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SENSITIVE ELEMENT OF MULTIFUNCTIONAL SENSOR
FOR MEASURING TEMPERATURE, STRAIN
AND MAGNETIC FIELD INDUCTION

Sensitive element of multifunctional sensor for measuring temperature, strain and magnetic field induction
has been developed based on the studies of electrical conductivity and magnetoresistance of silicon and
germanium microcrystals in the temperature range 4.2—70 K, strain +1.5-107 rel.un. and magnetic
fields of 0—14 T. The feature of the sensitive element is the using of the p- and n-type conductivity
germanium microcrystals as mechanical and magnetic field sensors, respectively, and the p-type silicon
microcrystal — as temperature sensor. That allows providing the compensation of temperature influence
on piezoresistance and on sensitivity to the magnetic field.

Keywords: sensitive element of multifunctional sensor, silicon and germanium microcrystals, magneto-

resistance, cryogenic temperatures.

High-sensitivity, high-speed devices and solid-
state electronics components operating under hard
conditions of exploitation are widely used in
modern technology, in particular in aerospace en-
gineering, cryoelectronics, etc. [1—4]. However,
deep cooling is necessary for the operation of such
devices, and that significantly limits their using. In
addition, a number of requirements are advanced
to modern devices such as multi-functionality,
miniature size, high precision of conversion, sta-
bility that can be achieved due to new structural
and circuit design solutions [1—35].

Known multifunction sensors for simultane-
ous measurements of several parameters, such as
temperature, strain, pressure, magnetic field, etc.
need high-value special equipments and materi-
als due to the use of the complex microelectronic
technologies [6—38].

The authors of the paper [9] describe the con-
struction of a multi-functional sensor for measur-
ing strain, magnetic field and temperature, in
which a thermistor based on a silicon whisker was
used as a measuring element. The sensor was based
on the single whisker that leads to a significant
impact of the measured parameters on each other,
and as a result, that has led to the reduction of
measurement accuracy. However, this design does
not allow providing the compensation of tempera-
ture influence on the sensor piezoresistance and
the temperature dependence of the sensitivity to
the magnetic field.

This work was devoted to the creation of the mul-
tifunctional sensor for measuring temperature in the
range of 4.2—70 K, under strain of +1.5-103 rel. un.
and magnetic fields up to 14 T. The sensor was
made using a simple technology that meets the
current requirements for the primary converters.

Experimental procedure

The silicon and germanium whiskers grown
by the method of chemical transport reactions
in a closed bromide system were selected to cre-
ate the sensitive elements of the multifunctional
sensor [10]. The corresponding source material,
silicon or germanium, was loaded into a quartz
tube. The gold impurity was used as the ini-
tiator of the whisker growth. Silicon whiskers
were doped with boron, and germanium whis-
kers — with gallium during their growth, to
obtain the p-type conductivity. The germanium
whiskers were also doped with antimony to ob-
tain the n-type conductivity. Silicon whiskers
have the doping concentration of 5-10'® ¢m™,
and germanium whiskers 5-10'7 cm™3.
The temperature of the crystallization zone was
700—800°C, and the temperature of the evapora-
tion zone was 1000°C. The silicon and germanium
whiskers with a diameter of 3—9 um and the
length 2—4 mm were selected for the studying.

The original and easy-to-implement technique
proposed by the authors of [11] was used to pro-
vide uniaxial compressive and tensile strain for the
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studied whiskers at cryogenic temperatures. Thus,
the uniaxial strain of the silicon and germanium
whiskers is created by the changing of the tempera-
ture due to the difference in coefficients of thermal
expansion of the crystal and the substrate material.
The whiskers were mounted on the substrates with
different materials by using a glue of VL-931 with
the polymerization temperature of +180°C.

The p- and n-type conductivity the silicon and
germanium whiskers were placed on a special beam
and installed in a helium cryostat where they
were cooled to a temperature of liquid helium for
the studying of the magnetoresistance and strain
characteristics.

The influence of the magnetic field on the
whisker properties were studied on a Bitter magnet
with an induction up to 14 T and with the scan
time in the field of 1.75 T /min in the temperature
range 4.2—70 K.

The stabilized electric current through the
whisker has determined by the current source
Keithley 224 within range 1—100 pA depending
on the resistance for investigated whiskers. The
temperature has measured with using Cu-CuFe
thermocouple.

The electric voltage at the whisker contacts,
the output signal of the thermocouple and the
magnetic field sensor were measured by digital
voltmeters Keithley 199 and Keithley 2000 with
an accuracy up to 1-107% V. The simultaneous au-
tomatic registration of indicators on devices was
carried out due to the parallel port of the personal
computer and further their visualization on the
monitor screen.

The studies in the temperature range 4.2 —70 K
and magnetic fields up to 14 T were carried out
in the International Laboratory of High Magnetic
Fields and Low Temperatures (Wroclaw, Poland).

Experimental results and discussion

The results of the investigations of the tempera-
ture dependence of the resistance R in the p-type
conductivity Si whiskers are presented in Fig. 1.
The dependences of relative change of the resistance
vs applied uniaxial strain (AR,/R,)) and the mag-
netic field induction (AR,/R,) at different tem-
peratures in the range 4.2 —70 K for both types of
conductivity Ge whiskers were shown in Fig. 2 and
Fig. 3.

The obtained data show that:

— the resistance sensitivity to the temperature
change in the studied range is 0.42 Ohm /K for
the p-type conductivity Si whiskers (Fig. 1);

— the resistance sensitivity to the maximum
strain change (1.5-1073 rel. un.) at liquid helium

R, Ohm
260 - \
250 -
240
0 20 40 60 T, K

Fig. 1. The temperature dependence of the resistance
in the p-type conductivity Si whiskers
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Fig. 2. The dependences of relative change of the

resistance vs applied uniaxial strain for the n- (a)

and p-type conductivity (b) Ge whiskers at different
temperature:

1 —42K;2 —14K;3 —24K; 4 - 42K;5 —-—70K
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Fig. 4. Schematic image of the sensitive element of the
multifunctional sensor:

1, 2, 3 — mechanical, magnetic field induction and
temperature sensors, respectively; 4 — elastic element
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Fig. 3. The dependences of relative change of the
resistance vs the magnetic field induction for the n- (a)

and p-type conductivity of (b) Ge whiskers at different
temperature:

1 —42K;2 - 14K;3 —24K;4 - 42K;5 - 70K

temperature is more than 40% for the n-type con-
ductivity Ge whiskers and it’s about 15% for the
p-type Ge whiskers (Fig. 2);

— the resistance sensitivity to the change in
magnetic field induction from 0 to 14 T at tempera-
ture 14 K is about 20% for the n-type conductivity
Ge whiskers and it’s about 35% for the p-type Ge
whiskers (Fig. 3).

Therefore, the obtained data indicate that the
p-type conductivity silicon whiskers could be used
as the temperature sensors in the range of 4.2—70 K,
and the p- and n-type germanium whiskers — as
the mechanical and magnetic field sensors, re-
spectively.

Sensitive element of multifunctional sensor

The conducted studies allowed designing the
sensitive element of the multifunctional sensor for
measuring strain, magnetic field induction and
temperature (Fig. 4).

The developed sensitive element of the multi-
functional sensor was operated due to the simul-

0 1
0

0.4

0.8

1.2

€103, rel. un.

by . mv

out’

60

40

20 A

c)

U ., mV

out?’

5.0 -

4.5 A

3,5 T T T T T T T T T
0 20 40 60 18

T, K

Fig. 5. The output signal of the multifunctional sensor
for measuring strain (@), magnetic field induction (b)
and temperature (c)
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taneous using of three sensors with different types
of conductivity: the temperature sensor — based
on the p-type conductivity silicon whisker, the
mechanical, magnetic field induction sensors — on
the basis of the n- and p-type conductivities ger-
manium whiskers, respectively. All three primary
converters have mounted on the elastic element
as shown in Fig. 4.

The sensitive elements of the multifunctional
sensor for the measuring strain and magnetic field
induction have switched in the adjacent shoulders
of the bridge measuring circuit. As a result, the
output signal of the circuit caused by the influence
of deformation is determined by the difference in
signals, while the signal caused by the effect of
the magnetic field is determined by the sum of
the signals.

The temperature sensor based on the p-type
conductivity silicon whiskers, which are weakly
sensitive to the influence of the magnetic field,
was used to provide the compensation of tem-
perature influence on the sensor piezoresistance
[12]. Therefore, the compensation of temperature
influence on piezoresistance and on sensitivity to
the magnetic field in the multifunctional sensor
were carried out by the electronic processing unit
taking into account the output signal from the
temperature sensor [13].

Output signals from three sensors of the mul-
tifunction sensor are shown in Fig. 3.

The output signal of the mechanical sensor
reaches up to 300 mV at temperature 70 K, which
corresponds to the strain level of 1,2-10% rel. un.
(Fig. 5, a). And the output signal of the magnetic
field sensor is about 65 mV at induction 14 T
(Fig. 5, b).

Conclusions

Consequently, the sensitive elements of the
multifunctional sensor for the measuring tem-
perature, strain and magnetic field induction
designed as the result of carried out studies that
allows increaseing the accuracy of the measured
parameters and extend the range of the magnetic
field measurements up to 14 T in comparison with
the existing analogues. The sensitivity of the tem-
perature sensor is 0.42 Ohm /K in the temperature
range of 4.2—70 K, the sensitivity of the mechani-
cal sensor at liquid helium temperature reaches up
to 40% and the sensitivity of the magnetic field
sensor at induction 14 T is about 35%.
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UYTJIIMBUN EJJEMEHT BATATO®YHKIINHOTO JATUNKA
JJIs1 BUMIPIOBAHHS TEMIIEPATYPU, JEDOPMAIIIL
TA MATHITHOTO I10JIA

Ha ocnogi pesyivmamie 00cai0KeHHs 3ANeKHOCIE ONOPY MIKPOKPUCAALE KPEMHIIO i 2epManiio 6i0 memnepa-
mypu, deghopmayii ma mazwimHoOzo NOAS PO3POOIEHO UYMAUSUL eNeMeHm OazamOoPYHKYIH020 damuurd 045
sumiprosanns memnepamypu ¢ inmepsaii 4,2 — 70 K, dechopmauii =0,0015 6ion. 00. ma indyxuyii maenimnozo nois
0o 14 Ta. Ocobaugicmio uymaugozo ejemenma € 6UKOPUCMAHHI MIKPOKPUCTRAILE KPEMHII0 P-TUnY NpoeioHocmi
K Cencopa memnepamypu, d MIKPOKPUCMANLE 2epMAHII0 p- i N-MUnY SK CEHCOPi6 dedhopmauii i Maznimmnozo
noasi 6i0n06ioHo, wo 003601UN0 3A0e3NeUUMU KOMREHCAYIIO BNAUCY MEMNEPAMYPU HA MEHIOUYMAUSICMYb i
UYMAUGICTNG 00 MAZHIMHOZ0 NOJSL.

Kniouosi caosa: uymaueuti enemenm 06azamohyuxyitinozo Oamuuxd, MIKPOKPUCMAAU KPEMHIIO 1 2epMAaHiio,
MAzZHIMOONIP, KPUOZEHHI MeMNepaAmypu.

/. m. n A. A. IPYKHHHH, 0. m. n. 0. H. XOBEPKO,
k. m. n. A. I. KYTPAKOB, x. m. n. H. C. IAX-KAI'VH,
C. IO. AIIYXHEHKO

Ykpanna, Hanmonanbublit yHuBepcuter «JIbBoBCKas MoJUTEXHUKAY
E-mail: druzh@polynet.lviv.ua

YYBCTBUTEJbHbBIN 3JIEMEHT MHOTO®YHKIIMOHAJIBHOTO
JATUNKA VI NSMEPEHUA TEMIIEPATY PBI,
JEDOOPMAIINN 11 MATHUTHOTO I10JIA

Ha ocnoge pe3yavmamos ucciedoganus 3asuCUMoCcmu COnPOMUBIeHUS MUKPOKPUCTRALIO8 KPEMHUSL U 2ePMAHUSL
om memnepamypol, 0eqopMayuu U MAZHUMHOZO NOISL PA3PAOOMAH UYECNEUMENLHI INEMEHM MHOZODYHKYU-
OHANLHOZ0 damuuka 01 usmepenus memnepamypvl ¢ unmepsane 4,2—70 K, dechopmayuu +0,0015 omn. ed. u
undyxyuu maznumnozo noas 00 14 Ta. Ocobennocmvio uyecmeumebHozo dJ1eMeHMA ABAACMC UCTONbI0BAHUE
MUKPOKPUCTNANL08 KPEMHUSL P-MUNA NPOBOOUMOCTNU 6 KAYECBEe CEHCOPA MEeMNePaAmypsvl, d MUKPOKPUCALLIO08
2epMaAnUs. P- U N-MUnd 8 Kauecmee CeHcopos 0eopmMauuy U MAzHUMHOZO NOAsL COOMBEMCMEEHHO, UMO NO360-
JUNO 06ecneuums KOMNEHCAUUIO 8IUSHUSL MEMNEPAMYPLL HA TMEHI0UYECMEUTNEILHOCTND U YYECIMEUMELHOCTIb K
MAZHUMHOMY NOJIO.

Knioueswie crosa: uyecmeume/tbubni dJleMeHm MHOZOCf?yHKLguOHCZ/leOZO 8amuu1€a, MUKPOKPUCINALIbL KDEMHUS U
zepmanus, maznumoconpomueienue, Kpuozennvie memnepamypul.
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AVNCKPETHBIE ®OTOIIPUEMHNWKN
CPEJHEBOJIHOBOTO MK-/INAIIASOHA CIIEKTPA
HA OCHOBE HgCdTe

Paspabomana monosozus u mexHoI02udecKUe PEXUMbL U320MOBACHUSL OUCKPemHbIX (homoduodos (Odua-
memp 0,5—1,5 mm) cpednesonno80zo unH@pakpacrnozo Quand3ona cnekmpa na 6ae SMUMaKcudaIbHolLX Cl0-
e6 kadmui-pmymo-meanyp (KPT). Hccaedosanvr onmuueckue, (homosiexmpudeckue u 601bm-amnepHole
xapaxmepucmuru ouckpemuolx KPT-¢pomoduodos s cnekmpaiviozo ouanasond 3 —>5 Mm ¢ yeavto 0o-
CIUKeHUs: HeOOX00UMBIX IKCNAYAMAYUOHHBIX NAPAMEMPOS. Y CMAHOBACHO, UMO NOAYUeHHble (HOMOOUO-
ObL Mozym pabomamo 6 pexuMax, 0zpanudeHnvlx Gayxmyavuimu ¢onosozo usryuenus ( BLIP-pexum).

Kniouegvie crosa: HgCdTe, (homooduod, HK-duanason, BAX.

[l oxmask1aeMbIX TPHEMHUKOB HH(PaKpacHo-
ro (MK) usiyuyenust umerorcst yxe cpopMUpOBaH-
Hble TEXHOJIOTUY C XOPOIIIO OIIPE/IeJTEHHON apXUTeK-
TYypOH, a UX MPUMEHEeHNe XOPOIIIo U3BECTHO. TeM He
MeHee, CYIIEeCTBYIOT BO3MOKHOCTH JIJIS YTy IIEeHUS
CHEKTPAJbHOTO JUATIA30HA U Pa3peIieHus Mpu Ofl-
HOBPEMEHHOM TIOHUKEHUU IIeHbI, pasMepa 1npubo-
POB, WX MAacCChl M MOIIHOCTHU, a TaK)Ke JJII PaCIIu-
penust obJiactu ucnosb3oBanus Y K-pusyanusaru
JUIS 1eJiel ABOMHOrO HasHAYeHUs, HAIIMOHAJIbHOI
6€3011aCHOCTY U KOMMEepPYeCKUX mpuiokeHuii. [Ipu
n3roroBiennn NK-gerexTopa caMbIiM BasKHBIM (hak-
TOPOM, BO3MOJKHO, SIBJISIETCST HCITOJTb3YEMbIi MaTe-
puan. Ha naHHbI MOMEHT MHOTHE MCCJIe0BaATe N
U TPOU3BOAUTENU (POTOAMOMOB YTBEPIKAAIOT, UTO
HaWJIYYIIUM [OJTYTTPOBOIHUKOBBIM MATEPUAJIOM JIJIST
NK-neTekTopoB sBJSIeTCS KaJAMHUH-PTYTbh-TEJIYD
(KPT) [1—3], ut0 06yCJOBIEHO BO3MOKHOCTDHIO
n3MeHeHus. Kpas (POTOYYBCTBUTEJbHOCTH U3MEHE-
HHeM xXuMmudeckoro coctaBa KPT. 9Tto mosBos-
eT, HaIpuMep, YMEHBITUTb YPOBEHDb IMyMOB ¢o-
TOTIPUEMHUKA, TIOCKOJbKY IMUPUHA 3aIpeIeHHOl
30HBI JIJIsI iMana3oHa (hOTOYYBCTBUTENBHOCTH MO-
JKeT ObITh BbIOpaHAa B TOYHOM COOTBETCTBHH CIIEK-
TPaJbHOMY AMAa3oHy (OTOOTBETA.

Iueprermyeckast 3onHas crpykrypa HgCdTe xa-
paKTepu3yeTcss TAKUMU OCOOEHHOCTSIMU, KaK:

— BO3MOJKHOCTb 33/IaBaTh ITUPUHY 3allpelieH-
HOH 30HBI TTPW BLIPAIIWBAHUY TLIEHOK C BBICOKOM
MTPOCTPAHCTBEHHOH OTHOPOTHOCTHIO M HU3KOM TLJIOT-
Hoctbio muciaokarmii (< 1-10° ¢M™2) HeCKOJbKH-
MM SIMTaKcHaIbHbIME MeTogaMu (GKuakodasHoi,
MOJIEKYJIAPHO-Iy4eBOI, MeTaJIJIOPraHIIeCKON Ta30-
(aszHoiil arMTaKcueii) Ha COrTacOBaHHBIX 110 TIOCTO-
SHHOW pelieTku W npo3paunbix B MK-nunamnasone
noaoxkax CdZnTe;

— HM3Kas KOHIEHTPAIs HEOCHOBHBIX HOCHUTE-
neit sapsama (< 1-10' cm73);

— HaJUYMe TOAXOSANNX JETUPYIONUX TPU-
Mecell [IJISI CO3/IaHus n- U p-TUIa IIPOBOAMMOCTH;

— yHUBepCaJibHble MeTO/bl JJs1 (popMuUpoBa-
HUsI Me3aCTPYKTYP U ILJIAHAPHBIX TOMO- U T€TEPO-
EPEX0/IOB;

— OTHOCHUTEJIbHO HeGOJbIIOE 3HAYCHIE [TUIJIEK-
TPUYECKON KOHCTAHTDBI, UTO SIBJISIETCS] BAXKHBIM JIJIST
E€MKOCTH p — n-TIePeX0/ia;

— BO3MOKHOCTH ucnosb3oBanusi CdTe B ka-
YecTBE TACCUBAIMOHHOTO TOKPBITUSI, YTO CHOCO6-
CTBYyeT peaJyn3aiuu (OTo[MOI0B C HU3KUM 3Haue-
HueMm 1,/ f-1rymMa U BBICOKON Pa[UaIlMOHHON CTOIi-
KOCTbhIO [4].

Takoe couetaHue 30HHOH CTPYKTYpPbI U CBOICTB
MaTtepuasa 1Mo3BoJigeT Moayvarb kKauectBeHHbie VK-
aerektopbl (B T. 4. (POTOCONPOTUBIEHUS, OLHO- U
MYJIbTUCTIEKTPAJbHBIE (HOTOANOABI, (HOTOAUOIHBIE
MaTPHILbI) ¢ PaGOYNMK XapaKTePUCTHKAMK, GJIN3KHU-
MU K TEOPETHYECKU BO3MOKHBIM, M U3MEHSTH Ipa-
HUYHYTO JTMHY BOJIHBI B fnanaszoHe 1,5 —20 MiMm.

KpymrodopmaTabie hoTOBOIbTANYECKIE MATPH-
1IbI SIBJISIOTCSI OCHOBOM JIJII TEXHOJIOTUYM M3TOTOBJIE-
HUS NIMPOKO IPUMEHSIEMBIX THOPUAHBIX (DOTOIIPH-
emubix ycrpoiicts (DITY) [5]. Hau6oabmee pac-
npocrpanenue nomyunan Matpunst u3 Hg,  Cd Te
(x = 0,2—0,3) a0 CHeKTPaJbHOIO JHanasoHa
8—12 u 3—5 mrm. DIIY na 8—12 mxmM obecrie-
YUBAIOT HAUJIYUIIYIO TEMIEPATYPHYIO YyBCTBU-
TEJBHOCTb W TIOMEXO3AIIUIIEHHOCTh B YCJOBUSIX
33/IbIMJIEHHOCTH W 3albLJIEHHOCTH. B aToM criek-
TPAJIbHOM JMAlla30HE HAXOAUTCS MAKCUMyM COG6-
CTBEHHOTO TEILJIOBOTO U3JIyUYEHUS TEJT, HAXOISIIUX-
ca ipu Temniepatype 300 K. CorsiacHo 3akony cMe-
mennss BuHa, MakcMMyM COOGCTBEHHOTO TETJIOBO-
IO U3JIy4YeHWs TeJ MPU UX HATPEBAHWM CMEIaeT-
Cs1 B KOPOTKOBOJIHOBYIO 06J1aCTb, 1103TOMY J1Jisi 6O-
Jiee HATPEThIX TeJ ONTUMAJbHBIM SIBJISIETCSI CIIEK-
Tpasbhblil ananason 1—5 mkm. [lia Hg,  Cd Te
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(x=0,3) ecTb BO3MOKHOCTb M3TOTOBJIEHKST MATPUIL
Ha CIeKTpaJIbHbIN 1uanas3on 3— 5 MKM. VX pabovast
TeMIIepaTypa MOKeT ObITh MoBbIeHa 10 120 —150 K
6e3 yXy[AIIeHusI XapaKTepHCTHK, 00ecleuynBaio-
X QyHKIMOHUPOBAHIE B PEKUMAX, OTPAHUYEH-
HBIX (DOHOBBIM M3JIYYEHUEM, UTO SIBJISETCS HEBO3-
MOKHBIM JIJisT Matpuil Ha ocHoBe InSb. 3T10 00y-
CJIOBJICHO KaK Pa3HbIMU Koach)MuHeHTaMH TeMIle-
paTypHOTO PAaCHIMPEHNs 3alpPeIleHHoil 30HbI K,
(B HgCdTe dE /dT >0, aB InSb dE /dT < 0)
Tak 1 WaHAMATBHO Gooee KOpOTKOBOJIHOBOI/I rpa-
HUtleil PoTOUyBCTBUTENBHOCTH (HOTONPUEMHUKOB
Ha octoBe HgCdTe Ha o6acTh criekTpa 3 —35 MKM
(xpacnast rpannia pOTOUYBCTBUTEIBHOCTH A, HOTO-
npremankos Ha ocHose Hg,_ Cd, Te (x=0,3) cocras-
Jaget okoso 5,0 MkM, a Ha ocHose InSb — 5,6 MKM
npu T = 80 K). IkBuBaJeHTHAsA HIyMy Pa3HOCTD
TEeMIIepaTyp JJs1 MaTPUI[ 3TOTO CIIEKTPATbHOTO /IU-
arasona npu 80 K pasna 7—20 MK [5, 6].

JLJ1s1 HEKOTOPBIX CHEUATLHBIX TIPUJIOKEHUN aK-
TYaJIbHBIM SIBJISIETCS BOIIPOC CO3aHUS JUCKPETHBIX
oToamonoB ¢ GOJIBLINON TIOMAIBI0 YyBCTBUTEb-
HbIx saementos (1,25 wmm 3,2x3,2 MM, Hanp., [7])
C BO3MOJKHOCTBIO MOJIy4eHUsI OOJIBIITNX CUTHAJIOB,
JAJLHOCTH OOHAPY KEHUS W T. JI.

