KOTOPOe MOXKHO OOBSCHUTH Pa3HOH

99% respectively and squares the high reflection
zone (see fig. 11). Otherwise the roughness of the
stack increases, resulting in a remarkable worse
performance /5/. Hence a double-stack |[LH|2 was
chosen as Bragg reflector and the spectral range of
3..5 pm was divided in two sub-ranges with each
1300 nm from 3.0...4.3 pm und 3.7...5.0 pm.

The backsides of the wafer were anti-reflection
coated to reduce reflection losses and ripples
in the high reflective band caused by multiple
reflections in the silicon substrate. Single QWOT
layers show a reflectance minimum only at the
reference wavelength, which is presented fig. 12a
Alternatively a multi-layer design increases the
transmittance in a broader wavelength range. This
design uses only a QWOT silicon dioxide layer for
the first layer and very thin films of silicon dioxide
and polycrystalline silicon fulfilling the condition
nd << A to match a medium refractive index /6/.

The reflectance of the refined triple-layer ARC
has an average of 0.6% in the hole spectral range
of 3..5 pm and a minimum of 0.3%. In fig. 12b, it
is also shown that the multi-layer ARC reduces the
ripple amplitude and increases the transmittance
much better then a single layer ARC out of range of
the reference wavelength.

The FPfilteris fabricated by bulk micromachining
technology to achieve optimum interference
conditions. High resistivity silicon wafers with
a thickness of 300 pm are used as carriers for
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Puc.15. Xapakmepucmuku ¢uabmpa ®@abpu-lepo ¢ KopomKuM pe3oHAmopom: a) — cneKmpaAbHbili Ko3¢pduuueHm nponyckaHus;
6) = WUPUHA NOAOCHI NPONYCKAHUS U UeHMpanbHAs 0AUHA 80AHbI pUABMPA
Fig. 15a. Spectral transmittance of a short cavity FP filter Fig. 15b Bandwidth and center wavelength of a short cavity FP filter
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SKeCTKOCTBIO MPY>KHH K HEOOHOPOAHOCTBIO 3JIeK-
TPHUYECKOTO I10/1g. KCIonb3oBaHMe B KOHCTPYKLHH
GuIbTPa IPY>KHMH C KOMIIEHCHPYIOIIMMM 3JI€MeH-
TaMHU I103BOJIMJIO JOOUTHCS 1HaIa30Ha IepecTPOHKHU
0K010 1300 HM IIpY MaKCHMMAJIBHOM YIIPaB/ISIONEeM
HaIIpsi>KeHUHU 27 B.

CPABHEHUE NMUPOSJIEKTPUYECKNX
OATHNKOB C HECKOJIbKNMW

OUNBLTPAMU (MHOITOKAHAJIbHbIX)

N C NEPECTPAUBAEMbIM ®UNJ/IbTPOM
Jatyuku obomx THUIIOB MOryT paboraTh B cxeMax
(pe>kuMax) C ycHJIeHHeM TOKa, M C yCHIeHHueM

both the fixed and the movable reflector. The fixed
reflector is located in the centre surrounded by
the driving electrodes. The movable reflector is
suspended by diagonally arranged springs located
in the corners of the outer frame. Various types of
movable reflectors and spring configurations have
been fabricated to determine the optimum solution
with respect to maximum tuning range, low
gravity influence on centre wavelength and filter
bandwidth, low deviation of reflector parallelism by
mechanical stress and low fabrication complexity
/7/. The parallel spring design results in a nearly
ideal movement in vertical direction. But this is
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wavelength of a long cavity FP filter

Puc.16. Xapakmepucmuku ¢puabmpa ®abpu-lepo ¢ dAUHHbIM PE30HAMOPOM: a) — CNekmpanbHblll KO3 UL LUeHmM NponyckaHus
duAbmpa c dAUHHBIM Pe30HAMOPOM U KOMNEHCUPYOLWUMU NPYXXUHAMU Maoll kecmkocmu; 6) — LWUPUHA NOAOCHI NPONYCcKaHus

