NATHABUATAA
MEHAYHAPORHAR
HAYYHO-NPAHTHYECHAR HOHDEPEHLMA

. \,m- Y ""-'-*-;""\.""

UHPOPMAUUOHHBIE
U SNEKTPOHHDLIE
TEHHONOruu

26 — 30 man 2014 ropa
YkpawuHa, r. Ogecca

PEHBHINTEI ANA CBA3IW
e-mail <tkea@optima.com.ua>
Ten. +38 (048) 728-49-46,
728-18-50.

TEXHONOIrusA U
KOHCTPYUPOBAHMUE B
ANEKTPOHHOM
AMNMMNAPATYPE

SEEETAD
6 2013

HOABPb — EKABPDb




NazparenbcTBO «llomurexmepmogmnmkKa»

oV

-
" ey ih
LOBFEWERMRE e

o ARINTR oML T

CTIMY I
HiA 1

BABI:TI"'-G_I‘I‘HKL
ChY

I
TEXHHEA H TEXHOADTHH

b OOECOHN ‘“H" .
HEFHEELINL

E-mail: tkea@optima.com.ua, web-caint: www.tkea.com.ua
Login Skype: politehperiodika, Ten. +38 (048)728-18-50, Ten./dakc 728-49-46

HAYYHO-TEXHUYECKWW XXYPHAT ;
«TEXHONOTrnsA N KOHCTPYUPOBAHME B ANEKTPOHHOMW AMMAPATYPE»

ISSN 2225-5818

BuixoauT 0avH pas B 2 Mecala
PerucTpaumonHeR HoMmep KB 13418-2302MNP
3apermcTpipoBan B BAK YkpawHel no pazgenas «PUINKO-MATEMATHYECKHE HAYKHY, 4 TEXHUYECKHE HAYKWD
Pedepupyetca 8 YPX «Jxepenos (r. Knes) » 8 PechepatueHom xypHane BUHWTHW (r. Mockea).
Brnioued B Gasw gandely Ulrich's Periodicals Directory, DOAJ w HaykoMmeTpudeckyo Gasy PHUHL

NMOANHUCKA HA HMYPHAA

B ¥upaune Oraeacunn conan. «Kataror supaus Yrpains. Mugene 237835,
[Mogmicnoe arenrerso «Maeas, www.idea.com.ua, Muaexe 11146,
Mognucnoe arenrcrae «KSSw, www kss kieviua. Mugene 20363,
B Poccun Oraeaennn conan. Kararor «Fasers womypnaams. Muaere 71141,

B Beaopyeeun Oraenennn consw. Karasor «Magauus erpan CHI s,
Huaerc 23783,
B pepakum « THIA» momuo moanucarsen ¢ moforo nomepa.

Appee pepauan: Yupama, 63044, r. Ogecca, afa 17,
E-mail: tkea@optima.com.ua, web-caiir: www.thea.com.ua,

Tea. +38 (048)728-18-50,
Tea. fpake 728-49-46.
Pepaxuun: E. A, Tuxonosa, A A. Eguntenra,
A A Adexeeena, M. I'. Daapa, H. M. Koaranosa.
Texuuueckan pepawypn, gusaing: E. H. Kopeyran,
Komneorepnoe obecnewenne: [1. B, Hazapon.

Homep smmyien nps mogiepasire
HIIT «Caryvpus, (r. Kies) [Mogmmcano & meware 1912 2013, Mopuar 60x84 1/8. [Mewan opeerman.
HAOD «Mepastansrs (r. Kien), [lew, o 7.0+1,0. Ya-uan, o 9.5, Tupam 200 sxa. Saxas Ne 7.
HITIT «Kapars (r. Abnos). Hagareaseruo «l lonmexnepio gy

Z (63044, r. Opecca-44, afa 17).
KKB «Pirru» (r. eprionysi) Ormesarano o nimorpadum PA ART-V,

(65026, r. Oaecea, ya. anavman, 3).




TEXHONOrnsA
n
KOHCTPYUPOBAHUE
B
ANEKTPOHHOM
ATNMNAPATYPE

A A

HAYYHO-TEXHUYECKWUN XXYPHAN

— 20713

lNop nspganua 37-mn

[JIABHBIM PEJIAKTOP
K.m.u. B. M. Umuro

PE[[AK]_H/IOHHI)H/UI COBET
A.m.n. H. M. Baxue (r. JIbBoB)

A.m.n. B. H. T'odosaniox (r. UepHOBIIBI)

K.m.u. A. A. Jawxoscxuii (r. Kues)
H. B. Konuuy (r. Kues)
A.¢p.-m.u. B. @. Mauyaun (r. Kues)
A.m.n. T. A. O6opckuii (r. Opnecca)
E. A. Tuxonoea (r. Onecca)

PEJAKIIMMOHHAA KOJIJIETA

A.m.u. C. I'. Awmowyx (r. Opecca)
Hdom.n. A, A. Aweyaos (r. UepHOBLBL)
J.m.n. B. B. Bapanog (r. MuHck)
K.m.n. 9. H. I'nyweuenxo,
3am. TJ1. pepakropa (r. Kues)

A.m.n. B. B. [lanunoe (r. JloHenk)

A.p.-m.1. B. B. [onxuxos (r. XapbKoB)

K.m.n. . H. Epumuyoi,
3am. 1. pegakrtopa (r. Omecca)

K.m.u. A. A. E¢unenxo,
oTBeTcTBeHHbIH cexperapb (r. Omecca)

A.p.-m.u. /1. B. Kopbymsx (r. Kues)
A.m.n. C. H. Kpyxosckuii (r. JIbBoB)

A.m.u. C. FO. Jlysun (r. C.-IerepGypr)

K.m.u. H. JI. Muxeesa (r. Kues)

A.m.n. U. IIl. Heeniodos (r. XapbkoB)

A.m.u. FO. E. Huxonaenxo (r. Kuesn)
K.¢p.-m.n. A. B. Pubka (r. XapbKoB)
K.m.nu. B. B. Prioxmun (r. UepHOBIIBI)

A.p.-mu. M. H. Canoiirosuu (r. Mocksa)

Ad.m.n. B. C. Cumnuxos (r. Onecca)
. m. n. 4. Cmesanosuu (r. Benrpan)
J. m. n. 3. Cmesuu (r. Benrpan)
d.x.n. B. H. Tonawux (r. Kues)

YUYPEAUTEJIN

MIIII Yxpaunst
WNuctutyT (GU3UKK TOJIYTTPOBOJHUKOB
um. B. E. Jlamkapéna
Hayuno-ipon3sBo/icTBeHHOE
npeamnpusitue «Catypa»
Opgecckuil HallMOHAIbHBIN
MOJINTEXHUYECKUI YHUBEPCUTET
NsparenvcrBo «Ilonmurexnepuoankas

On06peHo K Tevatn YUeHbIM COBETOM
OHITY
(ITporokos Ne 4 or 24.12 2013 1.)

COAEPKAHUNE

CoBpemMeHHbI€ D/IEKTPOHHbIE TEXHOJIOTUH
HanocrpykrypupoBannblie antuaud@ysuonmble cJou B
KOHTaKTaX K MINPOKO30HHBIM MOJIYTIPOBOAHUKAM. Ky0-
pux A. A.

CBUY-rexnuka

Kommiexcubiit K0apOUNUEHT PEAYKINN IS ITHJINH-
JPUYECKOTO MOTOKA 3JIEKTPOHOB € U3MEHAIONIEHCS aM-
IJINTYAON TlepeMeHHOH cocTaBigionieii Toka B JIBB.
Yacnok B. H., Cmpokoeckuii A. H.

Cucremsl nepeayu 4 06paGOTKU CHTHAJIOB
Bapkeponoo6Hble cucTeMbl HOCJIeA0BaTENbHOCTEH U
ux obpa6orka. loaybnuuui A. I. (Ha aHramickoMm
A3bIKE)

Brictpoe orcanexuBanue yacrorel. IIpoxonenxo U. I,
Omenvuyx H. 1., Yupka IO. /]., Bosx B. IO. (Ha an-
[JIMIICKOM SI3BIKE)

Mertozpt nosryuenusi PCA-nzo6paskeHuii 3aXOpOHEHHBIX
006bexToB /711 reopagapa. Unal M., Caliskan A., Turk
A. S., Bakbak P. O. (Ha aHTIUiiCKOM SA3bIKE)

IKCITyaTallIOHHbIE TIOKA3aTeJaN KayecTBA TPAHCIIOPT-
HOH TeJeKOMMYHUKAIMOHHOI IepBUYHON ceTH YKpau-
Hbl. bondapenxo O. B., Kocmux b. ., Cmenanos
A. H., Jlesenbepe E. B.

TexHoJI0THYECKHE TPOIECCH U 060PY/I0BaHHE
[Tosryyenne MBYXCTOPOHHUX BBICOKOBOJIBTHBIX JMUTAK-
CHAJIBHBIX KPEMHUEBBIX P —1—N-CTPYKTYP METOIO0M
JKDI. Baxue H. M., Kpyxosckuii C. H., Tumuuwun
B. P., Bacvkue A. I1.

MarepuaJbl 3J1€KTPOHHKI
N3yuenune ancopOIIMOHHBIX COCTOSHHUNA B KepaMuKe
ZnO — Ag meronom TBI-kpusbix. Jawkoe A. FO.

[Mosyyenre TPHUTOAHOTO JJIsI CEHCOPHKU IOPHCTOTO
KPEMHHST METOJIOM HEIEKTPOJUTUYECKOTO TPABJIEHHUS
MacEtch. uyyncrxui U. P.

Cnucok PELEH3€HTOB HOMEPa

Hosble xuuru

14

19

25

32

37

41

46

52
56

13, 18, 45

| © Texnonorus n xoncrpynposanue B a;1eKTpoHHoii anmaparype, 2013.




TEKHNOLOGIYA

SCIENTIFIC AND TECHNICAL JOURNAL

KONSTRUIROVANIE

—2013 NB— "

ELEKTRONNOI

[ Publication year 37th

LU

APPARATURE

3MICT

CyuacHi eJIeKTPOHHI T€XHOJIOTii
HanoctpykrypoBani aHTuandysiliHi mapu y KOHTaKTaX
JI0 IIMPOKO30HHUX HamiBIpoBiaHuKiB. Kyopux . 4. (3)

HBY-rexnika
KomrrexcHuii kKoeillieHT peAyKItii A1 MUTiHIPIYHOTO
IIOTOKY €JIEKTPOHIB 31 3MIHIOBAHOIO aMILIITY/10I0 3MiHHOI

ck1a1oBoi crpymy B JIBX. Yacnuk B. 1., Cmpokoscorutl
A M. (14)

Cucremu nepeaadi Ta 0OpoOGKH CUrHAJIB
Bapkeponozi6ui cucremMn 1mocsiioBHOCTEH Ta X 06po6-
ka. loay6nuuuii O. I. (aneniticoxoro) (19)

IIBuaxe BigcaigkoByBanuda yacroru. Ilpoxonenxo I. I,
Onmenvuyx 1. I1., Yupka IO. []., Boex B. IO. (anenrii-
cokoio) (25)

Meroan orpumanus PCA-300paskeHb 3aXOPOHEHHX
06’exTiB a7t reopanapa. Unal M., Caliskan A., Turk
A. S., Bakbak P. O. (aneniiicoxor) (32)

Excnyaraniiini okasHUKM SKOCTi TpPaHCIOPTHOI Te-
JIeKOMYHiKaliilHoi nepBuHHOI Mepeki Ykpainu. Bow-
dapenxo O. B., Kocmux b. 4., Cmenanos /. M.,
Jlegenéepz €. B. (37)

TexnoJoriuni npomecu Ta 06aa HAHHS

OrpuMaHHS /[BOCTOPOHHIX BHCOKOBOJIbTHUX €IiTaK-
CifHUX KpeMHi€eBUX p —i—n-CTPYKTyp MeTogioM PDE.
Baxie M. M., Kpyxoscoxkuii C. 1., Tumuuwun B. P.,
Bacoxis A. II. (41)

Marepianu eneKTpOHIKH
BuBuenns agcop6uiinux cramiB y xepamimi ZnO —Ag
metogoM TBE-kpuBnx. Jawxos O. FO. (46)

OTpUMaHHA NPUAATHOTO IS CEHCOPUKH MOPUCTO-
ro KPeMHIl0 METOJ0OM HEEJEKTPOJITHIHOTO TPaBJIEHHS
MacEtch. Suyyncoxuii I. P. (52)

(in Russian)

CONTENTS

Modern electronic technologies
Nanostructured antidiffusion layers in contacts to
wide-gap semiconductors. Kudryk Ya. Ya. (3)

Microwave engineering

Complex reduction coefficient for a cylindrical electron
beam with variable amplitude of the variable current
component in the TWT. Chasnyk V. I., Strocovsky
Ya. N. (14)

Systems of transfer and processing of signals
Barker-like systems of sequences and their processing.
Holubnychyi A. G. (in English) (19)

Fast frequency tracking. Prokopenko I. G., Omelchuk
1. P., Chyrka Yu. D., Vovk V. Yu. (in English) (25)

Subsurface and through-wall SAR imaging techniques
for ground penetrating radar. Unal M., Caliskan A.,
Turk A. S., Bakbak P. O. (in English) (32)

the
transport telecommunication network of Ukraine.
Bondarenko O. V., Kostik B. Ya., Stepanov D. N.,
Levenberg E. V. (37)

Operational performance of primary

Technological processes and equipment

Obtaining of bilateral high voltage epitaxial p—i—n Si
structures by LPE method. Vakio N. M., Krukovsky
S. I., Tymchyshyn V. R., Vas kiv A. P. (41)

Materials of electronics

Study of adsorption states in ZnO— Ag gas-sensitive
ceramics using the ECTV curves method. Lyashkoo
A. Yu. (46)

Obtaining porous silicon suitable for sensor techno-
logy using MacEtch nonelectrolytic etching. Iatsun-
skyi 1. R. (52)




COBPEMEHHDBIE 3JIEKTPOHHBIE TEXHOJIOTHNU

YK 621.315.592

K. .m n A A KY/JPUK

Yxpamna, r. Kues, Unctutyr ¢usukn noaynpooguukos uM. B. E. Jlamkapésa HAH Yxpannst
E-mail: bh_@mail.ru

HAHOCTPYKTYPMPOBAHHDIE
AHTNINODOY3NOHHDBIE C/JION B KOHTAKTAX
K HIMPOKO3OHHbBIM ITOJIYIIPOBO/JIHNKAM

Hccredosana cessv Memay anmuoughghysuonnvimu ceoticmeamu nienoxk na ocvose TiB, u ux namoxpu-
CIALAUMECKOU CIPYKIMYPOLL, ONPeOeseHbl ONMUMALLHDLE PAIMEPLL HAHOKPUCIALIUMOE U YCI0BUL 0bpaso-
6aNUsL HAHOKPUCMAAIUUECKOU naenku. IIpumenenue maxux nieHox ¢ Kxavecmse aumu@ucﬁdaymonuwx ca0-
€6 6 KOHMAKMAX K WupoKO30OHHHIM NOAYNPOSOOHUKAM NO3BOJISEM NOBLICUMb MEPMOCNOUKOCMb NPUOOPOs
Ha ux ocroge.

Katoueswvie caosa: anmudughpysuonnvlii cot, HAHOKPUCTIANIUNECKAS NACHKA, MEPMUdecKds cmaduy-

HOCMDOD, wup0K030HanZ nwzynpoeoamm, KOHmMAaxm.

Cos/lanne KauyecTBEHHBIX OMUYECKHUX U Gapbep-
HBIX KOHTAKTOB K IMTUPOKO30HHBIM TOJYTTPOBOIHHU-
KaM SIBJISICTCS OJJHOIH 13 BXKHBIX 3a/1a4 IIPH MPOEK-
TUPOBAHUY M CO3JAHUN 3JIEMEHTOB SKCTPEMATHHOMN
anexTpoHuku. 1lpu yBenmuennn auanazoHa pabo-
Yeii TeMIlepaTypbl IpUOOPa, MJIOTHOCTH TOKOB YKe-
CTOUAOTCS TPeOGOBAHMS K HA/IEKHOCTH KOHTAKTOB.
Kak mpasumo, obecriednTb HHU3KOE Y/EJIbHOE CO-
[IPOTUBJIEHNE OMHYECKOTO KOHTAKTa IIPU BBICOKUX
TepMOCTAOUJIbHOCTH U a/IT€3MOHHOI IIPOYHOCTH, HC-
HOJIb3YsI BCErO OJUH MeTasll, He yjaaercs. BmecTo
3TOTO UCIOJIb3YIOT MHOTOCJIOHHYIO CTPYKTYPY, KaXK-
JIBIi U3 CJIOEB KOTOPOIT HeceT CBOIO (DYHKIMOHAD-
HYIO Harpy3Ky. B 3aBUCHMOCTH OT Ha3HAYEHUS KOH-
TaKTa U TpeOOBAHWII K ero mapamerpaM OH MOKET
cofiep:KaTb OAMH MJIN HECKOJbKO (DYHKIINOHAJIb-
HBIX CJIOEB: TOJIETHPYIONINii, KOHTAKTOOOpa3yio-
HIuii, ajre3auoHHblit, antuuddy3uoHHbIiT U CJI0i
BHelrHed Merasnusaruu. AHTuaudy3noHHbI
cioit (uddysuoHHbIl Gapbep) HpeaypexaaeT
B3auMHYI0 Auddy3u0 MaTepuaoB II0JYIIPOBO-
JHUKa, KOHTAKTOOOPa3yIOLIero CJosi U BHENIHeH
MeTaJIJIN3allnn.

PaccmotpumM crioco6bl co3nanus antuandysn-
OHHBIX CJIOEB ¥ UX POJIb B (hOPMUPOBAHUU U (HYHK-
IMUOHUPOBAHNU KOHTAKTA.

OcHoBHBIE TPEGOBAHUS, TTPE/IbSIBJISIEMbIE K aHTHU-
b Py3NOHHBIM CJIOSIM, JOBOJBHO TPOTUBOPEUYHBDI:
C OJIHOIi CTOPOHBI, HYKHO MUHUMH3UPOBaTh 1uddy-
30 CKBO3b CJIOW MeTaJIJIN3alluu 1 00eCeYynTh X1-
MHIYECKYI0 WHEPTHOCTD CJIOsI, C APYTroil — obecte-
YUTb XOPOUIYIO 3/I'€3HI0; C OJHOI CTOPOHBI, Hy KHA
BBICOKAs IPOYHOCTb Marepuana, ¢ Apyroi — Iuia-
CTUYHOCTD [JIs1 KOMIICHCAIIMM KPUTUYECKUX BHY-
TPEHHUX MeXaHWYeCKUX HalpsbKeHuil 6e3 o6paso-
BaHUsI MUKpoTpeniuH. Kpome toro, Marepuan as-

THANG@PY3NOHHOTO CJI0S JTOJKEH 06J1aJlaTh BBICO-
KO 3JIEKTPO- U TETLJIOTIPOBOJHOCTHIO.

B kauectBe MarepuasioB aHTUAU(P@HY3UOHHBIX
CJIOEB Yallle BCErO HUCIOJIb3YIOT TYTOILJIABKUE I10-
JINKPUCTAJJINYECKUE CJION METAJLIOB U CILJIABOB, a
Tak)ke UX HUTPHUABI U 6opuabl [1—6]. B Hacros-
mieit pabote GyyT pacCMOTPeHbI 0COGEHHOCTH KOH-
TAKTHOW METaJIN3aIuu ¢ aHTUANDPY3MOHHBIME
CJIOSMU Ha OCHOBe AMOOpW/Ia TUTAHA, WCIHOJb3ye-
MO TIPH M3TOTOBJIEHUU OMHYECKHX U OapbepHBIX
KOHTAKTOB K TITUPOKO30HHBIM IOJYITPOBOJIHUKAM.
Panee B namux pa6orax [5, 6] 6bLin paccMoTpe-
HbI KOHTAKThI ¢ aHTUANMDDY3UOHHBIMU CJOSIMH HA
OCHOBE KBa3naMOp(MHbIX GOPU/IOB TYTOILJIABKUX Me-
TAJJIOB U T0KAa3aHa UX MEPCHEKTUBHOCTD IS TI0-
BBIIIEHUS HA/IEIKHOCTH AKTUBHBIX MUKPOBOJIHOBBIX
aJieMeHTOB Ha ocHOBe Si, SiC m HEKOTOPBIX coean-
Hennii A3B>. OzpHako B 3TMX paborax He paccMa-
TPUBAJIACH CBS3b MEK/Y TIOBBITIIEHUEM TPOYHOCTHU U
MJIACTUYHOCTHU TIJIEHOK TP JIOCTUXKEHUU HAHOKPU-
CTAJIJTMYECKOTO COCTOSTHUS U uX aHtuauddysnon-
HbIMM CBOlicTBaMu. B maHHoil paGore mpeanpuHsi-
Ta TOIBITKA BOCIOJHUTD 3TOT MPOGEI.

Kak mokaszano B paborax, INpPOBEJIEHHBIX Ha
60JIbIIIOM KoJindecTBe 1ieHoK [7, 8], npu ymenb-
MIeHNH auaMeTpa d 3epHa TOJNKPUCTATINIECKOI
IJIEHKH JI0 OIIpe/ieJIeHHOTo 1pejena (B o6ieM ciy-
yae TpuMepHo 70 10 HM, /19 HEKOTOPBIX HUTPUIOB
u 60pua0B, B T. 4. u TiBy, — 10 4—5 HM) npouc-
XO/IUT yBEJMYEHUE dHEPruu 0OPA30BAHUS JHCJIO-
KaIluil, 4TO NPUBOANT K 3HAYUTETHbHOMY YyBeJHYe-
HUIO MUKPOTBEPOCTH Martepuwana H 1o MexaHus-
My Xosna—Iutya (H~d-1/2) (puc. 1) [8—16].
[To moctm:keHUN yHOMSHYTOTO TMpejiesia JuaMeTpa
d TPOUCXOJUT CMeHA JIOMUHUPYIOIETO MEXaHW3-
Ma, OTMpeAesioNnero MUKPOTBEPIOCTb, a UMEHHO!

