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BEAEHUE

C MOMeHTa CBOEro BO3HMKHOBEHHMS PBIHOK HHOpa-
KpacHoH (UK) TeIVIOBU3MOHHOM TeXHUKHU POC IIPEKIe
BCEro K3-3a CBOHUX BOEHHBIX IPHIOKeHUH. CeromHs
BOEHHBII CeKTOPp II0o-IIpeskHeMy obeclieurBaeT PhIHKY
HeKOTOPBIM POCT, HO IapafjyurMa ero Pa3BUTHS H3Me-
HuIack. Teriepb OCHOBHOM POCT PBIHKY 0becIiednBaroT
CeKTopa TIPKOAHCKOM M MeIHIIMHCKOHM TepMorpa-
duH, OXpPAaHHOIO M IOKAPHOIO HAbIIONEHHUs, IIepCo-
HaJIbHBI€ CHCTeMBl HOYHOIO BHEHHS MU JIOKAJIbHBIE
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The review deals with infrared detectors of
thermal imaging technology. The devices are
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INTRODUCTION

Since its inception, the market for infrared (IR)
thermal imaging equipment has grown, primarily,
due to its military applications. Today, the military
sector still provides some growth for the market,
but its development paradigm has changed. Now
the main growth in the market is provided by the
sectors of civil and medical thermography, security
and fire surveillance, personal night vision sys-
tems and local security niches (municipal, private,
etc.). The devices using thermal imagers make it
possible to detect in conditions of poor visibility, to
detect people with high temperature in the crowd
(Fig. 1 11, 2I.
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HUIKU 6e30macHOCTH (MYHHLIMIIQJIbHbIE, YaCTHBIE
U IIp.). YCTPOMCTBA C KCII0JIb30BaHHEM TeIUIOBH30POB
II03BOJISIIOT OCYIIECTB/ISTh HabONIOfieHHe B YC/IOBHSX
IIOXOM BHUJIMMOCTH, OOHApPYKHBAaTh JIIOHEH C IIOBBI-
IIeHHOM TeMIIepaTypoH B Toiurle (puc. 1) (1, 2].

I[Io «momaHAeMHYECKOMY» IIPOTHO3Y QUPMEL
Maxtech International (CIIA) U ceromHSIIHUM OLleH-
KaM aBTOPOB, PBIHOK HK-cucreM (IpasKmaHCKUX
Y BOEHHBIX), CocTaBUB 10,5 MJIpA fo/u1apos B 2017 roay,
B 2025 romy MOMKET OOCTUIHYTh 20 MIIPJI OOJIApPOB.
HM3-3a maHZeMHUM IporHo3sl Maxtech International
OBLIH ITepecYUTaHbl HAMU B CTOPOHY yBeTHYeHHUS /15
CpefHEeCpOYHOM IIepCcleKTHBBl. Kak HaMm MpencTaB-
nseTcsl, CIaj B JAHHOM CeKTope, eC/IU U IIPOHU30HIET,
OyZeT KpaTKOCPOYHBIM (PHC. 2).

KNACCUPUKALNA

MHO®PAKPACHbIX AETEKTOPOB
TemnoBU3HOHHBIE MPHUOOPHI MOKHO Pas3lelnuTb Ha
IBe yacTu: bolee U MeHee YyBCTBUTe/lIbHbIE. B 6osee
YYBCTBUTE/IBHBIX IIPHUOOpPaxX MCIONB3YIOT (OTOH-
Hble [eTeKTOphl (OXJakJaeMble M HeoxJIaXKOaeMble),
B MeHee YyBCTBUTEJIbHBIX — TEIlJIOBbIE (Heoxna>1<,uae-
Mble) IeTeKTOpbl (MHUKpobosoMeTprl). B maHHOM CTa-
The OYyIyT PacCCMOTPEHBI TOIBKO HEKOTOPble CBOKCTBA
1 XapaKTePUCTHUKU IIHMPOKO IIPUMeHSeMbIX B HACTOSI-
Ilee BpeMsl IeTeKTOPOB, a TaKKe BO3MOKHBIE ITepCIIeK-
THBbl Pa3BUTHSI PbIHKA MX HCIIONb30BaHHUS B CBSI3U
C IIOCTIIAH/AeMHUYeCKOH CUTyallueH.

HHpaKpacHble KaMepsl BOCCO3AAI0T 06pa3 Teroro
obpeKkTa II0 CUTHalaM OT IEepPBHUYHBIX IeTeKTOPOB
TEeIUIOBOTO M31ydeHHUsl. MHPpaKpacHasi SHEprus OT
00BEKTOB CIleHBl GOKYCHPYeTCS ONTHYECKOH CHCTe-
Mou Ha MK-metekTop. MHPopMaLus OT Hero mepeza-
eTCsl Ha 37IeKTPOHHYIO CHcTeMy 06paboTKu H306paske-
HMSI, KOTOpOe 3aTeM TPAaHCIHUPYeTCsl Ha CTaHAAPTHBIN
BHUJ€09KpaH. B mo0bom [eTeKTope IIOIJIOIIEHHOE
3/IeKTPOMarHUTHOe H3/lydeHHe IPUBOAUT K BO3-
HHUKHOBEHHIO MM H3MEHEHHIO 3/IeKTPHUUeCKOro CHI-
Hasa [1, 2]. To moroIeHHOe H3ly4YeHHe Bo3bykmaeT
WU HarpeBaeT JIeKTPOHHYIO H/IK PelleTOYHYI0 I10f-
CUCTeMBI IeTeKTOPOB, UYTO IIPUBOAUT K U3MEHEHUSIM
X QU3UYeCKUX CBOMCTB WM H3MEHEHHSIM B pac-
Ipefie/IeHUH 3JIeKTPOHOB I10 3HeprusiMm. Kak pesynis-
TaT H3MEHSIeTCS [BM)KeHHEe 3apsUKeHHBIX HOCHTe-
nen. Takue HU3MeHEeHHUs BIEKYT 3a COO0I M3MeHeHHe
dU3MYeCKUX TapaMeTPOB HPUEeMHHKOB, UTO QUKCH-
pyeT JeTeKTop.