[enbio manHOTO MCcaenoBaHus 6blIa pa3paboT-
ka K-doTtoanomoB cpeaHeBOTHOBOTO aUAma3oHa
(L=3—5 mkM, T=80 K) ¢ anamMerpoM 4yBCTBU-
TeJIbHBIX 2/1eMeHTOB d,, = 0,5 —1,5 MM Ha CTPYKTy-
pax HgCdTe, BbIpaiiieHHBIX METOIOM KUAKO(Da3-
HOIl STIMTAKCUU, U UCCJEOBAHUE UX ONTHYECKUX,
AJIEKTPUUYECKUX U (POTOIJIEKTPUUECKUX XapaKTepPH-
CTHK JIJIST IOCTUZKEHUST HEOOXOIUMBIX KCILIyaTaly-
OHHBIX TTAPAMETPOB.

®dopmuposanne GHOTOUYBCTBHTEIBHBIX CTPYKTYP

TBep/ibie pacTBOPHI KAJAMUN-PTYTh-TEJLTYD SBJIS-
I0TCSI HECTOMKUMHU K MEXAHUYECKUM HAIPSIKEHUSIM
1 TIOBBITIIEHHOIT TeMmiepaType. DUBUKO-XUMIUECKITE
CBOIICTBA 3TOr0 MaTepHasa HaKJIaJIblBalOT CBOU TPe-
GOBaHUST K TEMIIEPATYPHBIM PEXKUMAM TTPOBEIEHNS
TEXHOJIOTMYECKHX IIPOLIECCOB U OIPAHIMYUBAIOT BO3-
MO’KHOCTD HCITOJIb30BaHMSI CTAaHAAPTHBIX OIIEPALIHIA,
MPUHSTHIX B MUKDPOJJIEKTPOHUKE, UYTO 0OYCIOBUIO
HeoOXO0UMOCTh Pa3pabOTK HEKOTOPBIX TEXHOJIO-
FHYECKUX PEIIeHH.

Ilns msrorosrennss MK-doroanonos Ha ocHo-
Be y3koszonnoro mnoJsynpoBoanuka HgCdTe wuc-
[IOJIb30BAJIMCH CJIOM, BBIPALEHHBIE METOAOM >KH/I-
kodasHoil snuTakcuu Ha HoAIokkax Cd, yZn Te
(y = 0,03—0,05), umeromux 6aU3KHE HapaMeprI
PEMIETOK, YTO MO3BOJISET MOJyYarh CTp QIKTylzjbI C
MaJIBIM KoJimdecTBoM auciokanmii (< 10° cm
METaJIIyPrUuecKoi TpaHuile pasjena i CaMux CJI0-
eB. dmurakcuaabhbie caon Hg,_ Cd Te (x = 0,3)
p-TUIA TIPOBOJMMOCTH XapaKTepPHU30BAINCH BBICO-
KOI OZIHOPOJHOCTBIO COCTAaBa II0 ILIOIAAu o6pasiia
(<1073 mopubIX moseit CdTe), KOHIIEHTPAINS JbI-
poK cocTaBsiia N, = 1016 cM™3, xXoJIOBCKAS TIOJI-

70
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Puc. 1. CrekTpaJibHble 3aBUCUMOCTH OTITHYECKOTO IMPO-

TTyCKaHWs STNTaKCcHATbHbIX MieHoKk KPT, nsmepennbie ¢

nomortbio UK-Dypwe-criekrpomerpa “Spectrum BX-117
npu T = 300 K

BIJKHOCTD |o; = 400 —450 cm2 B! ToumuHa
minenok KPT usmensinach B ipeesiax 15— 20 MKM.

Ha puc. 1 npuBeseHbl crieKTpajibHble 3aBUCH-
Moct MK-TiponyckaHus SMUTaKCHATBHBIX CJIOEB
Hg, ,Cd, Te npu T = 300 K. 9111 crieKTpsI, T0JIy-
YeHHbIE TIPU JIAHHOI TeMIiepaType, 0ObIYHO MCHOJIb-
3YIOTCSL JIIST ONpe/leIeHusT JIIMHHOBOJIHOBOU T'pa-
HuIbl poToOoTBeTa A, IIPH TeMmiepaType QyHKINO-
aupoBanusg KPT-nmpuemankoB T = 80 K na ypos-
He 50% MakcuMaJabHOTO K03 duiimenTa npomycka-
mua T, [8].

N3 paHHBIX MO ONTUYECKOMY IPOILYCKAHUIO
(puc. 1) 6bur0 Haiimeno, 4to A, = 4,11 MKM,
YTO COOTBETCTBYET INMHUPUHE 3alpPeNieHHON 30HbI
Hg;_,Cd,Te E;=0,3017 9B (x=0,309, A, = 4,11 Mmxm
npu T = 80 K).

W3 puc. 1 BUHO, YTO KPUBbBIE ONITUYECKOTO MTPO-
MYCKAHUS XapaKTePU3YIOTCS YeTKUM U PE3KUM Kpa-
€M, UTO CBUJIETETIHCTBYET 00 OTCYTCTBUU TOJICTOTO
MEPEXO/THOTO CJIOST C TPAJMEHTHBIM COCTABOM MEK-
Ty TIOJIJIOKKOM U TIIEHKOH, a Hajanmyne nHTepgepen-
IIUY CBUJIETEIBCTBYET O XOPOIIEM KAYeCTBe TTUTAK-
cuaJbHbIX TeHok KPT.

[Tporiecc nsroroBenust GoToaMOTOB COCTOUT U3
MHOTUX TEXHOJIOTHYECKUX OMePaIuii, BKJIOYas Ha-
HeceHMe 3alUTHOTO NOKPbITUS, (poToMUTOrpaduye-
CKHe TPOIECCHI It (DOPMUPOBAHUS OKOH TIOJ UM-
MJIAHTANUI0 1 (POPMUPOBAHUST METAJTHYECKUX T10-
KPBITUI, XUMUYECKYI0 0OPaGOTKY MOBEPXHOCTH,
pas/iesieHre TIJIACTUHBI HA OT/IeJIbHbIE YUITbl, MOH-
TaXX, KOPIYCUPOBKY, (OpPMUPOBAHUE 3JIEKTpHUUe-
CKHUX KOHTAaKTOB W JIp.

CnoiictBa MK-KPT-dotoanonos cytecTBeHHO
3aBUCAT OT XUMUYECKOW M 3JeKTPOHHOH CTPYKTY-
PbI TIOBEPXHOCTH, TIOITOMY CYIIECTBYET HEOOXO/IH-
MOCTb B CO3/IAHUU MTACCUBAIIMOHHOTO MOKPBITHS JIJIST
YMEHBIIEHUST TIOBEPXHOCTHBIX TOKOB U TIPE/I0TBPA-
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HIeHus Jierpajlaiiuu CTpyKTyp. B kavectBe maccu-
BaIIMOHHOTO TIOKPBITUS HAMU UCIIOJIb30BAJICS TEJI-
JIyPUJT KAJMUSI, KOTOPBII HAHOCUJICS METOJIOM MO-
JIEKYJIIPHOU 3MUTAKCUM «TOPSYasi CTEHKa» B CIie-
UAJBHO MOM06GPAHHBIX PEXUMAX, MPEOTBpAIla-
IONUX AJUTe bHbIN HarpeB cTpykTypbl HgCdTe /
CdZnTe, KoTOPBIH MOXKET TIPUBECTH K U3MEHEHUIO
XUMUYECKOTO cOCTaBa moBepxHocTHOTO caosi KPT.
IMaccusarmonnsie caon CdTe xapakTepru3oBagnch
MEJKO3EPHUCTON MOJUKPUCTAJIINYECKON CTPYKTY-
poii, a UX TOJIIUHA COCTaBJsIa TpuMepHO 60 HM
U KOHTPOJIMPOBAJIACH C MOMOIIBIO 3JIJTUIICOMETPU-
YeCKUX M3MEpPEeHUil.

[lns cozmanust p— n-mepexoioB B Y3KO30HHOM
mosryipoBogake HgCdTe mcmosb3oBaicss MeTOT
nomnHoi ummranTtanuu BT ¢ go3o0it (2—3)-10'3 ecm2.
[Ipu aTOM OCHOBHBIM MEXaHU3MOM (POPMUPOBAHUS
JIETUPOBAHHOI 06J1aCTU SIBJISIETCS TOT, KOTJIA HOHbBI
60pa BBIOMBAIOT aTOMbI PTYTH, KOTOPbIE IEPEXO-
JAT B MEX/IOY3JIUsI, CTAHOBSICh 3JIEKTPUYECKU aAK-
TUBHBIME Jle(DEKTaMU, OTBETCTBEHHBIMU 3a CO3/Ia-
HUE 1n-00J1aCT! p — N-TIePexXo/ia.

[Ipu dopmupoBanum MeTaJIMYECKUX KOHTAK-
TOB K (POTOUYBCTBUTEIBHBIM 3JIeMEHTaM HEO6X0/U-
MO TIPOBECTU PsiJl TEXHOJOTUYECKUX Olepaluil, B
TOM YHUCJIE BCKPBITHE OKOH B [TACCUBAIIMOHHOM CJIOE
CdTe a7t co3manust OMUUECKOTO KOHTAKTA, HAHece-
HUE METAJLIMYECKOTO TIOKPBITUS U (DOPMUPOBAHUE
TOMOJIOrMK (POTO/INO/IA METO/IOM TPABJICHUS HaHe-
CEHHOTo MeTaJiia 6e3 HapyIIeHUs 3alUThl OCTAJIb-
HBIX y4acTkoB uumna. /loctuyb atoro ypanoch 6Jia-
rojiapsi TEXHOJIOIMYECKOMY PELIeHI0, YCTaHABJIU-
BaIOIIleMYy OTIPeIeIEHHbBIN TIOPSIJIOK TpoBeieHust (o-
TOJUTOrpaUUIECKUX ONEPAITHil, YTO TTO3BOJIIIIO UC-
M0JIb30BaTh (POTOPE3UCT JIJIsl 3AIUTHI [TACCUBAIIMH
OT BOB/IEHICTBUS arpecCUBHBIX XUMUUYECKUX TPaABU-
TeJieii. B KauecTBe MeTasIa /171 KOHTAKTOB MCIIOJIb-
30BaJICd WHANH, KOTOPBIF HAHOCUJICS METOZIOM Tep-
MUYECKOTO BaKyyMHOTO PaCIbLJIEHUS B YCTAHOBKE
¢ 6e3MacigHoll oTkaukoi. ToJuHua IJIeHKT U ee
JlaTepajibHble Pa3Mepbl KOHTPOJUPOBAJIUCH C TIO-
Molibio nHTepdepeHInoHHoro 3D-poduaomerpa
«Mukpon-anbda» (puc. 2). Tommunta HaHECEHHO-
TO CJIOd UHIUA cocTaBiagaa 1 —2 MKM, 4TO IBJISIET-
€SI JIOCTaTOYHBIM [T (DOPMUPOBAHUS 3JIEKTpPUYE-
CKUX KOHTAaKTOB METO/IOM YJIbTPA3BYKOBOH CBAPKM.

B pesysbraTe mpoBeIeHHOTO TEXHOJOTHUYE-
CKOro IuKJa ObLiu M3roToBJeHbl MaccuBbl KPT-
oTo1o/10B ¢ maomabi0 A ; 4YyBCTBUTE/IbHBIX dJ1e-
MeHTOB, pasHoii 0,785-107% 1 1,77-107% cm? (puc. 3).
[Tocsie kKoHTpOJIS 3/IEKTPOPU3NYECKIX [TAPAMETPOB
IJIACTUHY Pa3/eJisiii Ha IMCKPETHbIe (DOTOAMO/IbI, K
KOTOPBIM 3aTeM (DOPMUPOBAJIU IJIEKTPUIECKUE KOH-
TaKTbI, jajee GOTOAMO/bI MOHTUPOBAJIU B KOPITY-
ca ¥ MOMeMaJu B KPUOCTAT JIJIsi KOHTPOJIsT ux o-
TO3JIEKTPUYECKUX TTaPaMeTPOB.

Puc. 2. ®@ororpadun MeTanInIecKoil IJIeHKN, HaHeCceH-
noit na muny KPT-unna:
creea — m306paXkeHne B ONTHYECKOM MUKPOCKOIIE;
cnpasa — 2D-tpoduab TONIMHB TJIEHKH In, BbIpaiieH-
HOI Ha moBepxHOCTU (HOTOANOIA

hv

Meranuueckue
KOHTAKTBI

e

RO

““-—-__,
n-Cd Hg,_ Te

® % o= o= o x v ¥ = = o= o® o® B o= o2 %2 & ® B B B o8 8 %

CdTe

p-Cd Hg,_ Te

Puc. 3. Konctpykmmst goronnona n ¢otorpadus mac-
cuBa KPT-dotoanonos ana cpeaneBomanoBoro MNK-
uanasona ¢ d,, = 1,5 MM

ITosyueHHble pe3yJbTaThl H UX 00CYKAEHHE

[Mpenenbubie XapakTepucTuku (HOTOMAMOIOB
OTIPEJIEJISTIOTCS] BEJTMYMHON TOKA JIETEKTOPA TIpU 006-
PATHOM CMETEeHUH U TIPOU3BE/IEHUEM TMHAMITYECKO-
IO CONPOTHUBJIEHUS TIPU HYJIEBOM CMEINEHUN Ha T1JI0-
maj b QoTOUyBCTBUTENILHOTO aaeMenTa RyA, 11pu
temnepatype 77 K [9]. TemHoBoOI# TOK 10/13KeH ObITH
MUHUMU3UPOBAH JIJISI YBEJMYEHHS YYBCTBUTENTbHO-

10
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ctu hotosieTekTOpa. JJOMIHUPYIOIINMI MEXaHN3Ma-
MU, BHOCSIuMM BKJaa B temHoBOI Tok HgCdTe-
(orononos, sBasiorcs qudysnoHHLII TOK, MEX-
30HHOE TyHHesmpoBanue, Oxe-peKOMOUHAIINS, TYH-
HeJIMPOBAHUE Yepes JIOBYIIKU 1 PeKOMOMHAIIOHHBIN
nporttecc [loxkaun — Puna— Xosna. [IBa mnocjaeHux
MeXaHnu3Ma OOYCJIOBJICHBI MPOIECCAMU TOKOTepe-
HOCA Yepes YPOBHI JIOBYIIEK B 3alPELIeHHOI 30He.

OGHapykute/ibHas croco6HocTb D° aBisercs
HOPMAJIM30BAaHHBIM ITAPAMETPOM, KOTOPBIH Xapak-
Tepu3yeT KauecTBO JUCKPETHBIX (DOTONPHEMHUKOB
" coueraeT B ceOe TaKWe XapAaKTEPUCTUKH, KaK
YYBCTBUTEJBHOCTD ¥ IMyM (DOTOMPUEMHUKA, CBS-
3aHHBIN ¢ QIyKTyanusaMu 1moToka (GpoTtoHoB QoHO-
BOro u3sydenus [6]:

D" = (4, AW?/INEP =S, (4, A1, (1)
rae Af — ImupHHa M0JIOCHI YCHIUTEIBHOTO TPAKTa;
NEP — pxBuBajiienTHasg mwyMy MomHocTh (noise
equivalent power), NEP =1_/S;
S; — CHeKTpajbHas 1yBCTBHTEIbHOCTD;
I, — 1IyMOBOI TOK.

3uauenue NEP omnpezesgercda TaksKe JPyTUMHU
nrymamu oTtonpueMHuKa. Ecim yuuTbIBaTh elie
u TemoBoi mym (mym J[xxoncona — Haiiksucra),
olpe/ie/IsIeMblil IUHAMUYECKUM TEMHOBBIM compo-
tuBsenneM goropnonos Ry =—[dl /dU) ]}, =
= BkgT /(ql ), tne U — HaHpH)KeHI/Ie CMEIIEeHus;
B— KoacbchuHeHT HeN/IeaJIbHOCTH JIUO0/IA, TO B 9TOM
cJIydae IIyMOBO# TOK OyJleT OlpeJessiTbest PIIyKTy-
alysIM U II0TOKa (POTOHOB (POHOBOTO U3JIyUEHUS U
IJIOTHOCTBIO NIOTOKA POHOBOrO u3imydenus N .

B [10] npuBenena dbopmysia s OlEHKH HJIOT-
HOCTHU TIOTOKa (POHOBOTO M3JIyYEHUS

A

Q7 2nc
Ny = —+ di; (2)
M4 Che 1
1 eXp
kegTh
Ijie ¢ — CKOPOCTb CBeTa,;
Q; — NpPOCTPaHCTBEHHDI yTOJI 3PEHNS, ONPE/IE/IAEMbII
X0JI0HOH [radparMoii IpreMHNKA N3Ty9eHNS,
Q, = n-sin%0,56 ;
0, — IIOCKMii yron 3penus,
ky — mocrosannada BosbnMana.

[pesesbl unrerpupoBanust B Gopmy.te (2) A,
= 5 MKM M A; = 3 MKM OIIPe/IesIAI0T 061acTh CIIeK-
TPAJBbHON UyBCTBUTEIBHOCTH (pOTOHPI/IeMHI/IKd

Boino maiizeno, uto Ny, 6,5-10 S eM 'c A
Q 1,57 cp (6, —90)1de)~881014 em ¢l ana

Q, =021 cp (6 = 30°) upu Temmneparype dona
T =300 K.

[l ByX YKA3aHHBIX BbINE BUJOB IIYMOB U
uzgeanpHoro goroamona Bbipakenne (1) a1a Ha-
XOJKJ/IeHUus] 0OHAPYKUTEJIbHON CIIOCOGHOCTU MOJKET
ObITh 3amucano B Buje [10]

D ankw 4k, T
hc ROAd

riae M — KBaHToBas 3P HeKTUBHOCTD (POTOAMOIA;
G — 3apsiji eJeKTPOHA.

-1/2

+2¢'N, | (€)

B pexume orpanmuenuss ponom (BLIP-
pexxum), tnposenernbie B [10] pacuersr mokasa-
JIW, YTO JJIsS YKA3aHHBIX YTJIOB 3peHI/IH 06Hapy—
JKUTeJIbHasA Croco6HOCTh D* 1p = 5 MKM
cocrasiasier 1,5-10'" u 4,2 101 cM- FLI1/2/BT
a yJeabHas 06Hapy>KI/ITeJIbHa51 CIOCOGHOCTD IS
CIIEKTPaJIbHOTO Ananasona A= 3—35 MM — 2,0-101°
u 5,510'° cm-Tii! /2 /BT cooTBeTCTBEHHO.

Hpu 4k,T /(RyA,) << 2¢°N (1. e. ipu 6oJ1b-
X 3HaveHnsx RyA ;) Besmanna D, onpesesier-
s BTOPBIM CJIaraeMbIM B CKOOKax BbIpakernus (3),
u npueMHUK paboraer B BLIP-pexume, o6ycJioB-
JIEHHOM (DIyKTyarusiMu 1moToka (HoToOHOB B (hOHO-
BOM W3JTyYeHWH.

Ipu 4kT /(RyA,) >> 247 nN,, (1. e. npu Hus-
KUX 3Hauenuax RyA, umm B yCJIOBI/IHX HU3KUX (ho-
HOBBIX HATPY30K, HAIPUMEP B aCTPOHOMUYECKUX
IpUIOKeHUsAX) (HYHKIUOHUPOBaHUE (HOTOAUO-
Jla OTpeJiesIsieTCs ero AUHAMIYECKUM COTIPOTUBJIE-
HUEM ¥ TeIJIOBbIM miyMoM. Taxyke, mpu HU3KUX
3HaueHusAX RyA, W IIpU HaIMYUU 3HAUYUTETbHO-
TO 1IyMa, CBSI3AHHOTO ¢ GOJIBIIUMHU MOTOKaMu (o-
HOBOTO WM3JIydeHus, yepe3 auojl OyJAyT Teub (GOJIb-
e TOKW, OOGYCJIOBJIEHHbIE €r0 HEBBICOKUM Kade-
crBoM ((pyHKuMOHUPOBaHUE (HOTOANOLA OIIPE/IE s
eTcst €ro JIMHAMUYECKUM CONpOTHBIeHUeM). [Ipu
MPUBEIEHHBIX BBINIE 3HAUEHUSAX MOTOKA (hOHO-
BbIX (hoToHOB N adderTnBHaAsS (bOHOBasl Harpys
Ka W3 cocrasiser 3,3-107% u 4,4-10™ Bt/ cm?
COOTBeTCTBeHHO.

[l1a obecrieuennst GyHKITMOHUPOBaHUS (hOTONO-
J10B cpeareBosHoBoro MK-auamasona (A= 3 — 5 Mkm)
B BLIP-pexxume npu yKasaHHBIX 3HAUEHUSIX YTJia
3peHus u3 q)opMyJIbI (3) crmenyer tpeGoBanue
RyA ;2 510% Om-cm?.

JL71T KOHTPOJIST IEKTPUYECKUX MTAPaMeTPOB H3-
TOTOBJIEHHBIX (DOTOAMOIOB UCIIOIB30BAIN UX BOJIBT-
ammnepuble xapakrepuctuku (BAX), xoropbsle us-
MepSITH MUKPO30H/IOBBIM METO/OM TIPH A30THBIX
TeMIlepaTypax Ha CIEeIUaIbHO pa3paboTaHHOM 060-

pynoBanuu [11]. Ha puc. 4 npuBe/ieHa TUnMyHas
BAX onHoro U3 M3roTOBJIEHHBIX JUCKPETHBIX (hO-

I, MKA
2] I

—-0,2 0 0,2
U, B
Puc. 4. Temuosas (1) u nosyuenHas mpu (hOHOBOM OCBe-
mwenun (2) BAX auckpernoro KPT-poroanona (Ne 8) ¢
d,,= 1,5 MM [/ CIeKTPaJIbHOTO AMana3oHa 3 —5 MKM,
usMepennnle npu I’ =77 K
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1,0
=
©
=
©)
<05
3
%
&g
0 4
-0,4 -0,2 0 0,2
U, B
Puc. 5. 3aBucumoctn napamerpa RyA,; oT HanpsxeHusa
cMerenus, moaydennbie s asyx (Ne 4 mw Ne 8) mmc-
kperupix KPT-doroaunonos ¢ d,, = 1,5 MM
S ] T~150 K
0,8 4
T=293 K
0,6 4
0,4
0,2
Hor-—----
1 2 3 4 B}
A, MKM

Puc. 6. CriekrpasibHble XapaKTEPUCTUKH 4yBCTBUTEIBHO-
cru porozerexropa Ha ocroe Hg,  Cd, Te (x=0,3) npu
KOMHATHOH TeMIiepaType u Ipu oxJjaxjennn o 150 K

toguonos (Ne 8) Hg,_ Cd Te (x = 0,309). Ananus
BAX mokasas, 4To TeMHOBOI TOK JaHHOTO (hOTOAN-
ona ipu paboueM HanpsmkeHnn cMemnienus —100 mB
cocTaBJigeT IpuMepHo 44 HA 1 Bo3pacTaet ipu ¢o-
HOBOM ocBertienun 6oJiee yeM B 10 pas — 10 3Ha-
yenus 770 HA.

Ha puc. 5 mokasaHbl 3aBHCHMOCTH TapaMeTpa
RyA,; or HanpsyKeHUA CMEIleHus I JBYX (Ne 4
n Ne 8) AMCKpPETHBIX (oronnonos. 3mech BUIHO,
4TO IIPU HYJIEBOM CMEIleHuu 3Hadenue RyA, ans
Hux cocrassser 1,08:10° u 0,57-10° Om-cm2. To ecTb
BCe JIMO/Ibl, Jla’Ke C HauMeHbIIUM 3HaYeHUEM ROA o
Y/I0BJIETBOPAIOT TpeboBannio RyA ;> 5-10% Om-cm?
u MoryT paboratb B BLIP-peskume.