TexHosorust 1 KOHCTPYNPOBaHNUE B 3JIEKTPOHHOIL anmapatype, 2013, Ne 6
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Puc. 1. 3aBucumocts Muxporseppoctu cjaoss TiB, ot
pasMmepa 3epHa (10 JaHHBIM U3 MCTOYHUKOB, yKa3aH-

HbIX Ha pl/IcyHKe)

MHUKPOTBEPAOCTh HAUWHAET OMpPEJEeJATbCS BKJA-
JIOM TPOWHBIX CTBIKOB TPAHUI] U YMEHDIAeTcsl C
JIAJIbHEHIITM yMEHBIIEHUEeM pa3MepOB KPUCTAJLIN-
ToB. [Ipyrue paboTbl yKasbIBAalOT HA OJHOBPEMEH-
HOe yBeJIMYeHHe MIACTHYHOCTH (OTHOCHTENHHOTO
YIUIMHEHUS JI0 Pa3PYIIEHHsI) G TOJYYEeHHBIX Mare-
pHAJIoOB B TOM JKe /IMalla3oHe pa3Mepos 3epHa [17,
18] (o~d~1/2). OcobenHocTb0 6OPUIOB M HUTPH-
JI0B TYTOIJIABKUX METAJLIOB, 110 CPABHEHUIO C YH-
CTBIMU METAJIJIaMU, SIBJISIETCS 3allOJHEHWE MesK3e-
PEHHOTO IPOCTPAHCTBA aMOPMHBIM BENECTBOM, TIpe-
MATCTBYIOMNAM MeK3ePEHHOMY TTPOCKATb3bIBAHIIO
MIPU MEXaHNYECKUX HArPY3Kax, 4To, MO-BUAUMOMY,
SIBJISIETCS TIPUYUHON TIPO/IJIEHNUS JEeHCTBUS MEXaHU3-
Ma XoJsia—IluTtya 70 MeHbIIUX Pa3MepoB 3epHA.
WabIMu c10BaMu, NCTIOJIb30BaHUE HAHOCTPYKTYPH-
poBanHoi 1eHKU TiB, M03BOMUT MOJYyYUTb yHU-
KaJbHble (DU3NKO-MEeXaHWYEeCKHe CBOICTBA aHTH-
1nd Y3MOHHBIX CJIOEB, HEJIOCTHKUMbIE IPH APY-
T'UX COCTOSIHUSIX TOTO K€ MaTepuaJa.

Ilenpio maHHOH PaGOTHI SIBJSIETCST MCCJIEL0BA-
HUe KOHTAaKTOB K NMIMPOKO30HHBIM MOJYIPOBO/IHU-
kam (SiC, GaP, InP) ¢ auddysuontbiMi Gapbe-
paMu Ha OCHOBE HAaHOCTPYKTYPHPOBAHHBIX CJIOEB
Iu6OpU/Ia TUTAHA U OTIPE/IeIEHNE CBSI3U MEXK/y WX
1nd Y3MOHHBIMI CBONCTBAMU W pa3MepaMi HaHO-
KPUCTAJIJTATOB.

MeTO/II/IKa IKCIIEpUMEHTA

O6pastibl I UCCaeOBAHUIN IIPEICTABJISIN CO-
6Ol CILIOTITHBIE TIJIEHKU ¥ KOHTAKTHBIE CTPYKTYPBI,
M3TOTOBJIEHHBIE U TIPOTIE/IIE TEPMOOOPAGOTKY T10
onMHaKoBoil Metojuke. MccaenoBanus mpoduieit
ATOMHOTO COCTaBa 10 TIyOWHE KOHTAKTHOM MeTaJ-
JU3anuy TpoBefieHbl MeTofoM (OsKe-3/IeKTPOHHOM
criekTpoMerpuu, (PazoBOTO COCTaBa — METO/IOM
PEHTTEHOBCKOH Andpakiuu, MopdoJIOTHN TTOBEPX-
HOCTH — METOJIaMU aTOMHO-CHJIOBON MHUKPOCKOITHH
(ACM) u pacTpoBoii 9JEKTPOHHON MUKPOCKOIINY.

a) 6)

Puc. 2. SaexrponorpamMmsl mieHok TiB,, moaydennbix
IIPY Pa3JIMYHBIX 3HAYEHUSIX TOKa pacublienus [19]:
a—02A;6—-04A6—1A

Y nenpHOE KOHTAKTHOE COTIPOTHBJICHIE MICCIIE0BA-
HO METOJ/IOM JIMHUM IlepeHoca (transmission-line
method). CTpykTypa, COCTaB HAaHECEHHBIX KOHTaK-
TOB, XapaKTePHbI pa3Mep KPUCTAJJIUTOB d U ma-
pamerpbl 6bIcTpoil TepMuueckoit o6padorku (BTO)
[pe/ICTaBJIeHbl B Ta0JIMIIE.

[l mosrydeHust HAHOCTPYKTYPUPOBAHHO TIJICH-
Ku gubopuja TutaHa O6bLia orpaGoTaHa TEXHOJIOTUS
MarHeTPOHHOTO HAMBLIECHUS Ha TOJYITPOBOIHUKO-
BYIO TTO/JIOKKY. [Ipou3Bonin HarbleHue mieHoK
OJIMHAKOBOI TOJIIIUHBI TIPU PA3HOM TOKE PACITbLIe-
Hust (ckopoctu HanblieHns). Ha asiekrpoHorpamMmax
IJIEHOK, HaneceHHbIX npu Toke 0,2 A (puc. 2, a),
BU/IHBI CUJTBHO Pa3MBbIThIe pedJIeKChl OTPASKEHUST OT
mnockoctu (101), nmeromue 100%-Hyi0 MHTEHCHB-
HOCTB B pemietke. CTPYKTypa IJIEHKU KBazuaMmopd-
Ha, Pa3Mepbl YIIOPSIJOUEHHBIX YYaCTKOB — /10 3 HM.

ITosbienue Toka paspsa 10 0,4 A (em. puc. 2, 6)
IPUBOJUT K YKPYITHEHNIO HAHOKPUCTALINTOB (pas-
Mep YIHOPSA/IOYEHHBIX YYACTKOB OKOJIO 3—3 HM).
CdopmupoBanHasd TJIEHKA XapaKTePU3YyeTCs Ha-
JUYUEM TIJIOTHOU BBICOKOJIUCIIEPCHON CTPYKTYPHI,
CTJI2’KUBAIONIEN IIIEPOXOBATOCTb MOBEPXHOCTH TTOJI-
aoxkku. [Tpu yBeamuennu Toka paspsiaa jgo 1 A (cm.
pucC. 2, ) CTPYKTypa CJIOsi CTAaHOBHUTCSA 60Jiee KpH-
CTAJITUTIECKOW, XOTSI OCTAeTCsl CUJIbHOINCIIEPCHOMN
(pasmepbl kpucramIeckux obaacteii B aMmopgHOi
(ase mpeBbIIAIOT 5 HM). DJIEKTPOHOrpaMMa (PUK-
cupyet pedJIeKChl y3Ke OT HECKOJbKUX TIJIOCKOCTEH
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Cmpyxmypa u cocmas ucciedogannulx KOHmaxmos, a maxxe napamempuvt nposedenus 5TO

omacan cpyerypa | T | Puep sepna | Towmeparvs, | Bpowsor | Co
TiB,—n-SiC 6H 50 3—5(5—10%) 1000 90 4
Au-TiB,—n-SiC 6H 50,50 3—5 1000 60 6

Au-TiB,~n-SiC 6H"* 50,/50 3050 1000 60 e
TiB,—GaP 100 10—30" 800 60 8
Au-TiB,—Au—Ge—-GaP | 300,200,180,20 20—40" 600 60 14
TiB,—Ge—Au—InP 100,/50,/50 20—40" 490 60 17

*O1enka pasmepa cBepxy mo gaHHbiM ACM; **[lapamMeTpsl paclblIeHUS HE ONTHMAJbHDI;

***Conep:ranue Kucjaoposaa B mumienn TiB,

(101), (110), (111), ogHako pa3MbBITOCTD JUHUIL HE
MTO3BOJISIET C/IeJIaTh TOUYHBIN pacueT pa3MepoB KpH-
crajannuecknx obsacreii. Takum o6pasom, s 10-
JIy4eHUs OTITUMATBHOTO aHTUANDDY3NOHHOTO CII0S
TOK paspsia AoJKeH cocTaBath 0,4 A.

Konrakrsr k 6H-SiC.
Tepmuyeckasi cTolKOCThb

HarnsaHo nposeMoHCTPUPOBATh BO3MOXKHOCTH
HAHOKPUCTAJLINYECKUX IIJIEHOK MOXKHO Ha IIpuMepe
kontakra TiB,—n-SiC 6H.

ITpu uccaenoBanussx MOpGOJIOrUN IOBEPXHOCTH,
KOHEYHO K€, HeJsb3sl OlIpe/le/IUTh TOUHBbIH pasMep
YIIOPSIOYEHHBIX O0J1acTeil, OJHAKO eCJIH IIPEeAIo-

a)

s}
~

80

Kowutenrparusi, at. %

0 02 0,6

d/ d,

JIOKUTh, YTO HEPOBHOCTU HA MOBEPXHOCTH IJIEHKH
TiB, cBsi3aHBI ¢ BBIXOJOM Ha MOBEPXHOCTH HAHO-
KPHUCTAJJINTOB, MOKHO JIJIsl OLEHKH IIJIOTHOCTHU Pa3-
MeIeHnsT KPUCTAJJINTOB B aMOP(MHON MaTpuile u
MPOBEJIEHNUST OIEHKU WX PA3MEPOB CBEPXY HCIOJIb-
30BaTh TaKue IapaMeTpbl, Kak HamboJjiee BEpOsIT-
Hast BBICOTA HEPOBHOCTEN M PACCTOSTHUE MEX/TY TTH-
KaMu, Kak 910 caenano B [20]. Torga u3 anaamnsa
npuBeeHHbIX Ha puc. 3 ¢, 6 ACM-uszobpaxenuii
MOJKHO C/IeJIaTh BBIBO/[, YTO pPa3MePbl HEPOBHOCTEI
noBepxHocTu 1aenkn TiB, no u mocae BTO 3na-

YUTEJbHO HE U3MEHHUJINCD, & Pa3Mepbl KPUCTAJLIN-
TOB He TpeBbImanT 5> — 10 HM.

6)

—
N

Komutenrparusi, at. %

0 0y6 1’0

Puc. 3. MopdoJorusa nosepxuocru B kourakre TiB,—n-SiC 6H (a, 6) u npoduin aToMHOro cocraBa 1o rayoure
KoHTakTHOU Merasmmsaunn (6, 2) mo orxura (a, ¢) n nocae BTO mpu 1000°C (6, 2) [21]

d/ d,
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Puc. 4. IIpoduau atoMHOro cocraBa 1o riay6uHe KOH-
TaKTHOU MeTajau3aiuu B kontakte Au—TiB,—n-SiC 6H
jo orxura (a) u nocre BTO mpu 1000°C (6) [22]

Au

N

TiB,
A

MKM

0,5

Puc. 5. Mopdosorus noBepXHOCTH CTPYKTYPBI
Au-TiB,—n-SiC 6H ¢ mommkpucrammraeckiM caoeM TiB,
nocie BTO mpu 1000 °C

Anamms npoduseil pacnpeeseHns KOMIIOHEH-
TOB TI0 Tory6uHe o6pasiia ToKa3ajd OTCYTCTBUE 3Ha-
YUTebHOU B3aMMONMGy3uN KOMIIOHEHTOB AHTH-
muddysnoHHOTO €10 U TOJYTIPOBOIHUKA KaK B
TiB,—n-SiC 6H (puc. 3 6, 2), Tak U B KOHTaKTe
Au-TiB,—n-SiC 6H (puc. 4). 910 CBUAETENBCTBY-
eT 06 ocyiabsenuu auddy3un 1m0 TPaHUIAM 3ePeH
B HaHOKpucraJnyeckoi miaeHke TiB,, ckopee Bce-
ro u3-3a Hajguuusi amopdHoii dasbl B MeK3epeH-
HOM mipoctpancTBe. [lapameTpsl HU3KOGAPHEPHBIX
quoznoB IIIoTTKH Ha OCHOBE TaKMX KOHTAKTOB [23]
He uaMeHuuch nocyae bTO npu 1000°C B Teuenune
90 c. Beicora 6apbepa j10 u iocie BTO cocrasisina
0,7 3B, dakrop napeamprocTn — 1,5. Pabounii rem-
mepaTypHbIi [uana3on Takoro amoxa — ot —190
o 425°C [24].

B T0 ke Bpems 1JIeHKA ¢ 60Jiee KPYITHBIMU KpU-
CTAJITUTAMU TIPU TEX K€ YCJOBUSX OTIKHUTA HE BbI-
JIeP’KUBAET BHYTPEHHUX MEXaHWYECKUX HAIpPsKe-
Hui, Bo3HuKawonmx Bo Bpemsi bTO, u penakcu-
pyer ¢ oG6pasoBanueM Mukporperud. Ha puc. J,
r/ie ToKazana MopgOJIOTHs TTOBEPXHOCTU CTPYKTY-
per Au—TiB,—n-SiC 6H nocse BTO mpu 1000°C, B
ry6uHe MUKPOTPEIIUHBI BU/IEH KPYITHOKPUCTAJLIH-
yeckuit anTuAMGGY3UOHHBIN CJI0H, pasMep 3epHa
MPaKTUYECKH COOTBETCTBYET ToJmuHe cJjost TiB,.

Konraktel k GaP. Biausaue xuciopoja Ha
pasMep 3epHa

[Ipu dbopMupoBanum KOHTAKTOB K hocdhury ra-
JIST TTapaMeTphbl HATTbLJIEHUs ObLIM TEMU JKe, OJIHA-
KO KOJIMYECTBO KHUCJIOPO/Ia B MUIIIEHU TNOOPU/IA TH-
TaHa ObLIO GOJIbIIE.

Ha puc. 6, rae npencrasiensr ACM-uzo6pa-
JKeHUs moBepXHOCTH KoHTakToB TiB,—GaP, Buzano,
YTO TIJIOTHOCTb PAaCIpe/le/ieHus] TTMKOB 3HAYNTEJIb-
HO MeHbIlle, YeM Ha KOHTAKTaX K KapOuay KpeM-
uust. [Ipu aToM pas6bpoc 3HAYeHUiT BHICOTHI HEPOB-
HOCTeW B /[Ba pa3a MeHbINE, YTO MOKET YKa3bIBaTh
Ha Gousbinuii pasmep HaHokpucTamata (10 30 M)
1, OJHOBPEMEHHO, Ha OoJibiuii 06beM aMOpdHOI
daswr B uccaenyemoii nienke TiB,.

Ha ato e ykaspiBaioT n pe3yabTarbl (ha3oBOro
anaym3a 6apbepHoro konTtakrta TiB,—GaP. Ha pent-
renogudpakrorpaMmmax (puc. 7) 6bLM 0OHAPYKEHDI
pedJieKChl, CBSI3aHHBIE C BKJIOUEHWSMU TIOJTMKPU-
CTAIIMYeCKON rekcaroHaabHoil ¢aser TiB,. Beicora
IUKOB He u3MeHsiercs Ao TemiepaTypbl BTO 800°C.
ITO CBUJIETEJBCTBYET 00 OTCYTCTBUM MeK(Ma3HBIX pe-
aKIuii, 0 KpaliHeil Mepe, ¢ HAaHOKPUCTAJIINIECKON
¢aszoii TiB,. IIprnannoil OTKIOHEHUSA Pa3MePOB KPH-
CTAJLINTOB UCCJIELyeMOi TIJIEHKU OT PACUETHBIX 3HA-
YeHUI MOKeT ObITh HAJIMYNe B PACIbLISIEMOI MUTIie-
Hu TiB, 10BOJbHO 6OJIBIIOTO KOJIMYECTBA KUCIOPO-
na (puc. 8), crumy mpyromero o6pazoBanue GoJee
KPYIHbIX KpucTaamtos (cm. tabsmiy). Tem He Me-
nee, Hasuuue 10 10 ar. % KUCI0PO/IA TPAKTHYECKH
He BJIUSET Ha 3JeKTPODU3NYECKUe XapaKTepUCTH-
KM KOHTAKTOB C HCCJeAyeMbiMu antuauddysnon-
HBIMH CJIOSIMY.
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6)
To=400°C
10 HM
/// " HM
\\ // 800
\ // 600
400
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r)
To=600°C To=800°C
10 HM

400
\\\ ///200

Puc. 6. Mopdouorust nosepxaoctu crpykrypbl TiB,—GaP a0 omkura (a)
u nocie BTO npu pasuoit Temmeparype (6, 6, 2) [4]

GaP(222)
@ GaP(333)

T=800°C

I/IHTeHCI/IBHOCTb, OTH. €[1.

gk

TT T T [T T T T [ T T T T [ T T T T [ T T T T [T T T T [ T T T T [ T T T T [T T

15 25 35 45 55 65 75 85 95
20, rpaznyc
Puc. 7. PentrenogudpaxrorpamMmmsr 6apbeproro kourakra TiB,—GaP mo omxura (1) u mocae BTO npu pasHoii
temmneparype (2—4) [21] (m TiB, @ TiB,, ¥ TiO,)
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Puc. 8. TIpodu/m aToMHOIO cocTaBa 110 IJyGrHe KOHTAKTHON MeTa/usaiuy B Konrakre TiB, —GaP no omkura (@)
u nocie BTO npu pasuoit temneparype (6, 6, 2) [4]

15.0kV SEI SEM

Puc. 9. Mopdosiornsa ckosa KOHTaKTa
Au-TiB,—Au—Ge—GaP

Kpome 6apbepHbIX, ObLIH HCCJIE0BAHBI OMHU-
yeckne KOHTAKTBI Au—TiB,—Au—Ge—GaP, B xoto-
PBIX B KQUecTBe KOHTAKTOOOPA3YIOIIErO CJIOS MPH-
Mensgercss AuGe-MeTaaIM3aIust, TMUPOKO MCIIOJb-
3yemasi [IJisi OMUYECKUX KOHTAKTOB K HEKOTOPBIM
MOJIYyIIPOBOJTHUKOBBIM coe/uHeHusiMm A3BS [4, 6].

Muxkpopesbed cKosa OJHOTO M3 TaKMX 00Pas3IOB
IIpe/ICTaBJIeH Ha puc. 9.

Kak oxkasasnocp, B aHTHAU(PDY3UOHHBIX ILIEH-
kax KoHTakToB Au—TiB,—Au—Ge—GaP kommdectBo
KHUCI0POo/ia OBLIO ellie BbIIIe, COOTBETCTBEHHO, TI0-
HU3UJIACh MaKcuMaJibHas temiieparypa bTO, xo-
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TOpYyI0 BbIIep:kuBaeT oOpaser. Ha puc. 10, rue
n3o6pazkeHbl MPodUIN pacipe/ieieHus KOMIIOHEH-
TOB 110 TJIyOUHE TaKUX KOHTAKTOB, BUJHO, YTO CO-
Jlep;kaHue Kucsjaopoja B mieHke TiB, moxkHO ore-
HuTh B 15— 20 ar. %. PasMep HaAHOKPHCTAINTOB
B uccJjeayeMoii mieHke coctapiser 20 —40 HM.
MuHuMaIbHOE KOHTAKTHOE COIPOTHRJIEHNE HAGJIIO-
nasnoch B o6pasie, nporireqiieM BTO npu 600°C,
u cocrasasano (1—5)-105 Om-cM2 npu KOHIEH-
Tpauuu Jerupytoiieil npumecu B n-GaP mpumep-
Ho 1017 cm=3 [25].

Konrakrst k InP. 3pdexr Kupkenaania

[Ipn orxure xontakta TiB,—Ge—Au—InP Bo03-
Hukaet addext Kupkenpamna: nmoa auddysnon-
HbIM GapbepoM oOpasyiorcst nopbl (puc. 11) us-3a
nHTeHcUBHON nuddysun 3o0ta Brayos dhochuaa
unaust (puc. 12). Kak BUAHO U3 IPUBE/JIECHHBIX HA
puc. 13 1aHHBIX peHTreHOrpadUuecKuX Nccae10Ba-
HUIi TAKOTO KOHTAKTA C HAHECEHHDBIM Ha HEro CJI0eM
3oJiota, nipu Temneparype orxkura 400°C o6pasy-
ercs ¢dasa Auln,, nTpeuMyIecTBEHHO OpUEHTAIIMH
(220). Mexanusm Takoii nHTeHCUBHON M dysun,
OYEBU/IHO, MOKET 3aKJII0UAThCs B MeK(a3HOM B3a-
UMOJIEUCTBUH 30JI0TA C WH/MEM, BCJEJCTBUE Yero
Ha6JTI0/IaeTCS MacCOIIePEHOC MH/IMS C TPAHUIIbI Pa3-
Jena Briy6p Metasia. Ilpm atom o6pasyiorcst Ba-
KaHCHUU WH/US, 3aMI0JTHIeMble aTOMaMU TePMaHUS C
MEHBIITMM aTOMHBIM PA/IIyCOM, U4TO 00JIeryaeT /[ajb-
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Puc. 10. ITpodnam atoMHOTO cocTaBa 1o TJIy-

6MHe KOHTAKTHOH MeTa//IM3alill B KOHTAK-

te Au—-TiB,~Au—Ge—GaP n0 omxkura (a)

u nocae BTO (6, z2) npu pasHoil Temnepa-
Type [25]

Helimyio Anddysnio aToMOB UHNS HAPYKY U Tep-
MaHMs C 30JI0TOM BHYTPb (pocduma nHaNS.

[Ipu Takux MHTEHCUBHBIX TIpolleccax ¢haszoobpa-
30BaHUsT 0COOEHHO BAXKHO KauecTBO UM dY3HOHHO-
ro 6apbepa, IPEIsaTCTBYIONET0 PACIPOCTPAHEHWIO
MOPHUCTOCTU Ha TIOBEPXHOCTb W TTPUHUMATOIIETO HA
ce06s JIOTOJTHATETbHbIE MEXAaHIYECKHE HATPY3KHU, KO-
TOpbIE MOTYT BO3HUKATb IIPU Pa30TrPeBe TOJIYIIPO-
BOJTHUKOBOW CTPYKTypbl. HaHokpucTasinueckuii

100nm JEOL
15.0kV SEI

12/07/10

SEM WD 12.4m

Puc. 11. Mopdosorus ckoa U MOBEPXHOCTH KOHTAKTA
TiB,—~Ge—Au—InP nocae BTO npu 490°C
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Puc. 12. IIpoduau aromHoro cocrasa 1o ray6uHe KOHTaKTHOW MertaJausanuu B Koutakre TiB,—Ge—Au—InP
no orskura (a) u nocie BTO npu pashoii remneparype (6, ¢, 2) [5]
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Puc. 13. Pentrenomndpakrorpammb cucrembl Au—TiB,—Ge—Au—InP xo omkura (1) u mocie BTO npu pasHoii
temmeparype (2—4) [4]
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qu6opu/i TuTana o6pasyer IJIOTHYIO TLIEHKY 6e3
samerbix gedextoB (cMm. puc. 11). Coxepxanne
KucJjaopoja B antuudgy3noHHOM CJI0e COCTaB-
aser okosio 20 ar. %. OreHka pa3MepoB HaHO-
KPUCTATUTOB 110 MOP(OJIOTUH TIOBEPXHOCTU [T
sHaveranst 20 —40 uM. AHTHIU(OY3NOHHBIN CJI0H
ocTaercst cTabHJIbHBIM TI0 KpaiiHell Mepe /10 TeMIle-
parypel BTO 490°C. KoHTakTHOe CONPOTHUBJICHIE
koHTakToB Au—TiB,—Ge—Au—InP cocrasmser
1,7-10-5 OMm-cM2.

