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Currently, uncooled microbolometric receivers are
the most suitable for creating inexpensive large-
format matrix THz radiation receivers. 320x240 and
640x480 terahertz cameras that operate in real time
are commercially available [1]. The minimum detect-
able power (MDP) of radiation at wavelengths of the
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HEOXJTAXAAEMbIE MATPUYHDbIE
MWNKPOBOJIOMETPUYECKUE NMPUEMHUNKN.
YACTb Il

B Hacrosmee BpeMs HeOXJIaXgaeMble MHKpob6oso-
MeTpHUYecKHe IIPUeMHUKHU SIBJISIOTCS Hauboree mop-
XOOAIIMMHU [/ CO3JaHHS HEeNOPOTHX KPYIHOPOp-
MaTHBIX MaTPUYHBIX MNPUEMHMKOB TII-H3/1y4YeHUs.
KomMmepyecku IOCTYIIHBI Tepareplesble KaMepsl ¢pop-
MaToM 320x240 1 640x480, paboraromue B peskUMe
peanbHOro BpeMeHH [l]. MHHHMaJbHAsl JeTeKTHPY-
eMas MmoigHocts (MDP) HM3/IyYeHHUs Ha JJIMHAX BOJIH
mopsaka 100 MkM coctaisgeT 20-40 BT, 4TO € y4eToM
I10JIOCHl YaCTOT, PaBHOM IpHMepHO 10 KI'1I, COOTBeT-
ctByeT NEP=2-4-10"8 Bt/T11/2. CTonp Majble 3Haue-
HUg MDP u NEP, 61u3Kue K COOTBETCTBYIOIIHMM 3Ha-
YeHUIM, OOCTUraeMblM B MK-obnactu, O6YCJIOB)'IeHI>I
TeM, 4YTO OBUIM HamfeHbl KOHCTPYKTHBHBIE pelle-
HUS, II03BOJIAIOIIME CYIIECTBEHHO YBEeIHYUTL KO3~
¢uuyeHT moromeHus TII-U3AyYeHHsS U B HEKOTO-
PBIX CIydasix cAenaTb ero 6IM3KUM K efuHHUIe. [Iis
3QPexTUBHOTO moraomeHus TI-U3ayYeHHs HUCIIOIb
3y1oTcs: 1) aHTeHHBI, HarpyskeHHble Ha Pe3UCTHBHYIO
Harpysky [2, 3] u 2) ToHKHe MeTa//IMYecKHe I10IJIOTH-
TeJIU (TOJIMHOK B HECKOJIPKO IeCSITKOB HAHOMETPOB),
obnajamomye I1OBePXHOCTHBIM CONPOTHUBIEHHEM
oT 40 f0 377 OM B 3aBUCHMOCTH OT PACCTOSIHUS MeXKIY
IIOIJIOTUTeNIeM M OTpakaTeneMm [4, 5], 3) meTamarte-
PHAJIBL MK YaCTOTHO-CeJIeKTUBHBIE IT0BEPXHOCTH [6],
4) depHoe 307070 [7] U 5) yIllepoAHble MaTepHabl,
B II€PBYI0 o4epelb BePTHUKAJIbHO OPUEHTHPOBAaHHBIE
yriaepomHsle HaHOTpy6Ku (BOYHT) [8, 9]. Bo Bcex ciy-
Yasgx IoKasaHa BO3MOKHOCTE JOCTHMYKeHHs IIpaKTHYe-
CKH ITIOJIHOTO IorioieHus TT-u3nydeHud. IIpu sToM
IlepBble TPHU THIIA IIOIJIOTHUTEeNEI XapaKTepPHU3YIOTCA
B Pa3sHOM CTeNeHM CeeKTHBHOM YaCTOTHOM 3aBUCH-
MOCTBIO, a IIOC/IeJHHE [OBa — II03BOJAIOT CO3[aBaTh
IIM POKOII0/IOCHBIE IIPUEMHHKH .

[IpuMeHeHMe aHTeHH, CBA3aHHBIX E€MKOCTHBIM
WM IPSIMBIM CIIOCOOOM C Pe3HCTHUBHOM HarpysKoH,
pacIionoskeHHOM Ha MeMbpaHe 6onomerpa, 6b110 pac-
CMOTPEHO B IIepBOM 4YacTH 0630pa. 31ech, OTMETHUM
TOJIBKO ONHY TeHIEHLIMIO MX PasBUTHUS, a UMEHHO:
3aMeHa aHTeHH B ¢opMme 6ab0YKkuM Ha aHTeHHBI
V-obpasHoit popMel, obafaroniye MaloH IJIOMIALbI0
MeTajula M, CIe0BaTelbHO, MJIOM MAacCOM M TeIlIo-
€MKOCTBIO, YTO [T03BOJISIET IIOBBICUTD OBICTPOZIEHCTBHE
IpHeMHUKOB [10].

B c1ydae mpuMeHeHMsS TOHKMX MeTa/UIM4YeCKHX
[IOIJIOTUTeNer KO3QGUIIMEHT IIOIJIOIeHHSI OKa3blBa-
eTcst 6/IM3KUM K e[JUHULIe, eC/IH MOIJIOTUTe/Ib UMeeT
CJI0eBOE COIIPOTHUBJIeHME, PaBHOE HMIIeJAHCY BaKy-
yMa (377 OM/KBazpaT), a 3a30p MeXK/y IOIJIOTUTeNIeM
U oTpakaTesnieM d paBeH YeTBEPTH AJIMHBI BOJHBI A

=

order of 100 microns is 20-40 pW, which, taking into
account the frequency band equal to about 10 kHz, cor-
responds to NEP=2-4-10"83 W/Hz!/2. Such small values
of MDP and NEP, close to the corresponding values
achieved in the IR region, are due to the fact that
constructive solutions have been found that can sig-
nificantly increase the absorption coefficient of THz
radiation and, in some cases, make it close to unity.
For effective absorption of THz radiation, the follow-
ing methods are used: 1) antennas loaded with a resis-
tive load [2,3] and 2) thin metal absorbers (several tens
of nanometers thick) with a surface resistance from
40 to 377 ohms, depending on the distance between
the absorber and the reflector [4,5], 3) metamaterials
or frequency-selective surfaces [6], 4) black gold [7]
and 5) carbon materials, primarily vertically aligned
carbon nanotubes (VACNTs) [8,9]. In all cases, the
possibility of achieving almost complete absorption of
THz radiation is shown. At the same time, the former
three types of absorbers are characterized to varying
degrees by selective frequency dependence, and the
latter two types allow creating broadband receivers.

The use of antennas connected in a capacitive or
direct way with a resistive load located on the bolom-
eter membrane was considered in the first part of the
review. Only one trend of their development should
be noted in this regard, namely, the -replacement of
butterfly-shaped antennas with V-shaped antennas
with a small metal area and, consequently, low mass
and heat capacity, which makes it possible to increase
the speed of the receivers [10].

In the case of thin metal absorbers, the absorp-
tion coefficient turns out to be close to unity if the
absorber has a layer resistance equal to the vacuum
impedance (377 ohms/square), and the gap between
the absorber and the reflector d is equal to a quarter
of the wavelength of the A detected radiation. For
A=100 microns, the optimal gap d is 25 microns. How-
ever, hanging microbolometers at such a height above
the substrate is a difficult technological task, there-
fore, the Japanese company NEC [11,12] used a design
in which a thick (7 microns) layer of silicon nitride
was applied to the reflector, above which a bolometer
was suspended at a height of (4 microns). The result-
ing optical thickness of the resonator was 7:1.9+4~17
microns, which is sufficient to provide 90% absorp-
tion at a wavelength of 100 microns. The minimum
detectable power of a 640x480 receiver with a pixel
size of 23.5 microns was 20 pW/pixel at a frequency of
2.5 THz, slightly decreasing towards high frequencies
(up to 10 pW at 4.3 THz) and significantly increasing
towards low frequencies (up to 600x800 pW/pixel
at 0.6 THz).
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IeTeKTHUPyeMoro uanydeHus. [yig A=100 MKM OIITH-
MaJIBHBIH 3a30p d paBeH 25 MKM. OfIHAKO ITOJBENIHBA-
HHe MHUKPob0IIOMeTPOB Ha TaKOI BBICOTE HAJL IIOZJIOK-
KOH SB/ISIeTCSl TPYAHOM TeXHOJOTHMYEeCKOM 3aJadel,
II03TOMY SIIOHCKOM dprpmort NEC [11, 12] 6b11a UCIIONB-
30BaHa KOHCTPYKLHSA, B KOTOPOM Ha OTpa’kaTesb
HaHOCKJIU TOJICTBIH (7 MKM) CJIOM HUTpPHUIA KpeMHHUS,
HaJ KOTOpPBIM Ha BbICOTe (4 MKM) IOABEIINBAJICA
bormomeTp. Pe3ynpTHpYyIOmasi ONTHYeCKas TOIIIMHA
pesoHaTopa coctaBuia 7°1,9+4x~17 MKM, KOTOpas
IOCTaTO4YHa, 4Tobml obecrieduTh 90%-oe IIOIJIOLe-
HHe Ha [IJuMHe BojHBbI 100 MKM. MUHMHMaJIbHai
IeTeKTHpyeMas MOILHOCTb IIPHeMHHUKa GOopMaToM
640x480 ¢ pasmepoM IHKcena 23,5 MKM COCTaBHJIA
20 n0BT/muKkcen Ha 4yacToTe 2,5 TI'1, HEMHOIO ITOHMXKA-
SICh B CTOPOHY BBICOKHX YaCTOT (mo 10 BT Ha 4,3 TI'1y)
Y 3HAYMTEJILHO IIOBBINIASCh B CTOPOHY HU3KHX YacCTOT
(mo 600x800 Bt/ mmKkcen Ha 0,6 TI1r).