Ha puc. 6 nipuBeieHbl CrieKTpaibHbIE 3aBUCMOCTH
uyscTBuTesibHocTH KPT-(horozerekropa (x = 0,3).
W3mepeHusi TpOBOAUINCH C UCIIOJb30BAHUEM MO-
Hoxpomatopa SPM-2 ¢ npusmoit NaCl UV-56.
[Tosryuennble 3HAYEHUST HOPDMUPOBAJIUCH HA CIIEKTP
u3JydeHns: aGCoMOTHO YyepHOTo Tena. M3 pucys-

Ka cjaeayer, 4To uarorosjeHHbie KPT-cTpykTypbl
(poTOUYBCTBUTEJbHDI U TIPU TIOBBIIIEHHDBIX TeMIle-
paTypax M COOTBETCTBYIOT YKa3aHHOMY CIIEKTPaJIb-
HOMY JIMaTla30Hy .

kR

NarotoBnenbr GOTOAMOABI HA OCHOBE CJIOEB
HgCdTe,/ CdZnTe, BbIpallleHHbBIX METOIOM >KU/I-
kodasHo#l anuTakcuu s cpepHeBosHoBoro UK
quanasona ciekrpa (3—5 Mrm). McciemoBanus
OTITHYECKUX, DJIEKTPUIECKUX U (POTOITEKTPUIECKUX
xapakrepuctuk paszpaboranubix WK-doroaunomos
Ha ocuoBe ctpykryp HgCdTe ¢ auamerpom uys-
CTBUTEJIBHBIX 3JieMeHTOB 0,5— 1,5 MM IOKasaJu,
4TO B CPEHEBOJIHOBOM jAnanasone (3—5 MKM) aTu
yCcTpoiicTBa MOTYT (QYHKIIMOHUPOBATh B PEIKIME
orpanuyenusi ¢porom (BLIP-pesknme).
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JIMUCKPETHI ®OTOIPUNMAUI CEPEJHbOTO IU-JIIAITIA3OHY CIIEKTPA
HA OCHOBI HgCdTe

Po3pobaeno mononozito ma mexmoi0ziuni pexumu 6uzomoeaenus ouckpemuux ¢pomodiodis (diamemp 0,5 —
1,5 mm) 0as cepednvozo ingpauepgonozo dianasony cnexmpa nd OCHOGL enimaxciliHux wapie KaoMit-pmymy-
meayp (KPT). [ocridxeno onmuuni, (homoesexmpuuni ma 60bm-amnepui Xapaxmepucmuxu OucKkpemuux
KPT-¢omodiodie oans cnexmpanvhozo dianazony 3—5 MKm 3 Memoio 00csiznents HeoOXIOHUX eKCNAYAMAUIUHUX
napamempie. Bcmanogaeno, wo odepxani Gomodiodu MOKYMb NPAUOSAMU 6 PEKUMAX, O00MEKEeHUX
payxmyauismu onocoeo sunpominiosanms ( BLIP-pesxun).

Kmouoei cnosa: HgCdTe, ¢pomodiod, 14-dianazon, BAX.
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MEDIUM WAVELENGTH INFRARED HgCdTe DISCRETE PHOTODETECTORS

The authors have developed the topology and technological fabrication route for discrete photodiodes
(D =0,5—1,5mm) for the mid wavelength infrared (MWIR) range, based on the mercury-cadmium-telluride
(MCT) epitaxial layers. The paper describes technological processes of MCT photodiodes fabrication,
including CdTe passivation layers growth, photolithographic processes for the formation of windows for
B+ implantation, formation of metallic coatings, chemical surface treatments, cutting of the wafer on the
discrete chips, assembling and bonding of the electrical contacts. Optical, photoelectrical and current-voltage
characteristics of discrete MCT photodiodes for the spectral range of 3—5 microns are investigated in order
to achieve the necessary operational parameters. FTIR transmission spectra were measured to evaluate samples
quality and find the composition of x of Hg, .Cd Te epitaxial layers grown by liquid phase epitaxy method.
The limiting characteristics of photodiodes, which are determined by the magnitude of the detector current
at the reverse bias and the product of the dynamic resistance at zero bias by the area of the photosensitive
element RyA,; at the operating temperature of 77 K were discussed. The requirement for the parameter
R,A, was estimated for the operation of photodiodes of the mid wavelength infrarved range in the BLIP
(background limited performance) mode for the angles of view 0; = 90° and 0; = 30°: R,A; = 5:-10° Q-cm?.
It was found from dynamical resistance characteristics that without bias in these MCT MWIR photodiodes
R,A; = (0,57—1,08)-10° Q-cm? and these photodiodes can operate in BLIP mode.

Keywords: HgCdTe, photodiode, IR region, I-V characteristic.
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3ACTOCYBAHHA ANTATOMETPUYHOTO EDEKTY
AJIFA ABTOMATUSAIII KOHTAKTHOI'O 3BAPIOBAHHA

3 Memo1o noKpawenns sKocmi 36apHux 3’ €0HAnb 3aNPONOHOBAHO BUKOPUCTNANHS OUIATNOMEMPUUHOZO eeK-
my 04 Kepysamunsi Npouecom KOHMAKMHOZ0 MOUKOB020 36APIOGAHHS, A CAME NEePeMIWEHHAM 36API06aAlb-
HUX eaexmpooie. [las ti0z0 6i0CMeXeHHS 3ANPONOHOBAHO 3ACTNOCYEAHHS CYYACHUX THepyidivHux MEMS-
dasauie. Po3pobaeno excnepumenmanrviy UMIPIOGAIbHY cucmemy, axka oo6pobase cuenar MEMS-dasauis i
pobums 11020 npudammuM 0Jist GUKOPUCMAHHSL K CUZHANY 360POMH020 36’ 3KY. IIposedeno ouinKy MoKAUGO-
cmeil BUMIPIOBANHS MIKPONepeMiueHb eleKkmpoois, wo CnoCmepizaromscs 6 pe3yibmami OuiamomMempuuHo-
20 ehexmy npu KOHMAKMHOMY 36apioeanii, 3a donomozoto MEMS-0asauis. 3anpononosano suxopucmanus
Ub020 CROCOOY 1 YCMaAMKYSanHs 015 36APIOBANHL SK MEMANI8, MAK 1 KUGUX M aKux mranun. Pesyrvmamu
nonepedHix 0ocaidKens ceiduamo, wo 3ANPONOHOBAHT PIUEHHS € OOUIABHUMU 1| NEPCREKMUSHUMU.

Kniouoei crosa: xonmaxmme 36aproeanis, menioee poSUUPeHHs MAmepiary, oulamomempuinull egpexm,

Kepyedanns, AKICMb 36APIOGANNHA, JKUBT MKAHUHU.

KonTtakTHe TOYKOBE 3BapioBaHHS 3HAUIIJIO IIH-
POKe 3aCTOCYBaHHS B €JIEKTPOHHi MPOMUCTIOBOCTI
Ta Mpuaago6yayBanHi. IcHye psiji BUTIAAKIB, KON
IepeBaru TOYKOBOIO 3BapIOBAaHHA He3allepedHi
B nopiBHsAHHI 3 nasauuam. lle, nacammepesn,
€KCTpEeMaJIbHi yMOBH EKCILIyaTalil eJeKTPOHHUX
BUPOOGiB, HANPUKJAJ BHCOKHU piBeHb pasialii
a6o [liT KOPOTKOYACHUX TEIIOBUX Ta CBITIOBUX
iMmysbciB. OueBUIHO, MO BiAMOBiZATLHI 3BapHi
3’€IHAHHSA TIOBWHHI MaTW TOKpalleHi MOKa3HUKU
SIKOCTi, IKi MOXYTb GyTH [TOCATHYTi Yepe3 3acTo-
CyBaHHA aBTOMATUYHOIO KEPYBaHH:A 3BaplOBaJIb-
HUM IIPOLIECOM.

Ha cporoani BigomMo 6arato cmoco6iB aBTo-
MaTUYHOIO KE€PYBaHH:A, 110 BUKOPHUCTOBYIOTbCA B
KOHTAKTHOMY 3BaplOBaHHi, cepell AKHX, B IIep-
LIy 4epry, Bi/I3HAUYUMO KePYyBaHHS 3BaplOBAJIbHUM
crpymoM [1, 2]. DopmyBaHHS TepeHbOTO (PPOH-
TY 3BapIOBAJBLHOTO IMITYyJIbCYy CTPYyMY 3abe3ledye
6e3eeKTHICTD 3BAPHOTO 3’€/IHAHHS, TPUBAJICTD
aMILIITY/JHOTO 3HAYEHHA IMITyJIbCY CTPYMY BU3HAYa€
iioro HeoOxiaHi po3mipu, a hopma criagy iMIyabCcy
BU3HAYAE TEPMIiUHMI IMKJ, IO € BAXKJUBUM JIJIS
oTpuMaHHs HeOOXiJHOT MiIKPOCTPYKTYpU MeTa-
JIy 3BapHOi TOYKM Ta 30HU TEPMiUHOIO BILIUBY
[2]. 3waunuii BIIWB Ha AKIiCTb 3’ €JHAHHSI MAae
TaKOXX 3YCHJLIA, IO IIPUKJIAMAETHCA A0 3BaApIO-
BaJIbHUX €JIEKTPOAIB I BUKJUKAE IX IepeMilleHHAa

Po6omy euxonano 3a niompumxu Minicmepcmea oceimu i
nayxu Yxpainu (5 Ne 0116U006924).

[1—3]. KepyBanHsg 1M mepeMillleHHsIM CITiJbHO
3 KEepYBaHHAM CTPYMOM BiJIKPMBA€ HOBI IEPCIIECK-
TUBU TIOJIIIIEHHSI SKOCTi 3’eqHaHb. IIpu 1pomy
3aJIMIIAETHCS BiAKPUTUM i aKTyaJbHUM ITUTAHHS
peecTparii TakuX TepeMillleHb 3 METOI0 3aisTHHSA
Bi/IMIOBiTHUX CUTHAJIIB y KOJaX 3BOPOTHOTO 3B 43Ky .

Benuxuii gocsig IHCTUTYTY esieKTpO3BaplOBaH-
g iMm. €. O. IlaToHa 3 KOHTAaKTHOTO 3BapIOBAHHS
MeTasliB COpUSB PO3pOOIi TEXHOJOTI] 3’€[HAHHS
3BAPIOBAHHAM M’ SIKUX KUBUX TKAHWH, SIKA CbOTO/IHI
3HaIIJIA IMUPOKE 3aCTOCYBaHHS B PI3HUX 06JIaCTIX
Xipyprii: 3araspHiil Ta aGoMiHAIBHIT Xipyprii, KO-
JIOIIPOKTOJIOTT, IJIACTUYHIN i KocMeTnuHii Xipyprii,
TiHEeKoJIOorii, MamoJorii, ypoJorii, Xipyprii TpasMm,
CyIMHHi# Xipyprii, OHKOJIOTi1, OTOPUHOJIAPUHTOJIOTI],
odranbpmodiorii [4—9]. B ocHoBi TexHOOTIT 3Bapio-
BaHHSI TKaHWH Jieskarb (isuuni spuia, mogibHi 10
TUX, HA GKUX I'PYHTYETbCA KOHTAKTHE 3BaPIOBAHHSA
MeTaJIiB OIIOPOM, TOMY TaKa TeXHOJIOTiS He BUMarae
JIOZIATKOBUX BUTPATHUX MaTepianiB (HUTOK, MeTa-
neBux cko6, kaeo) [10, 11]. IIpouec 3BapioBan-
HSI M IKUX KUBUX TKAHWUH 3aXWINEHO ITaTeHTaMU
Ykpainn [12—14] ta 3aKOpJOHHUMHU TIATEHTAMU
[15—17].

Ha puc. 1 mpexcraBieHa cxeMa KOHTaKT-
HOTO 3BapioBaHHS aprepii. Mix ejekTpoma-
Mu | 3atuckaerbcs aprepis 2. [lo enexrtponis
[IPUKJIAIAETBCS 3yCUJLISL CTUCHeHHS I, Ta Hanpy-
ra Bucokoi yactoru ~U. B pesyJibTaTi yTBOPIOETHCSA
TaK 3BaHa KoJiareHoBa KJirnca. OCHOBHY POJib B Ta-
KOMY 3’€THaHHI Bifirpa€e B3a€MOis KOJAareHOBUX

crpykryp [18].
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Puc. 1. CxeMa KOHTAaKTHOTO 3BapIOBAHHS apTepii:
1 — enexkrpoau; 2 — crinku aprepii

Puc. 2. Binomsapni 3atuckaui 1 3BaploBaHHs Cy/IUH

Ha puc. 2 nokasani 6inoJisipHi esekTpoxipypriuni
3aTuCcKayvi JJid 3BaplOBaHHS Cy/UH.

BpaxoByloun BaxkJuBicTb cdhepu 3acTOCyBaH-
HS TEXHOJOTii, 10 PO3IrJ4/aceThbCs, 3HA4YHA yBa-
ra mMae OyTW TMpHiJeHa SKOCTi OTPUMYBaHWX B
pe3yJabTaTi 3BaplOBaHHS 3’ €/HAHD KUBUX TKAHUH.
Bigznaunmo TakosK, 110 BUCOKI ITOKA3HUKU MIiITHOCTI
3’€/IHaHDb B IAHOMY BUIIAJIKY He TAPAHTYIOTb SIKiCTb.
Moutekyu 6iJKy, 110 KOATyJIIOI0Th, HE MAIOTh BTpa-
YaTu 3aTHOCTI [0 pereHeparii ta BiITHOBJECHHS B
nicasionepaniitauit nepiox. Tomy may:ke akTyasb-
HOIO € 3aj7jaua e(PEeKTUBHOTO KOHTPOJIIO TIPOIECY
dopmyBanHs 3’€/THaHb 6e31TOCEPETHBO B XO/Ii TIPO-
BEJICHHA Ollepariii.

[lna opranisaiii Takoro KOHTPOJIIO MOJXKeE
6yTH BUKOPUCTAHUI AUJIATOMETPUYHUI edeKT
(36i1bIIIeHHS TIHIHHUX PO3MIPIB i 06’ €My MaTepiary
IpU HArpiBaHHi IIijg vac 3BapIOBaHHH), o /10-
3BOJIUTH 3HU3UTH BILIHUB JIIOJCHKOTO (akTopy, a
OTJKe, MIJBUIIUTU AKICTh IPOBEACHHA XipypPriyHux
onepailliii Ta 3HU3UTU TPUBAJICTD ITics0epariiHoi
pealiiTanii maiieHTiB.

[IpakTruHa peaJnizaiisg ijei BUKOPHUCTaH-
HS AUJaTOMETPUYHOro edeKTy J[Js KepyBaH-
HS 3BaplOBaHHSAM M’ SKUX JKUBUX TKAaHUH MOXKe
6aszyBaTuch Ha opranisanii 3amMkHeHOi cucte-
MU aBTOMATMYHOIO KepyBaHHS 3a TaKUM Ilapame-
TPOM fK MiKpoIlepeMilleHHd PyXOMOTO eJIeKTPO-
Jla B pe3yJbTaTi 3MiHU PO3MipiB MeTaJEeBUX Jl€-
tajeii abo 6ioJOriYHMX TKAaHWH B IIPOIleci 3Ba-
poBaHHA. B 1boMy KOHTEKCTi CTae aKTyasb-
HOIO Mpo6JieMa BUMIPIOBaHHS MiKpoIlepeMillieHb
3 BUCOKOIO TOYHICTIO i 3a [AysKe MaJi IPOMIXKKH

yacy. llepcmekTuBHUM /51 BUpillleHHS 1Iiei 3a-
Jlayi BUJAETHCSA 3aCTOCYBAHHA CY4YaCHUX MiKpoO-
enekrpoMexaniunux gasadis (MEMS), mo mMaorh
BUCOKY TOYHICTb Ta IIBUIKOZIIO.

Metoio gaHoi po6OTH € OIiHKA MOIKJIHUBO-
CTell BUMipIOBaHHS MEpPEMillleHb 3BapiOBATbHUX
€JIEeKTPO/1iB, CHPUYUHEHUX JUJATOMETPUUYHUM
edexrom, 3a momomororo MEMS-naBauiB i Buss-
JICHHS IIEPCIICKTUB 3aCTOCYBAaHHA OTPUMAHUX B Ta-
KWii c1Ioci6 CUTHAJIIB MepeMillleHHS /11 KepyBaHHI
MPOIeCOM KOHTAKTHOTO 3BaPIOBAHHA K MeTaJeBUX
BUPOOIB, TaK i M'SIKUX KUBUX TKAHWH.

Bukopucranus 1uiatoMeTpudHoro eexry
[ KepYBaHHS IPOLECOM KOHTAaKTHOTO
3BapIOBaHHS

Bigomo [3], mo 3a temmneparypoio T TBepmo-
ro Tija #oro moBxkuHa [y Ta 06’eMm Vo obGumciiio-
I0ThCS SIK

Iy = lo(1+ oy ),

(1
(2)

ne ly, Vo — mnoBkuHa i 06’€M Tijia 3a MOYaTKOBOI TEM-
neparypu Ty = 0°C;
oy, By — TepMiuHi KoedirienTn JiHiitHOTO i 06’ €M-

HOTO po3mupeHHs [16].

B mpomeci TOYKOBOTO KOHTaKTHOTO 3BaplOBaH-
HS TTepeMiTlieHHs eJeKTPoa BifOyBaeThCS i/ AI€T0
30BHINTHBOI CUJIM, AKili MPOTHUi€ TEMJIOBE PO3-
HIMPEHHd MeTaJly, IO I0B’A3aHO 3i 3POCTaHHSIM
pO3MipiB JinTOi 30HU 3BapHOro 3’ eaHanus [1, 3, 19].
Bignocua 3Mmina 06’(—:My IIPU HarpiBaHHi JeIKNX
meraniB (AV = Vy/ V,— 1) npeacrasiena rpadikamu
Ha puc. 3. IIpy KOHTAKTHOMY 3BapIOBAaHHiI JKUBUX
TKaHUH TPOTHUJIisE 06YMOBJIEHA 3MiHOIO TIPYKHOCTI
KoJIaTeHy TIpu fioro HarpiBaHHi. Tpeba Big3HauNTH,
I[0 TIPY>KHICTb KOJIATeHy 3MiHIOETbCS, TOKH 6ioJio-
riuHa TKAHWHA 3aJUIIAETHCS JKUBOIO, TOOTO TaKOIO,
IO He BTpaTWJa 3/aTHICTb BiJIHOBJIOBATU CBOIO
(QyHKITIOHATBHICTD B MO/IAJIBIIOMY .

Ha puc. 4 mokasano mepeMilmeHHS PYyXOMOTO
€JIEKTPOAY BiJl TEILIOBOro posimupenud. IIpu nbomy
3yCUJLIS CTUCHEHHSA I BPiBHOBAXKYETHCA PEAKIIIEIO
HIDKHDOT KOHCOJI F,, a BHyTpiumHi cunn F, mpar-
HYTb PO3CYHYTHU €JIEKTPO/IU Ha Besnduny Ahg, [3].

AV-100, %
16 1

0 } t i
0 500 1000 1500 T, °C

Puc. 3. Binnmocna 3Mina o6’eMy mpu HarpiBaHHi
amominito (1), migi (2) ta crani (3) [3]
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%

Puc. 4. TlepemimieHnss pyxoMoro ejekTpoja 0 Aii Te-
m1oBoro posiupenns (a) ta micaa nei (6) Ha npuxaani
KOHTAKTHOTO 3BapioBaHHs MeTany [3]

B yMoBax TOYKOBOTO 3BapioBaHHS 306iJIbINECHHS
TOBIIMHU Ta 06’ €My JieTajieil BiIyBa€TbCS MEPEBaXK-
HO B HAIIPSIMKY BEPTUKAJIbHOI OCi, OCKIJIBKY PO3IIN-
PEHHA B HAIIPSAMKY TOPU30HTAJIBHOI OCi CTPUMYETBCS
61JIBIIT XOJIOIHOIO MACOIO CYCi/IHIX AiigHOK [3].

Temnuiose posimpents A, MeTasy npu 3BaproBaHHi
BUKJIMKA€E nepeMinieHHs (po3cyBaHHsS) e€JIEKTPO/IiB
MallMHU, B OCHOBHOMY — BE€PXHbOI'O PYXOMO-
ro enextpoay. OpHak BuMipsHi 3uaueHHsT Al
3HAQYHO MEHIII 32 PO3PaXyHKOBI A, (puc. S5, @)
BHACJIIOK BJaB/OBaHHsS enekTpoiis (A,) B MaTe-
piaj, To6TOo

Ahey = Ay = Ay (3)

Besuki 3nauenus Ah,, peecTpyioTbCcs Mpu
3BapIOBaHHI MeTaJIB 3 BEJIMKUM OIIOPOM JlecpopMalrtii,
IIPU BUKOPUCTAHHI >KOPCTKUX PEKUMiB 3BaPIOBAHHA
i MalllMH 3 BEJUKOIO *KOPCTKiCTIO HUXKHBOTO €JICK-
TpoJla Ta MAaJUMU CUJIAMU TEPTH B MPUBOJI PyXO-
MOTO €JIEKTPO/LY .

ITomiTHe mTepeMillieHHSI BEPXHBOTO €JIEKTPO-
Jla CIOCTEepPiraeTbcd 3 MOMEHTY PO3ILJaBJCH-
Ha Meraay (mosaBm gzapa) i gani BigOyBaeTbes y
BiZATOBiTHOCTi 31 3MiHAMU TEMIIEPATYPHOTO IOJI
i 3pocTaHHgaM po3MipiB aapa. MakcuMaJibHi 3Ha-
yeHnst Ah,, 3a3BuYaii BiJINIOBi1al0Th MOMEHTY BU-
MHUKAHHS CTPYMY IPHU 3BapIOBAHHI YHINIOJSAPHUM
crpymom (puc. 5, a) [3].

3B’s130K mepemimiennusi Ah,, 3i 3MiHamMu TeM-
nepaTypHoOro IOJS HAOYHO CIOCTepiraerbcs
IpHU 3BapIOBaHHI TOHKUX JeTajell MaIlNHOIO
3MIiHHOTO CTPYMY 3 BEJUKUMMU KyTaMU KepyBaH-
Ha tupucropis (puc. 5, 6), KoM NepeMilleHHs
€JIEKTPO/Ia BifIOYBAETHCSI TIOPUBYACTO, BiJIIOBI/IHO
10 iMITyJbCiB CTPYMY i 3MiHM TeMIIEpaTypPHOTO
noJisi. [mubuna nepemilienb eeKTpoa 3a1eKUTh
BiJl TEIJIONPOBiHOCTI, TepMiuHUX KoedilieHTiB
JIIHITTHOTO i 06’ €MHOT0 PO3UINPEHHS, TEIJIOEMHOCTI

DA
Ahem A |
AB) P I
Ai |
) ,
Ahcnz A |
! Ahe, :
. |
t I
|
N4 | ¢
_ Loy |
o =

Puc. 5. Xapakxrep Ten/oBoro posummpeHHs MeTany A,
nepeMileHHs eJgekTpona Ah, i mmactuuHol nedpopma-
nii (ram6unm BM’ aTHHE A,) BIIPOJOBXK 3BaplOBAJIbHOTO
HUMKJY L, iMITyIbcOM TIOCTiliHOrO cTpyMy (@) i 3MiHHUM

crpymom (6) [3]

i MpUXOBaHOI TENJIOTH IJABJIEHHA 3BaplOBAHOTO
Marepiaiy.

[TepeMiliieHHS pyXOMOTO eJeKTpoaa BHACJIIIOK
JINJIATOMETPUYHOTO e(DEKTy € y3araJbHIOIYNM Ta-
paMeTpoM, TOB’I3aHUM 3 SIKiCTIO TOYKOBOTO KOH-
TAKTHOTO 3BapIOBAaHHS MeTaJiB. MiX BeJUIMHOIO
repeMilleHHsT eJIeKTPoIy i 06’€MOM pO3ILIABJIEHO-
ro MeTasy iCHye NpsMuil B3aeMo3B’s30K. Bimzomo,
10 36iJIbIIEHHS JiHITHOTO PO3Mipy JAeTaJiell TTpu
3BapioBaHHi craHOBUTH 8 —10% Bix IX cymapHOi
toBiuuH [ 1, 3]. Takum urHOM, TIepeMillleHHs efeK-
TpoJly MOXKe e(EKTUBHO BUKOPUCTOBYBATUCDH [IJISI
HepYHHIBHOTO KOHTPOJIO PO3MipiB JHUTOTrO sApa.
Oprasnizaliisi cucTreMu aBTOMATUYHOTO KePYyBaHHS
3a IUM MapaMeTPOM JI03BOJIUTH 3a6€3MeYnuTH 3a/1a-
HYy 4KiCTb 3BaplOBaHHA.

Posrisgnemo Bigomuii BapianT moGymoBu ycra-
HOBKM /IJIS1 3BAPIOBAHH4 METaJliB 3 CUCTEMOIO aBTO-
MaTUYHOTIO KEPYBaHH4 3a [IapaMeTPOM IepeMillleHHS
eJeKTpoiB [1].

