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BAUAHUE KOHCTPYKTUBHbLIX MAPAMETPOB HA SAEKTPO®U3NYECKUE
XAPAKTEPUCTUKU AHU3OTPOIMHbIX MATHUTOPE3UCTUBHDbIX
MPEOBPA3OBATEAEM MATHUTHOTO MOAS C MOAIOCAMU BAPBEPA

Ilocmynuna ¢ pedaxyuio 27.04.2018

IIpedcmasnensi pezyasmamol SKCNEPUMEHMAAbHBIX UCCAC008AHUL AHUZOMPONHbIX MACHUMOPE3UCMUBHbIX NPeobpazosamenei
MA2HUMHO20 noas ¢ noaocamu 6apbepa. HUccaedosano enusnue KOHCMPYKMUBHbIX NAPAMEMPOE HA SAeKMPOoPuU3U1ecKue Xapak-
MepUcCmuKy aHU30MponHbIX MACHUMOPE3UCMUBHbIX npeodpazoeameneli, cHOpMUPOBaHHbIX Ha moHKUX nienkax cnaaéa FeNiCo.
Tlonyuennvie danHble N03604310M Onpedesums ONMUMANbHbIE MeKmpodu3uUeckue napamempsl QopMUpyemoix MaeHUmMopesuc-
MUBHBIX CMPYKMYP U GHUZ0MPONHBIX MASHUMOPE3UCMUBHbIX NPeoobpazosameneii Ha Ux OCHOge.

Karoueeuvie caoea: aHu30mpong1L7 Maeﬁumopesucmuenbtﬁ 9d)d)eicm, npe06pa3oeame/1b MACHUMHO20 NOAA, MAZcHUmMOpe3ucmue-

HAA HAHOCMpYKmYypa, MOHKONAEHOYHAA MEXHOA02UA

Psan uccnenoBaHuii CBUAOETENLCTBYET O TOM, YTO
JIJIST KOHTPOJISI MapaMeTpoB ¢J1abOro MarHUTHOTO MOJIST
B IIIMPOKOM IMana3oHe TeMIIepaTyp HanuboJjiee BOCTpe-
0OBaHHBIMU SIBJISIIOTCSI TOHKOIUJIGHOYHBIE aHU30TPOII-
Hble MarHuTope3uctuBHbie (AMP) mpeoOpa3oBarenu
MarHuTHOTO mojs [1—6]. DTo 00yCIOBIEHO MPOCTO-
TOM MX KOHCTPYKIIMM, JOCTATOYHO BHICOKOI YyBCTBU-
TEJbHOCTHIO, MUHHUATIOPHOCTBIO Y HEBBICOKOI CTOU-
MocTbio. KoHcTrpykumun AMP nipeo6pa3zoBateneii, Kak
MIPaBUJIO, PEAIM3YIOTCS Ha OCHOBE TOHKOILJIEHOYHBIX
MarHuTope3ucTuBHbIX (MP) aj1eMeHTOB, COeIMHEHHbBIX
B MOCTOBYIO CXE€MY, M IJIaHAPHBIX KaTyIIEeK IogMar-
HuuuBaHusd. UaMeHeHue conpoTuBaeHus AMP B 3a-
BUCUMOCTA OT MAarHUTHOTO IIOJISI BBIYMCIISIETCS TIO

dopmyie
R = Ry + AR cos’a, (1)

rae Ry — conpoTUBIEHUE MArHUTOPE3UCTUBHOTO 3J1e-
MEHTa B OTCYTCTBME MAarHUTHOTIO MoJist; AR — Makcu-
MaJIbHOE M3MEHEHUE COITPOTUBJIEHUSI TIPU BO3IEICT-
BUUM HA HEro MarHUTHOTO MOJISI; o. — YTrOJ MeXIy Ha-
MpaBJIEHUEM TIPOTEKAHNS TOKA B MATHUTOPE3NUCTOPE U
HamnpaBjeHNEM HaMarHMYeHHOCTH TOHKOW TUIEHKH,
KakK TpaBUJIo, TIepMaJlIosl.

M3 naHHOrO BbIpaX€HUS CIEAYET, YTO 3aBUCHMOCTh
COIPOTHUBJIEHUSI OT MAarHUTHOTO MOJISI HOCUT HEJIMHEM -
HbI xapakTep. KpoMe Toro, TOHKME TJIEHKU repmal-
Josi 00JafaloT TUCTEPE3UCOM, YTO 3HAYUTEJbHO 3a-
TPYAHSIET METPOJIOTUIO MMapaMeTPOB MAarHUTHOTO TOJISI
¢ ucnojab3oBaHuemM AMP npeoOpa3zoBatesneil. B Lensix
HUBEJIUPOBAHUS 3TUX HETaTUBHBIX (pakTOopoB B AMP
npeodpa3zoBaTeisiX MCIOJAb3YIOT KOHCTPYKILIMIO Mar-
HUTOPE3WCTUBHOIO 3JIEMEHTA C mojitocamu O6apoepa.
OCO0EHHOCTbIO JAaHHON KOHCTPYKILIMU SIBJISIETCS TO,
YTO HU3KOPE3UCTUBHBIE IMOJOCKU-IIYHTHI pacroa-
raloTcsl Ha MarHUTOPE3UCTUBHOM 3JIEMEHTE MOI YI-
JIoM 45° OTHOCUTENILHO HAIlpaBISCHUS IPOTEKAHUS TO-
Ka, COBMAAAIOIIETO C OChIO JIETKOM HaMarHUMYeHHOCTU
(OJIH) MP. HanpaBneHue ToKa B TAKOM MarHUTOpe-
3UCTMBHOM BJIEMEHTE MEXIy IojocaMmu 0apbdepa co-
crapnsieT yroj 45° orHocutensHo OJIH MP mipu ort-
CYTCTBMM BHeIIHeTO Tois [6, 7]. BHelrHee MarHuTHOE
1oJie, BO3AEUCTBYIOIEEC HA MATHUTOPE3UCTUBHBINA 3J1€-
MEHT BIOJIb IIJIOCKOCTH OCHOBaHMUSI, HA KOTOPOM OH
chopmuponaH, u oproroHasibHo OJIH MP, mpuBoaut kK
VBEJIMYEHUIO WIM YMEHbBILIEHHUIO €r0 COIPOTUBIIEHMSI.

Hamm uccnenoBaHusi ObLIM HaMpaBjieHbl Ha U3Y-
YeHME BIUSHMSI KOHCTPYKTHMBHBIX MapaMeTpoOB TaKUX
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Puc. 1. ®parment MP nosocku: A — mmpuHa MP nonocku; B —
paccTosiHMe MexXny Toiocamu 6apoepa B MP monocke; C — mim-
puHa To1I0ca Gapbepa

Fig. 1. Fragment of a MR strip: A — width of a MR strip; B — distance
between the barber poles in the MR strip; C — width of the barber pole
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Puc. 2. Tonoaorus kpucramia AMP npeoopasoBarens
Fig. 2. Topology of the AMR crystal of the transducer
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Puc. 3. 3aBUCHMOCTB CONPOTHBJIEHNS] MOCTOBO CX€MbI OT ITMPHHBI
MP nonxocku

Fig. 3. Dependence of the resistance of the bridge circuit on the width
of the MR strip
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MaTrHUTOPE3UCTHUBHBIX 3JIEMEHTOB, U3TOTOBJICHHBIX U3
craBa FeNiCo. JI1g 3Toro ObUtM M3rOTOBJIEHBI aHM-
30TPOITHBIE MAaTrHUTOPE3UCTHUBHBIE IIpeobpazoBaTesin
MAarHUTHOTO T0JIs C Pa3IUYHBIMU KOHCTPYKTUBHBIMU
nmapaMeTpaMu, OIpeAesIIIoIMMHU pa3Mep pacIioaoxe-
HUSI IOJIFOCOB OapOepa Ha MAarHUTOPE3UCTUBHOM 3Jie-
MeHTe. Ha puc. 1 npeacrasieH 3cku3 ¢parMeHTa Mar-
HUTOPE3UCTUBHOTO 3JIEMEHTA C BapbUPyeMbIMU Mapa-
MeTpamu o mupuHe MP nonocku (A4), pacCTOSTHUIO
MeXay moarocamMu Oapbepa (B) U IIMpUHE IIOJdIOCa
6apbepa (C).

HccnenoBanus npoBoawin Ha Tpex rpynmnax AMP
npeodOpaszoBatesieil. B kaxmoil rpymme BapbUpOBaIU
OIIMH U3 TPeX IapaMeTPOB, IIPU 3TOM JIBa IPYTUX QUK-
cupoBaiu. Tak, B mepBoii Tpymnie nepeMeHHbIM mapa-
METpOM sIBjIsiIach mpruHa MP nonocku — 6, 10, 12
u 14 MxM (napameTp A), Ipy 3TOM PACCTOSTHUE MEXIY
nonrocamMu Oapbepa U LIMpHHA I0JIoca GapbOepa He
U3MEHSIIUCH U COCTaBISIA 5 1 3 MKM COOTBETCTBEH-
Ho. Bo BTOpOIi rpyIine nepeMeHHbIM IIapaMeTPOM ObI-
JIO paccTosiHue MeXy TojitocaMu 6apdepa B MP mo-
Jocke — 5, 7,9, 11, 13 MxMm (rmapametp B Ha puc. 1),
npu nocTtossHHOH 1mupuHe MP monocku 10 MKM U
HMpuHe nomtoca 6apdepa 3 MkMm. PaccrosiHue ompe-
JiesisieTcsl Kak KpaTJyaiilliee pacCTOSIHUE MEXIY COCell-
HMMHU Ioarocamu 6apbepa. B Tperbeil rpymme B Ka-
YyecTBe MepeMeHHOTO MapamMeTpa Oblja BbiOpaHa Iu-
pUHA METAZIMYECKON MOJOCKM — LIMpMHA Mojioca
b6apOepa (mapametp C Ha puc. 1), usameHsiemast B 11a-
na3zoHe oT 3 10 7 MKM, IpH 3ToM 1uupruHa MP mnosoc-
KU U pacCTOSTHUE MeXy noJitocamu 6apoepa B MP mo-
JIOCKEe ObUIM HEU3MEHHBIMU W paBHbIMU 10 U 5 MKM
COOTBETCTBEHHO.

s cHUXXKeHUs TUCTepe3uca B KOHCTpyKuusix MP
npeobOpa3oBaTteieil UCIMOJAb3YIOT IUIaHApHbIE KaTylll-
KM MOJAMarHUYMBaHUsI, paciojoXeHHbIE TaK, UTO UM-
MyJIbChl TOKA, MPOTEKAIOIIETO B HUX, CO3Mal0T MarHUT-
HbIe T10J1s1, coHamnpasieHHble ¢ OJIH MP. TTapameTpbl
KaTylIKM M3MEHSIOTCS B 3aBUCMMOCTU OT ILUIMPUHBI
MP nonocku u mojioca 6apdbepa, pu 3TOM YUCIIO
BUTKOB KaTyIIKWM HEU3MEHHO, a €€ COMPOTHBICHUE HA
ypoBHe 8...9 OM. Ha puc. 2 npeacTtaBieHa TOMOJIOTUs
OIHOTO U3 TECTOBBIX KPUCTAJIOB CO CJEAYIOLIUMU
KOHCTPYKTUMBHBIMU MapameTpamu: mupuHa MP no-
Jjocku — 10 MKM, paccTosiHUe MEXIy IojarocaMu 6ap-
6epa B MP monocke — 5 MKM, LIMpUHA I10j10ca 6ap-
oepa — 3 MKM.

PesynbTaThl 3KCIEpUMEHTAIBHOIO MCCIeI0BaHUS
AMP mipeoOpazoBareiieil IepBOi IPYyIIlbl — 3aBUCU-
MOCTHU 2JIeKTpodu3udeckux mnapametpoB AMP npe-
oOpazoBateseil oT mmpuHel MP mojocku mpu mo-
CTOSTHHBIX 3HAUYEHUSIX PACCTOSIHUS MEXIY MOJcaMu
b6apbepa B MP nmonocke (5 MKM) U LIMpPUHE IIOJIOCA
bapOepa (3 MKM) — mipuBeneHbI Ha puc. 3, 4. Ha puc. 3
MpeacTaBieHa 3aBUCUMOCTb COMPOTUBJIEHUSI MOCTO-
BOM cxeMbl OT IIMpUHBI M P 1ToJIOCKM, TaKUM 00pa3oM,
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Fig. 5. Dependence of the resistance of the bridge circuit on the distance
between the barber poles

9KCMEPUMEHTAJbHO YCTAHOBJIEHO YMEHbBILIEHUE CO-
MPOTUBJIEHUSI MOCTOBOU CXeMBbI MPU YBEJIUYEHUU 111U -
puHbI MP moy0coK, COCTaBISIIONIMX MOCTOBYIO CXEMY.

Ha puc. 4 mpomemoHCTpUpoBaHa 3aBHCUMOCTh
yyBcTBUTEIbHOCTY AMP nipeobpa3oBaresisi OT IIUPU-
Hbl MP mnoyiocku. YCTaHOBJIEHO YBEIUUYEHUE YYBCTBU-
TEJIbHOCTHY TPU YBEJUUYEHUU 1MpUHbl MP mojocku.

PesynbraTel uccienosaHusi AMP npeoGpasoBare-
JIE BTOPOM TPYyNIbl — BJIMSHUS PACCTOSHUS MEXIY
noyiocaMu 6apoepa Ha 31eKTpodr3ndecKre mapamMmeT-
pbl AMP nipeoGpasoBaresieii — npuBeIeHbI Ha puc. 5, 6.
HeunsmMeHHBIMM KOHCTPYKTMBHBIMM MapaMeTpamu
aBnsitoTes mupuHa MP nonocku, paBHas 10 MKM, 1
LIMpHYHA MoJitoca 6apbepa, paBHas 3 MKM. Ha puc. 5
MpeAcTaBieHa 3aBUCUMOCTb COIPOTUBIEHUS MOCTO-
BOI1 CXEMHBI OT pacCTOSHUS MeXAy moiaocaMu dapoepa
B MP mojsocke. YCTaHOBJIEHO yBEIMYEHNE COMTPOTUB-
JIEHUS MOCTOBOI CXeMbI TTPU YBEJIMUYEHUU PACCTOSIHUS
MexXay IojirocaMu 6apoepa B MP mosocke.

Ha puc. 6 mokazaHa 3aBUCHMOCTb UYYBCTBHUTE]Ib-
Hoctu AMP mpeoOpa3oBaresisi OT pacCTOSSHUS MEXIY
nomocamMu O6apbepa B MP mosnocke. OmpeneneHo
YMEHbIIEHUE YyBCTBUTEIbHOCTHU MPU YBEJIMUYEHUU pac-
CTOSIHUSI MeXay Iojitocamu 0apoepa B MP mosocke.

B TpeTbeii rpynme ucciaegoBaHHbix AMP npeobpa-
30BaTeNIeil TIepeMeHHBIM ITapaMeTpoOM SIBJISLIACh IITH-
puHa nomoca 6apoepa. LlInpurna MP nonockn n pac-
CTOSIHHME MexXay mojwocamu O0apbepa B MP moiocke
SIBJISIFOTCSI TIOCTOSIHHBIMU TTapaMeTpaMu U paBHbI 10
U 5 MKM COOTBETCTBEHHO. Pe3ynbTaThl MCCea0BaHUS
napameTpoB AMP 1ipeoOpa3oBaresieit TpeTbeit TpyIIIbI
npuBeIeHbl Ha puc. 7, 8. Ha puc. 7 nmpeacrasieHa 3a-
BUCUMOCTb COMPOTUBJIEHUS] MOCTOBOM CXEMBI OT ILIU-
PUHBI Mojioca 6apbepa. YCTaHOBIEHO YMEHbIIECHUE
COMPOTHBJIEHUS MOCTOBOI CXEMbl MPU YBEJIUUECHUU
LIIMPUHKI TOJII0ca 6apoepa.

Ha puc. 8 mpencraBieHa 3aBUCUMOCTh YyBCTBU-
tenbHOCTH AMP mnpeoOpa3oBaTesiss OT IUMPUHBI I10-
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Fig. 6. Dependence of the sensitivity of the AMR transducer on the
distance between the barber poles
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nmoca 6apoepa Ha MP monocke. 3HaUNTENbHBIX U3Me-
HEHUI YyBCTBUTEJIBLHOCTU TMPU YBEJIMUYEHUU LLIMPUHBI
nosoca 6apoepa He 3aperucTpupOBaHO.

ITpoBeneHHble 3KCIepUMEHTalbHbIE MCCEI0Ba-
HUS MOKa3ajid, YTO yBeJMYeHUe IupuHel MP noso-
COK, COCTaBJISIIOIIUX MOCTOBYIO CXEMY, TPUBOIUT K
YMEHBIIIEHUIO COIPOTUMBICHUSI MOCTOBOM CXEMbl U
yBeJIWUYeHNI0 4yBCcTBUTeNbHOCTY AMP mpeoGpasoBa-
tess. [1py yBeJMYeHUU pacCTOSIHUSI MEXAy MoJioca-
Mu 6apoepa B MP mojiocke MpoucxoauT yBeJIudyeHue
COINPOTUBJIEHUSI MOCTOBOM CXEMbl, OTHAKO 3TO CIO-
COOCTBYeT YMEHbIIEHUIO YyBCTBUTEIbHOCTU AMP
npeobpazoBateisi. 3aperucTpMpPOBaHO YMEHbIIEHHE CO-
MIPOTUBJICHUSI MOCTOBOM CXEMBI TIPY YBEJIMYCHUHN 1ITH -
pUHBI MoJioca 6apbepa, YTO COMIACHO 3KCIEPUMEH-
TaJbHBIM JaHHBIM HE3HAUYMTEJBHO BIMSIET Ha YYBCT-
BuTesibHOCTE AMP npeoGpa3zoBaTeds.

CorjnacHO TIOTYYEHHBIM 3KCIIEpUMEHTAIHHBIM
JaHHBIM MOXHO CZeJIaTh BbIBOI O TOM, YTO U3 UCCJIe-
JMOBAHHBIX CTPYKTYP HaMOOJBIIYIO YYBCTBUTEIHLHOCTD
K MarHuTHoMmy nojto mMmeior AMP mipeoOpa3oBarenu
CO CIIEAYIOIIMMU TTapaMeTpaMM: IIUPHUHA MarHUTOPE-
3UCTOPOB — 14 MKM, MUHUMAJIbHBIC pa3Mephl IINPU-
HBI TT0JII0ca 0apbdepa U pacCTOSIHUS MEXAY COCETHUMU
nojitocaMu — 3 U 5 MKM cooTBeTcTBeHHO. [Ipencras-
JIEHHBbIE B CTaThe MCCJEHOBAHUS MO3BOJISIIOT OMpele-
JINTb OMNTUMAaJIbHbIE MapaMeTpbl Gopmupyemoir MP
CTPYKTYpBI, YTO, B CBOIO Ouepelb, CIIOCOOCTBYET pas-
pabotke MP mipeoOpa3oBareeii 1 MUKpPOCUCTEM Ha MX
OCHOBE C HEOOXOIUMBIMHU XapaKTepHCTUKAMMU.
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The article presents the results of an experimental research of the anisotropic magnetoresistive magnetic field transducers with

the barber poles.

582 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 10, 2018




Experimental samples of the anisotropic magnetoresistive magnetic field converters with various design parameters, which de-
termine the size and location of the barber poles on a magnetoresistive element, were manufactured. The influence of the design
parameters on the electrophysical characteristics of the anisotropic magnetoresistive transducer formed on the basis of thin films
of FeNiCo alloy was investigated. The investigation was carried out on three groups of anisotropic magnetoresistive magnetic field
transducer. In each group, one of three parameters varied, while the other two were fixed. So, in the first group the variable parameter
was the width of the magnetoresistive strip — 6, 10, 12 and 14 um. In the second group, the variable value between the poles of
the barber in the magnetoresistive strip was 5, 7, 9, 11, 13 um. In the third group, the width of the metal strip, the width of the
barber pole, varying within the range from 3 up to 7 um, was selected as the variable parameter.

The obtained data allow us to define the optimal electrophysical parameters of the formed magnetoresistive structures and an-

isotropic magnetoresistive magnetic field transducers on their basis.

Keywords: anisotropic magnetoresistive effect, magnetic field transducer, magnetoresistive nanostructure, thin film technology

For citation:

Zhukov D. A., Kupriyanova M. A., Mokrinsky Y. 1., Amelichev V. V., Kostyuk D. V., Vasilyev D. V., Orlov E. P.
Influence of the Design Parameters on the Electrophysical Characteristics of the Anisotropic Magnetoresistive
Transducers of the Magnetic Field with Barber Poles, Nano- i Mikrosistemnaya Tekhnika, 2018, vol. 20, no. 10,

pp. 579—584.

DOI: 10.17587/nmst.20.579-584

A number of the research works testify that control
of the parameters of a weak magnetic field in a wide
range of temperatures can be ensured by thin-film an-
isotropic magnetoresistive (AMR) transducers of the
magnetic field [1—6]. This is due to simplicity of their
design, rather high sensitivity, small size and low cost.
As a rule, the designs of the AMR transducers are im-
plemented on the basis of the thin-film magnetoresis-
tive (MR) elements connected into a bridge circuit, and
planar coils for magnetic biasing. Variation of the AMR
resistance, depending on the magnetic field, is calcu-
lated under the following formula:

R= Ry, + AR cos?a, (N

where R, — resistance of a magnetoresistive element in
absence of a magnetic field; AR — maximal variation of
the resistance under action of the magnetic field on it;
o — angle between the direction of the current in a
magnetoresistor and the direction of the magnetization
of a thin film, permalloy, as a rule.

From the given expression it follows, that the de-
pendence of the resistance on the magnetic field has a
nonlinear character. Besides, the thin films of permal-
loy possess a hysteresis, which complicates considerably
the metrology of the parameters of the magnetic field
with the use of the AMR transducers. In order to level
out these factors, in the AMR transducers the design of
the magnetoresistive element with the barber poles is
employed. A specific feature of the given design is that
the low-resistive strips-shunts are placed on the mag-
netoresistive element at the angle of 45° in relation to
the direction of the current, coinciding with the easy
magnetization axis (EMA) of MR. The direction of the
current in such a magnetoresistive element between the
barber poles makes the angle of 45° in relation to EMA

MR in absence of the external magnetic field [6, 7]. The
external magnetic field influencing the magnetoresistive
element along the plane of the basis, on which it was
generated, and orthogonal to EMA MR, leads to an in-
crease or reduction of its resistance.

Our research works are aimed at studying of the in-
fluence of the design parameters of such magnetoresis-
tive elements from FeNiCo alloy. For this purpose the
magnetoresistive transducers of the magnetic field were
manufactured with various design parameters defining
the size of the arrangement of the barber poles on the
magnetoresistive element. Fig. 1 presents a fragment of
the magnetoresistive element with the parameters var-
ying by the width of MR strip (A4), distance between the
barber poles (B) and width of the barber pole (C).

The research was done of three groups of the AMR
transducers. In each group one of the three parameters
varied, at that, two other ones were fixed. Thus, in the
first group the variable parameter was the width of the
MR strip — 6, 10, 12 and 14 pm (parameter A), at that,
the distance between the barber poles and the width of
the barber pole did not change and were equal to 5 and
3 um, accordingly. In the second group the variable
parameter was the distance between the barber poles
in the MR strip — 5, 7, 9, 11, 13 um (parameter B in
fig. 1), at the constant width of the MR strip of 10 um
and the width of the barber pole of 3 um. The distance
is defined as the shortest distance between the adjacent
barber poles. In the third group as the variable param-
eter the width of the metal strip was selected — the
width of a barber pole (parameter C in fig. 1), varying
within the range from 3 up to 7 um, at that, the width
of the MR strip and the distance between the barber
poles in the MR strip were invariable and equal to 10
and 5 um, accordingly.
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In order to decrease the hysteresis in the designs of
MR transducers, the planar biasing coils were used lo-
cated so, that the pulses of the current proceeding
through them created magnetic fields, codirectional
with EMA MR. The coil parameters changed depend-
ing on the width of the MR strip and the barber pole,
at that, the number of coils in a bobbin was invariable,
and its resistance was at the level of 8..9 Q. Fig. 2
presents the topology of one of test crystals with the
following design parameters: width of the MR strip —
10 um, distance between the barber poles in the MR
strip — 5 um, width of a barber pole — 3 um.

The results of the experimental research of the AMR
transducers of the first group — the dependences of
the electrophysical parameters of the AMR transduc-
ers on the width of the MR strip at the constant values
of the distance between the barber poles in the MR
strip (5 pm) and of the width of a barber pole (3 um),
are presented in fig. 3—4. Fig. 3 presents the depend-
ence of the resistance of the bridge circuit on the width
of the MR strip, thus, the reduction of the resistance of
the bridge circuit in case of increase of the width of the
MR strips, comprising the bridge circuit, was experi-
mentally established.

Fig. 4 presents the dependence of the sensitivity of
the AMR transducer on the width of the MR strip. It
was established that the sensitivity increased with an in-
crease of the width of the MR strip.

The results of research of the AMR transducers of
the second group — influence of the distance between
the barber poles on the electrophysical parameters of
the AMR transducers, are presented in fig. 5—6. The
invariable design parameters are the width of the MR
strip, equal to 10 um, and the width of the barber pole,
equal to 3 um. Fig. 5 presents the dependence of the re-
sistance of the bridge circuit on the distance between
the barber poles in the MR strip. It was established that
the resistance of the bridge circuit increased with an in-
crease of the distance between the barber poles in the
MR strip.

Fig. 6 presents the dependence of the sensitivity of
the AMR transducer on the distance between the barber
poles in the MR strip. It was established that the sen-
sitivity decreased with an increase of the distance be-
tween the barber poles in the MR strip.

In the third group of the investigated AMR trans-
ducers the variable parameter was the width of a barber
pole. The width of the MR strip and the distance be-
tween the barber poles in the MR strip were the con-
stant parameters and were equal, accordingly, to 10 and
5 um. The results of the research of the parameters of
the AMR transducers of the third group are presented
in fig. 7—8. Fig. 7 presents the dependence of the re-
sistance of the bridge circuit on the width of a barber
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pole. It was established that the resistance of the bridge
circuit decreased with an increase of the width of the
barber pole.

Fig. 8 presents the dependence of the sensitivity of
an AMR transducer on the width of the barber pole on
the MR strip. A considerable variation of the sensitivity
with an increase of the width of the barber pole was not
recorded.

The carried out research demonstrates that an in-
crease of the width of the MR strips, comprising the
bridge circuit, leads to a reduction of the resistance of
the bridge circuit and an increase of the sensitivity of
the AMR transducer. If the distance between the barber
poles in a MR strip is increased, there is an increase of
the resistance of the bridge circuit, however, this pro-
motes a reduction of the sensitivity of the AMR trans-
ducer. A reduction of the resistance of the bridge circuit
was recorded, when the width of a barber pole was in-
creased, which, according to the experimental data,
had an insignificant influence on the sensitivity of the
AMR transducer.

According to the obtained experimental data, it is
possible to draw a conclusion that out of the investi-
gated structures the highest sensitivity to the magnetic
field was demonstrated by the AMR transducers with
the following parameters: width of the magnetoresis-
tors — 14 um, the minimal dimensions of the width of
a barber pole and of the distance between the adjacent
poles — 3 and 5 um, accordingly. The research pre-
sented in the article allows us to define the optimal pa-
rameters of the formed MR structure, which, in turn,
promotes development of the MR transducers and the
microsystems on their basis with the necessary charac-
teristics.

References

1. Ripka P. Magnetic Sensors and Magnetometers, Boston:
Artech house, 2000. 494 p.

2. Afanas'ev Yu. V. Sredstva izmerenij parametrov magnitnogo
polja, Jenergija. Leningr. Otdelenie, 1979. 320 p. (in Russian).

3. Baranochnikov M. L. Mikromagnitojelektronika, DMK
Press, 2001, vol. 1, 544 p. (in Russian).

4. Amelichev V. V., Kostyuk D. V., Zhukov D. A., Tahov V. S.
Magnitorezistivnaja matrica detektora magnitnyh mikrochastic,
Novoe slovo v nauke: perspektivy razvitija: materialy VI Mezhdu-
nar. nauch.-prakt. konf. (Cheboksary, 20 nojab. 2015 g.) / Eds by
O. N. Shirokov i dr., Cheboksary: CNS "Interaktiv plyus”, 2015,
no. 4 (6), pp. 128—130 (in Russian).

5. Kasatkin S. 1., Murav'evy A. M., Plotnikova N. V.,
Amelichev V. V., Galushkov A. 1., Gamarc I. A., Lopatin V. V.,
Saurov A. N. Anizotropnye magnitorezistivinye datchiki magnit-
nogo polja i toka, Avtomat. i telemeh., 2009, no. 6, pp. 141—152
(in Russian).

6. Rozenblat M. A. Gal'vanomagnitnye datchiki. Sostojanie
i perspektivy razvitija, Avtomat. i telemeh., 1997, no. 1, pp. 3—46
(in Russian).

7. Materialy korporacii "Honeywell", URL: www.honey-
well.com. (date of access 13.04.2018).




N ATEPUAAOBEAYECKME
U TEXHOAOTUYECKUE OCcHOBbI MHCT

S CIENCE OF MATERIALS
AND TECHNOLOGICAL BASICS OF MINST

YAK 661.571.1 + 539.23 + 621.3.049.771 + 681.586 DOI: 10.17587 /nmst.20.585-595

B. 10. BacuibeB, 1-p xuM. Hayk, npod., e-mail: vasilev@corp.nstu.ru,
HoBocubupckuit rocynapcTBeHHbINM TEXHUUESCKUI YHUBEPCUTET, 3aM. reH. aupektopa, OO0 "CuoM1C",
r. HoBocubupck

TEXHOAOIUU NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AAl MUKPODSAEKTPOHUKNU U MUKPOCUCTEMHOM TEXHUKM.
YACTD 4. TTPOLECCHI B TTPOTOYHbIX PEAKTOPAX

C AKTUBALIMEM NMAA3SMOM BbICOKOM MAOTHOCTU

Ilocmynuna é pedaxyuro 22.05.2018

B uacmu 4 0630pa npoanasusuposano cocmosnue mexHoa02Ull NOAYYEHUs HUSKOMEMNEPamypPHbiX MOHKUX NAEHOK HUMpUoa
KpeMHUs 0451 UHIMe2PANbHbIX MUKDOCXEM U MUKPOINCKMPOMEXAHUYECKUX CUCMEM NPU NAA3MEHHOU AKMUBAYUU 8 NAA3ME 8bICOKOL
naomuocmu (IIBII) 6 npomourvix peakxmopax naazmMoXuMu4eckKo20 ocaxcoenus u3 2azoeou gazwt (I1X0). Ucnoavsosanue peak-
mopoe [1XO c [IBII (peakmopul ¢ undyxmueHno-ceészannou naasmou, ¢ CBY naasmoli ¢ ucnonb3o8anuem 31eKmpoHHO-UUKAOM -
POHHO020 pe3oHanca) u 2a306bix cmecell SiH,—N, 6 cpasnenuu ¢ mpaduyuonnsvimu memodamu I1XO 6 peakmopax ¢ emkocmHo-
ceazannoll naasmou u cmecamu Sily—NH;—N, no3eonsem nonusumo memnepamypo. noAy4eHUs: NAeHoK, obecneuueaem 6 Hux
6 Pa3vl MEHbUWULL YPOBEHb KOHUEHMPAUUU 6000po0a, 6oabliue HAOMHOCMU NACHOK U MeHblUe CKOPOCIU UX PACMBOPEHUs. 8 HCUO-
KoCcmHubIX mpasumensx. Jis yayuueHus KoOHGopMHOCIMU 0CaxicOeHUs U (PopMUpo8anUs 3anoAHEHHbIX MAMEPUAIOM 3a30P08 8 pe-
Abee CA0JNCHBIX CIPYKMYD UCHOAb3YEeMCs cOHemaHue npoyeccos o0Hospemerno2o ocaxcoenus I[1XO c IIBIl u mpagnrenus (pac-
NbLICHUS) 0CaNcAaemMo20 MOHKONAEHOUHO20 MaAmepuand.

Karoueevie caosa: Humpm) KpemMHUA, MOHKUe NAEeHKU, AKmueauus XMMM‘!@CKMX[J@GKL{MIJ NAG3MOU 8bICOKOU naomdocmu, npo-

MO4Hble peaKmopbl, UHmezpaibHble MUKDOCXeMbl, MUKPDOCUCMEMHAA MEeXHUKA

BBenenue ¥ NOCTAHOBKA 3aJa4M

B pabGore [1] ObutM paccMOTPEHBI COCTOSIHUE U
HaIpaBJIeHUSI Pa3BUTHUS TEXHOJOTUM TOTYYSHMUS
HU3KOTEeMITepaTypPHBIX HECTEXMOMETPUUECKUX KpPEeM-
HUK—a30T—BOAOPOA-COAEPKAIINX TOHKUX IIJIEHOK
(KAB-TII) pnst unterpanbHbix Mukpocxem (MMC) u
MUKpo3aekTpoMexaHndeckux cucrem (MOMC) mpu
MJIa3MEHHON aKTUBalMM KPEeMHUICOAepXalluX pea-
TeHTOB, Ta3000pa3HOTO aMMMaKa M a30Ta B MPOTOY-
HBIX peakTopax IS MJIa3MOXMMUUYECKOTO OCaXKACHMS
n3 ra3oBoii ¢a3el (ITXO). B 3apybexHoit tutepatype
ITXO xapakTepu3yOT TepMUHaMU "plasma assisted che-
mical vapor deposition, PACVD" wnu, yame — "plasma-
enhanced CVD, PECVD". XpoHonoruuecku mepBbIMU
npouecchl [TXO Tonkux mieHok (TT1) Ob11M peanuszo-
BaHBI B MPOCTHIX MO0 KOHCTPYKIIUM MTPOTOYHBIX peak-
TOpax ¢ XOJOIHBIMU CTEHKaMU "AUOAHOrO TUma", Ha-
3BIBAEMBIX TAKXKE PeaKTOpaMU C EMKOCTHO-CBSI3aHHOM
iasmoit (ECIT), anrnuiickuii TepMuH "capacitance-

coupled plasma, CCP" reactor; TakXe HCITOJIb30Ba-
JIMch TepMUHBL "parallel plate reactor”, "direct plasma
reactor’'. YTIpOIllcHHAasI cXeMa BapHaHTa TaKOTO peak-
topa ECII-IIXO uHauBUaOyaJlbHOTO THUIIA MpUBEIEHA
Ha puc. 1, a. [IpeumylilecTBOM TakKuxX peakTOpPOB SIB-
JISIOTCS BBICOKME CKOPOCTM HapalllMBaHUsI TUIEHOK
npu Hu3ko (<400 °C) Temriepatype ocaXaeHUsl, YHU-
BepCaJbHOCTb NMPUMEHEHUs IJIs1 MOJUIOXKEK DPa3Iny-
HBIX TUTIOB U MaTepHaJIoB.

K ocHoBHbiM HegocTtatkaM KAB-TII, mosydeHHBIX
¢ nomouipto ECII-TTXO, oTHOCST HECTeXUOMETPUY-
HOCTb cOCTaBa (UIBMEHEHUE OT CTEXUOMETPUYHOTO CO-
otHolueHust Si/N = 0,75 no 3HauyeHuit ~1,2) Bcaenc-
TBME oOoralieHus KpeMHUEM U TIPUCYTCTBUE BOIOPO-
Ja ¢ obuieir KonueHTpanueit 10 40 ar. %, cBI3aHHOTO
¢ KpeMHHEeM U1 a30ToM B Buae cBsizeir Si—H u N—H.
B pesyabrate HectexuoMmeTpuuHoctu KAB-TII ume-
10T HU3KYIO TIJIOTHOCTb U BBICOKME CKOPOCTHU PacT-
BOPEHUS B XMIKOCTHBIX TPAaBUTEISIX (KaK IPaBUIIO,
WCIIOJIb3YeTCSl PACTBOPEHUE B TPaBUTEJsIX Ha OCHOBE
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OydepupoBaHHOKM (TOPUCTOBOAOPOIHOM KHUCIIOTHI,
buffered oxide etchant, BOE), 4To MOXeT OCIOXHSITb
MIpUMEHEeHNEe TaHHBIX MaTepUajoB B HEKOTOPBIX TeX-
HoJIornyeckux npunoxeHusix. Kpome toro, npu I1XO
MMeeT MECTO HEyIOBJIETBOPUTEIbHAST KOH(MOPMHOCTD
ocaxneHust KAB-TII Ha clioxXHBIX pefibedax, 4To yc-

5 */1

l""'*'""i""i""'\l\>6
1,

3 2/+ + 9

Puc. 1. CxeMbl OCHOBHBIX THIOB NPOMBIIIEHHbIX NPOTOYHBIX Peak-
Topos 1 noxyyenuss TITHK npu I1XO u I1XO ¢ IIBII: ¢ — ¢ "em-
KOCTHO-CBSI3aHHOM ITIa3Moi”"; b — ¢ "MHOYKILMOHHO-CBSI3aHHOM
IJIa3MOM BBICOKOM IUIOTHOCTH"; ¢ — C "3JICKTPOH-LIMKJIOTPOH pe-
30HAHCHO# IJIa3MOi BBICOKOMW TUIOTHOCTU"; I/ — BBOJI peareHTOB;
2 — BBIBOJI MOOOYHBIX MPOAYKTOB peaklMu, 3 — HarpeBatellb; 4 —
TOJTYITPOBOIHUKOBASI MOUTOXKA; 5 — AyIIeBOE pacrpeieIUTeIbHOE
YCTPOMCTBO; 6 — paaMovacTOTHhIN anekTpon; 7 — BY reHepatop,
COeIMHEHHBIN ¢ MHAYKTOpoM; & — BY reHeparop, coeqMHEeHHBbIH ¢
9JIEKTPOCTAaTUUECKUM AepxKareeM; 9 — BBOJ IJ1a3M0O00pa3yIolero
azoTcomepkailero raza; /0 — KoJjblieBoe pacrpenaeacHue MOHOCH -
naHa; /1 — CBY BBox ot reHeparopa 2,45 I'Tu; 12 — anekrpomar-
HUTHBIE KaTyLIKW; /3 — nojocTb GopMUpOBaHUSI TU1a3Mbl; /4 — 10-
TOK TUIa3Mbl

Fig. 1. Circuitry of the industrial flow-type single-wafer cold-wall
reactors for obtaining of SNTF at PECVD and HDP-CVD: (a)
capacitance-coupled plasma reactor, (b) inductively-coupled high-
density plasma reactor; (c) electron-cyclotron high-density plasma
reactor. Definitions: 1 — input of reactants; 2 — "pumping-out” of the
reaction by-products; 3 — heater;, 4 — semiconductor wafer; 5 — gas
mixture assembly or showerhead; 6 — radio frequency (RF) electrode;
7 — HF generator connected to an inductor; § — HF generator connected
to an electrostatic chuck to produce bias for "in-situ” sputtering of
deposited films; 9 — input of the nitrogen-containing plasma-forming
gas; 10— silane distribution ring; 11 — microwave input from 2.45 GHz
generator; 12 — magnets; 13 — plasma cavity; 14 — plasma flux
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JIOXKHSET UX TIPUMEHSIEMOCTh B TEPCIIEKTUBHBIX TEX-
HOJIOTUSIX M MpHUOOopax ¢ pesibe(HbIMU CTPYKTYpPaMU.
Tunuunelie cpoiictBa ITXO KAB-TII npuBeaeHsI B pa-
6ote [1] B pa3BepHyTOI1 TaONMMYHOU (hopMe B CpaBHE-
HUU CO CTEXHMOMETPUYHBIMHU BBICOKOTEMIIEPATypPHBI-
mu C-TITHK.

Pemienne o6o3HadyeHHBIX Bhile mpooiaem KAB-TII
ObUIO HalIeHO MpU ucrojb3oBaHUU MeToda ITXO c
aKTUBallME TakK Ha3bIBAEMOU TIUJIa3MONl BBICOKOM
riotHoctu, TIBIT (o 3apybexxHoil TepMWHOJIOTUU
"high density plasma CVD, HDP-CVD"). IIpoueccsi
ITXO nusnextpuyeckux TII ¢ ucnonszoBanuem ITBIT
OTHOCHUTENIbHO TpamuinoHHbIX MetonoB ECII-ITXO
XapaKTepU3YIOTCsI MOBBILIEHHO Ha 1—2 mopsiaKa KOH-
LIEHTpalMel aKTUBHbIX YaCTUIL B IIJIa3Me, 10 10'2 yac-
TI/IL[/CM3. Ocaxnenue TII ¢ TTBII B akcriepuMeHTab-
HBIX peakTopax Hayaiu uccieaoBaTh B 1980-x romax
[2—7], a ¢ Hauana 1990-x ronoB Takue peakTopbl Ha-
yaJii aKTUBHO TPUMEHSTh B MPOMBILIJIEHHONH TEXHO-
norun UMC nng nonydyenuss TI1 apusaeKTpuuecKux
MatepuanoB, B ToM uucie TITHK. IMpuHuunuanb-
HbIM oTiauuueM ocaxaeHus ¢ IIBII B cpaBHeHMU C
kinaccuueckum ECII-TTXO saBnsiercst mpubivkeHue
XapaKTepUCTHUK OCaXIaeMOro MaTepuaga K TaKOBBIM
st C-TITHK kak B rmiaHe cootHoueHust Si/N, Tak U
o coaepkaHuio Bogopoaa. st ormuuus ot KAB-TII
B HacTosillieM o0030pe Takue TOKPBITUSI Ha3BaHbI
MBIT-TITHK.

Ilenpo HacTosliiero o03opa MyOJMKALMKA Tpex
MOCJeIHUX NeCSTUICTUI SBJISIETCSI aHAIU3 TeXHUYEC-
KMX pELICHUA 1 HAIIPaBACHUN Pa3BUTUS TEXHOJIOTUNA
nogydyeHust HuskoremmepatypHbeix I[IBIT-TITHK B
nmpotouyHbIX peakTopax [TXO c I1BII, a takxxe nHpop-
Malliu O COCTaBe, CTPYKType U (PU3MKO-XUMHUECKUX
coiictBax I1BIT-TITHK.