Ipyrum crocobom yBelHUYeHUS UYBCTBUTENb-
HOCTH OojioMeTpa Ha [JIMHHBIX BOJHAX SBISETCS
IIpUMeHeHHe OIIOJHUTE/JIbHBIX OITHYeCKHX Ppeso-
HaTOpOB, O0OpPa30BaHHBEIX 3a30pOM, PaBHBIM HIH
KPaTHBIM A/2, MeXAy MHKpPOOOIOMETPOM M IIpPO-
CBEeTJIEHHBIM C BHEIIHEH CTOPOHBI BXOAHBIM KpeM-
HUEeBBIM OKHOM (puc. 1). Takue pe30HATOPHI [103BO-
JSAI0T CyHNeCTBeHHO YBeJIUYHUTb KO3QPUIIHEeHT
MIOIJIONIEH U 3a CUeT KOHCTPYKTUBHOMN HHTepbepeH-
IIMKM 3JIeKTPOMAarHUTHOIO HM3JIyYeHUs, I1aJalollero
M OTPakeHHOro oT 6070MeTpa U 3aTeM OT BHYTpeH-
HeM CTOPOHBI BXOJHOI'O OKHa, WM IOHU3UTh IIPHU
IeCTPyKTUBHOM HHTepdbepeHUUH [13]. ITO mpuBoO-
OUT K TOMY, YTO HPUEMHHK CTAaHOBUTCS Y3KOIIO-
JoCHBIM. IIpocTOTa 3THUX KOHCTPYKTHBHBIX pellle-
HUH II03BOJIHUIIA dupme NEC (SroHUs) HaJIaOgUTh
IIPOM3BOACTBO MHHHATIOPHBIX TI1-Kamep, obnazpa-
IOIIMX BBICOKOM UyBCTBHTENBHOCTBIO [1]. OCHOBHBIE
CI1ocobbl IOBBINIEHHS KO3QDHIIMEHTA ITOT/IOIIeHHS
Tru-usnydeHus: A1 60I0MeTpPOB C TOHKHM MeTasl-
JIMYeCKUM IIOIJIOTUTeNIeM OIMCaHbl B pabore [14],
B KOTOPOM IIpUBEeAEeHb aHAIHUTHYeCKHe COOTHO-
MIeHUs AJIS1 pacdeTa CIEeKTPaJbHBIX 3aBHCHMOCTEH
Ko3pdULIMEeHTa MOrIOWEeHUs B O0IOMETPHUYECKUX
CTPYKTypax pa3lM4YHOI0 TUIIA.

Eme onuH BapuaHT IoraoTUTens TTI-muamasoHa
paspabaTeiBaeTcsl HA OCHOBE MeTaMaTepHaIoB (MIH
YaCTOTHO-CeJIeKTUBHBIX ITOBepXHOCTIX-FSS) [15-17].
Takue IIOIVIOTUTENTH IIPeACTaB/ISIOT CobOM ABa TOH-
KUX CJIOS MeTaJlla, pasfeieHHble JU3IeKTPUYeCKUM
cmoeM TONINUHOMN d. OOUMH M3 HUX — CIUIOLIHOM CJIOU
MeTa/sla, He IIPONYCKAIOIHUK H3/Iy4eHHUs dUepes
IIOIJIOTUTENb, & BTOpoX - FSS-cioil - monmbupaercs
C TAKUM TOIIOJIOTMYECKUM PHCYHKOM, YTOOBI OH MOT
obecrieyrTh Ha HEKOTOPBIX YaCTOTaX MMIIEJAHC IIPH-
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Another way to increase the sensitivity of the
bolometer at long waves is the use of additional
optical resonators formed by a gap equal to or mul-
tiple of A/2 between the microbolometer and the
externally illuminated input silicon window (Fig. 1).
These resonators can significantly increase the absorp-
tion coefficient due to constructive interference of
electromagnetic radiation incident and reflected
from the bolometer and then from the inside of the
input window, or lower it as destructive interference
occurs [13]. This causes the receiver to become narrow-
band. The simplicity of these design solutions allowed
NEC (Japan) to begin manufacturing high-sensitivity
miniature THz cameras [1]. The main ways to increase
the absorption coefficient of THz radiation for bolom-
eters with a thin metal absorber are described in the
paper [14], which provides analytical relations for
calculating the spectral dependences of the absorp-
tion coefficient in bolometric structures of various
types.

Another version of the THz-band absorber is
being developed using metamaterials (or frequency
selective-FSS surfaces) [15-17]. Such absorbers comprise
two thin layers of metal separated by a dielectric layer,
d thick. One of them is a solid layer of metal that does

MoHOXpOMaTHYeCKoe
TepareplieBoe U3jly4yeHue

AHTI/IOTpa)KaIOH.[ee
IIOKPBITHE

!

KpeMHHeBoe IIOKPHITHE

3a30D C IIHMPUHOM,
KPaTHOM LIeJIOMY YU CITY A/2

CJ101, IOTJIOMIAIOIITH T
Tr-U3ny4eHue

OTpasKaronIuy CIon

Puc. 1. onomemp ¢ 0onoAHUMEAbHbIM ONMUYECKUM pe3o-
HAamopom, 06pa3zo8aHHbIM 3a30pOM MEXKOY BXOOHbIM OKHOM
u mMembpaHoll 6oromempa

Fig. 1. Bolometer with an additional optical resonator formed
by a gap between the entrance window and the bolometer
membrane
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eMHHKA Z;,, paBHbIM HMIIe[JaHCy BaKyyMa Z,. B TakoM
c1ydae He OymeT U OTpakeHHUs IAfAMIIEro M3jyde-
HHs, a, CJIef0BaTeIbHO, KO3QPUILIMEHT IIOII0LeHH S
6yzmeTr paBeH eguHMIe. MmmenaHc FSS-ciosi MoskeT
OBITH IIpeACTaB/IIeH B BHUIe IociemoBaTenbHOM LCR
Lenu [18]:

(1-w’LC
ZFsszR_J( u)—C J,

Iie ® — KpyroBas 4yacTora, R - conporusnenue, Cu L -
€MKOCTb U HHAYKTHBHOCTD, BeJIMYHHBI KOTOPbIX OIIpe-
JensitoTcst GOpMOM YaCTOTHO-CeJIeKTUBHOM IOBEpPX-
HOCTH. MMIIefaHC AH3IeKTPUYECKOr0 3a30pa MeXIy
JABYMS CJIOSIMH MeTajljla PaBeH:

Z,= jZ,tanh(kd),

rae Z, - UMIIeJAHC JUIeKTPUYecKOro MaTepHala
MeXKIy ABYMsI CJIOSMH MeTaj/Ula. B HUTore IONHBIN
MMIIeIAHC CTPYKTYPBHI (IeTeKTOPa) PaBeH:

_ ZdZFSS
P=o— .
Zd + 2

B pesonance, korga (1-o’LC)/wC-Z,tanh(kd)=0,
IJIS [JIHUH BOJIH MHOTO OOJIBIIMX TOJINMHBL JHJIEK-
TPUYECKOro CJ10s d, MoaydaeM, 9YTO MHHUMasi KOMIIO-
HeHTa MMIIeaHca Zp 6IM3Ka K Hy/I0, a 3HaYeHHe
COTIPOTHB/IEHUS R, TIPHU KOTOPOM peasbHas KOMIIO-
HEHTa HMIIE[AHCA CTPYKTypbl OyfeT paBHA HMIIe-
[AHCY BaKyyMa Z,, I0JIKHO yAOBJIETBOPATH yCIIOBUIO