OpnHoit 13 npuvnH MoBbIIeHus AndYy3noHHOM
CTOMKOCTM HAHOKPHCTAJINYECKUX IJIEHOK MOJKET
OBITb TO, YTO CTPYKTYypa HAHOKPUCTAJIJIUYECKON
nyeHkn He KoJonvatas (cM. puc. 9), BesaeacTsue
yero nd@y3us 110 TpaHUIaM 3epeH B HAHOKPUCTAJT-
JIMYECKOIT TITIEHKE 3aTPy/[HEHA U3-32 HAMHOTO 6O0JTb-
mero adgdexruaoro auddysuonnoro mytu (1o
anajyioruu ¢ [26]). C apyroil cTOpoHbI, Kak BUHO
u3 puc. 8 u 10, nuddysus cksosb ciaoit TiB, cru-
MyJIIpyeTcst mporieccaMu (OPMUPOBAHUST OMHYe-
CKOTO KOHTaKTa, BO3MOKHO, TIOCPEJICTBOM 00Pa3o-
BaHUS BHYTPEHHUX MEXaHWYECKNX HAMPSIKEHWH 1
UX pejiakcaiuy ¢ 06pa3oBaHueM POTSIKEHHbIX Jie-
(eKTOB, KOTOPBIE CTAHOBATCS IIPOBOJIHUKAMU TU]-
(ysun. IlosToMy HaHOKpHCTAJIMYECKAs IJIEHKA,
0061a1asl TIOBBIIIEHHOH TBEPAOCTBIO U TJIACTUYHO-
CTHI0, OKasbIBaeTcs 6oJiee MUMEPY3MOHHO CTOWKON
M0 CPABHEHUIO C TOJUKPUCTATINIECKOH.

BsiBoibI

[IpoBezieHHbIE MCCIEIOBAHNS OKA3AJH, YTO JJIST
HOJIyYeHHsT MAaKCUMAJIbHON MeXaHNYeCKOI TPOYHO-
CTH U TEPMOCTOMKOCTH pa3Mepbl HAHOKPUCTAJLIH-
TOB B IUIEHKaX, cosgaoomux anddysunonnsie 6a-
PBbEPBI, JOJKHBI HAXO/NUTCS B TIpeaeaax 3— 15 HM.
[Tnenkn quGopuja TUTAHA C ONITUMAJTBHBIMHE TIapa-
MeTpaM¥ HAHOKPUCTAJJIUTOB MOXKHO TIOJTYYHUTDh Me-
TO/IOM MarHEeTPOHHOTO HAIIbLICHUS C TOKOM pa3psi-
na 0,4 A ipu Kosim4ecTBe KUCJIOPO/ia B MUTIIEHH /10
8 ar. %. IIpuMeHenre HAHOKPUCTAJLITMYECKUX T1JIe-
HOK Ha OCHOBe JuOOpH/ia TUTAHA B KAyecTBe aH-
TuAMDDY3NOHHBIX CJIOEB B OMUYECKUX U Gapbep-
HBIX KOHTaKTaX K IMIMPOKO30HHBIM MOJIYITPOBO/HHU-
KaM I03BOJISIET PaCIIUpUTh pabounii TemMreparyp-
HBIIl JIMAIIa30H M MOBBICUTDH HA/IE)KHOCTb TPUGOPOB
Ha UX OCHOBE.
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HAHOCTPYKTYPOBAHI AHTUAVN®Y3IMHI AP ¥ KOHTAKTAX
J1O HINMPOKO3OHHMX HAIIBITPOBIIHWKIB

Hocaidxeno 36'a30x mix awmudugpysivinumu eracmusocmamu niieox TiB, ma ix HAHOKPUCMANIUHOW CMPYK-
MYpor, BUSHAUEHO ONMUMATLHULL POSMIP HAHOKPUCALIMIE MA YMOSU YMEOPEHHS HAHOKPUCMAIIUHOL NAIEKU.
3acmocyeanus maxux naigox sk aumuouhysiinux wapie 6 KOHmMaxmax 00 WupoOKO30HHUX HANIENPOSIOHUKIE
00360.15€ NI0GUUWUMU MEPMOCMIUKICIG NPULA0I6 HA iX OCHOSI.

Kumouosi caosa: anmudupysitnuil wap, HAHOKPUCAITUHA NATEKA, MEPMIUHA CMAGIILHICIND, WUPOKOIOHHUI
HANIBNPOGIOHUK, KOHMAKM.
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Ukraine, V. E. Lashkaryov Institute of Semiconductor Physics NAS of Ukraine
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NANOSTRUCTURED ANTIDIFFUSION LAYERS IN CONTACTS
TO WIDE-GAP SEMICONDUCTORS

The interrelation between the antidiffusion properties of titanium diboride films and their nanocrystalline
structure is investigated. We made a valid assumption that the main reason for degradation of contacts with
TiBj,-based diffusion layers is diffusion through the TiB, film through dislocations (formed due to stresses
that appear in the course of ohmic contact formation) rather than chemical interaction. In that case, increase
of mechanical strength of the TiB, film at reduction of grain size will affect its diffusion strength more
strongly than growth of diffusion penetrability owing to increase of grain boundary role. Our investigations
showed that, to ensure maximal mechanical strength and heat stability, the size of nanocrystallites in films
forming diffusion barriers has to lie within 3—15 nm. The TiB, films with optimal nanocrystallite parameters
can be obtained using magnetron sputtering with discharge current of 0,4 A and oxygen content in a target
up to 8 at.%. Application of TiBjy,based nanocrystal films as antidiffusion layers in contacts to wide-gap
semiconductors makes it possible to raise heat stability of devices based on such semiconductors.

Keywords: antidiffusion layer, nanocrystal film, heat stability, wide-gap semiconductor, contact.
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KOMIIJIEKCHBINT KODDOUIIMEHT PEYKIIUU
JULA TWJINHAPUYECKOI'O ITIOTOKA 9JIEKTPOHOB
C I/IBMEHHIOHIEI/ICH AMH]H/ITYIIOI/I
[NIEPEMEHHOI COCTABJIAIONIEN TOKA B JIBB

Honyuenvl hopmyavt 01 pacuema eewecmsenHoll U MHUMOU Yacmel KOMNAEKCHO20 K03 uyuenma pedyx-
Uuu 0151 YUAUHOPULECKO020 NOMOKA INEKMPOHOE C IKCNOHEHUUATLHO USMEHSIOWETCS aMNAUMYOol nepemen-
notl cocmasasiowett moxa 6 iamne 6ezyuetl eoanvt (JIBB). Tokasano, umo yuem muumotl uacmu xodppu-
yuenma pedyxyuu 04 JUHelinozo pexuma pabomot JIBB Moxem uamenums pacuemuyio eeauduny 06sem-
HO20 3apsida 6 1,5—2 pasa, umo 6 ce0io ouepedv JOCMAMOUHO CUNLLHO BJUSLeT HA (OPMUPOSAHUE HAUANL-
HbLX YCA0BUL HEJUHETHO20 PeKUMA, 4 3ameM U HAd 6bix00Hble xapakmepucmuxu JIBB.

Kniouesvie ciosa: xomniexkcuolil K03¢¢MMU€H7’)’I peaym;uu, uuﬂuﬁapuuecxuﬁ NOMOK IJIEeKMPOHOB, NePEMEH-

HASL COCMABASAIOUASL MOKA, 006eMHbLIL 3apsd, JIBB.

Jlamnbr Gerymeii Bosabl (JIBB) ¢ s3amemns-
IOIIUMU CUCTEMAMK HAa CHUPAJU WJIM HAa CBSI3aH-
HBIX pPE30HATOPaX SBJSIOTCS 3JEKTPOBAKYYMHBI-
Mu npubopamu, ycuiaupaonmumu CBY-curnan B
muanasone ot 1 go 100 I'Tm. Ilo xommiekcy cBo-
X IapaMeTpoB 1 xapakrepuctux JIBB ne umeer
cebe PaBHBIX CPEIU JIPYTUX 3JEKTPOBAKYYMHBIX
CBUY-nipu6opoB — KJAUCTPOHOB M MarHeTPOHOB.
Nmenno coueranme TakuxX mapaMeTpoB, KaK BBICO-
koe ycunenne CBU-curnana (o 60 a1B), Bbicokas
cpeanss MOMHOCTh (OT JECATKOB 0 COTEH BATT U
naxe KBt s JIBB Ha CBA3aHHBIX PE30HATOPAX)
U OJTHOBPEMEHHO C 3TUM — INUPOYANIIAS T10JI0CA
vactor (J10 OJHON-ABYX OKTaB) M OOGYCJIaBJIMBAET
MUPOKyIo o6sactb npumenenus JIBB B xavyectBe
BBIXO/IHBIX YCUJIUTENEN [/ CITyTHUKOB CBSI3U, [IJIS
PaJINOJIOKAIIMOHHBIX CTAHIUI IPaKIAHCKOTO U BO-
eHHoro npoduss, a TakKe B 3JeKTPOHHBIX CHUCTe-
Max PaJiMoNpPOTUBOIEICTBUS.

Ycunenne CBU-curnana B JIBB nmpoucxomut
B pe3yJibTaTe JJUTEJIbHOTO B3aMMO/IEHCTBUS 3JIEK-
TPOHHOTO TOTOKAa C 3JIEKTPOMArHUTHOW BOJIHOI,
pacIpocTpaHsIoNielics BAOIb 3aMe/IJITIONIeNl CUcTe-
Mbl nipubopa. EpuncrBennbiv Hepocratkom JIBB,
KOTOPBIi 06YCJIOBJIEH JIIUTEIHHBIM XapPaKTEPOM Ta-
KOT'O B3aUMO/IEICTBUS, SBJISIETCSI CDABHUTEJBHO He-
BbICOKMIT aiekTponublii KII/l, 06bIYHO He TpeBbI-
maronmmit 15—20 % B cnupasibabix JIBB. Crmoco6
O/THOBPEMEHHOTO TIOBBITIEHWS KITJ] M YCTOHUYNBOCTH
JIBB & caM0oB030yK/IeHHIO0 HA 0OPAaTHON TapMOHM-
Ke 6bL1 npeanoxken eme B 1970 r. [1]: B 3amen-
Jgsromnyto cucremy JIBB, HaunmHag npumepHo ¢ ce-
PEeIMHBI BBIXOJIHOM CEKIIMH JIAMIIbI, BBOJAWTCS He-
OJTHOPOJTHOCTH B BH/IE CKAYKOOOPA3HOTO yMeHbIIIe-
HUsI 1Iara 3aMe/iisonieil cucreMbl. Pa3BuTuio aTo-
ro HanpasyeHus B 1970 —80 rr. 610 MOCBAIIEHO
60JIBIIIOE YUCI0 PAO0T — KaK TEOPETUYECKHX, TaK
U 9KCIIEPUMEHTAIBHbBIX.

B xope skcmepuMeHTANbHBIX HCCJEOBAHUN
66110 ycranossieno, uro KII/[ JIBB ¢ ogaum ckay-
KoM (aszoBoii ckopoctu (DC) moBbIIIAETCS HE TaK
3HAYUTEJBHO, KAK 3TO TOJYYAETCS B TEOPETUIECKUX
pacyeTtax, K TOMY *Ke HeCKOJIbKO TTaiaeT 1 Koapdu-
nuent ycusenust JIBB. Bosee Toro, B HEeKOTOpPbBIX
CJIy4yasX B 9KCIEPUMEHTAIbHBIX MAKETaX U30XPOH-
nout JIBB u JIBB co ckaukom DC, BBeIeHHBIM B
TOYKE MAaKCUMyMa BBIXO/IHOI MOIIHOCTH [IJIST OTHO-
poxnoii JIBB, paccunrtannoe nmosbimenue KII/L Bo-
o0iiie He ObLJIO PeAJTN30BAHO U3-32 HEBO3MOKHOCTU
o6ecrieueHnsT yCTOMYMBON paGOThl BBIXOJHON CEK-
uun JIBB [2]. IIpuumabl TaKOro HECOOTBETCTBHS
AKCIIEPUMEHTAIbHBIX PE3yJIbTaTOB pacyeTaMm B TO
BpeMs He ObLIN HaliJleHbI.

BMmecTe ¢ TeM, B 3KCIIepUMEHTATbHBIX MakKe-
tax JIBB ¢ aBoitHbIM ckaukoM (ha30BOI CKOPOCTH
KIT/I B3aumogpeiicTBus 6611 yBesnued B 1,5 pasa 1o
cpasienmio ¢ KI1/I ognoposnoii JIBB [2]. [Ipu atom
MbI O6paTH/JiM BHUMaHKHe Ha TO, 4TO B Takux JIBB
OTJNYUS 3KCIepUMeHTadbHbIX 3HaveHuit KII/[ u
JUIMTHBI BBIXOJIHOTO y4YacTKa CIHUPATH OT pacyer-
HBIX OBLIN 3HAYUTEJTHHO MeHbIUMU, 4eM B JIBB ¢
OTHNM CKAaYKOM (Da30BOM CKOPOCTH [IJISI CIYUYAEB C
BoicoknM KII/I. Ilo nHamemMy MHEHUIO, 9TO CBSI3aHO
c TeM, 4TO aauHa ABorHoro ckauka DC cocraBisd-
eT He 6osee 10% mumnbl BeIXoAHOU cexnuu JIBB,
B TO BpeMs KaK MPOTSIKEHHOCTh YYaCTKa CITIPAJIH
¢ omauM ckaukoM DC mamuoro Gospire (B 3—4
pasza). CueoBaTeIbHO, TOYHOCTh MCXOAHBIX 3HA-
yeHuit 6e3pasmepubix napamerpos JIBB o6s3a-
TeJIbHO CKAYKETCsl Ha PACYETHBIX XapaKTePUCTUKAX
JIBB, ocobenno B ciyuyae ¢ ofHUM CKauykoM ha3o-
BOIf CKOPOCTH, KOT/JIa pacyeT ITPOUCXOANUT Ha 60JIb-
el JJInHe B3anMMO/IeHCTBUS.

N3BecTHo, 4TO OT BEJIMYMHBI ITapaMeTpa 00beM-
Horo 3apsja 4QC cuJbHO 3aBUCSAT BBIXO/IHBIE Xa-
pakrepuctuku JIBB — ycumenue u KI/I [3, 4]. [las
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BbruncJenus: napamerpa 4QC HeoOX0AMMO 3HATH
KO3(pUIMEHT Jenpeccun p2, 3HAYEHUIO KOTOPO-
TO OH TIPSIMO TIPOTIOpIIMOHANeH. [[JIsT 0THOPOAHBIX
ciupanbubix JIBB 3uavenmsa koaddurimenta me-
npeccun (Mn peayKuun) ObLIN OIPEAEEHbI elle
B 1950-x — B Hauame 1960-x rogos [3, 5]. C Tex
MOp OHW HEU3MEHHO MPUMEHSINCH IS BBIYHCJIE-
HUST TTapaMeTpa OOBEMHOTO 3apsijia W TO3BOJISLIN
paccuuThIBaTh BBIXOJHBbIE Xapakrepuctuku JIBB.
Otnmune pacueTHBIX W 9KCIIEPUMEHTAJbHBIX 3HAUE-
vuit KII/l, ycnnenns n AWHBI y4aCTKOB OTHOPO/I-
HBIX crupajbHbix JIBB 6bln HecyliecTBeHHbIMU
U ONpEeSaIuCh JOMYIIEHUSIMY, TIPUHSITBIMU TIPH
BbIBOJIe OCHOBHBIX ypaBHenuil JIBB. [loatomy nipu
pacuerax o6beMHOro 3apsia st JIBB co ckauka-
MU (pa3oBOI CKOPOCTH TPATUITNOHHO NCTIOTb30BAJN
Te 3Ke 3HaueHus1 K03 OUIIMEHTOB JENPECCUH, TTOJTY-
YeHHBbIE C YYETOM TOJBbKO €ro JeHCTBUTEJbHON Ya-
ctu. BMecre ¢ TeM, HETPY/IHO 3aMETUTH, YTO E€CJIH
B BBIPAXKEHUSX JIJIsI onpezesieHust Koadduimenta
penyknuu [3, 6] mepeMenHas cOCTAaBISIONAS BO3-
OY>K/1aI0Ier0 TOKA M3MEHSIETCST 110 aMILIUTY/E, TO
K09 DUINEHT PEenYKINU SBISETCS KOMILIEKCHOU
BeJIMYMHON. BeposTHo, HeyueT aToro akta MOXKeT
CYIIIECTBEHHO BJIMSTh Ha pacyeTHOe 3HaueHue 06b-
€MHOTO 3apsi/la, a 3HAYUT W Ha [TapaMeTp HeCUH-
XPOHHOCTH TIPU TeX €Tr0 3HAUYeHUIX, KOTOpbIE Xa-
paktepnbl 1yig JIBB co ckaukoMm ha3oBoil CKOPOCTH.
[lesbio HacTosiieil pabOThl SBJSIETCS BbIBOJ
YPaBHEHUN [/ BBIYUCJIEHUS KOMILIEKCHOTO KO3(]-
duimenTa pelyKIIM ¥ aHAJTU3 BJIUSHUS €ro MHU-
MOIf 4acTH Ha TOYHOCTb BBIUYUCJEHUS TapaMeTpa
o6beMHOro 3apsijia B cnmpasibHoit JIBB.

Pacuer komimiekcHbix K03 PuinneHToB
peryKuuu

ByzeM uckarb jeiictsurenbuyio (p,)u MHUMYIO
(p,) YacTu KOMILIEKCHOTO KO3 UIMEHTA PELyK-
UK 71 aKCUATbHO-CUMMETPHYHOTO TIOTOKA 3JICK-
TPOHOB € MEPEMEHHON COCTABJISIONIEH TJIOTHOCTH
toka (B gajpHelileM — TOKa), M3MeHSIONIeics
[0 aMILIUTY/IE:

i~exp[j(—B,+j-AB)z], (1)

rje j — MHHUMas eJUHUIA,;
By — TMoCTOSHHAsA PacIHpOCTPAHEHHUH,
AP — amMImTyAHAA MOCTOAHHAL,

z — TIPOJOJIbHAS KOOPANHATA.

JIJ1s1 5TOTO BOCIIOJIb3Y€EMCS BbIPAsKEHHUEM LIS KO-
s dpunmenta peaykimu (cm. dopmyay (7) B [6]),
nosoxus 7=0. [lonepeynyio MOCTOSHHYIO PacIpo-
crpanenus ¢ yderom (1) u yesosus |AB|<<, (4o
00BIYHO COOIIOAAETCA HA MIPAKTUKE) 3allUIIEM KaK

y:[(BO_]‘.AB)Z_(kR)2]0,s:(Boz_k2)0,5+]'.AB:
=Yot/-AB. (2)

[ToacraBus 910 BhIpaxkenue B Gopmyay (7) us
[6], paznoxuB B psj 1o MajoMy napameTpy Ap u
OT/IEJIMB BEIECTBEHHYIO M MHUMYIO YacTH B BbIPa-
KeHun s Koo duimeHTa peyKIiun, morydaem

P>=p,tpor,AB, (3)

rie

p,=0,502[ I ,(L)K (L)+I,(VLIK, (V)
—A,(a)A,(L)]-0,51,2(v) /A (V); (4)

p,=0y, ABLI(LIK(v)—A, () 2(v)—
—I,(VI,(V)[vA,(v)—
—I,(0)I, (V)] /[V2A2(V) ]+
+0,54,(v) /1 2(a) .

IIpu satom
A (v)=I2(v) —1,2(v);
A, (aw)=K (av) /I ,(aw);
L= Yyl 0= YR /0;
Vo= (ﬁ027k2)0’5;
k= o(gy)03;
I,(v), I,2(v), K, (aw), K,(av) — moaudunupo-
Banuble GyHkimn Beccesst nopsiaka 0 u 1.
B stux ¢dopmysaax npuHATBI cjaeayomue 060-

3HaueHuA:
¥, — paAunycC IIOTOKa (quKa) JJIEKTPOHOB;

n

(6))

R — pagmyc mMIMHIAPAYIECKOTO BOJTHOBOAA C MEATb-
HOIi TIPOBOJIMMOCTBIO CTEHOK;

— [UBJIEKTPUYECKAss M MArHUTHAS IMPOHUIAEMO-
CTH BaKyyMa COOTBETCTBEHHO;

® — KpyroBad 4acCToOTa.

€0 Mo

DyHKIMS pacnpe/ieIeHusT TOKA M0 Pajinycy Co-
BIIQJIa€T 3/IECh C pacIpe/ieJIeHueM T0Jisi CUHXPOH-
HOI BOJIHBI.

Ha puc. 1, a, 6 mTpuxoBbIME JUHUSIMU [TPHBE-
JieHbl paccuntannbie o Gopmyiam (4) u (5) 3ua-
YeHUd BEIIeCTBEHHON M MHUMOU 4acTell KOMIIJIEKC-
HOro Koa(pduimenTa peayKIuu /1Jis pa3HbIX 3HAa-
YeHUN 3aII0JTHEHUS MTPOJIETHOTO KaHasa 3JeKTPOH-
HBIM TTy4yKoM 7, /R. CIIOMHBIMY JIMHUSMU TIOKa-
3aHbI KOA(PUITMEHTDI PEAYKITUH TP PABHOMEPHOM
pacipe/ieJleHin TOKa 1o pajuycy mydka (crionimbie
JIMHUK), KOTOPbIe ObLIM TI0JYYeHbI 110 (GopMyIaM

p,=1-21,(V)[K,(L)+A,(a)I,(V)];

p,=20(12(v) /[v] (o) ]-2[1(v)—
—1,(0) /014, (a0, (V)—I (VK (v)+
+1,(V)[K,(L)+2K (L) /V]).

CrenyeT OTMETUTD, YTO 3HAYEHUS BEIIECTBEHHON
yacT K0a(DUIMEeHTa PEeAYKIIUU, TTPUBEIEHHbIE HA
puc. 1, @, IpuUMEPHO COBIAAIOT C TEMHU, YTO OOBIY-
HO WCTIOJIb3YIOTCS B pacyeTax B cJydae paBHOMEp-
HOTO pacIpejiesieHus TOKa.