Kpatkas xapakrepuctuka I1XO c IIBII

st peanuzauuu peaktopoB ¢ I1BII ucmons3yior
HECKOJIbKO THUIMOB BO30YXIEHUs ILJIa3Mbl BBICOKOM
IUIOTHOCTU. B 1ensix yHu¢pukauuy OTe4eCTBEHHOM
TePMUHOJIOTUM C KCIIOJb30BaHUEM KjaccuduKaiuu
IUIAa3MEHHBIX peakTopoB misd ocaxaeHus TII, mpuse-
JIeHHOU B paboTe [8], OCHOBHBIE THUIIBI PEAKTOPOB C
I1BII B HacTos1Ieil paboTe 0003HAYEHHI CACAYIOLINM
obpas3oM:

— peakTopsl ¢ CBY Bo30yxkmaemoll 1ia3moil u
KCIIO0JIb30BAHUEM BJIEKTPOHHO-LIMKJIOTPOHHOTO Pe30-
HaHca, DLP (electron-cyclotron plasma, ECR reactors);

— PeaKkTOpbl ¢ UHAYKTMBHO-CBI3aHHOM ILIa3MOM,
HCII (inductively-coupled plasma, ICP reactors).

YnpouieHHsie cxembl peaktopoB ¢ IIBIT npusene-
HBI Ha puc. 1, b, c. CoOTBETCTBEHHO, ITOJIy9YeHIE TTOK-
puiTuit B peakTtopax ¢ IIBII pasnuyHbBIX TUIIOB HUXE
o603HauyeHo kak MCII-TTXO u BIP-ITXO. PeakTopsl
¢ IIBIT oGbIYHO OpUEHTUPOBAHBI HA OJHY MOJJIOXKY U
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Puc. 2. Cxembl nonepevyHoro ceyenusi npoduisi TOHKHX IJICHOK Ha
crpykrypax UMC, momyyennnix ¢ momompio ocaxaenus I1XO c
IIBII (a) u IIXO IIBII ¢ pacnbuienuem (b): 1 — noanoxka; 2 — me-
TaJuIMyecKas TMHUs, 3 — MyCTOTa B 3a30pe; 4 — BhIpallleHHasT TOH-
Kasl TIeHKa

Fig. 2. Cross-sections of the thin-films profile on IC structures obtained
by means of PECVD with HDP (a) and HDP-CVD deposition with a
simultaneous sputtering: 1 — substrate; 2 — metal line; 3 — cavity in
the gap; 4 — deposited thin film

MOTYT MCITOJIb30BaThCS B BApUaHTE C TaK Ha3bIBAEMOM
"yoaneHHoi mia3moit” (remote plasma), korjga reHepa-
LIMST TUTa3MBI OCYIIECTBIISIETCS BHE PACITONIOXKEHMS 00-
pasiia, 4To IO3BOJSIET YMEHBIIUTh HeXejJaTelbHOoe
BO3IEHCTBUE TIa3Mbl Ha TTOMIOXKY.

Ocob6ennoctrio ITXO c IIBII aBnsieTcst HU3Koe, B
JI0IM TMackajeit, pabouee AaBjieHUE, B CBSI3U C YeM
TIPUMEHSIIOTCS BBICOKOKOHIIEHTPUPOBAHHBIE peareH-
Thl (KaK npasuiio — MoHocwian SiHy). Xapaxrep poc-
ta TII mpu I1XO c I1BII aHaioruyeH ujiv HOCUT elle
6oJree HEKOH(MOPMHEIN XapaKTep, YeM TPaguIMOHHOe
ITXO (cxeMaTuuHBIi TIpuMep Ha puc. 2, a). OgHaKo B
peakTopax ¢ I1BIT Bo3MOXHO HOCTUYDL paguKalbHOTO
VAYYIIEHUST KOH(GOPMHOCTHA OCaXKACHUS 3a CUeT UC-
MTOJTH30BAaHUSI OMHOBPEMEHHOTO C OCAXKICHUEM PACITHI-
JIEHUSI OCaXIaeMOro Marepuaja, HalpuMmep MOHaMU
aproHa, IoJI YIJIoM K ITofjIoxke [9]. DTo maeT BO3MOXK-
HOCTb CTpaBJIMBaTh BEpPXHUE HaBMCAIOLIUE WU3OBITKU
MaTtepuana U U3MeHUuTh popmy pactymein TII, kak
rmokaszaHo Ha puc. 2, b. IIpu atom poct TII B 3a30pe
MIPOMCXOIUT KaK Gyraromaps ITOCTYIICHUIO MaTepHaia
13 ra3oBoil as3bl, TaK W B pe3yJbTaTe MOBTOPHOTO
ocaxneHus (re-deposition) pacIbIIEHHOTO MaTepuaia
Ha CTeHKM 3a3opa. OUeBHIHO, YTO TaKOe MOBTOPHOE
ocaxIeHue MPOUCXOOUT OiKe K BepXHeil JacTu 3a-
30pa, Takxke yxyauas KOH(GOPMHOCTb.

Pe3yabTaThl HCCIEIOBAHMI OCAKIECHUS
IIBII-TITHK

B ccouikax [10—15] mpuBeneHbl NMpuMeEpHl pe-
3yJbTaTOB HCCIEIOBAHUN IS clydasl MCIOJIb30Ba-
Hus peakTopoB ¢ DIIP-TTXO u razoBbiMu cmecsiMu
SiH,—NH; u SiH,—ND; [10], SiH,—N,—Ar [11, 12],
SiH4—N, [13, 14]: B pa6orax [11, 14] npoBeaeHs! yr-
JyoneHHble ucciegonanus, B [10, 14] uzyyanach KOH-
LIEHTpalus Bogopoaa, B pabore [15] — BiausiHue na-
paMeTpOB MPOILIECCOB Ha 3HAYEHMST MeXaHUYeCKHX
HanpstkeHuil. OTMETUM clieylole XapakKTepucTuKu
npoieccoB ¢ DIP-TIBII: yactota Bo30yXaeHuUs Ia3-

Mbl — 2,45 I'Tu, momHocti BY reneparopa 1uia3mbl
500...2500 Bt g ciaydast yaaJaeHHOTO OT IeHepaTtopa
BapuaHTa ocaxaeHus [15] B mHTepBajie TeMIiepaTyp
50...550 °C u 200...1000 Bt mis cirygast mpssMoro BO3-
neiictBus miasmel [11—14]. YpoBeHs paboyero gapie-
Hus coctanisi 0,1...0,5 I1a, yTo Ha HECKOJIBKO MOPSII-
KOB HMXKe, 4eM JUIS "KJIacCUYecKoro" BapuaHTa pea-
Juzauuu ECII-TTXO. B 3aBucumoctu ot ypoBHs1 BY
MolHocTU ckopoctu ocaxaeHus TTBIT-TITHK B atom
ciyyae okazanuch Ha ypoBHe 1...10 um/muH [11, 12].
ABTOpHI paboThl [10] oTMeTWIN, YTO CyMMapHasi KOH-
HEeHTpaIsg BOOOPOaa B IIeJIOM OblIa HIKE, YeM TaKO-
Bast st [1XO, Bospacrast ot ~6+ 102! (~5 ar. %) no
~2+10%2 aT/CM2 (~17 at. %) npu CHUXEHUU TEMIIE-
patypsl oT 550 go 50 °C. IIpu 5TOM OTHOILIEHUE KOH-
ueHTpamuit cesazeit Si—H/N—H mnsg D1P BapuanTa
ocaxneHus obu10 >1,0, B TO BpeMsl Kak ISl CpaBHU-
tenpHOTO mpouecca [1XO mpu 250 °C cocraBmsio <1.
B kxauectBe BaxxHOro pesyabrata padoTnl [10] oTme-
THUM, YTO C TIOMOII[BIO METO/A IMPOrPaMMUPYEMOI Tep-
MoJiecopOIIMy ObUTa YCTaHOBJIEHA TeMIiepaTypa Havaja
muddy3uu Bogopona u3 IIBII-TITHK, coctaBuBias
620 °C. Dro Boiue, yeM mrs KAB-TII, momydyeHHBIX
B yoajeHHoii ia3zMe npu I1XO B u30ObITKE aMMuaka
npu temmepatype 200 °C [16], nuddy3us Bogopoaa B
KoTopbix HaunHajack ¢ 500 °C u ObL1a oxapakTepu-
30BaHa KakK pe3yJbTaT B3auMoaeicTBus cBa3eil Si—H
u N—H c obpaszoBanueM cBsa3u Si—N u H,. ABTOpEI
pa6ot [14, 15] npoBeau NpsiMOe CpaBHEHUE XapakTe-
puctuk nipoueccoB u KAB-TTI, moay4yeHHBbIX B peak-
tope ¢ DI P nipu Temneparypax 25, 200 1 300 °C, ¢ ta-
KOBBIMM, TTOJTYYEHHBIMU B TPAAWUIIMOHHBIX peakTopax
Huskoro gasjieHust (PHI) u I1XO; pesynbrarsl as
200 °C npuBeneHbl B IIepBOIl KOJIOHKE TAOJMIIBIL.

B pabotax [17—21] npuBeneHbl NpUMepPHI ITyOI1-
Kalii 10 MCCIIeOOBAaHUSIM IIPOIECCOB IOTYICHMS
IBII-TITHK B peaktopax ¢ MCII. UcciaenoBanus
BBIIOJIHSUIY B Auana3oHe Temneparyp 25...400 °C, naB-
nenuit 0,13...2,6 ITa, momHoct 200...2000 Bt mia
cmeceit SiH,—N,—Ar, a takxe SiH,—N,—He [19].
7151 BO30YKIEHUS TUTa3MbI OBUIM VICITOIh30BaHbI TeHe-
patopsl ¢ yactoramu 300...400 KTy [18] n 13,56 MI'n
[20]. B uccnenoBaHHbBIX AMaria3oHax yCJIOBUIA CKOPO-
cTi ocaxaeHus coctasistn 2,0...96 um/MuH. Cornac-
HO JaHHBIM paboThl [17] Ansg ymajseHHOro miaa3MeH-
HOTO MCTOYHMKA B UHTepBaiie Temiepatyp 25...300 °C
CKOpOCTb ocaxaeHust onuia 2,7...5,2 HM/MHUH, OTHO-
menue Si/N cocrasmstiio 0,6...1,0, n = 1,75...2,2,
mwiotHocTh TIBIT-TITHK wu3MmeHstach B TIipepesax
2,4..2,9 r/CM3. CyMMapHasl KOHLIEHTpall1s Boaopoaa
COCTaBJIsIIa (3,0...5,5)1021 aT/CM3 (2,6..8 ar. %), a
MpU CHUXKEHUUM TemrepaTypbl ocaxaeHus: ot 300 go
25 °C Bospacrana no ~1,45: 1022 aT/CM3 (~13 at. %).
B pabore [18] BbimonHeHa oueHka cBoiicTB [1BII-
TIIHK wu npoBeneno BHWMC-npodunupoBaHue
C-TITHK, a Taxxe IIBII-TITHK, noaydyeHHBIX B
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ECII-IIXO u UCII-ITXO B Leasix ycTaHOBJIEHUS pac-
npeaeaeHns aTOMHBIX KoHIeHTpauuit Si, N, H B ToJ-
e meHok. [Mpu 400 °C, gasnenuu 0,66 Ia, MorHOCTH
2000 BT ckopocTH ocaxkiaeHusI COCTaBIsud 96 HM/MUH,
a KOHILIEHTpaLKsI BOJOpoAa He mpeBbiiana 5,5 at. %.
Ouenku ¢ nomouipto FTIR (fourier transform infra
red spectroscopy — WHGpaKpacHas CHEKTPOCKOIHUS
¢ npeodpazoBanueM Dypbe) KOHIEHTpAIIUM BOHO-
pona B IIBII-TITHK ¢ n = ~2,0 npu temneparype
ocaxaenusa 200 °C mia cmecu N,/SiH, cocraBuiu
~1,31-10% aT/CM3 a1 N—H rpynm u ~7,67 X
x 102! aT/(:M3 nnsa Si—H rpynn [21], B ueiaom coort-
BETCTBYSl DPe3yJbTaTaM [IPYrux paboT. YCpenHEHHbIE
JNaHHble 1o nmyboaukauusiMm [18—20] cBeaeHbl BO BTO-
DPYIO KOJIOHKY TaOJIMIIbI.

CpaBHeHUEe MPUBENEHHBIX B TaOJWIE AAHHBIX IO
IMBII-TITHK c¢ panaeiMu aist KAB-TIT n C-TITHK,
B3SITBIMU U3 paboThl [1], MO3BOISIET 3aKIIOUUTh, YTO
ocaxnaeHue ¢ IIBII MoxeT ObITh peaJnM30BaHO IPU
CYIIECTBEHHO CHIXKEHHOU TeMIieparype (BILUIOTH IO

KOMHATHOI1) 1 obecrneyrBaeT OJM3KUI K CTeXUOMET-
PUYHOMY COCTaB IpU 3HAYUTEIHHO MEHbILICH KOHIICH-
Tpauuu Bogopoaa. K Hegoctatkam ocaxneHus ¢ I1BIT
MOXHO OTHECTH CYIIECTBEHHO MEHBIIYI0 CKOPOCTH
ocaXIeHUsI TIPM OYeHb HU3KOM pabouyeM IaBIICHUU.
s moaepskaHusT TAKUX NABJIEHU HEOOXOTMMBI BBI-
COKOCKOPOCTHBIE TYPOOMOJIEKYJISIPHBIE HACOCHI BBICO-
KOil ctoumocTU. BBuay Oosbliieil cTOMMOCTH 000py-
nopaHue st I1XO ¢ IIBIT HeoOxoauMo IMPpUMEHSITh
TOJBKO B CJydyae HEBO3MOXHOCTU WHBIX pEIICHMH,
HampuMmep IJis pellieHus npobieM KOHMOOPMHOCTHU
ocaxXAeHUs U 3aIojHeHUsT 6e3 mycToT penbepa UMC
CJIOXKHOM KOH(UTYpaluu.

Ocaxnenue IIBII-TITHK
B 3KCIIEPHUMCHTAJIBHBIX PEAKTOpPAX

Hust monyuennst TITHK ¢ T1BIT ncnonb3oBanu He-
CKOJIbKO 3KCMEePUMEHTaJbHbIX BApUAHTOB PEAKTOPOB,
MpUMepbl KOTOPBIX MPUBEAEHBI B CChUIKax [22—24]:

Hekoropbie 0000mennbie aannbie 0 npouneccax noaydenus IIBII-TITHK B cpaBuenun ¢ KAB-TII u C-TITHK
M XapaKTepPUCTHKH TOHKMX IJIEHOK
Selected summarized data on the processes for obtaining of HDP—SNTF in comparison with SiNH-TF and S-SNTF,
and the basic parameters of the thin films

O6o03HaYeHrEe TOHKON TJIEHKU

Thin film definition

Crnioco0 nony4yeHus MIeHKU
Deposition method

PeareHTnl

Reactants

Temnepatypa ocaxnenusi, “C
Deposition temperature, °C

Hasnenue, Ila

Deposition pressure, Pa

CKOpOCTH OCaXAeHUsI, HM/MUH
Deposition rates, nm/min
CrexuomerpuuHocTh (Si/N)
Stoichiometry (Si/N)

Oo61ast koHueHTpauus [H], at. %
Total hydrogen content [H], at. %
Toka3zaTesb peoMIeHUs

Refraction index

IlnoTHOCTS, r/cM3

Film density, g/cm3

MexaHn4ecKue HaIpsKeHMS, 10° I[I/IH/CMZ *)
Mechanical stress, x10° dyne/cmZ (%
Ckopoctb pactBoperusi B BOE, nm/Mun
Etch rate in BOE, nm/min
JuanekTpuyeckasi MOCTOSTHHASK
Dielectric constant

VYaenbHOe COMPOTUBIIEHHE, QXcm
Specific resistance, QXcm

IIpoOuBHOE HampsLKEHHUE, X 106 B/cMm
Breakdown strength, x10° V/em

MBIT-TITHK KAB-TII C-TIHK
HDP-SNTF SiNH-TF S-SNTF
DIIP-TIBII WUCII-TIBII ECII-TIXO PHJ
ECR HDP ICP HDP PECVD LPCVD
SiH, SiH, SiH, SiH,Cl,
N, N, NH;, N, NH;
200 200 250...350 700...800
~0,16 0,13...2,66 33..270 40...65
1,1 2..96 30...150 2.6
0,71 0,66...1,0 08..1,2 0,75
8.5 55..15 <40 4.8
2,0 1,9..2,3 1,8..2,5 2,040,02
2,87 — 2,4.28 2,9..3,1
~4,5 (C) 2(C)...9(C) 1(C)...8(P) 12...18 (P)
1(0)...8(T) 12...18 (T)
8 5 10...20 1,5
7 - 6..9 6...7
5-101 - 10°...10"° 1015...10"7
1,2 - 4.6 5..10

IMpumeuanue. *Mexanuueckue HanpspkeHust (P) — pacrsikenus, (C) — cxarust.
Insa nepeBona B [lackanm uCIoIb3yeTcsl COOTHOIIEHME: 1 * 107 )II/IH/CMZ = 1 MIla.
Notes. *Mechanical stress definition: (T) — tensile, (C) — compressive.

To convert dyne/cm2 to Pa need to use the correlation: 1+ 107 dyne/cm2 =1 MPa.
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— OCaXxJEHUE B CBEPX3BYKOBOM PEAKTUBHON CTpye
(supersonic jet deposition) onucano B padote [22]. CyTb
Mpoliecca COCTOUT B MOJYYSHWH TTOKPBHITHS Ha TTOBEP-
XHOCTHM TIOJUTOKKM KaK pe3yjbTaTa B3aUMOIEHCTBUS
MoJaBaeMbIX U3 pa3lebHbIX COMeN CTPYil aTOMapHbIX
KpeMHUSI M a30Ta B TIOTOKE TeNMSsI, TTOTYICHHBIX W3
SiH4 u N, ¢ nomouipio CBY Bo36yxnenus. ITo mue-
HUIO aBTOPOB, TaKOW METOJ OCaXIEHUsSI IO3BOJISIET
MOJIy4aTh MOKPHITUSI OT KOHTPOJIUPYEMOTO MOHOCIOM -
HOro 10 1 HM/MWH. ABTOPBI TIOJIYJYaJId CBEPXTOHKHE
(<4 um) IBII-TITHK co ckopoctsimu 0,3 HM/MHUH U
WCCJICAOBAIM 2JIEKTPUUECKUE XapaKTEPUCTUKU TaKUX
nokpeituii. I[To manabeiM Oxe-crniekTrpockonuu 1 FTIR,
B COCTaBe ITOKPBITUS OOHAPYXKWIM KPEMHHUU M a30T
(Si/N ~ 0,8) u HebonbIIOE KOJIMYecTBO Bogopoaa. [To-
MHMO 3TOTO, B COCTaBe MOKPHITUI OOHApyKeH KHC-
JIOPOJ, C aHOMAaJIbHO 0O0JIbIIION KOHIIEHTpaLell OKOJIO
15 at. %, KOTOpHIi, IO MPEANOIOXEHUIO aBTOpa, SIB-
JIIETCS CIIEACTBAEM JMOO HEOOCTaTOYHOTO BaKyyMa,
OO0 MOCTYIUIEHUSI KUCIOPOaa U3 KBapIIeBhIX COTIE,

— BBICOKOTEMIIEpaTypHbI TOPU30OHTAIbHBINA TPYO-
yatblii mpotouHsiiit PHJI ¢ ycTpoiicTBoM BO30yKaeHUsI
IIBIT Ha Bxode B peakTop, Ha3blBaeMblii aBTOpamu
[23] (HDP-assisted LPCVD). KoHCTpyKLMst HO3BOJISI-
sa npoBoauth ocaxaeHue TITHK ¢ ncnonp3oBaHuem
JUXJIOpCUJIaHA M aMMHaKa Ha IMOMIOXKaxX 76 MM IIpu
Tepmuyeckoii akrusauuu npu 720 °C (LPCVD), npu
temneparype 300 °C HermocpeACTBEHHO B IIJIA3MEHHOM
ycTpoiicTBe, a Takxke npu 720 °C B BapuaHTe UCIOJb-
30BaHMS yAaJIeHHOH Iia3Mbl. O4eBUAHO, YTO IOIOJ-
HUTeJbHAsA aKTWBalMsl TNPUBOAWIA K IOBBILIEHUIO
CKOPOCTU OCaXIeHUSI B HECKOJBKO pa3 B CPaBHEHUU
CO CKOPOCTBIO POCTa IMPM TEPMHUUYECKON aKTUBAIIUU
(1,5 um/mMun). HegoctaTkom mpolecca aBTOphI Cripa-
BEIJIMBO TMOCUMTAIM HU3KUI MoKazaTesb Ipeome-
Hus (n ~ 1,7). KpoMe Toro, BHe 00bSICHEHUI OCTajcs
BoIpoc o paBHoMepHocTH pocta TITHK mo miuHe 30-
HbI TPyOUaTOro peakTopa, KOTopasi, 10 MHEHUIO aBTO-
pa o030pa, I0/KHA OBITh HEYIOBIETBOPUTEIbHOM;

— mnonyyenue [IBIT-TITHK npu 400...500 °C wus
Si(CH3), u NH,CHj5 ¢ ncnonb3oBaHreM paavKaioB
BOIOpOIa, TEHEPUPYEMBIX C TTOMOIIBI0 MUKPOBOJHO-
BOTO U3JIydyeHMsI, IMpeasiokeHo B padore [24]. Cym-
MapHasi KOHIIEHTpAaII1sI BOAOPO/a OllcHEHa Ha YpOBHE
~2,2+10%2 aT/CM3 ¢ oueHkoit merogoMm FTIR koHI1eH-
tpauuit Si—H 1 N—H Ha ypoBHe ~8* 102! aT/CM3,
1,4+ 1022 aT/CM3 COOTBETCTBEHHO.

Pemenne mnpodieM KOHGOPMHOCTH OCAKIEHHS
M HANpaBJeHHs COBEPIIEHCTBOBAHMA TEXHOJOTHiA
MNBII-TITHK

IIpuBeneHHble B Tabjauile pe3yabTaThl MOKa3bIBa-
101, yto [IBII-TITHK sBAsStOTCS OTAUYHBIM PEIIEeHU -
€M IS COBPEMEHHBIX TEXHOJIOTMYECKUX MPUMEHEHUIA
C TOYKM 3pEeHHMsI KayecTBa OcaxIaeMoro marepuaia

npyu HU3KUX TeMIlepaTypax. OmHaKo 11 pesibeHBIX
CTPYKTYP COBPEMEHHBIX MPUOOPOB UMEET MECTO IMPO-
O1eMa HegocTaTouyHO KOH(opmHOro ocaxaeHus TII
Ha CTymneHbKax pelibeda, pacCMOTpPEHHas MPUMEHU-
TeJIbHO K aKTUBMPOBAHHBIM IIPOIIECCaM U MaTepuary
B paborte [1]. Hanpumep, TunuunsiMu mist I1XO sB-
JISIIOTCSl CEYEHUST CTPYKTYP C M3OBITOYHBIM KOJIUYEC-
TBOM OCaXJIaeMOT0 MaTepuajia Ha BEPXHHUX YacTsIX
cTymneHeK penbeda (cM. puc. 2, @), YTO YacTO Ha3bIBa-
0T TepMuHOM “bread loaf”. Ins ocaxaenus ¢ T1BII,
HarpuMmep, Mo MpuBeIeHHBIM B pabote [20] Mukpo-
(hoTorpadusiM CKOJIOB MOMEPEYHOTO CEUEHUSI CTPYK-
Typ ¢ IIBII-TITHK a1 BecbMma nmpocToii rpedbeHdyaroi
CTPYKTYpbI C BBICOTOH CTyMeHeK IO0JIOCOK MeTaljia
0,9 MKM (TIpy 3pUTENIbHO HAKJIOHHBIX CTEHKAX IMOJIO-
COK MeTajuia M 3a30pOM MeXay HUMU 1,2 MKM) OlieHKa
KOoH(OpMHOCTH maeT 0Koio 60 %, 4To He JIydlle, YeM
st oosraHoro ITXO KAB-TII. B nenom 3akoHOMED-
Hoctn ocaxzaeHuss ¢ [IBIl kadyecTBEHHO COOTBET-
CTBYIOT YCTaHOBJIEHHOU aBTOPOM B3aMMOCBSI3M KOH-
dopmHOCTH ocaxneHus u 3¢ GeKTUBHON KOHCTAHTHI
ckopoctu nporeccoB XOI'D ToHKUX KpeMHUIICOaeP-
KalUX TUIEHOK keﬁ« (pa3aMepHOCTb CM/C), CM. OOCYX-
neHue B padore [1].

OnHako 1ipu ucnojibdoBanuu I1BIT 6bu1n Halinme-
Hbl HOBbI€ BO3MOXHBbIE pellIeHUsT MPoOJIeMbl HEKOH-
dopmuoctu ocaxmaeMmbix TII. Tak, mcronb3oBaHue
JOTIOJHUTEIBHOIO in-Sifu pachnbUleHusl (TpaBlIeHUS
ocaxllaeMoro Marepuasa), BbIIIOJHSIEMOTO MO YIJIOM
K BEpPTUKaIU CTPYKTYp [9], MO3BOMMIO pamuKalbHO
U3MEHUTH XapakTep (OPMUPOBAHUS U UTOTOBYIO (hOP-
my npodwmnei TII Ha penbede (cMm. puc. 2, b). Okaza-
JIOCh, UTO (hOPMOIT TaKOTO MPOMUIST MOXHO YIPaBJISTh
MyTeM U3MEHEHHST COOTHOIIIEHMST CKOPOCTEN ocaxe-
HUsl U pacnbuieHus (deposition-to-sputtering ratio, D/S
ratio). K coxaneHuio, B IUTepaType O4eHb MaJIO IKC-
MEePUMEHTAJIbHBIX JaHHBIX O 3alOJHEHUU MYCTOT B
penbedax npudopon ¢ IIBII-TITHK, nanpumep, He-
koTtopbie otorpaduu ctpyktyp ¢ IIBIT-TITHK, no-
JIY4EHHBIX TIpU pa3inudHbiX D/S ratio, puBeaeHbl B
pa6ore [20]. B marentHoii 3asiBke CIIA [25] cornacHo
npenjoxeHHoMy peuieHuto ocaxaeHue IIBIT-TITHK
Ha peJibeHbIX MOJI0XKAaX IpeuiaraeTcsl He OJJHOBpe-
MEHHO C TpaBJIeHMEM, a IOCJeA0BaTe]bHO: CHavyaia
ocaxjeHue, a 3aTeM, Iocje yaajJeHUss BCeX UHIPeau-
€HTOB U3 paboyeil KaMepbl, paclblIEeHUE MaTepuaa ¢
BEpXHUX YacTeil cTyneHeK. [1pmymHa Takoro momxoma,
10 MHEHMIO aBTOPOB, COCTOUT B 3HAYMTEIbHBIX CXKU-
Marommx Mexanndyeckux HanpsokeHusax [IBIT-TITHK,
CIOCOOHBIX MPUBOAWUTH K HApYLIEHUSIM CTPYKTYp B
Mpoliecce CO3MaHMS TIICHKH.

3akmouenne

Hanpasnenus cosepiueHcTBoBaHUsI MeTogoB [1XO
B OCHOBHOM CB$I3aHBI C MCITOJIb30BaHMEM I1a3Mbl BbI-
COKOM IJIOTHOCTHU B peakTopax ¢ UHAYKTUBHO-CBSI3aH-
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Holi mia3moii, ¢ CBY mia3Moit Ha OCHOBE 3JIeKTPOH-
HO-IIMKJIOTPOHHOTO PE30HAHCa, a TAKXE B peakTopax
C MUKPOBOJIHOBOM I1a3Moi. I1py MOHMXKEHHBIX TEM-
rnepaTtypax IOJy4eHMUsI C HCIIOJb30BaHMEM Ta30BbIX
cmecert SiHy,—N, ckopocTu HapallUBaHUA B CpaB-
HeHuu ¢ TpaauumoHHbM ECII-TIXO cyiiecTBeHHO
MeHblie. OcaxaeHue ¢ [1BIT obecnieunBaeT B passbl
MEHBIINNA U TIPUEMJIEMO HU3KUIN YPOBEHb COJEpXKa-
HUS BOIOPOJA, CYIIECTBEHHO OOJIbllIME TJIOTHOCTHU
IUIEHOK M MEHbILIUE CKOPOCTU PACTBOPEHUSI, UTO Je-
naet takue IIBII-TITHK nepcneKTUBHBIMU TSI TIPU-
0OpOB, HE JOIMYCKAIOIIMX MPU U3TOTOBJIEHUU BHICOKUX
TeMreparyp oO0paboTKH.

KoHbopMHOCTb MoNyyeHUs1 MOKPBITUA JIsT TU1a3-
MOAKTMBUPOBAHHbBIX IPOLIECCOB CYIIECTBEHHO YCTY-
maeT KoHpopmHoctu C-TITHK, monyyeHHBIX mpu
KCII0JIb30BAaHUM TEPMUUYECKU aKTUBUPOBAHHBIX MPO-
meccoB ocaxaeHns (okojo 100 %). JIms yiydiieHusT
KOH(pOPMHOCTU OCaXKIeHUS U (OPMUPOBAHUS 3aITI0JI-
HEHHBIX MaTepuajioM 3a30pOB B peibede CIOXHBIX
CTPYKTYp NMPUOOPOB UCMOJIb3YIOT METOABI U armnapary-
py IIXO IIBII, coueraloime IPOLECCH OCaXKIACHUS
TOHKOM IIJIEHKM W paclbUIeHUs (TpaBjieHUS) ocaxaa-
€MOT0 MaTepuasna.

ITpuBeneHbl OCHOBHBIE CpPaBHUTEIbHbIE JaHHbIE O
MPOILIECCAX Y MapaMeTpax MpPOIECCOB MOTYYEHUS TIe-
HOK TIpU TEPMUUYECKON aKTUBALIMU, TPAAULIMOHHOM
I1XO u I1XO c IIBII. PaccMoTpeHbI HanpaBiIeHUS CO-
BepieHcTBoBaHUs npoueccoB TIBIT TTXO mns ynyu-
IIEHUS 3aMOJIHEHUST MTyCTOT B pesibede Mpubdbopos.
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The fourth part of the review is dedicated to the present state and possible directions in development of the silicon nitride thin
films (SNTEF) in low-temperature high-density plasma (HDP) chemical vapor deposition (CVD) technologies intended for the in-
tegrated circuits (IC) and applications of the microelectromechanical systems (MEMS). Thin film deposition with the use of high
density plasma chemical vapor deposition (HDP-CVD) in the reactors with Inductive Coupled Plasma (ICP) and Electron-Cy-
clotron Plasma (ECR) employing SiH4—N, mixtures allows us to decrease the deposition temperature considerably as compared
with the plasma-enhanced CVD (PECVD) capacitance-coupled plasma reactors employing SiH,—NH ;—N, mixtures. In this case
we can obtain a few times lower hydrogen content in the films with higher density and lower etching rates. Some comparative PECVD
SiNH-TF and HDP-SNTF data are summarized and presented. Conformality of PECVD films is normally worse than that of the
thermally-activated high-temperature silicon nitride films. In order to improve the film comformality and gap-filling in the complex
stepped device structures, it is necessary to implement HDP-CVD with a simultaneous etch (sputtering) of the deposited material.
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Introduction and problem statement

In [1] the work presents the state and directions for
development of the technologies for obtaining of low-
temperature nonstoichiometric silicon-nitrogen-hy-
drogen containing thin films (SiNH-TF) for the inte-
grated microcircuits (IC) and microelectromechanical
systems (MEMS) during plasma activation of the sili-
con-containing reagents, gaseous ammonia and nitro-
gen in the flow reactors for the chemical vapor depo-
sition from the gas phase (CVD). This type of the film
deposition is characterized by terms "plasma-enhanced
CVD, PECVD" or "plasma assisted chemical vapor dep-
osition, PACVD". Chronologically the first PECVD
processes of the thin films (TF) were realized in simple-
design flow reactors of the diode type with cold walls,
also called reactors with capacitance-coupled plasma
(CCP reactor), and also the terms "parallel plate reac-
tor", "direct plasma reactor" were used. A simplified cir-
cuitry version of such PECVD reactor of an individual
type is presented in fig. 1, a. The advantages of such re-
actors are high growth rate of films at a low (<400 °C)
temperature of deposition, and versatility of applica-
tions for the substrates of different types and materials.

Among the basic drawbacks of SINH-TF, received
by means of PECVD, are a nonstoichiometric compo-
sition (variation from the stoichiometric correlation of
Si/N = 0.75 up to the values ~1.2) owing to enrichment
by silicon, and presence of hydrogen with the total con-
centration up to 40 at. %, connected with silicon and
nitrogen in the form of Si-H and N-H bonds. Because
of their nonstoichiometry, SINH-TF have a low density
and high rates of dissolution in liquid etchants (as a
rule, dissolution in the etchants on the basis of the buff-
ered hydrofluoric acid, buffered oxide etchant, BOE is
used), which can complicate the use of the given ma-
terials in certain technological applications. Besides,
in case of PECVD the conformality of deposition of
SiNH-TF on complex reliefs is unsatisfactory, which
complicates their applicability in the perspective tech-
nologies and devices with the relief structures. The typ-
ical properties of PECVD SiNH-TF are presented in
[1] in a detailed tabular form in comparison with the
stoichiometric high-temperature S-SNTF.

A solution to the above problems of SINH-TF was
found during the use of PECVD method with activation
of the so-called High Density Plasma (HDP-CVD).
The PECVD processes of dielectric TF with the use of
HDP in relation to the traditional methods of PECVD
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are characterized by a higher concentration of the ac-
tive particles in plasma — by one or two orders, up to
1012 particles/cm3. Studies of deposition of TF with
HDP in the experimental reactors were started back in
1980s [2—7], and from the beginning of 1990s such re-
actors were applied actively in the industrial technology
of 1C for reception of TF of dielectric materials, in-
cluding SNTE. The basic difference of deposition with
HDP in comparison with the classical PECVD is a sim-
ilarity of the characteristics of the deposited material to
that of S-SNTF, both in respect of Si/N correlation
and the content of hydrogen. In order to make them
distinct from SiNH-TF in the present review such coat-
ings are called HDP-SNTF.

The aim of the present review of the publications,
which appeared in three recent decades, is an analysis
of the technical solutions and directions for develop-
ment of the technologies for obtaining of the low-tem-
perature HDP-SNTF in the flow reactors of PECVD
with HDP, and also information concerning the com-
position, structure and physical and chemical proper-
ties of HDP-SNTF.

Brief characteristic of PECVD with HDP

For realization of the reactors with HDP, several
types of excitation of the high density plasma are used.
For the purpose of unification of the domestic termi-
nology with the classification of the plasma reactors for
deposition of TF presented in [8], in the present work
the basic types of reactors with HDP are designated in
the following way:

— electron-cyclotron plasma, ECR, reactors;

— inductively-coupled plasma, ICP, reactors.

Simplified circuitries of the reactors with HDP are
presented in fig. 1, b, c. Accordingly, obtaining of the
coatings in the reactors with HDP of various types is
designated below as ICP-HDP and ECR-HDP. Reac-
tors with HDP are usually oriented on one substrate
and can be used in a version with the so-called remote
plasma, when generation of plasma is carried out be-
yond the placement of a sample, which allows us to re-
duce the undesirable influence of plasma on the sub-
strate.

A specific feature of PECVD with HDP is a low, on-
ly fractions of pascals, working pressure, and in this
connection high-concentration reagents are applied
(as a rule — monosilane SiH,). The character of growth
of TF at PECVD with HDP is similar to the traditional
PECVD or even has a more nonconforming character
than the traditional PECVD (a schematic example is
presented in fig. 2, a). However, in the reactors with
HDP it is possible to achieve a radical improvement of
the deposition conformality due to the use of a simul-
taneous with the deposition sputtering of the deposited
material, for example, by argon ions, at an angle to the
substrate [9]. This provides an opportunity to etch the
top hanging surpluses of the material and to change the
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form of the growing TF, as is shown in fig. 2, b. At that,
the growth of TF in a gap occurs due to the material
coming from the gas phase, and also as a result of a re-
peated deposition (re-deposition) of the sprayed mate-
rial on the gap walls. It is obvious, that such a re-dep-
osition occurs closer to the top part of the gap, also
worsening the conformality.

Results of the research of the deposition
of HDP-SNTF

The references in [10—15] present examples of the
results of the research for the case of the use of the re-
actors ¢ ECR-HDP and gas mixes of SiH;—NH5 and
SiH4,—ND; [10], SiH4—N,—Ar [11, 12], SiH4,—N,
[13, 14]: in [11, 14] a profound research is presented,
[10, 14] were dedicated to studies of the concentration
of hydrogen, and [15] — to the influence of the proc-
esses’ parameters on the values of the mechanical
stresses in the films. Let us point out the following char-
acteristics of the processes with ECR-HDP: frequency
of plasma excitation — 2.45 GHz, power of the high
frequency generator of plasma — 500...2500 W for the
case of the deposition version remote from the gener-
ator [15] in the range of temperatures of 50...550 °C
and of 200...1000 W for the case of a direct impact of
plasma [11—14]. The level of the working pressure was
0.1...0.5 Pa, which was by several orders less than for
a "classical" version of realization of PECVD. De-
pending on the level of high frequency power of the
rate of deposition, in this case HDP-SNTF appeared
to be at the level of 1...10 nm/min. [11, 12]. The au-
thors of the work [10] pointed out, that, in general, the
total concentration of hydrogen was less, than that for
PECVD, increasing from ~6 X 102! (~5 at. %) up to
~2 x 10%2 at/cm2 (~17 at. %) at the decrease of tem-
perature from 550 °C down to 50 °C. At that, the rela-
tion of the concentration of Si—H/N—H bonds for
ECR version of deposition was >1.0 while for the com-
parative process of PECVD at 250 °C it was <1. As an
important result [10], we should underline, that by
means of the method of the programmed thermal des-
orption the temperature of the beginning of diffusion of
hydrogen from HDP-SNTF was established and was
equal to 620 °C. That was higher, than for SiNH-TF,
received in the remote plasma at PECVD in excess of
ammonia at the temperature of 200 °C [16], the hydro-
gen diffusion in which began from 500 °C and was
characterized as a result of interaction of Si—H and
N—H bonds with formation of the bond of Si—N and
H,. The authors of the works [14, 15] compared direct-
ly the characteristics of the processes and SiINH-TF, re-
ceived in a reactor with ECR at temperatures of 25,
200 and 300 °C with those, received in the traditional
LPCVD and PECVD; the results for 200 °C are pre-
sented in the first column of the table.

In [17—21] the work presents examples of publi-
cations concerning the research of the processes for




obtaining of HDP-SNTF in the reactors with ICP.
The research was done in the range of temperatures
of 25...400 °C, pressures of 0.13...2.6 Pa, power of
200...2000 W for mixes of SiH,—N,—Ar, and also
SiH;—N,—He [19]. For plasma excitation the gen-
erators with frequencies of 300...400 KHz [18] and
13.56 MHz [20] were used. In the investigated ranges of
conditions the rates of deposition were 2.0...96 nm/min.
According to data [17], for a remote plasma source in
the range of temperatures of 25...300 °C the rate of dep-
osition was 2.7...5.2 nm/min, Si/N ratio was 0.6...1.0,
n = 1.75..2.2, HDP-SNTF density varied within
2.4..2.9 g/cm3. The total concentration of hydrogen
was (3.0...5.5) x 102! at/cm? (2.6...8 at. %), while during
a decrease of the temperature of deposition from 300
down to 25 °C it increased up to ~1.45 X 1022 .':1‘[/cm3
(~13 at. %). In the work [18] estimation of the prop-
erties of HDP-SNTF was done, as well as SIMS (sec-
ondary ion mass-spectrometry) profiling of S-SNTF
and HDP-SNTF obtained in PECVD and ICP-HDP
with the aim to find out the distribution of the atomic
concentrations of Si, N, H in the thickness of the films.

At 400 °C, pressure of 0.66 Pa, and power of
2000 W, the rates of deposition were 96 nm/min.,
while the concentration of hydrogen did not exceed
5.5 at. %. Estimations by means of FTIR (Fourier
transform infra red spectroscopy) of the concentration
of hydrogen in HDP-SNTF with n = ~2.0 at the tem-
perature of deposition of 200 °C for the mix of
N,/SiH4 were ~1.31 X 1022 at/cm3 for N—H groups
and ~7.67x10%! at/cm3 for Si—H groups [21], which,
as a whole, corresponded to the results of the other
works. Average data on [18—20] are presented in the
second column of the table.

Comparison of the data presented in the table on
HDP-SNTF with the data for SINH-TF and S-SNTF
taken from [1] allows us to draw a conclusion that a
deposition with HDP can be realized at a considerably
lower temperature (down to the room temperature) and
it ensures a composition close to the stoichiometric one
at a much smaller concentration of hydrogen. Among
the drawbacks of the deposition with HDP it is possible
to mention an essentially smaller rate of deposition at
a very low working pressure. For maintenance of such
pressures we need very expensive high-speed turbomo-
lecular pumps. In view of its high cost, the equipment
for PECVD with HDP should be applied only in ab-
sence of any other solutions, for example, for solving of
the problem of conformality of deposition and filling of
IC relief of a complex configuration without cavities.

Deposition of HDP-SNTF
in the experimental reactors

For reception of SNTF with HDP several experi-
mental versions of the reactors were used, the examples
of which are presented in [22—24].

e Supersonic jet deposition is described in [22]. The
essence of the process consists in obtaining of a
coating on a substrate surface as a result of interac-
tion of the separate jets of atomic silicon and nitro-
gen in a flow of helium, received from SiH, and N,
by means of microwave frequency excitation. Accord-
ing to the authors, such a method of deposition allows
us to receive coatings from a controllable monolayer
up to 1 nm/min. The authors received super thin
(<4 nm) HDP-SNTF with the rates of 0.3 nm/min
and investigated the electric characteristics of such
coatings. According to Auger spectroscopy and FT-
IR, in the coating composition the silicon and ni-
trogen (Si/N ~ 0.8), and a small amount of hydrogen
were discovered. Besides that, oxygen was discov-
ered in the composition of the coatings with an ab-
normally high concentration, nearby 15 at. %, which,
according to an assumption of the author, is a con-
sequence of either insufficient vacuum, or is due to
the oxygen coming from the quartz nozzles.

o High-temperature horizontal tubular flow LPCVD
with a device for excitation of HDP at the input into
reactor called by authors of [23] as "HDP-assisted
LPCVD". The design allowed the authors to imple-
ment deposition of SNTF with the use of dichlo-
rosilane and ammonia on the substrates of 76 mm at
a thermal activation at 720 °C (LPCVD), at 300 °C
directly in a plasma device, and also at 720 °C in the
version using the remote plasma. It is obvious, that
the additional activation led to a multiple increase of
the rate of deposition in comparison with the growth
rate at a thermal activation (1.5 nm/min). The au-
thors had reasons to believe that a drawback of the
process was a low refractive index (n ~ 1.7). Besides,
the question remains unanswered about the uni-
formity of the growth of SNTF along the length of
the zone of the tubular reactor, which, according to
the author of the review, should be unsatisfactory.
— Obtaining of HDP-SNTF at 400...500 °C from

Si(CH3), and NH,CH; with the use of hydrogen

radicals generated by means of the microwave radia-

tion is proposed in [24]. The total concentration of hy-
drogen is estimated at the level of ~2.2 X 1022 at/cm3
with estimated by FTIR method concentration of

Si—H and N—H at the level of ~8 x 102! at/cm?,

1.4 x 102 at/cm3, accordingly.