_ 22 tanh(kd)’
e

v

R

Ha puc. 2 moxkasaH ¢parmMeHT MaTpHIBI JBYX-
YPOBHEBBIX MHKP060/10MeTpoB ¢ TT1I-IIOIJIOTUTEIeM
Ha OCHOBe MeTaMaTephasa. QPopMaT MaTPHIILI
384 x288, pa3mep nukcena 35 MKM. IIepBEI ypoBeHb
6ooMeTpa, MPUIOAHSTHIM Ha 3 MKM HaJ IIOTHO-
CTBIO OTPa’KaIOIIEeM 3€pKaioM, CONEPKHUT KaK TePMO-
YyBCTBUTEIBHBIN 3j1eMeHT (VOX), Tak U Tepareple-
BBIM IIOIJIOTHTE/Ib. BTOpPON ypoBeHb, I10JBEeIIeHHBIM
Ha 2,3 MKM BbIIlle IIepBOro, IIpelCTaBisieT coboit
HUHQpPaKpacHbIH QHUABTP, COCTOSMIMKM K3 Mac-
CHBa KBafipaTHKOB dopmMaToM 6Xx6, OTpasKaOLIUMI
HK-u3nydeHHMe K IPONYCKAIOIIHI Tepareplesoe
usnlydyenre. Ha puc. 3 mpuBeleHa CIeKTpaibHas
3aBHCHUMOCTD IIOTJIOTUTE/ISI Ha OCHOBE MeTaMaTepu-
ana. BuaHO, 4TO peanu3yeTcs JOCTATOYHO BBICOKHU
Ko3pduIMeHT mornoieHus (6omee 90%) Ha YaCTO-
Tax, COOTBETCTBYIOUIMX [JIMHaM BOJIH MOpsAAKa
70 MKM.

[lpoKoIoJoCHbe 6OoTOMeTpHUUeCcKHe IpHeM-
HUKM TI1-IHana3oHa YCIeIIHO pa3pabaThlBalOTCsS

i g
1T

not pass radiation through the absorber, and the sec-
ond-FSS layer is-selected with a topological pattern so
that it can at some frequencies provide the impedance
of the receiver Z, equal to the impedance of the vacuum
Z,. In this case, no reflection of the incident radiation
will occur, and, consequently, the absorption coeffi-
cient will be equal to unity. The impedance of the FSS
layer can be represented as a serial LCR circuit [18]

(1-w’LC
Zrss =R_J(Tj’

where o is the circular frequency, R is the resistance,
Cand Lare the capacitance and inductance, the values
of which are determined by the shape of the frequency-
selective surface. The impedance of the dielectric gap
between two layers of metal is equal to

Z,= jZ,tanh(kd),

where Z, is the impedance of the dielectric material
between two layers of metal. Eventually, the total
impedance of the structure (detector) is equal to

_ ZdZFSS
D - .
Zy+ L

Puc. 2. nekmpoHHO-MUKpockonu4eckast pomozpacus
dpazmeHma mampuubl TI'Y, MUKPOBOAOMEMPUHECKUX 3Ae-
MeHMO8 C No2A0mumenem Ha 0CHo8e Memamamepuanos [15]
Fig. 2. Electron microscopic photograph of a fragment of

a matrix of THz microbolometric elements with an absorber
based on metamaterials [15]
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C IpUMeHeHHeM IOIVIOTUTe/Iel Ha OCHOBe YepHOro
30/I0Ta U BePTHUKAJIbHO OPUEHTHPOBAHHBIX YIJICPOZ-
HBIX HaHOTPybok (BOVHT). Ocasxkmaemoe B cpefe
a30Ta 30/I0TO IIPeACTaB/IsieT COOOM O4YeHb PBIX/IYIO
CTPYKTYPY, COCTOAINYIO M3 CIyYaMHBIX Llelerd HaHO-
4yacTul 30/10Ta. OHO 061afaeT oueHb Majok IJIOTHO-
cTu (Io 65 Mr/cm?3), 4TO I103BOJISIET e/IaTh IIKPOKOIIO-
JIOCHBIE IIOTJIOTUTENH U3 TONCTBIX (30-50 MKM) C/10€eB
YEePHOTO 30/10Ta, CYIIeCTBeHHO He YBeJIUUYKMBasi Maccy
M TeIUIOEMKOCTb YyBCTBUTEJIBHONM MeMOpaHHl 60510-
MeTpa [19]. C/1oH 4epHOro 30/10Ta TONIIUHOK 30 MKM
[I0 Macce W TeIJIOBMKOCTH 3KBHUBaJIeHTeH CILIOII-
HOMY CJI010 30J10Ta TONIIUHOK 100 HM. C/10M YepHOro
30JI0Ta XapaKTepPU3YIOTCS YyAeNbHBIM COIPOTHUBIIE-
HueM p ot 0,1 mo 25 Om-cMm, mipu 3ToM p=0,5 OM-CcM
SIBJISIETCS ONITHMAJ/IBHBIMHU JJIS1 U3TOTOBJIEHUS II0TJI0-
tuTener [20]. Ha ocHoBe 3TON TexHOJOruu dpupma
INO (KaHaza) Ipou3BOAMT LIMPOIIOIOCHBIE Teparep-
LleBble MaTpUYHBle 60JIOMeTpHYecKye MPUEeMHUKHU.
H306paskeHHe IIMKCeI0B TAKOM MATPHULIBL IIOKA3AHBI
Ha puc. 4 [19]. Takas TexHOJOTHs, IOMHUMO IIpoliecca
HaHeCeHMs YepPHOro 30/I0Ta, COOEPKUT elle OLMH
HeCTaHAAPTHBIM 3TaIl MPOM3BOACTBA, a KMMEHHO:
J1asepHoe pa3pes3aHue CJIOeB YepHOTIO 30/10Ta Ha IIHUK-
cenpl. TeM He MeHee B KaHajze ITIOCTaB/IeHO ITPOM3-
BOACTBO TeparepleBblXx KaMep dopmarTom 384 x288
IIMKCeJIOB C pa3sMepoM IIHKcena 35 MKM. MHUHHMaIb-
Has JeTeKTHpyeMas MOIIHOCTh KaMephl COCTaBJIseT
11-34 BT/ nuKcen B guamnasoHe ot 4,25 go 0,198 TT11,
YTO, YYMTBIBAs BpeMs HMHTETPUPOBAHHS CHUTHAla,
paBHOe 40 MKC, IpH IepecyeTe Ha IIOJIOCY YaCTOT
paBHYIO 1 'l JaeT MOIIHOCTD, 3KBUBAJIEHTHYIO LIYMY
(NEP) ot 0,11 mo 0,32 nBt/T'il/2 [21]. 910 03Hayaer,
YTO «IIajibMa II€PBEHCTBA» CpelH HeOXJIaKIAeMBIX
IIPUEeMHHUKOB TeparepleBoro HU3jaydyeHus IIpUHaIe-
SKUT MHKpPObosIOMeTpaM.

Ciiou MHorocteHHbIXx BOYHT Tak e, Kak
M CJIOM YepHOIo 30JI0Ta, UMEIOT Majylo IIOTHOCTb
(20-30 mr/cm? [22]) 1 MOTyT 6BITH BBIPAL@HbI TOJIIH-
HoH 50-100 MKM u b6onee, uTo obecreuynBaeT IMpak-
THUYeCKH I10JIHOe IIOIJIOLIeHHe I1afalollero Ha Hero
usnydenus or 0,3 mo 500 mkm [23,24]. B Hacto-
qaiee BpeMs TeMrilepaTtypa pocTta BOVHT cocraB-
nset 750-850 °C, 4TO He I103BO/ISeT UX BhIpalllKBaTh
Ha bonomeTpax, HM3rOTOBIEHHBIX Ha KpPeMHHEBBHIX
MyJIBTHIIIEKCOPax. OAHAKO OBIIM IPOAEMOHCTPH-
POBaHBI JINHEHKH MHKPOOOIOMETpPOB C pa3MepoM
MembpaHbl 100x100 MKM, Ha KOTOPBIX OBLT BbIpa-
meH cinoil BOYHT TonmuHOM 22 MKM (CM. pHC. 5).
I[Ipu 5TOM B KadecTBe TepMOYYBCTBUTEIBHOLO
C70d MCIIONb30BAJICA OKCHUJ BaHaIWs, HAHOCH-
MBI Ha MeMOpaHy [0 BBIPAlIUBaHHS HAHOTYOOK.
B mponecce BeipamuBaHusg ciosg BOYHT temmepa-
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In resonance, when (1 - ’LC)/oC-Z, tanh(kd)=0,
for wavelengths that are much greater than the thick-
ness of the dielectric layer d, we obtain that the sup-
posed component of the impedance Zj, is close to zero,
and the value of the resistance R, at which the real
component of the impedance of the structure will be
equal to the impedance of the vacuum Z,, should meet
the condition

22 tanh (kd)’
R="

v

Figure 2 shows a fragment of a matrix of two-
level microbolometers with a THz absorber based on

1,0

0,8

0,6 -

0,4

Ko dHIirieHT IIOIIOEeHUS
T

0,2

Yacrtorta, TT1g

Puc. 3. CnekmpanbHas 3asucumocms Ko3dpuuueHma nozno-
WeHUS MUKp0o60A0Mempu4veckoz20 npueMmHUKA ¢ nozaomume-
AeM Ha ocHoee Memamamepuadad [15]

Fig. 3. Spectral dependence of the absorption coefficient

of a microbolometric receiver with an absorber based on

a metamaterial [15]
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TYPHBIH K03$OHUIIMEeHT CONpoTHBAeHUS VOX MOHU-
SKaJICSI OT MCXOOHOro 3HaueHHusd -3 % /K mo -1,2 % /K,
YTO BCe elle 3HayuTeabHO 6onpimie TKC MeTalioB
(=0,3 %/K).