Ha puc. 1, @, 6 mWTpUXOBble U CILIONIHBIE JIH-
HUU coBmaaaloT mpu y,r,< 0,6, T. e. B 310N 06.1a-
CTU 3HAUYEeHU Bell[eCTBEHHOII 1 MHUMOMN YacTell KO-
appurmenTa peayknuym He 3aBUCAT OT XapakTe-
pa pacrpefie/ieHns TOKa TI0 paanycy. B nHTtepBa-
ae 0,6<y,7,<0,9 Takas 3aBUCUMOCTD y:Ke HabIo/1a-
€TCsl, OJJHAKO 3HAYCHUS P, U P,, TOJYUCHHBIE [IJIS
Pa3HbIX BUJIOB pacIipejiesieHusi TOKA 0 Pajuycy,
OTJIMYAIOTCS MEXAY coboii He 6osee ueM Ha 8%.
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a)

6)

p2 L
0,4
0|
02!

0,1

0 0,5 Yr,

W3 puc. 1, 6 BUAHO, YTO B 06JACTH 3HAYEHUI
Yo, < 0,9 (tunmunbix ags cimpanbhbix JIBB) Be-
JINUMHA OTHOLICHUS P,/ P;-Y,F, HAXOAUTCS B IIpeJie-
gax 1,3—2,0 nng caydaes, Kor/a mapamMerp 3armoJi-
HEHUS IIyYKOM IIPOJIETHOro KaHasja 7,/ R cocras-
ssier 6osiee 0,5, 4TO XapaKTepPHO /IJIsT BBIXOIHOIO
yuactka JIBB B punamuyeckom pexume paboThl.
CrenoBaTenbHO, MonpaBKa, 06yCJIOBJIEHHAS MHHU-
MOIi 4acTbio KoadduimenTa peyKinun, J0BOJLHO
3HAYNTETHHA U ee HEOOXOIUMO YUUTBIBATD MTPH Pac-
yeTax IlapaMeTpoB U xapakrepucrtuk JIbB.

Bimsinne KomiuiekcHbix K0d(dduimeHToB
peaykuuu Ha napamerpol JIBB, paGoraronieii
B JIMHEIHOM peXuMe

[ly1s O1leHKY 3TOTO BJWSHUS BBIPA3UM, UCTIOJIb-
3ys (1), sHauenue AB,r, 4epes BO30YKAAIOIIINA TOK
1 eT0 TPOM3BOIHYIO TIO MPO/I0JIBHON KOOpAMHATE Z:

(6)

[TogcraBJisist oJIy4eHHOE BbIpaxkenue B popmy-
ay (3) ¥ uCnoab3ys 3alMCaHHBIA TaKUM 06PasoM
K02 PUIMEHT PEAYKIIMU IS OIIpe/leIeHHs] T10JIs
IPOCTPAHCTBEHHOTO 3apsijia, a TaKkXKe CJIeays Me-
TOJMKE COCTaBJICHUS JUHEHHbIX ypaBHeHuil JIBB
[3], momyuaem

Jri-Ap=—y,r,i— jr,di/dz.

I1"+4(QC)311=]'(1+bC)2F, 7
F'+jb,F=I,;
rae F', I," — nepBasi u BTOpasi IPOM3BO/IHbIE, COOTBET-

CTBEHHO, 6e3pa3MepHBbIX aMILIUTY/ TTOJIT 1
MEPBOIl TADMOHUKY TOKA 110 6e3pa3MepHOit
JUIMHE 3aMe/IJISTIoNell CHCTeMbl;

4(QC) 4= 40C[1—K,C/(1+bC)];

B)
P2
L2y
p1 ’Y I

1,5

1,0

0,5

Puc. 1. 3aBucumoctu Berectsennoii (@) u muumoii (6) va-
creii koapduimenTa peyKIuy [UIUHIPHIECKOTO [OTOKA
HJIEKTPOHOB, a TAKKe OTHOIIEHUS P,/ P, (yMHOKEHHOTO Ha
Yor) (8) or mapamerpa yr, A/ pasHbIX 3HaueHui 7,/ R:
17— 0,252 —10,5;3 — 0,83
(cTLOmHbIe MHUM — TIPH PABHOMEPHOM pacIpeeIeHUN
TOKa MO PajMycy; MTPUXOBbIC — IIPH PACIPENEJCHUN B
suge I,(yr,))

b — mapamerp HECUHXPOHHOCTH;

C — mapameTp yCHJICHHS;

b, = b—db;
8b = 4QC-K,C/[2(1+bC) ],
Ky =vups/ s

W3 anammsa Bbpakenus (7) BHAHO, YTO Ha
ydacTKax 3ame/stronieii cucrtembl JIBB g0 Hackrme-
Hus BbIXOAHOH MomHoctu ipu C=0,1 u b=+(2—4)
(uT0 XapakTepHO I TPUGOPOB CO CKAYKOM (haso-
BOM CKOPOCTH B 3aMe/IJISIONIEN CHCTEME) MOIPABKH
MOTYT YBEJMYNBATH S9KBUBAJEHTHBIN TTapaMeTp 06b-
emuoro 3apsa 4(QC).,, npubAM3UTEHHO B Ba pasa
npu b=—(2—4) Wi yMeHbIIaTh €ro, Toxe Mpu6JIu-
3UTEJBHO B JBa pasa npu b=2—4. Kpome toro, k-
BUBAJIEHTHBII TTapaMeTp HECUHXPOHHOCTU b, 3aBU-
CUT OT napaMeTpa 0ObeMHOTO 3apsi/ia U OTHOIIEHUS
Do/ Prvol, (M. puc. 1, 8).

OtMeTuM, 4TO TP HEJMHENHOM pesKuMe paboThl
JIbB nsmenenne aMIJNTy/bl IepeMEHHON COCTaB-
JITIONEN TOKA HEe SIBJISIETCS AKCIIOHEHIMATbHBIM W
MaJio MeHSIETCST BJOJIb MPOJOJbHON ocu mpubopa,
T. €. B 3TOM CJly4yae KOMILJIEKCHbIE TIONPABKU MOXK-
HO ObLIO ObI U He yuuTbiBaTh. OJHAKO HA JUHEH-
HOM yYacTKe B3anMOJIEHCTBUS BJUSHHE TTOMPABOK
CYII[ECTBEHHO, a 3HAYUT, OHU OKa3bIBAIOT CUJIbHOE
BJIUSTHUE HA HAYaJIbHbBIE YCJIOBUS HEJUHEITHOTO pe-
JKUMa M, COOTBETCTBEHHO, HA BBIXOJHBIE XapaKTe-
puctuku JIBB.

[Toy4ennbie 3/1ech KOMILJIEKCHBIE KO3 PUITUEH-
TBI PEIYKIIUU MOTYT ObITh IPUMEHEHbI B HEJTMHET-
HBbIX ypaBHeHusx JIBB fu1s1 mepBoro npubamkerns.
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Jlist aTOTO Caydasi p, yAOGHO MPENCTaBUTH B
dopme
p=p [ 14K,C/[2U+bO) - (I 1, *)' /(L 1, *)],  (8)

rae I,, 1,* —6e3pasMepHasi aMILIUTy/1a TIEPBOIl rapMo-
HUKW TOKA U COTPSDKCHHAs €l BeJNYnHA
TapMOHUKH TOKA;
(I,1,*)" —upouspoanas no 6e3pasMepHOil [IIUHE 3a-
Me/JISIONIel CHCTEMBI.

[Toxcrasus Beipaxkenne (8) B dopmyny ansa
1oJig poctpancTBernoro sapsaa (IV.24) us [3],
MOKHO yBH/IETh, 4TO MHUMas yactb (8) maer mo-
[PaBKy K IOJI0 IPOCTPAHCTBEHHOTO 3apsijia, KOTO-
past JIErKo MOsKeT GbITh yYTeHa B CHCTEME HeJIMHEH-
HbIX ypaBHeHuit JIBB.

BbiBo b1

Takum o6pasoM, INPOBEJCHHBIE HCCJIEOBAHUS
MOKa3aJu, 4To g 6oJiee TOYHOTO pacyeTa mapa-
MeTpa o6beMHoro 3apsiia B JIBB co cnupasibHoi
3aMeJUIsIIoNell CUCTeMO B cjydyae LHJIMH/pUYe-
CKOTO TIOTOKA 3JIEKTPOHOB C 9KCIMOHEHITNAIBHO 13-
MEHSIOMeNCsT aMILTUTYI0N TTepeMeHHON COCTaBJIAg-
IolIell TIJIOTHOCTH TOKA CJIEAYET YYUThIBATH MHU-
MyI0 4actb Koadduimenra pexykiuu. B nmneii-
HOM peskume padoTsl JIBB nipu Bemunte mapame-
Tpa ycunennss C=0,1 m mapameTpa HECHHXPOHHO-

ctu b==(2—4) B o6nactu 3Havyenuii y,7,<0,9 Ta-
Kasl TTONpaBKa MPUBOJUT K U3MEHEHUIO BBIYMCJICH-
Horo 6e3 Hee o6beMHOTO 3apsga B 1,5 — 2 pasa.
JTO, B CBOIO OYepe/ib, OKa3bIBaeT CYyIECTBEHHOE
BJIMSIHUE HAa (POPMUPOBAaHUE HAYaIbHBIX YCJIOBUN
HEJIMHENHOTO peXUMa U, COOTBETCTBEHHO, HA pac-
yeTHble Xapakrepuctuku JIBB.
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KOMIIJIEKCHUNM KOE®IIIEHT PEAYKIL A4 HUJIIHAPUUYHOTO
[IOTOKY EJIEKTPOHIB 31 3MIHIOBAHOIO AMIIJIITY JOIO 3MIHHOI

CKJIAZIOBOI CTPYMY B JIBX

B. 1. YACHHK, 4. M. CTPOKOBChKHH

Yxpaina, m. Kuis, H/II «Opion»
E-mail: ndiorion@tsua.net

Ompumano gopmyau 0 o6uucaenns OUCHOT Mma YseHOT UACMUH KOMNIEKCHO20 Koeiuienma pedykyii 0as
YUATHOPUUHOZO NOMOKY EAeKMPOHIE 3 eKCNOHEHUIANLHO 3MIHIOBAHON AMNIIMYO0I0 3MIHHOL CKAA00680T CMpY-
my 6 aamni Gixyuoi xeuni (JIBX). Iloxasano, wo epaxysanns ysenoi uacmunu xoegiuicnma pedyxuii 0as
AiHEUH020 pexumy pobomu JIBX moxe 3miniosamu po3paxynkosy eesuuuny o6’ emuozo 3apsdy y 1,5 —2 pasu,
wo 6 6010 uepzy 0OCMAMHLO CUNLHO BNAUSAE HA POPMYSANHSI NOUAMKOBUX YMOE HEAIHIIHO20 PeKuUMYy, d 320-
dom i na euxioni xapaxmepucmuxu JIGX.

Katouosi crosa: komnaexcruuii koeghiyienm pedyxuii, yurinopuunuii nomix e1exmponie, 3Minna cKaadoea cmpy-
my, o6'emnuil 3apso, JIBX.

V. 1. CHASNYK, YA. N. STROCOVSKY

Ukraine, Kiev, SRI «Orion»
E-mail: ndiorion@tsua.net

COMPLEX REDUCTION COEFFICIENT FOR A CYLINDRICAL ELECTRON
BEAM WITH VARIABLE AMPLITUDE OF THE VARIABLE CURRENT
COMPONENT IN THE TWT

The conventional approach to calculating the space charge for the traveling-wave tube (TWT) with phase
velocity jumps is to use the same values of the depression coefficient as the ones for homogeneous helical TWTs.
However, if the variable component of the exciting current in the expressions for determining the reduction
coefficient is changed in amplitude, then the reduction factor is a complex value. Perhaps the neglect of
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this fact can significantly affect the volume discharge calculated value, and hence the non-synchronization
parameter, for those of its values, which are characteristic of the TWT with a phase velocity jump. In this
paper, formulas has been obtained for computation of real and imaginary parts of the complex reduction
coefficient for a cylindrical electrons beam with exponential variable amplitude of variable current component
in the TWT. Influence of complex reduction coefficient on the parameters of the TWT operating in the linear
mode is estimated. It is shown that taking into account the imaginary part of the reduction coefficient for
linear operation of the TWT makes it possible to change the estimated amount of space charge 1.5 to 2 times,
which in its turn has quite a strong effect on the formation of the initial conditions of the nonlinear mode and,
subsequently, on the output characteristics of the TWT.

Keywords: complex reduction coefficient, cylindrical electron beam, variable current component, space charge,
TWT.
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Tuamop-mi. A. C. Jlamusi ¢ Gerymnieii Bosoit.— Mocksa: Texnocdepa, 2013.

Kuura ocHoBama Ha marepmajiax Jeknuii m cemmHapoB mo CBY-
JlaMIIaM, KOTOPbIE aBTOP MHOTOKPATHO MPEICTABJISI B BEAYIIHUX (DIp-
Mmax u yauBepcuterax CIITA. B Heii cocpeoToueHb! 6a30Bble 3HAHUS
10 TEOPUU U TEXHUKe HamboJiee BOCTPeOOBAHHOIO B TeUEHUE MHOTHX,
B TOM YHCJI€ U IOCJEIHUX AECATUIETHI, mpubopa — JaMIiibl ¢ Ge-
rymieii Bosinoii (JIBB). KHura Hamucatna JOCTYITHBIM IS IHEPOKOTO
Kpyra uuTatesieil ¥ 0Opa3HbIM SI3BIKOM, METOIUYECKH COATAHCUPO-
BaHa. IlImpoko mcnosb3yeMble MUTATHI U3 PAOOT M3BECTHBIX CIIETIH-
aaucToB 1 obmmpHas 6ubanorpadus crroco6eTByIOT Goree TIy60KO-
MY BOCIIPHUSATHIO M3JIaraeMoro Matepuaja. KHura Mosker ObITh MOJe3HA KaK s TO/I-
TOTOBKHU CTY/ICHTOB CTapIINX KYPCOB U aCIIUPAHTOB BY30B, TaK M CIEI[UAJUCTOB, 3aHS-
TBIX paspaborkoii u npumenerneM JIBB B pasimuHbIX 06/1aCTIX PAAMO3JIEKTPOHIKN.

HOBBIE KHUT'

E
N
AN

Hanorexno.iorun B 31ekTponuke. Bomi. 2 / Ilox pea. 10. A. Yanibiruna.—
MockBa: TexHocdepa, 2013.

Hacrogiee nuzganue — BTOPOI BbIIYCK KHUTH, BbIIIe/ANIeN HECKOIb-
Ko JieT Haza. Kax/ayio 3 yacteil KHUTH MPE/ICTABJSET TPYIINA aB-
TOPOB, AaKTUBHO Pa3BUBAIOIINX /laHHOE HarpasjeHue B Harmonasub-
HOM HccJieoBaTesbckoM yHuBepeutere « MU Ts . KosiekTus aBTo-
POB CTapaJscs OCYHIECTBUTb YACTUYHYIO [IPEEMCTBEHHOCTh MaTepua-
JIa, CoZleprKalllerocs B IIePBOM BBIILYCKe, OJHAKO CTPYKTypa KHUIU
CYILECTBEHHO U3MEHUIACh: IPYIIINPOBKA CTaTeil 10 YCJIOBHBIM Pa3-
nesnam (TeopeTrKo-sKcIepuMeHTaIbHbIe PAGOTHI, METO/bI HCCJE/I0-
BaHWii, TEXHOJOTHU, TIPUOOPHI M YCTPOICTBA) NpecTaB/sgercs GoJiee MPaBUIbHON ¢
TOYKHU 3peHHs TOHUMaHWUs o6muiero HampasieHus: pabor B MMIT. Kaxmas us pa6or
MIPeICTaBIsIeT OO0 3aKOHUEHHBIN HAYYHBIN TPY/ 0630pHOTO MM 0600IIAOIIETO Xa-
pakTepa, Ju00 SBISIETCS YaCThI0O OPUTMHAJBHBIX MCCJETOBAHUN, MOJTYUYEeHHBIX 32 II0-
ciaegHIe 3 — O JeT.

HAHOTEXHONOTUK
B 3NEKTPOHUWKE

HOBBIE KHUT'U

B
=
&
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BARKER-LIKE SYSTEMS OF SEQUENCES

AND THEIR PROCESSING

New systems of binary sequences, that give the similar correlation properties after signal processing
as that of the Barker sequences, are suggested and analyzed. The author considers processing of such
systems, as well as ways of their application to radio systems and their comparison with complementary

sequemnces.

Keywords: Barker sequences, complementary sequences, correlation properties, sidelobe suppression,

signal processing.

Barker sequences (codes) are generally well
known in telecommunication systems (DSSS
technology, synchronization) and radar techno-
logy. They are characterized by low sidelobes
of normalized autocorrelation function (ACF)
IRSL(1)| <1/N (N is the length of sequence) [1].
Binary Barker sequences (elements a; € {1}) are
only known for lengths N = 2; 3; 4; 5; 7; 11; 13.
There are no these sequences for odd lengths
N > 13, but it is unknown about an existence
of these sequences for even lengths N > 4
[2, p. 109]. Ternary Barker sequences (elements
a; € {0, =1}) are also known up to length N = 31
[é, p. 23]. There is a known kind of sequences
called “Generalized Barker Sequences (Codes)”,
they are polyphase sequences which consist of ele-
ments a; € {exp(j-2nk,/M)}, k<M [4]. Polyphase
Barker sequences are known up to length N =77 [5].

The problem boils down to a controversy con-
cerning the existence of sequences or systems of
sequences with a greater length that would make
it possible to obtain after their processing an ACF-
signal with a low value of sidelobes and a narrow
central-lobe (as that of the Barker sequences). One
of the solutions of this problem is the complemen-
tary sequences [6]. They are pairs of sequences of
lengths N = 2710%26™ (n > 0, k> 0, m > 0; except
for the case n = k = m = 0) with a property that
the result of adding of sidelobes of their ACF is
equal to zero. Complementary sequences are used
in pulse compression radar systems, telecommu-
nication systems TEEE 802.11b/g and other ap-
plications. Although the complementary sequences
are a good technical solution, the optimal ACF
structure synthesis problem still hasn’t been solved
in general, and there may be some other kinds of
sequences that can, for instance, provide better
noise stability of radio systems and consistency
with some digital modulation techniques, e.g.,
QAM.

This research is a continuation of the research
described in [7] and concerns the problem of syn-
thesis of the optimal ACF structure. The goal of
this study is to suggest new systems of binary se-
quences ggeneration rules for such sequences) and
their application in signal processing, which would
make it possible to obtain ACF-signals with the
maximum normalized absolute value of sidelobes
1/N .. (as that of the Barker sequences), where
N_ . 1s the maximum length of sequence in the
system of sequences.

Systems of Barker-like Sequences

Systems of sequences being suggested consist
of the Barker sequence a = {—1; 1; —1; —1; —1}
(length N = 5) and binary sequences of lengths
N =2027, q=0,1, 2,3, ..., which can be ob-
tained by using the generation rule

(—1, i=1;

-, 1=2m+1;

=1 "ay,,, 1=2n;

g = Ay, for subtype A, i= Nt 1-2n: )

—-a,, forsubtype B,
-a,, , forsubtype A, i= N+2-2n:
a,,  forsubtype B,

im=1,(N/4-1); n=1,N /4.

Such systems of sequences allow to obtain, after
the joint signal processing (considered below), an
ACF-signal with the maximum normalized abso-
lute value of sidelobes 1/N ., which would match
to the maximum value of sidelobes in a Barker
sequence of length N, if it existed. Therefore,
such systems of sequences may be called “Barker-
like systems of sequences”.

Such system can contain subtype A or subtype B
sequences (signs of some ACF sidelobes depend
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0, t=2+4m, m:0,(

4

N >12 in
N,t=0;
{ 1 forsubtype A, _ _ {3
R(z) =) [—1 forsubtype B,
N

1);

on the subtype, but their absolute values do not
depend on the subtype).

Generation rule (1) generally gives binary se-
quences of lengths N =4k, k=1, 2, 3, ..., but in
our case only lengths N = 20-29, ¢ =0, 1, 2, 3, ...
are required.

The ACF of sequences that have been obtained
by (1) is partly presented for certain T values and

(2)

It is important that the central lobe of ACF
R(0) = N is always separated from the first
high sidelobe by low sidelobes (0 or +1); high
sidelobes are concentrated between zero sidelobes
(att=2+4m, m=0,1,2,3, ...).

The structure of sequences which have been
obtained by (1) is shown in Fig. 1.

Signal processing and ways of using Barker-
like systems of sequences

Signal processing and ways of application of
the suggested systems of sequences are based on
the following property of the systems: the result
of multiplication of ACF-signals (at the outputs
of matched filters), that exist at the same time
interval and match to these sequences, constitutes

U,(H)
1

N-16. 7= 4. a signal that is similar to the ACF-signal with a
) ’ narrow central-lobe (equals to the duration of the
) N =16
1] a=1
(1] a1y,
N = 1] 2= ¢y
-] a1,
N =4 ] 1] =1
///’///’ l i a= (18
-1 a=-1 1] 1] =1y
EHsatna 1. ] U
I ] A
1 | 1 1]
e 1 ]
e 5
1]
1]
1]
b) I
—————=—>{-1| a=-1
JURNS, g 1] am 1y,
3]s 1] 2= ¢y
Iy | a=¢ya, | ae (e
] -1] ag= 1y (1] 2= 17
1| a=()a, Al aeiya, | ag= (1)7a
1] 2= 1=l a= ey -] e er I A e R ERIC0S
a=(-H4d Al azeta 1| a N 1| a=(-1)a
LR Lo Lt L o L o | GRS T O Lo o (-
-1 T == =] R ———]
T 1] 1] 1]
e 1] 1]
T 1| 1]
il 1|
= | L =
G
Fig. 1. Structure of suggested subtype A (a) and subtype B (b) sequences
U, ()
1
0 4 8 12 16 ‘ ¢
-1

Fig. 2. Signals in the considered example of

‘14

18 t

Barker-like system of sequences
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a)

—>(>— inverter

delay line

T, =4
T, =1
-

b)

Fig. 3. Matched filters for sequences
N =5 (a) and N,=20 (b)

a)

ACF, (1)
gl LTy =4
max ACET (1]
4 A= v
5
max‘ACFlsLl‘c1 =1 o ACHIO
2
1
B T T - I o 1 4 3 B 10 12 14 15 1% 0T
=1
b) ACF,T)
20
o ATy =1
1 by =1 .
- max[aCFF o] |,
16 ACEG) 4
15
14
17
12
1
10
8L P
max|ACFES It =5 8
S N LI i . T b
6
5
4
a3
2
=1 o l—l l_l l_l |. T
=20 A9 418 +17 216 A5 1413 <12 11 =10 -9 8| +7 6 +5 +4 +3 -2 -21 1 2 B 4 5 6 7| 8|9 10 11 12 13 14 15 16 17 18 19 20
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C) ACF ;1)
100
ds [t =1
ATy =1
o 12
3% max ACF{%\‘E{ 1
20 ACFL(0) |20
75
70
65
60
55
50
45
40
35
30
25
max ACF155‘111 =3 20
—1 15
10
-5 T
2019 18 17 116 115 11413 12 1110 ~8 18 7 16 5 +4 13 2 11 1 23 45 & 7 B B ID 11 12 13 14 15 16 17 18 19 20

Fig. 4. Forms of signals after MF for sequences N ;=5 (&) and N,=20 (b), and the result of their multiplication (c)
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shortest element of sequences in all the system)
and low sidelobes (normalized absolute values do
not exceed 1,/N,,.y).