B ¢oToHHBIX HeTekTOopax (a 3TO0 B OCHOBHOM
[IOJIyIIPOBOJHUKOBBIE  JETEeKTOPBI) M3JIyueHHe
IIOT/IOLAeTCSl HeIOCPeJCTBEHHO YYBCTBUTEIbHBIM
K JAHHOM [JIMHe BOJIHBI M3JIy4eHHs MaTepHaJIOM.
MexaHH3M B3aUMOJEHCTBHS H3JIyueHHUs C 3JIeKTPO-
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Fig. 1. Areas of use of thermal imaging (source: Yole
Development)

According to the “pre-pandemic” forecast of Max-
tech International (USA) and today’s estimates of the
authors, the market for infrared systems (civil and
military) amounted to 10.5 billion dollars in 2017, and
could reach 20 billion dollars by 2025. Due to the pan-
demic, we have restated the Maxtech International’s
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Fig. 2. Infrared systems market forecast until 2025 (source:
Maxtech International, authors’ estimate)
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Fig. 3. Photonic mechanisms of excitation of the electron subsystem in photonic detectors: 1~ intrinsic excitation, 2 — impurity
excitation, 3 — absorption by free carriers, 4 - excitation in Schottky diodes, 5 - excitation in quantum wells

HaM{ MaTepHaJIOB eTeKTOpa CXeMaTH4YHO K306pa-
KeH Ha PHC. 3. YCIOBHO pasfelHM 3/eKTPOHBEl Ha
Te, KOTOPble CBSI3aHBI C ATOMAaMHK KPHUCTA/UTHYeCKOH
pelreTky (HaXoAsIIHecs B BAJIEHTHOM 30He - 3TO
«cobCTBEHHBIE» [IeTeKTOPbI), Ha CBsI3aHHBIE C aTo-
MaMH IpUMeceHr (3TO «HecOOCTBeHHbIe» HIH IIpHU-
MeCHBIe JeTeKTOPBI) U CBOOOIHBIE HOCUTENH (IeTeK-
TOPbl Ha CBOOOLHBIX HOCUTENAX), HAXOASIIHECS
BHYTPH BaJIEHTHOM 30HBI HUJIK 30HBI IIPOBOAHUMOCTH,
1 TakKe Te, KOTOpble B MeTaJl/le Haxo4saTcsl BOIMH3HU
FPaHULBl METAJUI-TIONYIIPOBOAHUK. Ha HM3MeHeHUH
IOJBMKHOCTH IOCIeJHHUX 6asvpyeTcss NPUHIUII
paboTsl  PoTO3MHUCCHOHHBIX IIIOTTKH-ETEKTOPOB
(SBD - Schottki Barrier Diode mertektopsl). To ecTh
GOTOHHBIE IeTeKTOPBI pearupyloT TOJIbKO Ha GOTOHHI,
SHEeprusi KOTOPBHIX IIpeBbIIIaeT HEKOTOphble IIOPOro-
Bble 3HAaUeHHSs, HallpUMep LIMPHUHY 3alpelleHHOM
30HBI ITO/IyIIPOBOAHUKA (¢COOCTBEHHBIE» NeTeKTOPBI),
3HEPTHIO IIepexo/l0B B KBAHTOBHIX siMax (KS), KBaH-
ToBBIX TouKax (KT) u cepxpemieTkax (CP), BBICOTY
bapsepa qv, B AeTeKTOpax Ha OCHOBe AuomoB IIoT-
TKU. Ko/lnuecTBO HOCHTeNeH 3apsifia, FeHepHUpye-
MBIX B QOTOHHOM JeTeKTOpe 3a CYeT IIOIJIONeHMSs
MaJaloIlero M3aydeHHs], MOXKeT H3MepSThCsl HeIlo-
CPeACTBEHHO B BHJe CHUTHala HAIpsSDKeHUS HIIH
TOKa. OTK/IMK KBaJPAaTUYHBIX POTOHHBIX IeTEKTOPOB
[IPOIIOPLIMOHANIEH YHC/IY IIOIVIOMeHHBIX (OTOHOB
(morsomieHHasi MHTEHCHBHOCTh IPOIOPLMOHAIbHA
KBaJpaTy aMIUIMTY[bl HaIPS’KeHHOCTH 3JeKTpHue-
CKOTO II0JIS).

[IpuHLMI PaboTHl TEIJIOBBIX [AEeTeKTOPOB OCHO-
BaH Ha M3MeHEeHHUH 3IeKTPHYECKHX XapPaKTePHUCTHUK

236 POTOHMKA TOM 14 Ne 32020

forecasts upwardly for the medium term. It seems to
us that the recession in this sector will be short-term,
even if it happens. (Fig. 2).

CLASSIFICATION

OF INFRARED DETECTORS

Thermal imaging devices can be classified into two
groups: more and less sensitive. Photonic detectors
(cooled and uncooled) are used in the devices that are
more sensitive; thermal (uncooled) detectors (microbo-
lometers) are used in the devices that are less sensitive.
In this article, we consider only some properties and
characteristics of the currently widely used detectors,
as well as possible prospects for the development of
the market for their use in connection with the post-
pandemic situation.

The infrared cameras recreate the image of a warm
object using signals from primary thermal radia-
tion detectors. Infrared energy from scene objects is
focused by the optical system onto an IR detector. It
transmits information to an electronic image process-
ing system, which then transmits it to a standard
video screen. In any detector, the absorbed electro-
magnetic radiation leads to the appearance or change
of an electrical signal [1, 2]. This absorbed radiation
excites or heats the electronic or lattice subsystems
of the detectors, which leads to changes in their
physical properties or changes in the electron energy
distribution. As a result, the movement of charged
carriers changes. Such changes entail a change in the
physical parameters of the detectors, which fixes the
detector.
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IIpHeMHHKA 3a CYeT SHepryuu IIOIJIOLIeHHOIO TeIllo-
BOro usnydeHusd. I[lajarolllee M3jlyuyeHHe HarpeBaeT
MaTepHaJl, YTO HPUBOAUT K HU3MEHEHHIO 3JIeKTPOH-
HOM IOABUKHOCTH U COOTBETCTBEHHO K M3MeHEeHHIO
COIIPOTHBIEeHHUA. [IpAMOro B3aHMMOOENCTBUS (OTO-
HOB C 3JIeKTPOHAMH MaTepHaja B JAHHOM CJly4yae
Hert [1, 2].