BumiproBanHs nepeMilieHHs eJeKTPO/IiB
3a I0NMOMOrOI0 iHAYKTHBHHX /JaBaviB

Ha puc. 6 cxematwdno moKasaHa yCTaHOBKA
KOHTAaKTHOTO 3BapIOBAHH4 3 JIaBavyeM TepeMillleHHS
ejqekTponiB. Posmupennsa ngerajeil BUKJIUKAE
nepeMillleHHs eJeKTPOJ0TpuMadya pa3oM 3 BepX-
HBOIO PYXOMOIO YaCTUHOIO 3BapIOBAJIBHOI MATIITHH.
Benuuuna 115010 nepeMinieHHa BUMipPIOETLCA JlaBa-
qeM, SKUN KOPCTKO 3B’SI3aHUI 3 HEPYXOMOIO Ya-
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Puc. 6. YctaHoBKa KOHTAKTHOTO 3BaplOBaHHS
3 iIHIYKTUBHUM J1aBayeM IE€pPEeMillleHHs eJeKTPO/IiB

CTUHOIO 3BapIOBAJIbHOI MalllMHU. PyxoMuii esleMeHT
JlaBava 3B’SI3aHUH 3 €JIEKTPOJOTPUMAUEM.

¥ HaiinpocTiloMy BUIIQ/IKy BUKOPUCTOBYIOTHCS
KOHTAKTHI eJIeKTpOMeXaHiuHi aBadi, 10 CIpalbo-
BYIOTb IIPU IIePEMillleHHi eJIeKTPOo/ia Ha BCTaHOBJIe-
Hy BesmunHy. /[y mo6y10BY cucTeM aBTOMATHYHO-
rO KepyBaHHA 3aCTOCOBYIOTb iH/yKTUBHI JjaBadi, AKi
31aTHi BUMipioBaTu Masi nepemimends (puc. 6).
Inpyxrusnnii gasad (I]) cKIamaeTbes 3 ABOX KOTY-
moK @1 i w2, BCTAaHOBJEHUX HA MaTrHITOMPOBOIAX,
JKOPCTKO TOB’SI3aHUX 3 HEPYXOMOIO YAaCTHUHOIO
3BapioBaibHOi Mamuuu. KoTymku mocsijoBHO
BKJIIOYEHI 3 06MOTKaMu JudepeHIriaJbHOro TPaHC-
dopmaropa T.

Y NOBITPSAHOMY HPOMIiXKKY MartiTONpOBO/iB
pO3TalloBaHO fAKip, MeXaHiYHO OB gI3aHUN 3
BEPXHIM PyXOMUM eJleKTpooTpuMadeM. B nporeci
3BapIOBAHHA €JIEKTPOAOTPUMAY IIiJ{ JI€I0 CUJI TEILJIO-
BOI'0 PO3ILINPEHHS MePEMINyEThCA BIOPY Ha BeJu-
yuny Ak, i 3MiHIOE iHAYKTUBHUI O1ip 0OMOTOK w1
i w2. Ha Buxoni tpancgopmaropa T 3’aBisieTncs
CUTHAJ HeY3TO/IKEHOCTi, MPONOPIiiHui Al ,, STKUi
BUKOPUCTOBYETbCA B CHUCTEMi aBTOMATHUYHOIO Ke-
PyBaHHSA 118 KOHTPOJIO Yacy IPOTiKaHHA 3Baplo-
BaJIbHOTO CTPyMYy.

B neskux Bumazkax mpejcTaBisge iHTepec
BUMipIOBaHHSI HE TiJbKU IepeMinieHHss Ah,,, aje
i mBugKocTi fioro sMiau dh/dt, OCKiJIbKHU I Be-
JUYNHA XapaKTepu3ye HIBUJAKICTb HarpiBaHHSA
Ta OXOJIOJKEHHSI, TOOTO TEPMIiYHUWI IMKJ 3Ba-
PIOBaHH:A, AKUM BHU3HA4Ya€TbCA CTPYKTypa MeTa-
Jy d7pa, a OTXKe, i JKicThb 3BApHOTO 3’€THAHHA.

st BUMipioBaHHS NIBUIKOCTI 3MiHU TTepeMilieHHs
BUXi/IHUI CUTHAJ MOCTOBOI BUMipIOBAaJbHOI CHCTe-
MU n(EpeHIliioeTbCs i HAACUIAETHCA 10 BY3Ja
TOPiBHAHHA. AKNIO A di€fo 36ypeHb MIBUIKICTD
HarpiBaHH:A BUXO/JUTb 33 BCTAHOBJIEHI MEXKi, CUTHAJI
HEY3TO/IPKEHOCTI 3MiHIOE BEJIUYMHY 3BAaPIOBAJIBHO-
rO CTPYMYy TAaKUM YMHOM, MIO6 3MEHIIEHHS CUTHA-
ay dh/dt Bianosigaao 36iabIIEHHIO CTPYMY, i Ha-
Braku. Kosw BemmumHa nepeMiternst All,, 10Csrae
3a/1aHOro 3HAYEHHH, 110 BiAIIOBi/la€ ONTUMAJbHOMY
pO3Mipy d4pa 3BapHOI TOYKH, CUCTEMa aBTOMaTUY-
HOTO KepyBaHHsS BUMHUKae cTpyMm [1].

Ommcana cucreMa 1mokasaJa cBoo e(peKTUBHICTD
IIpY KOHTAKTHOMY 3BapIOBaHHI MeTaJliB, IIPOTE BU-
KOPUCTAaHHA TaKOIO MiAXOAY A/ OpraHisalii Kepy-
BaHHA TTPOIIECOM 3BapIOBAHHS JKUBUX M SIKUX TKa-
HUH HEMOKJINBE Yepe3 TaKi MPUHITUITOBI CKJIAHOIII,
4K HeJOCTaTHI TOYHICTh Ta IIBUAKO/AIA iIHyKTUBHUX
laBaviB, a TaKOX HENPUIyCTUMA IJA Xipyprii
TPOMi3IKICTh CUCTEMU HA iX OCHOBI.

BumiproBaHHs1 nepeMilieHHs eJeKTPOIiB
3a ponomoroio MEMS-naBauiB

B renepimniit uac pus peecrpaitii pyxy o6’€kra
Bce ImupIie BUKOpucToBYyIoTb MEMS-naBaui. 3a
noriomoroio MEMS-ripockoriB BUMipIOIOTb KyTOBi
MBHU/IKOCTI, 3a fjlonioMororo MEMS-akceniepomeTpiB —
IIPUCKOPEHHH.

3araJjbHOI0 KOHCTPYKTUBHOIO 03Hakoio MEMS
€ BUKOPHCTAaHHSA B HUX Pi3HUX 3a KOHQirypaitieio
JIBOCTYIIEHEBUX IPYKHUX ITi/[BiCiB YyTJUBOrO €Jie-
menta (YE). Ipuniun po6orn MEMS nossrae
Yy CTBOPEHHiI BiJHOCHO KOPIIYCYy 3HAKO3MiHHOIO
MoCTymajbHOTO 260 obeprasbHoro pyxy YE 3a
OJIHUM 3i cTymeHiB cBOGOAM Ta y BUMipIOBaHHI
nepeMinieHb 3a iHIIUM CcTyrneHeM cBo6OIH,
0 BUHUKAIOTH TiJ Ai€I0 KOPiOJiCOBUX CHJ
a60 TipOCKOMIYHMX MOMEHTIB 3a HasBHOCTIO
nepeHoCcHOi KyToBOi BUAKOCTI Kopirycy. Ha puc. 7
el TPUHITUIT TTOSICHIOETHCS Ha ipukaagai MEMS 3
JIBOCTYIICHEBUM IIPY>KHUAM IIiIBICOM i IIOCTYIIAJIbHAM

Puc. 7. Hpunnun aii MEMS-ripockorna
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MK
Enement Crab6iizarop +5B
KepyBaHHS HATIPYTHU KuBJeHHs|
Y Y
1 IleperBopioBau MK | IleperBopioBau o
asat JOTiyHUX piBHIB [ = USB-UART o USB

Puc. 8. CrpykTypa cucrteMn BUMipIOBaHHSI MiKporepeMinieHb Ha ocHOBI MEMS-gaBaua

Puc. 9. 3oBHimmHill BUTJIS pO3pO6JIEHOTO eKCIIEPUMEH-
TAJILHOTO TIPUCTPOIO

nepemimennam YE. 3a nagBHOCTI 3HaK03MiHHOT
BigHoCcHOI JiHiHOT mBUAKOCTI V B3moBxk oci 0X
i MmepeHocHoi BUMipIOBaHOI KYTOBOi IIBUJKOCTI €2
HaBKoJIO oci 0Z 3’IBIsI€ThCS 3HAKO3MiHHE TTPUCKO-
pennst Kopiosica Wy i Bignosigna itiomy cuna Fy
y310Bx oci 0Y.

Anapamua uwacmuna excnepumMenmaioHol
BUMIPIOBANLHOT CUCTHEMU

JLJ1s1 OLiHKY MOKJTMBOCTEN KEPYBAHHS TIPOIIECOM
KOHTAKTHOTO 3BApIOBAHHS MeTaJiB Ta M AKNX KU-
BUX TKAHUH IIJITXOM KOHTPOJIIO INJIATOMETPUYHOTO
edexTy 3a pornoMoroio MEMS-naBauiB po3po6.ieHo
€KCIIepUMEHTATbHY BUMipIOBAJbHY CHCTEMY, arla-
paTHa YacTHUHA AKOI BKJIOYAE€ HACTYIIHI €JI€MEHTH:

— JlaBad 3 [ictbMa cTyrneHssMu cBo6ou (Tpusic-
HuUil TIPOCKOII i TPUBICHUIT aKcesepoMeTp);

— wmikpokourposep (MK);

— TIEpPETBOPIOBAY JIOTIYHWX PiBHIB iH(opMartiiiHoi
MIMHU MiK gaBadeM ta MK;

— eJIEMEeHT KepyBaHHS;

— mnepconanpuuii komn’orep (IK);

— mepetBopioBau inTepdeiicis USB-UART;

— crabisizatop HANPYTH JJs SKUBJEHHS iHep-
IiffHOTO JlaBada.

CTpYyKTYypHY CXEMY CUCTEMH HaBe/IEHO HA pHC. 8.
[laBau MmicTuth y co6i TpuBicHHII akcesepo-
MeTp i TpuBicHUE Tipockomn. Yepe3 mnudpoBuii
inTepdeiic gani 3 maBaya HaaxoAATh g0 MK
JUIs ofiaabiioi 06po6ku. Ilicas 1boro curHas
nepenaetses g0 11K vepes mudposwuii inTepdeiic.
JKusienna cxemu saificaioernses 3 IIK. [lia 3a6e3-
neveHHsT (DYHKITIOHYBaHHS JaBavya HEOOXiTHUMH €

Puc. 10. 3osuimdii suragy miati gasada MPU-6050

cTabii3aTop HANPYTU Ta MEPETBOPIOBAY JIOTIUHIX
piBHIB Ha mKHI JaHuX. EjleMeHT KepyBaHHA IIpuU-
3HAYEHUN JIJis 3a1ycKy abo IpU3yNnuHeHHS Po6o-
TH /laBava.

30BHIIIHII BUTJIS] pO3PO6JIEHOTO EKCIIEPUMEH-
TaJILHOTO IPUCTPOIO HaBeleHOo Ha puc. 9. Ilnara Bu-
KopHCcTaHoro B po3po6ui mpaBaya MPU-6050 [20]
mokasana Ha puc. 10, a iforo mapameTpu 3BefieHi
B TaGMIIi.

Hapamempu dasawa MPU-6050 [20]

[Tapamerp 3HaueHHS
KizbkicTb oceil akcesepomerpa 3(X,Y,2)
[liama3oH MpUCKOpeHb, * 2—16
KinbkicTh oceil ripockomna 3(X,Y,2)
[iammazoH KyTOBUX IIBUJKOCTEH, °/C 250—2000
Po6ounii miamazon teMmeparyp —40...+85°C

Ipozpamna wacmuna excnepumenmaivHol
BUMIPIOBANLHOL CUCTREMU

[IporpaMuy yacTuHy pUCTPOIO PO3POOJIEHO JIJIsk
MiKpOKOHTpoJiepa. BoHa BifmoBifae 3a 3unTyBaH-
Hs faHux 3 inepuiiitnoro MEMS-naBaua MPU-6050
ta ix nepenauy g0 [IK s nopanbiiol o6po6ku.

Baok-cxema anroputmy po6otu po3po6JeHOTO
nporpaMHoro 3abe3riedyeHHs1 HaBeJeHa Ha puc. 11.
[Iporpama mnparioe HacrynuuM uunoM. Ilicag
mojlavi KMUBJIEHHS Ha TPUCTPill BiAOyBa€eTbCA
imimiasizartisg mopTiB BBeeHHA-BuBeAeHHT MK (na-
JIAIITYBAHHS MOPTIB HA POOOTY SIK BXiHUX a60 SIK
BUXiHNX). HacTynmHUM KPOKOM BiJIGyBa€eThCS Ha-
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IMouaTok

Y

Iniuianizauis nopris

BBeeHHs1/BuBeaeHHss MK

1

Ininiasizanis
UART, I*C

Yu BCTAaHOBJIEHE
3’eqHaHHA?

BeTanoBieHHst 1iana3oHiB
BHMIipIOBaHHSA
aKcejiepoMeTpa i ripockona

Y

OTpl/lMaHHﬂ JAHHUX 3 JaBaya

1

BiagnpaBaenns aanux go IK
yepe3 USB-UART

|
1

Kineun

C D

Puc. 11. AsroputM po6OTH TIPHUCTPOIO ST BUMi-
PIOBAHHA MiKpOIlEepeMillleHb

JIAIITYBAaHHS TMOCJiIOBHUX iHTepdeiiciB nepenayi
nannx UART rta I2C i BcranoB/ieHHS 3’ €IHaHHI 3
nasagseM MPU-6050. IIpo cran 3’exnanns (Baa-
ne yu Hi) go IIK BignpaBigeTbcsa Bigmosigne
noBiomsieHHs. [lasi BifGyBaeThCs HAJANITYBAHHS
Jliarla3oHiB BUMipIOBAaHHA TipOCKOIA Ta akKCeJaepo-
Mmetpa. Ilicas 1mboro 3 KOXKHOI oci akcesepoMeTpa
Ta ripocKoIla B OJJHAKOBI MOMEHTH Yacy LUKJIIYHO
OTPUMYIOThCS JIaHi, AKi HaJCUIAIOTbCA [0 IIePCOo-
HAJIBHOTO KOMII foTepa.

Cain BingHauuTH, 1o Ajs inepuiitnoro MEMS-
nmasada MPU-6050 icHyorb ToTOBi 6i61i0TERKH, 3a-
BJ/ISIKM UOMY TIOJIETTIIYETHCS HOTO MPOrpaMyBaHHS.

[ocnidxenns xapakmepucmux po3podaenoi
cucmemu

B nporieci pocrimkens GyJia mpoBeieHa OmiHKa
MOXaAuBOCTi 3actocyBaHHId MEMS-maBauis

a)
o y ’ ,
% 2t ,JLE\\ i A ;
= | A
1 S \ —
= fod | | -
- . . ! . o - { i o
2 B N R B R
é 0 rﬁﬁﬁg@i}%ﬁbﬁﬁ\sﬁlwﬁ h"! @Jw'l \1‘?”;\ I ¥ \L r ol [
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Foo | [ LT
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6)
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= B /'/\ //\\ f
fa] [ [
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o=t b " N o f ~ ys L 8 1 ,
§ NN J\ / \/ \\ | 1\ ! ; .
2 ) N N O B .
g 1} \ ! — \\ / . ‘\\ ,‘ .
g \ / \« / \ \ ,’
E 2\ R S —_ - \)1 - ...\V./ ..... \‘-\;." e s
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Puc. 12. [diarpamMu KyToBOI MIBUJKOCTi B daci

3BapioBaHHsM. [Ipu 11boMy SIK ZJaBayi BUKOPUCTOBY-
Basmcs akcenxepoMeTp tuny MMA7260Q), ripockor
tury MLX90609, a takox Mikpocxema, siKa
noennye (yHKIii akcesepoMeTpa i ripockoma —
MPU-6050.
Ha puc. 12 naBesneno 9acosi giarpamMu KyTOBOI
mBuAKOCTi. [liarpama, oTpuMana 3a 10IOMO-
rolo TipocCKoIla, Mpe/CTaBJeHa 3a pe3yJbTaTaMu
BUMipIOBaHHs 6e3rocepeiHbo 3 gasaya (puc. 12, a),
a Aiarpama, oTpuMaHa 3a JOIIOMOTOIO aKceJepoMe-
Tpa, Npe/cTaBaeHa 3a pe3yJbTaTaMi BUMiPIOBaHHA
MIPUCKOPEHHS 3 I[OJaJbUIUM iHTETpyBaHHAM i
BifmoBiHuMu nieperBopentsivmu (puc. 12, 6).
BenuunHu nepemilieHb, sSKi BAJIOCS 3apeect-
pyBaTu, 3HaXOJATbCsl B Jlialla3oHi BijJ OJMHMIIL
MiKpOMETPiB (MiHiMyM 5 MKM) 70 OAMHUIIb
MisiMerpiB. IIpy nboMy MIBUAKICTD Ilepegadi JaHUX
cuctemu popisuioe 1 mc. Caig BigzHaunTH, 1m0 IMi
BeJIMYUHU BiJAIIOBIJAIOTH IlapaMeTpaM IepeMillenb,
XapaKTePHUM JIJIS IUJIATOMETPUYHOTO e(PEKTY, 1110
crIocTepiraeTbes B mporeci 3papioBannsa (Jecarku
MiKPOH 32 OAMHHMII MiJTiCEeKyH/I).
OxkpeMo cJ1i/l TAaKOXK Bi/I3HAYMTHU MiHiaTIOPHI Tra-
6aputun MEMS-naBauiB. Po3mipu Mikpocxemu ja-
Baya CKJIAJAIOTh MPUOJIN3HO SXS MM, a PO3MipH TLIa-
TH, Ha SIKill BCTAHOBJIEHO MiKpOCXeMy, JOPiBHIOIOThH
32x38 MM. MiHiaTIOpHICTb JaBaviB € BAyKJIMBOIO IS
3a6e31evYeHHsT KOMIAKTHOCTI eJIeKTPOXipyprivHoro
iHCTpYMEHTY Ta yCTaTKyBaHHS.

BucHoBkn
JlocmikeHHsI NOKa3HMUKIB TOYHOCTI i IIBUJ-

JUIsT KOHTPOJIIO JIUJIATOMETPUYHOrO edeKTy mnpu
YIOCKOHAJIEHHI Tpollecy 3’€JHAHHS KOHTAKTHUM

KOJi1 pO3p06JIEHOTO €KCIIEPUMEHTAIBHOIO BHMi-
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PIOBAJLHOTO TIPUCTPOI0 Ha ocHOBIi MEMS-naBauiB
JIOBEJIO Or0 CIIPOMOZKHICTh peeCTpyBaTH 3HAYCHHS
nepeMillleHb 3BapIOBA/IbHUX €JIEKTPO/IB, CIIPUUNHE-
HUX JAUJIATOMETPUYHUM e(EeKTOM, XapaKTepHi JJIs
KOHTAaKTHOTO 3BapIOBAaHHS SIK METAJIEBUX BHUPOOIB,
TaK i JKUBUX M’ SIKUX TKAHUH.

TakuM YMHOM, TOGYZIOBY CHCTEM AaBTOMATHY-
HOTO KepyBaHHS 3a IlapaMeTpoM IlepeMillleHHs Ha
OCHOBi BUKODHUCTAHHSI JAMJIATOMETPUYHOTO edek-
Ty Ta MEMS-naBauiB MokHa BBa)KATH JOIiIbHOIO
i IepcHeKTUBHOIO, a 3aCTOCYBaHHS TaKUX CHU-
CTeM MOYKHa PEKOMEHJyBaTH [/ BJOCKOHAJICH-
HS MalllUH KOHTAKTHOTO 3BapIOBaHHSI MeTaJiB Ta
€JIEKTPOXipypriuioro ob6JjaiHanHs.

[l BIIPOBa/IXKEHHS 3aIIPOIIOHOBAHOTO iIXOAY
B XipypriuHy nNpakTuKy HeoOXijHa BcebGiuHa eKciie-
pUMeHTaJIbHA MepeBipKa i MiATBePAKEHHSA OTpUMa-
HUX pe3yJ/IbTaTiB IJISIXOM 3aCTOCYBAHHSA KOHTAKTHO-
TO 3BapIOBAHHS /IO Pi3HUX THIB Gi0JOTTYHUX TKa-
HUH TBapuH i JIOJWHUA.
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APPLYING OF DILATOMETRIC EFFECT FOR RESISTANCE WELDING
AUTOMATION

The important issue of resistance spot welding control to obtain high quality welded joints, especially in living
tissue welding, is considered. The actual state of the issue is described and analyzed. In order to improve the
quality of welded joints, the applying of dilatometric effect to control the resistance spot welding process,
namely of shifting the welding electrodes, is suggested. To register the shifting, the use of modern inertial
microelectromechanical sensors (MEMS) is proposed. The experimental measuring system, which processes
the MEMS-sensor signal and makes it suitable for use as a feedback signal, is developed. The structure and
operational algorithm of the system are described. The abilities of measuring with MEMS-sensors the values
of electrode shifting caused by dilatometric effect under resistance welding are assessed. These method and
equipment are recommended for welding the metals, as well as for welding the living tissues. The results of
preliminary studies prove the advisability and relevance of the suggested solutions.

Keywords: resistance welding; thermal expansion of material; dilatometric effect; control; welding quality;

living tissue.
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KOPPEJAIIMOHHAS CXEMA KA/IPOBOI
CMHXPOHMN3AINN B CUCTEMAX CB/A3U
C OPSK-MOAYJIAINEN

IIpednoixkena cxema kaoposou cunxponusavuu 011 QPSK-modysuyuu na ocnose bunapnuix nociedosamev-
Hocmetl uemHot O1umbL ¢ U0eaIbHOl A8MOKOPPENAUUOHHOU PynKyuel. Anarumunecku Hatlidenvl 6ce Gunap-
Hble cunxponocaedosamesvHocmu 0aunoti N=8 co ceoticmeom udeaivHocmu asmoKoOPpersyuoHHOU PYHKUUU.
Ha ocnose nocmpoennozo cnekmpa Ko0068blx paccmosanuti 6 mempuxe Xemmunza 01a maxux nocie0oeameiv-
Hocmetl ObLIO YCMANOBAEHO, MO OHU 001A0aIOM KOppekmupyoweti ChocoOHOCMbIO, NO3GONAIOUEU UCTIPAE-
NSy 00HOKpamuvie owubku. Ha ocnoee cmpyxmypuulx ceoticme 6unapmuvlx nociedoeamenvhocmeti OJunoll
N=8 mozym 6vime cunmesuposanvl nocredogamenvocmu 6oavweti kpamuoi oaunvt — 16, 32 u 6oxee.

Knioueevie crosa: nenepuoduueckas asmoxoppersyuonnas gyuxyusi, QPSK, QAM, xadposas: cunxporu-

3ayus.

Oobecnieyenne BBICOKON TOMEX0YCTOIUYNBOCTH 1
HaJIESKHOCTH pabOThl CXeMbl KaJPOBON CHHXPOHMU-
3aluu B cucreMax Iepejgaun uHOpMaI ¢ UC-
MOJb30BAHNEM MHOTOTO3UITMOHHONW MOYJISAINH,
takoii kak QPSK (quadrature phase shift keying
— KBaJlpaTypHasi 4eTbIpeXIo3uiinonHas dhaszoBast
moayastius) uan QAM,, (quadrature amplitude
modulation — kBagpaTypHas aMIIUTYHAS MOY-
JIAINS ), TECHO CBA3aHO C MPUMEHEHNEM CUTHATbHO-
KO/IOBBIX KOHCTPYKITHH C XOPOITUMHE HETIEPHO/IITe-
CKUMM aBTOKOPPEJISIIIMOHHBIMY cBolicTBamu [1— 3].

enbio Hacrostiet paGoTel SIBJsIETCST pa3paboTKa
apexTUBHON cHCTEMBI KaIPOBOI CHHXPOHU3AINH
JUIS CHICTEM CBSI3U C KBaJPaTypPHOU MOAYJIAINEH Ha
OCHOBE OMHAPHBIX CUTHAJbHO-KOOBBIX TI0CJIE/[0BA-
TeJbHOCTEN € UJleaJbHON CEKITMOHUPOBAHHOU He-
MEPUOINYECKON aBTOKOPPEJISIMOHHON (DYyHKITUEH.