Let us take a detailed look at signal processing
by using the example of the Barker-like system
consisting of two sequences {—1; 1; —1; —1; —1}
(N, =5, Barker sequence) and {-1; 1; —1; —1; 1;
-1; —-1; -1; 1, —-1; —1; —1; -1; 1; —1; —1; —1; 1;
1; 1} (N, = 20, sequence of subtype A). In Fig. 2
are shown signals for those sequences (the same
time interval, e. g. 20 ps, is used). Matched filters
(MF) for signals of each sequence are shown in
Fig. 3, and ACF-signals after the matched filters
and the result of their multiplication (central-lobes
of ACF-signals are reduced to the zero moment)
are illustrated in Fig. 4.

In the case of the suggested systems of sequences
the multiplication of ACF makes it possible to
combine their advantages (low sidelobes of ACF,
and narrow central-lobe of ACF,) and neutralize
their disadvantages (wide central—zlobe of ACF, and
high sidelobes of ACF,). It is possible because the
ACF of suggested sequences has a comb structure:
the central-lobe is always separated from the first
high sidelobe by low sidelobes (0 or +1) — this
results in the appearance of a narrow central-lobe
after multiplication. High sidelobes are also sepa-
rated from one another by zero sidelobes. Thus low
and high sidelobes of different ACFs are partially
or totally cross-thinned — this leads to partial or
total sidelobe suppression.

Characteristics of some of the suggested Barker-
like systems of sequences (data are confirmed by
computer modeling) are given in Table 1.

Theoretical justification of the fact, that the
maximum normalized absolute value of ACF
sidelobes is 1/N . for any possible number of
sequences in a system, is expected in further re-
search.

Using the Barker sequence of length N =35 in the
suggested systems is important for the considered
case, because if other basic binary Barker sequence
(e.g., N=13) and system (e.g., N,=13 and N,=52)
were used, the resultant maximum normalized
absolute value of sidelobes wouldn’t be 1/N_
(for the case N,=13 and N,=52 it would be 7,/169,
which is more than 1/N__ =1/N,=1/52).

In Fig. 5 is shown the signal processing system
for Barker-like systems of sequences. Delay lines
(29%1 = 0.5)1,,, in this system are used to align in
time the centers of the central lobes.

In Table 2 an example of possible modulation
scheme for DSSS technology is shown. In this
example we have used the system of sequences
N,=5 and N,=20 and QPSK modulation with
Gray coding.

In our example, for correct operation of the signal
processing system in a DSSS-transmitter, to transmit

U, (f) MF for
——>| sequence
N, =5
Ut MF for
——>| sequence .51,
N, =20
Qutput
U;(f) MF for
———>| sequence 3.51,
N, =40
U,..(t) MF for N
227 51 sequence @705, o TIs
N “ 202972

Fig. 5. Signal processing of Barker-like systems
of sequences

Table 1
Characteristics of some of the suggested Barker-like systems of sequences
Central-lobe Maximum normalized
. ) Example of
. width of ACF value of sidelobes of :
Sequences in the system in the result of ACF in the result of the suitable
S AP modulation
multiplication multiplication
N, =5and N, = 20 T /20 1,20 QPSK
N, =5, N,=20and N, = 40 Ty /40 1,/40 8-PSK
16-PSK or
N, =5, N,=20, N;=40 and N, = 80 Ty /80 1,80 16-OAM
N, =5, N, =20, N; =40, N, =80 i
and N, = 160 Ty /160 1,/160 32-QAM
N, =5, N, =20, Ny =40, N, = 80, i
N, = 160 and N, = 320 Ty /320 1,320 64-QAM

T — signal duration.
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Table 2
Example of using of the considered sequences in DSSS
Bit 1 0
Chips
-1 1 -1 -1 -1 —1 1 -1 -1 -1
(N,=5)
Chips
AN -1 - -] |- Tt -t 1|1 |-1f-1-1
(N2=2O)
QPSK |z|3z|x|x [5a|7x|7n|7e3x| n | x| & | & 3x| & | & | & |3x|3x|3x3x| & |3n|3n|7x|5x|5n|5n| & |3x|3x3x3xn| = |3n|3n(3n| x| x| &
phases |4|4|4|4[4| 44|44 |4|4|4|4|4[4|4|4|4|414|414|4(4|4|4|4|4|4|4]4|4]4|4(4]4|4]4]|4|4
Table 3

Comparison of Barker-like systems of sequences with complementary sequences

Parameter

Barker-like systems of sequences

Complementary sequences

The main principle of signal
processing

Multiplication
of results of matched filtering of
each sequence

Adding
of results of matched filtering
of each sequence

Quantity of sequences in
the system

L>2

L=2

Lengths of sequences in the
system

N, =5 (Barker)
N, =20202 =2 . L

N1 = N2 = 2"-10k-26m,
n>0, k=20, m=>=0, except for
thecasen=k=m=20

Maximum normalized value

of sidelobes of ACF in the 1,/(20-2572) 0
result of signal processing

Central-lobe width in the

result of signal processing Ts/Ny Ts/N,

Suitable modulation

2L-level shift keying modulation
(e.g., 64-QAM for L = 6)

4-level shift keying
modulation (e.g., QPSK)

a zero bit, it is necessary to invert only one chip flow,
which matches to the sequence N, = 20; the chip
flow for the sequence N, = 5 is constant and doesn’t
depend on the bit value. Generally, in such systems
may be inverted a certain odd number of chip flows,
but not more than the total number of these flows.

Comparison of Barker-like systems of
sequences with complementary sequences

One of the nearest analogs of the suggested
Barker-like sequences are the complementary
sequences. Their comparison is shown in Table 3.

Thus, by the criterion of value of ACF sidelobes
after signal processing, the proposed systems of
sequences are slightly inferior to known comple-
mentary sequences and equal to Barker sequences.
Another important factor in the application of the
proposed systems of sequences is noise stability of
a telecommunication or radar system. In the case
of application of such systems of sequences, after
signal processing non-stationary noise tends to ap-

pear if stationary noise is at the input (unlike com-
plementary systems, where after signal processing
the stationary noise appears). However, multipli-
cation of useful signals during signal processing
(used for Barker-like systems of sequences) may
give better noise stability than adding of useful
signals (used for complementary systems). The
issue of noise stability when using the suggested
Barker-like systems of sequences will be addressed
in further research.

Conclusions

The proposed systems of binary sequences
and signal processing using such systems make
it possible to obtain ACF-signals with the same
maximum normalized absolute value of sidelobes
as the one for the Barker sequences. It has been
established using computer modeling, that the
maximum length of binary sequences of such
systems is at least 320.

Comparison of the suggested sequences with
the known complementary sequences shows that
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both this types are complementary, but matched
filtering results in the case of the proposed
sequences are multiplied, while for the known
sequences the results are added.

Due to their properties after signal processing,
the suggested systems of sequences can be used
in the pulse-compression radar technology, in
synchronizing system, and in DSSS technology
for wideband signal forming and data transfer.

REFERENCES

1. Barker R. H. Group synchronizing of binary digital
sequences. Communication Theory, London, Butterworth,
1953, pp. 273-287.

2. Babak V. P., Bilets'kii A. Ya. [Deterministic signals
and spectra] Kiev: Tekhnika, 2003. (in Russian) [Ba6ax
B. II., bineupkuit A. f1. /lerepminoBani curnamm i crexrpu.—
Kuis: Texnika, 2003]

3. Gantmakher V. E., Bystrov N. E., Chebotarev
D.V. Noise-like signals. Analysis, synthesis, processing,
St-Petersburg, Nauka i tekhnika, 2005. [Tantmaxep B. E.,

Bricrpos H. E., Ye6orapes /[.B. Illymoriono6Hble CHrHAJIBI.
Anasnus, cunte3, ob6paborka.— Cankrt-Iletep6ypr: Hayka u
texHuka, 2005]

4. Golomb S. W., Scholtz D. A. Generalized Barker
Sequences. IEEE Trans. on Inf. Theory, 1965, vol. 11,
no 4, pp. 533-537. DOI: 10.1109 /TIT.1965.1053828

5. Nunn C. J., Coxson G. E. Polyphase pulse compression
codes with optimal peak and integrated sidelobes. IEEFE Trans.
on Aerospace and Electronics Systems, 2009, vol. 45, no 2,
pp. 775-781. DOI: 10.1109 /TAES.2009.5089560.

6. Turyn R. J. Hadamard matrices, Baumert-Hall units,
four-symbol sequences, pulse compression, and surface wave
encodings. Journal of Combinatorial Theory (Series A),
1974, vol. 16, no 3, pp. 313-333. DOI: 10.1016,0097-
3165(74)90056-9.

7. Holubnychyi A. Generalized binary Barker sequences
and their application to radar technology. Proc. of the Signal
Processing Symposium (SPS-2013), Poland, Jachranka, 2013,
pp- 1-9. DOI: 10.1109/SPS.2013.6623610.

Received 05.09 2013

O. . TOJYBHUYHH

Ykpaina, M. KuiB, Harionaspuuii aBiamiftamii yaiBepcurer

E-mail: a.holubnychyi@nau.edu.ua

BAPKEPOIIO/IIBHI CUCTEMM ITOCJIJOBHOCTEN TA IX OBPOBKA

3anpononoeano ma npoaHAaIi308aH0 HOBT cucmemu OIHAPHUX NOCATO08HOCMEN, KT OAMb MAKL K SAACTNUSOCTI
pynxuii asmoxopeaauii nicas o6pobxu cuznanie, uwo i nocaidosnocmi Baprepa. Pozeasmymo npunyun ix 06-
pPOOKU, WAAXU SUKOPUCTNAHHS 6 PAOIOCUCTEMAX, SUKOHAHO IX NOPISHANbHUU AHANI3 3 KOMNIEMEHMAPHUMU
nocai0osHoCMAMU.

Katouosi cnosa: nocaidosnocmi baprepa, xomniemenmaphi nocaidosnocmi, Kopeasyitini eracmugocmi, npudy-
wenns Glunux neocmox, 00podKa cuzHaLis.

A. T. TOIYBHUYHH

Ykpauna, r. Kues, HanmonasabHblil aBUalluOHHbIN YHUBEPCUTET
E-mail: a.holubnychyi@nau.edu.ua

BAPKEPOITIO/JOBHBIE CUCTEMbBI IIOCJIEJOBATE/IbLHOCTEN
N NX OBPABOTKA

IIpednosxenvl u NpoaAnAIUIUPOBANBL HOBBIE CUCTNEMbL OUHAPHBLX NOCAC008AMENbHOCME, KOMOopble 0aom maxue
JKe Ceolicmed (hyHKyuU agmoKoppessuuu nocie o6pabomxku cuzHaio8, 4mo u nocaedosamesvnocmu Bapkepa.
Paccmompenvt npunuun ux o6pabomxu, nymu UCNOIb308AHUSL 6 PAOUOCUCTNEMAX, GINOIHEH UX CPASHUMELLHDLIL
AHANU3Z C KOMNACMEHMAPHBIMU NOCAEO08ATNESbHOCTNSMU.

Knioueevie crosa: nocaiedosamensvnocmu deK@pcl, KOMnjiemenmapuole nOC/le()OBdme/leOCmu, KOppeasiuyuoHnvle
ceoticmed, nodasienue 60K06bLX Jienecmioe, 06}761607717661 CUZHAN06.

TexnoJornst 1 KOHCTPYNPOBaHUE B 3JIEKTPOHHOIT anmapatype, 2013, Ne 6

24



SIGNALS TRANSFER AND PROCESSING SYSTEMS

YK 621.396.962.3 /045

I. G. PROKOPENKO, Dr. Sci. (Techn), I. P. OMELCHUK, Yu. D. CHYRKA, V. Yu. VOVK

Ukraine, Kiev, National Aviation University
E-mail: prokop-igor@yandex.ru, omelip@ukr.net

FAST FREQUENCY TRACKING

A method of periodical signal frequency tracking by the frequency-locked loops is proposed. Increasing
of frequency adjustment accuracy is achieved by using of a new fast frequency discriminator, based
on estimates of an instantaneous frequency. Reasonability of an input signal pre-filtering in case of
nonlinear distortions, harmonics interferences and strong noise is proved.

Keywords: FLL, speed, frequency estimation, interference, adaptive filter, open loop.

Periodic signals processing is an important part
of electronic support measures (ESM) technologies
on which a variety of different modern technical
systems are based. Thus, the problem of frequency
synchronization in telecommunication systems is
still relevant [1]. The same applies to panoramic
receivers, the main feature of which is fast detec-
tion of signals with a priori unknown parameters
[2]. Coherent processing algorithms that are used
in the receiver require measurements of phase and
frequency of weak radio signals in the presence
of noise. Signals in Global Satellite Navigation
Systems besides have a large frequency (Doppler)
uncertainty at the receiver that is consequence of
the high relative satellite-to-receiver velocity [3].
The specificity of power systems of grid-connected
converter type is high-precision frequency tuning
to known nominal value and ensuring phase syn-
chronization [4—5].

In the most of above-mentioned systems, the
signal (x) can be considered as a single-tone (s)
with additive white Gaussian noise (1):

;
X;=8+M; = psin<zmﬂ+%)+m i=1,7,
i=0

where j — the current sample index;
p — the amplitude;
@, — the initial phase;
® — the unknown frequency that can vary in time;
T — the sampling period.

The measurement of these parameters is consid-
ered in [6] the main point of which is an algorithm
of instantaneous frequency estimation. It was this
work which became the basis of the present study,
where we solve the problem of improving perform-
ance of harmonic signal synchronization systems.
We propose a new frequency tracking method
based on estimation of instantaneous frequencies

and fast frequency-locked loop (FLL) system with
a new fast frequency discriminator (FD) and an
open loop to enhance the frequency tracking with
nonlinear element in the closed loop. We also
propose to implement the input signal pre-filtering
using an adaptive low-pass filter (ALPF).

At first we consider general principles of
frequency tracking with the use of phase-locked
loops (PLL) and frequency-locked loops. Then we
provide detailed description of the proposed system
and its structural elements. System effectiveness is
researched by computer simulations and analysis
of frequency tracking transient processes for dif-
ferent versions of the FLL. Finally, we prove it
necessary to use an adaptive filter for reduction of
noise, interferences and higher harmonics.

Basic methodology

The conventional synchronization technique
is based on the application of PLL which also
provides phase synchronization of reference and
generated signals. These systems generally in-
clude the three typical structural blocks: phase
discriminator, control unit (CU) and controlled
oscillator (CO).

The typical examples of such systems are three-
phase PLL-systems [4]. Although these systems
are fast and accurate under balanced conditions,
they become inapplicable when the utility voltage
is unbalanced. This circumstance leads to system
decomposition onto three independent channels
with individual parameters tracking [4]. The usage
of the single-phase PLL is typical for the above-
mentioned ESM-systems.

As it is said in [5], PLLs synchronize with the
phase of the input signal, and hence, the accuracy
and dynamical response of its estimation under
transient conditions are highly influenced by phase
jumps. An FLL, on the other hand, estimates the
frequency of the input signal, which does not
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experience such sudden changes and can acquire
and track signals which are at higher frequency
offsets than a PLL can. A significant improvement
of measurement ability in FLL is achieved by re-
ducing the parametric dimension of the problem.

The general approach to designing the FLL is
to adjust the output signal frequency to the refer-
ence signal frequency, which may be constant or
changed by an unknown law. It is similar to the
PLL, but a phase discriminator is replaced by FD

(see Fig. 1).
X
— v

X X Ao
—» ALPF » D » CU
A
J Ao
u y
“ CO

Fig. 1. Proposed fast FLL structure

There is also an open loop of an instantaneous
frequency ®* estimation of the reference signal
besides the closed loop and the ALPF of the ref-
erence signal. The digital harmonic output signal
(u) with the desired frequency is generated by
the CO, which is schematically shown in Fig. 2.

In order to approximate this model to real tech-
nical systems, it is considered that the dependence
of CO on the control signal adjusting characteristic
Ag; is nonlinear and generally can be represented
by functional transformation

where Aﬁj is an actual generator phase growth
at j-th step.

The instantaneous frequency of the output
signal equals

©, ;= A(Bj/t.
The current phase 6], of the output signal
u; = sin 5]. is formed in the block @ (see Fig. 2)

as the sum of all phase growths between the ad-
jacent samples

j
i=1
lA‘P./
u; ?, A,
<+— sing,; |« D |« G()

Fig. 2. Controlled oscillator block diagram

0. —» K

X, J (0]

Ao

Fig. 3. Control unit structure

The CU considered in the paper (Fig. 3) is the
simplest first order unit, which provides astatism
by frequency. The corresponding mathematical
model of the CU can be written as

;
Ag; =K, ZAmi + K0
i1

where K;, K — gains of close and open control loops,
respectively;
Aw. — the difference between instantaneous
frequency estimates of the reference
o, and output o', j signals.

Fast frequency discriminator

Frequency tracking speed in the FLL system
is largely determined by the inertia of the FD.
Usually the FD includes a mixer (multiplier) of
two signals connected in series with a low pass
filter [7] without direct frequency estimation.
The fundamental need for a filter to isolate low-
frequency component leads to considerable inertia
of a closed loop control. A transient process may
exceed approximately ten cycles of the harmonic
signal. Construction of the FD by zero-crossing
digital method also reduces adjustment time be-
cause data appearance tempo is only half of the
signal period.

The problem of FLL performance improve-
ment is solved in this study by using a new FD,
the block diagram of which is shown in Fig. 4.
Instantaneous frequency estimates of reference and
output signal are obtained independently in fast
frequency estimation (f_FE) blocks. It also allows
us to use the value of the instantaneous frequency
estimation of the reference signal in the open loop
control. Another considerable feature is absence of
a filter in opposite to the classical FD.

Digital instantaneous frequency measurement
receivers have been used for wideband monitor-
ing of radar environments in naval, airborne and

g o, o,
— f FE > — [« f FE
Ao, u; T
Fig. 4. The structure of the proposed fast frequency
discriminator
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ground-based ESM-systems all over the world for
over 50 years [8]. There are a lot of researches on
algorithms improvement at present time, but they
usually provide sufficient noise immunity only on
condition of significant observation interval and
can be based, for example, on Fourier and Hilbert
transforms. It is necessary to use algorithms that
can work with a short sample of signal, in par-
ticular, the one developed by authors of [6, 9].

These algorithms are based on an auto regres-
sion model of sine wave:

s, = 0 S, n=3,M, a=2cos(y),

n—1
where 7y is a phase shift between adjacent samples
of the signal. This phase shift is named normal-
ized frequency.

Auto regression model allows building the phase
shift estimate:

Vi) = arccos((B(T) + \/m>/2>,

where B(X) is calculated in M-size running win-
dow as

[Cxpyq + xk—1)2_2x/§]

J
B(¥)= 0.5
Z[xk(ka +xk—1)]

k=j-M+1

The next step is to select the value of y* located
in the zone of the method unambiguity (0, ©/2).
And finally, the real frequency is calculated as

£ =v*/(2n).

The single instantaneous frequency value at
a certain point j of discrete time is calculated
by f_FE algorithm on the basis of several (M in
number) previous consecutive signal samples (the
so-called “window”). The size of this window must
be at least 4 samples. Larger window sizes in real
systems increase stability in noise conditions.

For the current time j window models of ref-
erence and output signals, which are processed
parallel in two f_FE blocks, can be written in a
vector form:

X]. = {x]._MH, X ppar oo x].},
U]. = {uijH, Uinprar o u].}.

A model of the fast harmonic signal frequency
discriminator can be written as

(D;]' = Ew(X]')’ ,

u,j

5

Thus, sequential evaluation of the input proc-
ess instantaneous frequencies is performed by the
f FE in running window mode step by step for
each point in discrete time.

The appearance of the proposed fast FD leads
to a necessity of carrying out a specific research on
the influence of open loop and adaptive filtration
on effectiveness of frequency adjustment. Quality

mu,j!

of the frequency adjustment is determined by the
stability and duration of the transition process and
steady-state error.

Because the fast FD is a nonlinear element,
the behavior of the frequency closed loop control
cannot be accurately described in the framework of
classical control theory. Therefore, initial research
of the f_FLL, as the new system, is implemented
by computer simulation.

Open loop

First of all, it is necessary to point out
that in case of linear adjusting characteristic
(K, G(Ap;)) =1), only the open loop is enough
to carry out the frequency adjustment in an FLL-
system. Thus, close loop becomes unnecessary.
So from now on we shall consider the nonlinear
adjusting characteristic. As an example, we have
chosen the following expression:

A, = (M),

and the following general conditions for computer
simulations: the reference signal frequency range
is 25—400% of the nominal value of 1 MHz;
sampling frequency 50 MHz (t = 20 us); running
window size M=50, which corresponds to 1 cycle
of the nominal signal.

Fig. 5 demonstrates acceleration of the tran-
sient process by the open loop when the closed
loop gain is invariable K, = 0.012. It should be
noted, that this coefficient is almost proportional
to the t value.

The maximum value of the open loop gain
K, =0.9, with which the best result was obtained,
is close to the stability boundary for the given
frequency range (16-fold frequency variation). In
different situations, the duration of the aperiodic
transient process (up to 5% deviation level) is 3 to
5 signal cycles. There is a possibility to shorten this
time by simultaneously decreasing the frequency
range by means of increasing K  coefficient. It was
found that nonlinearity of quadratic and square
root functions leads to considerable dynamic range
narrowing from the point of view of its stability.

4

w

Frequency, GHz
—_ [\

0 3 10 15 20 25 30
Time, s
Fig. 5. Transient processes of the fast FLL with an open

loop for different K,, values:
e 0y == 0,55 0,9
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Adaptive filtering

The main disadvantage of the estimator [10]
is its sensitivity to interferences (in particular
higher harmonics) and noises, especially in low
frequency range. It is reasonable to use preliminary
filtering of input (reference) signal to reduce
the influence of such factors [10—12]. It is the
possibility to estimate the instantaneous frequency
in the proposed fast FLL that allows the filter
bandwidth adaptation to be carried out. It means
that coefficients {a}, {b } of the transfer function
H;=H,({b})/H, ({a 1) $hould be modified at each

step 7 by fllter synthesm laws
{aj} = Sa(‘”i,j)’ {b].} = Sb(a)j‘w).