IToutn [po KoHIla 20-r0 BeKa pa3BUTHEe
HUK-TexHO/IOTUuM OIlpenessiyioch JOMHHHUPYIOIIHUM
BKJIaJOM GOTOHHBIX HeTeKTOpoB. CyllecTBeHHBIM
HemoctaTkoM HMK-QOTOHHBIX [OeTEeKTOPOB  SIBJISI-
eTcsi HeobXOOHUMOCTh KPHUOTEHHOIO OXJIaskKIeHHUS.
9TO BHI3BaHO TpeboBaHHEM IIPeLOTBPATUTH TEILIO-
BYIO TeHepallMIo HocuTened 3apsaa. OHa SBASeTCs
MCTOYHHMKOM IIYMOB, OrPaHHMYHBAIOIIKUX IIapaMe-
Tpbl IIPUEeMHHKOB H3Jy4eHUs. BTopas peBOJIOLIUSA
B UK-BUOeHMH Hayajach B IIOC/IeHHUE eCITUIEeTUS
20-ro Bexka. Ha mpoTssKeHHH Ieproja ¢ KoHIa 1970-x -
Hadasa 1990-x rogoB HeCKOJIbKO KOMIIAHUI IIPHCTY-
IIMJIM K BBIIIYCKY HeOXJIaXKAAeMBIX TeIlJIOBBIX [eTeK-
TOpPOB, pabOoTaOIIMX Ha PA3THYHBIX IIPHUHIIMIIAX
obHapyskKeHHUs TeIUIOBBIX ITOTOKOB (MK-m3ny4deHuUs).
TakoM TeXHOJOIMYeCKOM IIPOPBHIB II03BOJMHJ CO3[a-
BaTb KPyIHOPOpPMAaTHble MAaCCHBBI (MaTpPHLBI) IIPU-
eMHHKOB MK-U31ydeHuUs.

ITo cpaBHeHHIO C QOTOHHBIMHU [JEeTeKTOPAMH TeILI0-
BbIe IeTeKTOPEl BO BTOPOM IT07I0BHHE XX BeKa IpHUMe-
HSUIMCh B MeHBIIIeH CTelleHU. [IpUYKHA 3aKI049anach
B TOM, YTO OHU PabOTaTH OTHOCHUTENIBHO MeIJIEeHHO
(BpeMH oTBeTa 1>5-102 ¢), U HUX YyBCTBHUTE/IbHOCTD
Op1a HuKe. Ho Iepexol K BBIIIYCKY YYBCTBHUTENb-
HBIX [IHKCEJI0B MEHBIIHX pa3sMepoB II03BOJIMJI 3Ha-
YUTEbHO COKPAaTUTh BpeMs OTKIMKa. Ha ceromus
TeIIOBAasl KOHCTAaHTa BPeMeHH T MOMKeT COCTaBJIATH
oKkoj10 ~20 Mc M MeHee. HauwumHasg ¢ KoHIa 1970-x
Ha PbIHKe OTMeuaeTCsl 3HAUWTeNbHBIN CABUT, CBS-
3aHHBIM C IIPOTPeccoM B YBeIHYeHHH KOIHYecTBa
3JIeMeHTOB B JIMHEMHBIX M MaTPHUYHBIX OETeKTO-
pax. OTo fAenaso MX BBIIYCK ropasmo bosee 3KOHO-
MHYeCKH 3QPeKTHUBHBIM B IIepByI0 odepenp brmaro-
Iapsi MpPHMEHEHHI0O KPeMHHEBBIX HHTerpPaJbHBIX
CXeM CYHUTBIBaHHS M 06paboTku HHPOpMALUU
(Read out Integrated Circuits - ROICs). HHTerpa-
LM TaKUX CXeM C pasHbBIMH THIIAMH [eTeKTOPOB
II03BOJIMJIA CO3[aBaTh MaTpHUUHBIe QOTOIPHEMHEIE
ycrporictBa (MOIIY). B MK-matpunax OIIY Hacuu-
ThIBaeTCs 10 108 MK-1eTeKTOpPOB, YTO COOTBETCTBYET
YHC/IY YYBCTBUTE/IbHBIX PELIEIITOPOB B YeI0BeYEeCKOM
riaasy (~2-108).

Hauwmnasg ¢ 2000-x romoB MHUKpPOOOIOMETPHI yke
npeobsafany Ha peIHKE AeTeKTOPOB ISl HeOXJIasKaa-
eMBIX W OTHOCHTeNbHO Hepmoporux MOIIY. K ceron-
HAIIHEMY [OHIO YMCI0 H3COTaBIHMBAEMBIX MAaTPHI]
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In photon detectors (which are mainly semiconduc-
tor detectors), the radiation is absorbed directly by the
material sensitive to a given radiation wavelength.
The mechanism of the interaction of radiation with
the electrons of the detector materials is schematically
shown in Fig. 3. Conventionally, we divide electrons
into those associated with the atoms of the crystal
lattice (located in the valence band, the “intrinsic”
detectors), those associated with impurity atoms (the
“extrinsic” or impurity detectors) and free carriers
(free-carriers detectors) located inside the valence or
conduction bands, and also those in the metal located
near the metal-semiconductor interface. The prin-
ciple of operation of photoemissive Schottky detectors
(SBD - Schottky Barrier Diode detectors) is based on a
change in the mobility of the latter. That is, photon
detectors react only to photons whose energy exceeds
certain threshold values, e.g., the semiconductor
band gap (“intrinsic” detectors), the transition energy
in quantum wells (QWs), quantum dots (QDs), and
superlattices (SL), barrier height qv,in detectors based
on Schottky diodes. The number of charge carriers
generated in a photon detector due to the absorption
of incident radiation can be measured directly in
the form of a voltage or current signal. The response
of quadratic photon detectors is proportional to the
number of absorbed photons (absorbed intensity is
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Fig. 4. Dynamics and forecast of the development of photo-
detectors (source: Yole Developmentl, authors’ estimate)
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Tabnnua 1. CpaBHeHMe CyLLEeCTBYOWNX 4eTEKTOPOB A5 AJMHHOBONHOBOIO MK n3nyyeHns