Fig. 16a. Spectral transmittance of a long cavity FP filter with low stiffness compensating springs Fig. 16b. Bandwidth and center
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HanpsikeHHs. COOTBETCTBYIOIIHE CXeMBbI IIpeacTaB-
JIeHBl Ha pHC.17. IIpyU MAEHTUYHBIX OCHOBHBIX YCJIO-
BUSIX PaboTEl yaenbpHasi CIIOCOOHOCTh O6Hapy>KeHHU s
D* MU PO3/1eKTPUYECKUX JaTYUKOB B 060HX PeXKUMax
onyvHakoBa. TeM He MeHee, peXXHMM C yCHJIEHHEM
TOKa MMeeT HeKOTOphIe IIPeMMYIIeCTBa, II03TOMY /IS
JATUUKOB C IepecTpalBaeMbIM QUIBTPOM JAHHBIN
PeXKHUM SBJISETCSA IPeAIOYTHUTEeNbHBIM. AYX mocrta-
TOYHO IIJIOCKAas BIUIOTh 0 YaCTOTHI Cpe3a, KOoTopas
MOJKeT JIesKaTh B JHama3oHe oT 10 mo 1000 I [8].

B MHOTOKaHaJ/IbHBIX JATYHKAX [IOTOK U3JIy4YeHHS,
[IPOXOAAIIHI Yepe3 allepTypPHYIO AJHadparmy, pasme-
JIsIeTCS Ha [iBe HUJIK YeThlpe 4acTH. OOHAKO IIPOLIeCCh
pasfeneHHs] IydKa H3/ydeHHUS U CIeKTPaJIbHOHU
GUABTpalIMK [IPOUCXOAAT ONHOBpPeMeHHO. B maTym-
KaX C IepecTpauBaeMbIM QHIBTPOM CIIEKTPaJIbHAas
GUIbTpaLlsgd I[POUCXOOUT IIOC/AeNOBAaTe/NIbHO, TaK
KaK aHaJIM3y IOJBepraeTcs Bech IIOTOK HM3JIyUYeHHS,
IIPOXOISIIIHUI Yepe3 alepTypHYI0 Auadparmy. Y3Ko-
II0JIOCHBIe QMIIBTPEl B MHOTOKAHA/IbHBIX JaTYHKaX
Takke OCHOBaHBI Ha KOHCTPYKLUH Punbrpa Pabpu-
ITepo. B HMX TaKsKe HCIIOJIb3YeTCS Pe30HATOp C OTpa-
SKaTelIsIMU Ha OCHOBe YeTBepPTHBOMHOBBEIX (QWOT)
OH37eKTPUUYeCKHX CJIoeB. B oTnnuyMe OT IepecTpa-
uBaemoro ¢unsrpa Pabpu-Ilepo, Yy3KOIONIOCHEIE
GUIBTPBI MOTYT COAEPKaTh HECKOJbKO CBS3aHHBIX

i g

only the case, if the assembling of the planes
succeeds tension and warping free. Tensions in
lengthwise direction cannot be compensated by the
springs. They lead to a deformation of the spring in
vertical direction shown in fig. 13.

Alternatively stress compensation elements
can be integrated into the springs, which
is shown in figures 14a and 14b. The T-form
facilitates the reception of tensions in lengthwise
direction, as the small T side can be bended
crosswise. Advantages of this modification are
the simple and proven technology, a large freedom
of the design parameters and the high precision
of the fabricated springs. The dry etching makes
it possible to manufacture smaller dimensions
of the spring and also smaller trenches. Thus the
spring needs less space even with complicated
embodiment and more area can be used for the
electrostatic force generation. Combined with a
wet etching process for the adjustment of the
spring thickness, very precise spring mass
systems can be produced.