Solution to the problem of conformality
of deposition and direction for improvement
of HDP-SNTF technologies

The data presented in the table demonstrate that
HDP-SNTF are an excellent solution for the modern
technological applications from the point of view of the
quality of the deposited material at low temperatures.
However, the relief structures of modern devices have
a problem of conformal deposition of TF on the steps
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of the relief, which was considered in relation to the ac-
tivated processes and material in [1]. For example, typ-
ical for PECVD are the sections of the structures with
a superfluous quantity of the deposited material on the
top parts of the relief steps (see fig. 2, a), which is fre-
quently designated by the term of "bread loaf”. For dep-
osition with HDP, for example, by the presented in [20]
microphotos of the chips of the cross-sections of the
structures with HDP-SNTF for a rather simple edge
structure with the height of the steps of the metal strips
of 0.9 um (at the visually inclined walls of the metal
strips and the gap between them of 1.2 um), an esti-
mation of the conformality gives about 60 %, which is
not better, than for regular PECVD SiNH-TF. In gen-
eral, the regularities of deposition with HDP qualita-
tively correspond to the established by the author in-
terconnection between the conformality of the depo-
sition and the effective constant of the rate of CVD
processes of the thin silicon-containing films keﬁ‘, (di-
mensionality of cm/s), see discussion in [1].

However, during the use of HDP, new possible so-
lutions were found for the problem of non-conformality
of the deposited TF. Thus, the use of the additional in-
situ sputtering (etching of the deposited material), car-
ried out at an angle to the vertical of the structures [9],
allowed us to change considerably the character of for-
mation and the final form of TF profiles on the relief
(see fig. 2, b). It turned out, that the form of such a pro-
file can be controlled by changing the correlation of the
rates of deposition and sputtering (deposition-to-sputter-
ing ratio, D/S ratio). Unfortunately, in the literature
there are not enough of experimental data about filling
of the gaps in the reliefs of the devices with HDP-
SNTEF, for example, some photos of the structures with
HDP-SNTF, obtained at various D/S ratios, are pre-
sented in the work [20]. In the US patent application
[25], according to the proposed solution, the deposition
of HDP-SNTF on the relief substrates is supposed to be
done not simultaneously with etching, but consecutive-
ly: first, the deposition, and then, after removal of all
the reaction components from the working chamber,
sputtering of the material from the top parts of the
steps. According to the authors, the reason for such an
approach is in the considerable compressing mechani-
cal stresses of HDP-SNTF, capable to infringe the
structures in the course of film creation.

Conclusion

The directions for improvement of PECVD meth-
ods are basically connected with the use of the high
density plasma in the reactors with the inductive-cou-
pled plasma, with the microwave frequency plasma on
the basis of the electron-cyclotron resonance, and also
in the reactors with the microwave plasma. At the lower
temperatures for obtaining with the use of SiH4—N,
gas mixes, the rates of growth are considerably less in
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comparison with the traditional PECVD. Deposition
with HDP ensures many times smaller and acceptably
low level of the content of hydrogen, essentially high-
er densities of films and lower rates of film dissolu-
tion, which makes such HDP-SNTF promising for the
devices, not tolerating high temperatures during
processing.

The conformality of reception of coatings for the
plasma-activated processes concedes considerably to
the conformality of S-SNTF, obtained due the use of
the thermally activated processes of deposition (about
100 %). In order to improve the conformality of dep-
osition and formation of the gaps filled with material in
the relief of the devices’ complex structures, the meth-
ods and hardware of HDP PECVD are used, which
combine the processes of deposition of thin films and
sputtering (etching) of the deposited material.

The basic comparative data are presented about the
processes and the parameters of the processes for re-
ception of films during the thermal activation, tradi-
tional PECVD and PECVD with HDP. The directions
for improvement of the HDP PECVD processes for a
better filling of the gaps in the relief of the devices were
considered.
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BBenenune

MarnuTtoctpukiioHHbeie MaTepuansl (MCM) mipu-
MEHSIIOT B TI'eHepaTopax 3BYKOBBIX U YJIbTPa3BYKO-
BBIX KOJI€0aHUI, B paAUOTEXHUUYECKMX YCTPOMCTBAX,
B 2JIEKTpOMEXaHUYECKMX (UIbTpax, a MocjaeIHue ro-
Il CTAJIM aKTMBHO UCIIOJIb30BaTh B Ka4eCTBE CEHCOP-
Ho-akTioaTopHbIX CTPYKTYp (CAC) B HAHO- U MUKPO-
anexkTpoMexanuueckux cucremax (HOHC u MOMC)
u B garuumkax [, 2]. Ha takux MCM, kak tepde-
Hou-0 [3] unm randeHon [4], MOTYT OBITH pean30Ba-
HbI, HAIPUMED, JATYMKU MOJIOKEHUS [S] Wiau JaTYMKU
IMOCTOSTHHOTO U ITepeMEeHHOr0 TOKOB [6]. Jls ymyuiie-
HUS aATre3MBHBIX U MEXaHUYECKUX CBOMCTB TeppeHO-
Ja-J1 akTyaJbHBIM SIBJISIETCSI CHHTE3 HOBBIX KOMITO3UT-
HBbIX MarHUTOCTPUKIMOHHBLIX MarepuanoB [7—10], B
TOM 4YMCJIE MarHUTHBIX XuaKocTei [11].

Oco6oe BHUMaHUe cTaau yaeasatb MCM c nosiB-
JICHWEeM THOPHMIHBIX BOJIOKOHHO-OINTUYECKUX JaTIM -
KoB, noctpoeHHbIX Ha CAC, CONpsoKeHHOM C BHYT-
PUBOJIOKOHHOI OpArroBCcKoil peuieTkoil. Bmecrte ¢
TeM cyulecTByole MCM uMeroT psii HeIOCTaTKOB,
MPEMSATCTBYIONIMX UX NMPUMEHEHUIO B TaKMX JaT4M-
Kax. Cpeiy OCHOBHBIX CJI€yeT BbIAEINUTb, BO-TIEPBbIX,
HU3KUM Ipeaes MEXaHUYECKOM MPOYHOCTU U CUJIbHbBIE
BUXpEBbIE TOKMA B MaTepuajax tumna tepdeHona-J1, 3a-
TPYAHSIONIVE UX UCIIOb30BAaHME B YUCTOM Bue. Bo-
BTOPBIX, BBITEKAIOIIYIO OTCIOAa HEOOXOAUMOCTb OUEHb
TPYAOEMKOTO U JOPOTOro MoucKa M CMHTe3a KOMIIO-
3UTHBIX MaTepuajaoB Ha ocHoBe TepdeHona-/. B-tpe-
TBUX, 3TO MPOoOJIeMa HAACXKHOTO 3aKpeIIeHUsT MarHu -
TOCTPUKILIMOHHBIX MaTepuaioB Ha OMNTOBOJIOKHE 0e3
IOTEPU CEHCOPHBIX CBOMCTB, ITOCKOJIbKY HabOp MaTe-
puanoB, 00JiagalIIUX HEOOXOAUMBIMU CEHCOPHBIMU
CBOMCTBAMU M BBICOKOM aAre3vMei K ONTOBOJIOKHY, CY-
LIECTBEHHO OTpaHNUYeH. B-ueTBepThIX, 3TO JOPOTrOBU3-
Ha ¥ MHOTOBapMAaHTHOCTD PeIlIeHUS 3aJauM JIETMPOBa-
HUSI U3BECTHBIX MAarHUTOCTPUKIIMOHHBIX MaTepUasoB,
yJIy4lIaloIIero ux CeHCopHbie cBoiicTBa. IloaTtoMy mo-
nck u nonxydyeHne MCM, IpuMeHUMBIX I TUOPUII-
HbiX BBP-gaTunMKkoB, OTHOCATCS K aKTyaJIbHbIM 3aja-
yaM COBPEMEHHOTO MaTepUaJIOBEIECHMSI.

OnHuM u3 3¢ PEeKTUBHBIX HapaBICHUN Pa3BUTUS
MaTepuagoBeJeHUsI, HalleJeHHbIM Ha CYIIECTBEHHOE
YCKOpEHME MPOLIECCOB MOKMCKa, pa3pabOTKK U BHEAPE-
HUSI HOBBIX MaTepUaJIOB, OE3yCIOBHO, SIBISIETCSI KOM-
MbIOTEPHOE MOACINPOBAHNUE (DU3NIECKUX CBOMCTB Ma-
TepUaJioB, MO3BOJISIONIEE CYIIECTBEHHO CHU3UTDH Bpe-
MEHHBIE U (DMHAHCOBBIC 3aTPAThl HA CUHTE3 BEIIECTBA,
ero TMoCJeIyILIYI0 TEeXHOJOTMYECKYl0 00paboTKy U
9KCMEePUMEHTAIbHOE N3YyYeHUE CBOMCTB.

B Hacrosiieit padbote onvcaHbl OCOOEHHOCTH COB-
PEMEHHBIX METOAOB MOAEIMPOBaHUS (U3UUECKUX
CBOICTB MarepuasoB, BBIMIOJHEHbl OLEHKU 3¢hdheK-
TUBHOCTU KOMILJIEMEHTAPHOIO MCIOJb30BAHUSI MO-
JeJbHBIX METOIUK W aJrOpUMTMOB CKPUHMHIA COBpe-
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MEHHBIX CTPYKTYpHO-Tpadpuueckux 0a3 JaHHBIX, IIPO-
JEMOHCTpUpPOBaHa MX A(P(HEKTUBHOCTb Ha MNpUMEpe
CKPVMHWHTa MarHUTOCTPUKIIMOHHBIX MaTepuanoB. Kpo-
M€ TOro, 00OCHOBaH U IIpeIJIOXKEH BbIOOp HaumboJiee
MepCNEeKTUBHBIX HaIpaBJeHUN NajbHEHIIMX paspa-
00TOK B 00JaCTM MOJIEJbHOTO MPOrHO3UPOBAHUS
cBoiicTB apyrux MarepuanoB it CAC u rMOpUIHBIX
BBP-paTuukoB, nmpuMeHsieMbIX TPU aHaau3e 3JeKT-
PUYECKUX U aKyCTUUYECKUX IT0JIei, BIAXXHOCTU, KOH-
LIEHTPALlM XUMUYECKHX BELIECTB U JIP.

I'nmaBHOI 0COOEHHOCTHIO MPETOXKEHHOTO MOAX0aa
K ToMcKYy HOBbIX MatepuanoB 1t CAC sBisieTcst co-
MPsSLKEHWE MOJEJIbHBIX METOMK C MpoLeaypaMu CKpU-
HUHTa CYLIECTBYIOLIUX CTPYKTYpHO-rpaduueckux 0as3
JAHHbBIX BEILECTB METOJAMM T'€OMETPUKO-TOMOJIOTM-
YeCcKOro aHajau3a B paMKax MporpaMMHOI0 KOMIIJIEK-
ca ToposPro (http://topospro.com) [12]. DT MeTOABI
Ha OCHOBAaHUU CTPYKTYPHBIX NE€CKPHUIITOPOB MO3BO-
JISIIOT 2(@EKTUBHO CUCTEMaTU3UPOBaTh AaHHbIE OO0
M3BECTHBIX coeauHeHUsX. [locmenyommii ToncK Kop-
PEJISILIMIA MEXIY CTPYKTYPOI, COCTaBOM M CBOMCTBAMU
Ha OCHOBE MCMOJIb30BaHUSI TOMOJOTMYECKOTo aHaJIn3a
1 COBPEMEHHBIX METOIOB MOMIEINPOBAHUS MaTepua-
JIOB MOXET ObITh UCIOJIb30BaH, BO-MEPBbIX, ISI BbI-
0opa HamnpaBJIeHHUs TTOMCKa HOBBIX MaTEPUAJIOB U, BO-
BTOPBIX, IJI MOAM(PUKAIIUU COCTaBa MU3BECTHBIX CO-
eIVHEHUI B LIeJSIX YAydllleHUsI X pabodyux XapakTe-
PUCTHK.

MeTonbl CKPUHHHTA CTPYKTYPHO-rpaduuecKnx
0a3 IaHHBIX HA MPUMeEPe MOWCKA
MArHUTOCTPUKIMOHHBIX MATEPHAJIOB

B Hacrosiiee Bpemsi MpU MOUCKE HOBBIX (YHK-
IIMOHAJIBHBIX MaTepHAaIOB M COBEPIIEHCTBOBAHUH CY-
IIECTBYIOIIUX MPUMEHSIIOT METOOMKU CKPMHUHIA Ha
OCHOBE CTPYKTYPHbBIX TECKPUNTOPOB WM TpeOOBaHUI
K XMMHUYECKOMY COCTaBy 0a3 MaHHBIX KpHCTAJJIOTpa-
¢uueckoit unpopmanuu (Inorganic Crystal Structure
Database (ICSD) [13], Cambridge Structural Database
(CSD) [14]) ¢ ocneaytolmmM IMporHo3upoBaHueM pu-
3UYECKUX CBOMCTB METOJAMM KJIACCUUYECKUX TMHAMMU-
YeCKUX WM KBAHTOBO-MEXaHWYECKMX pacueToB. Ha
3TOM TPUHITUIIE (POPMUPYIOTCS TaKUE U3BECTHBIC MPO-
rpamMMbl, Kak nporpaMmma Material Genome Initiative
[15], cpenn OCHOBHBIX ligieli KOTOPOW BbIAEJISIETCS
WHTETpalusl SKCIEPUMEHTAIbHBIX U TEOPETUUYECKHUX
MU3bICKAHUI B 00JIaCTU MaTepualloBeIeHHUs, a TaKXKe
MOZEIBHBIX TOIXOMOB UISI YCKOPEHUs IIMKJIa pa3pa-
OOTKU—MCIIBITAHUSI—BHEIPEHUST HOBBIX MaTEepPUaJOB.

CTpyKTYpHBII aHAJIN3 W pacyeTHBIC TEXHUKW III-
POKO MCIIOJIB3YIOT MPU ITOMCKE TBEPABIX JIEKTPOIUTOB
[16], HM3KO3IMHUCCUOHHBIX TOJYIPOBOTHUKOB [17],
COpOEHTOB, CEHCOPOB 1 KaTaJnu3aTOPOB HA OCHOBE Me-
TaJUIOOpPraHUYeCKUX KapkacoB [18], mHTepMmeTaiu-
noB [19], ueonutoB [20] u Apyrux (pyHKUIMOHAIBHBIX




MarepuranoB. CIIOXXHOCTb HEITOCPEACTBEHHOTO ITPUME-
HEHUS TaKOro Mojxona s Moucka MaTepuaioB AaT-
yukoB Ha BBP cocTtouT B 00JIbIIOM YMKCIE KJIacCOB
YYBCTBUTEJIBHBIX BEIIECTB U TEXHMUECKHX PeaTn3ailnio
HX COMPSIKEHMS C MaTepuaioM BOJIOKHA. B mipencras-
JIEHHOM paboTe OyIyT MpOIeMOHCTPUPOBAHBI PE3yIIb-
TaThl cKkpuHUHTa 6a3bl ICSD ns kiacca nHTepMeTan-
JIMYECKNX COCANHEHMI KaK OMHOTO U3 TIpeICTaBUTENICH
MarHUTOCTPUKIIMOHHBIX MaTepUaJioB, MPOaHaIU3U-
pOBaHBI TTOJTYYCHHEBIE BEIOOPKM M WX CBSI3b C TIpEI-
IIECTBYIOLIUMU KCIIEPUMEHTATbHBIMU HapabOTKaMHu,
a Takke OOCYXIEHBI BO3MOXKXHOCTA W ITIEPCIIEKTHUBBI
JAITBHEWIIUX UCCIIENOBAHUM.

ABTOpaMU TIPOBEIEH MOUCK MHTEPMETA/UTUIOB C
MarHUTOCTPUKIIMOHHBIMU cBolicTBaMu no 6a3ze ICSD,
colepxalleil Ha HacTosliee BpeMs MHGOPMAIUIO O
KPUCTAININYECKOM CTpyKType 186 168 coemmHeHMIA.
OT160p coeAMHEHNH U KPUCTAITIOXUMUYECKUIA aHAJIU3
MIPOBEACHEI C UCTIOJIb30BAHNEM MTPOTPAMMHOTO KOMII-
nekca ToposPro [12]. Kputepuii or6opa — cocTaB MH-
TepMeTalInaa.

OCHOBHBIE 3TaITbl UCCIETOBaHNSI.

1. Boimenenue u3 6a3bl gaHHbiX ICSD OuHapHBIX 1
TEPHAPHBIX WHTEPMETAJUIMIECKMX CTPYKTYp COCTaBa
A By, 1 AB/C, COOTBETCTBEHHO.

2. OT6op coeaHEHMH, COAePKAILMX OMHOBPEMEH-
HO TIepPEeXOMHbIE W PEIKO3eMeIbHBIC DJIEMEHTHI, ITOC-
KOJIbKY MMEHHO TakMe BellleCTBa 00JalaloT 3HauM-
TeJIbHBIMU MarHUTOCTPUKIIMOHHBIMU CBOMCTBaMH [21].

3. C ucnoJib30BaHUEM pa3pabOTaHHBIX paHee Me-
TOMOB, a TaKXXe MPOrPaMMHBIX CPEACTB, peaau30BaH-
HbIX B nakete ToposPro, ymaneHue u3 BBIOOPKU MO-
JeJbHBIX CTPYKTYpP, KpUcTajtorpadpuyeckux ayoavka-
TOB, CTPYKTYp C OLIMOKAMM B COCTaBe W MEXKAaTOMHBIX
pPacCTOSTHUSIX.

4. BrpigenieHre OTHEIBbHBIX KJIACCOB COCIMHEHMWI,
MMepCIEKTUBHBIX UIST JadbHEHIIero MccaeaoBaHUs,
MPOBEIEHUE TOIOJOTUYECKOTO M Te€OMETPUYECKOTO
aHaJN3a UX CTPYKTYP.

Takum oOpa3oM, 11 MOCTIEAYIOLIETO aHaan3a ObI-
1 chbopMUpoOBaHbI 0a3bl JAaHHBIX UHTEPMETa/UINYEC-
KUX OMHApHBIX W TepHAPHBIX COCOWHEHMIA, 06pa3o-
BaHHBIE MCKJIIOUUTENIBHO TEePEeXOAHBIMUA U PEIKO3e-
MEJTbHBIMU 3JIEMEHTaAMH.

Pe3yabTaThl HcciieI0BaHUS

B pesyabraTe ncnoab3oBaHuUsl ONMMCAHHON TMoOcCe-
JIOBaTeJIbHOCTU (QUILTPOB U IporpamMmbl ToposPro
MOJIy4EHBI CJIeAYIOLIUe Pe3yIbTaThl:

e HaiieHo 15 317 U3BeCTHBIX U HOBBIX (paHee Heu3-
BECTHBIX) OMHApHBIX U 17 513 M3BECTHBIX U HOBBIX
TepHApPHbIX UHTEPMETAJIUIOB;

e 10 cocTaBy (colepkaHue PeaKO3eMeIbHbIX DJIeMEH-
TOB U TEPEXOJHbIX MeTajIoB) oToOpaHbl 3372 Ou-
HapHble U 1332 TepHapHBIE CTPYKTYPHI;

e HCKJIIOYeHHUE OyOJMKATOB, MOJAEJIbHBIX U OLIMO0Y-
HBIX CTPYKTYpP ((PUIbTp) NMpUBEIO K UTOTOBOI BbI-
6opke 1398 GuHapHbix U 1048 TepHapHBIX UHTEP-
METaJUIMIECKNX COCTUHEHUIA.

Ha pwuc. 1 mpencraBieHbI QrarpaMMEbl, TTOKa3bIBa-
IOIIME YaCcTOTy BCTPEYAEMOCTH 3JIEMEHTOB B COCTaBe
OuHapHbBIX (@) ¥ TepHapHbIX (b) coenrHeHuit. Habto-
JaeTcsl cledylolasi 3aKOHOMEPHOCTh: 4acToTa BCTpe-
JaeMOCTH TIEPEXOMHBIX JIEMEHTOB B COCTaBE COCIM-
HEeHMI yBeJIMYMBaeTcs K KOHIy nepuoaa. OcoGeHHO
SIPKO 3Ta TEHIOCHIIUS TIPOCIEKUBACTCSI Yy OMHAPHBIX
BellecTB. JluaepaMu cpelud MepexOoAHbIX 3JEMEHTOB
SIBJISIIOTCS TIpeACTaBUTENN KOHIA repuonoB Zn u Cd.
B cocraBe TepHapHbIX MHTEPMETALIMIOB HauboJiee
yacto Bcrpevatorcst Fe, Co u Ni. MHTepecHO oTMe-
TUTb, YTO CPEIM PACCMATPUBAEMOIO Kjlacca coelrHe-
HUI He ObIJI0 OOHAPYXXEHO HU OIHOM CTPYKTYpPHI, CO-
JiepxKalen peaKo3eMeabHbIA JIEMEHT ITPOMETUN.

B 1abn. 1 npuBeneHa kiaccuuKalus U3BECTHBIX
MAaTrHUTOCTPUKIIMOHHBIX MaTEPUAJIOB, U3 KOTOPOI BUII-
HO, YTO Cpeay MHOTOUYMCIICHHBIX COeIMHEHUI Xee3a
U KobajbTa C pa3IMYHbIMU 2JIEMEHTaMU HEKOTOpPbIC
00J1agaloT MAarHUTOCTPUKIIMOHHBIMIA CBOMCTBAMMU.

M3BectHbIMU TipeacTaBuTeasiMu MCM Ha ocHOBe
XeJie3a SIBJISIIOTCS pelKo3eMeJIbHbI CIUiaB Tepde-
won-J1 (Tb; — Dy Fe, _ ) u randenon (Fe; _ ,Ga,).
Cpean 1048 tepHapHBIX MHTEPMETAJIMIAOB KEJIE30
conmepxutcst B 360 coenMHeHUSX. AHAJTOTUYHBIIA Tep-
deHony-JI cocraB (keyne30 M JABa PeaKO3eMeJbHbIX
aJIeMeHTa) MMeEIT 48 CTPYKTyp (ErxSmyFe — 5,
Er,Nd Fe 5, Nd,Tb Fe 4, Pr;HoFe — 4,
Pr,Dy Fe 4, To, Dy Fe — 4, Dy,SmFe — 3,
Pr,Ce Fe — 3).

Ha ocHOBaHWM M37TOXEHHON METOIUKN CKPUHWH-
ra B 6aze ICSD Obu10 HaitneHo 15 CTpyKTyp, UMeElO-
11X COCTaB FexCoy, npuueM 14 M3 HUX OTHOCSATCS K
TOIOJOrMYecKomMy Tumy becu-x, ¢ KoOopaAUHALIMOHHBIM
yuciaoMm atomMoB (KY), paBHbIM 14, U ogHaA CTPYK-
typa CoszFe umeer ronosnoruro feu, K4 = 12. K co-
€IUHEHMSIM C TaKHM K€ COCTAaBOM OTHOCHTCSI XOPOIIIO
W3BECTHBIN MaTepuan nepMmenmiop: Fe — 47...50 %,
Co — 48...50 %, V — 1,5...2 % (B Poccun u3BeCTHBIN
Kak crutaB Mapku K49d2). Beimn oOHapyXeHBI IBe
HOBBIE CTPYKTYPHl HACHTUYHOTO COCTaBa C TOTIOJIOTH-
ssmu feu u tek/hee (KY = 12).

Hpyrumu unszBecTHeiIMU MCM saBasiorcst deppu-
THI-IITTAHEIN, KPUCTALIM3YIOIINECS B KyOUYeCcKOM
peleTke ¢ mpocTpaHcTBeHHO# rpymmoir Fd3m. Ux
obuiasa ¢popmyna MeFe,O4 (Me2+ = Ni, Co, Mn, Mg
u 1p.). Kak BUOHO, B COCTaB 3TUX COCAMHEHUIN TaKXKe
BXOZSAT XKEJI€30 U KOOaJbT.

B cocraB cienymoliero kigacca CoOeIUHEHUN BXO-
IAT KeJIe30 M HUKeJIb. MeTomMKa MOMCcKa 0 COCTaBy
FexNiy no3BoiIa 00HapyXuth 20 cTpykryp, 13 u3
KOTOPBIX OTHOCSTCS K TOTOJIOTHYecKoMy Tutry feu, 5 —
nmeroT Tonosoruio beu-x u 2 — hep. IMpencraBurenem
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Fig. 2. Diagrams of the frequency of occurrence of the rare-earth elements
in the ferriferous ternary intermetallides
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OuHapubiX (@) U TepHapHbiX (b) coenuHeHmit
compositions of the binary (a) and ternary (b) compounds

3TOro KJjacca SIBJiieTcsl, HampuMep, cruiaB MHBap: Ni —
36 %, Fe — 64 %, obnanmaionuii oqHO(pa3HOM BHYT-
peHHel cTpyKTypoii. [To n3BeCTHBIM JaHHBIM IIJIST TH-
Bapa peajqusyeTcs IBa TOIOJOTMYeCKUX Tuma fcu u
bcu-x, Kak y onmcaHHbIX BhilIe coeanHenuii Fe u Co.

B ocnHoBy BBHIOOpKM M3 ICSD (BeImyck 2016 2,
186 168 cTpyKTyp) MOJIOKEH COCTAB OCHOBHBIX U3BEC-
THBIX KJIACCOB MAarHUTOCTPUKIIMOHHBIX MaTepPHaJIOB:
1) Tepdenon-I (Tb, Dy, _ Fe,); 2) randenon (FeGa);
3) nepmenmop (CoFe + V); 4) dasel JlaBeca (ReFe,);
5) depputhl (LLIMHENIN, TPAHATHI).

BonbpIMHCTBO MaTepuasioB comepxkaT Keje3o.
CoctaB Tepdenona-/ ymosieTBopsieT OTOOpaHHBIM
paHee CTPYKTypaM TepHapHBIX UHTepMeTauTnaoB. U3
1048 TepHapHBIX HMHTEPMETAIUIOB KEJIe30 Coaep-
xurca B 360. CocraB, aHaJOrMYHBINA TepdeHomy-J1




(>keJie30 M ABa peaKO3eMeJbHBIX 3JeMEHTa), UMEIOT
48 cTpykTyp. Bce CTpyKTypbl pasynopsiiouyeHbl IO
penKo3eMeIbHBIM 3JIEMEHTaM, 4acToTa BCTpeyaeMoC-
TU KOTOPBIX ITpeACTaB/ieHa Ha puc. 2.

Taxkke ObUT IIOJy4YeH CIMCOK HauboJiee 4YacTo
BCTpEUaIOILIMXCS COYETaHUM 3JIEMEHTOB B paccMaTpu-
BAa€MOM KJIaCCE CTPYKTYp: ErxSmyFe u ErdeyFe —

no 5; Nd, Tb Fe, Pr,Ho Fe, Pr,Dy Fe u Tb,Dy Fe —
no 4; DyXSmyFe u PrXCeyFe — no 3. IIpoBeneHHbIA
TOIOJIOTUYECKUI aHannu3 48 CTPYKTYp BBISIBWI TISTh
TOITOJIOTMYECKUX TUITOB, MPEACTaBICHHBIX B Ta0OI. 2.
M3 tabu. 2 BugHo, uto rpymmnsl 13 24 (50 % ot Bee-
TO KOJIMYECTBA) CTPYKTYp MMEIOT TOTIOJIOTHIO mMgC-X,
Kak u TepdeHon-I. ITosTomy Takue CTpyKTYphl Ipe-

Tabnuua 1
Table 1
OcHOBHBIE KJIACCHI MATHUTOCTPHKIMOHHBIX MATEPHAJIOB C YCTAHOBJIEHHBIMH CTPYKTYpaMu

Main classes of the magnetostrictive materials with the established structures

Kuacc CoctaB (Jiuteparypa) CrpykTypa
Class Composition (literature) Structure
Fe—Ga Feg3Gay; [22] Marpuia OLK (o6beMHO-1IeHTpUYecKash Kyondeckasi) CONEPXKUT 3 HM TETparo-
HasbHbIX BioueHuit ¢ Ga—Ga nmapamu Biosib ocu ¢ 1 L6 trnom
CrenoBble MpUCAIKU MPUBOISAT K JOKAJIbHBIM AedopmanusaM. Jlydiue pesysibra-
Tbl 0OHapyxeHsb! it Ce u Pr
VCC (volume-centric cubic) matrix contains 3 nm of the tetragonal inclusions with
Ga—Ga pairs along the axis c and with L6, type
Trace additives lead to local deformations. The best results were discovered for Ce and Pr
landgenon: Fe,_,Ga, [23] B pemerke OLIK aTtomsl Fe 3amelnatorcss HeMarHuTHeIMU atoMaMu Ga
Galfenol: Fe,_,Ga, [23] In VCC lattice the atoms of Fe are replaced with non-magnetic atoms of Ga
Fe — Co Fejgo—xCo, 10 < x <90 [24] Ectb 1Be oTnenbHble ABYX(da3Hble 001acTH:

(DHTLK (rpaneuentpupoBanHas Kyoudeckasi)/OLIK o6racts cocymiectBoBaHMs
¢ BBICOKUM conepxanuem Co

(2)B2 (CsCl)/OLIK ob6nacTh cocyliiecTBOBaHUS B cepeHe (ha30BOi quarpaMMBbl
(30 < x<74)

Bce coctaBbl 6e3 TepmoobpadboTku ¢ 10 < x < 78 umerot ctpyktypy OLIK, korma
x = 80 — cmech 'IK n OLLK, nipu x > 85 omHa daza 'K

There are two separate two-phase areas:

(1) FCC (face-centered cubic)/VCC area of coexistence with a high content of Co
(2)B2 (CsCl)/VCC area of coexistence in the middle of the phase diagram (30 < x < 74)
All the compositions without a heat treatment with 10 < x < 78 have a structure of VCC,
when x = 80 mix of FCC and VCC, at x > 85 one phase is FCC

Fe—Ni u aurpunst | v -NiFe,N [25]
Fe—Ni and nitrides

Ileposckur ¢ 'K cTpykTypoit
Perovskite with FCC structure

Tepdenon-/1, Tepdenon-/I (Tby 3Dy, 7)Fe, [21] | Crinas
U aHaJIOTH Terfenol-D (Tb, 3Dy, 7)Fe, [21] Alloy
Terfenol-D

Tby Hog g Pr(Fey gCop ») ;.93
(0 < x < 0.50) [26]

[TpenmyiecTBeHHO Kybrueckas ¢asa Jlaeca, ctpyktypa MgCu,-tuna mist

x < 0,20, B TO BpeMsI KakK IpuMecH HabmomatoTcs mpu x = 0,30

Mainly Laves cubic phase, MgCu, — type structure for x < 0.20, while impurities
are observed at x > 0.30

and analogs

Tb, ,Nd g(Feg §Cog2) 1.9 [27] Kybuyeckasa daza Jlaseca

Laves cubic phase

Fe-Si-B-P-Cu FeCuNbDSiB [28] Crnas
Alloy
Fegs ,—,Co,Sij sBg sP4Cuy g [Tpn Temmeparype Beire 400 °C HaHOKpUcTammM4eckoe cocrossnne OLIK
(x=0wu4ar. %) [29] Fe (Co) dopmupyercst ¢ kpuctaminyeckon dpakuueii 50...55 % u pasmepamu
Fegs »—Co,Sij sBg sP4Cuq g 3epHa okoJio 16...18 HM
(x =0 and 4 at %) [29] At the temperature above 400 °C a nanocrystal state of VCC Fe (Co) is formed with
the crystal fraction of 50...55 % and the sizes of the grain of about 16...18 nm
Ni—Co—Al Ni;—Co,Alyg (x = 35... 39) [30] | Ni—Co—Al crunaBbl 4acTo oOpa3syloTcs B BUIe cMec B2 1 HeynopsanoyeHHOI
'K daszer
Ni—Co—Al alloys are often formed in the form of B2 mix and an unordered phase of
FCccC
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Tabauia 2
Table 2

TonoJjiornyecKue THIBI TEPHAPHBIX HHTEPMETAVIMAOB, COACPKANIMX 2KEJI€30 U PEAKO3EMEJIbHbIC 3JIEMEHTbI

Topological types of the ternary intermetallides containing iron and rare-earth elements

[Mpumep coenHeHMst
Tononornueckuit TUIT Yucno npencraBuTeneit IIpocTpaHcTBeHHas TpyIina Examples of compounds
Topological types Number of representatives Spatial group Dopmyna ICSD code
Formula ICSD code
12,12,12,14,18,20T1 P63/mmce (194) (NdEr)Fe 154712
12,12,12,14,19T1 6 Rm (166) (SmEr)Fe; 659090
12,12,12,14,20T1 12 Rm (166) (NdTb)Fe,, 154500
12,12,13,14,18,20T1 3 P63y/mme (194) Fes4(Er, 4Smy ¢) 656374
mgc-x (dasa Jlaseca MgCu,) 24 Fdm (227) (Dyj.73Tbg »7)Fe, 108422
mgc-x (Laves phase MgCu )
CTaBJISIIOT OCOOBIA MHTEpeC IJs AAJbHEWIIEero u3y- 3akioueHne

YeHUS KOppeNSIIuii COCTaB—CTPYKTYypa—CBOICTBa B
paMKax MOAEIbHBIX MeTomoB. Ha puc. 3 mpuBeneHa
JuarpaMma 4acTOThl BCTPEYAeMOCTH pPeIKO3eMelb-
HBIX 3JIEMEHTOB JJIsI COeAUHEHUI cocTaBa PrxHoyFe "
Tb,Dy, Fe.

Takum obpazoM, UCXOasI U3 EAUHCTBEHHOIO Tpebo-
BaHMSI K COCTaBY MHTEPMETAJNIMYECKOTO COeIMHEHMUS,
npy ckpyHuHTe 6a3bl maHHBIX ICSD ObUIM BBIAEICHBI
MHTEPMETAUIMYECKIE COSAMHEHMUS, IIPEAIOIOKATEIb-
HO MPOSIBJISIIONINE MAarHUTOCTPUKIIMOHHBIE CBOMCTBA,
W TIpOaHANIM3UPOBaH MX cocTaB. ONMMCaHHBINA anro-
PUTM MOKCKA IMO3BOJIMI MHOTOKPATHO COKPaTUTh KO-
HEYHYI0 BBIOOPKY BEILECTB [0 CPaBHEHMIO C MEepBUY-
Holi rpynmnoii nHTepMeTauiaoB B ICSD. Cpean BbI-
JIeJICHHBIX BEILIECTB ObLIM HAWIEHBI U IIPEICTaBUTEIN
PAa3IUYHBIX KJIACCOB M3BECTHBIX MAarHUTOCTPUKIIMOH-
HBIX MaTepUajoB.
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MEHTOB B KeJIe30COAePKAIMX TEPHAPHBIX HHTEPMETALIMIAX C TO-
nojorueii mge-x (dasnr JIaseca MgCu,)

Fig. 3. Diagram of the frequency of occurrence of the rare-earth elements
in the ferriferous ternary intermetallides with mgc-x topology (Laves
phases MgCu)
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I[IpuMeHeHEe METOINMKU CKPMHMHTA C YYE€TOM
TpeOOBaHUI K XMMHUUYECKOMY COCTaBy M3 0a3bl JaH-
HbIX ICSD mo3BoiMIO BBIACIUTH PSII MHTEpMETall-
JIMYEeCKUX COCAWHEHUW ¢ MarHUTOCTPUKIIMOHHBIMM
CBOICTBaMU, KOTOPHIE SIBJISIIOTCSI Hanbosee mepcrek-
TUBHBIMU 1Jis UcCIoJib3oBaHUs B KauyectBe CAC B
TMOPUIHBIX ONITOBOJOKOHHBIX naTuyuKax Ha BBP. s
CKpUHWHTA MCITOJB30BAJICSI Pa3BUTHIM aBTOpaMU Me-
TOA T€OMETPUKO-TOMNOJOTMYECKOT0 aHaIu3a, peaiu-
30BaHHOTO B TIporpaMMHOM KoMmruiekce ToposPro
(http://topospro.com) [12].

B pesynbraTe CKpMHUHTA U3 comepxaliuxcs B 6ase
nganHbix ICSD 186 168 cTpykTyp BbLAc/IeHO 48 CTpyK-
Typ, 00JaJalolMX MarHUTOCTPUKIIMOHHBIMU CBOMCT-
BaMU U TIPEACTABJSIOIMX COOO CoeqMHEHME Xee3a
U ABYX DPEIKO3eMEJIbHBIX 2JEMEHTOB, 15 CTPYKTyp,
MMEIONINX B CBOEM COCTaBe Xejie30 M KOOalIbT, U
20 cTpyKTyp, colepKalllMX XeJie30 U HUKeJb. Boine-
JICHHBIC COEIMHEHMSI TPOAHAIM3UPOBAHBI C TOYKM
3pEHUS UX TOMOJOTUYECKOM CTPYKTYPHI, a TAKXKe MOC-
TPOEHBI AMarpaMMbl 4acTOT BcTpedaemMocTu. Cpenu
BBIZICICHHBIX COCAMHEHWI MPUCYTCTBYIOT M MCIIOJb-
3yeMble B HACTOSIIEe BpeMs MAarHUTOCTPUKIIMOHHBIC
maTtepuaibl: TepdeHon-I, randeHoa, TMepMeHAIOP,
¢asnl JIaBeca 1 (peppUTHI, YTO TOBOPUT O KOPPEKTHOC-
TH WCTIOJIB3YEMBIX TIPOIIEIYD.

Hcrionb3yeMblil allropuT™ CKPUHWHTA ITO3BOJISICT
CYILLIECTBEHHBIM 00pPa30M COKPATUTh KOHEUHYIO BbI-
0OpPKY COeIMHEHUI MO CPaBHEHUIO C UCXOAHOM IpyT-
Mot nutepmeTa/inaoB B 6aze ganHbix ICSD. ITocne-
Iytolliee M3ydeHHe BBIOOPOK, TOJNYYEeHHBIX B paMKax
KPUCTAJUTIOXMMHUYECKOTO aHaIu3a CTPYKTYPhI, U MOJIe-
JIUPOBaHUS (PUINIECKUX CBOMCTB ITO3BOJMUT YCTAaHO-
BUTb JOMOJHUTEbHbIE KOPPESILIUA MEXIY CTPYKTY-
poif M YypOBHEM BOCIIPUMMYMBOCTA KOHKPETHOTO Be-
11[eCTBa K BHEIIHEMY MarHUTHOMY TIOJIIO.




Pa3BuTblii MeTOA TO3BOJISIET BBIMOJHUTL aHAJIO-
TUYHBIC BBIOOPKH U ISl APYTUX KJIaCCOB COCAMHEHMUH,
KOTOpBIE MOTYT OBITh MCITOJb30BaHBI B YYBCTBUTEIb-
HBIX 3JIEMEHTaX ONTOBOJIOKOHHBIX JaTYMKOB Ha BBP,
HanpuMep, MaTeprajIoB, 00J1agaloINX DJIEKTPOCTPUK-
LIMOHHBIMM CBOMCTBAMHU, a TAKXKE LCOJUTOB, SIBIISIIO-
HIAXCS MEPCIIEKTUBHBIMU JUTSI CO3IaHUS BHICOKOYYBC-
TBUTENbHBIX U BBICOKOM30MPATEIbHBIX JaTYMKOB XU-
MHMYECKHX BEIIECTB.
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The work presents a description of the modern methods for search of materials with the required properties based on the screening
of the crystallographic databases. The main feature of the proposed approach to the search for new materials for the sensors and
actuators is a combination of the model quantum mechanical calculations and screening of the existing structural and graphic
databases of substances by the methods of geometrical-topological analysis within the framework of the ToposPro program pack-
age (http://topospro.com). As an example, the authors present a search for the potential magnetostrictive compounds, which can be
used as components of the fiber optic sensors of the magnetic field, in the Inorganic Crystal Structures Database (ICSD). A number
of intermetallic compounds with the magnetostrictive properties were extracted from the ISDN database, taking into account the re-
quirements for the chemical composition. These compounds are the most promising for the use in the fiber optic sensors based on
the fiber Bragg gratings (FBG). By means of screening, 48 structures with the magnetostrictive properties, which were compounds
of iron and two rare-earth elements, 15 structures containing iron and cobalt and 20 structures containing iron and nickel were iden-
tified. These structures were singled out from 186, 168 compounds contained in the ICDS database. These compounds were selected
from the point of view of their topological structures, besides, the frequency of occurrence diagrams were constructed.
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Introduction

The magnetostrictive materials (MSM) are applied
in the generators of the sound and ultrasonic vibrations,
in the radio engineering devices, in the electromechan-
ical filters. They are also used actively in the quality
sensor-actuator structures (SAS) in the nano- and mi-
croelectromechanical systems (NEMS and MEMS)
and in sensors [1, 2]. On such MSM as terfenol-D [3]
or galfenol [4], for example, the position sensors [5] or
sensors of constant and variable currents can be realized
[6]. For improvement of the adhesive and mechanical
properties of terfenol-D, a synthesis of new composite
magnetostrictive materials [7—10], including, magnetic
liquids [11], is important.

MSM acquired special attention with appearance of
the hybrid fiber-optical sensors on SAS, interfaced with
a fiber Bragg grating. At the same time, the existing MSM
have a number of drawbacks, complicating their appli-
cation in such sensors. Among the main ones it is nec-
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essary to name, firstly, a low limit of the mechanical du-
rability and strong vortical currents in the materials of
terfenol-D type, complicating their use per se. Secondly,
from here a necessity follows for a very labor-consuming
and expensive search and synthesis of the composite ma-
terials on the basis of terfenol-D. Thirdly, it is a problem
of a reliable fastening of MSM on an optical fiber without
a loss of the sensitive properties, since the set of the ma-
terials possessing the necessary sensitive properties and
high adhesion to the optical fiber is essentially limited.
Fourthly, it is high cost and a multi-variant approach to
solving of the problem of alloying of the known MSM,
improving their sensor properties. Therefore, the search
and reception of MSM, applicable for the hybrid FBG
sensors, is an important problem of the material science.