CreneHb BoeHHble [prmepbl NpUMeHeHUs OrpaHunyeHns lMpenmyLiecTsa
roToB- cucTeMbl
HOCTH
(0-10)
bonomeTpbl | 9 MpeanoyTn- Opy>KerHble NpuLenbl, O4KK Hu3kas yyBCcTBUTE/b- Hu3kas CTOUMOCTb U He
TeJibHbl 415 HOYHOr O BUAEHMS, CAMOHa- HOCTb W OrpaHn4yeHns TpebyeTcs akTUBHOE
NpUMEHeHnN, BOASILLMECS PAKeTbI, AATYUKMN Mo CKOPOCTW pearupo- | oxnaxgeHue. cnonb-
TpebytoLwmx Heb0bLMX 6eCnUIOTHBIX BaHUS 3yeTcs cTaHAapTHoe
CpefHUX Un JietaTte/ibHbIX annapaTos, aBTo- TexHonornyeckoe
HEeBbICOKUX HOMHbIE CEHCOPbl HA3EMHOTO obopynoBaHue 4ns npo-
napameTpos 6asnposaHua M3BOACTBA Si4MnoB
InSb 9 Mpeano4yTn- CamoHaBoASAWMeCs pakeThl, BO3MOXHOCTbL NpuMe-  Bn3KuMe K TeopeTuye-
TeJibHbI 415 3axBaT uenewn, na1atPopmbl KOC- HEHUS TOIbKO B CneK- CKMM XapaKTepucTUKK.
NpUMEHeHNN, MMYeCcKoro 6a3nMpoBaHns aAns TpanbHoOW o6nacTun OcCTaHeTCcs OCHOBHbLIM
Tpebyowmx 30HANPOBAHMSA 3eMHOM NOBEPX- | 3=5 MKM MaTepmanom B 6amxan-
BbICOKMX NMapa- = HOCTW wue 10-15 ner
MeTpoB
HgCdTe 9 MpegnoyTun- PakeTHbIN NepexBaT, Ha3eMHoe YyBCTBUTENBHOCTb banskue K TeopeTuye-
TeNbHbl AN M BO3AYLIHOE BUAEHWNE, perun- 3QPeKTMBHOCTH CKUM XapaKTepucTuKu.
NpUMEHeHWNN, CTpUpYHOLWWIA CNEKTPOMETP, K Bapuaumsm npons- OcTaHeTCcs1 OCHOBHbIM
TpebyoLwmx rmnepcrnekTpasbHOCTb, CAMO- BoACTBa. CNOXHOCTU MaTepnanom B 6amxan-
BLICOKMX NMapa- = HaBOAsLWMeCs pakeTbl, 3axsaT CNpYMeHeHnem wne 10-15 ner
MeTpOoB uenen, nnatGopmbl KOCMUYe- B CMeKTpasibHon obna-
CKOro 6a3nMpoBaHns AN5 30HAN- CTU >14 MKM
pOBaHWS 3eMHOM NOBEPXHOCTU
Il TMn CP” 2-3 Nccneposanua B HacTodlee Bpems paspaba- TpebytoTcs 3HaYM- TeopeTnyeckm ny4dule,
1 pa3paboTku TbIBAIOTCA B YHUBEpPCUTETAX Te/bHble NHBECTULINN yem KPT npu A > 14 MKM.
U TECTUPYIOTCS B UHAYCTPU- >100 M/1H 8,0/1/12p0OB BO3MOXHOCTb NCMOJIb-
aNbHbIX UCC/Ief0BaTENbCKUX 1 GyHAAMEHTA/IbHbIE 30BaHMS KOMMEPYECKMX
LleHTpax ncciefoBaHms HOBbIX 111-V TexHONornm n3ro-
MaTtepunasnos TOBNEHUS
QWIP™ 8 Kommepye- Mcnonb3yoTcs B HEKOTOPbIX Y3Kkas cnekTpanbHas Hu3Kas cToMMOCTb.
ckoe BOEHHbIX M FPaXXAaHCKUX Npu- 061acTb U HU3Kan BO3MOXHOCTb MCMO/b-
JIOXKEeHNAX YYBCTBUTENILHOCTb 30BaHMSA KOMMEpYeCKMx
NPOM3BOACTBEHHbLIX
npoueccos. OgHopoA-
HbIV MaTepuan
QDIP/ 1-2 NccnepoBaHua | PaHHMe 3Tambl pa3paboTok Y3Kkas cnektTpasibHas HenoctatoyHo AaHHbIX
QDWIP™ 1 pa3paboTku B YHMBepcUTeTax 061acTb M HMU3KAA YyB- = A9 XapaKTepu3aum
CTBUW- TeNIbHOCTb M MpenMyLLLecTs MaTe-
puana

*  CP- cBepxpelIeTka.

*k

sokok

TEIIJIOBBIX JeTeKTOPOB B HECKOJIbKO pa3 bonblie, YeM
HNK-maTpull BCeX OCTajbHble THIIOB, BMECTe B3AThIX.
9Ta CUTyalusl COXPAHUTCS U B JaJbHeHIIeM (puc. 4).
CtoumocTs MO®IIY Ha o0OCHOBe HeOoXJIaskAaeMbIX
60JI0MeTPOB IIPH IIPOMBIIIJIEHHOM IIPOU3BOJCTBE
Ha [OBa MOPSAKA HUXKe, YeM CTOMMOCTbL (POTOHHBIX
MaTpHull (3, 4]. MO>XKHO CPaBHHUTb CTelleHb TeXHOJIOTH-
4eCKol roToBHOCTH PITY A1 BHeApeHUS B IPOMBIII-
JIEHHOCTb I10 YCJIOBHOM IIKaae GOTOIIPHEeMHHKOB Pas-
JTUYHOTO THUIIA, UCIIONB3Ys Tabi. 1 [4].
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QWIP - UK-$oTonprueMHUK C KBAHTOBEIMH siMaMu (QWIP - quantum well IR photodetector),

QDIP - UK-poTOnpreMHHK C KBAHTOBBIMHU TouKaMH (QDIP - quantum dot IR photodetector).

proportional to the square of the amplitude of the
electric field).