Hawub6osee npocTbiMu ¢ TOUKH 3PEHUST JIEKOIUPO-
BaHUS IBJIAIOTCSI GUHAPHbBIE MTOCJIEI0BATETHHOCTH C
XOPOIIMMH KOPPEJISIIITHOHHBIMU CBolicTBaMu [4], Ta-
Kue Kak KoJbl bapkepa, M-1ocen0BaTeJibHOCTH U
T. a. IIpu aTOM TIpeanoaraeTcs, 4To AeKoJep CHH-
XPOIIOCJIEeIOBATEIBHOCTY YCTAHOBJIEH 110 BU/IE0YA-
CTOTE, T. €. TIOCJIE JIEMOJLYJISATOPA.

B cuctemax cBg3u ¢ KBaJpaTypHOH MOYJISIIN-
et [5—8] nepenaBaembrii hparMeHT JAHHBIX MPE-
craBJisier co60i KaJp, B COCTaB KOTOPOTO MOTYT
BXOJIUTH CJIeIyIOTe GJIOKH:

— CHHXPOHHM3UPYIOINAs I0CJe/0BATETbHOCTD
Jin60 CHUHXPOCUMBOJI [IJISI BOCCTAHOBJIEHUSI HECY-
el (KaauGpoBKa OMOPHBIX YaCTOT IS TIOJyYe-
HHSI CUTHAJIBHBIX CO3BE3/IHil);

— CUHXPOHU3UPYIONAs IMOCTIe[0BATENbHOCTD
JUist obecriedyeHust KaJpoOBOil CMHXPOHU3AIINH;

— uH(OPMAIIMOHHBIH MTOTOK JIAHHBIX;

— TIpU3HaAK KOHIIA Kajpa.

Jnmmna camoro kazpa (¢peiima) u, coorser-
CTBEHHO, AJWHA CHUHXPOHW3WPYIOMEH MOCIe0Ba-
tesibHOCTH (B GUTax) MOTYT ObITh MPOU3BOJIbHbBI-
MU YETHBIMU BeJUYMHAMU, KpaTHbIMH log,m, rie
m — pasMepHocTb QAM.

N3BecTHO, UTO GMHAPHbBIE TTOCJIEI0BATETHBHOCTH
pavHod N > 4 He crnocoOHbI 06ECIIeUYnTh U1eallb-
HBIM BUJI HETIEPUOIUUECKON aBTOKOPPEISIINOHHON
dyuximn (HAK®), onpezesgeMoii BbipakeHneM

2 .
N<mpu k=N —1; ()

N-1

k
R =YY SGOhm ~k) =

0 m=0 npu k= N —1.
3necp S(k) — OGunapupri koj anunoii N,
k=0, .., N-1; h — uMmyibcHast XapaKTepPUCTHU-

Ka uabTpa.

Ha puc. 1 mpencrasienst HAK® mna xoma
Bapkepa N=13 u 6uHapHOIl MOCJIEAOBATETbHOCTH
4yeTHO# JnHbl N=16 ¢ MUHUMaIbHBIM YPOBHEM 60-
KOBBIX JIEHECTKOB Rppa (YBJI).

N3 puc. 1 Bunno, uro y HAK® 6unaphoii mo-
cyenoBaTesbHOCTH YyeTHON JummHbI N=16 YBJI pa-
Ben aByM. CorJiacHO JAaHHBIM, NIPpUBEAEHHDBIM B [9],
YBJI pacreT ¢ yBesnyeHreM JIJIMHbBI TTOCJIE/I0BATEb-
HOCTH TaK, KakK MOKasaHo B Ta0J. 1.

OpnHako, TOCKOJBKY Ka)K/Aash CUTHAJbHAS TOY-
Ka cosBesnust QAM,, neperocur i = logym 6GutoB
nH(GOPMAIINH, TIOSIBJISIETCS BO3MOYKHOCTD KOPPEJIs-
IMOHHOTO AHAJIN3A C UCIOJb30BAHIEM «ObICTPOI»
CBEPTKHU

2N-2_
1
IHOESDY

k=i—1

1

k
Z SGR)S(m - ik).

m=0

(2)
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Ta6auma 1
3asucumocmv YBJI HAK®D om Oaumnvt nociedosamenrviocmi
JlmmHa 1mocJ/ie/1oBaTe IbHOCTI 4 6 8 10 12 14 16 18 20 22 24 26
Munumansnbiii Y BJI HAKD 1 2 3 2 2 2 2 2 3 3 3 3
JlauHa 1moc/ie1oBaTe/IbHOCTI 28 30 32 34 36 38 40 42 44 46 48 50
Munumanpsbiii Y bJI HAKOD 3 3 3 4 4 4 5 5 5 6 6 6
6)
a) > At
T T R(k)
[ BAt =1 o
12
13
8
4
0
i : . i . ; .
. NI 13Xt 5 10 15 20 25 k
Puc. 1. HAK® nna koma Baprepa N=13 (¢) n ansa mamayumeii 6MHapPHOI TTOCIEI0BATENBHOCTH Y€THOW JIJTHHBI
N=16 mo KpuTepnio MUHUMyMa GOKOBBIX JierecTKoB (6)
" opsk
i
Lndpposoii : : AHaJI0roBbIH
CHIHAN, ﬂeMoﬂyﬂﬂTOpi MYJIBTHILIEKCOD
0 (MUX) . . . . MHOroBXxo10BbIi
Clk_Bit > iy Ry Ry “f JIEKTPOHHBIH
.................. k ] | | | K04
Clk_Bit=2+*Clk_Symb
X X
YeTpoHCTBO BOCCTAHOBIIEHHUS! h, 7’(5 h, —h)ﬁéé h. _h)gs h: 7”69 Kanposprii
CHUMBOJILHOM CUHXPOHHU3AINN CUHXPOUMITYJILC
Clk_Symb
IToporosoe
I_I_l_l_ Z YCTpOICTBO
Tz=N/2+1

Puc. 2. Cxema BoccTaHoBIeHUS KaIpoBO# cuuxporusanyu s QPSK

B cayuae QPSK dopmyaa (2) npumer Buj
N=2 &k
R(k) =3 > SQk)-S(m - 2k).

k=1 m=0

3

CTpyKTypHasg cxeMa BOCCTAHOBJIEHUS KaJPOBOi
CUHXPOHU3AILNK, PeAJTH30BaHHAs B COOTBETCTBUHM C
BoipakerneM (3), npuBejeHa Ha puc. 2.

CxeMa KaJpOBOW CUHXPOHM3AIIUUA TIPEICTaB-
ageT coOol COrJacoOBAHHDLIA C BHUIECOIOCIEIOBA-
TesbHOCTBIO GuiabTp (CM), BHIIOJHAIOMMN JIHC-

KPETHYIO CBEPTKY TOCUMBOJIBHO. [ 3TOTO ypOB-
HU HanpspkeHus KBaapatryp I, Q Ha BbIXO/e Je-
MO/IyJIATOPA, COOTBETCTBYIOIINE TIPUHITBIM TOY-
KaM CHIHAJIbHOTO cossesgus (puc. 2), obbenn-
HAIOTCA B IIOCJIELOBATEIbHBINA MIOTOK C IIOMOILBIO
AHAJIOTOBOTO MYJIBTHUILIEKCOPA, KOTOPBIH CUUTBI-
BaeT W BBIJIaeT JaHHBbIE C YABOEHHONH CHMBOJIb-
Hoii (6urosoii Clk_Bit=2*Clk_Symb) yactoroi.
TTocoeoBaTeIbHBIN TMOTOK JAHHBIX ¢ OUTOBON uYa-
CTOTOI TIOCTYTIaeT Ha BXO/[HOI 6ydep, pasmep Ko-
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TOPOTO COOTBETCTBYET [JIMHE CHHXPOIIOCJEI0BA-
tesbHOCTU. Dydep taktupyercs yacroroit Clk_Bit.
[laiee oTCueTbl BXOJHOIO CUTHAJIA TEPEMHOKAIOT-
CS € 9TAJIOHHOM T10CJIeI0BATEIbHOCTBIO (MMITYJIbC-
Hoit xapakrepuctukoil CD hy—h;) Ha YeTHBIX CABU-
rax Bxo/Horo 6ydepa. Peasuzanus mocuMBOJIbHO-
rO YMHOXKEHUS JIOCTUTAETCS TAKTUPOBAHUEM YMHO-
JKHUTeNel TN60 2JIeKTPOHHBIX KJIIOUYeil CUMBOJIbHOMI
4acToTO#. BBIXO/HBIE CHTHAJbBI BCEX yMHOMKHTE-
JIell CyMMUDPYIOTCS TIapaJlJIeJIbHBIM CYyMMaTOpPOM,
Pe3yJbTUPYIONIUN CUTHAJ KOTOPOTO MOCTYTIAeT Ha
MOPOroBoe ycTpoiicTBO. [locKOIbKY CHHXPOCUTHA
OMHAPHDBIN, YMHOXKHUTEIU MOXXHO 3aMEHUTb WHBEP-
TOpaMU YPOBHS, YTO CYIIIECTBEHHO YITPOIIAET TeX-
HUYecKyto peasusaruio [10].

OueBujiHO, 4TO /I O6ecrieYeHus: yCTOMUNBOI
paboThl KOPPEJSIMOHHON CXeMbl CHHXPOHHU3AINN
[11, 12] curxporocie[oBaTEMbHOCTH JOAKHBI 06-
JIAJIATh CJIeTYIOTUMHU CBONCTBAMMU:

— JUIMHA TI0cJiefoBaTesbHOCT N 1O/KHA OBITH
paBHa log,m;

— y nocaegoBateabHoctTn HAK®, Bbruucien-
HOI ¢ TOMOIIBIO onepanyi GbicTpoil cBepTKH (BbI-
paskerne (2)), MOJKHBI OTCYTCTBOBaTbh OGOKOBBIE
nemnectkn (mpeanpbHas HAK®D);

— KJIacC IIOCJIeZOBAaTENbHOCTEH OJMHAKOBON
quHbl N oJKeH 06J1a/laTh CIIEKTPOM KOJOBBIX
paccTosiHMil B MeTpuKe X9MMUHTA, TTO3BOJISAIONIAM
KOPPEKTUPOBATh OIMUOKKH HANOOJIbIIIENl KPATHOCTH;

— KJIacC IIOCJIeZOBAaTENbHOCTEH OJMHAKOBON
JHbl N JIOJKEH MMETh XOPOIINe B3auMOKOpPpe-
JISILIUOHHBIE CBOWICTBA.

PaccMorpuM cuHTe3 KJacca GUHAPHBIX CHHXPO-
nocJiejoBareabHocTel Jannon N=8 ¢ uaeaspbHON
HAK®, ceknusamu ajaumHoO# 2 6uTa, KOTOpPbIE MO-
TYT TIPUMEHSTHCS JIJIsl CHHXPOHU3AIMH CUCTEM Tie-
penaun wadopmarmu ¢ QPSK n 061a1aioT Bbilie-
MepevyrcAeHHbIME CBOMCTBAMMU.

Jlna noayuennss upeaabroii HAK® supa (1)
pacemotpuM ¢ yueroMm (3) cucreMy ypaBHeHUii

R(N-1)=R(7) =8, @
R(1) = R(3)= R(5) = R(9) = R(11)= R(13) = 0.
Ta6smma 2

Bunapnoie nempusuarvivie kombunayuu 0 c60600-
HoLX uaenoe cucmemvt ypasuenutl (5)

So Se Sy S

-1 -1 1 -1

-1 -1 -1 1

C yuyerom cummerpuun HAK® gocrarouno Haii-
TU pellleHrie OTHOCUTEJbHO OJHON ee TOJIOBUHbI

R(N -1)=R(7) =8,
R(1) = R(3) = R(5) = 0.

[lepenuiem cucremy ypasaenuii (4) B tepMu-
HaX 3JIEMEHTOB CHUTHAJBHO-KOJOBOII MOCJI€e/10Ba-
TEJIbHOCTH

SoSe + 5,5, =0,

SoS, + 8185 + 5,5 + 555, =0,

S0y + 8155 + 5,8, + 5555 + 5,55 + 555, =0,

Sy’ + S+ 85,7 +87 + S+ 5+ S5 +S,7=8.
W3 nocaenneil CTpoKM 3TOH CUCTEMBL CJIEAY-

€T HETPpUBUAJIbHOE pPEHICHUE 1JIA 6I/IHapHOFO CUr-
HaJia B BU/i€

|50| = |51| = |52| = |53| = |54| = |55| = |S6| = |S7| =1,

T. €. BCE DJEMEHTHl MOTYT IPUHUMATH 3HAYEHMS
TOJBKO «+1» manm «—1».

[lepenuineM IEPBYIO CTPOKY CHCTEMbI ypaBHe-
Huii (5) B caepyiomeM Buje:

S()S(; = _5157.

OueBU/IHO, YTO /IS Hee CYIIECTBYET 8 HETPUBU-
aJIbHBIX KOMOMHAIMIA, IPEeJCTaBIEHHbIX B Taba. 2,
rje SJeMEHT .S BBIPaKEH 4epe3 CBOOOIHBIE 3JIe-
MeHTBI cucreMbl ypashenuii (5) Sp= (S S7)/Ss

Vcnosb3yst paHuble TaG1. 2 M METOJ MOJACTa-
HOBKH, HalileM BCe OCTaIbHbIE HETPUBHAJIbHbIE Pe-
IIEeHKs, Y/IOBJETBOPSIOIIIE YCIOBUIO GUHAPHOCTH.
Takum 06pasoM MoJyuuM Bee 32 PelieHust Hepo-
Olpe/IeJIeHHON CUCTEMbI HEJIMHEHHBIX ypaBHEHUii
mmaoit N=8 (taéa. 3).

N3 o61iero unca mocsegosarebHocTelt, o6aa-
paonmx naeansbaoit HAK® cormacuo (1) ¢ yue-
tom (2), mostopuna (1. e. 16) c6amancupoBaHbl CO-
IJIACHO BBIPAKEHUIO

N-1
> S =0.
=0

Co6anancupoBaHHble OMHAPHBIE 1TOC/IEI0BATEb-
Hoctu ¢ uzgeanbuoit HAK® npusesens B TabI. 4.

I'papukn HAK® nns 6unaphoii nocJenoBa-
TEJbHOCTHU YeTHOU AMNHBI N=8 C CeKIIMAMA JJINHON
1 =1, 2 npejcraBjeHbl Ha pHUC. 3.

«Npeanproctby HAK® Hapymaercs npu nepe-
Xo0j/ie K 06paboTKe T0C/Ie/J0BaTeIbHOCTEN C JTMHEH-
HOHl CBEpPTKOH, OJHAKO Aaxke B 3ToM cJydae Y BJI
He TIPEBBINIAET YPOBHS 3 /8 JIJIsT BCeX IMOCJe/[0Ba-
TeJIbHOCTEN, NIpUBEIeHHbIX B TabsI. 3

AHAJOr'MYHO MOJKHO HaWTU TIOCJIE/OBATEJHHO-
ctu ¢ unearbHoit HAK® u a5 apyrux 3HaueHuit
JUINHBI, KPATHBIX JIBYM.

[l OlleHKU MOMEeXO0yCTOMUYUBOCTA CHHXPOCHUT-
HaJIa ONpeJeuM CIIEKTP KOZOBBIX PACCTOSHMIA.

6

(6)
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Ta6auma 3

Bunapnwie nocaedosamenvrocmu ¢ udearvnoii HAK®
N=8

D)
s N=5, [Rpun}=0
6
4
2
0 oo oo ¢ oo o oo

“rai
8 N=8, [Rymasl=3
6 /\ ”
) [
; \\
0 , .
. /| \/\V/ \V/\/\
—4

0 2 4 6 8§ 10 12 14 &k

Puc. 3. HAK® a1 6unapHoii 1mocie/[oBaTeJbHOCTH YeT-
Hoit umabl N=8 ¢ junoii cexun i = 2 (@) ni =1 (6)
Ta6auua 4

Céanancuposanvle Gunapmvle nocied068amerbHOCmu
¢ udeanvnot HAK® N=8

So Sy S S3 Sy Ss S S7

[EENG NG (UG NG NI FURNG NG (UG (FUINGH NI (SN JUENG NG [FEEN RN N

[UENG VNG (UG FUENG) IR RN NN N

Ha puc. 4 npuBesena auarpaMma KOJ/IOBBIX pac-
CTOSTHUI MEK/y TIepBOI U 11-MH 1TOCJIE/[0BATETHHO-
crsmu dy , ¢ upeasnbHoit HAK® (popmyiia (1)) u
CIIEKTP KOJIOBbIX PACCTOSHUI B MeTpuKe XoMMUHIa
JIJIS1 BCceX Hal/IEHHBIX II0C/IeL0BaTeIbHOCTEN JJIMHOI
N=8, corsacto taba. 3. 31eCchb BUIHO, YTO CPEIHEE
KOJ/IOBOE PACCTOSIHUE COCTABJISET

1 dmax
d, ~—= > dW(d) ~4,13,
min
rae W(d) — 4ucjio KoJ0BbIX CJIOB, HAXOISIIUXCS
Ha paccTossauy d oT 6Ga30BOTO, YTO MO3BOJISIET HC-

npasATh ommbKy Kparnoctn ¢ = int[0,5(d—1)]=1.

)

[l/1s1 OlleHKH YCTONYMBOCTH PACIOJIOKEHUST CUT-
HAJbHBIX To3uruii co3pe3auss QPSK otHOCUTEJND-
HO oceit 1, Q moCTpouM uarpaMMbl CKAYKOB (hasbl.

[uarpamma ckauykoB (ra3bl CUTrHaJa C MO-
aynanueir QPSK nas mocieqoBaTelbHOCTH

[ SN O N N S N =S

_ = = =

S={—1; —1; —1; —1; —1; 1; 1; —1} guunoit N=8 ¢
nannyuieit HAK® npuBenena Ha puc. 3. 31ech
BUJ/IHO, YTO 32 BPeMs Iepeayu CUHXPOHU3UPYIO-
Hieil 10c/Ie0BaTENbHOCTH IIPOUCXOAUT TIepeEMeIIe-
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a) d1_m
8
6)
w(d) 29
20
15
10 4 4
1
5 il [ | i
0 2 4 6 8
a)
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HHUE CUTHaJla KaK MUHUMYM B TPE€X KBa/J[paHTaxX,
YTO 006EeCIeunBaeT Xopoliue ycJoBud [Jid BOCCTa-
HOBJIEHUSI CUMBOJIbHOI CUHXPOHU3allUN.

BoiBo b1

PaspaGorannas cucremMa Ka[poBOil CHHXPOHU3a-
UMY JIJIST CHICTEM CBSI3W C KBA/IPATyPHON MOy JISAIN-
eil Ha OCHOBe GUHAPHBIX CUTHAJBHO-KOJOBBIX I0-
cJieloBaTeIbHOCTEN ¢ W/1eaJ bHOM CEKITMOHUPOBAH-
HOW HETIepHOINYeCKOH aBTOKOPPETISAIIMOHHON (QyHK-
1uei M03BOJIIeT YIIPOCTUTD TEXHUUYECKYIO Peain3a-
IIUIO ¥ TIOBBICUTD OOIIYIO0 TIOMEXOYCTOMYUBOCTD CH-
cTeMbl cBsi3u. [IpeyiaraeMble mocse10BaTeTbHOCTH
006J12/1a10T CBOMCTBOM COAJIAHCUPOBAHHOCTU U KO-
JIOBBIM PACCTOSTHUEM, TTO3BOJISIONUM KOPPEKTHPO-
BaTb OJIHOKpaTHbIE oMMOKU. [IpeioskeHHbIil o1-
X0/l MOKeT ObITh YCITENTHO MCIIOJIb30BAH JIIST CUH-
XpOHU3aUUU cucreM cBs3u ¢ QAM-mopyasuueii ¢
GOJIBIITMM YKMCJIOM CUTHAJBHBIX MO3UINH, TAKUX KaK
QAM16, QAM64 u T. 1.

NCITIOJIb3BOBAHHDBIE NCTOYHUKN

1. Masypkos M. U., Caguenko A. B. CpoiictBa auckper-
HbIX ADM-curHanoB, "HBApUAHTHBIX K m-casury / / Tpynnr
YHUUPT. — 1996. — Ne 2. — C. 38—45.

2. Masypxos M. U., Capuenxo A. B., Ckoma A. A.
Mertoapr mepegaun nHMOPMANNU HA OCHOBE IUKJINYECKHUX
ADOM- n JUM-cursajgos, WHBApHAHTHBIX K m-cABUTY / /
Nudopmarnka u cs3b. C6. Hayunsix Tpynos YTAC. — Kues:
Texuura, 1996.— Ne 1.— C. 127 —132.

3. Camguenxo A.B., ABepouknn B.A., Kymnuupenko O.A.,
Ilerpycenxo H.A. Anroput™m cuHTe3a GUHAPHBIX CHHXPOKO-

26 TexHosIOrHs 1 KOHCTPYMPOBAHKE B 3JICKTPOHHOI anmaparype, 2017, Ne 6

ISSN 2225-5818



CUCTEMDI IIEPEJJAYU N1 OBPABOTKN CHUTHAJIOB

JIOB TIPOU3BOJIBHOM JIJTMHBI C XOPOIINMH allePUOJIMYECKIIMHU aB-
ToKoppessaonabiMu pyuknusimu // Tpyasr 13-it MHITK
«CoBpemMennble HH()OPMAIMOHHBIE W 3JIEKTPOHHBIE TEXHOJIO-
rum» (CUIT-2012). — 2012. — Opecca, Yrpauna. — C. 181.

4. Manaxos B.II., A. B. Caguyenko 3HIDKEHHS CKJIaJHOCTI
TexHiYHOI peasisaliii cucreM Tepenaui iHdopmarii i3 BUKO-
puctannam nocaigosnocreit onga / / Ilp. Opec. noJitexH.
yH-Ty. — 2004. — Bun. 1.— C. 138—141.

5. Huxwurun H.II., Jlysun B.U. TeseBusnonuble 1iu¢ppoBble
cucrembl. — Exkarepun6ypr: YpdV, 2016.— 106 c.

6. Hukuntun H.II., JIysun B.VM. ®opmupoBanue u npueMm
curHasioB ¢ nudpoBoit Moxysiueit. — Exatepunbypr: YITY-
YIIN, 2008.

7. Kapskun B. JI. ludposoe TeseBunenue. — Mocksa:
COJIOH-ITPECC, 2013.— 448 c.

8. MasypkoB M. M. Cucrembl MUPOKOIIOJOCHON Paano-
cBasu. — Opecca: Hayka n texnuka, 2009.

9. Sadchenko A.V., Kushnirenko O.A., Troyansky A.V.
The algorithm of random length sequences synthesis for frame
synchronization of digital television systems // Odes’kyi

Politechnichnyi Universytet. Pratsi. — 2015.— Iss. 3(47).—
P. 97—-103.

10. Caguenko A.B., ABepoukun B.A., KymHupenko
O.A. lloBblmenne Ha/[e>KHOCTH CHHXPOHU3AINN CHCTEM CBSI-
3¥ C KOJIOBBbIM pazeienrieM Kauanos / / Tpyast 12-it MHITK
«CoBpeMenHbBIe MH(MOPMAINOHHBIE W 3JI€KTPOHHBIE TEXHOJIO-
run» (CUIT-2011). — 2011. — Opecca, Yxpanna. — C. 191.

11. MasypkoB M. 1. PekyppeHTHBIH aJrOpUTM CKOJIb3s-
[ETO KOPPEJISIIOHHOTO /IeKOANPOBAHUS IIUKJINYECKUX KO-
nos / / W3B. BysoB. Pagmoasnexrporuka. — 2000. — Ne 1.—
C. 53—-59.

12. Kymmnupenko O.A., Caguenko A.B., Tposguckuii A.B.
[loBbIeHNne TOMEXOYCTONYMBOCTH <«CKOJIb3SIIETO» KOPPEJIs-
IIOHHOTO AJTOPUTMA PACIIO3HABAHUS II€YATHBIX CHUMBOJIOB
/' / Boct.-EBpor. :xypH. nepefoBbIx TexHosoruii. — 2014. —
Ne 4,/2.— C. 32—36.