One of the effective directions in development of the
material science aimed at an essential acceleration of
the search, development and introduction of new ma-
terials, is certainly the computer modeling of the phys-




ical properties of the materials, allowing us to shorten
the time and to lower the financial costs for synthesis of
a substance, its subsequent technological processing
and experimental studying of its properties.

This work presents description of the specific fea-
tures of the modern methods for modeling of the phys-
ical properties of the materials, estimation of the effi-
ciency of a complementary use of the modeling tech-
niques and screening algorithms of the structural-
graphic databases, and demonstrates their efficiency on
the example of screening of MSM. Besides, a selection
was substantiated and offered of the most promising di-
rections for development in the field of a model fore-
casting of the properties of the other materials for SAS
and the hybrid FBG sensors applied for the analysis of
the electric and acoustic fields, humidity, concentra-
tion of chemical substances, etc.

The main specific feature of the offered approach to
the search for new materials for SAS is interface of the
modeling techniques with the procedures of screening of
the existing structural-graphic databases of substances by
the methods of the geometrical-topological analysis
within the framework of ToposPro program complex
(http://topospro.com) [12]. These methods based on the
structural descriptors allow us to systematize effectively
the data about the known compounds. The subsequent
search for the correlations between the structure, com-
position and properties on the basis of the use of the top-
ological analysis and methods of modeling of the mate-
rials, can be used, firstly, for selection of a direction for
the search for new materials, and, secondly, for updating
of the composition of the known compounds with a view
of improvement of their performance characteristics.

Methods for screening of the structural-graphic
databases on the example of the search for the materials

During the search for new functional materials and
improvement of the existing ones, the screening tech-
niques are applied, based on the structural descriptors
or requirements to a chemical composition of the da-
tabases of the crystallographic information (Inorganic
Crystal Structure Database (ICSD) [13], Cambridge
Structural Database (CSD) [14]) with the subsequent
forecasting of the physical properties by the methods of
classical dynamic or quantum-mechanical calculations.
On this principle such known programs as [15] are
formed, among the main objectives of which is integra-
tion of the experimental and theoretical research in the
field of material science, and also modeling approaches
for acceleration of the development-testing-introduc-
tion cycle of the new materials.

The structural analysis and the calculation tech-
niques are widely used for the search for solid electro-
lytes [16], low-emission semiconductors [17], sorbents,
sensors and catalysts on the basis of metalorganic
frameworks [18], intermetallides [19], zeolites [20] and
other functional materials. Complexity of a direct ap-

plication of such an approach for the search for the ma-
terials of sensors on FBG consists in a big number of
classes of the sensitive substances and technical reali-
zations of their interface with a fiber material. The
present work will demonstrate the results of screening
of the ICSD database for the class of the intermetallic
compounds as one of the magnetostrictive materials, it
will also analyze the obtained samples and their connec-
tion with the preceding experimental works, and discuss
the opportunities and prospects for the further research.

The authors searched for the intermetallides with
the magnetostrictive properties in the ICSD database
containing information on the crystal structure of
186 168 compounds. Selection of the compounds and
a crystal-chemical analysis were done with the use of
ToposPro program complex [12]. The criterion for se-
lection was the composition of an intermetallide.

The basic investigation phases were:

1. Selection from the ICSD database of the binary
and ternary intermetallic structures of A,B and A,B C,
compositions, accordingly.

2. Selection of the compounds containing simulta-
neously the transitive and rare-earth elements, because
such substances possess considerable magnetostrictive
properties [21].

3. With the use of the previously developed methods
and software realized in ToposPro package, deletion of
the model structures, crystallographic duplicates, struc-
tures with mistakes in their compositions and intera-
tomic distances, from the samples.

4. Selection of separate classes of the compounds,
perspective for the further research, carrying out of the
topological and geometrical analysis of their structures.

Thus, for the subsequent analysis, the databases of the
intermetallic binary and ternary compounds were formed
exclusively due to the transitive and rare-earth elements.

Results of the research

As a result of the use of the described sequence of fil-
ters and ToposPro program, the following results were
received:

— 15 317 known and new (unknown before) binary
and 17 513 known and new ternary intermetallides
were discovered;

— by composition (content of the rare-earth ele-
ments and the transitive metals) 3372 binary and
1332 ternary structures were selected;

— elimination of the duplicates, model and errone-
ous structures (filter) resulted in the final selection of
1398 binary and 1048 ternary intermetallic com-
pounds.

Fig. 1 presents diagrams demonstrating the frequen-
cy of occurrence of the elements in the compositions of
the binary (@) and ternary (b) compounds. The follow-
ing regularity is observed: the frequency of occurrence
of the transitive elements in the compositions is increased
by the end of the period. This trend is especially pro-
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nounced in relation to the binary substances. The leaders
among the transitive elements are the representatives of
the ends of the periods of Zn and Cd. Among the ternary
intermetallides most frequently we come across Fe, Co
and Ni. Interesting, that in the considered class of the
compounds not a single structure containing the rare-
earth element of promethium was discovered.

Table 1 presents classification of the known magne-
tostrictive materials, from which it is visible, that
among the numerous compounds of iron and cobalt
with various elements some of them possess magneto-
strictive properties.

The known representatives of MSM on the ba-
sis of iron are the rare-earth alloy of terfenol-D
(Tby — XDnye2 _ y) and galfenol (Fe; _ ,Ga,). Among
1048 ternary intermetallides the iron is contained in
360 compounds. A composition similar to terfenol-D
(iron and two rare-earth elements) is typical for 48 struc-
tures (Er,Sm Fe — 5, Er,Nd Fe — 5, Nd,Tb Fe — 4,
Pr,Ho Fe — 4, Pr,DyFe — 4, Tb,DyFe — 4,
Dy,Sm Fe — 3, Pr,Ce Fe — 3).

On the basis of the above-presented technique of
screening in the ICSD database 15 structures were
found having Fe,Co, composition, at that, 14 out of
them belonged to the topological type of bcu-x, with
the coordination number of atoms (CN) equal to 14,
and one structure of CosFe had fcu topology, CN = 12.
Among the compounds with the same composition
was the well-known material of permendur: Fe —
47...50 %, Co — 48...50 %, V — 1.5...2 % (in Russia
known as K49F2 alloy). Two new structures of the
identical compositions and topologies of fcu and tck/hee
(CN = 12) were found.

The other known MSM are the ferrite-spinels, crys-
tallizing in a cubic lattice with the spatial group of
Fd3m. Their general formula is MeFe,O4 (Me2Jr = Ni,
Co, Mn, Mg, etc.). Apparently, the composition of
these compounds also includes iron and cobalt.

The composition of the following class of com-
pounds includes iron and nickel. The technique for the
search in the structure of Fe Ni, allowed us to find
20 structures, out of which 13 belonged to the topolog-
ical type of fcu, 5 — had the topology of bcu-x and 2 —
of hep. A representative of this class is, for example, the
invar alloy: Ni — 36 %, Fe — 64 %, possessing a single-
phase internal structure. According to the known data,
for the invar the two topological types, fcu and becu-x,
are realized, just like for the above described com-
pounds of Fe and Co.

The sampling from ICSD (issue of 2016 2,
186 168 structures) was based on the composition of
the basic known classes of the magnetostrictive mate-
rials: 1) terfenol-D (Tb, Dy, _ ,Fe,); 2) galfenol (FeGa);
3) permendur (CoFe + V); 4) Laves phases (ReFe,);
5) ferrites (spinels, garnets).

Most materials contain iron. The composition of
terfenol-D meets the demands to the structures of the
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previously selected ternary intermetallides. Out of 1048
ternary intermetallides 360 contain iron. Compositions
similar to that of terfenol-D (iron and two rare-earth
elements) are typical for 48 structures. All the structures
are disordered by the rare-earth elements, the frequen-
cy of occurrence of which is presented in fig. 2.

Besides, a list of the most frequent combinations of
the elements in the considered class of the structures
was received: Er, Sm Fe and Er,Nd Fe — 5 each,
Nd,Tb Fe, Pr,Ho/Fe, Pr,DyFe and Tb,DyFe —
4 each, Dy,Sm Fe and Pr,Ce Fe — 3 each. The carried
out topological analysis of 48 structures revealed five
topological types presented in table 2.

From table 2 it is obvious that groups of 24 struc-
tures (50 % of the total number), have the topology of
mgc-x, just like Terfenol-D. Therefore, these struc-
tures are of special interest for the further studying of
the composition-structure-property correlations with-
in the framework of the modeling methods. Fig. 3
presents a diagram of the frequency of occurrence of
the rare-earth elements for compounds of Pr,Ho Fe
and Tbenye compositions.

Thus, proceeding from the only requirement to the
composition of an intermetallic compound, during
screening of the ICSD database the intermetallic com-
pounds were selected, presumably revealing their mag-
netostrictive properties, and their composition was an-
alyzed. The described search algorithm allowed us to
reduce many times the final sampling of substances in
ICSD in comparison with the primary group of the in-
termetallides. Among the selected substances, repre-
sentatives of various classes of the known magnetostric-
tive materials were also found.

Conclusion

Application of the screening technique taking into
account the requirements to the chemical composition
from the ICSD database allowed us to single out a
number of the intermetallic compounds with the mag-
netostrictive properties, which were the most promis-
ing for the use as SAS in the hybrid fiber-optical sen-
sors on FBG. For the screening, the developed by the
authors method of the geometrical-topological analy-
sis was used, realized in ToposPro program complex
(http://topospro.com) [12].

As a result of the screening, out of 186 168 structures
contained in the ICSD database, 48 structures were sin-
gled out, possessing the magnetostrictive properties and
representing compounds of iron and two rare-earth ele-
ments, 15 structures having iron and cobalt in their com-
positions, and 20 structures containing iron and nickel.
The singled out compounds were analyzed from the
point of view of their topological structure, and also di-
agrams of their frequencies of occurrence were con-
structed. Among the singled out compounds there were
also presently used magnetostrictive materials: terfenol-D,




galfenol, permendur, Laves phases and ferrites, which
testified to the correctness of the applied procedures.

The algorithm used for screening allows us to reduce
essentially the final sampling of the compounds in com-
parison with the initial group of the intermetallides in the
ICSD database. The subsequent studying of the samples,
received within the framework of the crystal-chemical
structure analysis and modeling of the physical proper-
ties, will allow us to establish additional correlations be-
tween the structure and the level of susceptibility of a
concrete substance to the external magnetic field.

The developed method allows us to undertake sim-
ilar samplings also for the other classes of the com-
pounds, which can be used in the sensitive elements of
the fiber-optical sensors on FBG, for example, the ma-
terials possessing the electrostrictive properties, and al-
so the zeolites, which are promising for development of
highly sensitive and highly selective sensors for chem-
ical substances.

References

1. Liu D., Sun Q., Lu P., Xia L., Sima C. Research Progress
in the Key Device and Technology for Fiber Optic Sensor Net-
work, Photonic Sensors, 2016, vol. 6, no. 1, pp. 1—25.

2. Leonovich G. 1., Oleshkevich S. V. Gibridnye datchiki na
volokonno-opticheskih Brehggovskih reshetkah (Hybrid Sensors
on Fiber-optic Bragg Grating), Izvestia of Samara Scientific Cent-
er of the Russian Academy of Sciences, 2016, vol. 18, no. 4 (7),
pp. 1340—1345 (in Russian).

3.Yi B., Chu B. C. B., Chiang K. S. Temperature compen-
sation for a fiber Bragg grating based magnetostrictive sensor, Mi-
crowave and Optical Technology Letters, 2003. vol. 36, no. 3,
pp. 211—213.

4. Caponero M., Cianfarani C., Davino D. et al. Galfenol-
based devices for magnetic field sensing in harsh environments,
IEEFE Transactions on Magnetics, 2014, vol. 50, no. 11, pp. 1—4.

5. Carvalho H. R., Bruno A. C., Braga A. M. et al. Remote
magnetostrictive position sensors interrogated by fiber Bragg
gratings, Sensors and Actuators A: Physical, 2007, vol. 135, no. 1,
pp. 141—145.

6. Chiang K. S., Kancheti R., Rastogi V. Temperature-com-
pensated fiber-Bragg-grating-based magnetostrictive sensor for
dc and ac currents, Optical Engineerin,. 2003, vol. 42, no. 7,
pp. 1906—1909.

7. Liu H., Or S. W., Tam H. Y. Magnetostrictive compos-
ite—fiber Bragg grating (MC—FBG) magnetic field sensor, Sen-
sors and Actuators A: Physical, 2012, vol. 173, no. 1, pp. 122—126.

8. Kaleta J., Lewandowski D., Mech R. Magnetostriction
of field-structural composite with Terfenol-D particles, Archives
of Civil and Mechanical Engineering, 2015, vol. 15, no. 4,
pp. 897—902.

9. Pang C., Pei H., Li Z. Performance investigation of cement-
based laminated multi-functional magnetoelectric composites, Con-
struction and Building Materials, 2017, vol. 134, pp. 585—593.

10. Pei H., Pang C., Zhu B., Li Z. Magnetostrictive strain
monitoring of cement-based magnetoelectric composites in a
variable magnetic field by fiber Bragg grating, Construction and
Building Materials, 2017. vol. 149, pp. 904—910.

11. Yang D., Du L., Xu Z. et al. Magnetic field sensing
based on tilted fiber Bragg grating coated with nanoparticle
magnetic fluid, Applied Physics Letters, 2014, vol. 104, no. 6,
pp. 061903-1—061903-3.

12. Blatov V. A., Shevchenko A. P., Proserpio D. M. Applied
topological analysis of crystal structures with the program pack-
age ToposPro, Crystal Growth & Design, 2014, vol. 14, no. 7,
pp. 3576—3586.

13. Belsky A., Hellenbrandt M., Karen V. L., Luksch P.
New developments in the Inorganic Crystal Structure Database
(ICSD): accessibility in support of materials research and design,
Acta Crystallographica Section B: Structural Science, 2002, vol. 58,
no. 3, pp. 364—369.

14. Groom C. R., Bruno I. J., Lightfoot M. P., Ward S. C.
The Cambridge structural database, Acta Crystallographica Sec-
tion B: Structural Science, Crystal Engineering and Materials.,
2016, vol. 72, no. 2, pp. 171—179.

15. Jain A., Ong S. P., Hautier G. et al. Commentary: The
Materials Project: A materials genome approach to accelerating
materials innovation, Applied Materials, 2013, vol. 1, no. 1,
pp. 011002-1—011002-11.

16. Meutzner F., Miinchgesang W., Kabanova N. A. et al. On
the Way to New Possible Na-Ion Conductors: The Voronoi—
Dirichlet Approach, Data Mining and Symmetry Considerations
in Ternary Na Oxides, Journal of Chemistry — A European Jour-
nal, 2015, vol. 21, no. 46, pp. 16601—16608.

17. Carrete J., Li W., Mingo N. et al. Finding unprecedent-
edly low-thermal-conductivity half-Heusler semiconductors via
high-throughput materials modeling, Physical Review X, 2014,
vol. 4, no. 1, pp. 011019-1—011019-9.

18. Coudert F.-X., Fuchs A. H. Computational characteriza-
tion and prediction of metal—organic framework properties, Co-
ordination Chemistry Reviews, 2016, vol. 307. pp. 211—236.

19. Pankova A. A., Akhmetshina T. G., Blatov V. F., Proser-
pio D. M. A collection of topological types of nanoclusters and
its application to icosahedron-based intermetallics, [norganic
Chemistry, 2015, vol. 54, no. 13, pp. 6616—6630.

20. Kutsova D. S., Bogatikov E. V., Shebanov A. N., Smir-
nova K. G., Glushkov G. 1. Analiz sostava slozhnoj gazovoj smesi
sensorom na osnove ceolita (Analysis of the Composition of a
Complex Gas Mixture by a Sensor Based on Zeolite), Nano- and
Microsystems Technologies, 2016, vol. 18, no. 9, pp. 591—592
(in Russian).

21. Naifar S., Brda S., Viehweg C., Choura S. Investigation
of the magnetostrictive effect in a terfenol-D plate under a non-
uniform magnetic field by atomic force microscopy, Materials &
Design, 2016, vol. 97, pp. 147—154.

22. He Y., Jiang C., Wu W. et al. Giant heterogeneous mag-
netostriction in Fe—Ga alloys: Effect of trace element doping,
Acta Materialia, 2016, vol. 109, pp. 177—186.

23. Bush A. A., Kamentsev K. E., Meshcheryakov V. F. et al.
Low-frequency magnetoelectric effect in a Galfenol-PZT planar
composite structure, Technical Physics, 2009, vol. 54, no. 9,
pp. 1314—1320.

24. Han Y., Wang H., Zhang T. et al. Tailoring the hetero-
geneous magnetostriction in Fe-Co alloys, Journal of Alloys and
Compounds, 2017, vol. 699, pp. 200—209.

25. Sun X., Zhu X., Ruan Y. R. et al. NiFe 2 and its nitride
y-NiFe 2 N derived from NiFe 2 O 4: Magnetostriction, thermal
expansion, resistivity and corrosion resistance, Materials Re-
search Bulletin, 2017, vol. 89, pp. 245—252.

26. Pan Z. B., Liu J. J., Si P. Z., Ren W. J. Magnetostriction
of Laves Tb 0.1 Ho 0.9 — x Prx (Fe 0.8 Co 0.2) 1.93 alloys, Ma-
terials Research Bulletin, 2016, vol. 77, pp. 122—125.

27. Chen Z. Y., Shi Y. G., Wang L. et al. Structure and mag-
netic properties of melt-spun Tb 0.2 Nd 0.8 (Fe 0.8 Co 0.2) 1.9
compound, Journal of Alloys and Compounds, 2016, vol. 656,
pp. 259—262.

28. Yoshizawa Y., Oguma S., Yamauchi K. New Fe-based soft
magnetic alloys composed of ultrafine grain structure, Journal of
Applied Physics, 1988, vol. 64, no. 10, pp. 6044—6046.

29. Kuhnt M., Marsilius M., Strache T. et al. Magnetostric-
tion of nanocrystalline (Fe, Co)-Si-BP-Cu alloys, Scripta Mate-
rialia, 2017, vol. 130, pp. 46—48.

30. Chatterjee S., Giri S., Majumdar S., De S. K. Compo-
sitional variation of magnetic properties in Ni 71 — x Co x Al 29
alloys, Journal of Alloys and Compounds, 2009, vol. 477, no. 1,
pp. 27—31.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 10, 2018 605




Aementst MHCT
Micro-

AND NANOSYSTEM TECHNIQUE ELEMENTS

VIK 539.121.6

B. M. Eropemml;1

DOI: 10:17587/nmst.20.606-612

, acnupanT, e-mail: yegorenkov.valeriy@gmail.com, H. B. pr,[lHI/IKOBZ, II-p TEXH. HayK,

npod., e-mail: mzairan@ipiran.ru, B. A. ‘Iepﬂon3, KaHa. ¢u3.-MaT. HayK, Aol., e-mail: vac.Infi@ippe.ru

I MockoBcknii TexHonornueckmii yHuBepcuteT MUPDA,

2 ®IrbYH MeXBeTOMCTBEHHBIN LIEHTP aHAJIMTUYECKUX MCCIIEIOBAaHUI B 001acTy (PU3NKU, XMMUM U OMOJIOTUMN

npu Ilpe3uauyme Poccuiickoit akanemuu HaykK, MockBa

3 AO TocynapcTBeHHbI HayuHblil HeHTp Poccuiickoit ®eneparmn — PU3MKO-3HEPreTHUeCKIi MHCTHTYT

nmeHu A. W. Jleiinynckoro (FHL PO-®DU), O6HMHCK

MUHUNATIOPHbIE HAHOCTPYKTYPUPOBAHHbBIE UICTOYHUKHN TOKA
HA OCHOBE INMPAMOTIO NMPEOBPA3OBAHUSA SAEPHOM SHEPTUU
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[Ipogedenst ucnoimanus MAM-cmpykmyp W—AIl,03—Al, AI—Al,03—NiCr, Fe(Ni)—MgO—Fe(Ni) kak nanocmpyxmypu-
DOBAHHBIX npeobpazogameneii A0epHOll IHepeuU 6 sneKkmpudeckyro. Mzeomoenensi u uccaedoeamnsvi UOHUCMOPbL HA OCHOBE HAHONO-
PUCMO20 yenepooa ¢ cepebpAHbIMU I1eKmpooamu U Heopeanuueckum ousrexmpukom Ag4RbJ 5, 6vinoanernvl pacuemot snepeemu-
yeckux nomepo. [IpoedenHbie IKCHepUMEHMbL U PACHembl NO360AUAU ONMUMUSUPOBAMb COCAB U PA3MEPbL UCMOYHUKO8 MOKA.

Karoueegvie caosa: ucmounuku moka Ha 6MOPUUHBIX IAEKMPOHAX, CMPYKMypa memann-oussekmpur-memann (MAM), uc-
MOYHUK NePEUMHbIX 3APANCEHHBIX Yacmuy, npamoe npeobpaszoeanue s0epHol SHepeUull, UOHUCMODbL

BBenenune

MHTeHCuBHOE pa3BUTUE MUKPOCHUCTEMHOM TeXHU-
KU Y TIOCJIeIHUE JOCTHXKEHUS B 00JIaCTH HAHOTEXHO-
JIOTUH CO3[al0T MPEeAIOChUIKM IJisl CO3MaHusl psiaa
MUWUHUATIOPHBIX YCTPOMCTB Pa3IMUYHOIO 1IEJIEBOTO Ha-
3HAUYEHUS ¢ OOJIBLIMM CHEKTPOM MPAKTUYECKOTO MpPU-
MeHeHUs (CEeHCOpHbIe MUKPOCUCTEMBI, MUKpOMeEXa-
HUYECKHE CMCTEMBI Pa3JIMYHOIO poaa, MUHUATIOPHEIE
UMILIAHTHpYyeMble OMOCTUMYJISITOPHI U 1p.). BaxHoii
COCTABJISIOLIEH TAKMX MUHUATIOPHBIX YCTPOMCTB SIBJISI-
€TCsl UICTOYHMK TOKAa, OTBEYAIOLIUI TpeIbsiBIsIEeMbIM
TpeOOBaHUSIM B 4YaCTU MAaccO-TabapuTHBIX IOKa3aTe-
JIe, MOLITHOCTH, DHEPreTUYECKOM eMKOCTH! U T.11. [1].

B HacTosiiee BpeMsI B KauecTBe MCTOYHUKA DHEP-
My JJisi o0pa3loB MajorabapuTHON TEXHUKU B OC-
HOBHOM HCIIOJB3YIOT XUMUYECKUE (JIMTUEBBIE) HUC-
TOYHUKU. JINTHEeBBIC NICTOYHMKM NUMEIOT OTpaHUYCHUS
M0 MUHUATIOPU3ALUU, OTPAHUYEHHBIN TUAIa30H I10-
JIOKUTEJIbHBIX M OTpULIATEJIbHBIX TeMIlepaTyp, TpeOy-
10T TIEpUOINYECKON MOA3apsIAKU, UX yAelibHasl dHep-
rusi He npesbiiaer 1 KBT/Kr.

TpeboBaHUSIM K TIEPCIEKTUBHBIM UCTOUHUKAM TO-
Ka 11 oOpa3loB MajorabapuTHON TEXHUKU C OOJIb-
LM CPOKOM aBTOHOMHOW 3KCIUTyaTaluu HauboJee
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MOJTHO OTBeYaeT UCTOYHUK, OCHOBAHHBIN Ha MPSIMOM
MpeoOpa3oBaHUN SIAEPHON BHEPruu B BJIEKTpUUEC-
Ky1o. PaccMarpuBaeMble UICTOUHUKM TOKA MOTYT OBITh
MHWHHATIOPHBIMU, 1000 (hOPMBI, UMETh PEKOPIHBIC
3HAYEHMSI YACIbHOM SHEPTUM U MOLIHOCTU U IJIATEb-
HBbIi CPOK aBTOHOMHOW 3Kcrutyatauuu (B 5—10 pas
OOJIBLLIMI 110 CPABHEHMIO C IUTUEBBIMU UCTOUHUKAMU
TOKa), paboTaTh B IIUPOKOM Juarna3zoHe TeMIepaTyp.

PaccmaTtpuBaroTcss MUHUATIOPHbIE HAHOCTPYKTY-
pUpPOBaHHBIE MCTOYHUKM TOKA Ha OCHOBE IIPSIMOTIO
Mpeo0pa3oBaHUM SIACPHON SHEPrUMU C MCIMOJb30Ba-
HUEM HAHOCTPYKTYP MeTaUl — AUDJIEKTPUK — Me-
tan (MAM-CTpyKTyp), MOHUCTOPOB U CYNEPKOH-
JIEHCATOPOB.

HWcrounuxu 3neprum Ha ocHoBe MJIM-cTpyKkTyp

ITpennockuikaMu CO30aHUSI UCTOYHUKOB SHEPIuu
Ha ocHOBe MJIIM-CTpYKTyp SIBJISIIOTCSI pa3BUThIE TEX-
HOJIOTMU OOpallleH!usl ¢ U30TONMaMu W 3HAUYUTEIbHbIE
JOCTMXKEHUSI B 00JIaCTM MPSIMOTO TpeoOpa3oBaHUs
SIIEPHON DHEPTUU B 2JIEKTPUUECKYIO (CO3IaHre aTOM-
HBIX OaTapeii, TepMO3IMUCCUOHHBIX TpeoOpa3oBaTesieit
SHEpPruu), a TakXke pa3BUTUE HAHOTEXHOJIOTMM Tpu
M3rOTOBJICHUM JIEMEHTOB UCTOUHUKOB SHEPIUMU.




Msn1 pacecmatpuBaeM MJIM-CTpyKTypy C TBEpPIbIM
JIU3JIEKTPUKOM, KOTOPasi MO CPaBHEHUIO CO CTPYKTY-
poif ¢ BaKyyMHBIM IIPOMEXYTKOM TEXHOJOTUYHEE B
M3TOTOBJICHUHN M HE MPUBOINUT K PACITBUICHUIO BEllle-
CTBa MON AEWCTBMEM IEPBUYHBIX 3apPSLKEHHBIX Yac-
THI. B 3TOM HampaBieHMM aBTOpaMU OBITA M3TOTOB-
JeHsl MJIM-CTpyKTypbl IJIsI IpsSIMOrO IpeoOpa3oBa-
HUS SIIePHOM SHEPTUH B SJICKTPUIECKYIO, MCCICIOBAHBI
HX CBOMCTBA, ONTUMHU3UPOBAH COCTAB U pa3Mephl UC-
TOYHUKOB ToKa [2—8]. JIns ucciaenoBaHuit MIAM-
CTPYKTYp CO3IaHbl YeThIpe MakeTa, XapaKTepUCTHUKHU
KOTOPEIX TIpUBEACHE! B Ta0d. 1.

st uaroroBineHuss MJIM-CTpyKTyp MCITOJIb30BaIU
MeTobl pe3aucTuBHOro ucrnapeHus (ciou Al u NiCr) u
3JIEKTPOHHO-JIy4eBoe ucnapeHue (cinoit Al,O3).

brio nokasano [8], uro s crpykryp W—AI,O3;—Al
C BHYTPEHHUM conpotusieHuem (2...3) 108 Om npu
[JIOTHOCTH TIOTOKA HEATPOHOB ~6 * 10° HeI7ITp/(CM2 *C)
TOK BTOPUYHBIX B3JEKTPOHOB cocTtapisier 0,15 HA.
IIpu 3TOM TOK BTOPMYHBIX 2JIEKTPOHOB HallpaBiIeH
OT TSKEJIoro MeTtajjga K Jerkomy. st cTpyKryp
NiCr—Al,O3;—Al ¢ cOnpoTUBIEHUEM OT HECKOIBKUX
COTEH OM JI0 HECKOJIbKUX KWJIOOM OOpa3loB C pa3HbI-
MM TOJIIMHAMU CJIOCB M Pa3IMYHBIMU TUIIAMU TIep-
BUYHBIX 3apsSKEHHBIX YACTHUIL TTOJYYEHBI TTOYTH OIM-
HaKOBbIE 3HAUYEHUsI KOHBEPCUOHHOI 3(P(PeKTUBHOCTHU
1073...1072 (TOKa BTOPUYHBIX 3JEKTPOHOB, HOPMUPO-
BaHHbIE Ha OJHY MEPBUYHYIO yacTuiy). Ilpu morokax
voHoB 10 3 - 1013 WoH/ (CM2 * ¢) 3apMKCUPOBaHbI TOKU
1o 1,3 MKA.

PecypcHble ucnbiTaHus miaHapHbix MIAM-cTpyk-
Typ ToOKazanu, 4YTo WA cTpykryp W—AL,O;—Al B
cnosx Al,O3 MoryT 06pa3oBbIBaTbCS MPOBOAALLME 10
Kuciopony ¢dasbl, CHIKAIOIINE DJIEKTPOCOIPOTUBIIE-
Hue, a BoJib(paM MoABEPKeH MHTEHCUBHOMY OKHCJIe-
Huto. Ina ctpykryp NiCr—Al,O;—Al yxe npu ¢io-
encax ~10'4 MOH/CM2 3aMeTHa pagudallMOHHas Jerpa-
Janysi, YTO UCKIIIoYaeT JINTeJIbHOE, OoJee 107...10% c,
WX UCIIOJIb30BaHME. DTO CO3MaeT 3HAYNTETbHEBIE OTpa-
HUYEHMS TIPUMEHEHUS TUIAHAPHBIX TOHKOTUIEHOUYHBIX
MJIM-CcTpyKTyp B KauecTBe MICTOYHUKOB ToKa. Koak-
CHAJIbHBIE CTPYKTYPHI TaKKe MOTYT pacCMaTpUBATHLCS
TOJIbKO B KaU€CTBE MOJEIbHBIX, TaK KaK MPUEMIIEMBII
YPOBEHb pa3neieHUs 3apsiia JOCTUTraeTcsl MpU BechbMma
OOJIbIIMX MOLIHOCTSIX J03bl 001yYeHus1. OqHaKo Mo-
JIydeHHBbIE Pe3yJbTaThl MO3BOJISIIOT OLICHUTh XapaKTe-
PUCTUKHU, KOTOPbIE MOTYT ObITh BOOOILE JOCTUTHYThI
Ha MIM-cTpykTypax. MCTOUHUKM TOKA MPU MUHU-
MaibHOM oGbeme 1072...1073 em? MOTYT UMETb HEP-
reTmueckuii 3anac 6osnee 103 kBT *Y/KT U yIAEJIbHYIO
MOIIIHOCTH 110 25 KBT/KT.

HMcTounukH TOKA HA OCHOBE HOHHUCTOPOB
H CYICPKOHICHCATOPOB

Bonbuioit mepuon mosypacmnana UCIOIb3YEMbIX
M30TOMOB KaK MCTOUHMKOB MEPBUYHBIX 3apSKEHHBIX
YacTUI B UICTOUYHUKE TOKa (HampuMep, Iepuo Mojy-
pacnaga amepunusi-241 cocrasiseT 460 yieT) co3maeT
MPEANOCHUIKA ISl OOJIBIIOrO CpoKa CIyKObl MCTOY-

Tabauma 1
Table 1

XapakTepucTHKH MakeToB s ucciaenosanuii MJIM-cTpykTyp
Characteristics of the models for research of the MDM structures

Howmep

MakeTa MIAM-cTpykTypa
Number MDM structure
of model

McTouHMK TIepBUYHBIX 3apSKEHHBIX YaCTHIL
Source of the primary charged particles

1 W—AI,03;—Al ¢ Tomuunoii cioes 10, 100 u 10 am
COOTBETCTBEHHO

W—AL,O3—Al with thickness of the layers of 10, 100
and 10 nm, accordingly

Croit ypaHa-235 TomunHONi 1 MKM KaK MCTOUHUK OCKOJIKOB JIeJICHUS TIpU
BHEIIIHEM OOJIyYeHUH HeHTpoHaMU

Layer of uranium-235 with thickness of 1 um as a source of fission fragments in
case of an external irradiation by neutrons

2 Al—Al,O3—NiCr Tomuunoii 30, 100, 20 am 1 30,

C10ii M30TOINA aMepuLInii-241 KaK UCTOYHUK ajib(ha-dyacTUll C SHEPIuei

20, 10 aMm
Al—Al,O3—NiCr with thickness of 30, 100, 20 nm and
30, 20, 10 nm

5,49 M»B
Layer of the isotope of americium-241 as a source of the alpha particles with
energy of 5.49 MeV

Al—Al,03—NiCr Tommunoii 30, 100, 20 aM u 30,
20, 10 am

Al—Al,O3—NiCr with thickness of 30,100, 20 nm
and 30, 20, 10 nm

Yckoputens "Bura" Kak ICTOYHUK MOHOB Art uHe" ¢ 3HEprueit 10
40 k3B
Vita accelerator as a source of ions of Ar™ and He™ with energy up to 40 keV

KoakcuanbHas crpykrypa uz Fe(Ni) u MgO nua-
metpoM ot 1,5 1o 3,0 Mmm

Coaxial structure from Fe(Ni) and MgO with diameter
from 1.5 up to 3.0 mm

Peakrop BAPC-6 — MCTOYHUK MMITYJIbCHOIO raMMa-HEATPOHHOIO U3JIyue-
HUSI C MOIIIHOCThIO 103kl 10 105 I'p/c

BARS-6 Reactor, a source of a pulse gamma neutron radiation with the dose rate
up to 105 Gy/s
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HHMKa TOKa, HO BCJICICTBHME paavallMOHHON merpana-
LYK CPOK CiIyk0b1 MAM-CcTpyKTyp KakK IpSIMBIX TIpe-
oOpa3zoBaTesieil siiepHoil dHeprun orpaHudeH 1—3 ro-
namu. BMecte ¢ TeM 3HAUUTENIbHBI TOK MOXET OBbITh
MOJIyYeH IIpU HaHOCTpyKTypupoBaHuu MJIIM-cucre-
MbI JJI TOCTMXKEHUSI OOJIbLION TIOLIAaau OOKJIamoK.
JleiicTBUTENbHO, IIPU YASIBbHOM MOBEPXHOCTHOM ILJIOT-
HOCTU DJICKTPUYECKOTO 3apsiga OT 1078 Kﬂ/l"p-M2
(oLleHKA CHU3Y, TaK KaK MoJIy4yeHa IJIs TSKEJIbIX MIOHOB)
Y MOIIIHOCTHY TOMIOIIEHHON M03bl AEJSIIEerocs: u3o-
tona ot 1 I'p/c Tok 10 100 MKA MOXHO MOJIY4YUTh MTPU
wiowann o6kaanok 103...10% m2.

K paguaiimoHHO-CTOMKUM HAaHOCTPYKTYpaM OTHO-
CSITCS YIJIEPOMHBIE HAHOCTPYKTYPHBI C OOJIBIIION yIehb-
HOH TIIOLIAAbI0, KOTOPbIE MCIONB3YIOT B MOHHUCTOPAX
U CcyllepKoHAeHcaTopax. B paMkax co3maHus o0beM-
HO-HAHOCTPYKTYPUPOBAHHBIX UCTOUHUKOB TOKa ObLIU
M3TOTOBJIEHBl U MCCIEI0BAHBI MOHUCTOPHI HA OCHOBE
HAHOIMOPUCTOTO YIaepoaa ¢ cepeOpsSIHBIMU DJIEKTPO-
JaM¥ U HEOPraHMYeCKUM IMdIeKTPUKOM AguRbJs.
By U3roToBeHbI ABE MAPTUU UIOHUCTOPOB C ACUM-
METPUYHBIMU 3JIC€KTPOIaMU: MOHUCTOPHI TIEPBOIA Mmap-
tan (Ne 1—3) ¢ emkoctsio 22 @ u mpenenbHBIM Ha-
npskenneM 0,63 B; moHMCTOpPBI BTOpPOM MapTUH
(Ne 4—6) c emxocTbio 1 @ u TIpeneTbHBIM HaTIpsIKe-
HueMm 1,25 B. B nonucropax 1BOMHOM 3JIEKTpUUECKUI
CJION C yIeJbHON TUIOIIANbIO A0 103 M2/F obpazyeTcs
Ha MOBEPXHOCTU HAHOYACTHII YIJIEPOAHOTO MaTepuasia
B pe3yJbTare aacopOLUMU MOHOB U3 pacTBOpa, AUCCO-
LIMALUU TTOBEPXHOCTHOTO COEAUHEHUS WIM OPUEHTU-
pPOBaHUU TIOJISIPHBIX MOJIEKYJI Ha TpaHulle ¢as.

M3yuyeHa nuHaMuKa MOBEAEHUsI OCTATOUHOIO Ha-
MIPSIKEHUS HOHUCTOPOB IMPU PA3TUYHBIX peKUMaXx 3a-
psiaku-paspsiakd. OOJiyueHUe BbICOKO3HEpPreThuyec-
KUMU raMMa-KBaHTaMU He TPUBEIN K KaKUM-JIMOO
3HAYMMBIM U3MEHEHUSIM 3apsiIOBOr0 COCTOSIHUSI UO-
HUCTOPOB. DIYKTyaIvs HAMPSIKEHUS MOJTypa3psKeH-
HOro noHucropa Ne 6 B TeueHHE BpEMEHM COCTaBMIA
+1 MB npu cpennem HanpstkeHun 479 mB. Tlocie
00JIy4eHUsI raMMa-KBaHTaMu ¢ 3Heprueir 1,25 M»B
no3oit 1o 5 kI'p HampsikeHue MOYTU He M3MEHUIOCh

(478,5 MB) M HecKOJbKO BBIPOCIM (QIYKTyaluu
(£2,5 MB).

3HaunTeIbHBIC N3MEHEHUST HAOIIONAIN TI0CIe pe-
akTopHoro objyyeHus. OOJIyYeHUE aCUMMETPUYHBIX
MOHNCTOPOB TIPOBOIMIIN B UMITYJIbCHOM TaMMa-HEMNT-
POHHOM TIT0JIE TIpH 2 * 10T p/C ¢ MOTJIOLIEHHON 10301
2 I'p. B 1abu. 2 npeacraBieHbl 3HAaYE€HUS 3JIEKTpUIEC-
KOTO HaIpsiKeHWsI MIOHUCTOPOB 0 M 1ocye 0bJyde-
HUSI.

M3 tabauubl ciaemyeT, YTO HampsDKeHUE y BCex
MOHWCTOPOB YMEHBIIMIIOCH, U3MEHEHHE HaIPSKEHUS
HaxoauTcs B auarasoHe ot 14 no 139 mB. Mi3amMeHeHue
3JIEKTPUUECKOTo 3apsijia Ha o0Kiaakax gocturio 3 K.
YuuthiBasi, 4TO BHEPIUsl JEKTPUUYECKOTO IOJST OIl-
penensiercs BblpaxeHuemM E = CA U2/2, TOJTYUYUM,
YTO MU3MEHEHUE YIEJIbHOU ZHEPTrMM YEeThIpeX MCCe-
JMOBAaHHBIX KOHIEHCATOPOB HAXOAMTCS B IHMAIla30HE
1071...102 Hx/kr. TTocKoabKy TOIIOLIeHHAs SHEPTrust
OT PeaKTOPHOTO UMITYJIbCa 3HAUMTEIbHO MEHBIIIE, 13-
MEHEHUsI B MOHUCTOPAX HE CBS3aHbl C HEUTPOHHBIM
U ramMMa-peakToOpHbIM oOaydyeHueM. OOJIydyeHHbIE
MOHMCTOPHI IIproOpenn 0eTa-aKTUBHOCTD JIO 107 Bk
BCJIEICTBUE aKTUBAIIMM HEUTPOHAMHU HEOPraHUYECKO-
ro auanextpuka Ag,RbJs. B pesynbrare Obuiu mosy-
YeHbl UCTOYHMKM TOKA C TPSMBIM Mpeodpa3oBaHUEM
SHEPTUU pacnaga pagluoaKTUBHBIX M30TOMOB (B OC-
HoBHOM, [-131 u Rb-87) B anexTpuyecKylo 3HEpruio.
PacdeTsl mokaszaim, 9To MOIITHOCTE O3B BHYTPEHHETO
00JIyueHUSI COCTaBUIIA 10731 p/C, 1 HA MOMEHT U3Me-
pEeHMIT OTJIOIIeHHAs 103a MOTOKA IMMepBUYHEIX -yac-
Tl cocTaBuia ~1 KI'p.

BTOpBEIM KOHCTPYKTUBHBIM peIIeHUEeM IIPSIMOTO
Mpeodpa3oBaTeNIsl SHEPTUM JIEMEHTApHBIX YacTUIl B
3JIEKTPUYECKYIO C UCITOJIb30BAHNEM MOHMCTOPOB SIBJISI-
€TCs1 BBEJICHHUE B 2JIEKTPOJ MCTOYHUKA alib(ha-4yacTUIIL,
Hanpumep amepuumsi-241 (cMm. pucyHok). OLeHKU
MOKAa3bIBalOT, YTO B 3TOM CJIy4yae MOIIHOCTb ITOTJIO-
IIEHHON T03HI alb(ha-NU3IIyUYeHNST COCTABIIIECT MOPSIIKa
1 I'p/c, a ynenbHast cuna Toka — 1 MKA/Mz. YuuThiBas,
YTO B HACTOSIIEE BpeMsl M3TOTaBIMBAIOTCS YTJIEPOI-
HbI€ CTPYKTYPbI C TOPUCTOCTHIO 1O 103 Mz/l", yaenabHast

Tabauia 2
Table 2

3HaveHHs1 HANPSDKEHUS] HOHUCTOPOB /10 W NOCJIEe 00JIy4eHHs B MMIYJIbCHOM FaMMa-HEATPOHHOM ToJie
Values of the voltage of the ionistors before and after the irradiation in a pulsed gamma neutron field

Hanpsokenne U Hanpsokenue Uy nocie o6ydeHus, | pooooo Hanpkermit AU,
Ne voHucTopa Emxocts C, ® o obnyyeHust, MB MB, 1 BBIIEPXKHU 106 ¢ MB
Number of ionistor Capacity C, F Voltage U, before the Voltage U, after irradiation, mV’ Voltage difference

irradiation, mV and exposure of 10° s AU, mV

1 22 8,3 —127 —135

3 22 508 482 —26

4 1,0 19,2 5,0 —14

5 1,0 477 338 —139
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Cxema npeoOpa3oBaTeJisi 3HEPrud HA OCHOBE HOHHCTOPA C BBEIEHHBIM
B 9JIEKTPOJ HCTOYHHKOM aJ1b(ha-9aCcTHIL

Scheme of the energy converter on the basis of an ionistor with a source
of the alpha-particles introduced into the electrode

CMJIa TOKa TaKoro TpeodpazoBaresiss MOXET ObITh IO-
psaka 1 MA/T.