The principle of operation of thermal detectors is
based on a change in the electrical characteristics of
the detector due to the energy of absorbed thermal
radiation. The incident radiation heats the material,
which leads to electronic mobility and, accordingly, to
a change in resistance. In this case, there is no direct
interaction of photons with the electrons of the mate-

rial [1, 2].



Table 1. Comparison of existing detectors for long-wave infrared radiation

Readiness

level
(0to10)

Military
systems

Application examples
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Limitations

g

Advantages

Bolometers 9 Preferred for Gun sights, nightvision goggles, | Low sensitivity and Low costand no active
applications homing missiles, sensors of speed limits cooling required. Uses
requiring small unmanned aerial vehicles, standard processing
mediumorlow | autonomous ground-based equipment for the
parameters sensors production of Si chips

InSb 9 Preferred for Self-guided missiles, target Ability touseonlyin | The characteristics are
applications acquisition, space-based the spectral region close to theoretical.
requiring high platforms for sensing the earth’s  of 3—5 microns Will remain the main
parameters surface material in the next

10-15 years

HgCdTe 9 Preferred for Missile interception, ground Sensitivity of The characteristics are
applications and aerial vision, recording efficiency to close to theoretical.
requiring high spectrometer, hyperspectrality, variationsin Will remain the main
parameters homing missiles, target production. Spectral = material in the next

acquisition, space-based difficulties >14 10-15vyears
platforms for sensing the earth’s | microns
surface
SLtypell” 2-3 Research and Currently being developed Significant Theoretically better
development at universities and tested in investmentrequired = than MCT atA>14
industrial research centers >100 million USD microns. Possibility
and fundamental of using commercial
research of new I1I-V manufacturing
materials technologies
QWIP™ 8 Commercial Used in some military and Narrow spectral Low cost. Possibility
civilian applications. region and low of using commercial
sensitivity production processes.
Homogeneous material

QDIP/ 1-2 Research and Early university developments Narrow spectral Insufficient data to

QDWIP™ development range and low characterize material

sensitivity benefits

SL - superlattice.

QWIP - quantum well IR photodetector.

"

QDIP - quantum dot IR photodetector.

®POTOHHbIE OXJTAXAAEMDbIE AETEKTOPDI
TunuyHasg KOHCTPYKUHS GOTOHHOTO OX/IaKAaeMOro
IoeTeKTOopa IIpelCTaBlIeHa Ha pHC. 5. [MOpPUAHBIN
doTonmpreMHBIN Yy3eJ, BKIKYAOMHUKA MaTpPUIY
GOTOUYBCTBUTE/NBHBIX 3JIEMEHTOB, COCTHIKOBaH-
HYI0O C KpeMHHEBOHM HHTEerPaJlbHOM CXeMOH CYM-
TBHIBAHHS, CMOHTHDOBAH B BaKyyMHBIHM KOPIIYC.
OxnaxpeHne MOIIY obecriedmBaeTCss MHKPOKPHO-
reHHOHN cucTeMom oxnaxknaeHus (MKC), uHTerpupo-
BaHHOM c KoprycoM M®IIY u paboTalomes 1o UKIy
CTHUpJ/IKHTIA.

OcHoBy M®IIY COCTaBIAIOT I10JIYIIPOBOJHHUKOBLIE
$OTOUYBCTBUTE/NIbHBIE MaTepuanabl. MX cocTaB pas-
JHUYaeTcsl B 3aBHCHMOCTH OT Tpebyemoro amama-
30Ha CIIeKTPajJbHOM YyBCTBHUTEJIbHOCTH. TpomHOe

Almost until the end of the 20th century, the devel-
opment of IR technologies was determined by the
dominant contribution of photon detectors. A signifi-
cant disadvantage of IR photon detectors is the need
for cryogenic cooling. This is due to the requirement to
prevent thermal generation of charge carriers. It is a
source of noise that limits the parameters of radiation
detectors. The second revolution in infrared vision
began in the last decades of the 20th century. Over the
period from the late 1970s - early 1990s, several com-
panies began to produce uncooled heat detectors oper-
ating on various principles of detecting heat fluxes
(IR radiation). Such a technological breakthrough
made it possible to create large-format arrays of infra-
red radiation detectors.
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IIOJIyIIPOBOAHMKOBOE COefHHEeHHEe KaAMHUH-PTYTh-
tenyp (HgCdTe) mpuMeHsieTcs IJisl CIIEKTPaIbHBIX
Juamna3oHoB 1-2,5 MKM; 3-5 MKM; 8-14 MKM. [IBOM-
HOe IIOJIYyIIPOBOSHHMKOBOE COeAUHEHHEe aHTHMO-
Hug ueaus (InSb) - oyis ceKTpanapHOTO AHAIa3oHa
3-5 MKM. TporHOe [TONYIIPOBOAHHKOBOE COeJUHEHH e
UHIUN-TaIun-apceHus, (InGaAs) - O CIeKTPalb-
Horo auamnasoHa 0,4-2,3 MKM, CTPYKTYPbI C KBAHTO-
BBIMU ssmamu (QWIP) - mis CIIeKTPa/IbHBIX JHAIla30-
HOB 3-5 MKM; 8-14 MKM.

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
m ONTO3/IEKTPOHHBIE MPUBEOPbI M YCTPOVCTBA I
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Compared with photon detectors, thermal detec-
tors in the second half of the twentieth century were
used to a lesser extent. The reason was that they
worked relatively slowly (response time t>5-107 s),
and their sensitivity was lower. However, the transi-
tion to the release of sensitive pixels of smaller sizes
has significantly reduced response time. Today, the
thermal time constant t can be about ~20 ms or less.
Since the late 1970s, a significant shift has been
noted in the market due to progress in increasing

the number of elements in lin-
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ear and array detectors. This made
their release much more cost-
effective, primarily due to the use
of silicon read-out integrated cir-
cuits (ROICs). Integration of such
circuits with different types of
detectors allowed creating array
photodetectors (APDs). There are
up to 108 IR detectors in the APD
IR-arrays, which corresponds to
the number of sensitive receptors
in the human eye (~2-108).