Zlama nocmynieHusl pyKonucu

6 pedaxyuio 20.10 2017 2.

A. B. CATYEHKO, O. A. KYIIHIPEHKO, O. I. EOIMOB, B. B. IVHBKO, C. FO. IAPOBHH

Ykpaina, Opmecpknii HaIliOHAJBHUH TMOTITEXHIYHNN YHiBEepCUTET

KOPEJIAIINMHA CXEMA KAJIPOBOI CMHXPOHI3AIIIl B CUCTEMAX

3B'A3KY 3 QPSK-MOAYJIALICIO

E-mail: koa@opu.ua

Banpononosano cxemy xkadposoi cunxponisauyii 0 QPSK-nodyasuii na ocnoei 6inapnux nocaidosnocmei naptoi
006 KUNU 3 10edNbHOI0 ABMOKOPENIYIUHOI0 PYHKYIEI. AHATIMUYHO 3HATOEHO 6CT OIHAPHI CIHXPONOCAI008HOCI
dosxunoio N = 8 3 eaacmusicmio idearvrocmi agmoxopeasyiunoi ¢ynxuii. Ha ocnogi no6y0oeanozo cnexmpa
Kodogux eidcmaneti 6 mempuui Xemmured O0as MAKUX NOCAIO08HOCMEN OYI0 BCMAHOBIEHO, WO BOHU MANOMb
KOPEKMYBANbHY 30AMHICMb, WO 00360AAE SUNPABASIMU 00HOPA3061 nomuaku. Ha ocHoei cmpyxkmyprux eid-
cmusocmeil Oinapnux nocaidosnocmeil 0osxunoio N = 8 mooxxymo 6ymu cunme3sogani nocaidognocmi Oiivuion
kpamuoi dogexunu -16, 32 i Girvwe.
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CORRELATION SCHEME OF FRAME SYNCHRONIZATION
IN COMMUNICATION SYSTEMS WITH QPSK-MODULATION

The information efficiency of communication systems using quadrature amplitude modulation is reduced
because of the costs for data transmission necessary to provide frame synchronization and the required time to
search for the sync signal and to go into the tracking mode of the synchronization system.

One of the most effective schemes of constructing a frame synchronization system is the correlation diagram.
In order for this diagram to operate, signal-code constructions with good aperiodic autocorrelation properties
are required.

The aim of this study is to develop an effective frame synchronization system for quadrature modulation
communication systems based on binary signal-code sequences with an ideal sectioned non-periodic
autocorrelation function.

In this paper, we propose a frame synchronization scheme for QPSK modulation based on binary sequences
of even length with an ideal autocorrelation function. All binary synchronous sequences of length N = 8 with
the idealness of the autocorrelation function are analytically found in the study. On the basis of the chart of
the code distance spectrum in the Hamming metric for binary sequences of N = 8 length, it was established
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that such sequences have a correcting ability that allows correcting single ervors. Based on the structural
properties of binary sequences of N = 8 length, sequences of a larger multiple length (N = 16, N = 32, etc.)
can be synthesized.

The practical value of the proposed scheme of frame synchronization is to reduce the complexity of technical
implementation and increase the overall noise immunity of the communication system. The proposed approach
can be successfully used to synchronize communication systems with QAM modulation with a large number of

signal positions such as QAM 16, QAM 64, etc.
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HOBBIE KHUT'U

s D
daiikoB B. II., Memepsiko B. U., /Kypasaés 10. . IIporuo3aupona-
HUe TOKa3aTeJieil Ha/leKHOCTH TEPMOIJEKTPUUECKUX OXJaKJAI0MNX
ycrpoiictB. Kuura 3. MeTo/ bl HOBBIIEHNS Ha/[€KHOCTU TEPMOI3JIEKTPH-
YecKkHux oxJaxkaawmux ycrpoiictB.— Oaecca: [lommrexnepuoauka, 2018.

Kuura mocBsimeHa 0HON W3 KJIOYEBBIX TTPOOJIEM TTPOEKTUPOBAHUS TEPMOITIEKTPHU-
deckux ycrpoiicts (TOY) — moucky IyTeil MOBbIeHUs UX HajeskHOCTU. Vcce-
JIOBaHbI OCHOBHbBIE METO/IbI ITOBBIIIEHNUS TIOKa3aTe el HaJeKHOCTH TAY ! KOHCTPYK-
TUBHBIN, TIAPAMETPUYECKHH, CTPYKTYPHBIN U KOMOMHUPOBAHHbBIN. [IpuBeneHbl pe-
3YJIbTAThI PACYETOB OCHOBHBIX XapPAKTEPUCTUK W TIOKA3aTeIel HA/IE’KHOCTU O/THO- U
JIBYXKacKaHBIX TAY B 3aBUCUMOCTH OT TEOMETPUH BETBEN TEPMO3JIEMEHTOB, TOKO-
BOTO peskuMa paGoThl, MapaMeTPOB UCXOAHBIX MATEPUAIOB TePMO3JIeMeHTOB (Tep-
MO3JIeKTpUUecKoii apderTuBHOCTH, KO3DPUIINEHTA TEPMO-3/IC U JEKTPOIIPOBOHO-
CTH) ¥ NPOBE/JIEH aHAIN3 MOJYYEHHBIX Pe3yJAbTaToB. TakKepaccMOTPEHbI IPOCTEli-
M€ CXEMbl PE3EPBUPOBAHUS 3JIEMEHTOB M MPOBE/IEH CPABHUTEJIbHBIN aHAIN3 Pa3-
JIUYHBIX CIIOCOOOB BKJIIOUEHUS pe3epBa. [lokazaHbl BOSMOXKHOCTH KOMOWHUPOBAH-
HOro (COBMEIEHHOr0) METO/Ia TIOBBIIEHUs TToKa3aTesell Hajgexxuoctn TAY myTem
OIIEHKH COBMECTHOTO HCIIOJb30BaHUSA KOHCTPYKTUBHOTO W MAapaMeTPUYECKOTO Me-
TOJIOB B CDAaBHEHWH C Pe3yJIbTaTaMM, KOTOPbIE MOXKHO TOJYYUTD MPU UX Pa3/e/ib-
HOM npuMenenuu. llpenHasnauena /i WHXXEHEPOB, HAYYHBIX PAOOTHUKOB, a TaK-
K€ CTY/IEHTOB COOTBETCTBYIOIIUX CIIEINATbHOCTEN, 3aHUMAIOIIUXCS BOTIPOCAMU Ha-
JIE’KHOCTHU 3JIEMEHTOB 3JIEKTPOHUKHU 1 B 11esioM PIA, a Takke pa3pabOTKO# 1 TPO-
EeKTHPOBAHNEM TEPMOAJEKTPUIECKUX YCTPONCTB.
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CONSTRUCTIVE AND TECHNOLOGICAL ASPECTS
OF THE HEAT FLOW IMITATOR BASED
ON DIAMOND-LIKE FILMS

The paper describes features of the design and manufacturing technology of a volumetric detachable
heat flow imitator designed for the study of thermal characteristics and for carrying out thermal tests
of heat pipes of cooling systems for electronic equipment. The authors use thin alumina ceramic plates
with deposited with diamond-like films as heating elements of the imitator. Experimental results are
presented on the surface temperature of heating elements and the temperature drop between the heating
elements and the heat pipe in the region of the input heat flux values from 5 to 25 W. The use of the

proposed heat flow imitator allows speeding up the process of research and testing of heat pipes.

Key words: heat flow imitator, diamond-like film, heating element temperature, heat pipe.

Heat pipes (HP) are high effective heat transfer
devices for cooling systems of electrical equipment
[1—4]. Testing heat pipes for compliance with
the required thermal parameters and the constant
development and improvement of HPs require
using methods of thermal physics control and
experimental investigation of the main thermal
parameters of HPs, i.e. thermal resistance,
maximum heat transfer ability, temperature
gradient along the HP, heating zone temperature at
constant heat flux, etc. During such a research, it
is necessary to supply the HP with a predetermined
value of the heat flux equal to the one that is
generated by the electronic device being cooled.
For this purpose, different heating methods and
heat flow simulators are used: radiant, interface,
ohmic, inductive, electronic heaters, heating by
circulating coolant, etc. [5, p. 72—76].

The heat flux imitators (HFI) mostly used to
supply heat to the HPs are electrical resistance
heaters made of wire or stripe based on a material
with a high electrical resistance (e.g. nichrome)
coiled around HP’s heating zone [6—10]. Thus,
while researching glass pulsating HPs the authors
of [6, 7] used high resistance wire coiled directly
on the glass case (100 mm) of the HP in the
heat supply zone (30 mm). The distance between
the coils several times exceeded its diameter and
this allows visual observing of thermal hydraulic
processes inside the HP. Such HFIs are immensely
simple but their design does not allow using it for
testing other HPs. In [9] authors used an HFI
made from high electrical resistance stripe coiled
with a variable step around the 90 mm heating

zone of a glass thermosyphon 12 mm in diameter.
This HFT allows obtaining a heat flux with values
from 10 to 50 W. The common drawback of all
considered HFIs is that it is impossible to use them
in contact with electrically conductive materials.
To avoid this problem, different types of high
temperature isolation are used as a layer between
the heater and the HP shell [9, 10]. Such designs,
however, do not allow relatively easy reinstalling
of the HFI from one part of the HP to the other,
or to another HP.

Also well known are HFIs that consist of
a metallic heat conductive base covered with
electrical isolation material and coils of the stripe
heater [11]. Another type of this construction is
the base with mounted cartridges with the heaters
[12]. For the first case, the maximum heat flux
generated by HFI with a brass cylindrical base
reaches 300 W [11]. For the second type of
heater with five cylindrical cartridges soldered
inside a copper block (with a 25x25 mm contact
surface), the maximum heat flux is 628 W [12].
The maximum value of specific heat flux is up to
100 W /cm?.

Very promising are the HFIs with heaters made
of doped diamond-like films. Depending on the
required properties of the resistive covering, one
might use Cr, Wo, Ti, etc. as a doping metal. Due
to the diamond-like structure of the film, resistive
covering of such heaters has stable electrical
resistance and operational thermal stability at
temperatures over 500°C, specific heat flux higher
than 2:10° A/cm? and temperature resistance
coefficient above 1074 [13].
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One of the known HFIs based on a diamond-
like film [14] consists of a 0.2—2.0 mm thick
layer made of thermal conductive ceramics with a
resistive heater on the surface. The resistive heater
is made of a 0.2—2.5 um thick doped diamond-like
film with contact pads on it ends. However, the
HFI with a flat contact surface is hard to use for
heat flux supply to cylindrical HPs. To deal with
this problem, the authors of [15] developed an
HFT that is a metal cylindrical base, the surface
of which is covered with a ceramic layer and a
doped diamond-like film with contact pads. Near
the base there is a round through hole that makes
it possible to mount the heater onto the cylindrical
HP. In doing so, it is desirable to leave the
smallest possible split between the inner surface
of the hole and the HP in order to provide a good
thermal contact between the HFI and the HP.
This requirement, however, is not always easy to
fulfill in practice because of the following reason.
Leak-tight sealing at the end-faces of aluminum
HP shell is mostly made by welding the bottom
cap and the bottom with a filler tube to the HP
case using argon-arc welding. This process causes
a metal overlap 1—3 mm in height (Fig. 1) at the
place of welding, and one should avoid cutting
it off mechanically, because the cut might open
micropores. It is obvious that in such a case, the
split between the HFI and the HP after welding
might be 1 to 3 mm, which is unacceptable in the
context of ensuring the heat transfer from the HFI
to the HP with minimal contact thermal resistance

In this paper we present an HFI based on
diamond-like films, the design of which makes

a)

b)

Fig. 1. Weld seams at sealing zones of the HP from the
cap side (@) and from the filler tube side (b)

it possible to mount it with a minimal split on a
cylindrical HP (or thermosyphon) with a metal
overlap in welding points and to reinstal from one
area of the HP to other or to another HP more
easily in course of research.

Design and manufacturing process
of the heat flux imitator

Let us describe characteristic features of the
new design of the HFI [16] based on diamond-
like films (see Fig. 2).

The base 7 of the HFI is a pipe section made
from a material with a high thermal conductance
(e.g., aluminum or aluminum alloys) with four
(or more) flat planes 2 on the outer surface and a
cylindrical hole 3 into which the HP is installed.
The base consists of two parts (4 and 5) which
are joined by the loop 6 with anchoring elements
7 (screws, washers and nuts). Flat heaters 8 are
connected to the base planes (at least 2 heaters
on each plane) through a thermal contact. The
heaters are based on doped diamond-like films
and have contact pads 9, which are meant for
electrical contact of elements to each other and
for connection to the power supply.

We shall demonstrate the technology for
manufacturing HFIs of the proposed design on

a) |
o) :
g

b)

Fig. 2. HFI design:
exterior view (a) and cross-section (b)
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a)

b)

c)

Fig. 3. Exterior view of the HFI before mounting (a)
and mounted on the HP (b), and a heater based on
diamond-like film (c¢)

the experimental HFI (Fig. 3). This experimental
sample was made for heat supply to the HP with
a 12 mm outer diameter used for LED module
cooling [17].

A workpiece of the detachable base for the HFI
was made from a standard pipe section with an
inner diameter of 12 mm and an outer diameter of
20 mm. The material used for the base is aluminum
alloy AD31T (A/131T). Flat planes (34x13 mm)
were cut out on the workpiece, and 0.5 mm deep
and 6.4 mm wide grooves were lathed (these
groves were made for tightening with mounting
clamps). After that, the workpiece was cut along
the axis into two equal parts by a 1 mm thick
disk cutter. On the inner surface of each of the
parts, one longitudinal groove (1 mm wide and
1.5 mm deep) was cut for thermocouples for the
HP’s heating zone.

Heating elements (Fig. 3, ¢) were made by the
JV “LAET” (CII «JIAST», Odessa, Ukraine).
Doped diamond-like films and contact pads were
made using vacuum plasma-assisted deposition
on 1 mm thick ceramic base according to group
technology developed at the JV “LAET” [13]. The
ceramic base was made of aluminum-oxide ceram-
ics VK-94 (BK-94). The base with a diamond-like
film is then cut into separate heaters (7x30x1 mm

each) by laser dicing and cutting on specialized
laser equipment.

To provide thermal contact, heaters with the
wires soldered to contact pads were glued to the
surface of flat planes by the RTV-904 elastic sili-
con compound.

Method of using the HFI and research results
on its thermal characteristics

To test thermal parameters of the HP with
the created dismountable HFI, both its parts
with attached heaters are mounted onto heating
zone around the HP, then the HPs are tightened
together with mounting clamps and anchoring
elements. For reducing contact thermal resistance
between the HP contact surface and the HFI, they
are first covered with KPT-8 (KIIT-8) thermal
conductive paste. To imitate the heat flux equal
to the one of the electronic device being cooled, a
controlled value of electrical power is fed to the
HFTI heaters using voltage regulator. To prevent
the heat loss into the environment, the HP heat-
ing zone is insulated with basalt fibre and placed
into a glass vacuum bulb.

The heat flux generated in the heaters is trans-
ferred through the elastic compound layer, which
is located between the base of the imitator and the
contact surfaces of the heater to aluminum base of
the HFI, after which the heat power is transferred
through the KPT-8 (KIIT-8) paste layer to the HP
heating zone. Due to the effective heat transferring
inside the HP achieved by the closed-loop evapora-
tion condensation cycle the heat flux is transferred
to the condensation zone and dissipated by natural
or forced convection of air or fluid, depending on
the predetermined cooling conditions.

The thermal characteristics of the created HFI
sample were experimentally tested on an experi-
mental equipment described in [16]. In the tests,
an aluminum HP with a threaded capillary struc-
ture that used for the LED module cooling in the
power range from 5 to 25 W. Dimensions of the
HFI corresponded to those of the LED module.
The diameter of the HP was 12 mm, its length
was 830 mm, the length of the heating zone was
50 mm, R141b was used as a coolant. The heat
was removed from the condensation zone of the
HP by natural air convection at a temperature of
oy = 24.0£0.5°C. The HP was orientated verti-
cally, and the heating zone was placed below.

In the course of the experiment, the tempera-
ture ¢, of the heating elements and the tempera-
ture difference At between the heating elements
and the HP was measured at the heat flux values
of P=5—-25W.

The temperature of each heating element was
measured by the thermocouple mounted in the
middle of the diamond-like film. Thermocouple
junctions were electrically isolated with glass-
fibre adhesive tape. The surface temperature of
the HP at the heating zone was measured by four
thermocouples.
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Fig. 4. The temperature dependence of the heating
elements (1 —4) on the heat flow of the simulator

40

Fig. 4 shows measured values of the temperature
t;. of the heating elements of the HFI experimental
sample for the supplied power P in range from 5
to 25 W. 1t is evident that the diagram is linear.
Moreover, for P = const, the temperature of the
heating elements differs by no more than 5°C.
For example, for P = 25 W, element no 3 has a
maximum value of temperature equal to 120.6°C,
while element no 1 has a minimum value of
temperature equal to 115.6°C. These results prove
that of the contact thermal resistance values
between the heating elements and the base of the
HFI, as well as between the base and the HP are
identical. The low temperature value of the HFI
is reached due to favorable conditions of heat
removal from the diamond-like film of the heating
element, which in turn are caused by good thermal
contact between flat surfaces. It simplifies thermal
insulation conditions of the heated surfaces during
the HP testing.

Fig. 5 shows the diagram for the temperature
difference At between the average values of heating
elements’ temperatures (¢,2V) and the temperature
in the HP heating zone relative to the supplied
heat power P. As seen from the figure, as the
power increases from 5 to 25 W, the temperature
difference At increases from 3.2 to 12.0°C. While
the ¢,2v temperature varies from 47.3 to 118.1°C,
and the difference between #2V and environment
temperature (t,,, = 24°C), respectively, from 23.3
to 94.1°C. Thus, the contribution of the temperature
difference At between the HFI and the HP
temperatures in the overall temperature gradient in
the cooling system is about 13%, which indicates
that the overall thermal resistance of the HFI
based on a diamond-like film (0.64 —0.48°C /W)
is rather low and that it is possible to use it to
study the thermal characteristics of the HP.

Summary

The proposed design of heat flux imitator based
on diamond-like films is meant for experimental

At, °C
12 @) .
10 i
8 i
6 - o 1

4 i
@)

2

0 5 10 15 20 25 P, W

Fig. 5 Dependence of the temperature difference be-

tween the heaters and the HP on the supplied heat
flux at ¢, = 24°C

env

research of thermal parameters of heat pipes. The
detachable design of the imitator allows mounting
it on a cylindrical heat pipe with overlaps on weld-
ing seams while providing a reliable thermal and
mechanical contact. Such imitator can be easily
remounted from one section of the HP to another
or even to another HP altogether during tests. The
imitator has a compact design that allows obtain-
ing significant heat fluxes. For example, a heat
flux of 806.67 W can be reached for a 50 mm long
test sample with a hole diameter of 12 mm, with
four 7x30x1 mm heaters based on diamond-like
films with a total electric resistance of 60 Ohm
when to a regulated power source with an output
voltage of up to 220 V.

Due to the listed features, the proposed design
of the heat flux imitator has a wider exploitation
potential in comparison to the existing analogues.
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KOHCTPYKTUBHO-TEXHOJIOITYHI OCOBJJINBOCTI IMITATOPA
TEIIJIOBOTO ITIOTOKY HA OCHOBI AJIMA3OITIOAIBHUX IIJIIBOK

Onucano 0cobauso0cmi KOHCMPYKYIL i MEXHOL02IT UZOMOBACHHS 00'EMHOZO POSHIMHOZO IMIMAOPA MENI0E020
NOMOKY, NPUIHAUEHO20 01 QOCALOKEHHS MENTOBUX XAPAKMEPUCTIUK T NPOGEOeHHs MENI0GUX GUNPOOYEdib Mme-
naosux mpy6 cucmem 0X0100KeHHs eAeKMPOHHOT anapamypu. K Hazpieaivhi eremenmu iMimamopa euKopu-
CMOBYIOMBCSL MOHKT NAACTUHKY 3 ATIOMOOKCUOHOT KepamiKu 3 HAHECeHUMU HA HUX dAMA30N0016 HUMU NATEKAMU.
Hasedeno pezyrvmamu excnepumenmanyinozo 00CAi0Kenmns memMnepamypu No6epxui nazpieaivHux eiemMenmie i
nepenacy memMnepamypu MiX HaAzpiealbHUMU eJleMeHMmamMu i Menioeor mpybow é obaacmi 3naueHs nidgedeHozo
menio60zo nomoxy 6id 5 do 25 Bm. Buxopucmanns 3anponoHosanozo iMimamopa meniogozo nomoxy 0036015€
npuckopumu npoyec 00CAi0KeHHs Ma UNPoOYSanHs Meniosux mpyo.

Kniouosi caosa: imimamop meniogozo nomoxy, aimazonodiond niiekd, memnepamypd HazpiedivHoz0 eJeMeH-
my, menaosa mpyoa.
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KOHCTPYKTUBHO-TEXHOJIOTUYECKME OCOBEHHOCTU NUMUTATOPA
TEIIJIOBOT'O IIOTOKA HA OCHOBE AJIMA3OIIOZIOBHBIX IIVIEHOK

Onucanvt 0co6eHHOCTNIU KOHCMPYKUUU U MEXHOL02UU U3Z0MOBACHUS 00BEMHO20 PAIBEMHOZO UMUMAMOPA MENI0-
6020 NOMOKA, NPeOHA3HAUEHHO20 ONs UCCe008ANHUL MENI0BbIX XAPAKMEPUCTIUK U NPOBEOEHUs. MENT08bLX UCTIbL-
manuii menosulx mpyo cucmem OXAAK0enus INeKMPOHnol annapamypvl. B xauecmee nazpesamenvivix d.1emen-
MO8 UMUMAMOPA UCNOIb3YIOMCA MOHKUE NAACUHKU U3 ATIOMOOKCUOHOU KePAMUKU C HAHECCHHIMU HA HUX AJMA-
30n0000HbIMU NAeHKamu. TIpueedenst pe3yiomamol IKCNEPUMEHMATILHOZO UCCIEO08AHUSL MEMNEPAMYPbL NOBEPLHO-
CMUL HAZPEBAESILHBIY IJIEMEHNO06 U Nependada memMnepamypvl Mexoy HAzpesameibHblMU dJleMeHmami u menJo-
60U mpy6ol 6 obracmu 3naueHuti No0gooUMoz0 Menio6ozo nomoxa om 5 do 25 Bm. Hcnonv3osanue npedioxenno-
20 UMUMAMOPA MENN08020 NOMOKA NO3GOSIEM YCKOPUM NPOUECC UCCACO08ANUSL U UCTLIMANUS MENTOGHLX MPYOD.

Karwuesvie caosa: umumamop menjioeozo nomokd, aAAMa3ono0oomas nlaenKd, memnepamypa nazpeedameibHozo
dqemenma, menjiosdas mpy6a
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CARBON NANOWALLS IN FIELD EMISSION CATHODES

The carbon nanowall (CNW ) layers were grown from a gas mixture of hydrogen and methane, activated
by a DC glow discharge, on Si substrates (Si/CNW layered structure). The second layer of CNW was
grown either on the first layer (Si/CNW /CNW structure) or on Ni or NiO films deposited on the
first CNW layer (Si/CNW /Ni/CNW and Si/CNW /NiO/CNW structures). The composition and
structure of the resulting layered structures were studied using scanning electron microscopy, Raman
spectroscopy, and X-ray diffractometry. It was found that annealing of Si/CNW structure in vacuum,
growing of the second CNW layer on Si/CNW, as well as deposition of Ni or NiO films prior to the
growing of the second CNW layer improve functional properties of field emission cathodes based on the
electron-emitting CNW layers.

Keywords: carbon nanowalls, layered structures, electron microscopy, Raman spectroscopy, field emission

cathodes.

Carbon materials, including various crystalline
(diamond, graphite) and noncrystalline (fullerene,
nanotubes, graphene, etc.) ordered substances
with unique physicochemical properties are of
practical interest. Some carbon materials due to
the autoemission property are promising for use
as an emitting layer of field emission cathodes
(autocathodes). The presence of field emission
means a decrease in the electric field strength to
1—10 V /pm, which is required for the onset of
field emission of electrons. Autocathodes are used
in the development of X-ray tubes, microwave
devices, electron guns for exciting lasers,
cathodoluminescent lighting devices, flat displays
and other devices [1—35]. The most promising for
the creation of autocathodes with a low electron
emission barrier are the so-called carbon nanowalls
(CNW) — layers of a plate-like carbon material
with a predominant orientation of the plates per-
pendicular to the substrate [1—3].