Hence, the bandwidth depends on the obtained
frequency estimate. The adaptive filter as an ele-
ment of the fast FLL is shown in Fig. 6.

o,
X, X,
H,(la,}1b,})) —> Fig. 6. Adaptive filter

structure

As the preliminary research has shown, it is
preferable to use the first order Butterworth filter
as a low-pass IIR due to the advantages of the
former in operating speed and stability. Thus, it
is this filter we focus on hereafter.

The first fundamental reason to use the filter is
that it allows maintaining the maximum signal-to-
noise ratio (SNR) which can be reached because
the filter cutoff frequency (f, ) equals the signal
frequency. This can be seen from the graph of the
transient processes in Fig. 7 for SNR=10 dB. The
figure clearly shows that the system is virtually
inoperable with such noise level without the filter.

Using the nonadaptive filter adjusted to nomi-
nal frequency significantly reduces the frequency
tracking error for the low-frequency signal, but
worsens the precision for the high-frequency signal
by suppressing it. The adaptive filter decreases the
tracking error for the low-frequency signal even
more, and significantly improves precision for

6
N
s
O 4t
=
o
=
5]
=2 |
g
=
0 20 40 60
Time, ps
Fig. 7. Transient processes of the fast FLL with

sinusoidal reference signal:
without filtering; ----- with a nonadaptive filter;
with an adaptive filter

1,2
N
ani ;
O o8t
=
o
=i
<]
20,4
=t
=

0 40 80 120
Time, ps

Fig. 8. Transient processes of the fast FLL with

triangular reference signal:
----- without filtering; with an adaptive filter

1,0

Amplitude, V
o

Fig. 9. Visualisation of adaptation process
----- output signal; reference signal

the high-frequency signal. Minor loss at nominal
frequency, as compared to the non-adaptive filter,
is caused by instantaneous frequency fluctuations
and, respectively, cut-off frequency fluctuations.
It should be noted, that the presence of the filter
virtually does not delay the transient process of
the frequency jump.

The second positive effect of the adaptive fre-
quency filtering is the suppression of higher har-
monics, which enables to perform error estimation
of the main tone frequency of periodic nonsinusoi-
dal signals. This effect is considered further, on
an example of a triangular signal without noise.

Fig. 8 shows transient processes of the system
with and without filter. One can see that the
adaptive filter provides a sufficiently higher pre-
cision of tracking of the first harmonic frequency
of the triangular signal. Fig. 9 shows a fragment
of tracking of the output sinusoidal signal to the
triangular reference signal. As can be seen from
the figure, the thansient process lasts no more than
two cycles of lower frequency signal.

Properties of the frequency estimation
algorithm with pre-filtering

Above mentioned positive features of the new
FLL first of all depend on the precision of the
frequency estimation of the disturbed reference
signal. Therefore, the behavior of pre-filter and
estimator as a pair must be analyzed in more detail
for different input processes.
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Frequency estimation errors in the presence
of the harmonic interference

The appearance of an additional harmonic &
with different frequency f. and power P, consid-
erably decreases the estimation accuracy because
the algorithm does not have any filtering proper-
ties. Fig. 10 shows the graph of the estimation
mean which depends on the frequency ratio and
the signal to interference power ratio m (fg/ fe
pg/Ps) when the noise is absent. Estimafions
randomness is caused by randomization of the
signal and the interference initial phases and the
standard deviation lies within 9% zone relative
to the nominal frequency. The obtained surface
of the estimation mean m(-) is characterized by
smoothness, and one-dimensional dependencies
m;(f./f) at P./P¢= const are characterized by
high enough linearity.

Fig. 10. Estimation mean for the harmonic interference

It was found that frequency estimations are
virtually independent of the window size and the
sampling frequency, if such frequency is much
higher than fg and f.

It should be noted, that in this situation there
is no point in studying the pre-filtering, because
it is quite enough to determine the signal to in-
terference power ratio from amplitude-frequency
characteristic of the filter and directly address the
function mAfz/fs, Pe/Ps).

Influence of frequency deviation
on estimation precision

In the case of the locally non-stationary signal,
when its actual instantaneous frequency (IF) is
significantly varied within a single window, the
estimation depends on the variation degree. For
example, in the case of the linear deviation, the
frequency estimation approximately equals to the
medium value between the initial (f,) and the
final (f,) frequencies of the window:

=, + )2+ Af.

The character of deviation Af* is shown in
Fig. 11. The charts for each window size (8, 16,
32, 64) are different because of the difference in
phase distances between the samples.

0.8
To/Te

Fig. 11. Frequency estimation with deviation for
different window size

Reasonability of the input signal pre-filtering

In actual practice, the correlative noise proc-
ess is formed by pre-filtering before using the
frequency estimation algorithm. An input pa-
rameter for research is the signal-to-noise ratio
SNR = P /o2, where ng is the variance of the
additive white Gaussian noise.

The graph of the estimation mean (Fig. 12)
for the 15t order low-pass filter (LPF) shows a
sufficiently larger working area near nominal fre-
quency in comparison to the case, when the LPF
is not used.

Fig. 12. The estimation mean for the 1t order
preliminary LPF (f, — cutoff frequency)

This can also be confirmed by the mean square
error (MSE) of frequency estimation (Fig. 13, a).
The surface is characterized by the reduction of the
argument of the MSE function minimum, while
SNR is increasing. This means that greater signal
suppression by the filter is allowed.

Some decrease of the error mean can be achieved
by reducing the sampling frequency and the
number of samples in the window. But we must
remember that reducing the number of samples
generally causes the increase of the MSE.

The 2™ order LPF can be considered as more
efficient in use. The MSE surface for such filter
is shown in Fig. 13, b. Such MSE value, in com-
parison to Fig. 13, a, decreases 2 to 3 times at the
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2,5

3,0

Fig. 13. The mean square error for the 15t (@) and the
20d (p) order preliminary LPF

points of optimum, but if the cutoff frequency £,
is less than 0.7f¢, the MSE increases much sharper.

The application of a band-pass filter allows us
to further reduce the MSE at optimal points, but
requires a precise coordination of frequency tuning
to a range of possible signal frequencies. According
to research results for the 15t order band-pass filter
with a 20% bandwidth, the prior uncertainty range
should not exceed 0.8—1.2 relative to the true
frequency value. When the 2" order filter is used
or the bandwidth is narrower, the requirements
for prior knowledge become stricter.

Improvement of non-harmonic signals
estimation

As it was mentioned earlier, pre-filtering is
also useful for estimation of frequency of periodic
non-harmonic signals, the main feature of which
is presence of higher harmonics. For example, the
MSE surface of estimation of square wave fre-
quency after the 15t order LPF is shown in Fig. 14.

As it can be seen, there is a gradual shift of
£ towards zero, due to the negative value of the
second derivative of response of the LPF in the
high frequency range. Without pre-filtering the
errors of square wave frequency estimation (even
without the noise) exceed 50%, which proves the
reasonability of application of pre-filtering.

Fig. 14. The MSE for the 1% order preliminary LPF

It was found that the value of the MSE for
trapezoidal signals (which have much smaller
harmonics), decreases 4—6 times in comparison
to the meander.

Detection of the signal frequency modulation

A great feature of the algorithm is a sufficiently
accurate estimation at intervals (windows) equal
to a period of the signal [6] and even at a half
period when the noise level is low, which brings
us nearer to the actual IF and provides the oppor-
tunity to observe its modulation over time. This
property is investigated on the example of a linear
frequency-modulated (LFM) signal processing with
pre-filtering by the 1t order LPF. The results of
measuring the IF of such signal with the frequency
that varies from 0.9 to 1.8 MHz during the time
interval of 10 ms with the sampling frequency of
16 MHz are shown in Fig. 15. The MSE is obtained
by averaging of differences at each signal sample.

160
N
s
= 120
SR
80
= - 1
40 | .
<
. : B
e 3 30 A0
1,0 ’f MHz
co’

Fig. 15. The MSE for the LFM signal

Conclusions

The application of the new frequency discrimi-
nator with an estimation of instant frequencies of
reference and generated signals allows adding to
the FLL-system an adaptive filter of the reference
signal and an open regulation contour. Small lag-
ging of blocks of the instant frequency estimation
and the open regulation contour provide fast fre-
quency tracking. The speed of a transient process
reaches 3 to 5 cycles of a signal. The adaptive
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pre-filtering allows increasing the signal to inter-
ference ratio at FLL-system input and improves
the accuracy of frequency tracking. The applica-
tion of the 2" order band-pass pre-filter is only
reasonable for a small prior frequency ambiguity
range (not more than 20%), while in other cases
the 15t order low-pass filter is more preferable.
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SUBSURFACE AND THROUGH-WALL SAR IMAGING
TECHNIQUES FOR GROUND PENETRATING RADAR

This paper presents some useful signal processing and synthetic aperture radar imaging techniques for
ultra-wide band (UWB) ground penetrating radar. Novel UWB antenna structures are experimentally
designed in this work. Raw and processed data collected in the course of experimental studies of
subsurface sensing and through-wall imaging scenarios are demonstrated in B-scan and C-scan target
images.

Keywords: ground penetrating radar, synthetic aperture radar, subsurface imaging, radar signal

processing.

In the last decades, ground-penetrating radar
(GPR) has become a leading non-destructive
testing (NDT) technology for the detection,
identification, and imaging of subsurface artifacts,
abnormalities, and structures such as pipes, mines,
gaps, water channels, oil wells, tunnels, and
roads. It has a very broad range of applications,
including geophysics, hydrogeology, archeology,
mine detection, civil engineering, transportation,
security and remote sensing [1 —4]. GPR perform-
ance is associated with the electrical and magnetic
properties of local soil and buried targets as well
as with implementation of the GPR hardware and
software. The frequency band of the GPR signal
is the key factor for the detection performance.
Higher frequencies are needed for better resolu-
tion, nevertheless lower frequency bands are pre-
ferred to detect something buried too deep due to
the dramatically increased wave attenuation in the
soil with increasing frequency. Thus, ultra-wide
band (UWB) GPR systems that transmit short
impulse signals are proposed primarily to benefit
from both low and high frequencies [5].

The impulse durations can vary from a few na-
noseconds to a hundred picoseconds corresponding
to a broad spectrum from 100 MHz to 10 GHz.
It can be extended up to 15 GHz for stepped-
frequency GPR systems, which may use microwave
tomography methods for high resolution imaging
[6]. Therefore, the stepped-frequency (SF) tech-
nique offers some distinct signal processing bene-
fits compared to the time-domain GPR systems,

This work was supported by grant 110E222 of TUBITAK (The
Scientific and Technological Research Council of Turkey)
research fund.

such as higher dynamic range and more effective
control of the source frequency spectrum. Apart
from increased resolution and increased depth
of penetration, the signal spectrum received by
SF-GPR provides the advantage of reading the
real and phase parts, which can be made use of
in analyzing subtle and complex inhomogenei-
ties, particularly when carrying out tomographic
inversion [7].

The subsurface target detection and imaging
performances of the GPR depend significantly on
the convenient design of UWB transmitter and
receiver (T /R) antennas to radiate efficiently the
GPR impulse signal into the buried or concealed
target [8]. The antennas must have a flat, high-
directivity gain, a narrow beam, and low side lobe
and input reflection levels over the operational
frequency band to reach the largest dynamic range,
best focused illumination area, lowest level of T /R
antenna coupling, reduced ringing, and uniformly
shaped impulse radiation.

Synthetic aperture radar (SAR) is a well-
known technique which uses signal processing to
improve the resolution beyond the limitation of
physical antenna aperture [9]. In SAR, forward
motion of actual antenna is used to ‘synthesize’ a
very long antenna. SAR allows the possibility of
using longer wavelengths and still achieving good
resolution with antenna structures of reasonable
size. SAR is very useful over a wide range of ap-
plications, including sea and ice monitoring, min-
ing, oil pollution monitoring, oceanography, snow
monitoring, classifcation of earth terrain etc. [10].

In this study, a UWB SF-GPR system sce-
nario is designed and realized by Rohde Schwarz
ZVL-13 network analyzer. The network analyzer
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sweeps a wide signal band between 10 MHz and
15 GHz with 201 frequency steps. The continuous
SF method is applied. The UWB transmitter and
receiver antennas designed for this GPR system
are the partial dielectric loaded transverse electro-
magnetic (TEM) fed ridged horn (PDTEM-RH)
and Vivaldi shaped TEM horn (PDVA). Due
to GPR data collecting process for B-scan plots
requires simultaneous measurements, Basic macro
codes are evaluated for data acquisition from the
network analyzer to the PC. Moreover, by using
the constructed SAR scenario, B-scan and C-scan
images of subsurface and back wall objects with
better resolution are exhibited in figures.

Antenna systems and measurements

The PDTEM horn, PDVA horn and array com-
binations have been introduced by A. S. Turk as
efficient UWB impulse radiators operating from
150 MHz up to 10 GHz [11—14]. In this work,
novel TEM and ridged horn antenna versions,
which are operating in the frequency band of
400 MHz — 18 GHz, were designed with enhanced
gain and VSWR performances. The measurement
bandwidth is 10 MHz — 15 GHz. The antenna
gain is sufficiently high and almost stable over
the wide band. Instead of using dielectric aperture
filling methods (i. e. hemispherical lenses) that
increase the physical dimensions and weight of
the antenna, the partial dielectric lens loading has
been proposed for TEM horn and double-ridged
horn antenna (DRHA) models to improve the gain
performance and to eliminate radiation pattern
deterioration without significant changes on the
antenna sizes and weight.

It is shown that PDTEM and PDTEM-RH
designs are highly suitable for multi-band GPR
operations, due to advantages of up to 10 dB
enhanced gain performances (in comparison with
standard RH) over 1:40 bandwidth ratio.

Data acquisition and simultaneous test
measurement

This study is devoted to data transfer from the
network analyzer to the PC, signal processing tech-
niques for transferred data, and post-processing by
SAR algorithms. The network analyzer is set up
for instantaneous measurement. However, B-scan
GPR process requires simultaneous measurement.
Thus, desired simultaneous measurements are col-
lected by “for loop” written in Basic macro code.
The measurement number is defined as 200. Also,
the time interval between the simultaneous meas-
urements is implemented by “sleep” command.
This interval is set to 50 milliseconds.

An indoor test pool facility consisting of a wood
box filled with dry soil has been constructed at our
microwave research laboratory. The dimensions of
the soil pool are 3.2x1.2x0.3 meters. The transmis-
sion coefficient S, is measured by the network
analyzer over the operational band. For B-scan
and C-scan images data, S,; must be dependent

on time. Therefore, the inverse Fourier transform
of S, is applied to obtain matrix

The mathematical representation of “ifft” com-
mand is given as

L= —2njkn

1 1
T:W7§521 eXp- N ) (2)

where k represents the sampled points in the
time domain, n represents the sampled points in
the frequency domain, and N is the number of
sampled points.

The background signal can be considered as a
calibration or the reference signal for amelioration
of the image of collected data. This signal consists
of the direct pulse from transmitting and receiving
antennas, ringing from the antennas, and clutter
from other objects (not targets) that reflect the
electromagnetic energy within the antenna beam
width. The clutter can be minimized by using
lower band radiator antennas. Nevertheless, this
case will degrade the image resolution, which will
cause hard-recognition of small buried objects. To
reduce the clutter effect on B-scan plot, the refer-
ence signal is collected at the non-target position
of the soil pool. If the transmission coefficient
S,y dependent on time is symbolized by «a, then
background removed A-scan signal is calculated as

@ =L3a) 3)
ag(z) = Ni=1di(2’
agr (2) = a (z) — ag (2), (4)

where ap represents the non-target background
signal; q; is each A-scan data obtained from initial
clear region and N is its number, and app cor-
responds to background removed A-scan signal.

Then, the absolute of background removed
T matrix is plotted by “surface” command and
B-scan image is obtained:

B =T|. (5)

As shown in Fig. 1, the test measurement system
of SF-GPR uses PDVA horn shown in Fig. 2 as

Fig. 1. Measurement set up with network analyzer
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Fig. 2. Vivaldi shaped TEM horn design

Table 1
Test scenario of the buried objects
Buried objects

Parameters | pjastic | Water Metal Glass

pipe pipe sheet | (bottle)
Distance to
reference 60 120 180 240
point, cm
Depth, cm 3 3 3 3
Position Vertical | Horizontal | Horizontal | Vertical
a)

b)

Fig. 3. B-scan measurement:
a — background removed; b — compressed sensing;
¢ — data with impulse GPR

T/R antenna head. A typical metal plate separa-
tor is used for shielding between antennas so that
coupling signal reduced. Buried objects scenario
is given at Table 1. Measurement results of the
B-scan data are plotted in Fig. 3, a, which can be
seen successfully on the parabolas of the buried
objects.

The reference signal is collected at the start
point of the soil pool, although there can be slight
differences between start and stop locations be-
cause of the heterogeneity of the soil. Fig. 3, a
shows that four different types of objects can be
detected clearly, and it is observed that metal plate
reflects more signal as compared to other objects.

Another graphical representation of determin-
ing of position of the object is cumulative distri-
bution, which represents the sum of vertical data
changes on B-scan measurement data. As shown
in Fig. 4, there are four peak points, which cor-
respond to the correct cross-range positions of
the buried objects. On the other hand, the com-
pressed sensing technique is applied to collected
data and four parabolas in Fig. 3, b are obtained
more clearly than the image in Fig. 3, . Obtained
B-scan image by impulse GPR is given in Fig. 3, c.

For SAR test scenario, four objects (U-shaped
metal strip, metal plate, water glass and dielectric
plate) are buried as defined in Table 2. The operat-
ing principle scheme of fictive antenna array for
SAR algorithm is shown in Fig. 3.

To obtain SAR beam of antenna at each scan
point, a balance phase term is added to S, pa-

0,08

0,06

0,04

0,02

Sum of vertical data

0 40 80 120 160 200
Horizontal distance, cm

Fig. 4. Cumulative distribution of the buried objects

Table 2
Test scenario of SAR
Buried objects
Parameters | (/shaped | Metal | Water |Dielectric
metal strip | plate | glass plate
Size, cm 20x30 10x10 6x20 10x12
Distance to
the reference 80 150 184 220
point, cm
Depth, cm 1 15 1 2
Position Horizontal

34
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Fig. 5. Operating principle of fictive antenna array on
SAR progress

rameter depending on the distance from location
of nth antenna to target point given as

R, =y H:+ (nd)?, (6)

where H# and d are vertical distance from location
of reference antenna to target point and distance
between antennas, respectively.

Difference between the distance from location
of each antenna to the target point and the distance
from location of reference antenna to the target
point is given as

AR,= R,—H;. (7)
Then, SAR effect to S parameter can be cal-
culated as
N

So1sar = 2521 exp (JRAR,), (8)
n=1

where k& and N are the wave number and the
number of antennas, respectively.
Also, SAR length of this process is calculated as

Lsyr= Ny. 9)

Three slices obtained from C-scan structure are
given in Fig. 6. In this figure, the buried objects
are clearly visible. Since the location of metal
plate is deeper than the other objects and the soil

Water Glass

Depth

U-shaped Strip

Metal Plate

40 60

0 20 Length

Fig. 6. SAR images for four buried objects
(see in color on page 3 of the cover)

Depth

d{= 28 cm

V4

]-d3:21 cm

d,= 65 cm

Fig. 7. Body model for TWI SAR operation

0 10 20 30 40 50 60 70 80 90 100
Length

Fig. 8. C-scan slices of TWI SAR images
(see in color on page 3 of the cover)

5 — |
Width 327 170

Fig. 9. Slices for the head and the trunk of the model
(see in color on page 3 of the cover)

has high loss, the reflection from the metal plate
is seen lower than U-shaped strip.

The other SAR application of our work is in-
vestigation of body model behind the brick wall.
This target object model is shown in Fig. 7. The
width of the wall is 50 cm. The distance from the
wall to the target is 60 cm. The wall is almost
homogeneous.

The C-scan slices of through-wall imaging SAR
operation are given in Fig. 8. In this figure, it is
seen that there is no object on near zone of the
back wall, and the target body model behind the
wall is clearly visible. The head and the trunk of
body model can be seen in Fig. 9. It is seen that
through-wall imaging SAR operation gives better
resolution than the conventional GPR operation.

Conclusion

The target detection and signal processing
performances of the ground penetrating radar are
presented by using novel UWB partial dielectric
loaded horn designs. The subsurface and through-
wall imaging of the buried target objects are
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demonstrated by using adaptive signal processing
techniques in our GPR test scenario. It is shown
that background removal, compressed sensing and
SAR techniques provide enhanced resolution for
imaging objects at different depths using novel
antenna designs.
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METOAN OTPUMAHHA PCA-SOBPAKEHD
3AXOPOHEHUX OB’EKTIB AJIA TEOPA/TAPA

Y cmammi npedcmaeneno memodu 06pobku cuznaiy ma OMPUMAHHS 300PAKEHb 3d  OONOMOZON
padioaokauiiunozo cunmesysanns anepmypu (PCA) oas nadwuporxocmyzosozo (HIIIC) zeopadapa.
3anpononosano mnosi HIIC-awmenni cmpyxmypu. Pe3yiomamu excnepumenmaniviozo 00CAI0KeHHs
Memodie NidnoeepxHea020 30HOYEAHHs 00'EKMIG, WO 3HAXOOIMBCS NIO 3eMAEI0 T 3d CMIHO0I0, NPEOCmAasIeH]
Y 8uzan0i 306paxens, ompumanux B- ma C-ckanyeanusn.

Kaouosi criosa: zeopadap, padiookamop 3 cunme3oeanoio anepmypoio, nionogepruese ompumanis 300pa-
JKenv, 06pobka padiooKayilinoeo cuznary.

M. Unal, A. Caliskan, A. S. Turk, P. O. Bakbak

Turkey, Istanbul, Yildiz Technical University

E-mail: mehmetu@yildiz.edu.tr, acaliskan@yildiz.edu.tr,
asturk@yildiz.edu.tr, pozkan@yildiz.edu.tr

METO/IbI IIOJIYUEHUA PCA-U3OBPAKEHUI
3AXOPOHEHHBIX OBFbEKTOB JId TEOPA/TIAPA

B cmamove npedcmasnernvr memodor 06pabomxu cuznaid u NOAYUeHUs UI0OPAKEHUL NPU NOMOWU PAOUOLOKA-
uuonnozo cunmesuposanus anepmypo. (PCA) oasn ceepxwupoxononocrozo (CIIIT) zeopadapa. ITpednoxervl
nosvie CILIIIT-anmennvie cmpyxmypul. Pesyavmamor sxcnepumenmanvrozo ucciedosanus memooos noonosepx-
HOCMHO020 30HOUPOGAHUS. 00BEKMOB, HAXOOSIWUXCS NO0 3eMAell U 3d cmeHol, npedcmasaenst 6 gude u3obpaxe-
Huil, noayuennvlx B- u C-ckanuposanuem.