OETEKTOPbI CTETEPOANHHDbIM
OBHAPY>XEHUEM

B reTepoAMHHBIX [OeTeKTOpax CHUrHaubl ¢ TIL- WK
cy6-Tli-yacTtoTaMu mpeobpasyloTcss B CHIHAJIEI
c 6osee HU3KKUMU ITPOMEKYTOUHBIMH dacToTaMHu (IF),
IpenocTaBisiss HHGopMauuio 06 aMIuiuTyze U dase
BXOZHOIO M3JydyeHHs. Ha IpOTSKeHHUH HECKOIbKHX
JecsITUIeTUM TaKHe JeTeKTOPhl IIPUMEHSIIOTCS MJIS
BBICOKOPa3pellaloIlX CIIeKTPOCKOIIMYECKUX HCCIeo-
BaHHI, KOCMHUYECKOro JUCTAaHIIMOHHOIO 30HAHPOBA-
HUS, 3 OTHOCUTE/IBHO HeJABHO CTA/TK UCITI0/Ib30BATHCS
o1t GOpMUPOBAHUS H300paskKeHHUS] B MUJIUIUMETPO-
BOM U CyOMH/IZIHIMETPOBOM AHAIla30He.

CxeMa reTepoAHHHOIO JeTeKTHPOBAaHMS IIOKa3aHa
Ha puC. 6. B1obaBoK K curaany W, ¥ MOIIHOCTH GOHO-
BOTO H31y4eHHUs Wy 106aBIseTCs MOIIHOCTh H3/Tyde-
HUS W), OT JIOKaJbHOTO OCLMJ/UIATOPA (HAIIpUMep
nasepa wiM 1060ro Ipyroro BHZA Y3KOIIOJOCHOIO
HCTOYHHKA M3/Iy4deHUs). JIOKAJbHBIK OCLIUJIISTOP
HeobxonuM [1s obecriedeHMs ITpoLiecca OIITHYeCcKoro
cMemMrBaHUA. OCHOBHBIMH 3JIeMeHTaMH IeTepOJHH-
HBIX JIeTeKTOPOB SIBJISIETCSI CMEeCHTeNlb, KOTOPBIF Heob-
XOOUM i cMelinBaHUud W, U Wi, U IS reHepauuu
CUTHa/Ia Ha IPOMEXYTOYHOM YaCTOTE Vi =V,—V.
Knro4yeBbIM KOMIIOHEHTOM CMECUTES SIBISIETCS Helu-
HeHMHBIF CMEIIMBAIOIINH 3IeMeHT

i g

ENTR T

a e xR, oD A O ety

Puc. 4. Mukpobonomemp pasmepom 52 MKm ¢ nozaomume-
Nem U3 YepH020 30A0ma moAwuHol 30 mkm [19]

Fig. 4. 52-micron microbolometer with a black gold absorber
30 microns thick [19]

a metamaterial. The matrix format is 384x288, the
pixel size is 35 microns. The first level of the bolom-
eter, raised 3 microns above the fully reflective mir-
ror, contains both a thermosensitive element (VOx)
and a terahertz absorber. The second level, suspended
2.3 microns above the first level, is an infrared filter
consisting of an array of 6x6 squares reflecting IR
radiation and transmitting terahertz radiation. Figure
3 shows the spectral dependence of the absorber based

(meTekTOp), B KOTOPOM CHTHAIb-
Has MOIIHOCTh M MOIIHOCTE LO
H3/y4YeHHUSI B3aHMOMEHCTBYIOT
IIPU UCIIOJIB30BAHHU HEKOTOPOIo
BuIa guruiekcepa (Griprpa, mpea-
HasHauyeHHOro I oObeguHeHUs
CUTHQJIOB Pa3TMYHbIX JUAIIa30HOB
YaCTOT, KOTOPBIH CIYKUT ST 00b-
eIMHEeHHUs ABYX IIOPTOB B ONUH).
[Ipy HCIOTB30BAHHUU MILIHME-
TPOBOM H/IH CYyOMH/IIMMETPOBOM
MaTpHLIbI BEIOOP CMecHTeNs orpe-
IensieTcss TOCTYIIHOCTBIO MCTOY-
HMKa LO MOIIHOCTA B HJAaHHOM
CIeKTPaIbHOM [Hana3oHe, pabo-
Jell TeMIIepaTypoH CMeCHTens
M HeobXOOHMOIM YYBCTBUTEIb-
HOCTBIO.

PacyeTsl IIpefIoNaraloT, dYTO
LO mMIyabCHAsT MOILIHOCTb, Tpe-
Oyemast mist cmecuteneil IIoTTKH,
coctasisgeT 1 MBT, 1 cMecHTenen

Puc. 5. M306paxkeHusi, cOenaHHble C NOMOLWbHO CKAHUPYIOLWLEe20 3AeKMPOHHO020
MuKpockona: maccuse BOYHT [25] (a), mukpo6oaomemp ¢ pamepom mMem6paHb
100 x 100 mkm, Ha komopoli ebipatueH caoti BOYHT moawuHoti 22 mkm [24] (b)
Fig. 5. Images taken with a scanning electron microscope: VACNTs array [25]
(a), microbolometer with a membrane size of 100 x 100 microns, on which a 22
microns thick layer of VACNTSs is grown [24](b)

~ VACNT
22 um tall
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CBepPXIPOBOOHUK-AU3IEKTPUK-
CBepXIIPOBOIHUK (SIS) - 40 MKBT
U [/ CMeCHTelled Ha OCHOBe
00/10MeTPOB C FOPSTYUMHU 3/1€KTPO-

Lo
Hamu (HEB) - 2 MxBr. IIpenriona-
TaJIMCh NOTepH CBSI3U JIOKAJIBHOTO Y CHITHTEND

Vio [F-curHana
oCcLIMANSATOpa, paBHBe 3 1B [8]. W
Ceppe3Hass mpobimema, KoTopas AVAVAVA c | )

MEeCHUTEIb L

OTPAaHHUYHUBAET  IIPUMeHeHHe ANNN—> ve | *
reTePOAUHHBIX MATpUIL] B Cy6- Ws s

MusiuMeTpoBor (TTL) criekTpasb-
HON obyactu (TO ecTh OIS IpHU-
JIOKEHHUH BBICOKOpa3pellaolien
crieKTpockonuy (v/Av=10°, rme v -
yacTtora, Av - HMHTepBaJl 4acToT),
win  doromerpun (v/Av=3-10)
U st GOopMHUPOBaHHS H306pa-
SKeHUH, JIeKUT B TeXHOJIOrude-
CKHX OIPAaHHMYEHUSIX TBEpIOTeNlb-
HOTO JIOKAJIbHOTO OCLIMJLISITOPA

Puc. 6. YnpoueHHoe cxemamuyeckoe npedcrmasneHue 2emepoouHHo20 npu-
emHuka. W, - mowHocmb cuzHaaa ¢ yacmomot n, Wy — MmowHocmb poH06020
usnyqerust, Wy, — MOWHOCMb U3Ay4eHus A0KaAbHO20 OCUUAASIMOpA ¢ Yacmomol
1y U N — NPOMEXymo4Has Yacmoma

Fig. 6. Simplified schematic representation of a heterodyne receiver. W - signal
power with frequency n,, Wy — background radiation power, W, — local oscillator
radiation power with frequency n;, and ny — intermediate frequency

(LO) MOIIHOCTH HJIM TeTepOogHHA.
M3-3a 3HAUUTeNIBHOIO oCl1abneHuUs
TIr1-BOJIHBI He O4YeHb IOJIe3Hbl IS OAJIbHEH CBI3H,
HO BC/IE[ICTBHE CUJIBHOTO IIOT/IOIIeHH S O0IBIIMHCTBOM
MaTepuaioB TII-M3jly4yeHMe IIpefocTaBiseT HHOp-
MalHIo 0 QU3MYIeCKHX CBOMCTBAX MaTepHaJoB.