KoHcTpykuiust mpsiMoro npeoopa3oBatesisi SHEPruu
3JIEMEHTAPHBIX YaCTHUI] B BJEKTPUUYECKYI0 Ha OCHOBE
CylNepKOHAeHcaTopa BKIOYaeT B cebsl yrjiepoaHbIi
BJIEKTPOJ C Pa3BUTON MOBEPXHOCTHIO M PaguaIiMOH-
HO-TIPOYHBINA AMBJIEKTPUK [9]. DaexTpon comepKuT
WCTOYHUK TEPBUYHBIX 3aPSLKEHHBIX YacTULl. DPEPeKT
JIOCTUTAETCS 3a CYET OOJNIBIIION YAETIbHONM MOBEPXHOCTH
VIJIEPOIHOTO JIEKTPO.IA.

3aKkmoueHnne

HUcnpitanusa mnanapHeix MJIM-cTpykTyp Iokasa-
Jm, uto 11t cTpykTyp W—AIL,O3—Al B ciosax Al,O5 Mo-
I'yT 00pa3oBbIBATHCS MPOBOASIIME 1O KUCIopoay (a-
3bl, CHIZKAIOIIME BJIEKTPOCOIPOTUBJIEHUE, a BOJIbMpam
TTOIBepXKeH MHTEHCUBHOMY OKUCJIeHUIO. [IJIsI CTPYKTYp
NiCr—Al,O;—Al yxe npu ¢mroeHcax ~10 I/IOH/CM2
3aMeTHA paguallMOHHAs JeTpamaius, YTO MCKIIoYaeT
IJIUTEbHOE, Ooee 107...108 C, UX MCIOJb30BaHME.
KoakcuanbHble CTPYKTYphI TaKK€ MOTYT pacCMaTpH-
BaThCS TOJHEKO B Ka4eCTBE MOIECTbHBIX, TaK KaK IPU-
eMJIEMBIIi YpOBEHb pasleieHUs 3apsiia JIOCTUTAeTCS
MpU BeCcbMa OOJIBIIIMX MOILIHOCTSIX T03bI OOJyYeHUs.

ITonyyeHHbIE pe3yabTaThl TO3BOJISIIOT OLIEHUTh Xa-
PaKTEepUCTUKU, KOTOpPBIE MOTYT OBITH BOOOIIE [0-
CTUrHYTHl HA MJIM-cTpyKTypax. 3HaUUTEIbHBII TOK
MOXeT OBITb TMOJYYeH IPU HAHOCTPYKTYPUPOBAHUU
MJIM-cucTeMbl 111 AOCTVKEHUST OOJIBIION TIIOIIAIN
o0knanok. I1pu yaeabHOM MOBEPXHOCTHOM MJIOTHOC-
TH BJIEKTPUUECKOTro 3apsiia OT 1078 Kn/Tp- M2 1 Mol
HOCTHU TOTJIOLIEHHON A03bl AENSIIErocss U30Tona oT
1 I'p/c Tok 10 100 MKA MOXHO MOJYYUTb MPHU TII0IIA-
mm o6knanok 103...10% M2,

Taxxe Ha maHHOM 3Tane pabdOT OBLIM U3TOTOBJIE-
Hbl M MCCIEeI0BaHbl MOHUCTOPHI HA OCHOBE HAHOIO-
PUCTOrO yriaepoia C CepeOpsSHBbIMU DIEKTPOIaMU U
HEOPraHM4YeCKUM AM2IeKTpUKOoM AguRbJs. O6myue-
HUE MOHMCTOPOB IPOBOIMJIMA B MMITYJTLCHOM IamMMa-
HeHUTpoHHOM noJjie. B pesynbrate ObLIM MOTYYEHBI UC-
TOYHUKHU TOKa C MNPSIMbIM IpeoOpa3oBaHUEM SHEPruu
pacmaga paaroakKTUBHBIX M30TOMNOB (B OCHOBHOM, I-131
u Rb-87) B anmekrpuueckyio sHepruioo. Ellle ogHuM
KOHCTPYKTUMBHBIM pellieHUEeM MpsIMOro npeobdpas3oBa-
TeJIsI QHEePTUU 2JIEMEHTapHbIX YacTUI] B 3JeKTpUYec-
KYyI0 SHEPIruio ¢ MCITOJIb30BaHNEM MOHUCTOPOB SIBJISI-
€TCs1 BBEIEHUE B 3JIEKTPOI MCTOYHUKA ajiba-yacThil —
amepulusa-241.

npOBGZ[CHHI)IC SKCIICPUMECHTBLI U pacCy€Thbl ITO3BO-
JINJIX ONITUMHU3NPOBATL COCTAaB M pasMEpbl UCTOYHU-
KOB TOKa.
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The nanostructured converters of the nuclear energy into electric energy, i. e. MDM W—AIl,0;—Al, AI—Al,0;—NiCr,

Fe(Ni)—MgO— Fe('Ni) structures were tested.

Testing of the planar MDM structures demonstrated that for W—AIl,0 3;—Al structures, the phases with oxygen conductivity can
be formed in the layers of Al,03, which reduce the electric resistance, and it also demonstrated that tungsten was subjected to
an mtenszve oxidation. For NiCr—Al,0;—Al structures, radiation degradatlon was observed already at the values of fluences of
~10! ton/cm2 which made impossible their prolonged use (for more than 10 7—10% s). Coaxial structures can also be regarded
only as the model ones, since an acceptable level of a charge separation can be reached at rather high dose rates.

The obtained results allow us to evaluate the characteristics which are, in general, reachable for the MDM structures. A con-
siderable current value can be obtained by nanostructuring of MDM system Jfor obtaining a greater surface area of the facing plates.
With the values of the specific surface electric charge density from 1 08 C/Gy -m? and the absorbed dose rate of a fissile isotope
from 1 Gy/s, a current up to 100 uA can be obtained with plates surface area of 10°—10% m?

Besides, nanoporous carbon-based supercapacitors with silver electrodes and Ag,RbI s morganic dielectric were manufactured
and examined. The supercapacitors were exposed to radiation in a pulsed gamma-neutron field. The irradiated supercapacitors ac-
quired beta activity up to 1 0’ Bq because of activation of Ag4RbI inorganic dielectric by neutrons. As a result, the current sources
with a direct conversion of the radioactive isotopes’ (mainly I-131 and Rb-87) decay energy into electric energy were developed.

Another design solution for a direct conversion of the elementary particles’ energy into the electric energy with the use of the su-
percapacitors is an injection of a source of alpha particles, americium-241, into an electrode.

The performed experiments and calculations contributed to optimization of the composition and dimensions of the current sources.

Keywords: sources of current based on secondary electrons, MDM structures, source of the primary charged particles, direct con-

version of the nuclear energy, ionistors
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Introduction

Intensive development of the microsystem technol-
ogies and recent achievements in the area of nanote-
chnologies create preconditions for development of a
number of tiny devices for various special purposes with
a big range of practical applications (sensor microsys-
tems, micromechanical systems of various kinds, tiny
implanted biostimulators, etc.). An important compo-
nent of such tiny devices is a source of a current meet-
ing the requirements regarding the mass-dimensional
indicators, power, energy capacity, etc. [1].

Presently, the chemical (lithium) sources are mainly
used as the energy sources for the samples of the small-
sized devices. The lithium sources have restrictions
concerning miniaturization, a limited range of the pos-
itive and negative temperatures, they demand periodic

610 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 10, 2018

additional charging, and their specific energy does not
exceed 1 kW/kg.

The requirements to the perspective sources of cur-
rent for the samples of the small-sized devices with a
long term of independent operation are most fully met
by a source based on a direct transformation of the nu-
clear energy into the electric energy. The considered
sources of a current can be tiny, of any form, have
record values of the specific energy and power and a
long term of independent operation (5—10 times longer
in comparison with the lithium current sources) and
can operate in a wide range of temperatures.

The miniature nanostructured sources of a current
on the basis of a direct conversion of the nuclear energy
with the use of the metal — dielectric — metal struc-
tures (MDM structures), ionistors and supercapacitors
are considered.




Energy sources on the basis of the MDM structures

The preconditions for development of the energy
sources on the basis of MDM structures are developed
technologies for treatment of the isotopes and consid-
erable achievements in the field of a direct conversion
of the nuclear energy into the electric energy (develop-
ment of nuclear batteries, thermionic converters of en-
ergy), and also development of nanotechnologies for
manufacturing of the elements of the energy sources.

We consider an MDM structure with a hard dielec-
tric, which, compared with the vacuum interval struc-
ture, is technologically better for manufacturing and
does not lead to dispersion of a substance under the ac-
tion of the primary charged particles. In this direction
the authors manufactured MDM structures for a direct
conversion of the nuclear energy into the electric en-
ergy, studied their properties, and optimized the com-
position and dimensions of the sources of current [2—7].
For studying of the MDM structures four models were
produced, the characteristics of which are presented in
table 1.

The methods used for manufacturing of MDM
structures were the methods for resistive evaporation
(Al and NiCr layers) and electron beam evaporation
(Al,O5 layer).

It was demonstrated [8], that for W—AI,O;—Al struc-
tures with the internal resistance of (2...3) 10® Q at the
density of the flow of neutrons = 6 - 100 neutr/ (cm2 *3)
the current of the secondary electrons was 0.15 nA. At
that, the current of the secondary electrons was directed
from a heavy metal to a light one. For NiCr—Al,0;—Al
structures with the resistance from several hundreds of
ohm up to several kiloohm for the samples with differ-
ent thickness of layers and various types of the primary
charged particles, almost identical values of the con-
version efficiency 1073—1072 (current of the secondary
electrons, normalized per one primary particle) were
received. At the flows of ionsup to 3 1013 ion/ (cm2 *s)
currents up to 1.3 mkA were recorded.

The resource tests of the planar MDM structures
demonstrated, that for W—AIl,O3;—Al structures in
Al,O5 layers the phases conducting via oxygen could
be formed, reducing the electroresistance, while tung-
sten was subjected to an intensive oxidation. For
NiCr—Al,O3;—Al structures already at the fluences of
~10'4 ion/cm2 a radiation degradation was observed,
which excluded its prolonged, more than 107...108 S,
use. This creates considerable restrictions for the use of
the planar thin-film MDM structures as the sources of
current. The coaxial structures can also be considered
only as modeling ones, because an acceptable level of
a charge separation is reached at rather big dose rates
of irradiation. However, the received results allow us to
estimate the characteristics, which in general can be
reached on the MDM structures. At the minimum vol-
ume of 1072...1073 ¢m? the current sources can have a

power reserve over 103 kW - h/kg and the specific power
up to 25 kW/kg.

The current sources based on ionisters
and supercapacitors

The long half-decay period of the isotopes used as
the sources of the primary charged particles in a current
source (for example, the half-decay period of americi-
um-241 is 460 years) creates preconditions for a long
service life of a source of current, but owing to the ra-
diation degradation the service life of the MDM struc-
tures as direct converters of a nuclear energy is limited
by 1—3 years. At the same time, a considerable current
can be received due to nanostructuring of an MDM
system for achievement of a big area of the facing
plates. In fact, at the specific surface density of an elec-
tric charge from 1078 C/Gy: m? (an estimation from
below as it was received for the heavy ions) and the power
of the absorbed dose of a fissile isotope from 1 Gy/s, a
current up to 100 mkA can be received at the area of
facings of 103...10* m2.

Among the radiation-resistant nanostructures are
the carbon nanostructures with a big specific area,
which are used in the ionistors and supercapacitors.
Within the framework of development of the volume—
nanostructured current sources, the ionistors on the ba-
sis of the nanoporous carbon with silver electrodes and
Ag4RbJ5 inorganic dielectric were made and investi-
gated. Two batches of the ionistors with asymmetric
electrodes were made: the ionistors of the first batch
(no. 1—3) — with capacity of 22 F and limiting volt-
age of 0.63 V; and the ionistors of the second batch
(no. 4—6) — with capacity of 1 F and limiting voltage
of 1.25 V. A double electric layer was formed in the ion-
istors with the specific area up to 103 m2/g on the sur-
face of the nanoparticles of the carbon material as a re-
sult of adsorption of the ions from solution, dissociation
of the surface bonds or orientation of the polar mole-
cules on the phase boundaries.

The dynamics of the behavior of the residual volt-
age of the ionistors was studied at various modes of
charging-discharging. An irradiation by high-energy
gamma quanta did not result in any significant changes
in the charge state of the ionistors. The fluctuation of
voltage of the semidischarged ionistor Ne 6 during the
time was =1 mV at the average voltage of 479 mV. Af-
ter the irradiation by the gamma quanta with energy of
1.25 MeV by a dose up to 5 kGy the voltage almost did
not change (478.5 mV), while the fluctuations grew a
little (£2.5 mV).

Considerable changes were observed after the reac-
tor irradiation. The irradiation of the asymmetric ion-
istors was done in a pulsed gamma-neutron field at
2-10* Gy/s with an absorbed radiation dose of 2 Gy.
Table 2 presents the values of the electric voltage of the
ionistors before and after the irradiation.
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From the table it follows, that the voltage of all the
ionistors decreased, and the voltage change was within
the range from 14 up to 139 mV. The change of the
electric charge on the facings reached 3 C. Considering
the fact, that the energy of the electric field is defined
by expression £ = CA U2/2, we get, that a change of the
specific energy of the four investigated condensers was
within the range of 10711027 /kg. Since the absorbed
energy from the reactor pulse was considerably less, the
changes in the ionistors were not connected with the
neutron and gamma reactor irradiation. The irradiated
ionistors acquired the beta activity up to 107 Bq owing
to activation by neutrons of the inorganic dielectric of
Ag,4RbJs. As a result, the sources of a current with a di-
rect conversion of the energy of decay of the radioactive
isotopes (basically, I-131 and Rb-87) into the electric
energy were received. Calculations demonstrated that
the dose rate of the internal irradiation was 1073 Gy/s,
and at the moment of measurements the absorbed dose
of the flow of the primary B particles was ~1 kGy.

The second design solution of the direct converter of
energy of the elementary particles into the electric en-
ergy with the use of ionistors is introduction of a source
of the alpha particles, americium-241, for example, in
the electrode (see figure). Estimations show, that in this
case the rate of the absorbed dose of the alpha radiation
equals to about 1 Gy/s, and the specific force of cur-
rent — 1 uA/m2. Considering the fact, that the pres-
ently produced carbon structures have porosity up to
103 mz/g, the specific force of the current of such a
converter can be about 1 mA/g.

The design of the direct converter of the energy of
the elementary particles into the electric energy on the
basis of a supercapacitor includes a carbon electrode
with a developed surface and radiation-resistant dielec-
tric [9]. The electrode contains a source of the primary
charged particles. The effect is reached due to a big spe-
cific surface of the carbon electrode.

Conclusion

Tests of the planar MDM structures demonstrated,
that for W—AIl,O;—Al structures in Al,O3 layers the
phases conducting by oxygen could be formed, reduc-
ing the electroresistance, while tungsten was subjected
to an intensive oxidation. For NiCr—Al,0;—Al struc-
tures already at the fluencies of ~10'4 ion/cm2 the ra-
diation degradation was observed, which excluded
their prolonged, more than 107...10% s, use. The coaxial
structures also can be considered only as modeling, be-
cause an acceptable level of a charge division is reached
at rather big irradiation dose rates.

The received results allow us to estimate the char-
acteristics, which can be reached in general on the
MDM structures. A considerable current can be ob-
tained at a nanostructuring of an MDM system for
achievement of a big area of facings. At the specific sur-
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face density of an electric charge from 1078 C/Gym2
and the absorbed dose rate of a fissionable isotope from
1 Gy/s, a current up to 100 pA can be obtained at the
area of facings of 103...10* m2.

Besides, at the given stage of the work the ionistors
on the basis of the nanoporous carbon with silver elec-
trodes and Ag4RbJ5 inorganic dielectric were manufac-
tured and investigated. An irradiation of the ionistors
was done in a pulsed gamma neutron field. As a result,
the sources of a current with a direct conversion of the
energy of decay of the radioactive isotopes (mainly,
I-131 and Rb-87) into the electric energy were ob-
tained. Another design solution for a direct conversion
of the energy of the elementary particles into the elec-
tric energy with the use of ionistors is introduction of a
source of alpha-particles-americium-241 into the elec-
trode.

The implemented experiments and calculations al-
lowed us to optimize the composition and dimensions
of the sources of current.
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HEOXAAXAAEMbIE MUKPOBOAOMETPbI MHOPAKPACHOTO AUATIA3OHA —
COBPEMEHHOE COCTOAHUE U TEHAEHUWNU PA3BUTUA

Ilocmynuaa é pedaxyuro 18.05.2018

Lleavio Hacmoawe2o 0630pa a6agemcesa AHAAU3 COCIOAHUA U NePCNeKmuUe pa3eumus PolHKa MUKpob010Mempos KaK 6ajicHell-
uie20 3neMeHma UH@PaKpacHvlx cucmem. Badxcnelwum npeumyuecmeom 6010MempuvecKux UHGpPaKpacHvix 0emexKmopos A64:-
emcsi 603MONCHOCMb pabombl 6e3 oxaaxcoenus npu memnepamypax okoao 300 K.

B 0630pe paccmompensl unghpakpachsie 6or0mempuyecKue demeKmopsl pa3IUUHbIX MUNOB: MemaniuvecKue 6010Mempsl; mep-
MUCMOPbL; NOAYNPOBOOHUKOBblE 00N0MEmpbl; KOMRO3UNHble 6010Mempbl; KpeMHUegble Heoxaaxicoaemble MUKPOOOIOMEmpbl, CO-
30aHHble C NOMOUWBIO MUKDPOINEKMPOHHOU MEXHOA0UU,; C8ePXNPO8odsaujUe 6010 Mempbl; 8biCOKOMeMNePAmypHble C8epPXnpo8oos4ue
6010mempol. Paccmompenst pabomsl, ucnoav3yemvle 045 cO30AHUA UHPPAKPACHBIX 0eMeKmopo8 pa3AuMHbIX MAMePUanos: oKcuoa
8aHaous, NOAUKPUCMANAUHECKO020 KPeMHUSA U noaukpucmaniiuteckoeo SiGe, Heae2upo8aHHbIX AMOPPHbIX NOAYNPOEOOHUKOE, Ma-

Kux kak a-Si, a-Ge u ux coeounenuii a-SiC:H, a-YCBO.

Karoueevie caosa: muxpobosomempol, UK-kamepol, memaniuueckue 6010Mempul; mepMucmopsl; HOAYNPOBOOHUKOBble 0010~
Mempbl; KOMHO3UMHble 0010Mempbl; KpeMHUEBble HeoXaaxcoaemble MUKPOO0a0MempbL, CO30AHHbIE C NOMOWbIO MUKPOINEKMPOHHOU
MexHOA02UU; CBEPXNPOBOOdAUUe DONOMEMPDL,; BbICOKOMEMNEPAMYPHbIe C8EPXNPOBOOsUUe 60A0MEmPbl

Benenne

3a nmocaenHue 50 JeT PpHIHOK MH(PPAKPACHON TeX-
HUKU pOC, MPEXIe BCETO, M3-3a BOCHHBIX MPUIIOXKe-
HUM, Y JIMIUb BO BTOPOI, 3HAYMTEJILHO MEHbIIECH CTe-
MEeHU, KOMMepUYeCKUX mpuioxeHuii. CeromaHsi BbICO-
KM CIIpOC Ha 0€30I1aCHOCTb UM KaMephbl HAOMI0IeHUS
C pacliMpeHHbIMU BO3MOXHOCTSIMA B BOEHHOM U OX-
pPaHHOM CEKTOpax MOo-IMpexXHEMY 00eCcreunuBaeT pocT
pbIHKa TeIJIOBM3UOHHBIX KaMmep. Ho B Hacrosiiee
BpeMs MapagurmMa pas3BUTUS WM3MEHUJIACh — pOCT
o0ecreuyrBaeT rpaxmnaHckas TepMorpadusi, oXxpaHHOe
U MOXapHOe HabJIIoIeHUE, MEPCOHATbHBIE CUCTEMBI
HouHoro BuaeHus (PVS) u nokanbHble pblHKK 6€30-
nacHocTu. PocT cTrerneHu nHTerpaluuu TeIUIOBbIX KaMep
B cMapT(OHbI BMECTE€ C YMEHbILIAIIUMUCS LIeHAMU
Ha TEIJIOBbIE KAMEDPBI, KaK OXUIAIOT aHAJTUTUKU, CTHU-
MYJIUPYET B3pBIBHOM oOTpacieBoil pocT. Pacrtymuit
CIIPOC Ha MH(pPaKpacHble CUCTEMbl, BbI3BAHHbINA KaK
BOEHHBIMU, TaK U IFPAXKIAHCKUMU MPUMEHEHUSIMU, B
CBOIO OYepe/b, BEI30BET POCT MUPOBOTO PhIHKA TETLIO-
BbIX (DOTOMPUEMHBIX YCTPOUCTB B OJMKAWIIINWE TOMbI.

O0mue xapakTepuCTHKA

UK auanasona h

|

o |

Nudpakpacueii (MK) nuamna- |

30H CIIeKTpa SIBJISIETCS JOCTATOYHO !

|

WHTEPECHBIM M MHGOPMATUBHEIM, |
YyeHa OCHOBHAsl HOJISI COOCTBEHHO-
o B3JEeKTPOMArHUTHOTO M3JIy4eHMUsI

| | |

1.0
TaK KaK MMEHHO 3I€Chb COCPECIOTO- fT T T T T T

OOJIBLLIMHCTBA OKPYXKalOIIUX YesloBeKa 0O0beKTOB ec-
TECTBEHHOIO M HCKYCCTBEHHOIO MPOUCXOXKIACHMSI.
UK nmmama3oH oxBarbeIBaeT MIWHBEL BOJH oT 0,76 1o
1000 MkM (uTo cooTBeTcTBYeT 4yactoram otT 300 mo
0,3 TT'u). Dra mupokasi 061acThb CIEKTpa YCJIOBHO Jie-
JITCSI Ha TSTh TPOMEXYTOUHBIX AMANA30HOB: OMVDKHUI
(0,76...1,1 mxMm), KopoTkoBoaHOBBIH (1,1...2,5 MKM),
cpeaHeBoHOBBIN (3,0...5,5 MKM), JUIMHHOBOJHOBBIM
(8...14 mxm) u mansHuii (15...1000 mxm). MHOrma aBa
MepBBIX AMana3oHa JJs ynoOCTBa OOBLEAWHSIIOT B
omuu (0,76...2,5 mxm). UK mmamasonsr 3,0...5,5 u
8...14 MKM sBJSIIOTCSI paOOYUMU 30HAMU TETIJIOBU3HU-
OHHOTIO MeToda Hepas3pyllaioliero KoHTpos. Ocobblit
WHTEpeC BbI3bIBaeT Oosiee MH(MOPMATUBHBIN ArMana3oH
8...14 MKM, NOJHOCTBIO COBIIAAAIOIIMI ¢ Haubosee
LLIUPOKUM OKHOM ITPO3payHOCTH aTMoc(epbl U COOT-
BETCTBYIOLUIUI MaKCUMAJIbHOW W3JIy4aTeJIbHOU CIIO-
COOHOCTM HabJtoaeMbIX 0ObEKTOB B TeMIIepaTypHOM
nuanasone ot —50 o +500 °C (puc. 1) [1].
TennoBU3MOHHBIN METOA KOHTPOJSI OCHOBaH Ha
TOM, YTO JIIOObIe MPOLIECCHl B MPUPOAE U YesIOBeUYeC-
KOM 1esITeJIbHOCTU COMPOBOXKIAIOTCS MOMIOLIEHUEM U

pBolometer

1.7 25 3.0 5.0 8.0 14.0(pm)

Puc. 1. UK nuana3onsl u3jiydyeHdsi 1 00JacTb padoThl MHKPOOOJIOMETPOB
Fig. 1. IR ranges of irradiation and the spheres of application of the microbolometers
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BBIIEJICHUEM TEIUIOThI, M3MEHSISI BHYTPEHHIOW 3HEp-
THIO Tejla, KOTOpasi B COCTOSTHUM TePMOIMHAMUYIECCKO-
IO paBHOBECHs IMPOIOPLIMOHANIBHA TeMIlepaType Be-
IeCTBa.

ITpornossl peinka UK kamep

2016—2017 rr. ObUIM YCHEIIHBIMM TOJAMM ISt
peiika WK cucrem. IlpogaBanoch KaxAblii I'On IO
~900 000 wr. Heoxnaxkmaembix MK kamep obiiieit cTo-
uMocThbio $2,7 mipa B roa. MIMEHHO TpaxXmaHCKUE

KOMMeEpUYeCKre TPUMEHEHUS CTUMYJIMPOBAINA STOT
pocCT, BKJIIOYasl TepMorpaduio, pasiuyHble CUCTEMbI
HaOmoneHuss U moxapotyueHus u PVS. Tepmorpa-
(ust — 6e3ycI0BHO, BEAYILIMIA KOMMEPUECKUI PHIHOK
KaK I10 CTOMMOCTH, TaK 1 110 00beMy. AHAJIUTUKMU Olie-
HUBAIOT, 4TO exeromHo K 2022 r. OyaeT mpomaBaThCs
500 000 . MK kamep B 3TOM cektope. B To ke Bpe-
M$I IIeHBI Ha KaMepBI TTPOIOJIKAIOT MalaTh, MOSBIIIOCH
HECKOJIbKO HOBBIX MPOAYKTOB ¢ LeHoi Hiuke 1000 $,
o01IMe TTpoJaXky pacTyT.

AHaJIUTUKKU OXXKUIAIOT POCT PhIH-
Ka HeoxnmaxmaeMblx MK kamep k

2022 r. 1o ypoBHs cBbile 4 mipn $
B (pMTHAHCOBOM MCUYMCIICHUN U CBBI-

1600

1400

me 1,7 MJIH 1IT. B HATypaJIbHOM MC-
yuciaeHuu. Ilpu 3ToM oxumaercs,

BoeHHble Milirary

1200

lpaxaaHckue Commercial

1000

800

600

Mpopaxu Heoxnaxkaakmbix MK kamep, weic. WT
Sales of oncooled cameras, thourthend of units

Puc. 2. Micropus ¥ NporHo3 pa3BuTus pbriHka Heoxsaxaaembix UK kamep
B mT., (icTounnk — Yole Development)

Fig. 2. Global uncooled IR camera market (2011—2022) — history and
(Source — Yole Development)

! IIposopamee MesxcoeaHHenHe

| e ; Sensor
Conducting interconnection e
CumThIBaROmAs Si

Read-out Si integrated circuit

UyBCTBHTEIBLHEIH 7eMEHT

|

|

|

|

|

|

: YTO BOCHHbIE IpUMEHEHMST OyayT
| pacTH co CKOpPOCThIO 5,6 % B TOxI, a
| rpaxaanckue — 8,8 % B rox. I'pax-
: JAHCKUE TIPUMEHEHUSI yXe YBEepeH-
| HO orepexXaloT BoeHHbIe 1 K 2022 T.
|

| CTaHyT JOMUHUPYIOIIUMHU (puUC. 2).
|

\ TeHaeHIMM PA3BATHA KOHCTPYKIMH

| MHKPOO00JIOMETPOB

|

|

|

|

|

|

|

IMpuHIMIT paboOThI TEILJIOBBIX (PO-
TOIpUEeMHEBIX ycTpoiicTB (PITY) oc-
HOBaH Ha MU3MEHEHUU dDJEKTpUYec-
KMX XapaKTepUCTUK MaTepuaja mpu-
€MHHUKa 3a CYeT JSHEepPruM IOIJo-
ILIEHHOTO TEIUIOBOIO U3JIyYeHMUsI.
OgHUM U3 aKTMBHO pa3pabaTrbiBae-
MbIX TUIIOB TEIUIOBBIX IE€TeKTOPOB
SIBIISIIOTCST MUKpobosoMeTpsl (MB).
3a nocyieqHue aABa AeCATUIETUS 10-
CTUTHYT 3HAUMTENbHBIN Mporpecc B
CO3IaHUM HEOXJIAXIAEMBIX TEILIO-
BBIX JETEKTOPOB HH(paKpacHOTo
Iraria3oHa, KOTOpble TPHOIN3IINCH
M0 TOPOTrOBBIM XapaKTePUCTUKAM K
(boTOHHBIM HeTeKTOpaM MpU 3HAYM-
TEJIbHO MeHbIlIeil cToMMOCTH [1—4].
bonomerp mpencrasisier coboii pe-

(2011—2022 rr.)

prognosis (pieces)

a)

TIpoeogamee MesKCOeTHHEHHE Sensor

Conducting interconnection \
Mﬁ —

CuHTEEaROman Si cxema
Read-out Si integrated circuit

aja ¢ OYeHb MaJION TEIJIOEMKOCThIO
U OOJIBLLIMM TeMMepaTypHbIM KO3(h-
¢uumentom comnportuBieHus. Ilo-
3TOMY MOTJIOIIEHHOE UM U3JIyueHUe
CHJIbHO M3MEHSET ero COMpPOTUBIIE-

IT1enka
. Thin film

]

Puc. 3. KOHCTPYKIIMM 4yBCTBUTEJIbHBIX JJIEMEHTOB TEIUIOBbIX MPUEMHHKOB: @ — YYBCTBU-
TEJIbHBIN 3JIEMEHT B (hOpMe MMKPOMOCTHKA; b — YYyBCTBUTEJIbHBI 3JIEMEHT Ha TOHKO-

TUIEHOYHOM TEXHOJIOTUN

Fig. 3. Designs of the sensors of the thermal receivers: a — a sensitive element in the form of a

microbridge; b — a sensitive element made by the thin-film technology
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Hue (puc. 3). Tak kak pabota 60-
JIOMETpAa OCHOBaHa Ha WM3MEHEHUU
COMpPOTHUBJIEHUS], TO OH MNOA00EH
(oTopesucTopy, HO OCHOBHOI Me-
XaHWU3M OETEKTUPOBAHUS JAPYrOMu.
B 6onomerpe magaroiiee u3aydeHue
HarpeBaeT Marepuaj, 4TO, B CBOIO
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odepenb, MPUBOIUT K M3MEHEHUIO COIPOTUBICHMUSI.
[IpsiMmoro B3aMmoaeicTBUSI (POTOHOB € BJIEKTPOHAMU
Marepuajga B TaHHOM ciydae Her. Ha mpakTuke uc-
MTOJIL3YIOT JBa TUIIA JETEKTOPHBIX CTPYKTYp: MUKPO-
MOCTUK M KOHCTPYKIIMS Ha IIJICHOYHOMN ITOMIOXKE
(puc. 3) [1].

B mepBom OGomomerpe, paspaboraHHoM B 1880 r.
aMmepukaHckuM actpoHoMmoM C. IT. JIsnrnu (S. P. Lan-
gley) nis HabmoaeHuit 3a CoIHLIEM, HCIIOJIb30BaIUCh
MOTJIOIIAIOIINI 3JEMEHT M3 YEPHEHOU ILIaTUHBI U
MPOCTOIl MOCT YMHCTOHA B Ka4€CTBE U3MEPUTEIBLHOTO
6s10ka. XOTs C TeX NOp MOSIBUJIMCH U APYrue TeTrJIOBbIe
MIPUEMHMKH, OOJIOMETPBI OCTAIOTCS OMHUMU M3 CaMbIX
pacIpoCcTpaHEeHHBIX TEIUIOBBIX TTPUEMHUKOB.

B Havane 1990 r. 3HauMTeNbHBIE YCIIEXW B CO31a-
HUU TETLTOBU30POB KOMMEPUECKOTO MPUMEHEHUS TTPU-
BeJIM K 3aMEHE OXJIAKIAEMbIX CUCTEM C MEXaHUUYECKUM
CKaHUPOBaHUEM HEAOPOTMMHU KaMepaMU IPSIMOTo 00-
30pa Ha OCHOBE HEeOXJIaxKIaeMbIX MaTpUIl (HOKATbLHOM
mwiockoct (M®II). B HacTostiiee Bpemsl TEIJIOBBIE
MIPUEMHMKU BBI3BIBAIOT MHTEPEC MPU pa3pabOTKe ABY-
MEPHBIX MaTPUIL C 3JIEKTPOHHBIM CUUThIBAHUEM, UME-
IOIIMX Y3KYIO MOJIOCY YacCTOT U 00eCTIeurBaOIIMX TeTl-
JIOBBIM TIpMeMHMKaM HaKOIJIeHWe CHUTHaja 3a BpeMsi
Mopsiika BpeMeHU KaapoBoil pas3BepTKu. s obec-
rnevyeHus: xopoiieir tepMousonssunu Mb ocrarouHoe
JIaBJeHWE He JOJKHO mpeBblath 75 MmTopp.

Hcmonp3oBanue st U3TOTOBIICHUS] YYBCTBUTEb-
HBIX 2JIEMEHTOB ITOJYIMPOBOIHMKOBBIX MaTepHalioB
(nanpumep, VO,), obecrieynBaiominx O0JbLIOE CO-
MPOTUBJIEHUE JETEKTOPa, ITO3BOJISIET pACCUMTHIBATh Ha
YMEHBIIIEHNE MOIIHOCTH CMEIIEHMS M XOPOIIlee SJIeK-
TPUUYECKOEe COrjlacoBaHME C BXOIOM ycwiutensi. bo-
JIOMETPBl B TIPUHIIUIIE He TpeOyIOT TeMIlepaTypHOI
crabuauzanuuy. OObIYHBINA YCUINTEIb C OUTIOISPHBIM
BXOAOM ObLI M3TOTOBJICH C MpUMEHEHUEM OUIIOISIp-
Hoit KMOII-texHomornu. YToOb! 1OCTUYb OrpaHNye-
HHS TIOJIOCHI YaCTOT Ha YPOBHE IIMPHUHBI 3JIEMEHTOB
U300paxXeHusl U Ku30exXaTb CMEIIeHUsI, €CIM TIoCJe
MYJIBTUIIJIEKCUPOBAHUSI OCYIIECTBIISIETCS (QYIbTPA-
111, HEOOXOIUMO 00eCTIeUUTh OOJIBIIYI0 eMKOCTb. DTO
MIPEACTABISIETCS OYeHb COMHUTEIBLHBIM IIPU MCITOJb-
3oBaHuM KMOII-texHomoruu. OCHOBHBIM LIIYMOM SIB-
JisgeTcs myM JIXKOHCOHA B YyBCTBUTEJIBHOM PE3UCTOPE
(06b1yHO 10...20 KOM) ¢ HEOOJBIIUM AOTOTHUTEb-
HBIM BKJIagoM 1/f lllyma 1 1IIlyMa CYMTHIBAIOILIETO TPaH-
3UCTOpA.

AHau3 nyTeiil pa3BUTHA Pa3padoOTOK
00JI0MEeTPHYECKHX JTETEKTOPOB

BOJ'IOMEprI ABJIAIOTCA NEPCIICKTUBHBIM TUIIOM OC-
TEKTOPOB JIsI CO34aHMA HEOXJIaXXKAaEMbIX M OTHOCH-
TECJIbHO HEAOPOIMX MaTpHIL (bOKaHBHOfI IIJIOCKOCTH.
CroumocTb MaTpuil (bOKaJ'IbHOfI IIJIOCKOCTHU Ha OCHO-
BC 6OIIOMCTDOB IIpU IIPOMBIIIJICHHOM ITPOU3BOACTBC

Ha JIBa MOpsIIKa MEHBIIE, YeM CTOMMOCTb MaTpUIl Ha
ocHoBe HgCdTe, InSb, PtSi, mpn sTOM TMIIMYHBIE
3"HayeHus1 NETD (temmepaTypHasi 49yBCTBUTEIbHOCTD,
paBHasi MUHUMAaJIbHOM SKBMBAJEHTHON IIyMYy pa3HO-
ctu temiiepatryp — Noise Equivalent Temperature
Difference) nist 6o10MeTpUUeCKUX MaTpULL COCTaBIIS-
10T 50...100 MK (mmg M®IT na ocnoBe HgCdTe tummy-
HbI 3HaYeHus nopsiaka 10 mK). Baxkneitimmm npeumy-
1iecTBoM 6osiomeTpuueckux MK neTeKTopoB siBJsieTCs
BO3MOXHOCTb pabOThl 0e3 oxyaxaceHus (Ipu TemIe-
parypax okojo 300 K), B To Bpemsi Kak OOJIBIIMHCTBO
(bOTOHHBIX NETEKTOPOB AEHCTBYIOT MPU KPHUOTEHHBIX
Temrepatypax (o0berdHO He MeHee 77 K). bomomeTrprl
(Kak ¥ Ipyrue TEeryIoBble NETEKTOPHI) SBISIOTCS He-
CEJIEKTUBHBIMM JETEeKTOpaMy U MOTYT JEMCTBOBAaThb B
CIEKTpalbHBIX OMarna3zoHax 3..5 u 8...12 MKM, B TO
BpeMs KakK (POTOHHBIE AETEKTOPHI AeHCTBYIOT TOJbHKO
B OIPEICeICHHOM CIIeKTpPaJIbHOM Iuarna3oHe (HaIpu-
Mep, JeTeKTOphl Ha ocHoBe OapbepoB IllorTkm PtSi
MMEIOT I'PaHUYHYIO JJIMHY BOJHBI 5,5 MKM). biarona-
psl TIepeUYrCIIeHHBIM TpeuMylliecTBaM MH(ppaKpacHbIe
00JI0MeTpUYECKre OeTeKTOPhl aKTUBHO pa3pabaThiBa-
10T B MOCJIEAHUE TOJIbl, OHU 0COOO MEPCIIEKTUBHBI JIJIsI
MIPUMEHEHUS B CIEAYIOIIMX O00JacTsIX: OOHapyXeHHe
MOXapoB; MOMCK MOJIE3HBIX UCKOIAaeMbIX; HOYHOE BU-
IeHWe; JUISI BOGHHBIX 1IeJieli; OXpaHa IpaHuIl U IIPaBo-
MopsiiKa; MOMCKOBBIE U criacaTesbHble CIyK0bl. K Ha-
CTOSIIIEMY BpeMeHHM pa3paboTaHbl MH@paKpacHbIE
00JIOMETPUYECKUE NETEKTOPbI PAa3IUYHbIX TUIIOB: Me-
TaJUTMYECKUEe OOJIOMETPBI; TEPMUCTOPHI; TTOIYIIPO-
BOJTHUKOBbBIE OOJIOMETPbI; KOMIIO3UTHbIE OOJIOMETPHI;
KpeMHHEBBIE HEOXJIaxXaaeMble MUKPOOOJIOMETPEI, CO-
3MaHHBIE C TIOMOUIbIO MUKPODJEKTPOHHON TEXHOJIO-
TUU; CBEPXITPOBOISIINE OOJIOMETPHI; BEICOKOTEMIIEpa-
TYpHBIE CBepXIpoBosiiue O6osoMeTpel. Ha ocHoBe
BBICOKOTEMIIEpaTypHOro cBepXImpoBoaHuKa YBaCuO
OblJ1a U3rOTOBJIeHA IMHEeHas MmaTpuiia Mb u3 64 sie-
MEHTOB, HO TaKue AeTeKTOPbl MEPCHEKTUBHBI JJIS Je-
TEKTUPOBAHUS UBJIYYeHUS MPU JJIMHE BOJHBI, 00Ib-
mei, yem 20 MKM, NIpU TeMIlepaType IeTeKTopa
77...100 K. BcnencTtBue SIBHBIX MPEUMMYIIECTB MOHO-
JIMTHOTO COBMEIEHUsI Ha OIHOM KpucTajie (oTo-
YYBCTBUTEJILHON MATPHULIbI U CXeMbl OOpaOOTKU CUTHA-
Jla, a TakKe BO3MOXXHOCTU UCITIOJIb30BaHMsI BEICOKOpa3-
BUTOM KPEMHMEBOI TEXHOJOIMM OCO00O€ BHMMAaHUE
pa3pabOTUMKOB MPUBJIEKAIOT OOJIOMETpUYECKUE [e-
TEKTOPHI, TEXHOJIOTUSI KOTOPBIX COBMECTHMA C KpeM-
HUEBOI MUKPO3JEKTPOHHOI TexHoyorueu. Ilepcrek-
THUBBI Pa3BUTHUSI MOHOJUTHBIX KPEMHUEBBIX 00JIOMET-
POB BHITJISLAAT NpUBJekaTenbHO. Tak, Honeywell Sensor
and System Development Center Hayaau pabOTHI 11O
MPUMEHEHUIO KPEMHUEBBIX MUKPOTEXHOJOTUN JJIs
npousBoactBa MK ceHcopoB B Hauane 80-x romos
npouioro Beka. Llenpio aTux paboT, MpoaoJKEeHHBIX
B paMKax Ilporpammbl, noagepxuBaemoii DARPA u
US Army Night Vision and Electronic Sensor Direc-
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torate, OBLIO CO3JaHUE HEJOPOrMX CUCTEM HOYHOTO
BUIIEHUsI, TIPUTOJHBIX IS BOEHHOTO MPUMEHEHUS U
nmeromux NETD =0,1 °C mpu ucnonb3oBaHuu f/1
OIITUYECKOM CHCTeMBbI. DT TTapaMeTphbl OBUTN JOCTUT-
HYTBl KaK B KPEMHHUEBBIX OOJOMETPUUECKUX MaTpH-
IIaX, TaK U B MHPOSJIEKTPUIECCKUX MaTpUIaX (UPMBI
Texas Instruments. ®upma Honeywell Corp. B CILIA
paspaboTajia OueHb YAAYHYIO TEXHOJOTUIO U3TOTOBJIE-
HUS HeOoXJIaXIaeMbIX IPUEMHUKOB, BKIIOYAIOIIYIO
MIpUMEHEeHWE MaTPUIL KpeMHHeBbIX M B (4yBcTBUTEH-
HbIA s5eMeHT popmuposaica u3 VO,). OtMeuaercd
3HAYNTETbHAs aKTUBHOCTH B 06;1acT co3manusgs M®I1
Ha ocHoBe Mb B EBpone u Azuu. HanpuMmep, co3naHa
Marpuua 240 x 336 u3z 50-MmxMm MB Ha muacTuHe mpo-
MBIIIJIEHHOTO cTaHAapTa (AuaMmeTpoM 4 moiiMa) U I10-
MTOJTHeHAa WHTEeTPAIBbHON MUKPOCXeMOM CUMTHIBAHMS
curHajga, cpopMUpOBaHHON B KPEMHUEBOM MOJUIOX-
ke. @upma Honeywell mpomana HeCKOJIBKUM KOMIIA-
HUSIM JIMLIEH3UIO Ha 3Ty TEXHOJIOTHUIO IJIs1 pa3paboTKu
1 TIpOM3BOACTBA HeoxnaxmaeMblx MPII-cuctem ms
KOMMEpPUYECKMX U BOCHHBIX MpUMeHeHUit. B HacTos-
1mee BpeMs KOMIIAKTHBIE TEpPMOOOIOMETPUYECKIE
kamepbl 320X%240 37eMEHTOB MPOU3BOAAT (DUPMBbI
Amber Engineering, Nippon Avionics u ap.
PeBosioniysi B mpou3BOJACTBE TETUIOBBIX AETEKTOPOB
Hayajach C OTKPBITUS W CO3TAHMWS WHTETPATbHBIX
CXeM, COBMECTMMBIX C TEXHOJIOTHE MUKPOOOPabOTKU
(micromachining). MukpooOpaboTKka AejaaeT BO3MOX-
HBbIM YMEHbIIEHHWE TEerIONPOBOAHOCTY MaTepuaia,
CJTy>Xalllero B KayecTBe OIopbl Mpubdopa, uyTto obdecrne-
YHBAET BBICOKYIO TEIIOBYIO M3OJISILIMI0O MUKPOCTPYK-
Typ. [lnoHepckue ucciaenoBaHus B 3TOi 00JacTu cae-
JlaHel B Komnanuu Honeywell, B KOTOpoii uCIOIb30-
BaJII OKCHJ BaHAIWs B KAauyeCTBE YYBCTBHUTEJIHBHOTO
Marepuana [5—7]. Laboratory InfraRouge (LIR), Labo-
ratory d'Electronique et des Technologies de 1'Infor-
mation (LETI) [8], a Takxke komnanust Raytheon uc-
MMOJIL30BAJIM TIPU CO3MAaHMHM MHQpPaKpacHBIX AETEKTO-
poB JiernpoBaHHbI amopdHblii Si:H [9]. B komnanuu
NEC mig 9TOi 11eJIM TakXKe MCIOJb30BaId METaJIIbI.
MHoro paboT NOCBSILLIEHO UCITOJb30BAHUIO JIJIsI CO3/1a-
HUS UH(PAKPACHBIX JETEKTOPOB MOJIMKPUCTAULINYEC-
KHX MaTepHUaJoB: MMOJUKPUCTATIIMYECKOTO KPEMHUS U
nonukpucraimyeckoro SiGe [10, 11]. 3HaunTeAbHBIC
YCUJIMSI HallpaBjieHbl Ha pa3paboTKy 00J0METpOB Ha
OCHOBE HeJIETMPOBAaHHBIX aMOP(MHBIX MOJTYITPOBOIHM -
KOB, TakMX Kak a-Si, a-Ge [12, 13] 1 ux coeguHeHu
a-SiC:H, a-YCBO. Btu MmaTepuralibl IpUBJIeKaTeIbHbI
BCJIEACTBIE MX BBICOKOTO TeMITEpaTypHOTO KO3(pdu-
uueHTta comnpotusiaeHust (TKC), Korophlii sBasieTcsa
BaXKHeH1Iel XxapakTepucTukon 6osiomeTpoB. st pas-
paboOTKM 3aKOHYEHHOI'0 TEXHOJOTUYECKOro MKIIa U3-
TOTOBJICHHST OOJOMETPUUECKUX MATPUIl HEOOXOIUMO
3¢ dhEeKTUBHOE MCIOJIb30BaHUE OCOOEHHOCTEN YYBCT-
BUTEJIBHOTO MaTepHaya sl MHGpaKpacHBIX (popMu-
poBareseil usobpaxkeHusi. B Hacrosiuee BpeMmsi BHU-
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MaHue pa3pabOTYMKOB CKOHILIEHTPUPOBAHO B 00JIaCcTH
TEXHOJIOTMYECKUX MPOoOIeM COBMECTUMOCTH Ipoliecca
U3roTOBJIEHUST OonomeTpuueckux marpuil ¢ KMOII-
TEXHOJIOTMEH, a TakKKe B 00JacT ONTHMM3AIMU CO-
npotusaeHus1 Mmatepuana, TKC, TerioBoil mpoBoau-
MOCTH U IPYTUX XapaKTepUCTUK IIpudopa. B pse pa-
00T pacCMOTPEeHbl BO3MOXHOCTU HCIOJb30BAHMS
IIpH CO3TaHUM 0OJIOMETPOB aMOP(GHOTO COCTMHECHUS
Ge,Si; — (O, [14, 15], a Takxe NOTCHLNANBHBIX SIM Ha
ocHOBe n-Si B TTOMIOXKe U3 p-Si [16].