Since the 2000s, microbolom-
eters have already dominated the
market for detectors for uncooled
and relatively inexpensive APDs.
To date, the number of produced
arrays of thermal detectors is

IOuadparma

MaTpUYHBIHA
doTonpreMHUK

PacTp KOHTaKTHBIN
PacIIOpHBIH y3e

VY3en
ra30IIOTJIOTUTENS

KOHTaKTHI
BBOZA-BBIBOZA

Cxema CYUTBIBAHUSI

Q@oTonpreMHas MaTpULia

TIpenyCcUIUTEND
Peny Cxema CYUTBIBAHUSI

CHUTHalla

o)

mbim MOMY; ¢) cxema MY co cxemoll cHUMbIBAHUS

design with reading circuit

l\ VHOHeBBIHA

cToinb

Puc. 5. KoHcmpykuus $pomoHH020 oxAaxdaemozo demekmopa: a) o6uuli 8ud
2Uu6pudHo20 pomonpuemHozo y3aa c MKC; b) KoHcmpyKuus modyas ¢ oxaaxdae-

Fig. 5. Design of a cooled photon detector: a) general view of the hybrid photo-
detector assembly with the MCS; b) module design with a cooled ADP; c) ADP

several times larger than the
IR-arrays of all other types taken
together. This situation will con-
tinue in the future (Fig. 4). The
cost of multifunctional devices
based on uncooled bolometers
in industrial production is two
orders of magnitude lower than
the cost of photon arrays [3, 4].
You can compare the degree of
technological readiness of APDs
for implementation in industry
on a conventional scale of vari-
ous types of photodetectors using
table 1 [4].

PHOTON COOLED
DETECTORS

A typical design of a cooled pho-
ton detector is shown in Fig. 5.
A hybrid photodetector assembly
including an array of photosen-
sitive elements coupled to a sili-
con integrated read-out circuit is
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s BbICOKOYYBCTBUTE/IBHBIX

nu ,E[a)'[bHOILefICTBYIOHLI/IX TeIlJIOo- 0,4 MKM 0,8 MKM 2 MKM 10 MKM 15 MKM
BU3UOHHBIX HpI/I50pOB HOpUMeHs -
SWIR MWIR LWIR VLWIR
o1csi MOITY, M3roToB/IeHHbIE U3
IIOIYyIIPOBOAHUKOBBEIX COeNUHEe- KPT
HUHN KagMHUHR-PTYThb-Teanyp (KPT)
AMUI-PTY yP oW

U aHTUMoOHuAa wuHiug (InSb).
B HacTosIee BpeMsi IIPOH3BO-
OUTCS IIPUMEPHO paBHOe KOJIH-
YyeCcTBO KaK Ha ocHoBe KPT, Tak
U Ha ocHoBe InSb (puc. 7). Mer
OXXHIAaeM, YTO 3TO COOTHOIIEHHE
COXPaHHUTCSI B CpefHeCpPOUHOM
[IepCIIeKTUBe.

OCHOBHBIM MaTepHalIoM
MO®IIY OIHHHOBOJHOBOTO CIIeK-
TPaJbHOIO OHAIla30Ha OCTaeTCs
KPT. KPT mOMHUHHPYET AJI1 BOEH-

operating ranges

InGaAS

SWIR, MWIR, LWIR u VLWIR - COOTBETCTBEHHO KOPOTKOBOJIHOBBIY, CPDeIHUH,
JJIMHHOBOJIHOBBIH U CBePXIIMHHOBOIHOBBIN UK-IHaIa30HEL.
QWIP - MK ®IT Ha 0OCHOBe reTepoCTPYKTYp ¢ K AlGaAs/GaAs.

Puc. 6. OcHo8Hble N0Aynpo8oOHUKOBbIE MAMepuanbl 045t OXAAXKOaemblx menAao-
BU3LUOHHBIX Mampuu, U pabo4ue duana3oHbl
Fig. 6. Basic semiconductor materials for cooled thermal imaging arrays and

HBIX IIpUMeHeHUH, IAe Tpe-

OyeTcsi BBICOKAsi UyBCTBUTEIBPHOCTb K OBICTpOIEN-
crBue. CeromHs AOCTHUTHYTHI BBICOKHE pe3yIbTaThl
II0 IIOJIyYeHHI0 KAa4YeCTBEHHBIX 3MHTAKCHAJIBHBIX
KPT-cTpyKTyp Ha pasJHYHBIX I10JYIPOBOAHUKO-
BBIX IOJIOXKKaX. Hanbosnee KauecTBeHHble CTPYK-

IIpoune
4%

HgCdTe
40%

QWIP
2%

Puc. 7. OmHocumenbHble 00Au Npodaxk omoHHbix MPOITY Ha
pasHbix Mamepuanax, % (ucmouHuk: Maxtech International)
Fig. 7. Relative shares of sales of photonic APDs on different
materials, % (source: Maxtech International)

mounted in a vacuum housing. APD cooling is pro-
vided by a microcryogenic cooling system (MCS) inte-
grated with the APD housing and operating accord-
ing to the Stirling cycle.

The basis of APD are the semiconductor photosen-
sitive materials. Their composition varies depending
on the required range of spectral sensitivity. The
cadmium-mercury-tellurium triple semiconductor
compound (CdHgTe) is used for the spectral ranges
of 1-2.5 microns; 3-5 microns; 8-14 microns. The
double semiconductor compound indium antimo-
nide (InSb) is for the spectral range of 3-5 microns.
Indium gallium arsenide ternary semiconductor
compound (InCaAs) is used for the spectral range
of 0.4-2.3 microns, the structures with quantum
wells (QWIP) are used for the spectral ranges of 3-5
microns; 8-14 microns.