The results of the transmittance measurements
of the short and long cavity filters presented in
figures 15 and 16 confirm the optical design to

achieve a high transmittance and a low bandwidth.
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pesoHatopoB. TakuM o6pasom monydaeTcs 6onee
IPSIMOYI0/IbHAS XaPaKTePUCTHKA IPOIyCKAHHU S, YTO
B CBOIO ouepe/ib obecrieyrBaeT Ayylllee COIJIacOBaHHe
CO CIIeKTPaMH IIOIJIOIIEeHHSI OTJe/IbHBIX Ia30B.
MHorokaHaIbHble IMPO3IeKTPHUUeCKHe JaTUHUKHU
Nydile MOAXOAAT JJIsl aHadM3a CMecer M3 HeCKOJb-
KMX H3BeCTHBIX a30B. TUNHMYHBIMU NpPHMePaMHU
YCIIeIIHOT0 IpUMeHeHMs TaKHUX [JAaTUYHMKOB SBJIS-
I0TCS MOHUTOPBI aHECTeTUYECKHX Ia30B U alllapaThl
I HCCIeJoBaHMUA QYHKLHHU JIerKHUX. JaTyuKH
C mepecTpauBaeMbIM OHIBTPOM o0b6ecreuyHBaIOT
6oree BBICOKME YPOBeHb 3KCILIyaTal[MHOHHOM TH6-
KOCTH Ta30aHa/aM3aToOpa M II03BOJSIOT IPOBOAUTD
aHa/IM3 CJAOKHBIX Ta30BBIX CMeCeH CO CMEeXHBIMU

CpaBHeHMe MHOrOKaHa/bHbIX M MepecTpanBaemMbIx AaT-
4YMKOB
Comparison of multiand tunable colour detectors

MHOroKkaHa/b- MepecTpavBae-
MapameTpbl CXeMbl HbI aTYMK MbIW JaTYUK
Specification Multi colour Tunable colour
detector detector
[MepecTpanBa-
OCHOBHOW 3ne- eMbI PUNBLTP
Jenntenb nyyka
MEeHT Beam splitter ®abpu-Mepo
Principal P Tunable Fabry-
perot Filter
[MocnepoBaTenb-
PunbTpaums OpHoBpeMeHHas Has
Filtering Parallel ;
Serial
YacTb noToka
N3y4eHns o
%
Ha KaHan ZZSSM;MS%(;" 100%
Radiation flux per °
channel
OJHOpPe30HaTop- Ol el
o HbI C peryaunpye-
HbI UV MHOT O~ _
dunbTp Z MbIM BO3AYLUHbIN
. pe30oHaTOpHbLIN
Filter ; . 3a30pom
Single and multi- . .
. Single tunable air
cavity .
cavity
CneKkTpanbHbIN 43-30/50-
AnanasoH 3-25MKM / um
3,7 MKM / pm
Spectral range
Pexxnm c ycune- Na Na
HMeM ToKa Ves Ves
Current mode
Pexxum nne-
eXXuM cycune Na Na
HUEM HanpsXKeHns
Yes Yes
Voltage mode
TemnepaTtypHas
KomMmneHcauus Het Aa
Thermal No Yes
Compensation
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KO8 C ycuAeHuem HanpskeHus U moka

Fig. 17: Schematic circuit of voltage and current mode of
pyroelectric detectors

The typical bandwidths FWHM of the long cavity
and short cavity filters are 100+20 nm and 80+20 nm
respectively. The voltage dependence of the filter’s
CWL features the typical square root function of an
electrostatic actuator. The decreasing transmittance
during tuning is a result of the moveable reflectors
tilting, which is induced from spring stiffness and
electrode area inhomogeneities. The spring design
with compensation elements results in maximum
driving voltages 27 V to provide a tuning range of
about 1300 nm.