B Hacrosiiee BpeMst HanboJiee IUPOKO UCITOJb3Y-
10T IS CO3[aHusl TEIUIOBBIX (hopMUpoBaTeseil 1n3o0-
paxkeHMs OKCMI BaHaausl U JierdpoBaHHbIA o-Si:H
(puc. 4), xoTs co3naHue MpUOOPOB HA OCHOBE JAHHBIX
MaTeprajgoB COMPSIKEHO ¢ HEKOTOPHIMU MpodIeMaMu
[17—26]. Oxcua BaHaauss VO, MMeeT BBICOKHE 3Haue-
HUSI TeMITepaTypHOro KoaghduilmeHTa COrpoTUBICHUS
(TKC = 2...3 %), Ha OCHOBe 3TOro MaTepuaja co3aa-
HBI MaTpHIIEl popMaTtoM oT 240 X 336 mo 2040 x 1024 ¢
pa3mepamu nukcess 10 17 mxm [1]. OgHako oxcun Ba-
Haaus — HecTaHaapTHBIN MaTepuan st KMOIT-Tex-
HOJIOTMU, U3rOTOBJIEHUE OKCUIA BaHAIWs B BUJI€ TOH-
KUX TUICHOK SIBJISIETCS CJIOXHBIM JUIST YIIPaBJICHMS
MPOLIECCOM BBUIY Y3KOIO JMana3zoHa TeXHOJOrmyec-
KHUX MapaMeTpoB, obecreunBaloliMx CTaOUJIbHOCTh U
ONTMMAJIBHOCTh XapaKTepUCTUK oKcuma. Kpome Toro,
HaJIMuue Tucrepe3rca MPUBOAUT K MpobieMaM Tpu
MOCTPOEHUU TETIJIOBBIX U300paXkeHU I TOPSTINX O0BEK-
TOB, a TEIJIOMPOBOJHOCTb TAKUX IJIEHOK Ha TMOPSI0K
OoJibllle, YeM 3HAUEHUSI 3TOro MapamMeTrpa sl Mojy-
MpoBOoIHUKOB (00buHO 0,05 Bt/(cM * K)). MeTamibl
(Pt, Ni) coBmectumbl ¢ KMOII-texHonorueit, HO
umeroT Huskue 3HayeHuss TKC, a 6osoMeTpsl Ha Oc-
HOBE CBEPXIPOBOISIINX IUICHOK TPeOYyIOT 3HauYU-
TEJIbHOTO OXJIAXKIEHUSI, YTO 3HAYUTEJbHO TTOBBIIIAET
CTOUMOCTb TpubopoB. bosomeTpsl Ha ocHoBe a-Si:H
HMMEIOT BBICOKOE CONMpPOTHUBJICHUE, HO ITOT MaTepual
HecTaOuJIeH TMpU TeIJIOBbIX 00pabOTKax M AeicTBUU
yIbTparoJIeTOBOro 0o0aydeHUs. JJaHHBI MaTepual
uMeeT ABe (asbl: CTAOMIbHYIO U METACTaOMIIbHYIO, KO-
TOpbIE pa3iefeHbl MOTEHIIUAIbHBIMU OapbepaMu, YTO
MPEIITCTBYET (hOPMUPOBAHUIO PABHOBECHOI'O COCTO-
gHus. boooMeTpsl Ha ocHOBe Kapouma kpemuus SiC
nmerot Beicokue 3HaueHnss TKC (4...6 %), Ho ms cTa-
OMIM3alyM CBOWMCTB MaTepuaia TpeOyeTcs OTXKUT MpU
temnepatypax okoyio 1000 °C, 4yTo HeCOBMECTUMO C
KMOII-texnomorueit [17—26].

ITo BEIBOAM aHAJIMUTUYECKOTO areHTCTBa Yole TeH-
JeHLMSI pOCTa MPUMEHEHUSI MUKPOOOJOMETPOB IMPO-
JIOJIKUTCS ellie nojroe BpeMs (puc. 4—6).

Passutue UK texnuku B CCCP n Poccun

B CCCP paszsututo MUK TexHukd MOpuaaBajioch
0oJbllioe 3HayeHue. B CHly MOHSTHBIX IIPUYMH Iep-
BOCTEIIEHHOE BHUMAaHME YAESJIOCh BOEHHBIM M KOC-




npoune [MMA KATETOPUMU]; —
[3HAYEHME]

Others - 13%

MB Ha amoppHOM
KpemHuu; 17%

Amorphous Silicon -17%

Puc. 4. Pacnpenenenne HeoxJaxaaeMbIX MUKPOOOJIOMETPOB 1O TeX-
HOJIOTHSM

Fig. 4. Market shares of the uncooled microbolometers
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Puc. 5. UcTopusi u nporao3 pa3BuTHs NPou3BoACTBA (hoTONPHEMHBIX
yerpoiicTB (uctounuk — Yole Development)

Fig. 5. Microbolometres and other approaches — the history and
prognosis (source — Yole Development)

MuueckuM IpumeHeHusM. Iloatomy pazpaboTumku
Mpekjae BCEero 3aHMMaMCh co31aHeM (OTOHHBIX OX-
nmaxmaembix aetekTopoB Ha InSb, CdHgTe, Si, Ge,
KOTOpBIE TTO3BOJISIOT TOJYYUTh BHICOKYIO OOHAPYXKU-
TeJIbHYIO CIIOCOOHOCTbh. JIOCTUTHYThIE B 3TOM 00J1acTH
YCTIeXW TTO3BOJISUTH TTOAIEPKMBATh BOCHHBIN ITAPUTET C
MepeaoBBIMU TOCYIAPCTBAMM C MOMEHTA TOSIBJICHMS
MK Texanku B 30-X rogax mpolIoro Beka 1 10 OKOH-
yaHus cymecrBoBaHus CCCP.

IlepBbie monbITKU co3naHuss MbBb matpuil ObLin
HayaTsl B 1994—1995 rr. B HITO "OpuoH" (MockBa).
B Hauase 2000-x romoB NpearnpusiTUe NPUCTYIUIO K
pa3paboTkaM npubopos ¢opmara 320 X 240 u3 oxkcuaa
BaHAAMS Ha TOIUIOXKKE M3 HUTpUIa KpeMHausa. OmHaKo
pPa3BUBAIOLIUICA PBIHOK TPAXAAHCKMX W OXPaHHBIX
MpUMeHeHui TpedoBas OoJiblioro uncia Mb. Jlo He-
JNaBHUX TIOp oOecreyeHHe OTEYECTBEHHOW TEeXHUKHU

TETJIOBU3MOHHBIMU CUCTeMaMU BBITIOTHSUIOCH B (Dop-
MarTe 3aKynku JubO COBMECTHOIO MPOU3BOACTBA C
WHOCTpaHHbIMU coucnoyiHuTeasMu. HeobxonumMoctb
pa3pabOTKU U CEPUIHOIO MPOU3BOICTBA OTEUYECTBEH-
HBIX HeoxJiaxaaeMblx Mb cTaja ocoOeHHO akTyasb-
HOIl mocJie 3ampeTa UX MOCTaBOK M3-3a pyoexa. Pe-
AT 3Ty 3amadyy B3sutochk mpenmnpusatne AO "OKbBb
ActpoH". OnbiTHele maptuu nepsbix PITY B OKB
"AcTpoH" OBITM BBITTIOJTHEHBI B METAJTNIECKUX KOPITY-
cax. Mx 4yBCTBUTEJbHOCTbh ObLIa HIKE 3apyOeskKHbIX
AHAJIOTOB, a TEXHOJIOTUYECKUIA TIPOIIECC TTPON3BOICTBA
He TMO3BOJIST TOCTaBUTh UX HA CepUitHOE MPOU3BOICT-
Bo. B 2016 r. 66U10 0cBOeHO mpou3Boactso Mb nerex-
TOPOB B KOPITyCcax M3 BaKyyMILJIOTHOI OT€YeCTBEHHOM
kepamuku BK-94. 3a cyeT HOBOII TOMOJOIMY MYJIbTH-
TUIEKCOPOB YAAJIOCh CYIIECTBEHHO YBEJIUYUTh YyBC-
tBUTeabHOCTE DITY (mo 40 MK) 1 Hauarh cepuitHOe
npousBoacTBO Mb, pabGoramolinx B TpaauLIMOHHOM
nuarazoHe 8...14 mxMm. C 2016 1. Bce TeIIOBU3MOHHBIE
npuOOpPHI ISl CUCTEM OE30MaCHOCTU U3TOTOBJISIOTCS
Ha TIPeANPUSITUN Ha OCHOBE MUKPOOOJIOMETPHUECKUX
JIETEKTOPOB COOCTBEHHOI'O IPOM3BOJACTBA ACTPOH-
38425-1 u ActpoH-64025-1 ¢ pa3MepoM YyBCTBUTEIb-
HBIX 3JIeMEHTOB MaTpuilbl 25 MKM. B 2017 r. Hauar BbI-
MyCK YyBCTBUTEIHLHOTO 3JIEMEHTa C pa3MepoM 17 MKM.

Ha pannbii MmoMeHT cneunuaauctam AO "OKDb
"ACTpoH" ygajsoch pa3padoTaTb KOHCTPYKIIMIO MUKCE-
JIT MUKPOOOJIOMETPUUECKOrO JETEKTOpa, MMEIOIIETO
paBHbIe KO3(P(PULIMEHTHI MOIIOIIEHUS B IBYX CIEKT-
pallbHBIX Auara3zoHax — 3...5 MkMm u 8...14 MM, T10-
BBICUTh OBICTPOJEHCTBUE 3a CUET CHIMKEHUS TEIlJIO-
€MKOCTH, YBEJIUUUThH IOTJIOLIEHUE MUKCENST 3a CUeT

Dali; 1,50%
Raytheon; 2,20% - \

r SCD; 1,10%

- Others; 2,50%
BAE; 2,70%

=
q
SEEK; 3,40%

L3Technologies; 1,20% ~~.__ H|

DRS; 4,50%

Puc. 6. [Ipon3BoauTe I HEOXJIAKIAEMBIX MUKPODOJIOMETPOB (MCTOY-
nuk — Yole Development)

Fig. 6. Market shares of the manufacturers of microbolometers (Source —
Yole Development)
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Puc. 7. Tonojorus MUKPO0OJIOMETPHYECKHMX JETEKTOPOB pasHbix npoussoautenei: a — BAE na VO,; b — Ulis na a-Si; ¢ — DRS nHa VO;

d — OKbB Actpon Ha VO,

Fig. 7. Topology of the microbolometric detectors from different producers: a — BAE on VO,, b — Ulis on a-Si, c — DRS on VO,, d — Astrohn on VO,

YMEHBIIECHUS TOJIIWHBI COCTABJISIONINX CIIOEB, ITO-
CTUYb BBICOKOI1 JIJISI HEOXJIAXKIAEMOTO JeTEKTOPA TEM-
rnepaTypHoii yyBcTBUTEIbHOCTH (MeHee 25 MK). T1na-
Hupyercst, uto AO "OKB "Actpon" B 2018 r. BBIITyCTUT
nepBbiii B Poccny MuKpoOoioMeTp, CIIOCOOHBIN pa-
6oTaTh B ABYX criekTpax (3...5 MKM u 8...14 MKM), a 3a-
TeM M TIepBBI B Poccum Momynb 1T IBYX CIIEKTPOB
MK wmzobpaxenns 3...5 MkM u 8...14 MM [28, 29].
PaGoThl 10 CO3MaHUI0 MHMKPOOOJIOMETPHYSCKUX

Pa3mep mynbpTHIUIEKCOpaA . . .. ... ... 384%288

Pazmep mukcenst .. ............... 17 Mmxm

Yactora KapoB . . ... oovie . 50/60 T'ix

NETD mpu F=1,0,300K, 50 Tr . ... <60 MK

M3MeHeHre HanpsiKeHWsl CeTKM Ha MHK-

cenb SiTF .. ... ... .. ... ... ..... 5...20 MB/K
(ycTaHaBIMBAETCS)

TepMoaieKTpoOHHAsT CTAOMIM3ALINS
(TEC)

BosmoxHo 6e3 TEC

OOBeM HEPAOOUMX MUKCENEHR . . . ... .. <0,1%
MaTpull HA OCHOBE OKCUAOB BaHAAWs BEAYTCS TaKXeE B
CpenHsisi TOCTOSTHHASI BpEMEHU OTKIIMKA
N®IT CO PAH, r. HoBocubupcek [30]. Creayer otme- e B 10 Mc, 7 mc
TUTh, YTO TEIUIOBasi IIOCTOsHHAA BPEMCHM IUISL BCEX BpeMst HAKOIUICHUST . . . . . ... ... ... Hacrpaupaertcs
Mb nocTtaToyHO BelMKa U cocTaBisieT okoio 10 mc. AMIUIUTYIa BHIXOQHOTO CHTHANA . . . . . 1,0..3.5B
CpaBHeHMe ITapaMeTpoOB HeoxymaxaaeMbix Mb pas- [IUTaHIe AHATOrOBON YacTH . . . . . . . . 3,6 B
JIMYHBIX MIPOU3BOAUTEICH IIPUBCIACHO B Ta6JIl/I]_lC M Ha Muranue uudpoBOR YacTH . . . . . . . .. 1,8 B
puc. 7. [ToTpebiisieMast MOIITHOCTD 6e3 yyeTa
bonee JE€TaJIbHO TCXHUYCCKUE XapaKTECPUCTUKU OC- TEC . ... . . < 150 MBT
TekTopa AcTpoH-64017-1 npuBeaeHBl HILKE. KOPTIYC . oo MeTamndecKuit
TEXHONOTHUS . . . oo oo oo e Okcun Banagua VO, PaGouas temmeparypa . ............ —40 + 60 °C
CrieKTpalbHbIi AMANA30H . . . . .. ... .. 8...14 MxMm Macca . ........ ... .. ... <25r
CpaBHeHnue napameTpoB HeoxJaxnaembix MbB pa3amunbix npomssoaureliei
Comparison of the parameters of uncooled MB from various manufacturers
\\gzss Szlflléf[’gf i3System Gllja‘;“hei DRS OKB
Opgal . . (IOxHas W Techno- Flir AcTpoH
. . Raytheon kiihler Devices Techno- .
IMapameTpsl Ulis (Sofradir) (®panusi) (M3pa- Kopest) logies Systems | (Poccust)
(CLIA) GmbH (SCD) logy —
Parameters (France) WIb) (South (CILLA) (CHIA) | Astrohn
(USA) (Fepma- | (M3pawinb) GWIC
(Israel) Korea) N (USA) (USA) Co.
HUST) (Israel) (Kwrait) (Russia)
(Germany) (China) !
HasBanue marpuubi| Nano Nano Pico AAQ-27 Golan NIR-600 | Bird XGA | MD-i35 GWIR Us000 Tau 640 | AcTtpoH-
Matrices 384P 384E 1024E 0302X1A 64017-1
Martepuan a-Si a-Si a-Si VO, a-Si VO, VO, VO, VO, VO, VO, | TiOy/VO,
Material
@opmar marpuibl | 384x288 | 384x288 | 1024%768| 20481024 | 640x480 | 320%240 | 1024x768 | 384x288 | 640x512 | 1024%768 | 640x512| 640x460
Matrix format
Jlnama3oH cekTp. 8...14 8...14 8...14 7..13 8...14 8...14 8...14 8...14 8...14 8...14 7.5...13 7..14
YyBCTBUT., MKM
Range of spectral
sensitivity, um
[lar ®YD, Mkm 25 25 17 17 17 35 25 25 20 17 17 17
Step of PSE, um
NETD, mK 60 40 60 <50 <70 <80 44 50 <80 40 <50 40
NETD, mK
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3akioueHune

BonomeTpnl SBISIOTCS TEPCHEKTUBHBIM THUIIOM
JIETEKTOPOB IIJIsI CO3JaHUSI HEOXJIaxKAaeMbIX U OTHO-
CHUTEJIbBHO HEAOPOTMX MaTpull (POKATbHOM IJIOCKOCTH.
Croumocts M®DII Ha ocHOBe GOJIOMETPOB MPHU TPO-
MBIILIJIEHHOM TIPOM3BOICTBE Ha JBa MOpPsIKa MEHBIIIE,
yeM ctonMocTh MaTpull Ha ocHoBe HgCdTe, InSb,
PtSi, npu sroM TunuuHele 3HaueHust NETD mig 60-
Jnomerpudeckux MaTpull cocTaBiistioT 50...100 MK (mis
M®II Ha ocHoBe HgCdTe TMNuuHBI 3HAYEHUS I1O-
psaka 10 mK). B HacTosIee BpeMsI CyIeCTBYIOT IIPO-
MBILIJIEHHBIE TEXHOJOIMM W3TOTOBIECHUSI HEOXJax-
JaeMbIX TIPUEMHUKOB, BKIIIOYAIOIIME IPUMEHEHHE
MaTpull KPEeMHHUEBBIX MUKPOOOJIOMETPOB (UYBCTBU-
TeJIbHBIN 371eMeHT (popmuposaica u3 VO,). Hanpumep,
coszaanbl MaTpulbl MB ot 240 X 336 mo 2040 % 1024 ¢
pasMmepamMu mukcesas 1o 17 MKM Ha MlacTMHE Tpo-
MBILUIEHHOIO cTaHaapTa (AuamMeTpoM 4 AroiiMa) U ¢
MHTETPAJIbHOU MHUKPOCXEMOM CUMTBIBAHMS CUTHAJA,
chopMUpoOBaHHON B KpeMHUEBOH Mmojioxke. Mb Ha
OCHOBe moJukpuctaummyeckoro SiGe obOmamaioTr Ta-
KUMU TIpEUMYIIIeCTBaMU, KaK HeOXJIaXKIaeMbIil peskKM
paboTHl, HU3KAasl CTOMMOCTb, XOpPOIIIee COBMEIICHUE
TEILJIOBOM MOCTOSIHHOM BPEMEHU C KaJIPOBOM YaCTOTOM
TEeIUIOBU3MOHHBIX CUCTeM peasibHoro BpeMeHu (30 I'm).
Ha ocnoBe Mb n3 nmomukpucrammyeckoro SiGe 6enb-
ruiickoir kommnanueit XenlCs (rmpu Hay4yHOIl TMOM-
nepxke IMEC) pa3paboraHbl JMHEHHBIE U Majible
JIByMepHbIe (10 14 %X 14) marpuiibl Mb. OGHapyKUTeIb-
Hasl CIOCOOHOCTh AETEKTOPOB JAaHHOTO TUIA JOCTU-
raer 2,26-10° cm+ T ].lO’S/BT, a IoporoBasl Pa3HOCTb
Temreparyp MoxeT ObITh MeHee 50 MK.
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Bolometer is a promising type of detectors for development of uncooled and inexpensive Focal Plate Array (FPA). A major ad-
vantage of the microbolometers is their ability to operate without cooling at temperatures of about 300 K. The review presents IR
detectors of various types: metal bolometers; thermistors; semiconductor bolometers; composite bolometers; silicon uncooled micro-
bolometers created by means of microelectronic technology; superconducting bolometers; and high-temperature superconducting bo-
lometers. The works are considered for development of infrared detectors of various materials: vanadium oxide, polycrystalline silicon
and polycrystalline SiGe, undoped amorphous semiconductors such as, a-Si, a-Ge and their compounds «-SiC:H, a-YCBO. Back
in 2016 Astrohn Experimental Design Bureau started production of the detectors on the basis of the vanadium oxides working within
the range of §8— 14 um. Works for development of the microbolometer detectors based on vanadium oxides are conducted also in
Rzhanov Institute of Semiconductor Physics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk. The works
for organizing of production in Cyclone Scientific Research Institute (Moscow) are continued. Bolometers are a promising type of
detectors for development of uncooled and inexpensive matrixes of the focal plane. IR microbolometer detectors have been actively
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night vision for the military purposes, protection of borders, maintaining of law and order, and also for the search and rescue op-
erations.

Keywords: microbolometers, IR-cameras, metal bolometers; thermistors; semiconductor bolometers; composite bolometers; the
silicon uncooled microbolometers created by means of microelectronic technology; superconducting bolometers; high-temperature su-
perconducting bolometers

For citation:
Kulchitsky N. A., Naumov A. V., Startsev V. V. Uncooled Infrared Microbolometers — Current State and Development
Trends, Nano- I Microsistemnaya Tekhnika, 2018, vol. 20, no. 10, pp. 613—624.

DOI:10.17587/nmst.20.613-624

Introduction turn, encourage growth of the world market of the ther-

. mal photodetectors.
In recent 50 years the market of IR technologies has

grown considerably, first of all, due to the military ap- General characteristics of the IR range
plications, and only secondly to the commercial appli-
cations. Today, a high demand for the security systems
and observation cameras with extended opportunities in
the military and security sectors continues to ensure the
growth of the market of the thermal cameras. But the
development paradigm has changed — the growth is
ensured by the civilian thermography, security and fire cies from 300 up to 0.3 THz). This rather wide spec-
control systems, personal night vision systems (PVS) | {1y area can be conditionally divided into five inter-
and the local security markets. As analysts expect, the | mediate bands: near band (0.76...1.1 um), short-wave
growing integration of the thermal cameras into the | pand (1.1...2.5 um), medium-wave band (3.0...5.5 pm),
smartphones, alongside with the diminishing prices for | Jong-wave band (8...14 pm) and far band (15...1000 pm).
the thermal cameras will encourage an explosive growth | Sometimes, for convenience reasons the two first bands
of the sector. The growing demand for IR systems, are integrated into one (0.76...2.5 pm). The IR ranges
caused by the military and civilian applications, will, in of 3. 0...5.5 and 8...14 um are the working zones of the

The IR spectrum range is rather interesting and in-
formative, because it is a concentration of the major
share of the own electromagnetic radiation of most
objects of the natural and artificial origin surrounding
the people. The IR range covers the wavelengths from
0.76 up to 1000 pm (which corresponds to the frequen-
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thermal-vision method of a nondestructive control. Of
special interest is a more informative range of 8...14 um,
coinciding completely with the widest window of trans-
parency of the atmosphere and corresponding to the ra-
diating capacity of the observable objects in the range
from —50 up to +500 °C (fig. 1) [1].

The thermal-vision method of control is based on
the fact that all the processes in nature and human ac-
tivity are accompanied by absorption and emission of
warmth, changing the internal energy of a body, which
in the state of the thermodynamic balance is propor-
tional to the temperature of the substance.

Forecasts of the market of the IR cameras

2016—2017 were successful for the market of the IR
systems. Each year 900 000 pieces of uncooled IR cam-
eras were sold with a total cost of $2.7 billion. Exactly
the civilian commercial applications encouraged this
growth including thermography, various observation
systems, firefighting systems and PVS. Thermography
is, undoubtedly, the leading commercial market, both
by costs and volumes. According to analysts’ estimates,
by 2022, 500 000 pieces of IR cameras will be sold an-
nually in this sector. At the same time, the prices for the
cameras continue to fall, several new products appeared
with the prices below 10008, and the total sales con-
tinue to grow.

By 2022 the analysts expect growth of the market of
the uncooled IR cameras up to the level over $4 billion
in financial terms and over 1.7 million pieces in natural
terms. At that, it is expected, that military applications
will grow at a rate of 5.6 % per year, while the com-
mercial ones —at a rate of 8.8 % per year. Already now
the commercial applications exceed the military ones
and by 2022 will become dominating (fig. 2).

Trends in development
of the microbolometer designs

The principle of operation of the thermal photode-
tector (TPD) is based on variation of the electric char-
acteristics of the photodetector material due to the en-
ergy of the absorbed thermal radiation. One of the kinds
of the developed thermal detectors is a microbolometer
(MB). In recent two decades considerable progress has
been achieved in development of the uncooled thermal
detectors of IR range, which by their threshold char-
acteristics approached the photon detector but at lower
costs [1—4]. A bolometer is a resistor made of a mate-
rial with very small heat capacity and high temperature
coefficient of resistance. Therefore, the radiation ab-
sorbed by it changes radically its resistance (fig. 3).
Since operation of a bolometer is based on variation of
its resistance, it is similar to a photoresistor, but the ba-
sic mechanism of the detection is different. In a bo-
lometer the falling radiation heats up a material, which

leads to a resistance change. In this case there is no di-
rect interaction of the photons with the electrons of the
material. In practice two types of the detector structures
are used: in the form of a microbridge and made by the
thin-film technology (fig. 3) [1].

The design of the first bolometer developed in 1880
by Langley, American astronomer, for sun observation,
employed an absorbing element from black platinum
and a simple bridge of Winston as the measuring unit.
Although since that time, other kinds of thermal receiv-
ers also appeared, the bolometers are still some of the
most wide-spread thermal receivers.

Early in 1990s a considerable success in develop-
ment of the infrared imagers for commercial applica-
tions resulted in replacement of the cooled mechanical
scanning systems with inexpensive cameras of a direct
observation on the basis of uncooled focal plane matri-
ces (FPM). Thermal receivers are of interest for devel-
opment of the two-dimensional matrices with an elec-
tronic read-out, which have a narrow strip of frequen-
cies and ensure for the thermal receivers accumulation
of a signal during the time of a frame scanning. For a
good thermal isulation of MB the residual pressure
should not exceed 75 mTorr.

Use of the semi-conductor materials ensuring bigger
resistance of the detector, for manufacturing of the sen-
sitive elements (for example, VO,), allows us to expect
a reduction of the displacement power and a good elec-
tric coordination with the amplifier input. Basically, the
bolometers do not demand temperature stabilization.
A regular amplifier with a bipolar input was manufac-
tured with application of the bipolar CMOS technolo-
gy. In order to reach the restrictions of the strip of fre-
quencies at the level of the width of the image elements
and to avoid a displacement, if after multiplexing a fil-
tration is carried out, it is necessary to ensure bigger ca-
pacity. But this seems very doubtful, if CMOS technol-
ogies are used. The basic noise is Johnson's noise in the
sensitive resistor (usually of 10...20 kQ) with a small ad-
ditional contribution of 1/f noise and the noise of the
reading transistor.

Analysis of the ways for development
of the bolometric detectors

Bolometers are a promising type of the detectors for
development of uncooled and relatively inexpensive
matrices of a focal plane. The cost of the commercially
produced matrices of the focal plane based on bolom-
eters is by two orders less than the cost of the matrixes
on the basis of HgCdTe, InSb, PtSi, at that, the typical
values of NETD (temperature sensitivity, equal to the
minimal equivalent to the noise temperature differ-
ence — Noise Equivalent Temperature Difference) for
the bolometric matrices is 50...100 mK (for FPA on the
basis of HgCdTe more typical are the values of about
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10 mK). A major advantage of the bolometric IR de-
tectors is that they can work without cooling (nearby
300 K), while most photon detectors operate at the cry-
ogenic temperatures (not less than 77 K). The bolom-
eters (just like the other thermal detectors) are not se-
lective detectors and can operate in the spectral ranges
of 3...5 and 8...12 um, while the photon detectors op-
erate only in a certain spectral range (for example, de-
tectors on the basis of PtSi Schottky barrier have the
boundary wavelength of 5.5 um). Thanks to the above
advantages the infra-red bolometric detectors have
been actively developed in recent years and they are es-
pecially promising for application in the following ar-
eas: detection of fires, exploration activity, night vision;
military purposes; protection of borders, of the law and
order; and search and rescue services. By the present
time IR bolometric detectors of various types have been
developed: metal; thermistors; semi-conductor; com-
posite; silicon uncooled microbolometers created by
means of microelectronic technology (MEMS); super-
conducting; and high-temperature superconducting
ones. On the basis of YBaCuO high-temperature su-
perconductor an MB linear matrix of 64 elements was
made, but such detectors are promising for the radia-
tion detection at the wavelength over 20 um, and the
detector temperature of 77...100 K. Owing to obvious
advantages of a monolithic combination on one crystal
of a photosensitive matrix and a circuit for signal
processing, and also possibility of use of an advanced
silicon technology, the developers devote their special
attention to the bolometric detectors, the technology of
which is compatible with the silicon microelectronic
technology. The prospects for development of the mon-
olithic silicon bolometers look promising. Thus, in ear-
ly 1980s, Honeywell Sensor and System Development
Center began works for application of the silicon mi-
crotechnologies for production of IR sensors. The aim
of the works, continued within the framework of the
program supported by DARPA and US Army Night Vi-
sion and Electronic Sensor Directorate, was develop-
ment of inexpensive night-vision systems suitable for
military purposes and having NETD ~0.1 °C, when f/1
optical system is used.

These parameters were reached both in the silicon
bolometric matrices and in the pyroelectric matrices
from Texas Instruments Co. In the USA Honeywell
Corp. developed a very successful technology for man-
ufacturing of the uncooled receivers including applica-
tion of matrices of silicon MB (the sensitive element
was formed from VO,). Considerable activity concern-
ing development of FPA on the basis of MB is observed
in Europe and Asia. For example, 240 % 336 matrix was
created from a 50-pym MB on a plate of a commercial
standard (4-inch diameter) and it was complemented
by an integrated circuit for a signal reading in a silicon
substrate. Honeywell Co. sold a license for the technol-
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ogy for development and production of uncooled FPM
systems for commercial and military applications to
several companies. Compact thermobolometric camer-
as of 320 %240 elements are produced by Amber Engi-
neering, Nippon Avionics and other companies.

A revolution in manufacture of the thermal detec-
tors began with discovery and creation of the integrat-
ed circuits compatible with the technology of mi-
cromachining. The micromachining makes it possible
to reduce the heat conductivity of the material, serving
as a support for the device, and this ensures a high
thermal insulation of the microstructures. Pioneer re-
search works in this area were undertaken by Honey-
well, which used vanadium oxide as the sensitive ma-
terial [S—7]. InfraRouge Laboratory (LIR), Laboratory
d"Electronique et des Technologies de 1’ Information
(LETI) [8], and also Raytheon Company used alloyed
amorphous Si:H [9] for creation of the infra-red detec-
tors. NEC Company also used metals for this purpose.
Many works were devoted to the use of the polycrys-
talline materials for creation of the infrared detectors:
polycrystalline silicon and polycrystalline SiGe [10,11].
Considerable efforts are aimed at development of the
bolometers on the basis of the unalloyed amorphous
semiconductors, such as a-Si, a-Ge [12, 13] and their
compounds a-SiC:H, a-YCBO. These materials are at-
tractive because of their high temperature coefficient of
resistance (TCR), which is a major characteristic of the
bolometers. For development of a complete technolog-
ical cycle for manufacturing of the bolometric matrices,
an effective utilization of the features of a sensitive ma-
terial for the infra-red imagers is necessary. Attention of
the developers is concentrated in the field of the tech-
nological problems of compatibility of the process of
manufacturing of the bolometric matrices with CMOS
technology, and also in the field of optimization of the
resistance of the material, TCR, thermal conductivity
and other characteristics of a device. A number of works
consider opportunities for creation of bolometers of
amorphous compound of Ge,Si; _ xOy [14, 15], and
also potential wells on the basis of #-Si in a substrate
from p-Si [16].

Vanadium oxide and doped «-Si:H are most widely
used for creation of the thermal imagers, although de-
velopment of the devices on the basis of the given ma-
terials is connected with certain problems [17—26]. Va-
nadium oxide VO, has high values of the temperature
coefficient of resistance (TCR = 2...3 %), on the basis
of this material matrices were created with formats from
240% 336 up to 2040 x 1024 and the pixel sizes of 17 um
[1]. However, vanadium oxide is a non-standard ma-
terial for CMOS technology, because manufacturing of
thin films of the vanadium oxide is a difficult for control
process in view of the narrow range of the technological
parameters, which ensure the stability and an optimal-
ity of the characteristics of the oxide. Besides, presence




of the hysteresis leads to problems during construction
of the thermal images of hot objects, and the heat con-
ductivity of such films is about an order higher, than the
values of this parameter for the semiconductors (usually
0.05 W/(cmK)). Metals (Pt, Ni) are compatible with
CMOS technology, but have low values of TCR, and
the bolometers on the basis of the superconducting
films demand considerable cooling, which raises the
cost of the devices considerably. The bolometers on the
basis of a-Si:H have high resistance, but this material
is unstable during the thermal processings and under
action of the ultra-violet irradiation. The given mate-
rial has two phases: a stable one and a metastable one,
divided by the potential barriers, which prevents for-
mation of an equilibrium state. The bolometers on the
basis of the silicon carbide SiC have high values of
TCR (4...6 %), but stabilization of the properties of
the material requires annealing at temperatures of
about 1000 °C, which is incompatible with the CMOS
technology [17—26].

According to conclusions of Yole analytical agency,
the trend for growth of application of microbolometers
will continue for a long time (fig. 4—6).

Development of IR technologies
in the USSR and Russia

USSR attached great importance to development of
IR technologies. Owing to obvious reasons, the primary
attention was given to the military and space applica-
tions. Therefore, the developers, first of all, were en-
gaged in development of the photon cooled detectors
on InSb, CdHgTe, Si, and Ge, which allowed them to
receive high detecting ability. The success reached in
this area allowed the USSR to maintain military parity
with the advanced states from the moment of appear-
ance of IR technologies in 1930s up to termination of
the existence of the USSR.

The first attempts to create MB matrices were made
in 1994—1995 in NPO Orion (Moscow). Early in 2000s
the enterprise started development of the devices of
320 %240 format from vanadium oxide on a substrate
from the silicon nitride. However, the developing mar-
ket of the commercial and security applications de-
manded a greater number of MB. Before the recent
time, the supply of the domestic technologies with the
thermal-image systems was carried out in a purchase
format, or in co-production with the foreign partners.
The necessity for development and batch production of
the domestic uncooled MB became especially acute,
when their deliveries from abroad were banned. OKB
Astrohn undertook to solve this problem. The pilot
batches of the first TPD from Astrohn were made in
metal cases. Their sensitivity was below the one of the
foreign analogues, while the technological production

process did not allow them to start their batch produc-
tion. In 2016 the enterprise mastered production of MB
detectors in cases from VK-94 vacuum-tight domestic
ceramics. Due to the new topology of the multiplexers
it became possible to increase the sensitivity of TPD (up
to 40 mK) and to start a batch production of MB work-
ing in the traditional range of 8—14 um. Since 2016 the
enterprise produced all the thermal-vision devices for
the security systems on the basis of Astrohn-38425-1
and Astrohn-64025-1 microbolometric detectors of its
own design with the size of the matrix sensitive ele-
ments of 25 um. In 2017 it began production of a highly
sensitive element with the size of 17 um.

Specialists from Astrohn managed to design a pixel
for the microbolometric detector with the equal adsorp-
tion coefficients in two spectral bands — 3...5 um and
8...14 um, to increase the speed due to reduction of
the thermal capacity, to increase the pixel adsorption
due to thinner comprising layers, and to achieve a
high, for an uncooled detector, temperature sensitivity
of <25 mK. In 2018 Astrohn is expected to produce
the first in Russia microbolometer capable to operate
in two spectra (3...5 um and 8...14 um), and then the
first in Russia modulus for two spectra of IR image of
3...5 um and 8...14 pm [28, 29].

R&D works on microbolometric matrices based on
vanadium oxides are conducted also in IFP of the Si-
berian Branch of the Russian Academy of Sciences, in
Novosibirsk [30]. It is necessary to point out, that the
thermal constant of time for all MB is great enough and
equals to about 10 ms.

Comparison of the parameters of the uncooled MB
from various manufacturers is presented in the table
and fig. 7.

More details concerning the technical characteris-
tics of Astrohn-64017-1 detector are presented below.

Technology ................... Vanadium oxide VO,
Spectral range .. ............... 8...14 ym
Multiplexer size . ............... 384 %288

Pixelsize .. ................... 17 pm

Frame frequency ............... 50/60 Hz

NETD at F=1.0, 300 K, 50 Hz . ... <60 mK

Net voltage variation on a pixel SiTF . 5...20 mV/K, can be set

Thermoionic stabilization (TIS) .. ... Possible without TIS

Volume of non-working pixels . . . ... <0.1 %
Average constant response time of a

pixel ....... ... .. .. .. .. ... 10 ms, 7 ms
Accumulation time . ............. Adjustable
Amplitude of the output signal . . . . .. 1.0.35V
Power supply of the analogue part ... 3.6V
Power supply of the digital part .. ... 1.8V
Power consumption without TIS .... < 150 mW
Case . ... Metal
Working temperatures . ........... —40 + 60 °C
Mass . ... <25¢g
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Conclusion

The bolometers are a promising type of detectors for
development of uncooled and relatively inexpensive
matrices of a focal plane. Cost of FPA on the basis of
the bolometers in case of a commercial production is by
two orders less, than the cost of the matrices on the ba-
sis of HgCdTe, InSb, PtSi, at that, the typical values of
NETD for the bolometric matrices equal to 50...100 mK
(for FPA on the basis of HgCdTe the typical values are
about 10 mK). Now commercial technologies are avail-
able for production of the uncooled receivers including
application of matrices of silicon microbolometers
(the sensitive element was formed from VO,). For ex-
ample, MB matrices from 240x 336 up to 2040 x 1024
have been developed with a pixel size up to 17 um on
a plate of industrial standard (4-inch diameter) and
integral read-out circuit formed in a silicon substrate.
MB on the basis of the polycrystalline SiGe possess
such advantages, as uncooled operating mode, low
cost, good combination of a thermal constant of time
with the frame frequency of the thermal vision systems
of real time (30 Hz). Belgian company XenlICs (with
a scientific support of IMEC) has developed linear
and small two-dimensional (up to 14 x 14) MB matri-
ces on the basis of MB from the polycrystalline SiGe.
The detection ability of this kind of detectors reaches
2.26%10° cm x HZO'S/W, while the threshold tempera-
ture difference can be less than 50 mK.

References

1. Rogalski A. Infrared Detectors. 2-nd ed., London—New
York, CRC-Press Taylor Francis Group, 2011, 876 p.

2. Bolometers/ Ed. A. G.Unil Perera, In Tech, Rijeka
Croatia. 2012, 196 p.

3. Putley E. H. Thermal detectors, in Optical and Infrared De-
tectors / Ed. R. J. Keyes, Berlin, Springer, 1977, pp. 71—100.