For highly sensitive and long-range thermal imag-
ing devices, the APDs made of cadmium-mercury-
tellurium (CdHgTe) and indium antimonide (InSb)
semiconductor compounds are used. Currently,
approximately equal amounts of both CdHgTe-based
and InSb-based are produced (Fig. 7). We expect this
ratio to continue in the medium term.

The CdHgTe remains the main material of the APDs
of the long-wavelength spectral range. CdHgTe domi-
nates for military applications where high sensitivity
and speed are required. Today, high results have been
achieved in obtaining high-quality epitaxial CdHgTe
structures on various semiconductor substrates. The
highest-quality structures are grown on CdZnTe sub-
strates matched with the CdHgTe by the lattice con-
stant. Sophisticated and multi-stage technology for
CdHgTe producing involves deep purification of the
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Tabnnua 2. MaTpuyHbie OITY pasAnYHbIX MUPOBBLIX MPOM3BOAUTENEN
Table 2. Array photodetectors offered by some major manufactures

| mﬂly ONTO3/IEKTPOHHBIE MPUBEOPbI M YCTPOVCTBA I

Mapka [OJ7 o] VE! CrpaHa dopmart Lar, MKm TexHonorus

Brand Company Country Format Step, pm Technology

Scorpio MW Lynred PpaHums 640x512 15 HgCdTe 80
France

Jupiter MW 1280x024 15 HgCdTe 80

Pelican MW SCD M3pannb 640x512 15 InSb 80
Israel

Blackbird 1920%x1536 10 InSb 80

Hawk MW Finmeccanica AHINA 640x512 16 HgCdTe 80
England

Hawk HD 1280x1024 8 HgCdTe 80

HiPIR 1280M AIM fepmaHunsa 1280x1024 15 HgCdTe 80
Germany

Neutrino FLIR CLUA 640x512 15 InSb 80
USA

CD640-12-M DRS CLUA 640x480 12 HgCdTe 80
USA

640-15K-B i3System tOxcHaa Kopes 640x512 15 InSb 80
South Korea

C615M GST Kutan 640x512 15 HgCdTe 80
China

- HIMO «OpnoH» Poccus 640x512 15 InSb 80
Russia

- M3 «Candup» Poccusa 320x256 30 InSb 80
Russia

TYPbI BRIPAIIHMBAIOTCS Ha IIOJIOKKAX CdZnTe (KIIT),
cornacoBaHHbIX ¢ KPT 1o IOCTOSSHHOM KPHCTaJIU-
4Jeckor pemeTKH. CI0’KHAsE U MHOTOCTYIIeHdYaTas
TexHONorus mnonydeHus KPT BKIoYaeT I1yboKyio
ouncTKy ucxopHeix Cd, Hg u Te, cHHTe3 coeJUHe-
Huil HgTe u CdTe, monyyenue CdHgTe. B HacTos-
Ijee BpeMsi OCHOBHBIM IIPOMBIIIIEHHBIM METOLO0M
M3TOTOBJIEHUS 3MHTAaKCHAJIIPHBIX CJI0OeB B BeAyIIHX
MHPOBBIX HUPMaX, IIPOHU3BOAALINX MHOTO3JIEMEHT-
Hble M MaTpHYHBIe QOTOLHOIBL ABJISETCS METO[,
SKMAKOGA3HOM S3MHUTAKCHM Ha IOJJIOXKKe M3 coe-
OUHeHUs KagMUH-UUHK-Tenyp (KUT). Ilpeu-
MyIIeCcTBa 3TOrC0 MeTOLA: OTHOCHTE/IbHO HH3Kag
CTOMMOCTD U BBICOKAs IPOM3BOAUTENBHOCTh 060py-
JOBaHMS, aBTOMaTH4YecKas JOOYMCTKA I1OBEpPXHO-
CTH Ha Hava/JbHOM 3Talle POCTa, OOIIOTHHUTEe/IbHAas
OYHCTKaA OT IIPHUMeceH B IIpolecce PoCTa U OJHOPOL-
HOCTb COCTaBa Mo maomaau. OAHAKO, IIOAJIOXKKH
6onpmon mmiaomansud u3 CdZnTe ocTarTcd Iopo-
TUMH H3OeIHSIMH C IIJIOXO BOCIPOH3BOOHMMBIMHU
XapaKTepUCTUKAMH.

Bricoxkas croumocTh KIT 3acTaBiasgeT pa3sBUBaTh
SMMTAKCHIO Ha aJbTePHATHUBHBIX IIOAJIOXKKAX — M3
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initial Cd, Hg and Te, the synthesis of HgTe and CdTe
compounds, and the obtaining of CdHgTe. Currently,
the main industrial method for the manufacture
of epitaxial layers in leading world companies pro-
ducing multi-element and array photodiodes is the
method of liquid-phase epitaxy on a cadmium-zinc-
tellurium (CdZnTe) substrate. The advantages of this
method are the relatively low cost and high produc-
tivity of the equipment, automatic surface cleaning
at the initial stage of growth, additional purification
from impurities during growth, and uniform compo-
sition over the area. However, large-area substrates
made of CdZnTe remain expensive products with
poorly reproducible characteristics.

The high cost of CdZnTe makes it possible to develop
epitaxy on alternative substrates, from gallium arse-
nide, silicon, germanium, gallium antimonide, and
some others. In this regard, such technologies are
being developed everywhere. The large difference in
the parameters of the crystal lattices, the chemical
and structural inconsistencies of the CdHgTe on Si,
GaAs, and Ge make the task of producing APDs based
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S

apCeHHa TrajJljlinugd, KpeMHU,

repMaHUsi, aHTUMOHM/A TaJlIHs
1 HeKOTOPHIX IPYrUx. B cBsA3H
C 3THM IIOBCEMeCTHO paspaba-
THIBAIOTCSI TaKHe TeXHOJIOTHH.
Bonpiroe pasnuure Imapame-
TPOB KPUCTA/JIMYECKHUX pelle-
TOK, XHMHUYecKass U CTPYKTYp-
Has HecorjacoBaHHocTh KPT Ha
Si, GaAs, Ge mpeBpalnaer 3agadiy
u3rorosneHus MOIIY Ha ocHoBe
cTpykTyp KPT/Si,(GaAs, Ge)
C MOAXOASIIIMMM IapaMeTpaMu
B Ype3BBIYANHO CIOKHYIO [3].
OCHOBHOH TeHIeHIIUeHn
B HacTosilllee BpeMsl SIB/seTCA