COMPARISON OF MULTI-COLOR AND
TUNABLE COLOR DETECTORS

Both detectors can be used in current mode as
well as in voltage mode. The respective circuitries
are shown in fig. 17. The specific detectivity D* of
pyroelectric detectors is equal in both modes for
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HJIM TIepeKPBIBAIOIMMUCS CIIeKTPAMHU IOIJIONeHHU .
IIpy UCHBITAHUAX OATYUKOB OBIIM YCIIEIIHO H3Me-
PeHbI KOHLIEHTPAIIUM OTHEeIbHBIX I'a30B, TAKHUX KaK
IIaphl 5TAHOJIA M YIVIEKHC/IOIo Ta3a, U IIPOBe/leH aHa-
713 Ta30BOM CMeCH, ColepsKaller MeTaH, MpOIaH
M aHecTe3Upyollde rasel. Jlajee IIpuBejeHa CBOJI-
Has Tabnuna CpaBHEHMsS MHOTOKAHAJIBHBIX U Iepe-
CTpPanBaeMbIX JATUHKOB.

JINTEPATYPA

1. MolExplorer 3.6, Copyright 2006 PASTECH GmbH

2. Staab]. Industrielle Gasanalyse. - Oldenbourg,
Miinchen und Wien, 1994.

3. Macleod H.A. Thin-Film optical filters. - IoP,
Bristol and Philadelphia, 2001.

4. Kurth S., Hiller K., Neumann N., Heinze M.,
W.Dotzel, GefRner T. A tunable Fabry-Perot-
Interferometer for 3-5 pm wavelength with bulk
micromachined reflector carrier. - Proc. SPIE,
2003, v. 4983, 215-226.

5. Neumann N., Hiller K., Kurth S. Micromachined
Mid-Infrared Tunable Fabry-Perot Filter. - Proc.
13th Int.Conf. on Solid-State Sensors, Actuators
and Microsystems, 2005, 1010-1013 Seoul, Korea,
June.

6. Stockwell W.H. Coating design using very thin
high- and low-index layers. - Appl. Optics, 1985,
24 (4), 457-460.

7. Neumann N., Ebermann M., Hiller K., Kurth S.
Tunable infrared detector with integrated
micromachined Fabry-Perot filter. - Proc. SPIE,
2007, v. 6466, 6466006, p. 1-12.

8. Neumann N., Stegbauer H. -J., Sinze H.,
Giirtner M., Schneider F. Application of fast
response dual-colour pyroelectric detectors
with integrated op amp in a low power NDIR
gas monitor. - Proc. 8th Int. Conf. for Infrared
Sensors and systems, 2004, IRS2, 183-188,
Nuremberg, Germany, May.

i g

identical basic conditions. Even so, the current mode
has some advantages, with the result, that this
is the preferred mode in tunable colour detectors.
Because of the considerably lower electrical time
constant the responsivity above the thermal time
constant is some orders of magnitude higher. The
amplitude characteristic is very flat up to the
electric corner frequency, which can be in the range
of 10... 1000 Hz /8/.

Multi-colour detectors separate the beam
entering through the aperture stop in two or four
parts, which halves or quarters the total radiation
flux. However, the beam splitting and spectral
filtering are carried out at the same time. For the
tunable-colour detector the spectral filtering is a
sequential process, where the whole radiation flux
which is entering the aperture stop is available. The
near band pass filters of the multi-colour detectors
are also based on the design principle of a Fabry-
Perot filter and use dielectric QWOT layers for
reflectors and resonator-cavity. In contrast to the
tunable

Fabry-Perot filter the NBP’s can have multiple
coupled cavities. Thus a more rectangular
transmission curve is reached, which results in a
higher effective transmission of the filters and a
better adjustment with the gas absorption band..

The multi-colour detector should be preferably
used for theanalysis of gasmixtureswith few, known
gases. Typical examples for a successful application
are anaesthetic gas monitors and the pulmonary
function testing. Tunable-colour detectors allow a
more flexible operation of the analyser enabling the
detection of adjoining or overlapping absorption
bands. So far the measurement of single gases like
ethanol and carbon dioxide as well as gas mixtures
of methane, propane and anaesthetic gases have
been tested. In table 1 multi - and tunable-colour
detectors are summarized.
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