The layers of carbon materials formed by plasma
methods, including CNW, are as a rule multiphase
layers [6—8]. The structure and concentration of
crystalline and X-ray amorphous phases depend on
the conditions for carbon materials formation and
affect their emission properties. The problems of
using CNW in autocathodes are associated with
the instability of emission parameters (magnitude
and density of the cathode current, as well as the
degree of electrical current uniformity over the

cathode area) due to changes in composition and
structure during testing and operation [4, 6, 8].

Before being placed into electrovacuum
devices and soldered, autocathodes are always
preliminaryly tested in a vacuum chamber for
compatibility with the parametres of the device.
In some cases, preliminary tests are carried out to
achieve such required parameters as autoemission
current and its stability in time. Stability tests can
be performed both in the voltage stabilization mode
[4] and in the current stabilization mode. In the
first case we consider cathode current dependence
(decrease) on time at a fixed stabilized voltage, in
the second case — voltage dependence (growth)
on time at a fixed stabilized current. In both cases,
the graphs of the dependencies (hereinafter aging
curves) objectively characterize the degradation
(aging) of the autocathode, regardless of what
causes it.

Storing the tested autocathodes with CNW
layers on open air also leads to a deterioration of
their emission properties. This is caused by the
fact that during vacuum testing on the surface of
CNW plates, the layer of adsorbed hydrocarbons
is destroyed. This layer normally prevents
adsorption of the components of the air mixture
(water and nitrogen molecules, etc.) that impair
the emission characteristics of the autocathodes
[4, 15]. To recover the emission properties of
autocathodes that had passed preliminary tests,
they are annealing in vacuum or in an inert gas
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atmosphere at a temperature of about 720 K [6].
Autocathodes that had not passed preliminary tests
(even without vacuum breakdown), as a rule are
not further used.

We can assume that autocathodes with a second
CNW layer should have better emission properties
than autocathodes with only the first CNW layer
annealed. Moreover, for autocathodes that had not
been preliminaryly tested, growing of the second
CNW layer on top of the first one should increase
the yield ratio for vacuum electronics.

This study researches how vacuum annealing
and growing of a second CNW layer affects the
emission properties of layered autocathodes based
on carbon nanostructures.

Samples used in the research

The CNW samples were grown on Si substrates
from a gas mixture of hydrogen (H,) and methane
(CH,) activated by a DC glow discharge [3, 6].
Before growing CNW, priming carbon centers were
created on the substrate. For this purpose, at a
temperature of 1020 K, the surface of the substrate
was bombarded with H* and C .H, * ions (high
frequency discharge, 13.56 MHz, 40 W, 20 min),
formed in the microwave plasma mixture of hy-
drogen and methane (8—10 volume % CH,) at
pressure of 6,6-103 Pa. Silicon substrates with seed
particles were treated in H, plasma, after which a
CNW layer was grown at a substrate temperature
of 800 —1300 K and a deposition rate of 6 um /h.
Emission characteristics of the obtained Si /CNW
layered structures were tested for 0.5 hour.

Si/CNW structures that were tested and /or
stored in the open air for a long time (1 to
3 years) were either annealed in vacuum, or a sec-
ond CNW layer was grown on their surface under
the same conditions as the first layer. In a vacuum
(103 —107> Pa), the samples were annealed for
1.5 hours at 720 K (Si/CNW(ann) structure).
When the second layer was grown, the crystal-
lites of the first layer acted as seed centers of the
second layer. The second layer of CNW was also
grown on the surface of the first layer of CNW
coated with Ni or NiO.

Ni films were obtained by magnetron sputter-
ing from a Ni target with a direct current in an
argon atmosphere (Si/CNW /Ni structure). The
conditions for obtaining Ni films are as follows:
Ar pressure 1.2—1.5 Pa; discharge power 900 W;
substrate temperature 420 — 570 K; deposition rate
1.5 pm /h. The thickness % of the resulting Ni
films was 10, 40, 80, and 160 nm (Si/CNW /Ni”
structures).

NiO films were formed in two stages. At the
first stage, a 0.25% solution of Ni(NO;), was ap-
plied to the CNW layer in a 50% hydroalcoholic

(H,0 + C,H,OH) mixture at room tempera-
ture, followed by heat treatment at 420 K. The
heat treatment caused the crystalline hydrate
Ni(NO,),-6H,0 formed during heat treatment
to decompose to NiO form at a temperature of
370—410 K.

Ni(NO,), was deposited at atmospheric pressure
either by immersing the substrate with a CNW
layer in a solution, followed by heat treatment
(the result was the Si/CNW /NiO structure) or
by aerosol precipitation (5— 10 cycles of 1 minute
with heat treatment after each cycle, the result
was the Si/CNW /NiO" structure). To generate
the aerosol, the Albedo IN-8 (Anb6eno MMH-8) ha-
logenator was used with an average mass median
aerodynamic diameter of the aerosol particles of
3.94 pm.

Research technique

The CNW composition and the layered
structures were studied using a Carl Zeiss Supra
40-30-87 scanning electron microscope (SEM), a
Rigaku D /MAX-2500,/PC X-ray diffractometer
(Cuk radiation) and a LabRAM HR800 (HORIBA
Jobin-Yvon) laser Raman scattering spectrometer
(632.8 nm line of He-Ne laser, beam spot diameter
4 pym?2, depth of the analyzed layer 3 pm).

Current-voltage (I-V) characteristics and
aging curves that determine the dependence of
voltage on time during long-term emission tests
at a given current in the regime of constant
current stabilization were obtained using a
Pw2500_v2 3kV_1a source of stabilized pulsed
current produced by SINP MSU and a Spellmann
S130 source of stabilized direct current. The
measurements were carried out in diode cells at a
pressure of 5-107 Pa.

To correctly compare the structures with the
second layer of CNW, each sample with the first
CNW layer was divided into two parts (A4, B)
equal in area which were used to co-grow a second
layer of CNW in one charge. Part A was used as
control, and part B was covered with a Ni or NiO
layer, then the A:Si/CNW /CNW and B:Si/
CNW /Ni/CNW (or B:Si/CNW /NiO/CNW)
structures were compared. In the tests with
annealing, the second CNW layer was not
grown onto part B, while the first CNW layer
was annealed, then the A:Si/CNW /CNW and
B:Si/CNW (ann) structures were compared.

The I-V characteristic and the autoemission
parameters of the samples were recorded in the
pulsed mode of electric current measurement. The
aging curves and their parameters were measured
in the constant stabilized current mode.

Field emission tests were carried out on samples
with a surface having intrinsic conductivity.
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During measuring the I-V characteristic in the
pulsed mode, a glass plate with a conductive layer
of mixed indium-tin oxide (ITO, chemical formula:
(In,04), o-(SnO,), ;) was used as an anode. The
plate was covered with a luminophore layer. This
anode completely covered the emitting surface of
the sample. When measuring the aging curves in
the constant stabilized current mode (10 mA), a
water-cooled thick-walled (5 mm) copper anode
was used with a polished working surface in the
form of a 5x2x2 mm strip located above the 4x2 mm
rectangular area of the autocathode.

The gap (A) between the surface of the
autocathode and the anode was 250 pm when
measured in pulsed mode and 125 pm — in direct
current mode. The I-V characteristics were plotted
in the coordinates (E, J), where E = U /A is the
electric field strength in the gap between the
anode and the autocathode, J =1 /S is the current
density, U is the potential difference between the
electrodes; I is the current of the autocathode, .S is
the working area of the autocathode. According
to the I-V characteristics, Fowler —Nordheim
diagrams were plotted in (E~!, In(J/E?))
coordinates.

Composition and structure of CNW

Carbon nanowalls are a porous material formed
by curved lamellar (scaly) clusters of X-ray
amorphous and crystalline phases of carbon (Fig. 1).

a)

Fig. 1. SEM image of the Si/CNW layer structure:
a — CNW growth surface; b — Si/CNW cleavage

The CNW plates were 3— 10 nm thick [3]. Apart
from bent carbon plates, the structure of CNW
samples also contain rods (plates folded into
tubes), nanotubes and equiaxed particles with an
average size of 40 —50 nm (Fig. 1, b).

X-ray diffractometry shows that CNW contains
mainly graphite (P6,/mmc spatial group) and
carbyne (hexagonal syngony), as well as phases
of diamond (Fd3m), chaotite (P6,/mmm spatial
group) and graphite modifications (R3 and P3
spatial groups) [6, 8]. The thickness of the CNW
plates corresponds to the size of the crystallites
(X-ray coherent scattering regions, L¢z) equal to
8.5—9.5 nm and calculated from the broadening
on X-rays of diffraction peaks of 0002 graphite.

In the Raman spectra of the Si /CNW layer struc-
ture, which explicitly reflect the composition and
structure of CNW [9, 10], we can observe intense D, G
and 2D bands, located at the Raman shift Av, equal
to 1330 — 1343, 1577 — 1591 and 2660 — 2673 cm™!,
respectively. At the same time, weak bands are
fixed at Av equal to 233—243, 863 —879 and
1081 —1167 cm™! (x band); 1612 —1627 (D' band);
2449 — 2482 (x+D band); 2909 — 2934 (D+G band)
and 3221—3248 cm™! (2D’ band). (In this study
we denote CNW Raman spectral bands as D, G,
x, D', x+D, 2D, D+G u 2D' [11—13].)

Fig. 2 (curve 7) shows the Raman spectrum of
one of the Si/CNW samples. The values of the
intensity ratio of the main CNW Raman spectral
bands depending on their formation conditions
have a considerable spread: I,,/I; = 0.32—2.03;
I,/1,, = 0.98—1.23; 1,/1,., = 14.1—17.6;
I,/I,, =13.0—16.1 [6, 8].

The CNW Raman spectra were compared with
similar spectra of highly oriented pyrolytic UPV-1T
(YIIB-1T) graphite (Fig. 2, curve 2). The 2D
graphite band consists of two components: 2D,
and 2D, (Fig. 2, curves 3, 4) with an intensity
proportional to the one of the G band. In contrast
to the 2D graphite band, the 2D CNW band is
symmetrical, which is characteristic of graphene
[9, 13]. The differences in the 2D band in the
CNW and graphite Raman spectra are caused by
a significant curvature of individual regions of
the graphite atomic layers {0001}, which disrupts
atomic bonds inside and between the layers.

Depending on the degree of the CNW plates
curvature (curvature radius 590 —770 nm), the
2D band changes shape, which reflects changes
in the electronic bands corresponding to the posi-
tions of atoms in the lattice. The layers in such a
crystallite (CNW plates) form a hexagonal lattice
(two-layer stacking of carbon atoms) [1, 6, 14].
If we consider the CNW crystallites as graphite
plates, then their size (plate thickness) calculated
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Fig. 2. Raman spectra of Si/CNW (7) and graphite (2) layered structures.
Inset graph shows a fragment of the spectra in the Av range of 2550 — 2800 cm™!
(3 and 4 are Lorentz distribution functions, which in sum approximate curve 2)

10 pm

from the intensitiy ratio of the D and G (I,/I)
Raman spectral bands would be L = 3.3—9.9 nm.
The obtained size is close to the values calculated
from the X-rays. Taking into account that the
interplanar distance of graphite (0001 plane)
is 0.335 nm, one can state that there are about
10—30 layers of graphene in a CNW plate.

The maximum height of the first CNW layer
starting from the substrate is 2—4 pm, the to-
tal height of the first and second layers is ap-
proximately 8.5 pum (Fig. 3, a, b). After the
heat treatment of the Si /CNW layered structure
covered with Ni(NO,), 6H,O crystal hydrate, NiO
crystallites less than 2 pum in size were formed on
the surface of the CNW (Fig. 3, ¢). The deposi-
tion of a 10 nm thick Ni film on the CNW layer
(Si/CNW /Ni!0 structure) by magnetron sputter-
ing resulted in the formation of an islet structure
with a cluster size less than 10 nm (Fig. 3, d).
A continuous Ni” film (thickness # > 40 nm) was
formed mainly on the CNW edges located at a 90°

Fig. 3. SEM images of the samples:
a — Si/CNW (cleavage); b — Si/CNW /NiO* /CNW (cleavage); ¢ — Si/CNW /NiO*; d — Si/CNW /Ni'?;
e — Si/CNW /Ni%

2790

2670 2730

Av, cm™!

3400 2500 2610

angle to the Ni particles flux during magnetron sput-
tering (Fig. 3, d). On all other CNW surfaces, the
Ni film thickness was by orders of magnitude smaller.

Fig. 4, a, b shows the globular structure of the
CNW layers with a globule diameter of 1.5—2 pm.
The second layer of CNW, deposited on a NiO
film, has a more dense packing of globules and a
larger thickness of the plates (Fig. 4, d). Samples
A:Si/CNW /CNW and B:Si/CNW /Ni!'? / CNW
(Fig. 4, a, b) contain a large number of nanotubes
with a diameter of 10 —40 nm, while in samples
with Ni or NiO films their number does not exceed
1—2 per globule.

The structure of the second CNW layer is
characterized by the presence of carbon plates
on the crystallites (plates) of the first layer, in-
cluding multiwall nanotubes (Fig. 4, ¢). In the
Si/CNW /Ni'60 /CNW and Si /CNW /NiO* /CNW
samples, thickened crystallites of carbon plates
with rounded edges (not typical) were found
(Fig. 4, d, e). It was discovered that on average
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Fig. 5. CNW Raman spectra before and after growing
the second CNW layer:
1 — A:Si/CNW; 2 — A:Si/CNW /CNW;
3 — B:Si/CNW /NiO* /CNW

Fig. 4. SEM images of surfaces of layered structures:
a — A,;:Si/CNW/CNW; b — B,:Si/CNW /Ni!0 /CNW;
¢ — B,:Si/CNW Nil0/CNW; d — Si/CNW /Ni!60/CNW; e — Si/CNW /NiO* /CNW
(right-hand images in @ and b are scaled-up fragments of the surface of the second CNW layer)

the maximum height of the second CNW layer was
2.4 times greater than that of the first; the globular
structure of the second CNW layer became more
dense and homogeneous; the number of multiwall
nanotubes decreased; on the Raman spectrum of
the second CNW layer with a globular structure, a
band appeared at Av = 2285 cm™! (Fig. 5, Table 1).

The Raman spectra shown in Fig. 5 are normal-
ized to the intensity of the 2D (I,;) band. On
the Raman spectra of the Si /CNW /NiO" /CNW
structure, the band intensity at Av = 2285 cm™!
increased almost 4-fold. The wide band at
Av = 2262—2286 cm~ ! (broadening of the
Avy ,, = 120—160 cm™" band) was manifested in
the Raman spectra of CNW after annealing at
temperatures above 870 K [7]. A similar band
was also observed on the Raman spectra of poly-
cluster diamond films produced by the microwave
discharge method [3].

The crystallite size (Lqg), the number of
graphene layers (N), and the I,, /I, parameter

Table 1
Structural parameters of the upper layer of CNW layered structures
Av, o,

Layered structure " 13" Iy | Ag | Ip | Loy (Ip/Ig| Lesg | N [ I/ | Top/Ip (Top/ T | Tpgs
Si/CNW 19.4 |228.3|388.8 | 113.4 ] 202 | 0.6 7.5 |22 0.3 0.9 0.5 0
Si/CNW /CNW 17.7 | 340.6| 338.1 | 130.5 | 202 | 1.0 4.4 13| 04 0.6 0.6 337
Si/CNW /NiO" /CNW | 19.9 |442.4| 356.9 | 176.5 | 202 | 1.2 3.6 |10 0.5 0.5 0.6 130.2
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of the samples A:Si/CNW; A:Si/CNW /CNW
and B:Si/CNW /NiO* /CNW (in this order)
decreased, while the 1. /1, I,,/I; parameters
and I,,.- band intensity increased (Table 1).

Emission properties of CNW-based
autocathodes

Simultaneously with the I-V measurement, a
sequence of images was registered on an lumino-
phore anode screen. Obviously, in this sequence,
you should select an image with the worst visual
uniformity, which is located in the middle part
of the sequence, while at its beginning and at its
end there are images that are visually evaluated
as homogeneous: almost black ones, obtained at
small electric fields, at the beginning, and lighted
ones, obtained at large electric fields, at the end
(Fig. 6).

To assess the uniformity of images, subjective
(visual) criteria are often used. Of the many objec-
tive homogeneity criteria based on digital image
processing, we chose the simplest criterion based
on variation coefficient. We used the intensity
(brightness) of a pixel in a gray raster image as
the random variable. Uniformity of the image (in
percent) was calculated from a sample consisting
of all pixels of the image, according to the formula

H =100V - 33,
where V is variation coefficient, V =c/ X ; cand

X are the mean square deviation and average
linear deviation in the sample, respectively.

In statistical data processing, the sample is
considered homogeneous if V < 0.33 (H < 0%).
For the sequence of images obtained from the
luminophore anode screen, maximum of H (the
worst homogeneity) was taken as homogeneity HA.
As can be seen from Fig. 6, the visual estimation
of homogeneity coincides with the maximum at
H?0=—-16.8%. The H” parameter can be regarded
as an estimate of the homogeneity of the cathode
current distribution in the working region of the
authocathode at the A gap.

It is known [4, 15] that the electric field
around a pointed conductor is amplified and can
be represented as BE,, where B is the field gain

Fig. 6. Sequence of 2x2 mm emission images with different homogeneity H2
(the values in % are given in the images)

near a single emitter and approximately equals to
the aspect ratio (height /transverse dimension)
of the conductor; E, is the ideal electric field
strength equal to U /A. Assuming that all emis-
sion centers have regular geometry (the same sizes
and relative position), the dependencies on the
Fowler —Nordheim (FN) diagrams are described
by the equation of the straight line y = Bx + C,
where x = 1/E, y = In(J/E?). The slope ratio
of the straight line B is a value proportional to
B, while the density of the emissive centers D is
proportional to the exp(C) value (C is the segment
cut off by the straight line on the ordinate axis).

For the given films, a linear region can be dis-
tinguished on the curves of the FN diagrams [17].
For a relative comparison of the values character-
izing emission properties of the autocathodes, it is
sufficient to assume that in this linear region only
emission centers with regular geometry generate
the electrical current, while the contribution of the
others to the resulting current is negligible [4, 15].
As emission characteristics of the autocathodes, we
considered the following: the autoemission thresh-
old, E, is the minimum value of E at which the
emission current is registered; the estimation of the
aspect number of a single emitter in the regular
geometry B; the estimation of density of emission
centers in the regular geometry D,; homogeneity
H? in a sequence of emission images.

The aging curves (AC) for the structures with
the second CNW layer were obtained as the voltage
U on time T dependence at a constant current of
10 mA, measured in the current stabilization mode.
The 10 mA value of current was chosen due to the
capabilities of the equipment available, as well as
to current density limitations (/ =0.12 mA /cm?),
at which undesirable vacuum breakdowns are un-
likely in the test cell. The aging curves allowed
determining the aging rate for 6 hours (V,),
for 3 hours (V) and for the last hour (V;) of
tests. A comparison of the aging curves of A and
B parts of samples with a second CNW layer was
carried out using the Q,, parameter that takes
into account the relative position of these curves

a el l

—1§.§|
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along the ordinate (U) and the ratio of the areas
bounded by these curves and the abscissa axis:

QAB = (SA/(SA+SB)) - 0.5,
where S, is the area under the ACy for B:Si/CNW /
Ni” /CNW, B:Si/CNW /NiO/CNW,
B:Si/CNW (ann);
S, isthe area under the AC, of the correspond-
ing B control structures A:Si/CNW /CNW
(or A:Si/CNW in the case of annealing).

If the ACy is located above the AC,, then
—0.5 < Q,p < 0 (part B has a higher voltage);
if ACj is located below AC,, then 0.5> Q,;,>0
(part B is less high-voltage). The smaller |Q 4,
the closer are the AC, and ACj areas. At the same
time, the |Q,5 < 0.5 inequality is valid.

Fig. 7 presents the I-V characteristic curves
and the FN lines described above for the parts
of a single sample of layered structure, and their
parameters are given in Table 2. As can be seen
from the presented data, the parts without the
second CNW layer (A:Si/CNW u B:Si/CNW)
are characterized by a high autoemission thresh-
old (E; 2 5.6 V/um), a large aspect ratio B
(which confirms the presence of a large number

60 -
. ® \\
g @r
Y 40
E 4 @\ %)
’\” 2
1
O T T T T
2 4 6 8 E,V/um

Fig. 7. Example of the I-V characteristics and their
linear representations in the FN coordinates (see inset)
obtained for the following layered structures:

1 — A:Si/CNW; 2 — B:Si/CNW /NiO" /CNW;
3 — B:Si/CNW; 4 — A:Si/CNW /CNW

of multiwall nanotubes on the first CNW layer),
a low density of emission centers D, and a low
homogeneity of field emission images (H>° > 0).

Parts with a second CNW layer (structures B:Si /
CNW /NiO* /CNW and A:Si/CNW /CNW)
are characterized by a lower autoemission threshold
(E;<3.6 V/um), a smaller value of B, a higher
D/ density, as well as a better images uniformity
(H*Y<0). For a given sample, the part with the
A:Si/CNW /CNW structure is characterized by
better values of the parameters E, B, H>?, V,,
V,;, than the B:Si/CNW /NiO* /CNW structure,
and the values of the D parameter for them are
virtually identical.

Examples of the arrangement of the I-V char-
acteristics and the aging curves of the samples
with the Si /CNW /NiO* /CNW (sample 1) and
Si/CNW (ann) (sample 2) structures are shown
in Fig. 8, 9.

As can be seen from Fig. 8, for sample 1, the I-V
characteristic of the B,:Si/CNW /NiO"/CNW

8 E,V,/um

Fig. 8. 1-V characteristics of layered structures of two
samples:
Sample 1 (solid lines): 2 — B,:Si/CNW /NiO* /CNW;
3 —A;Si/CNW /CNW; 6 — A,:Si/CNW; 7 — B;:Si/CNW;
Sample 2 (dashed lines): 1 — A,:Si/CNW /CNW;
4 — B,:Si/CNW(ann); 5 — A,:Si/CNW

Table 2
Example of emission characteristics of autocathode parts on layered structures
Measuring mode
Structure Pulse Continuous

E, V/um B | In(Dp) | H>, % | Vi, V/h | Vy, V/h| Vi, V/h | Oup

A:Si/CNW 6.1 42.7 1.9 39.07 — — — —
B:Si/CNW /NiO"/CNW 3.6 32.9 6.0 | —10.52 50 33 10 0.18

B:Si/CNW 5.6 47.0 3.0 29.36 — — — —

A:Si/CNW /CNW 2.4 211 5.9 -7.18 10 0 0 —
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Fig. 9. Aging curves of layered structures of sample 1
for 6 hour tests:

1 — B:Si/CNW /NiO* /CNW; 2 — A,:Si/CNW /CNW

structure (curve 2) is shifted to the left by
4 V /um relative to the I-V characteristics of the
A,:Si/CNW and B,:Si/CNW structures (curves
6, 7) and by 1.5 V/um relative to the I-V char-
acteristic for the 4,:Si/CNW /CNW (curve 3).
For sample 2, the I-V characteristic of the
B,:Si/CNW(ann) structure (curve 4) is shifted to
the left by 0.8 V /um relative to the I-V character-
istic of the A,:Si,/CNW (curve 5) and to the right
by 1.8 V /um relative to the I-V characteristic of
the A4,:Si/CNW /CNW (curve 7). This indicates
that the emission properties of the autocathode

with a second CNW layer deposited on the NiO*
oxide layer have improved in comparison with the
autocathode with the second CNW layer without
the oxide, as well as that the emission properties
of the autocathode with the second CNW layer
have improved in comparison with an autocathode
that had only undergone a restorative annealing
of the first CNW layer.