OCHOBHBIM IIPEUMYLIECTBOM CHUCTEM IeTePOAMH-
HOTI'O JIeTeKTHUPOBAHMUS SBJISIeTCS TO, YTO HHYOPMALIUS
0 4JacTtoTe ¥ dase CHUTHAJIA C YACTOTOM V, IIpeobpasy-
eTCs B 4acCTOTy Vi, KOTOpasi HAaXOOMTCS B HAaMHOIO
6o/lee HU3KOYACTOTHOM JHAIIa30He (Vi < V,), COOTBET-
CTBYIOIleM BPeMeHH OTK/IMKA 3JIeKTPOHHKHU. ITO IIpe-
obpa3zoBaHMe (v, — V) Ha3blBaeTCsl TeTePOSUHHBIM
nepexofoM (KoHBepcHer). ECIM YacTOTBl CHTHala
M JIOKQJIBHOTO OCLHJUISITOPA PaBHBI MeXAy COOOH,
Torga v, =0 (T.e. BBIPOXKIAETCS B IIOCTOSHHBIM CHI-
HaJl), TO TaKOH IIPOLIecC JeTeKTHPOBaHUS Ha3blBaeTCs
TOMOAYHHBIM I1€PeX0f0M.

Tl 3ddexTHBHOTO Ipeobpa3oBaHUs U obecriede-
HHS HU3KOTO IIyMa B MH/UIMMETPOBOM U CYOMHUIIIH-
MeTpPOBOM CIIeKTPAJIbHBIX JHAIla30HAX MOXKeT OBITh
HCII0JIb30BAHO TOJIBKO HECKOJIbKO THIIOB [eTeKTO-
POB B KauecTBe CMecHTeleHt. YacTo HCIIONb3YIOTCS
npubopsl, MMelIre CUIbHYIO 31eKTPUYEeCKYI0 KBa-
OpPaTUYHYIO0 HEJIHHEMHOCTh. [IpuMepaMu SBIISIIOTCS
IIPSIMO CMeIlleHHBIe nuonsl (SBD), CBepXIIPOBOSHUK-
OH371eKTPUK-CBEPXIIPOBOAHUK (SIS) ¢ TyHHeJIbHBIM
[epexofoM, IIOJYIIPOBOOHHUKOBBIE H CBEPXIIPOBO-
OHUKOBble 6omomerpsl HEBs, cBepxpemeTku (SL).
CxeMaTHYecKHe BOJIbT-aMIIepHble XapaKTePHCTHKH
TaKUX NpH6OPOB [MOKa3aHbI Ha PHUC. 7.

OnHOBpeMeHHO C pa3yMHOH 3QPeKTHBHOCTLIO IIpe-
06pa3oBaHMS M HHU3KUM IIYMOM S5TH HeJIHHEHHBIe
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on the metamaterial. It can be seen that a sufficiently
high absorption coefficient (more than 90%) is real-
ized at frequencies corresponding to wavelengths of
about 70 microns.

Broadband bolometric receivers of the THz band
are successfully developed using absorbers based on
black gold and vertically aligned carbon nanotubes
(VACNTs). Cold deposited in nitrogen is of a very
loose structure consisting of random chains of nano-
particles of gold. It has a very low density (up to 65
mg/cm?), which makes it possible to make broad-
band absorbers from thick (30-50 microns) layers of
black gold, without having to increase the mass and
heat capacity of the sensitive bolometer membrane
significantly [19]. A layer of black gold with a thick-
ness of 30 microns is equivalent in weight and heat
capacity to a solid layer of gold with a thickness of
100 nm. The layers of black gold are characterized
by a resistivity p from 0.1 to 25 ohms-cm, while
p=0.5 ohms-cm is optimal for the manufacture of
absorbers [20]. Based on this technology, INO (Can-
ada) produces wide-band terahertz matrix bolometric
receivers. The image of the pixels of such a matrix is
shown in Fig. 4 [19]. This technology, in addition to
the process of applying black gold, contains another
non-standard stage of production - namely, laser
cutting of layers of black gold into pixels. Neverthe-
less, in Canada, the production of terahertz cameras
in the format of 384x288 pixels, with a pixel size
of 35 microns, has been introduced. The minimum
detectable power of the camera is 11-34 pW/pixel



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
OPTOELECTRONIC INSTRUMENTS & DEVICES
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

=

LO,

on

10,

diode, b) SIS, ¢) HEB, and d) SL [26]

Puc. 7. Cxemamuueckue 80Abm-amnepHble XapakmepucmuKu HeAUHelHbIX 3AeMeHmMOo8, Ha KOMOpbIX 0CHOBAHbI TI Y- 2emepo-
OUHHble npueMHUKU: a) duod LLlommku, b) SIS, ¢) HEB, u d) SL [26]
Fig. 7. Schematic volt-ampere characteristics of nonlinear elements on which THz-heterodyne receivers are based: a) Schottky

d)

IpubOpBI JO/KHBL 0671a1aTh BRICOKOM OIE€PALIIOHHOM
CKOPOCTBIO ITpeobpa3oBaHus AJIsl obecriedeHHUs LMIMPO-
KOM II07I0CHI IJIS1 I1OC/IeyIOIIero yCUaeHHUsl CUTHa/IOB
IIPY HaMHOT0 6o/Tee HU3KMX YacToTax (f~1-30 I'Tw).

IIpu 6osnplIon LO MOLIHOCTHA Wo MOKHO eTeKTH-
PpOBaTh OTHOCHUTEIBHO MaJIYIO MOIIHOCTE CUrHaaa Wi,
Korzma Takoe ycnoBue cobmromaercs (mpu Wy, > W),
KBAaHTOBBII IIyM B CUTHAJIbHOM IIOTOKE MOKeT OBITh
JOMHHHPYIOIIKMM IIYMOM H JJisi BHYTPeHHEIo yCUiie-
HHUA curHana G=1 g He GOTONPOBOASAINNX JETEKTO"
POB IIpH OTHOIIEHHWM CUTHaja K Iymy S/N=1,
clenyer:

s,het —

o hv
pymin 2V A ,
; f

a 715 MHHHMAalIbHONM OOHapyKHBaeMOH SHepruu

m  hv
umeeM ETV0 =—. s 3pPeKTUBHOCTH CBSI3H =1 3T0
n

s,het T

O3HaydaeT KBAaHTOBBIN ITpefie/1 OOHAPY>KeHUS CUTHAJIA.
Tak Kak IIpU 3TOM 3Heprus ogHOro GpoToHA, IIPUHHU-
Maemas He QOTONPOBOAAIIMM HeTeKTOPOM, TpaHC-
dbopMUpyeTCcsa B KUHETHYeCKYIO SHePruio OOHOIO 3JIeK-
TPOHA, KOTOPBIH 3aTeM IlepeceKkaet 6aprep.

JIJ1s1 TeTepOAUHHOIO JEeTeKTUPOBAHUS MOKET OBITh
IoKasaHo, uTto NEP paBHO (BLIP pe>I<HM):

Af

3aMeTHM, YUTO [J1g FeTepOAMHHOIO NeTeKTUPOBaH U
equHULIAMU U3MepeHus NEP siBnstorcst BT/T'L BMecTo
Br/T1 %>, Kax sl IPSIMOTO NeTeKTHUPOBAHHUS.

NEP =

in the range from 4.25 to 0.198 THz, which, taking
into account the signal integration time equal to 40
microseconds, when converted to a frequency band
equal to 1 Hz, gives a power equivalent to noise (NEP)
from 0.11 to 0.32 pW/Hz!? [21]. This means that
microbolometers bear the palm among uncooled tera-
hertz radiation receivers.

The layers of multi-walled VACNTs, as well as
the layers of black gold, have a low density (20-
30 mg/cm? [22]) and can be grown with a thickness
of 50-100 microns or more, which provides almost
complete absorption of the its radiation incident from
0.3 to 500 microns [23,24]. Currently, the growth
temperature of VACNTs is 750-850 °C, which does not
allow them to be grown on bolometers that are manu-
factured using silicon multiplexers. However, lines
of microbolometers with a membrane size of 100x100
microns were demonstrated, on which a 22 microns
thick layer of VONT was grown (see Fig. 5). In so doing,
vanadium oxide was used as a heat-sensitive layer,
applied to the membrane before the nanotubes were
grown. During the growth of the VACNTs layer, the
temperature coefficient of resistance VOx decreased
from the initial value of -3 %/K to -1.2 %/K, which is
still significantly higher than the temperature coef-
ficient of resistance of metals (=0.3 %/K).