4. Richards P. L. Bolometers for infrared and milimiter
waves, J. Appl. Phys., 1994, vol. 76, pp. 1—24.

5. Wood R. A. Uncooled thermal imaging with monolithic
silicon focal planes, Proc. SPIE, 1993, vol. 2020, pp. 322—329.

6. Wood R. A., Han C. J., Kruse P. W. Integrated uncooled
IR detector imaging arrays, Proc. IEEE Solid State Sensor and Ac-
tuator Workshop, Hilton Head Island: S. C., June, 1992,
pp. 132—135.

7. Unewisse M. H., Craig B. 1., Watson R. J., Reinhold O.,
Liddiard K. C. The growth and properties of semiconductor bo-
lometers for infrared detection, Proc. SPIE, 1995, vol. 2554,
pp. 130—142.

8. Tissot J. L., Rothan F., Vedel C., Vilain M., Yon J. J.
LETI/LIR's uncooled microbolometer development, Proc. SPIE,
1998, vol. 3436, pp. 605—610.

9. Schimert T., Ratcliff D., Brady J., Ropson S., et al. IR
bolometers based on amorphous Si:H, Proc. SPIE, 1999, vol. 3713,
pp. 267—278.

10. Sedky S., Fiorini P., Caymax M., Verbist A., Baert C. IR
bolometers made of polycrystalline silicon germanium, Sensor
and Actuators, 1998, no. A66, pp. 193—199.

624 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 10, 2018

11. Liang D., Yue R.-F., Liu L.-T. Characterization of un-
cooled poly SiGe microbolometer for infrared detection, Chin.
Phys. Lett., 2003, vol. 20, no. 5, pp. 770—773.

12. Torres A., Kosarev A., Garsia Cruz M., Ambrosio O. Un-
cooled micro-bolometer based on amorphous germanium film,
Journal of Non-Crystalline Solids, 2003, vol. 329, pp. 179—183.

13. Enukova T. A., Ivanova N. L., Kulikov Yu. V., Malya-
rov V. G., Khrebtov I. A. Amorphous silicon and germanium
films for uncooled microbolometers, Technical Physics Letters,
1997, vol. 23 (7), pp. 504—506.

14. Iborra E., Clement M., Herero L.-L., Sangrador J. IR
uncoled bolometers based on amorphous Ge,Si; — ,O,, on silicon
micromachined structures, Journal of microelectromechanical sys-
tems, 2002, vol. 11, no. 4, pp. 322—329.

15. Ahmed A. H. Z., Tait R. N. Characterization of amor-
phous Ge,Si; _ O, for micromachined uncooled bolometers ap-
plication, Journafv of Apllied Physics, 2003, vol. 94, no. 8§,
pp. 5326—5332.

16. Tezcan D. S., Kocer F., Akin T. An uncooled microbo-
lometer infrared detector in any standard CMOS technology, The
10" Int. Conf. On Solid-State Sensor & Actuators (TRANSDUC-
ER-99), June 7—10, 1999, Sebdai, Japan, 1999, pp. 610—613.

17. Liddiard K. C. Thin film monolithic arrays for uncooled
thermal imaging, Proc. SPIE, 1993,Vol. 1969, pp. 206—216.

18. Jerominek H., Picard F., Vincent D. Vanadium oxide
films for optical switching and detection, Opt. Eng., 1993, vol. 32,
pp. 2092—2099.

19. Wood R. A. High-performance infrared thermal imaging
with monolithic silicon focal planes operating at room tempera-
ture, Proceedings of the National IRIS, 1987.

20. Smith E. M., Ginn J. C., Warren A. P., Long C. J., at al.
Linear Bolometer array using a high TCR VOx-Au film, Proc.
SPIE, 2014, Vol. 9070, pp. 90701Z.

21. Li C., Han C. J., Skidmore G. Overview of DRS uncooled
VO, infrared detector development, Optical Engineering, 2011,
vol. 50. no. 6. pp. 0610117.

22. Fraenkel A., Mizrahi U., Bikov L. at al. The Architecture
and Performance of SCD's 17um Pitch VO, u-Bolometer De-
tector, Proc. of SPIE, 2016, vol. 7298, pp. 72980R.

23. Hunter S. R., Amantea R. A., Goodman L. A., at al. High
Sensitivity Uncooled Microcantilever Infrared Imaging Arrays,
Proc. SPIE, 2003. vol. 5074, pp. 469—480.

24. Niklaus F., Vieider C., Jakobsen H. MEMS-Based Un-
cooled Infrared Bolometer Arrays-A Review, Proc. SPIE, 2007,
vol. 6836, pp. 68360D.

25. Tissot J.-L., Tunnes S., Durand A. et al. High-perform-
ance uncooled amorphous silicon video graphics array and ex-
tended graphics array infrared focal plane arrays with 17 micron
pixel pitch, Optical Eng., 2011, vol. 50, no. 6, pp. 061006-1.

26. Mizrahi U., Argaman N., Elkind S., at al. Large format
17um high-end VO, p-Bolometer infrared detector, Proc. of
SPIE, 2015, vol. 8704, pp. 87041.

27. Vojcekhovskij A. V., Kul'chickij N. A., Mel'nikov A. A.,
Nesmelov S. N. Neohlazhdaemye mikrobolometry na osnove po-
likristallicheskogo SiGe dlya infrakrasnogo diapazonayu, Nano i
mikrosistemnaya tekhnika, 2011, no. 2, pp. 41—47 (in Russian).

28. Starcev V. V. OKB "Astron" predstavlyaet pervye oteche-
stvennye teplovizionnye matrichnye detektory, Nacionalnaya
oborona, 2017, no. 8, pp. 60 (in Russian).

29. Kul'chickij N. A., Naumov A. V., Starcev V. V. Sovre-
mennoe sostoyanie i tendencii rynka neohlazhdaemyh mikrobo-
lometrov, Tekhnologiya zashchity, 2018, no. 2, pp. 55—57
(in Russian).

30. Dem'yanenko M. A., Esaev D. G., Ovsyuk V. N., i dr.
Matrichnye mikrobolometricheskie priemniki dlya infrakrasnogo
i teregercovogo diapazonov, Opticheskij zhurnal, 2009, vol. 76.
no. 12, pp. 5S—11 (in Russian).




VK 681.584.77; 621.318.51

DOI: 10:17587/nmst.20.625-632

E. H. IlareimeB, KaHna. ¢u3.-mar. Hayk, 3aB. 1a0. HMCT, 4. Bb. DHHc, acnupaHT, e-mail: ennsjb@gmail.com;
10. JI. AkyabiuH, Bea. uHxeHep, A. B. OauHioB, uHxXeHep,

CIIoITY Ilerpa Bemmkoro, r. Cankr-IleTepOypr

TOHKOMAEHOYHbBbIN SAEKTPOMEXAHUYECKM ONTUYECKUI 3ATBOP
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IIpedcmasnensi koHcmpyKyUs, Memoobl pacuema u MexHoA02Us U320MOBAeHUS INEKMPOMEXAHUHECK020 ONMUYECK020 3ame0-
pa. Jlns nepekpvimusi onmu4ecKoeo mpaKkma npumeHer eubkull naenounsili mukpokanmunesep. Popma npoghuns kanmunesepa on-
pedensiemcs OCMAMOYHbIMU GHYMPEHHUMU HANPANICEHUAMU MHOLOCAOUHOU NAeHOYHOU cmpyKkmypul. B xode uccaedosanus xouc-
mpyKyuu 0biau onpedeneHsvl Napamempsbl HANPANCEHHIX CPYKMYPHBIX C10€8, COOCMBEHHble Yacmomyl U Napamempsl 3aMyXaHusl
Koae0anuil naeHo4Hoe0 Kanmunegepa, a maxice eauaHue memnepamypul Ha gopmy uszeuba. Conocmaenenue KCnepuUMenmanbHbIx
U meopemuHecKux pe3yabmamos Uuccaedo8anus nokasaru ux docmamouroe coomeemcmeue. llpednoscena cxema ynpaenenus,
NPU3BAHHAS KOMNEHCUPO8Amb UHOYUUPOBAHHYIO NOAAPUIAUUIO OUINEKMPUKA, YMO Nno3goasem u3bexcams s¢pgekma 3a1unanus

Karnmuaeeepa.

Karouesnte caoea: onmuueckuii 3ameop, onmuieckoe peie, moHKue NAeHKU, GHYymMpeHHee HanpsjiceHue, 6HeNA0CKOCMHOU Npu-
600, aneKkmpocmamu4eckuil npueood, ouHamu4eckue xapakmepucmurku, MOMC

BBenenune

B coBpeMEHHBIX BOJIOKOHHO-ONTUYECKUX CETIX
LIMPOKOE PacCHpOCTpaHEHMUE MOJYYMIM MUKPOOIITO-
ayiekTpoMexaHuueckre cucteMbl (MODMC) B kauecT-
BE ONTUYECKUX pejie U nepekiouateneit. [IpumeHeHue
MOBMC obecnieynBaeT MOBBIIIEHUE HAOEXKHOCTH U
IIOMEXOYCTOMYMBOCTH, MaJjlioe DHEpProIoTpedseHue,
CYLIECTBEHHBIM BBIUTPHILI MO MaccorabapuTHBLIM Ta-
pameTpaM. ONTUYECKUI KITIOU BCTpAaUBaeTCsl B CUCTe-
MY OIITUYECKMX BOJJTHOBOJOB U KOMMYTUPYET OIITUYEC-
KO€ U3JIydeHHEe C MOMOILbI0 MUKpO3epKaa, yrpaBisi-
€MOr0 MMKpPOMEXaHMYEeCKUM aKTroatopoM. IlapameTpsl
ONTUYECKOIO TpaKTa OIpPEAe/IsIIoT TpeOOBaHUS K pa3-
MepaM MUKpO3epKajla U 3HAaUYSHUIO €ro NepeMelleHusI.
IMoaBUXHYIO CTPYKTYPY, Kak MpaBUJIO, BBHIMOJIHSIOT C
KCIIOJIb30BaHUEM OOBEeMHBIX TexHojoruii. Ilepexiio-
YyaTeJIM ¢ EMKOCTHBIMUY MPUBOAAMU, BBIIIOJIHEHHbIE 110
3TUM TEXHOJIOTHSIM, UMEIOT CJIOXHYI MEXaHUYECKYIO
CTPYKTYpPY, IPU HX IPOU3BOACTBE NPEIbSIBISIOTCS
MOBBIIIEHHbIE TPEOOBAHUS K UCIIOJIb3yeMOMY 000pY-
nmoBaHmio. IIpeobnagaroiiee OOJBIIMHCTBO MOTOOHBIX
YCTPOIMCTB 00eCIieyrBaeT nepeMellleHue BHYTpU 00b-
eMa napajjiejlbHO OCHOBaHUIO. BO3MOXHBIN nuameTp
KOMMYTHPYEMOTO ONTUYECKOIO IyYKa OTpaHUYMBACT-
Cs TOJIIUMHOW MCXOMHOM KPEMHMEBOM ILIACTUHBI, B
psiie KOHCTPYKIIMM 3TO MPUBOAUT K MCITOJb30BAaHUIO
MUKPOJIMH30BbIX KOJUIMMUPYIOIIUX YCTPOHCTB [1].

B T0 Xe BpeMs MUKpOMeXaHUYECKHE ONTUIECKHE
KJIIOYM MOTYT OBITh M3rOTOBJICHHI IO IIOBEPXHOCTHOM
TEXHOJIOTUM C MCIIOJb30BaHWEM 0a30BbIX OIllepaluii
MUKPO3JIEKTPOHUKU. BHemmockocTHbie (out-of-plane)

TOHKOIUICHOYHBIE aKTIOATOPhl MOJYyYMJIM HauOOsb-
mee pacrpoctpaneHue B odactu BU u CBY cucrem
B BUJE "3UMIMHI -KOHAcHcAaTOpoB [2]. PaspaGorka
MOJOOHBIX YCTPOWCTB B KayeCTBE ONTUYECKUX Iepe-
KJIoyaTesieil Tpedyer ocoboro noaxona B CBSI3U C He-
00XOAUMOCTbIO 00eCTIeYnTh 3HAUYUTEJIbHbIE BHEIJIOC-
KOCTHBIE TIepeMelIeHs] KOMMYTHPYIOIIETO 3JIeMeHTa.
Tak, onTuyeckuit MUKpOMEXaHUYECKUI 3aTBOpP AOJ-
JKEH obecrieunBaTh MepeKphiTHe ONTUYECKOro KaHasa
IuaMmeTpoM 6onee 1—2 mM. JIlmaMeTp mydyka oOyCJIOB-
JIEH pa3MepOM BBIXOTHOTO CEUYECHUs JIMH3 KOJUTMMATO-
pa, MPU3BAaHHOTO MUHMWMU3UPOBATh MOTEPHU CUTHAA.
B HacTosiuieit pabote ONMUChIBAETCS MPOEKTUPOBAHUE
W U3rOTOBJIEHUE BHEIJIOCKOCTHOIO aKTUBHOTO 3JIEKT-
POMEXaHMYECKOIo 3jJieMeHTa onTtuiyeckoro MOMC-
3aTBOpA ONTUYECKOro KaHajna auameTpom 1,2 mm. Lle-
JieBoe TMepeMelleHe MPUBOAa U MIOLIAAb MePeKPbl-
THST OTIPEACIISIOTCS TMAaMETPOM CEUEHUs ONTUYECKO-
ro mydJka.

1. Pa3paboTKa M NpOEKTHPOBAHHE ONTHYECKOTO
M3BDMC-3aTBopa

Hcrronb3oBanre TOHKUX MHOTOCTOMHBIX METAJIIN -
YeCKUX TUICHOK ITO3BOJISIET CO3IaBaTh CTPYKTYPBI CO
3HAYUTEIBLHBIM CMEIICHUEM B BEPTUKAJILHON TILIOC-
kocTh. ®opMUPOBaHME ITOAOOHBIX CTPYKTYP ITPOUCXO-
IUT TION JeMCTBUEM BHYTPEHHUX HANPSKCHUI CI0EB
TUIEHOK G;, BOBHUKAIOLIMX B IPOLIECCE UX HATIbUICHUS.
OO61iee 3HaAYeHUWE BHYTPEHHUX HAIPSDKEHW MHOTO-
CJIOIHOTO KaHTUJIEBEPA G, ONIPENEIIAETC 3HAYEHUAMU
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Puc. 2. [Tonepeunoe ceyeHne KaHTeIMBEPA
Fig. 2.Cross-section section of the cantilever

BHYTPEHHHUX MEXaHUYCCKHNX HaHpH}KCHI/IfI CJIOEB U UX
TOJILLMHOIA 7; [3]:

o.=i=L (1)

IMoce ymaneHusI KepTBEHHOIO CJIOSI IIPOUCXOIUT
BBICBOOOXKIEHME KOHCOJIbHOI MHOTOCJIOMHOMN OajKu —
KaHTWIEBEpa OT CyOCcTpara 1o Beeld INIOCKOCTH, KpoMe
MecTa NMpUKperieHusT B 3aaenke. [IpononbHbIe BHYT-
pEeHHME HAIpsKEHUSI MPUBOMAT K BO3HUKHOBEHUIO
U3rUOaroILEro MOMeHTa Mj, IPONOPLIMOHATIBHOTO CyM-
MapHOMY 3HAYEHUIO BHYTPEHHMX HAIpPSDKEHUN, U
GOpPMUPOBAHUIO CTPYKTYPhI C KpUBU3HOHN K:

(2)

OTKJIOHEHME KaHTWJIeBepa OIpelessieTcsl Kak
BHYTPEHHUMM HAIPSKEHUSIMA M XKECTKOCTBIO CTPYK-
TypHbIX cioeB Cr u Cu (MmonyneMm lOnra £, Tak n
reoMeTpHueil MOABIDKHOTO 3JieMeHTa (3HAYeHUEeM MO-
MEHTOB MHEPLUMU [; COOTBETCTBYIOLIMX CTPYKTYPHBIX
cioeB). IlomoOHast cTpyKTypa OOJKHA OOecIreuynBaTh
MpepbIBaHUE ONTUYECKOro MyykKa TpedyeMoit mjiouia-
I CEYCHUS.

OnTuyeckuit MUKpOMEXaHUYECKU 3aTBOp Mpe.-
CTaBJIsSIET COOOH DJEKTPOMEXaHUUYECKYIO CUCTEMY C
FMOKMM TUIEHOUYHBIM KaHTWieBepoM (puc. 1, cM. BTO-
DPYIO CTOPOHY O0JIOXKKH). 3aTBOP BXOAMT B COCTaB OIl-
TUYECKOI CHCTEMBI Tlepenayl CUTHaIA U 00ecTieunBa-
€T MpOoMNyCKaHWe WK OJOKUPOBKY CBETOBOIO IyyKa.

KoHcTpyk1Mst onTryeckoro 3aTBopa IMpeacTaBisieT
CO0O0li KOHCOJIbHBI/A TOHKOIUIEHOYHBbI KaHTUJIEBEp,
3aKperJIeHHbId Ha KpeMHUEeBO# Mojuioxke. KaHTu-
JIeBep SIBJISIETCS MOABUXHBIM 3JIEKTPOJOM, 4 KDEMHU -
eBasl MOJJIOXKKA — OMOPHBIM 3JIEKTPOJAOM MPUBOIHO-
ro KOHJeHcaTtopa. DJeKTpoabl KOHAeHcCaTOpa M30JM-
POBaHbI IUAIEKTPUYECKUM clioeM SiO,.
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CrpyKTypa KaHTWJIeBepa — MHOTOCJIOHAsI KOMOM-
Hauus CTpyKTypHbIX cjioeB Cr u Cu pa3HO TOJUIMHBI
(puc. 2). ®opma poduiisa KaHTUIIEBepa OIpeaesaeTCs
BEPXHUM CJIOEM XpoMa, 00JIaJlalolIM BbICOKOM KecT-
KOCTbIO U 3HAYUTEJbHBIMU BHYTPEHHUMM HaIpsiKe-
HussMU. HuskHMii ciaoii Xpoma SBisSeTCs pa3rpy304-
HBIM (KOMITeHCUpYIOIIUM). [ToAroOHKOI TOJIIIMH CI0eB
MOXHO JOOUThCS ONTUMAJIbHOTO IIOJIOXEHUSI Hell-
TPaJILHOM TJIOCKOCTH KaHTUIIEBEPA V.

n
.g‘lEi’i(yieri— 1)
Vp= = : 3

IMpu stoM nedopmauusa (sfrain) KaHTUJIEBEPA g,
obyciosieHa aedopMauyeil CTPYKTYPHBIX CIOEB g;
3a CYEeT BHYTPEHHUX HAIPSDKEHUN U OIpenelsieTcs
Kaxk [3]

n
.;lEi’iniSi
g€p = l—;;l““""—— 5 4)

I7Ie BBEJIEH JOMOIHUTENLHBIA Koabduument n; = 1 + v
JJI1 ciiydasi OOJbLIMX 3HAYeHU Aedopmaliuu, 3aBU-
cuMbIil 0T KoadunueHta IlyaccoHa v COOTBETCTBY-
Iolllero Marepuana.

HedopManisg MPUBOAUT K U3rMOy ILIEHOYHOIO
kaHTuieBepa. KpuBusHa K 1 HamnpaBjieHue (ee 3HaK)
3aBUCAT OT CMELLEHUSI HEUTPaTbHOM IMIOCKOCTU. 3Ha-
yeHHe KPMBM3HbI KaHTUJIeBEpa MOXHO OMNpeAeuTh
ucxonas u3 Belpaxkenuii (1)—(4) [3]:

K:

n
_ i=1 (5)

n 2 y)
2 '21 Etly; +yyi 1t Vi1 =3yt yi 1= )]
i

IIpu npunoxeHUM pa3HOCTU MOTEHIMAIOB MEXIY
BJIEKTPOJaMM 3aTBopa (POpMUpYeTCsl 3JIEKTPOCTaTH-
yecKasi Harpy3ka, IIpOTMBOIIOJIOXKHAsI 110 3HAKY M3Ha-
YaJIbHOMY M3THOAIONIEeMy MOMEHTY. YBeJIMUYeHUE Ha-
IPY3KHd MPUBOAUT K pacHpsIMICHUIO KaHTWIeBepa U
¢uKkcalumy ero Ha cioe AudJieKTpuKa. Jjasg KoMmIeH-
callM¥ MHAYLIWPOBAHHON IOJISIpU3allMK AUAJIEKTpUKA
pa3paboTaHa cxema yIIpaBJeHUS, ITO3BOJISIOLIAST MU-
HUMM3UPOBATH €e.

MuxpomMexaHNYeCKUI ONTUYECKUI 3aTBOP BBIIIOJ-
HEH Ha KPEeMHUEBOM IIOJIOXKE METOJaMH ITOBEpX-
HOCTHOM TeXHOJOoruu. TOHKOIUIEHOYHAs CTPYKTypa
KaHTUJIeBepa BBIMTOJHEHA MAarHeTPOHHBIM Hamblie-
HueM cioeB Cr/Cu/Cr Ha aJFOMAHUEBBIA XepTBEH-
HbIl cioil. TOHKOIJIEHOYHBIA KaHTUJIEBEP OTHEJICH




OT KPEMHHUEBOW MOMJIOXKH ITUIIEKTPUIECKUM CIIOEM
tepmuueckoro SiO,. Tommuner SiO, U XepTBEHHOTO
AJTIOMMHUST OTPEJENSIIOT MEX3JIEKTPOIHbIA 3a30p U
paBHbl ~0,8 Mkm. TojiuHa MHOTOCIOWHONW TOHKO-
IJICHOYHOM CTPYKTYPBI COCTABIISIET ~ 1,6 MKM, [¢ TOJI-
IIMHA CJIOS MEOW M BEPXHETO CJIOS XpoMa paBHBI 1 U
0,5 MKM cooTBeTCTBeHHO. g ycuneHus Hauboliee
MEXaHUYeCKM Harpy>XeHHOro yyacTka MNpuBOAa Ha
MECTO 3aJeJIKU KaHTUJeBepa rajbBaHUUYECKU HaHe-
CeH CJION Meou B TpeIBapUTEIbHO BCKPHITOM OKHE
XpoMma.

Bo3HuKHOBEeHNME BHYTPEHHUX HaIpsiKeHUI olyc-
JIOBJIMBAETCSl CTPYKTYPOI U COCTABOM MaTepuasios [4].
Bonbiyo posib B 00pa3oBaHUM BHYTPEHHMX HaIpsi-
JKEHUI UrparoT Takke OCOOEHHOCTHU IMpOoLecca Hallbl-
JIEHUS1, IIPUBOILINME K 00pa30BaHUIO 1e(EKTOB B IJICH-
K€, paBHO KakK W M3HadyajbHass MOP(OJIOrus Mmoiox-
Kku. Bkiag Takux HamnpsikKeHUid 4acTo MmpeobsiafaeT Mo
3HAUEHUIO U MOXET OTJIMYAThbCS MO 3HAKY OT TeMIle-
paTypHbIX HampsikeHuid. B To xXe BpeMs HarnpsikKeHus,
BbI3BaHHbIE pa3HULIEH KO3 GULMEHTOB TEPMUYECKO-
0 pacuIMpeHusi, MOTYT TPUBOAUTbL K OTKIIOHEHMIO
KaHTuJeBepa oT Tpedyemoii (hopmbl. BuMopdHbIit Tep-
MUYeCcKUil 3(PpPeKT MOXHO MUHUMU3UPOBATH MYTEM
KCIIOJIb30BaHMSI Pa3HOTOMIIMHHBIX ciioeB [4, 5]. Om-
peleseHue BHYTPEHHUX HANPSDKEHUN € YYETOM BCeX
y4acTBYIOUIMX (HAaKTOPOB SBJISIETCS TPYAHO TOCTUKU-
MO 3aJayeil, B TO X€& BPEMS U3YUYEHUE TUIEHOUHOW
CTPYKTYpPbI TTO3BOJISIET OMNPEIEIUTh MapaMeTphl Iie-
HOK M ONTMMU3NPOBAaTh KOHCTPYKIIUIO.

2. Pe3yabTaThl

HccaemoBanre MUKpPOMEXaHUTIECKOTO ONTUIECKO-
r'O 3aTBOpPA TO3BOJISET ONPEACINTh KAK MEXaHUUECKHE
CBOICTBA CTPYKTYPHBIX HAIMBUICHHBIX CJIOEB, TaK U
COCTaBJISIIOIIME BHYTPEHHUX HaIpsSKEeHUHA. DjacTu-
YEeCKHME XapaKTepUCTUKU CTPYKTYPHBIX CIIOEB MOTYT
OTJINYATHCS OT TAOJMYHBIX 3HAYEHUI BCEICTBHUE OCO-
OEHHOCTEeU CTPYKTYPHI CJI0eB, C(OOPMUPOBAHHEIX C TT0-
MOIIbI0 MarHeTPOHHOTO HambuleHUs. Tak, 3HaueHUe
Moayns FOHra, ompeaesieHHOE C MOMOIIbIO HAHOWH-
neHTopa Hysitron, mist ctpyktypHbix ciioeB Cu u Cr
OTJIMYAeTCsA OT YKa3aHHBIX B JIMTepaType 3HAYCHWN U
coctasisieT 60 1 184 I'Tla cooTBeTcTBeHHO. CHUXEHNE
JKECTKOCTHBIX CBOMCTB METANIMYECKUX TJIEHOK 00b-
SACHSIETCS peXUMaMU HaIBIJICHUS, TIPUBOASIINMHA K
¢opmupoBanuio aehekToB mieHoK. [Ipodunn KaHTH-
JIeBepa OIpeAe/IsId METOIaM1 YHMCJIEHHOTO aHaim3a
B nporpamMmmHoM Komriuiekce COMSOL Multiphysics.
[1pu 3TOM pe3ynbTaThl MOATBEPKAAIOTCS CTATUYECKUM
U3MepeHreM MPoUiIsT KPUBU3HBI TJIECHOYHOTO KaH-
TraeBepa (puc. 3, CM. BTOPYIO CTOPOHY 00JI0KKM). Pa-
IUYC KPMBM3HBI MHOTOCJIOMHOTO KaHTUJIeBepa IIpU
HOPMaJIbHBIX YCIOBUSIX cocTapiset 1,38 mMm. [1pu aToM
BbICOTa OOJIACTU TEPEKPBITUSI CBETOBOIO IyyKa CO-
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Puc. 4. Pe3yabraThl pacyeTa OTHOUIEHUS] BHYTPEHHHX HANPSIKEHU
o B CTPYKTYpHBIX ci0siX Cr u Cu AJi1 KPUBU3HBI IJIEHOYHOTO KaHTe-

smsepa 0,8 mm 1

Fig. 4. Results of calculation of the relation of the internal stresses in the
structural layers of Cr and Cu for the curvature of the film cantilever

of 0.8 mm ™!

cTaBysieT 2,5 MM. 3HauyeHHWe BHYTPEHHUX HampsiKe-
Huit 1t Cu u Cr mpu MarHETPOHHOM HaIbIIEHUU IS
JAHHBIX TOJIIUH CTPYKTYPHBIX CJIOEB MOXET JIeXaTh B
npegenax 40...60 MIla u 400...600 MIla coorBerct-
BeHHO [4]. 3HaueHUe BHYTPEHHUX HAIPSKEHUN B
c(hopMHpPOBAaHHOM MHOTOCJIOMHOM KaHTUJIEBEPE MOXK-
HO OIIEHUTb WMCXOIS W3 OTHOIICHHSI TEOPETUUICCKUX
3HauYeHU BHYTpeHHUX HanpskeHuit Cu u Cr mius
JTaHHOW KPMBU3HEI KaHTUIeBepa (puc. 4).
OnpeneneHue pe3oHaHCHbIX yacTtoT, AYX nu dYX
MO3BOJISIET OIIECHUTh OOBbEMHBIE CBOMCTBA TTOABIKHOTO
3JIeMEHTa (MacCOBble XapaKTePUCTUKKM) U MapaMeTphbl
3aryxaHusl. 1 odecrieueHusI IMHAMUYECKUX U3Mepe-
HUIl ONTWYECKUI 3aTBOpP YCTAHABIMBAIM Ha IThE30-
aJIeKTpUYeCcKUil Bubponpusoa. Bo3oyxneHue koaeba-
HUM TIbe303JIEKTPUUECKOTO 3JjieMeHTa obecrevyrBa-
JIOCh IEpeMEHHBIM HaIpsKeHWeM B AUaIia3oHe 4acToT
20...1000 I'u. ITpu 3TOM pe30HAHCHBIC YACTOTHI KaH-
TUJIEBepa OMPEIeISIN ¢ TIOMOIIBIO JJa3epHOTO AOTLIe-
poBckoro Bubpomerpa Laser Doppler Vibrometer ¢up-
Mbl Polytec BOIM3M CBOOODHOTO Kpas KaHTHUJIEBepa.
Bos6yxxmenust KonebaHNif BHEITHUM BUOPAIIMOHHBIM
BO3IEMCTBUEM MAJIOW aMIUIMTYIbI MTO3BOJISIET UCKIIIO-
YUTh BIUSIHUE MeXxaHUuecKux (hardening) n 371eKTpU-
yecKUX (softening) HenuHeitHocTeil. OTCYTCTBUE HEU -
HEeWHOCTEel B aMIUIMTYIHO-YaCTOTHOM 3aBUCHUMOCTHU
TJICHOYHOIO KaHTUJIEBepa MO3BOJISIET TEOPETUYECKHU
OIpeAe/INTh 3HAUCHNE pPEe30HAHCHOM YacTOThI 0Oe3
yyeTa ero KpuBu3HBI [6]. Tak, B uccienyeMoM Iua-
MMa30He YacTOT OBLIO 3a(pMKCHMPOBAHO TPU PE30HAHC-
HBIX TIHMKa (pUC. 5), YaCTOThI KOTOPBIX JieXaT B AMamna-
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OTKpBITHE ONITUYECKOTO 3aTBOPa

0,08

obecrieyrBaeTcs noaayeil moCTosIH-
HOI pasHOCTH ITOTEHIIMAIOB Ha YII-

0,04 |-

Amplitude, um

AMruTyna, MEM

paBJISIIOlIME IEKTPOAbl. JHAYEHUE
TpeOyeMOoTo YIIPaBJISIONIETO HATIPsI-
skeHust coctaBisger 60...100 B. Ilpu
3TOM BJIMSHUE UHAYLIMPOBAHHOM I1O-
JIAPU3aUN TUJIEKTPUKA TTPUBOIUAT
K psioy HexenaTeJIbHBIX 3¢ ¢heKTOB.
HabGmopaercs: moBblllIeHWE HaIps-
>KE€HUsI, HeoOXOAMMOE JIsI OTKpPbI-
THS, TIPY TUKIWYECKON TTogade yi-
PaBJISIOLIMX CUTHAJIOB U 3aJIMIIaHue

Phase, °
o
1]

®a3za,

-100 L 1

m
ba

(sticking) xanTunesepa. g yMmeHb-
IIIEHUST HeXeNaTeJIbHbIX 3(PhEeKTOB,
CBSI3aHHBIX C TMOJISIpU3allMed pa3ie-
JISTIOILIEero JU3JIeKTpUKa, Oblia mpe-
JIoKeHa cxema IoJayM ympaBisiio-

| P

|
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Yacrora, '
Frequency, Hz

Puc. 5. YacToTHble XapaKTEePUCTHKH OJHOrO U3 odopasmos: / — AUX; 2 — OUX
Fig. 5. Frequency characteristics of one of the samples: 1 — amplitude-frequency characteristic;

2 — phase-frequency characteristic

soHax 104...137, 400...476, 675...760 I'y cooTBeTCT-
BEHHO (pa30poc pe30HAHCHBIX YaCTOT Ha pasjIMYHbIX
oOpasiax cBsI3aH C pa3dpPOCOM CBOMCTB IIO ILJIACTUHE
pyu HanbuteHUn). MCIBITaHUST TIPOBOOVMIIM TIPHM aT-
MocGhepHOM AaBJICHUM, T.€. TIPU TAKUX YCIOBUSIX, KOT-
Jla MeXaHW4ecKasl CHCTeMa MMeeT BHICOKUIM YPOBEHbBb
JUCCUIIALIMKU 3Hepruu. MexaHuuyeckasi 100OpOTHOCTh
KaHTWJIeBepa TIpY JaHHBIX YCIIOBUAX cocTaBmia 19...21,
46...48 n 20...25 s nepBoit, BTOPOUM U TpeThbei (hopM
KoJIeOaHUI COOTBETCTBEHHO. [1pn 3TOM 3KCIIepuMeH-
TaJbHbIE PE3YJIbTAThl XOPOIIO KOPPEIUPYIOT C pacyeT-
HOU YUCJIEHHOUN MOJENBIO.

3aBUCUMOCTb KPMBU3HBI PO OT U3MEHEHUS
TeMITepaTyphl TIO3BOJISIET OLICHUTH BO3HUKAIOIIIE BHYT-
pPEHHUE HaIpsKeHUs, 00YCIOBIEHHbIE TEPMUUYECKUM
paciiMpeHueM, W MpeneTbHble (HeXelaTeIbHbIe) OT-
KJIOHEHMSI KaHTWJIeBepa B pabouyeM Juarna3oHe TemIie-
patyp. s obecrneyeHUsT pabOTOCIIOCOOHOCTU OITH-
YeCKOro 3aTBopa B TpeOyeMOoM Iuarna3oHe TeMIepaTyp
00J1acTh TIEPEKPHITUS HE JOJIKHA YMEHBIIIUTHCS HIDKE
1,4 mMm. VamepeHust mpodusl MIEHOYHOTO KaHTUIe-
Bepa IMPOBOIMIN C TIOMOIIBIO ONTHYECKOTO MUKPOCKO-
ma TIpu TemrepaTtypax B muamnasoHe 0...60 °C. Uzme-
HEHUsI KPUBU3HBI IJIEHOYHOTO KaHTUJIEBEPA COCTABWIIU
0,57...1,08 MM~ ! 1 maHHOTO MManasona TeMIIepaTyp
(puc. 6, cM. BTOPYIO CTOPOHY OOJIOXKH). DTO COOT-
BETCTBYEeT M3MEHEHUIO TIEPEKPHITHA ITydka oT 1,86 1o
3,35 MM, YTO BBIXOAUT 3a PaMKH TPeOyeMBIX OTKIIO-
HEHUIA.
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1LIEro HanpsKeHUs B (hopMe NmakeToB
TIePeMEHHOT0 HAaTIIpSKEHUSI, TIPH-
3BaHHas NENoJsipU30BaTh AUIJIEKT-
puk. IlpemmoxeHHass cxeMa II03BO-
JIUJa CHU3UTh BIUSIHUE WHAYLIMPO-
BaHHON MOJISIpU3AIINN TUAJIEKTPUKA,
TEM CaMbIM YCTPAHUB IOBbILLIEHUE
YIIPABJISIONIETO HAMPsDKeHUsS U 3¢-
dexr 3amummaHms.

DKCIepuMeHTaIbHbIe CTATUYECKNE M TMHAMUYEC-
KHME XapaKTepUCTUKU MO3BOJMIM OIpeaeSUTh Iapa-
METpbl CTPYKTYPHBIX CJIO€B, YTO OOECIEUYnIOo Bajlu-
JalKo TeoOpeTUUeCKol Moaeau akTwoaropa. s Ba-
JUOAIMM ¥ ONTUMHU3AIMKM TapaMeTPOB YCTPONCTBa
KCII0JIb30Bald MOAEIMPOBAHUE METOJOM KOHEUHBIX
3JIEMEHTOB.

3akmoueHue

B xone HacTos1ero ucciaeagoBaHus Oblia chopMu-
poBaHa MHOTOCJIOIHAs TUICHOYHAs CTPYKTypa OITH-
YeCcKOro 3aTBopa, obOecrneuuBalollasi mepeMelleHus
KaHTUIeBepa A0 3,35 MM OT MOMJIOXKU, YTO TMO3BO-
JISIET HaJeXXHO IepeKphiBaTh ONTUYECKUI ITy4OK. bbi-
M orpeaeieHbl (pakKTUIYECKHE 3JacTUYECKue Iapa-
METPBl CTPYKTYPHBIX ClI0eB. B Xxome TMHaMHUYECKUX
WUCITBITAHWI OBUIM OIIpeeIeHbl COOCTBEHHBIE YaCTOTHI
YU TapaMeTphbl 3aTyXaHMsl IJICHOYHOTO KaHTWIEBepa.
KoncTpykTBHEIE TTapaMeTpbhl MHOTOCJIOMHOMN CTPYK-
TYphl ITO3BOJMIN OOCCHEUYUTH II€PEKPHITHE ONTUYEC-
KOTO CHUTHaJIa Ha BEICOTE 1,86...3,35 MM OT IIOCKOCTHA
MOJIOXKM, YTO 3HAYMUTEIHHO IPEBBIIIAET MUHUMAaJIb-
HO HeoOxomumele 1,4 MM.

CormocTaBieHUe 3KCNEPUMEHTAIbHBIX U TEOPETU-
YEeCKHX pe3yJIbTaTOB MCCAEAOBAHMUS IOKA3aIM UX I0-
CTaTOYHYIO CXOAUMOCTh. COBOKYITHOCTb UCMBITAHUIA,
MNPOBEACHHBIX MO AeHCTBUEM CTaTUYECKOM, TMHAMMU-
YEeCKOM, TEPMUYECKOM U aKyCTUYECKOM HArpy3oK, Imo3-
BOJIMJIM OIIPEASIUTh MEeXaHMYeCKHWe KOHCTAaHTHI MO-




JIYYUBIINXCS CJIOEB M MeXaHMYECKHE CBOMCTBAa KaH-
TUJIeBEpAa.

Pazpaborana cxema yripaBjieHus, TpU3BaHHAsT KOM-
MEeHCUPOBaTh WMHAYLUPOBAHHYIO TOJSIPU3ALMIO OU-
9JIEKTPUKA, KOTOpasl MO3BOJIsIET U30eraTh MOBbILICHMS
VIIPABJISIONIEr0 HAIpsDKeHUsT U 3(deKkra 3anmnaHus
KaHTWJIeBepa.
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This paper presents the design, calculation methods and technology for production of a thin film electromechanical optical
shutter. An overlap of the 1.4 mm high optical channel is ensured by a multilayer film structure of the flexible film cantilever,
the profile of which is determined by the residual internal stresses of the multilayer film structure. The cantilever can move up
to 3.35 mm above the substrate, which allows an entire overlapping of the optical channel. In the process of the design analysis,
the actual parameters of the strained structural layers, the temperature dependence of the curvature, the undamped natural fre-
quencies and the damping parameters of the film cantilever were determined. The actual elastic parameters of the structural layers
were defined up to 60 GPa for chromium and 184 GPa for copper. The design parameters of the multilayer structure allow over-
lapping of the optical signal at 1.86—3.35 mm in the temperature range from 0 up to 60 °C. Correlation of the data shows that
the experimental results correspond to the theoretical data. The developed control circuit is designed to compensate for the induced
dielectric polarization, prevent the control voltage rise and the sticking effect of the cantilever. The design presented in this pub-
lication makes possible development of a simple and effective electromechanical optical shutter with the interruption aperture
height exceeding 1.4 mm.

Keywords: optical shutter, optical relay, thin films, internal stresses, out-of-plane actuator, electrostatic actuator, dynamic char-
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Introduction

Micro-opto-electro-mechanical systems (MOEMYS)
have gained wide application in the fiber-optical net-
works as optical relays and switches. Application of
MOEMS ensures higher reliability and noise stability,

small power consumption and essentially better mass-
weight parameters. An optical key is built into the sys-
tem of optical waveguides and it switches the optical
radiation by means of a micromirror controlled by a
micromechanical actuator. The parameters of the op-
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tical path determine the requirements to the dimen-
sions of the micromirror and the value of its displace-
ment. As a rule, the mobile structure is implemented
with the use of the volume technologies. Switches with
the capacitor actuators, made by these technologies,
have a complex mechanical structure, and their man-
ufacture presents increased requirements to the used
equipment. Most of such devices ensure displacement
inside the volume, parallel to the basis. A possible di-
ameter of a switched optical beam is limited by the
thickness of the initial silicon plate, and in a number
of designs this leads to the use of the microlens colli-
mating devices [1].

At the same time, the micromechanical optical keys
can be made by the surface technology with the use of
the base operations of microelectronics. Out-of-plane
thin-film actuators have gained the widest distribution
in the areas of high frequency and microwave systems
in the form of the "zipping" — condensers [2]. Devel-
opment of such devices as optical switches demands a
special approach because of necessity to ensure consid-
erable out-of-plane displacements of the switching el-
ement. Thus, an optical mechanical shutter should en-
sure overlapping of the optical channel with diameter
over 1—2 mm. The diameter of the beam is determined
by the size of the output section of the collimator lens,
which is expected to minimize the signal losses. The
present work describes designing and manufacturing of
the out-of-plane active electromechanical element of
the optical MEMS shutter of the optical channel with
diameter of 1.2 mm. A targeted displacement of the
drive and the overlapping area are determined by the
section of the optical beam.

1. Development and designing
of the optical MEMS shutter

Use of thin multilayered metal films allows us to
develop structures with a considerable displacement
in the vertical plane. Formation of such structures oc-
curs under the influence of the internal stresses of the
film layers arising in the course of their deposition.
The total value of the internal stresses of the multilay-
ered cantilever is determined by the values of the in-
ternal mechanical stresses of the layers and their thick-
ness 7; [3]:

L (1)

After removal of the sacrificial layer, the console
multilayered beam — cantilever is released from the
substrate on all the plane, except the place of attach-
ment in the restraint. The longitudinal internal stresses
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lead to occurrence of the bending moment of M, pro-
portional to the total value of the internal stresses, and
formation of a structure with curvature of K:

(@)

A deviation of the cantilever is determined by both
the internal stresses and the rigidity of the structural
layers of Cr and Cu (Young modulus, and the geometry
of the mobile element, value of the moments of inertia
of the corresponding structural layers). Such a structure
should ensure interruption of the optical beam of the
demanded area of section.

An optical micromechanical shutter is an electro-
mechanical system with a flexible film cantilever (fig. 1,
(see the 2-nd side of cover)). The shutter is a part of the
optical system of the signal transmission and it ensures
transmission or blocking of a light beam.

The design of the optical shutter is a console thin-
film cantilever fixed on a silicon substrate. The canti-
lever is a mobile electrode, while the silicon substrate
is the basic electrode of the driving condenser. The
condenser electrodes are isolated by a dielectric layer
of Si0O,.