Kmouesvie crosa: zeopadap, paouoioxamop ¢ cumme3uposamnol anepmypoil; noonosepxHOCMHoe NOAYUeHuUe
usobpaxenutl, 06pabomra paduoIOKAUUOHHO20 CUZHAIA.
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YK 621.371:621.37

/. m.n. O. B. BOH/JAPEHKO, 0. m. n. b. 1. KOCTHUK, k. m. n. /[. H. CTEIIAHOB, E. B. JTEBEHBEPT

Yxpauna, Onecckas HanmoHaJsbHas akagemus cBsa3u uMm. A. C. Ilomosa
E-mail: vols@onat.edu.ua

IKCIVIYATAIIMOHHDBIE ITOKA3SATEJIN KAUECTBA
TPAHCIIOPTHON TEJEKOMMYHUKAIIMOHHOU
IMIEPBUYHOUM CETU YKPAMHDBI

I pusedenvr cmamucmuueckue dannvie 0 KOAUUECMEE, NPUUUHAX U XAPAKmMepe NOB8PeKOeHull No03eMHbIX
60JIOKOHHO-ONMUUECKUX JUNHUL C8A3U, KOMOPbIE ABAAIOMCS. OCHOBOU MPAHCNOPIMHOU MESeKOMMYHUKAUU-
onnol nepeuunoi cemu na npumepe Honeyxoti u Jdyzancxou obaacmeti 3a nepuod ¢ 2001 no 2010 200vL.
Cpasnenue 3navenuil IMux XapaKkmepucmux co 3HAYEeHUAMU AHAL0ZUdHbLX napamempos 3a 2001 — 2005 ze.
no360.151eM PA3PAGOMAMb PEKOMEHOAUUU NO NOBHIULEHUIO HAOCKHOCTNU MENCKOMMYHUKAUUOHHBIY Cemel.

Kniouesvle cioea: 6010KOHHO-ONMUUECKAS AUHUSL CB8A3U, MPAHCNOPMHAA MENEKOMMYHUKAUUOHHAA Nepeuy-

Hds cembv, IKCNIYdmauuoHHvle noxkdsameiu Kxavecmeda pd607’)’lbl, cmamucmuyeckue Oanmie.

3azaua obecrieueHnsT HaJeKHOCTH KabGeJ bHOI
TEXHUKH BKJIOYAET B ce6sI MMUPOKHUI KPYT BOIPO-
COB, CBSI3AHHBIX C IIPOEKTUPOBAHHEM, CTPOUTEJIb-
CTBOM U TEXHUYECKOH sKcCIIyaTalueil, a Takxe
pa3paboTKOIl W MPOM3BOJICTBOM €€ 3JIeMEHTOB. B
MEepPBYIO OYEpE/b 3TO OTHOCHUTCS K BOJIOKOHHO-
ornrnyecknM juausIM cBssu (BOJIC) [1].

Pacuer mapamMeTpoB HaJIe}KHOCTU TTPOEKTUPYe-
Mbix BOJIC craHoBHTCS BO3MOMKHBIM Ha OCHOBE
c6opa 1 06paGOTKK IKCILTYaTAIIMOHHBIX CTATUCTH-
YeCcKUX JaHHBIX O BPeMeHW, AJUTEIbHOCTH, KOJIH-
YyecTBe, XapakTepe U MPpUYNHAX TTOBPEXKIeHU /1eli-
CTBYIONIMX JUHWI. JTH JAHHBIE TI03BOJISIOT YCTaHO-
BUTD CPETHECTATHCTHYECKIE SKCTLTyaTallMOHHBIE TIO-
kasateau kadectBa BOJIC: mJIOTHOCTD TTOBPEXK/IE-
HU, THTEHCUBHOCTb OTKA30B, CpeHee BPeMs BOC-
CTAHOBJIEHUS CBSI3U ly ¢p U CPEIHEE BPeMs 1OJHO-
IO BOCCTAHOBJICHUS CBS3H Lyp cp-

B pszne pa6or, nanpumep [1—4], o6ocroBanbl
MOAXO/IbI K OIPEeJeJeHNI0 CTATUCTUUYECKUX TIOKa-
3aTesiell KauecTBa pabOThl BOJOKOHHO-OTTHYECKUX
JuHnit cBsas3u. B yactHocTM, B [1] mpuBemeHbl
CTaTUCTUYECKUE TIOKA3aTeNN HaJeKHOCTH TpaHC-
nmopTHOW mepBuuyHOU cetn [lomemnkoit, Omecckoit
ta JIbBOBCKOI o6JiacTell 3a JMeCATHJIETHWI IepH-
on skciryatanuu.B pa6ore [2] mpuBeneHbr cra-
TUCTHYECKHUE JaHHble XapPaKTePUCTUK HAaIeKHO-
CTH 3a MATAJETHUH CPOK 3KCILTyaTalluu TO/I3€M-
Hpix BOJIC Ha 6a3e 6pOHMPOBAHHBIX M HEOPOHU-
POBAaHHBIX ONTUYECKUX Kabeseil TpaHCIIOPTHOM Te-
JekoMMyHUKarmonHol nepsuunoii (TTIT) ceru cBs-
31 YKpaunbl, a Takxke /lonerkoit u Jlyranckoit o6-
gacreit ¢ 2001 roga o 2005 rox. B [2] ykasano,
YTO ATU JAHHBIE BO3MOKHO MCIIOJIb30BAaTh B IIEP-
BOM TPHUOJMKEHUU IS pacyera 3KCIIyaTalioH-
HBIX TOKa3aTesell KauecTBa palbOTBHI MOJA3EMHBIX
BOJIC [lounenkoii, Jlyranckoi o6iacreit u Bceit
Ykpaunsl B 11e710M. OZHAKO, JOCTOBEPHOCTD ITHX
CTATHCTUYECKUX IKCIIYaTAIIMOHHBIX MOKa3aTesei

KavyecTBa PabOTbl, KOTOPbIe XapaKTEPU3YIOT Ha-
nexxanoctb BOJIC, He aBaAg0TCI OKOHYATEIbHBIMU
u Hykzaaercda B yrounenun [1, 2]. Kpome toro, B
M3BECTHON aBTOpaM JIUTEPAType OTCYTCTBYIOT WC-
XO/IHbIE MaTEepPUaJIbl JJs1 pacyeTa 3KCIIyaTalnoH-
HBIX ITOKasaTesjell KadecTBa PabOThl KabGeJbHBIX
BOJIC Ykpaunbl.

[Toatomy 1enbio HacTosimieil paboThl SIBJISETCS
nosryyenuie 6oJiee JOCTOBEPHBIX UCXO/IHBIX JAHHBIX
JUIS pacdera rokasaresiell KadecTBa paGOThl MOJI-
3emubix BOJIC Ha ocHOBe 06paGOTKU CTaTUCTHYE-
CKMX JAaHHBIX 00 3KCILTyaTaluu TPAHCIIOPTHON Te-
JIEKOMMYHHMKAITMOHHON MEePBUYHON CeTH Y KpauHbl
Ha npumepe Jlonerkoit u Jlyranckoii obJacreii 3a
nepuog ¢ 2001 mo 2010 roapr.

[l uncnenroro Beipaskennst Hageskaoctn BOJIC
UCIIOJIB3YIOT PA3HOOOPA3HbIE XaPAKTEPUCTHKH, COBO-
KYITHOCTH KOTOPBIX TI03BOJIsIET HAanGoJIee TI0JTHO Olle-
HUTD €€ Ha/IeXKHOCTb KaK CUCTEMbI UJIN OIITUYECKOTO
kat6ens (OK) kak uznemms. HazexHOCTb KaGebHOM
JIMHUM TIPU SKCILIYaTAllUl 3aBUCUT OT KAayecTBa He
TOJIbKO KabeJisi, HO TAaKJKe U BCEX APYIUX YCTPOUCTB
U 3JIEMEHTOB, KOTOpbIE BXOJAT B ee coctaB [1—3].

Pasnoo6pasue ycaoBuii MECTHOCTH, T/i€ TIPOXO-
qut tpacca BOJIC, npuBoauT K Heo6XOAUMOCTH
MPUMEHEHUs Ha OT/EJbHBIX €€ Y4acTKaX pa3HbIX
KOHCTPYKIIMI ONTHYECKOro Kabess U Pa3HbIX Me-
TOMOB ero mpokJaaku. [losTtomy mpm orenke Ha-
nexxkaoctu OK, B 3aBUCHMOCTH OT MecTa MPOKJIa-
KM, KaGeJu TPYHIHUPYIOT MO THIaM: GPOHUPOBAH-
HbIE, KOTOPbIE TTPOKJIAIbIBAIOTCS HETIOCPEICTBEHHO
B IIOYBE MM B KabGeabHOI KaHaau3aluu, ¥ He6po-
HUPOBAHHBIE, KOTOPbIE TTPOKJIAbIBAIOTCS B CyOKa-
Haje KabeabHoU KaHaamsarmu [1, 2].

VHTEeHCUBHOCTD OTKA30B TPU TOBPEXKIEHU-
ax man aBapugx BOJIC na 1 kM Tpaccel 3a 1 yac
OTIpeiesIsieTCs 110 BhIpaskeHuIo [3, c. 44; 5, c. 515]

_ m
=760 100" (D
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rje m — ILIOTHOCTb OTKa30B (IOBpeXAeHUN M/In
asapuit) BOJIC, npuxoasimascsa na 100 kM Tpaccsr
B roz (8760 — KOJMYECTBO YacoOB B TOAY).

B cootBerctBum ¢ [3, ¢. 37; 3, c. 514]

N
L
rae N — xommnyectBo otka3oB Ha BOJIC Ha mpotske-
HUHU TOJIA;

L — JUINHa JIMHUA B KUJIOMETPax.
C yuerom storo dopmyay (1) mpexcraBum B
BH/IE

A= 3

_m
8760L °

CpenHee BpeMsI BOCCTAHOBJIEHHS CBSI3U OIpe/ie-
jgstercs Kak [3, ¢. 36]

1
tBCp = Wztsi’

i=1

(4)

Ta6auma 1

Pacnpedenenue no mecayam Koauuecmed nogpexoenull
cemu ¢ npepvieanuem ceau 6 [loneuxoi u Jyezanckoi
obaacmsax 3a 2001 —2010 2.

KoJmmuecTBo HOBpEKAeH ¢ IpepbIBaHUEM
CBA3U
8 2] 2

R S lg] 5| 2] 2] 2 2 88 &

RS EEEEREEE

Rlg| 7= <|3|o|F| =

Jlonerkasa o6JiacTb
2000 |~ [ [-[=[-T=-T1[=]=-T-T-1—
2002 | — | —|—|t]|—=|—|—=|—|—|—|—|—
2003 | —|—|—|—|—|—|—|—|—|—|—|—
2004 | — | —|—|—|—|—|1]|—=|—=|—|—1|—
2005 | —|—|—|—|—|—|—|1|1]|—|—|—
2006 | — | —|— |1 |—=|—|1|—|—|—|—|—
2007 | —|—|—|—|—|—[2]3|—|—|—|—
2008 | — | —|—|—|—|—|1]|1|—=|1]|—|—
2009 | — | —|—|—|—|2|—|1|1|—=|—|—
20100 | — | —|—|—|—|—|—|—|1|1]1]—
Jlyranckast 06J1acTh

2000 |—[1 [t [1[=T=[=-T=-T]=-T-T-1—
2002 (1| —|—|—|—|—|—|—|—|—|1]~—
2003 | — | —|—|1|—=|2|—|—|—=|1]|—|—
2004 | — || [ [=[1]1][-]-[-]-1]1
2005 | —|—|—|—|—|—|—|—|—|—|1]|—
2006 | —|—|—|—|—|—|—|—|—|—|—|—
2007 | —|— |t |—=|—=|—|—=|—|—|—|—|—
2008 | — | —|—|—|—|1 |1 ]|—=|—=|1]|—|—
2009 | — | —|2|—|1|—|—|—|1|1]|—]|—
2000 | — | —|— |1 |—=|—=|—|—=|—=|—1]2]|—

BpEMSI BOCCTAHOBJIEHHSI CBSI3U IIPH i-M IIO-
Bpexaenun (aBapun);

N — xosmuectBo orkas3oB Ha BOJIC B Teuenue 3a-
JIaHHOT'O BPEMEHH.

rae ty,; —

AHATOTUYHO Ompe/essgeTcd W cpeaHee BpPeMs
[OJIHOTO BOCCTAHOBJIEHUS CBSI3H Ly o).

Hamu npoanaimanpoBaHbl CTATUCTHYECKUE JIAH-
HbIE O KOJIMYECTBE TIOBPEXKIEHHIT TI0 MECSITIaM TPaHC-
IIOPTHOH TeJeKOMMYHUKAIIMOHHON [IePBUYHOII ceTn
Honenxoii n JIyranckoit o6sacteli ¥ KpauHbI 3a Tie-
puoj ¢ 2001 o 2010 rozx ¢ yuerom [2, 3]. IToT ana-
JIn3 TIOKa3aJi, uto 1o cpaBaenuio ¢ 2001 —2005 rr.
B niepuoji ¢ 2006 mo 2010 rr. KOTMYIECTBO MOBPEXK-
JIeHUIl B BeCEHHe-JIETHUI MTePUO/] YBEJINYUIIOCH HA
72 %, a B ocenne-auMHMiT — Ha 42 % (Tada. 1).

Cremyer OTMETHTb, YTO B HACTOAIEE BpPeMs B
YKpauHe elile He B TIOJHOU Mepe CJ0XKUIACh TTPaK-
TuKa otenku jgouu otkazoB BOJIC B o6iem uuc-
Jie moBpeskaennii TTII. ITo B 3HaUUTENHHOU CcTETe-
HU 0OBSCHSIETCS, C OJTHOM CTOPOHBI, CDABHUTEJIBHO
no3gauM BHeaperneM BOJIC B TpaHcnopTHO# Te-
JIEKOMMYHUKAIMOHHON CEeTH Y KPAauHbI U OBICTPHIM
TEMIIOM 3TOrO IIpoIiecca, a ¢ APYroi, TPyJAOeMKO-
CTBIO PaboT 10 c60py, 06pabOTKE U aHAIU3Y IKC-
MJIyaTaIlMOHHBIX CTATUCTUYECKUX JAHHBIX [2].

Ha6nronenne 3a mpuynHamMu 0TKA30B MO/I3EMHbBIX
BOJIC TpanCcOpTHOI ceTH 1MoKa3aio, YTo HanboIb-
TIee YrcJI0 OTKa30B MPOUCXO/UT B Pe3yJIbTaTe Jei-
cTBuii 310yMblnieHHUKOB (puc. 1).

1
30% 27%
5 54% 4%
16% 9 69%

2

Puc. 1. IIpolieHTHOE COOTHOIIEHNE KOJIUYECTBA OBPEsK-

nenuit BOJIC TTII cetu cBsi3u 3a cueTr AelCTBUi 3J10Yy-

mpiiteHHnKoB (1), cruxuu (2) u apyrux dakropos (3)

B Jlonerkoii u Jlyranckoii o6sactsix 3a nepuojbt ¢ 2001
o 2005 rr. (a) u ¢ 2001 no 2010 rr. (6)

Ha ocnoBe craTmcTHuecKnX AaHHBIX, TOJy4YEH-
upIx 3a 10 et skcryaramum, o Boipaskenusam (2)
u (4) 6bLIM onpe/eseHbl 3HAYCHUSA HKCILTyaTallH-
OHHBIX ToKa3zarteseir kadectBa BOJIC Tpancmopt-
HOI TIEPBUYHON CeTH, peaJn30BaHHON Ha Kabessx
tuna OKJIbr u OKRJI, B oHenkoii u Jlyranckoit
obmactax. Ha puc. 2 npezcraBiennl rpadpuku ux
M3MeHEeHUd TI0 To/aM, a TaKyKe CpelHue 3HAUeHud,
paccuuTaHHble JJd PAa3HBIX MEePUOJ0B BpeMeHU
(2001 —2005, 2006 —2010, 2001 —2010 rr.).

Ha puc. 3 noxa3zano mpolieHTHOE COOTHOIIEHUE
koJmmgectBa nioBpesxaennit BOJIC ¢ pa3mmyabiMu TH-
namu OK u ycroBusiMu ux mpoKIaIku B [loHEIKoi
u Jlyranckoit ob6sactsx 3a nepuospr 2001 —2005 u
2001 — 2010 rr. Kak Bu/HO, B 06enx 00JIaCTSIX T0JIS
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151t (2001 —2006) N | s cp(2001 —2010)
5 INE=SE
ts ¢p(2006 —2010)

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Tox

Puc. 2. 9kcnnyaranmonnblie nokasaresu kadectsa BOJIC
TTII ceteit cBsi3u [lonenkoit u Jlyranckoii obyacreil B
nepuos ¢ 2001 mo 2010 rr.:

@ — TUIOTHOCTD OTKa30B; 6 — Cpe/Hee BPeMsl BOCTAHOBJICHUS
CBSA3H; @ — CpejHee BPeMs MOJHOIO BOCCTAHOBJIECHUS CBA3H

a) 6)
20% 1 o
36,35% 27%
3 1
40% 3
2
40% 2 36,35%
B) r)
14% 3 12%
2 1
1
20%
2
86% 68%

Puc. 3. IIpomenTHOe COOTHOIERNE KOJIMYECTBA TIOBPEK-
meanit BOJIC TTII cetn cesisu [owmenkoii (a, 6) n
Jlyranckoii (6, 2) o6acTeil 3a MATUIETHAR W JECATHICT-
HUli IePUOIBI 17151 GPOHUPOBAHHOTO Kabels B mouse (1) u
B KaGesbHOIT Kanasmsaiuu (2), a Takke HeGPOHUPOBAHHO-
ro kabeJis B KaGeabHOI KaHamsanuu uim cy6kanae (3)

MOBPEXK/IeHN GPOHUPOBAHHOTO KabeJist, pacCUnTaH-
Hag 3a nepuop ¢ 2001 mo 2010 rox, meHbIne, yem
3a nepuoz ¢ 2001 o 2005 rr., a MOBpeKAeHN Ka-
6eJist, TIPOJIOKEHHOTO B CyOKaHAIaX, YBEJUUNJIOCK.

Pacuer miotnoctn otkaszoB Ha 100 KM Tpacch 3a Tie-
pros ¢ 2001 o 2010 rr. mokaseiBaet, uto oHa Ha 19%
Hmxe, 4eM 3a niepuof, 2001 — 2005 1T., YTO MOKET CBU-
JIeTeIbCTBOBATD, HATIPUMED, 00 YJIYUIIIEHUH OXPaHHO-
pasbsicHUTEesIbHBIX paGoT. CpeziHee BpeMsi MOJHOTO
BOCCTAHOBJIEHWS CBSI3W TaK)Ke MeHbIe Ha 32%, UTo,
BEPOSITHO, CBSI3aHO C TTOBBINIIEHIEM OTIEPATHBHOCTH Pa-
60T aBapHITHO-BOCCTAHOBUTEIBHBIX OPUTAI.

B cooTrBercTBUM € TIOJTyYE€HHBIMU JAHHBIMU, OUe-
BH/THO, YTO pacyer 3KCILTyaTallMOHHBIX ITOKa3aTe-
Jleit KauecTBa paboThl KaGeabHbIX JIUHUN CBI3H He-
06XO/IMMO BBITIOJIHSTD HE TOJIBKO COTJIACHO CPE/IHE-
TOZIOBBIM, HO M COTJIACHO MaKCUMAJbHBIM ¥ MWHU-
MaJIbHBIMU [TOKA3aTeJIsIM UHTEHCUBHOCTA OTKA30B.

B ta6.a. 2 npejcraBieHbl CpeiAHUe, MaKCHUMAaJlb-
Hble U MUHUMAJIbHbIE 3HAYEHUS A JIJisl PA3HOTO BUA
KaGeJbHBIX JINHUM, PACCYMTAHHBIE 110 BBIPAKEHHIO
(1), xoropble nosydeHbl Ha Gasze 0OpaGOTKH CTa-
TUCTUYECKUX JAHHBIX O TIOBPEXKEHUU CETH CBSI3U
[onerkoit u JIyranckoii o6Jacteli 3a Tepro/| KCILTY-

Ta6auna 2

Hnumencusnocmov omxasos BOJIC mna 1 xm mpaccol,
paccuumanuas 01 PA3HuLlX Nepuodos u 04 pPasiui-
HYIX YCA06Ull NPOKAAOKYU KAbeas

aTEHCUBHOCTD OTKA30B
Ha 1 KM Tpacchl,
10771 /4
}\’C[) | )\’max | 7\'min

BponupoBanHblii Kabesib B MMOYBE

[Tepuon

2001 —2005 rr. 15,48 | 19,00 | 10,38
2006 — 2010 rr. 27,62 | 39,15 | 16,32
2001 — 2010 rr. 21,55 | 29,08 | 13,35

BponupoBannbiii Kabesib B KabeJIbHOI KaHATM3AUN

2001 —2005 rr. 105,59 | 202,70 | 16,44
2006 — 2010 rr. 41,37 | 45,54 | 37,21
2001 — 2010 rr. 69,58 | 124,12 | 26,83

He6ponupoBanublii kabesb B KaGebHON KaHATM3a-
UK WK cyOKaHase

2001 —2005 rr.
2006 — 2010 rr.
2001 — 2010 rr.