DETECTORS WITH HETERODYNE

DETECTION

In heterodyne detectors, signals with THz or sub-THz
frequencies are converted into signals with lower
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YyBCTBUTE/JIBHOCTh TeTePOLAHUHHBIX [eTeKTOPOB
YacTo JaeTcsi B TePMHHAX TeMIIepaTyphl IIyMa CMe-
cutens T, KOTOpas KOpPpelIupyeT C 3KBUBAJIEHTHOM
MOIITHOCTBIO IITyMa CMeCHUTeIS:

NEP,, =k;T . .

JI/1S1 CIIeKTPa/IbHOM 30HBI A=3 MM (v~100 ITw), roe

€CTh OKHO IIPO3pa4YHOCTH aTMocdephl, 3HAUYeHHe
min
min s.het :h—V:4,8K sBnsgerca QyHAAMeHTalIbHBIM

k, k,

Ipefe/sioM IIyMOBOM TeMIIepaTypsl, BBeleHHBIM
IIPUHIIUIIOM HeOIIpeJeIeHHOCTH J0ObIX OLHOBpe-
MEHHBIX H3MepeHHM aMIUIMTYApl U $asbl 3/1eKTpo-
MATHHUTHOM BOJIHEI.

[IpenenpHBle 3Ha4YeHHUSI IIyMOBOM TeMIIepaTyphl
rerepofuHHEIX TI1I-IeTeKTOPOB YaCTO CPaBHMBAIOT,
KCIIO/Ib3Ys 3HAaUeHU s T™min, IToCKO/IBKY TeTepoJUHHbBIe
IeTeKTOphl M3MepAIOT KaK aMIUIMTYAY, Tak HU ¢asy
OIHOBPEeMEHHO, OHH PeryIHPYyIOTCS IPUHIIHUIIOM Heo-
IIpefe/IeHHOCTH U, CJIefOBaTe/IbHO, OHU OIPaHUYeHBI
KBAaHTOBBIM IIYyMOM IPH abOCONIOTHOM YypOBHe
myma 48 K/TI1,.

CPABHEHUE TETEPOAMHHOI O

N nNPAMOro AETEKTUPOBAHUA
leTepoAVHHOe [eTeKTHUpPOBaHHe IIpelaraeT BbICO-
KOe CIIeKTPaIbHOe paspeleHue v/ Av~10°-10°, OueHb
BBICOKO€ CIIeKTpPa/IbHOe paspelleHHe BO3MOXHO,
moKka v, <v. Ho [ reTepoAUHHBIX CHUCTEM, OCO-
6eHHO A4 SBD-IIpeMHHUKOB B Tr1-obmacTtu, KpUTH-~
YeCKHMM KOMIIOHEHTOM SIBJSIeTCSL JIOKaJdbHBIM
OCLIAJLJISITOP.

B TO >Xe BpeMs AETEeKTOPhl C IIPSIMBIM [ETeKTH-
poBaHMeM, KaK IIPaBHJIO, NEHCTBYIOT B IIMPOKOM
CIIeKTpaJIbHOM [Malla3oHe, U, Koraa GoTOHHBIN GoH
HHU30K, MOTYT 0beclieurBaTh [OCTATOYHO BBICOKOE
paspeumienre. OHH MpeAlIOYTHTEbHee [IJI YyMe-
PEHHOTO CIIeKTPJIBHOrO paspemreHus v/Avx103-10%
WJIH HIKe, a Takke s GOpMHUPOBAaHUS H306pa-
SKeHUU. J|eTeKTOpbl C IPSIMBIM AeTeKTUPOBAHHUEM
MOTYT HCIIO/NIb30BaThCSl B TAaKUX IIPUMEHEeHMAIX, The
YyBCTBUTEIBHOCTH DoJlee BaskHA, YeM CIIeKTPaIbHOE
paspelleHHe.

ViMmeTp orpaHH4YeHHYI POHOM MATpPHIy JeTeKTO-
POB Ba’KHO C TOYKH 3peHMSI HCKJIIOYEHMS, HAIlpHU-
Mep doHOBOro myma Heba, yI4UTHIBAsI, UTO II0bas
IIPOCTPAHCTBEHHO KOPPeJIHMpPOBAaHHASg KOMIIOHEHTA
3TOro ImyMa, AeTeKTHPyeMasi BO BCeX CeHCOpax
B MaTpHlle, MOXeT OBITh CyIIeCTBEeHHO II0JaBJIeHa.
Cpely [eTeKTOPOB C IIPSIMBIM [JeTeKTHPOBAHHUEM,
HHU3KOTeMIlepaTypHble 6omomeTprl 06bIYHO obe-
CIeYMBAKT  HAWBBICIIYIO  YyBCTBUTEJIBHOCTD

650 POTOHUKA TOM 15 N2 8 2021

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
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

intermediate frequencies (IF), providing information
about the amplitude and phase of the input radiation.
For several decades, such detectors have been used for
high-resolution spectroscopic studies, space remote
sensing, and relatively recently they have been used
to form images in the millimeter and sub-millimeter
range.

The diagram of heterodyne detection is shown in
Fig. 6. In addition to the W; signal and the back-
ground radiation power Wy, the radiation power Wy,
is added from a local oscillator (for example, a laser or
any other type of narrow-band radiation source).
A local oscillator is required to ensure the optical mix-
ing process. The main elements of millimeter or sub-
millimeter heterodyne detectors are a mixer, which is
necessary for mixing W, and W, and for generating
a signal at an intermediate frequency v, =v,-vy,. The
key component of the mixer is a nonlinear mixing
element (detector), in which the signal power and the
LO radiation power interact when using some kind of
diplexer (a filter designed to combine signals of differ-
ent frequency ranges, which serves to combine two
ports into one). When using a millimeter or sub-mil-
limeter matrix, the choice of mixer is determined by
the availability of a LO power source in a given spec-
tral range, the operating temperature of the mixer,
and the desired sensitivity.

Calculations assume that the LO pulse
power required for Schottky mixers is 1 MW, for
superconductor-insulator-superconductor (SIS) mix-
ers - 40 pW, and it is 2 pW for mixers based on
hot-electron bolometers (HEB). The coupling losses
of the local oscillator were assumed to be equal to 3
dB [8]. A serious problem that limits the application
of the heterodyne matrices in the sub-millimeter
(THz) spectral region (i.e., for applications of high-
resolution spectroscopy (v/Av~10¢ where v is the
frequency, Av is the frequency interval), or photom-
etry (v/Av~3-10) and for imaging lies in the techno-
logical limitations of the power of solid-state local
oscillator (LO) or heterodyne oscillator. Due to the
significant attenuation, THz waves are not very use-
ful for long-distance communication, but due to the
strong absorption of most materials, THz radiation
provides information about the physical properties of
materials.

The main advantage of heterodyne detection sys-
tems is that the information about the frequency and
phase of the signal with frequency v, is converted into
the frequency v, which is in a much lower frequency
range (v, <v,) corresponding to the response time of
the electronics. This transformation is (v, — v, ) called
a heterodyne transition (conversion). If the frequen-
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Tabnumua. OrpaHMYeHNs COBPEMEHHbIX TEXHONOMMIN C O[HUM NCTOYHMKOM LO, gencTByowmm npm 300 Kin 120 K
Table. Limitations of state-of-the-art technologies with a single LO source operating at 300 Kand 120 K

BbixoaHas mouy-
HOCTb (BO3MOXKHa4),
MKBT
Output
(possible) power,

BbixoaHas BbixoaHas MoLLL-
YyacToTa, HocTb (ony6MKo-
Iy, BaHHbIE
Output OaHHble), MKBT
frequency, Output power

GHz (public data), pW pw

YMCN0 NUKCENOB A4S Pa3INYHbIX CMecuTesen
Number of pixels for various mixers

LLoTTKM SIS
Schottky

300K 120 K 300K 120K 300K 120 K 300K 120 K 300K 120K
800 1 2 2 4 2 4 25 50 400 800
1500 15 40 40 80 - 1 2 20 40
1800 3 20 10 50 - - - - 5 25
2400 - - 2 5 - - - - 1 2

OT [a/ibHero MHQPaKpacHOro A0 MH/UIMMETPOBOIO
Auara3oHa 371eKTPOMarHUTHOIO CIIeKTpa, obecre-
YyuBasg OrpaHHYeHHble (GOHOM XapaKTepHUCTHUKHU
¢ NEP~(0,4-3)-10""° Bt/I'u®> npu paboueil TemIiie-
patype 100-300 MK. B yci1oBHAX MHKPOBOJIHOBOIO
dona (CMB) HCIONB30BANNCh CHUCTEMBl KOTE€pPEHT-
HBIX [eTeKTOPOB M HeKOTepeHTHBbIe 6oloMeTpHde-
CKHe CHUCTeMBI. [JII KOCMHYECKHUX JKCIIEPHMEHTOB
Ha3eMHOro 6a3sHpoBaHUS IPUMEHHMBIMH SBIIS-
10TCs1 062 THUIIA IeTeKTOPOB.