The structure of the cantilever is a multilayered
combination of the structural layers of Cr and Cu of dif-
ferent thicknesses (fig. 2). The form of the cantilever
profile is determined by the top layer of chrome, pos-
sessing high rigidity and considerable internal stresses.
The bottom layer of chrome is the unloading (compen-
sating) one. Due to adjustment of the thicknesses of the
layers it is possible to achieve the optimal position of
the neutral plane of the cantilever y:

n
.;lEiti(yi—’_yifl)
V= = : (3)

At that, the strain of the cantilever g is determined
by the strain of the structural layers g; due to the internal
stresses and is defined as [3]

n

.§1Eifmi8i
gy = ——, 4)
2 Et

1"l

i=1

where additional coefficient n; = 1 + v is introduced for
the case of big values of strain, depending on the Pois-
son ratio v of the corresponding material.

The strain leads to a bend of the film cantilever.

Curvature K and its direction (its sign) depend on the
displacement of the neutral plane. The value of the cur-




vature of the cantilever can be found proceeding from
expressions (1)—(4) [3]:

K:

n
33 Ei(yit iy~ 2p)(ep- M)
_ i=1 .(5)

L 2 2
2 '21 Etly; +yyi 1+ Vi1 =39yt yi 1= )]
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When the potential difference is applied, between
the shutter electrodes a electrostatic load is formed,
opposite by its sign to the primary bending moment.
A load increase leads to straightening of the cantilever
and its fixation on the dielectric layer. In order to
compensate for the induced polarization of the die-
lectric, a control circuit was developed allowing to
minimize it.

The micromechanical optical shutter is implement-
ed on a silicon substrate by the methods of the surface
technology. The thin-film structure of the cantilever is
made by magnetron deposition of Cr/Cu/Cr layers on
the aluminum sacrificial layer. The thin-film cantilever
is separated from the silicon substrate by a dielectric
layer of thermal SiO,. Thicknesses of SiO, and sacrifi-
cial aluminum determine the interelectrode gap and are
equal to ~0.8 um. The thickness of the multilayered
thin-film structure is ~1.6 pm, where the thickness of
the layer of copper and the top layer of chrome are
equal to 1 and 0.5 pum, accordingly. For strengthening
of the site of the drive, which is under the heaviest me-
chanical load, the place of fixing of the cantilever is gal-
vanically covered by a copper layer in the preliminary
opened window of chrome.

Occurrence of the internal stresses is determined by
the structure and composition of the materials [4]. In
formation of the internal stresses a big role is also played
by the specific features of the deposition process leading
to formation of defects in a film, and the initial mor-
phology of the substrate. The contribution of such
stresses often prevails by value and can differ by sign
from the temperature stresses. At the same time, the
stresses caused by the difference of factors of the ther-
mal expansion, can lead to a deviation of the cantilever
from the demanded form. The bimorph thermal effect
can be minimized due to the use of polythickness layers
[4, 5]. Definition of the internal stresses with the ac-
count of all the participating factors is a problem diffi-
cult to solve, at the same time, studying of the film
structure allows us to define the films’ parameters and
to optimize the design.

2. Results

Research of the micromechanical optical shutter al-
lows us to define both the mechanical properties of the
structural deposited layers, and the components of the

internal stresses. The elastic characteristics of the struc-
tural layers can differ from the tabular values because of
the specific features of structure of the layers, generated
with the help of the magnetron deposition. Thus, the
value of the Young modulus, defined with the help of
Hysitron nanoindenter for the structural layers of Cu
and Cr, differs from the values specified in the literature
and equals to 60 and 184 GPa accordingly. A decrease
of the rigidity properties of the metal films is explained
by the modes of deposition leading to formation of de-
fects in the films. The profiles of the cantilever were
defined by the methods of a numerical analysis in
COMSOL Multiphysics software complex. At that, the
results were proved by the static measurement of the
curvature profile of the film cantilever (fig. 3, see the
2-nd side of cover). In normal conditions the curvature
radius of a multilayered cantilever equals to 1.38 mm.
At that, the height of the area of overlapping of the light
beam is 2.5 mm. The values of the internal stresses for
Cu and Cr during the magnetron deposition for the giv-
en thicknesses of the structural layers can be within the
limits of 40...60 MPa and 400...600 MPa, accordingly
[4]. The values of the internal stresses in the formed
multilayered cantilever can be estimated proceeding
from the relation of the theoretical values of the internal
stresses of Cu and Cr for the given curvature of the can-
tilever (fig. 4).

Definition of the resonant frequencies, the ampli-
tude-frequency characteristic and the phase-frequen-
cy characteristic, allows us to estimate the volume
properties of the mobile element (mass characteristic)
and the attenuation parameters. For the dynamic
measurements the optical shutter was fixed on a pie-
zoelectric vibrodrive. An excitation of the fluctuations
of the piezoelectric element was ensured by the alter-
nating voltage within the range of frequencies of
20...1000 Hz. At that, the resonant frequencies of the
cantilever were measured by means of Laser Doppler
Vibrometer from Laser Polytec Co. near a free edge of
the cantilever. Excitation of fluctuations by the exter-
nal vibration influence of a small amplitude allows us
to eliminate the influence of the mechanical (harden-
ing) and electric (softening) nonlinearities. Absence of
nonlinearities in the amplitude-frequency dependence
of a film cantilever allows us to define theoretically the
value of the resonant frequency without account of its
curvature [6]. Thus, in the investigated range of fre-
quencies three resonant peaks were recorded (fig. 5),
the frequencies of which were within the ranges of
104...137, 400...476, 675...760 Hz, accordingly, (the
variation of the resonant frequencies in different sam-
ples was connected with the variation of properties on
a plate during the deposition). The tests were done at
the atmospheric pressure, i.e. under such circum-
stances, when the mechanical system had high level of
energy dissipation. Under the given conditions the
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mechanical quality factor of the cantilever was 19...21,
46...48 and 20...25 for the first, second and third forms
of the fluctuations, accordingly. At that, the experi-
mental results correlated well with the calculated nu-
merical model.

The dependence of the curvature of the profile on
the temperature variation allows us to estimate the aris-
ing internal stresses caused by the thermal expansion,
and the limiting (undesirable) deviations of the canti-
lever in the working range of temperatures. In order to
preserve the working capacity of the optical shutter
within the demanded range of temperatures, the over-
lapping area should not decrease below 1.4 mm. Meas-
urements of the profile of the film cantilever were done
by means of an optical microscope at temperatures
within the range of 0...60 °C. The variations of the cur-
vature of the film cantilever were 0.57...1.08 mm™! for
the given range of temperatures (fig. 6, see the 2-nd side
of cover). This corresponded to the change of the beam
overlapping from 1.86 up to 3.35 mm, which was be-
yond the demanded deviations.

Opening of the optical shutter is ensured by the sup-
ply of a constant potential difference to the control
electrodes. The value of the demanded control voltage
is 60...100 V. At that, the influence of the induced po-
larization of the dielectric leads to a number of unde-
sirable effects. An increase is observed of the stresses,
necessary for the opening, at a cycling supply of the
control signals, as well as sticking of the cantilever. For
reduction of the undesirable effects connected with the
polarization of the dividing dielectric, a circuit was pro-
posed of supply of the control voltage in the form of the
alternating voltage packages, intended to depolarize the
dielectric. The proposed circuit allowed us to lower the
influence of the induced polarization of the dielectric,
and thereby eliminated an increase of the control volt-
age and the effect of sticking.

The experimental static and dynamic characteristics
allowed us to define the parameters of the structural
layers, which ensured validation of the theoretical mod-
el of the actuator. For the validation and optimization
of the parameters of the device, modeling by the meth-
od of finite elements was used.
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Conclusion

During the present research a multilayered film
structure of the optical shutter was formed, which en-
sured displacement of the cantilever to the distance up
to 3.35 mm from the substrate, which made a reliable
overlapping of the optical beam possible. The actual
elastic parameters of the structural layers were defined.
During the dynamic tests the own frequencies and pa-
rameters of attenuation of the film cantilever were de-
fined. The design parameters of the multilayered struc-
ture allowed us to ensure overlapping of the optical sig-
nal at the height of 1.86...3.35 mm above the substrate
plane, which exceeded considerably the necessary min-
imum of 1.4 mm.

Comparison of the experimental and theoretical re-
sults demonstrated their sufficient similarity. A set of
the tests done under the influence of the static, dynam-
ic, thermal and acoustic loads, allowed us to define the
mechanical constants of the obtained layers and the
mechanical properties of the cantilever.

A control circuit was developed, intended to com-
pensate for the induced polarization of the dielectric
and allowing us to avoid an increase of the control volt-
age and the sticking effect in the cantilever.
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FA30BASl YYBCTBUTEAbHOCTb MNP KOMHATHOM TEMIEPATYPE
NMOAEBOTO TPAH3UCTOPA C METAAAOOKCHNAHBIM KAHAAOM

Ilocmynuna é pedaxyuio 18.06.2018

HUccnedosana 603modcHocmb NpUMEHEeHUS MUKPO31eKMPOHHO20 lconaylcmomempuueacoeo damuuxa 2a308, B6K/AHYE€HH020 no
cXeme noneeoco mpaH3ucmopa ¢ HUMICHUM pacnoodcerHuem sameopa u MemaniooKCUOHbIM KaHaiom, ons U3MepeHus 2a30801
uyecmeumesbHocmu npu KOMHAMHOU memnepamype. .chcmoeﬂeno, ymo napamempamu damuuka eaza MOJNCHO ynpaeisimov HA-
npAMNCeHUeM Ha 3ameope. Tazvi-oxucaumenu okazviearom 6ovuiee 8030elicmeue Ha 6bIX00HbLe Xapakmepucmuku noaeeoco mpaH-
3ucmopa ¢ MEManioo0KCUOHBIM KAHANOM n-muna, 4em 2as3bl-60CCMAaHosUmenu.

Karoueevie caoea: noaesoii mpaH3ucmop, MemaniooKCUOHbLU KaHaa, KOMHamHhas memnepamypd, 604bm-amnepHsle xapakK-

mepucmuku, 2a3o06edas 4yecmeumenbHocnsb

BBenenne

Ha ocnose mienok SnO,, ZnO u Opyrux MeTajio-
OKCHUIOB pa3paboTaHbl TEPMOKOHIYKTOMETPUUYECKUE
JNaTYMKU TOKCUYHBIX M B3PHIBOOMACHBIX Fa30B, KOTO-
pble 1MpoKo mpuMeHstoT [1, 2] B cucteMax obecreue-
HUsl 6€30MacHOCTU U 3KOJOTMYECKOTO0 MOHUTOPMHIA
BO3IYIIHON cpenbl. BemencTBrue (hu3nKO-XUMHAYECKUX
0COOEHHOCTE MEXaHU3MOB ra30BOI UyBCTBUTEIbHOC-
TU METAJUIOOKCUIOB [3, 4] CcyllleCTBEHHBIM HeAO0CTaT-
KOM TaKMX JaTYMKOB SIBJISIFOTCS CPaBHUTEJIBbHO BBHICO-
kue (mo 500 °C) paboume TemmepaTypbl, 4YTO TpeOyeT
MTOBBIIIIEHHOTO pacxoja IMoTpedIsieMolt MOITHOCTH U
coKpalllaeT BpeMsl MX Xu3Hu. KpoMe Toro, BbICOKHE
TeMIepaTypbl B3PbIBOOMACHBI TP KOHTPOJIE TOPIOYMX
ra3oB B BO3Ayxe [5], TO3TOMY MPOmOJIKAIOTCS TTOITBIT-
KU TOUCKA HOBBIX CITOCOOOB JI€TEKTUPOBAaHUS Ta30B,
He TpeOYIOIIMX BbICOKHUX TeMIlepaTyp U OOJIbIIOro pac-
xona sHepruu [6]. CylecTBYIOT YCIEIIHbIE MTOMBITKH
CO3JaHus NaTYMKOB razoB Ha ocHoBe MOII-cTpyKTyp
¢ katanutuueckuM (Pd unm Pt) koHTakTOM 3aTBOpa,
KOTOpBIE pabOTaIOT IPM KOMHATHEIX TeMIteparypax [7].
Yalie BCero MCIOJB3YIOT TOJIEBBIE TPAH3MCTOPHI Ha
OCHOBE KpEMHUS C BEPXHUM PACIIOJIOKEHHEM 3aTBOpA
[8], kaTanUTUYECKUi# KOHTAKT KOTOPOro B3aMMOJIei-
CTBYET C KOHTPOJUPYEMBIM T'a30M, HalIpuMep BOAOPO-
JIOM, ¥ OBICTPO BBIXOAUT U3 CTposi. B mocnenHee BpeMst
B CBSI3U C Pa3BUTUEM IPO3PAUyHOI JIE€KTPOHUKU TIPU
pa3paboTKe MPO3pavyHbBIX AUCITIEEB UCTIONB3YIOT TOJIe-
BbI€ TPAH3UCTOPHI C HUXKHUM PACIIONIOXKEHHEM 3aTBO-
pa ¥ KaHaJOM Ha OCHOBe MeTajuiookcuaoB [9]. Tlpu

5TOM ObUIO 3aMEYEHO BIUSHUE BIAXHOCTU OKPYXKaro-
LLIEH cpeabl Ha TapaMETPHI MOJIEBOTO TPAH3UCTOPA NTPU
KoMHaTHOI Temmepatype [10], 4yTo mo3BoJjiseT mpen-
TOJIOXKUTb ITPOSIBJIEHUE Ta30BOM YYBCTBUTEJILHOCTH Me€-
TaJJIOOKCUIHOTO KaHaja Ha ocHoBe SnQO, mpu B3au-
MOJIEVCTBUM C PA3JIMYHBIMU Fa3aMU U OTKPbIBAET BO3-
MOXHOCTbh U3MEPEHUS Ta30BOM UYBCTBUTEIBHOCTH TPU
KOMHATHOM TeMIIepaType.

Llens gaHHOM pabOTBl — MCCAEAO0BaTh BO3MOX-
HOCTb NPUMEHEHUS MUKPO3JIEKTPOHHOTO AaTYMKa ra-
30B, BKJIIOYEHHOTO TT0 CXEME MOJIEBOTO TPAH3UCTOPA C
HWXXHUM PacroioKeHWeM 3aTBopa W METaAJIOOKCH/I -
HBIM KaHaJIOM, JUISI U3MEPEHUS Ta30BOI UyBCTBUTEb-
HOCTU Ta30B-OKUCIUTEJIEN U Ta30B-BOCCTAHOBUTEIICH
Py KOMHATHOM TemIieparype.

Oﬁpa(illbl H METOAUMKA IKCIEPUMEHTA

OOBEKTOM MCCeA0BaHUS SBJISETCSl JaTYMK Ta3os,
M3TOTOBJIEHHBIA 110 MUKPOJEKTPOHHOM TEXHOJOIUU
[11]. Ta3oBbIit gaTyukK pazmepoMm 1 X 1 MM U3roTOB-
JIEH Ha TOBEPXHOCTU OKMCJICHHOTO KPEeMHUS, COmep-
JKUT HarpeBaTelb M KOHTAKTHI MJIsSi YYBCTBUTEJIbHOTO
CJI0S1 B BUIIE BCTPEUHO-IITBIPEBOM CTPYKTYPHI U3 TIjIa-
TUHBI C PACCTOSIHMEM MeXIy KOHTakTamu 10 MKM U
JIBa YyBCTBUTEJIBbHBIX 371eMeHTa (YD) Ha OCHOBE TUOK-
cuza onosa ¢ nobaskoit 3 % ar. SiO,. lo6aska 3 % ar.
SiO, B SnO, npuBOANT B pe3yabTaTe TEPMOOOPAOOT-
K1 K 00pa3oBaHMIO HAHOCTPYKTYPUPOBAHHOM TIJICHKU
SnO, ¢ pazMepoM KpPHUCTAJUIMTOB OKOJIO 5 HM [12] n K
YBEJIMYEHUIO a30BOY UyBCTBUTEILHOCTU ILIEHOK SnO,
BCJICICTBUE YCUJIEHUST POJIM MTOBEPXHOCTHBIX aTOMOB
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Puc. 1. CxemaTnyeckas CTPYKTYpa BKIIOYEHHS JATYMKA ra3a no cxe-
Me T0JIEBOTr0 TPAH3MCTOPA C HIKHUM PACIOJIOXKEHHEM 3aTBOPA

Fig. 1. Schematic structure of inclusion of the gas sensor in the circuit
of the field transistor with the bottom arrangement of the gate

B ancopOLuoHHbIX Mpoieccax [13]. K KOHTaKTHbIM
IUIOLIAAKAM YJIBTPAa3BYKOBOM CBApKOI MPUBAPEHBI CO-
€IVMHUTEJIbHbIC BBIBOIbI U3 ATIOMUHKEBOI MTPOBOJIOKHU
nuametrpoM 30 Mxkm. Kpucramin pazMellieH B cTaHaap-
THOM METa/UIOKepaMMUEeCKOM KOPITyCe MHTErpaJbHOM
CXEMBbI.

MUKpPO3JIEKTPOHHBIM JaTYMK ra3a MOXHO BKIIIOUUTh
10 CXeMe MOJIEBOrO TPaH3MCTOpa C HMXKHUM PacIioyo-
JKEHMEeM 3aTBOpa: B KauyecTBE 3aTBOpa MCIOJIb3yeTCs
MOJI0XKKA U3 KpeMHUsI (n-Tuna TonmHon 400 Mxm);
B KQueCTBE AUBJICKTPUKA — AUOKCHUI KPEMHMUS TOJIIIH -
Hoit 0,5 MKM; B KauecTBe MCTOKA U CTOKa — IJIAaTUHO-
BbIe KOHTAKThI TOMIIMHOM 0,22 MKM; B KaueCcTBe KaHayia
n-TUIA — ra304yBCTBUTENbHBIN 10l SnO, TOMUMHOK
0,25 MM, 1mmpuHa KaHana W= 3910 MkM, JuiMHa Ka-
Hana (paccTositHue MexXay KoHTakTtamMu) L = 10 MM,
nmostomy cooTtHoiueHue W/L = 391 (puc. 1).

g uaMepeHus1 BOJbT-aMIIEPHBIX XapaKTepUCTUK
(BAX) noneBoro TpaH3ucTOpa KpeMHUEBbII KpUCTAILI
JaTyvKa pa3Melaaym Ha MpeaAMETHOM CTOJIMKE, COeIV -
HEHHOM C OJIOKOM MUTaHusl, 00ecreunBarolInM Moaa-
yy HampsDKeHMS Ha 3aTBOp. MUKPOMaHUITYJISTOpP C
BOJIb(PPAMOBBIMU 30HAAMU UCMOAb30BAIM JJISI CO31a-
HUS TPUKUMHBIX KOHTaKTOB K MCTOKY M CTOKY IIPH-
b6opHo#l cTpykTyphl. C MOMOIIBIO XapakTepuorpada-
usmepureass MIM2.611.004 Ha 30HIbI LCTOKA M CTOKA
MoJaBajiv HaIpsLKeHUWE M U3MEPSUIA BOJIbT-aMIIepHbBIE
XapaKTepPUCTUKU TPaH3UCTOPHBIX CTPYKTYp C BuU3ya-
nm3auueit Ha ocauiiorpage C1-83.

DKCHEePUMEHTAJIbHBIE PE3YJIbTAThI
H UX 00CYyXIeHHe

BoIxomHble XapaKTepUCTUKU CTPYKTYpPbl MPU MO-
naude nonoxutenbHoro U, = 1, 3, 5 B u oTpuuareib-
HOTO Ug = —1, —3, —5 B HampsikeHus Ha 3aTBOp
MpeacTaBieHbl Ha puc. 2 (CM. TPEThIO CTOPOHY 00JIOXK-
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KM). YCTAaHOBJIEHO, YTO ITOJIOKUTEIbHOE HAIIPSLKeHUE
Ha 3aTBOpE MPUBOIUT K YBEJIMYEHUIO KOHLIEHTpALIMU
HOCHTeJlel B KaHaJle TI0JIEBOTO TPAH3MCTOpa U K yBe-
JIMYEHUIO TOKA MEXIY UCTOKOM U CTOKOM, B TO BpeMsI
KaK OTpHUIIaTeJIbHOE HANPSIKEHNE 3aTBOpa IIPUBOAUT K
UCTOLLEHUIO 3JIEKTPOHOB B c1oe SnO, U K COOTBETC-
TBYIOIIIEMY W3MEHEHMIO BOJBT-aMIIEPHBIX XapaKTe-
puctuk. CieayeT OTMETUTh, YTO BBIXOMHBIC XapaKTe-
PUCTUKU CTPYKTYPbl B JAHHOM WHTEpBaje HaIpsike-
HUIL copepxXaT TOJIbKO KpPYTYI0, WIM "OMUYECKYIO",
00J1acTh BOJIBT-aMIIEPHOM XapaKTepUCTUKM, a TMOJIO-
rasi, Win o0JIACTh HACHIIIEHUS, TIPU HUCIIOIB3YEMBIX
HaANPSDKEHUSIX HEe JOCTUTaeTCs.

BbixogHble XapaKTepUMCTUKU CTPYKTYPBI MIPU BO3-
JIEeMCTBUM pPa3TUYHBIX KOHIIEHTpAUMi 3TaHONa TIpH
Ug = (0 B u3o0paxeHbl Ha puc. 3 (CM. TPEThIO CTOPOHY
obmoxku). ITapel aTaHona KoHnenTpatwmeir 2000, 6000,
8000 ppm MCIIONB30BaIM B Ka4yeCTBE ra3a-BOCCTAHO-
BuTess. KoHIIEHTpalMIo ra3a MOXXHO pacCYUMTaTh Me-
TOIOM KOHTPOIMpPYeMOro pasbaBiieHus. bbura wmc-
MOoJb30BaHAa MeETONMKa IlepecueTa KOHIIEHTpaluu
SKUIKOTO BelllecTBa (HAIIpUMep, alleTOHA, STWJIOBOTO
CIIMPTa, M3OIPOITMIOBOIO CIIMPTa) B KOHLIEHTPAIIUIO
ra3o00pa3HoOro BelllecTBa MPU MCHApPEeHUM €ro B 3aM-
KHyTOM 00BeMe [14]. Kak BumHO 13 puc. 3, BO3OEHCT-
BME ra30B-BOCCTAHOBUTENICH OKa3bIBAET MAJIOE BIUSIHUE
Ha BOJIbT-aMIIEPHYIO XapaKTEePUCTUKY CTPYKTYPBI M 13-
MEHSIeT XapaKTEePUCTUKY TaK XKe, KaK MOJOXUTeJIbHOe
cMellleHre Ha 3aTBope. M3aMeHeHHMe TOKa CTOKa CO-
crapsgeT MeHee 10 % npu Hanpskenuax Uy ~ 15 B
M KOHIIeHTpauu 3TaHoja B Bo3ayxe 8000 ppm. Ilo-
JIyYeHHBIN pe3yJNbTaT MOATBEPXIAET OOILIETIPUHSATYIO
MOJIeJIb aICOPOLMM U B3aUMOJENCTBUST Ta30B-BOCCTA-
HOBUTEJIEH ¢ MOBEPXHOCTHIO SNO, ¢ MOABIEHUEM J10-
MOJHUTEIbHBIX 3JIEKTPOHOB B 30HE MPOBOIMMOCTHU
MeTajuiookcuaa [15].

B xauecTBe raza-okucimTeNlss OBUI WCIOJNB30BaH
kucnopos O, konuenrpauueit 2000, 6000, 8000 ppm,
HaITyCKaeMBI B U3MEPUTEIBLHYIO KaMepy ITOocIie TTPo-
IYBKU €€ a30TOM. BBIXOIHBIE XapaKTepUCTUKU CTPYK-
TYpbl IIpY BO3eMCTBUM rasa-okucaurens O, npu
Ug = (0 B uzobpaxeHsbl Ha puc. 4 (CM. TPETbIO CTOPOHY
00JIOXKM). AACOpOLMSI KUCIOpOoAa Ha MOBEPXHOCTU
wieHKH n-SnO, NPUBOIUT K 3aXBaTy J€KTPOHOB U3
30HBI IpoBoauMocTH SnO, [16] M K yBeIMYEHUIO
3JIEKTPOCOIIPOTUBIICHUSI CEHCOPHOTO CJIOST METaJlIO-
OKCHA, SIBJISTIONIETOCs KAHAJIOM TTOJIEBOTO TPAH3UCTO-
pa. Kuciopon O, gBisieTcs ra3oM-OKUCIUTEIEM U aK-
LIETITOPOM 3JIEKTPOHOB, UTO YMEHBIIIAET 3JIEKTPOIIPO-
BOJHOCTb MOJyNpoBoAHUKA. Bo3nelicTBue Kuciopona
Ha MOBEPXHOCTH KaHajia IPUBOAUT K CHIKEHUIO TOKA
MEXIY UCTOKOM U CTOKOM KakK MpPH MOJOXUTEIbHBIX,
TaK ¥ TPHW OTPUILIATEILHBIX MMOTEHIIMAIaX Ha 3aTBOpE.
Taxkum obpasom, ancopbuus kuciaopoaa n-SnO, ka-
HaJIOM TIOJIEBOTO TpaH3WCTOpa OyleT AeiicTBOBATh Ha
BOJIbT-aMIIEPHYIO XapaKTEePUCTHUKY TaK Ke, KaK HaJli-
Yyye OTPULATEJBHOIO MOTEeHIMala Ha 3aTBope. [eil-




[ T4, mA I
11,2 I
| . < -1
1 ~ I
! I
1 0,8 I
‘ 0,6 \ !
1 0 = I
: 04 . _ :
[ I
1 0.2 |
! I
;0 T T T T T T T 1
| 0 1000 2000 3000 4000 5000 6000 7000 8000 |
I Cs, ppm |

Puc. 5. Binsinue KOHIEHTpanuy HAa 3HaYeHHE TOKA B KaHaje moJje-
BOT0 TpaH3WCTOpa: / — ra3a-BOCCTAaHOBUTENS (3TaHOMN); 2 — rasa-
OKUCJIUTENS (KUCIIOPO)

Fig. 5. Influence of the gas concentration on the value of the current in
the channel of the field transistor: 1 — gas-reducer (ethanol); 2 — gas-
oxidizer (oxygen)

CTBUTEJBbHO, KaK BUIHO M3 TOJYYEHHBIX KCITEPH-
MEHTaJbHBIX JAHHBIX, TOK CTOKAa YMEHbIIaeTcsl Mpu
B3auMozueiicTBumn n-SnO, KaHaja ¢ ra3000pa3HbIM KUC-
nopogoMm. Hanmpumep, 2000 ppm Kuciopoaa oka3biBa-
1oT Ha BAX TpaH3ucTopa Takoe k¢ BO3ACHCTBHE, KaK
1 OTpMIIATEIbHOE HaIlpSLKEHHE Ha 3aTBOPE.

Ilpn Bo3meiicTBMM KUCIOpOAa KOHIIEHTpaIuei
2000 ppm u Hanpsxenun Uy, = 15 B 3Hayenue Toka
1,;, mpoxoasuIero Yyepe3 KaHaj, yMEHbILIAETCH B 2 pa-
3a (puc. 5), YTO AEMOHCTPUPYET CUJIbHOE BO3AEUCT-
BUE Ta30B-OKMCJIUTENel HAa 3HaueHUe TOKa B MOJe-
BOM TPaH3UCTOPE C KAHAJIOM A-TUIIa Ha 0OCHOBE SnO),.
HanpHeiilee yBeJUyeHME KOHIIEHTpALUUU KHCI0poaa
1o 8000 ppm cHIKaeT 3HaYyeHMe ToKa Bcero Ha 0,1 MA.
B TO ke BpeMs BIMSIHME Ha BOJBT-aMIIEPHYIO Xapak-
TEPUCTUKY Ta30B-BOCCTAHOBUTEJIEN UMEET JIMHEHHBIN
xapakrtep U cocrtaBisieT ~10 % yBenuueHUs TOKA IpH
8000 ppm sraHoma. Mcxonst u3 momydeHHBIX BAX,
cJIemyeT OTMETHUTh, YTO CYIIECTBYET BO3MOXKHOCTD YII-
paBJieHUsI ITapaMeTpaMU JaTYMKa rasa ¢ oMollblo 13-
MEHEHMS HaIPSDKEeHMST Ha 3aTBOPE; TIPU 3TOM OTpHIIa-
TeJbHOE HaMpsKEHME Ha 3aTBOPE OKa3bIBaeT OOJIbIlIee
BJIUSTHUEC Ha BOJBT-aMITEpHBIC XapaKTePUCTUKU, YeM
MOJIOXKUTEJIBHOE, 1 MOXKET OBITh 3(P(MEKTUBHO UCIIOJIb-
30BaHO JUISl YCUJICHUSI CUTHAIA OT ra30B-OKMCIUTEEH.
TakxuM 00pa3oM, yCTaHOBIIEHO, YTO KOHIIEHTPAIIMSI
sraHoza 8000 ppm usMeHsietr BAX Tak e, Kak HaIpsi-
XeHue Ha 3aTtBope +1 B, a KoHIIeHTpaust KMciaopoaa
2000 ppm AeiicTBYeT, KaK HampsoKeHUe Uy, mpesbiiia-
foiiee —5 B.

3akmouenue

B pesynbTrare ncciienoBaHUi BOJILT-aMIIEPHBIX Xa-
PaKTEpUCTUK MOJIEBOIO TPAH3UCTOPA C HUXXHUM pac-
MOJIOXKEHMEM 3aTBOpa M METaJUIOOKCUIHBIM KaHAJIOM
YCTaBJIEHO, YTO T'a30BbI€ CPEeAbl IMIPUBOASIT K MOMYJISI-
MM TIPOBOIMMOCTM KaHaJila IOJIEBOTO TPaH3MCTOpa,
BIUSIOT Ha Bua BAX 1 TOK CTOKa, YTO MO3BOJISIET IIPO-
BOJIMTb M3MEPEHMsS Ta30BOI YYBCTBUTEIBHOCTH IIPHU

KOMHaTHO# TeMnieparype. ['a3bl-OKMCAUTENN OKa3bl-
BaIOT 0OJIbllIee BO3JIEMUCTBME HA BOJIbT-aMIIEPHBIE Xa-
pPaKTEepUCTUKM TIOJIEBOrO TPaH3UCTOpa C MeTaJlJo-
OKCUJHBIM KAaHAJIOM 3JIEKTPOHHOTO THIMA MPOBOIM-
MOCTHU, Ye€M Ta3bl-BOCCTAHOBUTENU. TakuMm 00pa3oM,
UCCIENYEMbIA MUKPOSJIEKTPOHHBIMA NAaTYUK raza Mo-
>KeT OBbITh UCMOJIb30BaH B CX€Me BKJIIOUEHUSI TT0JIEBOrO
TPAaH3UCTOPA € KaHAJIOM n-SnO, U HIDKHUM pacIIofio-
JKEHUEM 3aTBOpPa [IJI1 KOHTPOJISI KOHILIEHTPAIMK ra30B
IpY KOMHATHOU TeMmeparType.

711 KOHTpOJISl ra30B-BOCCTAHOBUTEJIEN JKeJIaTeJIbHO
WCII0JIb30BaTh I0JIEBOI TPAH3UCTOP C KAHAJIOM p-TH-
ra U HAXHUM pacrloiOXEeHWEM 3aTtBopa. B kayecTse
KaHaJla p-TuIla MOoJIEBOrO TPAaH3MCTOPa MOXXHO UCITOJb-
30BaTh CIIELUAILHO JIETMPOBaHHbIE IUIEHKU SnO, 1in
ZnO [17, 18], a Takke MeTa/utooKcuaHbBIE [19] mmm
cynbduaHbie MieHku [20] p-Tuia TPOBOAUMMOCTH.
IIpencraBasieTcs NepcneKTUBHBIM pa3paboTKa CIelm-
AJIbHBIX KOHCTPYKIUH MOJIEBBIX TPAH3UCTOPOB C HUXK-
HUM DPAcCIOJIOXEHUEM 3aTBOPa U OTKPBITHIM KaHAJIOM
n-TUINA WA p-TYMNOA JJI1 MOHUTOPUHTA BO3MYILIHOW
Ccpelbl Py KOMHATHOM TemIieparype.
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For a long time the metal oxide wide-gap semiconductors (SnO,, ZnO, etc.) have been used in the conductometric gas sen-
sors, which change their electric conductivity due to the surface adsorption of the gas molecules. High working temperatures of the
gas sensors (200...500 °C) require a lot of energy and reduce the lifetime of the sensitive elements. The aim of this work is to achieve
a decrease of the working temperatures of the gas sensors and increase the signal due to the effect of modulation of the electric con-
ductivity in the metal-oxide channel of the field transistor with a bottom gate. In our experiments we used a gas sensor prepared
by the microelectronic technology on the surface of an oxidized silicon with contacts to the sensitive SnQ, layer at the distance of
10 um. Low-ohm silicon was used as the gate contact to SiO,-dielectric, platinum contacts to SnO, — as the source and the drain,
Sn0, film between them — as the transistor channel. The volt-ampere characteristics of the transistor were obtained in the air en-
vironment at the zero, positive and negative potentials on the gate. It was demonstrated that at a room temperature the influence
of the gas-reducer (ethanol) and gas-oxidizer (oxygen) on the volt-ampere characteristics of the transistor corresponded to the pos-
itive and negative potentials on the gate. Thus, modulation of the electric conductivity of the metal-oxide channel of the field tran-
sistor under the gases’ influence at a room temperature changes the amplifier properties of the transistor with a bottom gate.

Keywords: field transistor, metal oxide channel, room temperature, volt-ampere characteristics, gases sensitivity
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Introduction

On the basis of films of SnO,, ZnO and other metal
oxides the thermoconductometric sensors of the toxic
and explosive gases were developed, which are widely
applied [1, 2] in the systems of safety and ecological
monitoring of the air environment. Due to the physical
and chemical specific features of the mechanisms of the
gas sensitivity of the metal oxides [3, 4], an essential
drawback of such sensors is a rather high (up to 500°)
working temperatures, demanding higher power con-
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sumption and reducing their lifetime. Besides, high
temperatures are dangerously explosive during control
of the combustible gases in the air [5], therefore, there
are continuing attempts to search for new ways of gas
detection, which do not demand high temperatures and
big power consumption [6]. There are attempts to cre-
ate gas sensors on the basis of MOS structures with a
catalytic (Pd or Pt) gate contact, which can work at
room temperatures [7]. The most frequently used field
transistors are the ones on the basis of silicon with the




top arrangement of the gate [8], the catalytic contact of
which interacts with the controllable gas, hydrogen, for
example, and breaks down quickly. Recently, in con-
nection with the advance of the transparent electronics,
during development of the transparent displays the field
transistors with the bottom arrangement of the gate and
the channel on the basis of the metal oxides have been
used [9]. At that, the influence of humidity of the en-
vironment on the parameters of the field transistor at a
room temperature was noticed [10], which allowed us
to assume that the gas sensitivity of the metal-oxide
channel on the basis of SnO, observed during interac-
tion with various gases opened opportunities for meas-
urement of the gas sensitivity at a room temperature.
The aim of the publication is to analyze the feasi-
bility of application of a microelectronic gas sensor,
connected in the circuit of a field transistor with a bot-
tom arrangement of the gate and a metal-oxide chan-
nel, for measurement of the gas sensitivity of the gases-
oxidizers and gases-reducers at a room temperature.

Samples and experiment technique

The object of research is the gas sensor made by the
microelectronic technology [11]. The gas sensor with
the size of 1 X 1 mm, made on the surface of the oxi-
dized silicon, contains a heater and contacts for the
sensitive layer in the form of the interdigital structure
from platinum with the distance between the contacts
of 10 um, and two sensitive elements (SE) on the basis
of the tin dioxide with additive of 3 % at. of SiO,. As
a result of a heat treatment the additive of 3 % at. of
SiO, in SnO, leads to formation of a nanostructured
SnO, film with the size of the crystalline particles of
about 5 nm [12] and to an increase of the gas sensitivity
of SnO, films due to + a greater role of the surface at-
oms in the adsorptive processes [13]. Connecting out-
lets from the aluminum wire with diameter of 30 um are
welded to the contact platforms by ultrasonic welding.
The crystal is placed in a standard ceramic-metal case
of an integral circuit.

The microelectronic gas sensor can be included in
the circuit of the field transistor with the bottom ar-
rangement of the gate: the gate is a silicon substrate
(of n-type with thickness of 400 um); the dielectric is
the silicon dioxide with thickness of 0.5 um; the source
and the drain are platinum contacts with thickness of
0.22 um; the channel is the gas-sensitive SnO, layer
with thickness of 0.25 pum, width of the channel
W = 3910 um, length of the channel (distance between
the contacts) L = 10 um, therefore, the correlation
W/L = 391 (fig. 1).

For measurement of the volt-ampere characteristics
(VAC) of the field transistor the crystal of the sensor
was placed on a sample stage connected to a power
unit, supplying voltage to the gate. A micromanipulator
with the tungsten probes was used to ensure the pressed

contacts to the source and the drain of the instrument
structure. By means of 19M2.611.004 characteristic
tracer-measuring instrument the voltage was supplied
to the source and drain probes, and the volt-ampere
characteristic of the transistor structures was measured
with visualization on C1-83 oscillograph.

Experimental results and their discussion

The output characteristics of the structure during sup-
ply of the positive Ug =1, 3, 5V and negative Ug = -1,
—3, —5 V voltages to the gate are presented in fig. 2
(see the 3-rd side of cover). It was discovered that a
positive voltage supplied to the gate resulted in an in-
crease of the concentration of carriers in the channel of
the field transistor and in a current increase between the
source and the drain, while the negative voltage sup-
plied to the gate resulted in a depletion of electrons in
SnO, layer and a corresponding alteration of the volt-
ampere characteristics. It is necessary to point out, that
in the given interval of voltages the output characteris-
tics of the structure contain only a steep or "ohmic" area
of VAC, while at the used voltages a flat or saturation
area is not reached.

The output characteristics of the structure under
the influence of different concentrations of ethanol at
U, = 0V are presented in fig. 3 (see the 3-rd side of cov-
er). Vapors of ethanol with concentrations of 2000,
6000, 8000 ppm are used as the gas-reducer. The con-
centration of the gas can be calculated by the method
of a controlled dilution. A technique was used for re-
calculation of the concentration of a liquid substance
(for example, acetone, ethyl alcohol, isopropyl alcohol)
into a concentration of a gaseous substance during its
evaporation in a closed volume [14]. As one can see
from fig. 3, the gases-reducers have only a little influ-
ence on the VAC structures and change the character-
istic in the same way, like a positive displacement on
the gate. Variation of the drain current is less than 10 %
at the voltages of Uy ~ 15V and concentration of eth-
anol in the air of 8000 ppm. The received result con-
firms the generally accepted model of adsorption and
interaction of the gases-reducers with the surface of
SnO, with appearance of additional electrons in the
conductivity zone of the metal oxide [15].

Oxygen O, with concentrations of 2000, 6000,
8000 ppm, let into the measuring chamber after its
blowing off by nitrogen, is used as the gas-oxidizer. The
output characteristics of the structure under the influ-
ence of the gas-oxidizer of O, at U, = 0 V are presented
in fig. 4 (see the 3-rd side of cover). Adsorption of ox-
ygen on the surface of n-SnO, film leads to capture of
the electrons from the zone of conductivity of SnO,
[16] and to an increase of the electric resistance of the
sensor layer of the metal oxide, which is the channel of
the field transistor. Oxygen O, is the gas-oxidizer and
acceptor of the electrons, which reduces the electric
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conductance of the semiconductor. Influence of oxy-
gen on the surface of the channel leads to a reduction
of the current between the source and the drain, both
at the positive and negative potentials on the gate.
Thus, adsorption of oxygen by #-SnO, channel of the
field transistor will influence VAC in the same way as
the presence of the negative potential on the gate. In
fact, as it is obvious from the received experimental da-
ta, the drain current decreases during interaction of
n-SnO, channel with the gaseous oxygen. For example,
2000 ppm of oxygen will have on VAC of the transistor
the same influence, as the negative voltage on the gate.

Under action of oxygen with the concentration of
2000 ppm and voltage of Uy, = 15V, the current of 7,
passing through the channel decreases 2 times (fig. 5),
which demonstrates a strong influence of the gases-ox-
idizers on the current in the field transistor with the
channel of n-type on the basis of SnO,. The further in-
crease of the concentration of oxygen up to 8000 ppm
reduces the current by 0.1 mA only. At the same time,
the influence of the gases-reducers on VAC has a linear
character and equals to ~10 % of the increase of the
current at 8000 ppm of ethanol. Proceeding from the
obtained VAC, we should point out that there is a pos-
sibility to control the parameters of the gas sensor by
means of changing the voltage on the gate; at that, the
negative voltage on the gate has a bigger influence on
VAC, than the positive one, and can be used efficiently
for strengthening of the signals from the gases-oxidiz-
ers. Thus, it was established, that the concentration of
ethanol of 8000 ppm changes VAC in the same way as
voltage +1 V on the gate, while the concentration of ox-
ygen of 2000 ppm operates as the voltage of Ug exceed-
ing =5 V.

Conclusion

As a result of the research of VAC of the field tran-
sistor with a bottom arrangement of the gate and metal-
oxide channel it was established, that the gas environ-
ments led to a modulation of the conductivity of the
channel of the field transistor, influenced the appear-
ance of VAC and the drain current, which made the
measurements of the gas sensitivity at a room temper-
ature possible. The gases-oxidizers render a great influ-
ence on VAC of the field transistor with a metal-oxide
channel of the electron type of conductivity, than the
gases-reducers. Thus, the investigated microelectronic
gas sensor can be used in the circuit of the field tran-
sistor with n-SnO, channel and the bottom arrange-
ment of the gate for control of the concentrations of
gases at a room temperature.

For control of the gases-reducers it is desirable to
use the field transistor with the p-type channel and the
bottom arrangement of the gate. As the channel of
p-type of the field transistor it is possible to use the spe-
cially doped films of SnO, or ZnO [17, 18], and also the
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other metal-oxide [19] or sulphidic films [20] of p-type
of conductivity. The authors believe that development
of special designs of the field transistors with the bottom
arrangement of the gate and the open channel of n-type
or of p-type for monitoring of the air environment has
good prospects.
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Fig. 3. The output characteristics of the structure
under the influence and in the absence of a gas-
reducer at U, =0 V:

1 — C,H,OH (8000 ppm); 2 — C,H,OH (6000 ppm);
3 — GH.OH (2000 ppm); 4 — in the absence of the gas
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Fig. 4. The output characteristics of the structure under the influence and in the absence of a gas-oxidizer at
U,=0V:1—in the absence of the gas; 2 — O, (2000 ppm); 3 — O, (6000 ppm); 4 — O, (8000 ppm)
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