Pa3mep MHUKCeNIa, MKM

CHUKeHHe MaccorabapuTHBIX
rokasaTener U IoTpebisieMon
MOIIHOCTH  OTO3IeKTPOHHBIX
Mopyner. Popmat MOITY 640x512
3/IeMeHTOB IIpHU Iare 15 MKM

! !
1988 2000 2002 2004 2006 2008 2010 2012 2014 2016

Puc. 8. luHamuka cHuxxeHue pasmepa nukceaa 0as MY Ha KPT
Fig. 8. Dynamics of pixel size reduction for CdHgTe-based APDs

!
2018 2020

SABJSeTCA B HacCTosdllee Bpems
OCHOBHBIM $OPMATOM H, II0-BUAUMOMY, II0 COOTHO-
IMIeHUIO «LleHa-KadecTBo» Ha biarskanmue 5-10 et
OH TaKOBBIM M OCTaHeTcs. BemaymluMu QUpMaMM-
paspaborunkamu MOIIY B KauecTBe KOMMepUeCKH
OOCTYIIHOTO JOCTHUTHYT MeralMKCeaHBIH (popMart
1280x1024 snmeMmeHTOB. B HacTosllee BpeMs LIeHBI
Ha TaKWe MaTPHIbl JOCTATOYHO BBICOKH, YTO He
[103BOJISIeT Pa3paboTUMKAM amIapaTypsl ocCylie-
CTBUTb MAaCCOBBIM Ilepexof, Ha Hero. OJHAaKO YXe
K 2025 rofy Takox Iepexof IIporu30HeT. 3a pybeskom
B HallpaBJIeHHUH Pa3paboTKU U NPOU3BOACTBA HU3Me-
nun QOTOINeKTPOHUKU paboTaeT 6osblIoe 4YHCIO
KomnaHu#. Cpeau Hux: AIM Infrared Modules

ACTRPOH

OnTHKO-MEXaHWYBCKOE
KOHCTpYKTOpCKDE Bopo

on the CdHgTe/Si, GaAs, Ge structures with suitable
parameters extremely difficult [3].

Currently, the main trend is the decrease in overall
dimensions and power consumption of photoelec-
tronic modules. The APD format of 640 x 512 elements
with a pitch of 15 microns is currently the main for-
mat and, apparently, in terms of price-quality ratio
for the next 5-10 years, it will remain so. The leading
developers of APDs as a commercially available mega-
pixel format reached 1280 x 1024 elements. Currently,
the prices for such arrays are quite high, which does
not allow hardware developers to make a massive
transition to it. However, by 2025, such a transition

Tap s U

NPOU3BOACTBO TEM/IOBU3NOHHBIX CUCTEM BE30OMACHOCTH

140080, MO, r. NuiTkapuHo, yn. Napkosas, a.1; Ten: +7 (495) 215-13-82; inf

trohn.ru, www.astrohn.ru

PHOTONICS VOL. 14 N2 32020 243



=

(TepmaHus), BAE Systems (CIIA), Brandywine
photonics LLC (CIIIA), CalSensors Inc. (CIIIA), ECIDE
USA (CIIA), China Germanium Co.Ltd. (Kutai),
FLIR Systems (CIIA), SCD (M3paunsp), Raytheon
Vision Systems (CIIA), RICOR (HM3pauis), Selex ES
(Benukobpurtanus), Thales Cryogenics (®panuus),
Lynred (®paunus), Spectrolab Inc. (CIIA) u gp.

YMeHplIIeHHe IIara MU IOBHIIeHHe ¢dopMmara
ABJsIeTCd BCeOOIIMM TPeHJOM HpaKTHYecKHd /i
BCeX MHPOBBIX Pa3paboTUMKOB M IIPOM3BOAHUTENEH
MK MOIIY. dupma Leonardo (BenukobpHUTaHHUS)
yKe LOCTUIJIA IIara 8 MKM [/ MaTpPUL, Meramuk-
ceJlHOro popmara cpefHeBo/lHOBoro MK-nuamnasoHa.
A dupma Lynred (dPpaHIKs) B TEKYLEM FOAY LOCTHUT-
HeT mIara 5-7 MKM /i1 TAKHX MaTPHI] (pHc. 8). Cuu-
>KeHHe IIara W IoBblIIeHHe dopmaTa MIPHUBOAUT
K 3HAaUMTEeJIbHOMY POCTy [Oa/JbHOCTH PacIio3HaBa-
HUs 06BeKTOB [5-8].

Bo smopotii uacmu 0630pa bydym paccmompeHbl 0xAakdaemble
MOIIY daa CNekmpanbHo20 duanasona 3-5 mkm, 8-12 mMkm,
HeoxAasxkdaemble MOITY u pazsumue ux pbiHKa.
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will occur. A large number of companies work abroad
in the direction of the development and production of
photoelectronics products. Among them AIM Infra-
red Modules (Cermany), BAE Systems (USA), Bran-
dywine photonics LLC (USA), CalSensors Inc. (USA),
ECIDE USA (USA), China Germanium Co. Ltd. (China),
FLIR Systems (USA), SCD (Israel), Raytheon Vision
Systems (USA), RICOR (Israel), Selex ES (United King-
dom), Thales Cryogenics (France), Lynred (France),
Spectrolab Inc. (USA) and others.

Reducing the pitch and increasing the format is a
universal trend for practically all the milestones of
the global developers and manufacturers of infrared
multifunction devices. Leonardo (Great Britain) has
already reached a pitch of 8 microns for a mega-
pixel array of the medium-wave infrared range.
Moreover, Lynred (France) this year will reach a
pitch of 5-7 microns for such arrays (Fig. 8). Reduc-
ing the pitch and increasing the format leads to a
significant increase in the range of recognition of
objects [5-7].

The second part of the review will deal with cooled APDs for the
spectral range of 3-5 microns, 8-12 microns, uncooled APDs and the
development of their market.
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