ITo cpaBHEHHIO C IIPSAMBIM [eTeKTHPOBaHHEM,

reTepoAHHHOE [eTeKTUpPOBaHHe obnamaeTr Impe-
MMYIIeCTBAMU M HeJOCTaTKaMHU. I[IperMMmyliecTBa
reTepOJMHHOTO [eTeKTHPOBAHUS 3aKI0YaITCsS

B CJIeyIOIIeM

e OHO MOXeT JeTeKTHPOBATh YACTOTHYIO MOMY/IS-
M0 U $a30BYI0 MOLYIIALIHIO;

e [OMHHHUPYIOIUH LIyM crenyeT U3 QaykTya-
IIMH MOINHOCTU reteponvHa W;,, u oH Gonee
BEposiTeH, 4YeM IIyM (GOHOBOrO H3JIy4YeHHUS,
TakuM obpasom, obecreynBaeTcs U3bupaTens-
HOCTb, HaIpUMep HPOTHUB (GOHOBOrO IOTOKA
UT.O.;

+ 1mporiecc ImpeobpasoBaHHsl 4acToThl IF obecrie-
YMBaeT YCHIeHHe TaK, YTO BBIXOLHOM CHI-
Hai IF meTeKTopa MoskeT OBITH cenaH 6onblie,
YyeM, HaIpUMep, TEIUIOBOM U TeHEepalioOHHO-
PeKOMOMHAIIMOHHBIM IIYM;

+ ycuieHHe IIpeobpa3oBaHMUsl IIPOMOPLIOHATIBHO
W, o/W, u, Takum obpa3om, HAMHOTO MeHbIIasi
MOIIHOCTh CHUTHA/TA H3JyYeHUs] MOXKET OBITh
obHapyskeHa I10 CPABHEHHUIO C IIPSIMBIM JI€TEKTH-
pPOBaHHUEM.

cies of the signal and the local oscillator are equal to
each other, then v;=0 (i.e. degenerates into a con-
stant signal), then such a detection process is identi-
fied as a homodyne transition.

For efficient conversion and ensuring low noise in
the millimeter and sub-millimeter spectral ranges,
only a few types of detectors can be used as mixers.
Devices with strong electrical quadratic nonlinearity
are often used. Examples are directly biased diodes
(SBD), superconductor-insulator-superconductor (SIS)
with tunnel junction, semiconductor and supercon-
ducting HEBs, and superlattices (SL). Schematic volt-
ampere characteristics of such devices are shown in
Figure 7.

Together with reasonable conversion efficiency
and low noise, these nonlinear devices should
have a high operational conversion rate so that
they can provide a wide bandwidth for subsequent
signal amplification at much lower frequencies
(f~1-30).

With a large LO power W, a relatively small W,
signal power can be detected. When this condition is
met (at W, > W), the quantum noise in the signal
stream can be the dominant noise, as well as for
internal signal amplification G=1 for non-photocon-
ductive detectors with a signal-to-noise ratio S/N=1,
it follows that

s,het —

o hv
pymin 2V A ,
, f

for the minimum detectable energy, we have

Emin _ h_V
s,het ™

. For communication efficiency n=1, this
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HepoctaTkaMu TIeTepOAMHHOIO AeTeKTHPOBaAHHS
SIBJISIIOTCS !

+ oba my4Ka JO/DKHBI COBIIAAATh U OBITH PABHBIMH
[0 AHaMeTpy, M TakKe UX BeKTOpbl IIoMTHHTra
JOJIKHBL COBIIAIATh;

* BOJTHOBbIEe GPOHTHI 060HX I1yUKOB JO/DKHBI UMeETh
OJMHAKOBBIE PAMYChl KPUBU3HBL U KMETH [10X0~
KM€ CTPYKTYphl IIOIIePeYHBIX MIPOCTPaHCTBEH-
HBIX MOJ, II03TOMY OHH JIOJIKHBI OBITH ITOJISIPH-
30BaHbl B OLHOM HaIllpaBJIeHUH;

* TPYAHOCTH B IIPOM3BOACTBE MAaTPHL 6OJIBIIOrO
dopmara.

CHcTeMBbl KOTEpPeHTHOTO [eTeKTHpoBaHHs (c SIS
uny SBD-cMeCUTeNsIMH), Kak IIPAaBHIO, OFPAaHHUYeHBI
B JETeKTHPOBAHMU CHIHAJaMH C YaCTOTaMH, IIpe-
Beimaromumu 1 TI'i. TetepoguHHbie HEB-cMecuTenu
UM [eTeKTOPhl IIPIMOIO LeTeKTHPOBAaHHS Ha OCHOBE
CeHCOPOB, [EeHCTBYIOIIMX BOIKM3KM Kpas IIepe-
X0la B CBepxIlpoBopsiiee coctosiHue (TES), moutu
He HMMEIT IPaKTH4YecKHX OTPaHHYeHUH B IIpHMe-
HEeHUH B KOPOTKOBOJHOBOM CyOMM/IIMMETPOBOM
Ouarasode [27].

3AKJ/TIOMEHUE
Hacrosmuii mporpecc B TexHOM0TUU T LI-1eTeKTOpOB
obecrieunBaeTcs pelleHHMEM TeXHOJIOTHYeCKHX

mpobneM, HOBBIMH QU3MYECKHMMH KOHIEMIHUSIMHU
U SIBJIEHUSIMH, a TaKKe MHOT006eMaromuMH IIPHUIIO-
SKeHHSIMU . XapaKTePUCTHKU HECKOJIBKUX TUIIOB JUC-
KPeTHBIX JeTeKTOPOB M MajloOopMaTHBIX MAaTpHII,
IeNCTBYIOIUX IIPU HHU3KUX WK Cy6KeIbBHHOBCKUX
TeMIlepatypax (Hampumep SIS, HEB, TES u 6oio-
MeTpBl Ha XOJIOAHBIX 3eKTpoHax (CEB)) 6au3Ku
K IpenenbHbIM XapaKTepPHUCTHKAM IIPH HHU3KOM
ypoBHe poHa. OHM 0XBaThIBAIOT Bech TTI-AHaIIa30H.
OmHako 6yaymiee ynydlleHHe YyBCTBUTEIbHOCTHU
Oyner obecriedMBaTbCSl HCIIONb30BAHHUEM KPYIIHO-
GOpMaTHBIX MAaTPHUIl CO CYHUTHIBAHHEM B (OKalb-
HOM IUIOCKOCTH AJIs1 obecriedeHHsl BRICOKOPa3pella-
IIeH CIeKTPocKonuu (v/Av~107) U perucTpalluUIIPU
4acToTax, npesblmarmux 1 T, CeepxopoBoasiiue
HEB-meTeKTOpbl XapaKTePU3YIOTCSI XOPOIIMMH TeM-
HOBBIMH XapaKTepPHCTHKaMH, BBICOKOK CKOPOCTBHIO
cyeTa, M OHM TaKKe INEPCIEeKTHUBHBI KaK CYETUYHKHU
OTHAENbHBIX GOTOHOB B IIMPOKOM MK-cIieKTpasbHOM
guanasoHe. COMHHTEIBHO, YTO CBEPXIIPOBOASAIIHE
HEBs, [elCTByoOL[He IIPH BBICOKHX TeMIIepaTy-
Pax, OOCTUIHYT YYBCTBUTEIbHOCTH HM3KOTEMIIEepa-
TYPHBIX CBepxIpoBoismux HEBs m3-3a HU36bITOY-
HOTO IIyMa, HO BC/IeACTBHE KOPOTKOTO BpeMeHH
3/1IeKTPOH-QOHOHHOMN peJlaKCalluu 3TH MaTepHaJIbl
SIBJISFOTCS I€PCIeKTHBHBIMH /IS IITMPOKOIIOIOCHBIX
npru6opoB.
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means the quantum limit of signal detection. Since,
in this case, the energy of one photon received by
a non-photoconductive detector is transformed into
the kinetic energy of one electron, which then crosses
the barrier.