According to the data from Table 2 and Fig. 9, for
B,:Si/CNW /NiO" /CNW and A4,:Si/CNW /CNW
structures, the Q,, parameter is 0.1 for 6 hours of
testing, 0.18 for 3 hours and 0.08 for the last hour.
In this case, the AC for B,:Si/CNW /NiO" /CNW
turns out to be less high-voltage than the AC,
for A;:Si/CNW /CNW, but it loses to the AC,
in the aging rate. The behavior of the AC, and
ACp during 6 hour tests (Q,; = 0.1) shows their
asymptotic convergence at positive values of Q,,
which can be explained by the fact that the second
CNW layer on the A, and B, parts was grown
simultaneously during the same charge.

A summary data of the averaged characteristics
of the investigated autocathodes is presented in
Table 3. The averaging was carried out according
to the groups (samples) of the parts of the layered
structures indicated in the table. The sample sizes
corresponded to the number of parts in each of
the groups.

The analysis of the data from Table 3 shows
the following. Regardless of which film is used

Table 3

Mean values (M) and standard deviations (S) of the emission characteristics of parts of autocathodes on
layered structures

Measurement mode
Structure Sample Pulse Continuous
S1ze
E; V/um In(D) | H?, % | V4, V/h| V,,, V/h | Oup

, o M 45 606 | 7.2 11.8 _ _ _

A:Si/CNW; BiSi/CNW | 26 [ 3 TEREEY 99 — — —
M 2.3 375 | 9.2 -2.5 20.0 10.8 —

A:Si 1
Si/CNW/CNW 3T 11 205 | 3.0 17.7 21.3 13,2 _

. M 3.1 533 | 102 | —14.2 1.1 13.3 | —0.01

B:Si/CNW (ann) 315 0.1 9.1 1.4 10.8 10.2 15.3 0.41
M 3.5 582 | 13.0 | -6.0 5.0 15.0 0.44
B:Si i
Si/CNW/NIO/CNW |2 g 0.3 43 | 09 3.6 21.2 21.2 0.06
M 26 336 | 85 2.1 16.7 10.0 0.32
B:Si/C 0" /C
i/ CNW/NIO™/CNW | 2 g 1.3 1.0 1.7 17.8 23.6 0 0.19
M 1.9 341 | 10.0 | —16.4 14,4 3.3 0.14
B:Si /CNW /Nil0 /CNW ’

i/ /NiB/ 3 15 0.3 14 | 17 2.8 5.1 5.8 0.32
B:Si/CNW /Ni"0 /CNW | 1 |M 2.2 365 | 68 | -2.9 26.7 0 —0.48
B:Si/CNW /Ni® /CNW | 1 |M 2.9 35.4 | 7.4 ~73 20.0 10.0 |-0.50
B:Si/ CNW /Ni'® /CNW | 1 |M 3.2 534 | 131 | -3.8 13.3 0 —0.12
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(Ni or NiO), the presence of the second CNW
layer reduces the average value of the E. emission
threshold to about 2.3 V/um as compared to the
average value of 4.5V /um for the first CNW layer.
The average E values for the second CNW layer
structures with or without Ni, NiO film differ by
approximately 0.1%. On average, the best results
for the E parameter (1.9 V/um) were shown by
the Si/CNW /Nil0 /CNW structures, for which
the aging rate is also minimal (V,; = 3.3 V/h)
with a positive Q,, value of 0.14. The best
V, results had the Si/CNW /Ni* /CNW and
Si/CNW /Ni'® /CNW structures (V;, = 0) at
low E. values, however for these structures the
Q,p parameter turned out to be negative.

Because of the large number of multiwall
nanotubes [16], the autocathodes without both the
second CNW layer and restorative annealing of the
first CNW layer showed the best results for the
B parameter (60.5 on average) with a low density
of emission centers (D, = 103, In(D) = 7.2).
Then the B parameter was decreasing in struc-
tures with a second layer in the following order:
Si/CNW /NiO,/CNW and Si/CNW /Ni!60 /CNW.
These same structures with the minimum number
of multiwall nanotubes showed the best result for
the Dy parameter (D = 105, In(D) = 13).

As to the homogeneity of the emission images,
the best results on the average were shown by the
Si/CNW /Nil0 /CNW structures (H%0=—-16.4%).
Then the H?° parameter was getting worse
(increasing) in structures in the following or-
der: Si/CNW(ann), Si/CNW /Ni8 /CNW,
Si/CNWNiO /CNW, Si/CNW /Ni'6 /CNW,
Si/CNW /Ni% /CNW, Si/CNW /NiO"/CNW,
and finally the worst were Si/CNW structures.

Conclusion

Thus, the analysis of the I-V characteris-
tics and aging curves of autocathodes based on
Si/CNW, Si/CNW /CNW, Si/CNW /Ni/CNW
and Si/CNW /NiO/CNW layered structures,
as well as the assessment of homogeneity of the
images obtained on the luminiferous anode screen
allowed establishing the following. On average,
the emission properties of autocathodes with a
second CNW layer and the presence (optional)
of a Ni or NiO film between the CNW layers are
better than those of autocathodes that undergo
restorative vacuum annealing of the first layer
at 720 K. Of all the tested autocathodes with
a second layer, the best results on the emission
characteristics were shown by the autocathodes
with 10 nm thick islet Ni films, which indicates
the possibility to use similar cathodes in vacuum
electronics. However, for better statistical valid-
ity, it is necessary to collect a larger amount of
experimental data.
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BYTJIELIEBI HAHOCTIHKU B ABTOEMICIMTHUX KATO/JAX

Byzneueei mamepianu, wo exmouaromo pisui kpucmaniuni (aimas, zpagim) i nexpucmariuni (pyaiepen, na-
Hompy6xu, epagen ma in.) eNOPAOKOBANT PEUOBUHU 3 YHIKAAGHUMU (DIZUKO-XIMIUHUMU 8ACTUBOCTRAMU, NPeO-
cmaeasioms npakmuynull inmepec. /leaxi eyeneuesi mamepiaiu 3a60aKu 61ACMUBOCE ABMOEMICCIL € Nepcnex-
mueHuMU O GUKOPUCTNAHHS K eMIMYIou020 wapy asmoemicitinux xamodie (asmoxamodos). Haiibirvw nep-
CNEKMUBHUMU 011 CMEOPEHHS A8MOKAMO0I8 3 HUZLKUM Oap'€poM eMicii eleKMPOHI8 66AKAIOMBCI MAK 36AHI
syeneyesi nanocminki (C,) — wapu naacmunuacmozo 6yzeue6020 MAMepPiary 3 nepesaxHum OpieHmyeanum
nAACmMUn NeprReHOUKYAIPHO NioKaadui. Pobomy npucesueno 0ocaidxennio 6niugy 6i0nary 6 eaxyymi i Hapoue-
H020 Opyeozo wapy C,; Ha eMiCUiHI 61ACMUSOCE WAPYEAMUX AETMOKAMO0I6 HA OCHOBT BY2/1eUEEUX HAHOCTNIHOK.

Hlapu Cyy drs docridxkenv supowysaru 3 2asosoi cymiwi H, i CH , akmueosanoi maiouum po3psaoom nocmiinozo
cmpymy, na niokaadxax 3 Si. Ileped napowyeannamn Cy na niokaadxax cmeoprosaiucs syzeuesi 3ampagoui
uenmpu wasxom 06pobxu nosepxni ionamu H* ma C _H,*. EMiCiini Xapaxmepucmuxu ompumanux wapyeamux
cmpyxmyp Si,/C KoHmpos0eaiu niezo0urnHuUMU eunpoéllyeaummu. ITiooani sunpobyeanusm ma,/abo mpueaio-
My 36epizannio na eioxpumomy nosimpi wapyseami cmpyxmypu Si/C,, abo eionanrweanru ¢ eaxyymi (1,5 zo0u-
nu npu 720 K), abo na ix nogepxni napowyeanu opyeuti wap Cy (Si/C,/Cy) 3a mux xe ymos, wo i nepuiuil.
Apyeuii wap Cp; napowysaiu maxox na nosepxui nepuozo wapy Cp, expumozo niiexow Ni a6o NiO (cmpyx-
mypu Si/C,/Ni/CH ma Si/Cy/NiO/Cy). ILrisku Ni ompumyearu memooom mMazHempoHHozo pOINULEHHS,
a naiexu NiO — mepmiunoto 0opo6xoio 6 posuuni Ni(NO;),. Maxcumanvna eucoma nepuwozo wapy C, w000
niokaadxku cmanosuid 2—4 mxm, cymapna sucoma nepuozo i 0pyzozo wapie — 8,5 mxm. Ckaad i 6ydosy wa-
pysamux cmpyxmyp 00CAI0KYSANU 3 BUKOPUCTNAHHAM PACMPOBOL eACKMPOHHOL MIKPOCKONIL, PeHmezeHiecbKoi
duppaxmomempii i cnexkmpomempii KOMOIHAUTUNO20 PO3CIIOBANHS C8IMA.

Enmiciini eracmusocmi npedcmasieno y 6uzis0i CMamucmuunux ouiHoK nopozy asmoemicii, xoegiyicumy no-
CUNLEHHSL eNeKMPUUHOZ0 NOAA NOOAU3Y OOUHOUHOZ0 AEMOEMIMeEPA i WIALHOCE eMICIUHUX UeHMPIE 6 PezyAapHill
zeomempil, 00HOPIOHOCIT eMICTUHUX 300PAKeHb, d MAKOK WEUOKOCIT CMAPIHHA A8MOEeMICIHUX Kamodieé 3d
mpusaiux eunpobyeans Ha nocmiunomy cmabinizogamomy cmpymi. Pozpobiena memoduxa sunpobyeans 0o-
360JULA NPOBOOUMU KOPEKMHE NOPIBHAHHA eMICTUNUX XAPAKMEPUCTIUK a8MoeMicilinux kamodie do i nicis 6u-
pouwysanns Opyzozo wapy C,, a makox nicaa eionany e eaxyymi. Bemanoeneno, wo 6 cepeOnvomy eMmiciini
saacmugocmi asmoxamooie 3 opyeum wapom C, i naiexoro Ni abo NiO mix wapamu Cp € Kpawumu, Hix
Y asmoxkamoois, sKi NPoUwIU 6I0HO8NIOEANIVHUU GIONANL Y 8AKYYMI hepwozo wapy 3a memnepamypu 720 K.
Bidsuaueno, wo 3 ycix docaidxenux aemoxamooie 3 opyeum wapom C, Haikpawi pesyivmamu 3a eMicitinumu
xapaxmepucmuxamu 6 cepeoHvoMy NOKA3AAU A6moKamoou 3 ocmpiexosumu niiexamu Ni moswunoio 10 um.
IIposedeni docaioxenns nidmeepoxKyomy MOKIUGICIb 3ACMOCYBAHHS WAPYEAMUX ABTNOKAMOJIE HA OCHOBT 8Y-
2/1eYeBUX HAHOCMIHOK 68 NPUCPOSX AKYYMHOL eJIeKMPOHIKIU.

Kniouosi croea: eyzneueei HAHOCMIHKU, WApyeami CMpPYyKmypu, eleKmpoHHAd MIKPOCKONis, CREeKmMpPOCKONis
KOMOTHAUTUH020 PO3CIANHS COIMIA, ABMOEMICTUNT KaAMOOU.
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YTJIEPO/IHBIE HAHOCTEHKUN B ABTOOMUCCNOHHDBIX KATO/IAX

Caou yezaepoonvix nanocmenox (C,) 6vipauusanu u3 2a3osou cmecu 6000podd u Memand, aAKMUBUPOSAHHOU
maeuuM paspsoom nOCMOAHHO20 MoKd, na nodaoxkax uz Si (caoucmas cmpyxmypa Si/C,). Bmopoii cioi
Cy 6vipawueanu na nepeom caoe (cmpymnypa S.Z/CH/C.H) uau na naenxax Ni uau NiO, ocaxoennvix Ha nep-
som caoe Cy (cmpyxmypor Si/Ch/Ni/CH u Si/Cy/NiO/C,). Memodamu pacmpoeoii s1eKkmpoHnotl MuKpo-
CKONUU, CNEKMPOCKONUU KOMOUHAUUOHHOZO PACCESHUSL CBEMA U PeHM2eHOBCKOl Juppaxmomempuu ucciedosd-
HbL COCIMAG U CIMPOCHUE NOLYUCHHBIX CAOUCBLY CMPYKMYP. Y CMAHOCIEHO, UMO OMKUZ 6 6AKYYME CIMPYKMYpPoL
Si/Cy, napawueanue na Si/Cy emopozo cros Cy, a maxixe nanecenue naenok Ni unu NiO neped napawu-
sanuem 6mopozo cios Cy npueoosm K yYyayuuleHu1o PyHKUUOHALLHBIX CEOTUCME AGMOIMUCCUOHHBIX KAMOO08 Ha
ocnoge ca0e6 Cy, IMUMUDYIOUUX NeKMPOHDL.

Karwuesvie caosa: yzxzepoaﬂbte HAHOCMENHKU, CAoUCMble CMPYKMYpovl, IACKMPOHHASL MUKPOCKONUS, CNEKMPOCKO-
nus KOMéuH[lLﬂ/tOHHOZO paccesanus ceema, d6MOIMUCCUORNKbBLE Kamoowl.
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THERMOELECTRIC DEVICE WITH ELECTRONIC
CONTROL UNIT FOR DIAGNOSTICS OF INFLAMMATORY
PROCESSES IN THE HUMAN ORGANISM

The paper presents a thermoelectric device capable of simultaneously measuring the temperature and
density of heat fluxes on the surface of a human body with the help of a developed thermoelectric
sensor with a thermostated free surface, thus excluding the effect of ambient temperature on the sensor
readings. A special computer programme has been developed for processing the measurement results by
way of accumulating and reproducing them in a specified form on a personal computer, which enables
monitoring the temperature and thermal state of a human in real time. The specific features of the device
design and its technical characteristics are given.

Keywords: thermoelectric device, electronic control unit, temperature sensor and heat fluxes, inflammatory

processes in the human body.

There are a large number of high-efficiency
optical devices based on thermocouple sensors for
radiometric measurements, e.g. Angstrom com-
pensating pyrheliometers, etc. [1—3]. However,
in this paper, heat fluxes were measured using
gradient semiconductor thermoelectric sensors
that have a narrow specific application in medical
and biological thermometric measurements [4 —8].
The peculiarity of such sensors is that they do not
require compensation heaters, which can distort
the temperature and heat flux distributions of the
biological objects under study.

Semiconductor thermoelectric sensors of heat
flux [9—15], which combine miniaturization,
high sensitivity, stability of parameters in a wide
range of operating temperatures and compatibility
with modern electronic recording equipment, are
known to be promising for testing human local heat
release. The use of such sensors allows achieving
high locality and accuracy of thermometric measure-
ments. This, in its turn, makes it possible to obtain
information on the characteristics of the objects
under study and analyze them in detail in order to
identify the inflammatory processes of the human
body at an early stage.

An important factor in the study of human
body heat fluxes with the help of such sensors is
the accuracy and speed of recording the signals
of thermoelectric sensors. Previously developed
thermoelectric devices with electronic control units
[16—20] have certain drawbacks, the main one
being the dependence of the thermoelectric sensor
readings on the ambient temperature.

This study presents the modernized thermo-
electric device with an electronic control unit for
diagnosing inflammatory processes in the human
body. The device contains a thermoelectric sensor
with a thermostated free surface to improve the
accuracy of thermometric measurements for medi-
cal and biological purposes.

Design and technical characteristics
of the device

The appearance of the developed thermoelectric
device intended for measuring the temperature and
density of the heat flux of the surface of the human
body by contact method and its block diagram are
shown in Fig. 1, 2, and its technical characteristics
are given in the Table.

Fig. 1. Thermoelectric device with electronic control
unit for the diagnostics of inflammatory processes in
the human body:

1 — thermoelectric sensor of temperature and heat flux,
2 — electronic control unit, 3 — PC
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Fig. 2. Block diagram of the thermoelectric device:

1 — sensor with a thermostated free surface (Fig. 3); 2 — control unit; 3 — liquid pump; 4 — thermostat (150 ml)
with a heat-conducting copper bottom; 5 — thermoelectric cooler (40x40x4 mm); 6 — air cooler; 7 — the fan;
8 — temperature sensor T4 of liquid in thermostat (platinum microthermistor); 9 — measuring and master controllers
of type RE-202; 10 — electronic commutator; 77/ — power supply pump 3, fan 7 and cooler 5; 12 — power supply for
measuring and master controllers 9; 13 — digital display; 14 — RS485,/USB interface converter; 15 — personal computer

Technical characteristics of the device

Technical characteristics of the device Parameters value
Temperature range of the thermoelectric sensor +20...+40°C
Discreteness of setting and measuring of the temperature 0.01°C
The thermostat temperature setting error + 0.01°C
Temperature measurement error +0.5°C
The range of measuring the density of the heat flux 0.1—500 mW /cm?2
The density of the heat flux measuring error +5%
Measurement speed 10 —20 sec
AC power supply 50 Hz 220 V
Power (at a power supply of ~ 220 V) 10 W
Power supply from a DC source 12V
Power (at 12 V power supply) 40 W
Number of thermoelectric sensors 1
Overall dimensions of the thermoelectric sensor 20x20x10 mm
Overall dimensions of the electronic control unit 260x160x120 mm
Time to reach operating mode 30 min
Length of hoses and cables 2 m
Weight of the device 3 kg
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20

from the tested object passes through
the thermoelectric sensor and heats
the copper radiator 77 (see Fig. 3),
its temperature T3 increases, while the
EMF of the thermoelectric sensor 18

decreases and, accordingly, the heat flux
decreases. The amount of heat flux will

18

also vary with the temperature of the en-
vironment. To eliminate the dependence

19

of the heat flux on internal and external
temperature, a thermostat 4 is provided
in the schematic (see Fig. 2) which is

XXX XXX XX XX XXX

electric sensor:

The device consists of two main functional
units: a thermoelectric temperature and heat
flux sensor 7 with a thermostated free surface
and an electronic control unit 2. On the front
panel of the electronic control unit there are
measuring and driving controllers of the PE-202
type with a digital display, as well as “Network”
and “Thermostat” toggle switches. The rear panel
contains a thermoelectric sensor connector, ther-
moelectric sensor hose connections, 12 V battery
terminals, a 220 V connection and a USB con-
nector.

Principle of operation of the device

The device converts the heat flux and human
body temperature into equivalent electric signals
by means of a thermoelectric sensor; those signals
being shown at the digital display of the electronic
control unit in units of heat flux density (mW /cm?2)
and temperature (°C).

The proposed device works as follows. After
placing the thermoelectric temperature and heat
flux sensor on the object under test and turning
on the “Network” toggle switch, voltage from the
power supply 72 is fed to the PE-202 measuring
and driving controllers (Fig. 2). In this case, the
first channel on the digital monitor shows the
value of the heat flux g passing through the ther-
moelectric sensor, the second channel shows the
temperature T, of the surface of the object being
tested, the third channel shows the temperature
T5 of the copper radiator of the thermoelectric
sensor, and the fourth channel shows the tempera-
ture T, of the liquid in the tank 4. The heat flux

24

Fig. 3. Block diagram of a temperature and heat flux thermo-

16 — ebonite insulating jacket; 17 — copper liquid radiator (15x15x6 mm);
18 — thermoelectric sensor (10x10x2.4 mm); 79 — copper base of the
sensor (thickness 0.3 mm); 20 — sensor of copper radiator temperature T's;
21, 22 — inlet and outlet fittings (@4 mm); 23 — sensor of copper base
temperature T5; 24 — layer of heat-conducting paste

T,  turned on with the “Thermostat” toggle
switch along with a liquid pump 3 and
afan 7, and through an electronic switch 70
voltage is applied to the TEC 5. The
values of the temperature sensor 23
readings are compared with those of
the set temperature T, which is preset
in PE-202. The uncoordinated signal
controls the value and direction of the
current of the electronic switch 70 in
such a way that the TEC 5 stabilizes the
liquid temperature with the accuracy of +0.01°C.
The liquid pump 3 pumps the circulating liquid
through the copper radiator 77 and its temperature
is also stabilized with the accuracy of =£0.01°C for
the entire thermostat operation period. With such
a temperature stability of the radiator 77, the heat
flux will also be stable and will be determined
only by the value of the heat flux from the object
under study.

If necessary, one can record all the measured
values in the internal memory of the device, and
then, connecting the PC and using a computer
programme, read the results of the measurement
and build the corresponding graphs of the depen-
dencies of these values on time, and also make
the necessary calculations with the help of the
developed computer programme.

Conclusions

A thermoelectric device with an electronic
control unit for diagnosing the inflammatory pro-
cesses in the human body proposed in this study
has the ability to store, process and visualize the
measurement results on the display of the device
and a personal computer in real time. The devel-
oped design of a thermoelectric temperature and
heat flux sensor with a thermostated free surface
excludes the effect of the ambient temperature on
the sensor readings.

The proposed device is intended for monitor-
ing the temperature and thermal state of a human
body in the real time, which is of vital importance
for diagnosing inflammatory processes and various
diseases at the early stages.
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TEPMOEJIEKTPUUHNN IPUJIAJ] 3 EJTEKTPOHHUM BJIOKOM KEPYBAHHS
JJTA JIATHOCTUKN SAITAJIbBHUX ITPOILIECIB OPTAHISMY JIIOJAVMHN

IIpedcmasaeno mepmoerexmpuunuii npurad, 30amuuil 00HOUACHO SUMIPIOBAU MEMNEPAMYPY i 2YCMUny me-
NJA0BUX NOMOKIE NOSEPXHi Miad 00U 3d JONOMOZOI0 POIPOOAELHOZO MEPMOEICKMPUUHOZO CEHCOPA 3 MeEPMO-
CMAMOBAHOIO BINLHOI NOBEPIHEIO, WO BUKIIOUAE ENAUS MEMNEPAMYPU OMOUYI0U020 Cepedosuwd Ha NOKA3U CeH-
copa. Pospobaeno cneuianvny xomn’iomepny npozpamy 0as 00poOKu pe3yomamic euMipiosdib, ix HaAKONu-
uenns i 6iI0Meopenns Yy 3a0anomy 6uzisadi Ha NEPCOHAILHOMY KOMN'1omepi, wo 0a€ MOKAUGICMYy 301CHIOGAMU
MOHIMOPUHZ MeMNepamypHoz0 ma meniosozo cmany aodunu y pearvuomy uaci. Haeedeno ocobausocmi
KOHCMPYKUIT npusiady ma 020 mexHiuni Xxapaxmepucmuxu.

Katouosi criosa: mepmoesexmpuunuii npuiad, eaexmponnuli 610K Kepysanus, cencop memnepamypu i meniogo-
20 NOMOKY, 3aANANLHT NPOUECU OP2ANIZMY NIOOUHU.
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TEPMODJIEKTPUUECKUI IPUBOP C 9JIEKTPOHHbBIM
BJIOKOM VYIIPABJIEHUA JJIA ANATHOCTUKNA
BOCITAJIUTEJIBHBIX ITPOHECCOB OPTAHM3MA HEJIOBEKA

IIpedcmasnen mepmosnexmpuueckuti npubop, cnocoOHbLL OOHOBPEMEHHO UIMEPSMb MEMNEPAMYPY U NIOMHOCY
MENNOBHIX NOMOKOE NOGEPXHOCINU MeEd YEN06EKd C NOMOULHIO PAPAOOMANHOZ0 MEPMOINEKMPUECKO2Z0 OAMUU-
Kd ¢ MepMOCmamuposaniol c60000HOU NOBEPXHOCINGIO, UCKAIOUAIOWel 6030elicmeue meMnepamypvl OKpyKa-
oweti cpedovl na nokazanus cencopd. Paspabomana xomnviomepnas npozpamma 0 00padbomxu pesyivmamos
usMepeHutl, UX HAKONJIEeHUS U 60CHPOU3BCOCHU 6 3A0AHHOM 6Ude HA NePCOHALHOM KOMNbIOmMepe, 4mo no3e0-
JAAem OCYuw,eCmeiiamo MOHUMOPUHZ MEMNEPAMYPHO20 U MENJ06020 COCNOAHUS YEA0BEKA 6 PEdIbHOM BPEeMEeHU.
ITpusedenvr ocobennocmu KOHCMPYKYUU NPUOOPA U €20 MEeXHUYECKUEe XAPAKMEPUCTIUKU.

Kniouesvie crosa: mepmosnexmpuueckuti npubop, d1eKkmponnvli 610K ynpasienus,, CeHcop memMnepamypo. u me-
n106020 NOMOKA, 60CNAIUMELHBIE NPOULCCHL OPZAHUIMA UeSI06EKd.
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