For heterodyne detection, it can be shown that NEP
is equal to (BLIP mode):

Wmin
NEP = ek _ IV
Af m

It should be noted that for heterodyne detection,
the units of measurement of NEP are W/Hz instead of
W/Hz0->, as for direct detection.

The sensitivity of heterodyne detectors is often
given in terms of the mixer noise temperature T,
which correlates with the equivalent mixer noise
power:

NEP_. =k,T . .

For the spectral zone of A~3 mm (v~100 GHz), where
there is an atmospheric transparency window, the
value T = Bl _hv_

k, k,
of the noise temperature introduced by the uncer-
tainty principle of any simultaneous measurements of
the amplitude and phase of an electromagnetic
wave.

The limit values of the noise temperature of hetero-
dyne THz detectors are often compared using values
T/™", Since heterodyne detectors measure both ampli-
tude and phase, they are regulated by the uncertainty
principle concurrently and therefore they are limited
by quantum noise at an absolute noise level of
48 K/THz.

4,8 K is the fundamental limit

COMPARISON OF HETERODYNE DETECTION
AND DIRECT DETECTION

Heterodyne detection offers high spectral resolution
v/Av=~10°-10°. Very high spectral resolution is possible
as long as v, <v. But for heterodyne systems, espe-
cially for SBD receivers in the THz region, the local
oscillator is a critical component.

At the same time, detectors with direct detec-
tion, as a rule, operate in a wide spectral range, and
when the photon background is low, they can pro-
vide a sufficiently high resolution. They are prefer-
able for moderate spectral resolution v/Av=~103-10*
or lower, as well as for image formation. Direct
detection detectors can be used in applications
where sensitivity is more important than spectral
resolution.
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OIHOM M3 BaKHBIX KOMIIOHEHT TIII-TeXHOJIOThHU
SIBJISIIOTCSI HeOoxJIaXkAaeMble MM CJIerkKa OXJIakaae-
Mble TIL-ceHCOpHI, Tpebylouiye AIbHEHIIEero yiyd-
IIeHMS YYBCTBUTEIBHOCTH, KOTOPOE CAejI1aeT CUCTeMBbI
MeHee CJIOKHBIMH U TPOMO3IKUMHU. B GONBIIMHCTBE
MH/UIMMETPOBBIX U CYOMHJITMMETPOBBIX CIIEKTPO-
MeTpOB CO CpefHHMM paspelleHHeM YacTO HCIIONb-
3yI0TCS HeOXJIaKAaeMble AeTeKTOPbl, JeHCTBYIOIIMe
B IIMPOKOM II0JI0CEé YacTOT. IIpeMMyllecTBa HeOX-
JKOAeMBbIX JeTeKTOPOB 3aK/II0YAIOTCI B OTHOCUTE/Ib™
HOH IIPOCTOTE CXeMBbI, a TaKKe B HUX CIOCOBHOCTH
JelCTBOBATh IIPU KOMHATHOM TeMIlepaType B LIHPO-
KOH I1oyioce yacToT. Mx NEP HaxoOHTCI B JHalla30He
107°-107" Bt/T'11>. TIpeACTaBASIOT UHTEPeC U HUCCIe10-
BaHMS, HaIlpaB/IeHHBIe Ha CO3aHHe HOBBIX pa3pabo-
TOK TeparepLeBhIX JeTeKTOPOB, HallpuMep Ha OCHOBe
HH3KOpa3MepHHIX CTPyKTyp u3 HgCdTe, Ha ocHoBe
PbSnTe: In, Ha OCHOBe KBAHTOBBIX KOJIEl] M KBAaHTO-
BeIX Touek Ge/Si [27]. HeoxnaskmaeMble HJIM C/IerKka
OXJIa’kIaeMble CeHCOpPhl Ha OCHOBe, HaIlpHMep IIIa3-
MOHHOIO pe3oHaHca 2D-3nexTpoHOB B HEMTS mep-
CIIeKTHUBHBL [JIs KCIIOJb30BAHUSA B KpyIHOpOpMaT-
HBIX MAaTpHIax B CHUCTEMax C HH3KOHM CTOMMOCTBIO.
Ipyrue paspaboraHHbBle MIH PpaspabaTeiBaeMble
Heox/JakgaeMele TI'1I- TeIIOBbIe AeTeKTOPBI IIPSIMOLO
obHapykeHust ¢ NEP~10710-10"1 BT/T11®> moryT 6bITH
KCII0/Ib30BaHBl BO MHOIMX HU3KOPpa3pelalolUX CIIeK-
TPOCKOIIMYECKUX IIPUMEHEeHHIX M CHCTeMax aKTHB-
HOrO HaOMI0meHM s .
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Having a background-limited detector array is
important from the point of view of excluding, for
example, background sky noise, given that any spa-
tially correlated component of this noise detected
in all sensors in the matrix can be significantly
suppressed. Among detectors with direct detection,
low-temperature bolometers usually provide the
highest sensitivity from the far-infrared to the
millimeter range of the electromagnetic spectrum,
providing background-limited characteristics with
NEP~(0.4-3)-10" W/Hz%-° at an operating tempera-
ture of 100-300 mK. Coherent detector systems and
incoherent bolometric systems were used in the cos-
mic microwave background (CMB) conditions. Both
types of detectors can be applied for ground-based
space experiments.

Compared to direct detection, heterodyne detec-
tion has its advantages and disadvantages. The
advantages of heterodyne detection are as follows:

it can detect frequency modulation and phase
modulation;

 the dominant noise follows from fluctuations in
the power of the heterodyne W,, and it is more
likely than background radiation noise, thus
selectivity is ensured, for example, against back-
ground flux, etc.;

« the IF frequency conversion process provides
amplification so that the output signal of the IF
detector can be made greater than, for example,
thermal and generation-recombination noise;

« the gain of the conversion is proportional to
Wo/W, and thus a much lower power of the
radiation signal can be detected compared to
direct detection.

The disadvantages of heterodyne detection are:

-
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« both beams should coincide and be equal in
diameter, and also their Pointing vectors should
coincide;

+ the wavefronts of both beams should have the
same radii of curvature and have similar struc-
tures of transverse spatial modes, therefore they
should be polarized in the same direction;

« difficulties in the production of large format
matrices.

Coherent detection systems (with SIS or SBD mix-
ers), as a rule, are limited in detecting signals with
frequencies that exceed 1 THz. Heterodyne HEB mix-
ers and direct detection detectors based on sensors
that operate near the edge of the transition to the
superconducting state (TES) have almost no practical
limitations in use in the short-wave sub-millimetre
range [27].

CONCLUSION

The real progress in the technology of THz detectors
is provided by the solution of technological prob-
lems, new physical concepts and phenomena, as
well as promising applications. The characteristics of
several types of discrete detectors and small-format
matrices operating at low or sub-Kelvin temperatures
(for example, SIS, HEB, TES and cold electron bolom-
eters (CEB)) are close to the limiting characteristics
at a low background level. They cover the entire THz
range. However, future sensitivity improvement will
be provided by the use of large-format matrices with
reading in the focal plane to provide high-resolution
spectroscopy (v/Av=10’) and recording at frequen-
cies that exceed 1 THz. Superconducting HEB detec-
tors are characterized by good background response
characteristics, high counting speed and they are
also promising as counters of individual photons in
a wide IR spectral range. It is doubtful that supercon-
ducting HEBs operating at high temperatures will
achieve the sensitivity of low-temperature supercon-
ducting HEBs due to excessive noise, but due to the
short electron-phonon relaxation time, these mate-
rials are promising for broadband devices.

One of the important components of THz tech-
nology are uncooled or slightly cooled THz sensors,
which require further sensitivity improvement that
will make systems less complex and cumbersome.
Most millimeter and submillimeter spectrometers
with medium resolution often employ uncooled
detectors operating in a wide frequency band. The
advantages of uncooled detectors are the relative
simplicity of the circuit, as well as their ability to
operate at room temperature in a wide frequency
band. Their NEP is in the range of 10°-10" W/Hz°-.
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Of interest are also studies aimed at creating new
developments of terahertz detectors, for example,
based on low-dimensional structures from HgCdTe,
based on PbSnTe: In, based on quantum rings and
Ge/Si quantum dots [27].

Uncooled or slightly cooled sensors based, for
example, on the plasmonic resonance of 2D electrons
in HEMTs are promising for use in large-format
matrices in low-cost systems. Other uncooled THz
thermal direct detection detectors with NEP that are
developed or under development ~10719-10"11 W /Hz0->
can be used in many low-resolution spectroscopic
applications and active surveillance systems.
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