16,32
16,32

52,16
52,16

23,97
23,97

ataruu ¢ 2001 mo 2010 rr. CorsacHo 3TUM JAaHHbBIM,
MHTEHCUBHOCTb OTKa30B OGPOHMPOBAHHBIX Kabesieif,
KOTOPBIE TTPOKJIAJLIBAIOTCS HETIOCPEACTBEHHO B TIO-
yBe, 3a nepuoz ¢ 2006 o 2010 roapl yBenuniach
MO0 CPaBHEHUIO C TIPEIBIAYIINM TIePHOA0M Ha 78%.
ITO OOBSICHSIETCS YBEJTMIEHNEM /IO 3JI0YMBIIILJIEH-
ubix nospeskaenuit OK (puc. 1) 1 HecorsacoBaHHbIX
3eMJISTHBIX paboT B OXPaHHOI 30HE KaGeJis.
ok

Taxkum o6pa3oM, MOJTyYeHBI SKCILTyaTallnOHHDIE
rokasares kauectBa pad6orsr BOJIC TpancmopTHoi
TeJIEKOMMYHHUKAI[MOHHOM TIepBUYHON ceTn J{oHeIKoi
n Jlyranckoit 061acteii, KOTOpble O3BOJISIOT BbITOJI-
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HSITb OPMEHTHPOBOYHBIE PACUeThl HAJEXKHOCTH Ka-
GeJIbHBIX JIMHUI, OTIPE/IEISIT 1 CPABHUBATH KAYECTBO
paboThl ONTHYECKUX KabeJiell Pa3HBbIX THIIOB MEK-
Ay co6oii u ip. B ciryyae Heo6XOANMOCTH 3TO JlaeT
BO3MOKHOCTb HAMETUTH COOTBETCTBYIOIINE MEPOTIPH-
ATHS U pa3paboTaTb MPAKTUYECKHE PeKOMEH/IAINi
o MuHUMHu3aIn prucka nospexxaenus BOJIC u o
ob6ecrieyeHn0 HOPM TOKas3areJieil Ha/Ie)KHOCTU CH-
CTEM CBSI3U B PA3JIMYHBIX YCJIOBUSX SKCILIYATAIIUH.
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EKCIIJIYATALIIMHI IOKA3HUKUN AKOCTI TPAHCIIOPTHOI
TEJEKOMYHIKAIIMHOI IEPBMHHOI MEPEJKI YKPATHU

B pobomi nasedeno cmamucmuuni 0ani npo KiAbKiCMb, NPULUHU Md XAPAKMEDP NOWKOOKeHb Ni03eMHUX
60I0KOHHO-ONMUYHUX JIHIU 36’ A3KY, AKL € OCHOB0I0 MPAHCROPMHOL MEACKOMYHIKAULIUHOT NepEUHHOT MepeiXi, Ha
npuxaadi Joneuvkoi ma Jyeancvkoi obaacmeti 3a nepiod 3 2001 no 2010 pp. Iopiensnus 3navenv yux xapax-
MePUCUK 13 3HAYEHHAMU AHAN0ZiunUX Xxapakmepucmuk 3a 2001 —2005 pp. dossoase pospobumu pexomendauii
10 NIOBUWEHHIO HAOTIHOCMT MeIeKOMYHIKAUTTUHUX Mepex.

Kniouosi caoea: 6010KOHHO-ONMUYHA NiHIA 36 SA3KY, MPAHCNOPMHA MEAEKOMYHIKAYIUHA Nepeunta Mepexd,
EeKCNAYAMAYIUHT NOKA3HUKYU SKOCME POOOMU, CIMATMUCTRUYHT OaHi.

O. V. BONDARENKO, B. YA. KOSTIK, D. N. STEPANOV, E. V. LEVENBERG

Ukraine, A. S. Popov Odessa National Academy of Telecommunications
E-mail: vols@onat.edu.ua

OPERATIONAL PERFORMANCE OF THE PRIMARY
TRANSPORT TELECOMMUNICATION NETWORK OF UKRAINE

The paper presents statistical data on the number, nature and causes of the damage to underground fiber-optic
communication lines, on which the transport telecommunication primary network is based, using an example of
Donetsk and Lugansk regions for the period between 2001 and 2010. Comparison of these characteristics with
the values of similar parameters over 2001 —2005 allows to develop recommendations for the improvement of
the reliability of telecommunication networks.

Keywords: fiber-optic communication line, transport telecommunication primary network, operating indicators
of work quality, statistical information.
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MOJYUYEHUNE IBYXCTOPOHHNX BBICOKOBOJIBTHbBIX
IINTARCUAJIbHBIX KPEMHUEBDBIX p—1—n-CTPYKTYP

METO/OM KDO

Paspabomana mexnonozus SvipaAUUSAHUS O8YXCTNOPOHHUX BbICOKOBOILMHBIX KPEMHUEBHIX P —1—N-
CMpYKmyp MemoooMm KUOKOpAIHOU SNUMAKCUU 6 eOUHOM TNEXHONI0ZUMECKOM npouecce. Diekmpogusuneckue
napamempuvl NOAYUEHHbLX CMPYKMYP NO3GO0LAI0M U3Z0MABIUEAMD HA UX OCHOBE Bb.COKOBOSbMHYIE OUOODL.

Kniouesvie caosa: snumaxcuansvnulii ciod, Kuokopazuas snumaxcusi, peoxo3emensvHulll 1eMeHm, Jezupo-

edHue.

Oco6eHHOCTbI0 KPEMHUEBBIX AIMHUTAKCUAJTbHBIX
P —1— N-CTPYKTYP SIBJISIETCS Hasmue ToJicToii (0Ko-
710 200 MKM) BBICOKOOMHOM 7-06J1aCTH, ¢ 06enX CTO-
POH KOTOPOil (POPMUPYIOTCSI KOHTAKTHBIE CJIOU P- U
n-tuna. Kak npasuso, Si p—i— n-CTpyKTypbl I0-
JIy4aioT TPAJUIUOHHBIM [u()y3MOHHBIM METOI0M
i MetogoM kuakodasHoii stmrakenn (FKDI).
B nepBomM ciaryyae (popMupoBanue p- 1 n-CJI0€B Mpo-
UCXOJIUT, KAaK TIPAaBUJIO, B JABYX3TAITHOM IIPOIIEC-
ce mupdysnn akIenTOpHBIX W JOHOPHBIX MpPUMe-
ceit u3 60po- uian HochOpPOCUIUKATHOTO CTEKIA B
BBICOKOOMHYIO KPEMHUEBYIO TIO/JIOJKKY TOJIIIUHOM
200—250 mxm nipu Temmepatype 1000 —1200°C [1,
2]. BeaenctBue Takoii BBICOKOTEMITEPATYPHOI 06pa-
60TKM yJ/IeJIbHOE COTTPOTUBJIEHUE TTO/IJIOKKHU P, CO-
cTaBJstoniee n3Havyaabao 6osee 500 OM-cM, yMeHb-
nraercst B Ba-Tpu pasa. COOTBETCTBEHHO, HU3KUM
OyzieT 1 mpoOUBHOE HAIPSIKEHNE BBICOKOBOJIBTHO-
ro auoaa (ue 6osee 1000 B), mockoabKy ero Benu-
YuHa omnpejesisgercs 3HayeHueM p. K Tomy e mpu
gopMUpOBaHUYU AMUTAKCUAIBHBIX CTPYKTYP AUD-
(pysnoHHBIM €TIOCOOOM HEJIB3sT 0GECTIEYUTH XOPO-
VIO BOCIIPOM3BOJIUMOCTD IPOIECCA.

dopmMupoBanrie KOHTAKTHBIX CJIOEB METO/IOM
KD mpoBoautca npu temmeparype Ha 200 —
300°C numxke, yem 1uDY3UOHHBIM, B ABYX OT/IE]b-
HBIX TEXHOJIOTMUYECKUX MTPOIECCax: CHAYasa AMUTaK-
CUAJIbHBIE CJIOW KPHUCTAJJIN3YIOTCS HA OJHOU CTO-
pOHe TIOJIJIOKKH, 3aTeM Ha Jpyroi. Takoil TexHo-
JIOTUYECKUI TIOJX0J] SIBJISIETCSI [IOCTATOYHO CJIOK-
HBIM, a JIIUTEJIbHAs TepMOOOPabOTKA CTPYKTYP B
TEUEHUE JIBYX TPOIIECCOB POCTA MPAKTHYECKH CBO-
quT Ha HeT 3(PQEKT OT CHUIKEHUS TeMIEepaTyphbl,
MOCKOJIbKY OHa BCE PABHO OCTAeTCsl BbICOKOiT (cre-
[eHD JIETPAIalli BBICOKOOMHON KPEMHHEBOU TIO/I-
JIOKKH 3aBHCUT HE TOJIBKO OT TeMIlepaTypbl o0pa-
GOTKHM, HO U OT ee IPOAOJIKUTETbHOCTH [3, 4]).

B nacrosmieit pabote npeaaokeHa TEXHOJJIOTHS
HOJIyYeHHsI IByXCTOPOHHUX KPEMHHUEBbIX P — 1 — N~
cTpyKTYp MeTosioM ;KM B e[MHOM TEXHOJOTHYE-

CKOM TIPOIIECCE, UTO TIO3BOJISIET CYIIECTBEHHO YMEHb-
HIUTD AJIUTETbHOCTh TEPMOOOPAOOTKU.

Oco6eHHOCTH Tpolecca KPUCTALIH3ANN
JIBYXCTOPOHHUX KPEMHHEBBIX JMUTAKCHAJIbHBIX
p—i—n-crpykryp npu JKDI

Opmnoit u3 mpo6JieM, BodHukaonmx mpu KD
CJI0EB KPEMHUS 7- ¥ p-TUIA TPOBOAMMOCTH, SIBJIS-
€TCSI CMAauMBAEMOCTh PACIIIaBAMU TAJJIUS U 0JIOBA
Si-TIoA/I0KKY TTPM HU3KNWX 3HAYCHUSAX TeMIepaTy-
pol anurtakcuu. [Ipu temneparype 850°C u Humxe
Jla’Ke Ha TI0JIJIOKKAX KPEeMHUsI, MPOIIeJNINX CTaH-
JIAPTHYIO MPEJBIUTAKCUAIBbHYI0 00pabOTKY B TPABH-
tessax [S], yransgomux ectrecTBeHHbIH okeua SiOs,
a TaK:Ke T0/IpACTBOPSIEMBIX B HEIOHACBIIIEHHBIX 10
KPEMHUIO PACTBOPAX TS UK 0JIOBA, 006Pa3yIOT-
cs medeKThl B BUIe HE3aPOIMEHHBIX yIaCTKOB pas-
Hoit miomaau [6]. OpHuUM U3 pelleHuii 3TOW MPo-
6JIEMBI SIBJISIETCST MCIIOJIb30BAaHUE PACKUC/ISIONINX
J106aBOK, TaKMX, HAlpUMep, KaK aJIOMUHHI, KO-
TOpBIN TIpu (POPMUPOBAHUN CJIOEB p-Si BBHITIOJIHSA-
€T OJHOBPEMEHHO W POJIb aKIEMTOPHON TPUMECH.
3HauUTEbHO CJOXKHEE 9Ta 33/laya PemaeTcs Ipu
MOJIyYeHUU CUJIbHOJIETUPOBAHHBIX CJIOEB n-Si, T0-
CKOJIbKY QJIIOMUHUN TTPUMEHSATD HEJb3S BBUY €TO
aKIeNTOPHOro Bo3jelictBus. B Hactosueit pa6o-
Te JIJIs1 3TOTO MCIOJb30BaH PeIKO3eMeJIbHbBIN 3Jie-
MeHT UTTepOuil, UMEIOIUil OYeHb BBICOKYIO XHMU-
YEeCKYI0 aKTHMBHOCTb K KHCJIOPOJy U €r0 OKCHUJaM.
ITockosbky KoMuecTBO Yb B pacTBOpax osioBa He
mpesbimalo 0,15 at. %, ero B/usiHUE HA 3JEKTPODU-
3UYECKHe CBOICTBA CJI0EB ObLIO HE3HAUYNTEJbHDBIM.

Y iesibHOE CONPOTHBJIEHNE i-CJIOST B cocTaBe Si
p—1—n-CTPYKTYPBI SBJSIETCS OAHUM U3 OCHOB-
HBIX TIAPAMETPOB, OIPEJEJNSIONINX €€ KayecTBO.
[Toatomy a5t BbI6Opa MaKCHMMAJIbHO JOIYCTHMOI
TeMTIepaTyphbl Tpoliecca KPUCTAIH3AINHI TTPOBO-
JUJIN OTJKUT BBICOKOOMHBIX IIOJIOXKEK i-Si B aT-
Mocdepe BLICOKOYKMCTOTO BOJOPOJA TIPU Pa3JInd-
HBIX 3HaueHusAX Temreparypbl T,. [lauTesbHOCTD
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OTKWTa cocTaBjsijia He MeHee 90 MWH, YTO WMU-
TUPOBAJIO TPOJOJIKUTENbHOCTh Tipoliecca sKdDI
cyoeB Si. Pe3yibTaTbl 5KCIIEPUMEHTOB IpUBE/IE-
HbI B Tabuie. V13 5TUX JaHHBIX CJEAYET, YTO Cy-
NIECTBEHHOE YMEHbIIIEHUE Y/1eJbHOTO COMPOTUBIIE-
Hug Si-nogyoxex mpoucxoaut npu T, = 880°C,
T. €. TeMIlepaTypa Hayaja KPUCTAJLIU3AIUN BbICO-
KOOMHBIX Si p—i—n-cTpykryp npu ;KD momx-
Ha HaxoauTbes Hike 880°C.

Yoeavroe conpomusaenue yemuvipex i-Si-nodioxex

Y nesibHOE CONPOTUBJICHUE TomuHa
T,, °C moAI0KKH, OM-cM HOLTOMKKH,
10 OTKUTA | MOCJEe OTXKUra MKM
800 109 108 186
850 115 110 183
890 112 90 193
950 114 74 171

HapamnmBanme smuTakCHaIbHBIX CJI0EB OCYIIECT-
BJISLTH B TeMIlepaTypHoM amanazone 860 —650°C
B T€PMETHYHOM KBApIEBOM PEAKTOPE MPOTOYHOTO
Tuna B arMocdepe Bogopoia ¢ Toukoit pocbt —70°C
B Tpad)uTOBON MOPIIHEBOI Kaccere, KOTopas OblLia
crienuajbHO paszpaboTaHa HAMU JJs1 TOJY4YEHUS
JIBYXCTOPOHHUX CTPYKTYpP B €IWHOM TEXHOJIOTHU-
yeckoM tpoiiecce [7]. Bo usbexanue gerpagaiuu
MOJIJIOKKYM MAaKCHMaJIbHAsl TeMIlepaTypa Ipoliecca
He mnpeBbimaga 860°C.

[Tpotiecc HapanBaHus JBYXCTOPOHHUX CTPYK-
TYP IPOUCXOJUT CAEAYIONUM 06pa3oM. PacTBOpbI-
pacCILIaBbI BLIIEP;KUBAIOTCS B TedeHne 60 MuH mpu
temriepatype 860°C mus nx romorermnsannu. [locse
3TOro Ha Si-TOJIJIOKKY CBEPXY TIOJAETCS PACTBOP-
pacmiiaB oJioBa, U B Tedenune 30 MUH MPOUCXOUAT
ee rmojipacTBopenue Ha Tayouny 8 — 10 mrm. 3atem
POCTOBBII 3a30p 3aNOJHSETCS HACBHIIIEHHBIM 10
KPEMHUIO PACTBOPOM-PACILIABOM O0JIOBa, JIETUPO-
BaHHBIM CYpPbMOIl 1 UTTEPOUEM, U U3 HETO B Tede-
Hue 3 4 IIPU CHIDKEHUU TEMIIEPATYPbI CO CKOPOCTHIO
0,7—1,0°C/MUH KpUCTAILIU3YETCS CJIONH KPEeMHUS
n-tuna npoBoauMocTu. IIpu moctmkennn 750°C c
06paTHOW CTOPOHBI TIO/JIOKKHU [IJIT ee TI0JPacTBO-
peHns TPOAABIMBAETCS PACTBOP-PACILIAB TaJLJIU.
[lanee Temmepatypa cumkaercs 10 740°C B Teuenue
30 MuH, 1oCJ€E Yero Cloza I0/aeTcsl HACHIIEHHbIH
o Si pacrBop-paciiaB Ga, JIeTHPOBAaHHBIM aJIfo-
MUHUEM, U TIPU JAJbHENIIEM CHUKEHUU TeMIlepa-
TypbI 40 650°C HapamusaeTcs p-Si-c/oi B TeueHne
MpUMepPHO 3 U, IPU 3TOM CKOPOCTb CHILKEHUS TEM-
nepatypsl coctasager 0,6°C /mMun. [Ipn moctmxe-
Huu temreparypbl 650°C peakTop ¢ Kacceroil yja-
JisieTcsl U3 TepMoOJIoKa.

Jlist mosydeHust CTPYKTYp € HeOOXOAMMbIMU
nmapaMeTpaMu B TIpollecce WCCJe0BaHWil Bapbu-
pOBaIM ATOMHBIE MAaCChl KOMITIOHEHTOB PacTBOPOB-
pACILIaBOB, MEHASA TIPU 9TOM U BEJTUYNHY POCTOBO-
ro 3a3opa. bbLio ycTaHoBJIeHO, UTO [IJIST IOCTUKE-
HUS HEOOXOJUMbBIX TapaMeTPOB CTPYKTYP POCTO-
BBIl 3230D JIJIS1 TIOJIy4YeHUs CJI0eB 1-Si JJ0JKEeH Co-
craBssiTh 1,5 MM, a qisa p-Si — 0,8 Mm.

PesysbraTsl nccreqoBanuii 91eKTpopu3nuecKux
NapaMeTPOB MOJYYEHHBIX CTPYKTYP

UccnenoBanre TpoBOANJIOCH TIO METOJMKE W3-
Mepenust apdexra Xoia.

Ha puc. 1, rae npeacraBieHa 3aBUCUMOCTDb KOH-
MEHTPAITNHN THIPOK Cp B p-Si-cjioe OT cofiepsKaHus
Al B rassimeBoM paciiyiaBe, BUIHO, YTO YBeJIUYEHUE
kosmuecTBa amomutust X ,; ot 0,2 10 1,0 ar. % npu-
BOJIUT K YBEJUYEHUIO KOHIIEHTPAIUH JIBIPOK B TISATDH
pas. [Ipu atom B o6tactu X 5 > 0,8 ar. % Haboa-
€TCsI HacblIlleHNe KOHIIEHTPAIIMOHHON 3aBUCUMOCTH.

Cp, cM3 r
1,0-1019

0,5-1019

—

0,8 Xy, ar.%

0,2

Puc. 1. 3aBucumMocTb KOHIIEHTPAIUK JIBIPOK B p-Si-cyoe
OT CO/IEPIKAHMS AJIOMUHUSI B TaJIINEBOM PacIljiaBe

Cresyer OTMETHTb, 4TO TIpU cojep:kanun Al,
menbie 0,4 at. %, GOPpMUPYIOTCS HECILJIOIIHDIE 1
HEO/THOPO/IHBIE TI0 TOJIIIUHE STTUTAKCUAIBHBIE CJIOU
p-Si, 4TO0 00YCJOBJIEHO TLIOXOH CMayMBAEMOCTHIO
KPEMHUEBON TIO/IJIOKKH PACILJIABOM M3-3a MPUCYT-
CTBHSI HA ee MOBEPXHOCTH €CTECTBEHHOTO OKCHUJIA.
[Ipu HU3KON TeMmIEepaType 3MUTAKCUH PacTBOpE-
HU€ TIO/IIOKKY HAYMHAETCI B TEX MECTaX, TJe TOJ-
MIMHA €CTECTBEHHOTO JMOKCH/Ia KPEMHUS HAaUMEHb-
mas. TpaBieHas MOBEPXHOCTDh NMeEET STIYEUCTBIHN Xa-
paxrep. Ecau TpaBsiienne mpoBoAuTh Ha GOJBIIYIO
ray6uny (okoso 20 MkM u Gosiee), TO TpaBJIeHast
MOBEPXHOCTD MOCTETIEHHO BbIpaBHUBaeTcs. OMHAKO
IPU HUBKUX TEMIIEPATYPaxX JMUTAKCUN OXJIAXK/eH-
bt Ha 15—20°C pacniaB rajynsg HachIIAeTCs
KpeMHUEM, U TIPHU JaJbHelIIeM CHUXEHUN TeMIie-
paTypbl pacTBOPEHUE MPEKPAIAETCs, a B BBITPaB-
JEHHBIX OKHAX [MOKCH/A KPEMHHS HAUMHAETCS
KpHUcTaIu3anus KpeMuus. B panpueiiniem, B 3a-
BUCUMOCTHU OT TIJIOMIQIU YYACTKOB MOJJIOKKHU, KO-
TOPbIE OCTAJMCh HETPABJEHBIMU, W TOJIIIMHBI HApa-
HIMBAEMOTO CJI0si, B HeM (popMupyiorcst edeKTbl B
BU/Ie HE3APOIIEHHBIX YYaCTKOB PAa3HOM IJIONIA/IN,
a Ha OoJiee To3HEN cTagun — JedeKTbl B BUJE
AMOK, KOTOpble BH/HbI Ha puc. 2, a (cM. 31ech,
a TaKkKe B 1BeTe Ha 3-if cTp. 06/105kKn). /JoGaBienne
AJIOMUHUS B PACILIAB TAJUIUS CIIOCOOCTBYET yiae-
HUIO COOCTBEHHOTO OKCH/IA C TIOBEPXHOCTU TIOJIJIOXK-
K1, PABHOMEPHOMY €€ TI0/[PACTBOPEHMIO TIepe/T Haua-
JIOM KPUCTAJJIM3AINN SIUTAKCUATBHOTO CJIOST KPeM-
HUSL ¥ (POPMUPOBAHUIO TIOBEPXHOCTH, KAYECTBEHHOI
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Puc. 2. Maxpomopdosorus (a—e) n Mmukpomopdoo-
rust (2) MOBEPXHOCTH P-Si-CI0EB, KPUCTATIN30BAHHBIX B
nHTepBasax temneparypbl 740 —650°C u3 pacmasa Ga

IIPU Pas3/IMuHOM COZIepKaHuy B HeM amomMunus (B aT. %):
a— 0,256,z — 0,76; 6 — 1,25

¢ Touku 3penust Makpomopdosorun (cm. puc. 2, 6
U MUKPOMOP(QOJIOTHIO TIOBEPXHOCTU 3TOTO CJIOST HA
puc. 2, 2). OJJHAKO TIPU KOHIIEHTPAIMAX AJIOMHUHHS,
npeBbimaonmx 1 ar. %, pacTBOPUMOCTb KPEMHHUST
YBEJIMYNBAETCS, YTO TPUBOANT K HETJIAHAPHOMY TIOJI-
PACTBOPEHHMIO MOJITIO’KKH U BOSHUKHOBEHUST GyTopya-
Toro peabeda (puc. 2, ). Takum o6pasom, onTH-
MasibHas KouteHTpaims Al B paciiiase Ga, oGecrie-
YUBAIOIAs TTOJIyYeHUEe KAYeCTBEHHON TTOBEPXHOCTH,
Haxoautca B auanasone 0,4 —0,8 ar. %.
VYBeauuenue pacrBopumoctu Si B Ga— Al-
pacryiaBe MPUBOJUT K HEMOHOTOHHOMY BO3pacTa-
HUIO CKOPOCTH KPUCTAJIIU3AINH U, COOTBETCTBEHHO,
K YBEJIMUEHUIO TOJIUHBI cosg. Ha puc. 3 npuse-
JleHa 3aBHCUMOCTD TOJIIMHBI /2 c10eB p-Si oT KOH-
nentpaiuu Al B pacniaBe Ga. 3pech BUHO, UTO
npu ToBbiieHnn Kouientparnun Al mo 0,6 ar. %

h, MKM
12
1
10

9

8

1
X, ar.%

0,2 0,8

Puc. 3. 3aBucuMOCTb TOJIUHBI cJI0eB p-Si, KpHUCTAJ-
JIN30BAaHHBIX B Juaria3oHe temieparypbr 740 —650°C,
ot kounentpaiuu Al B pacriase Ga

TOJIIIINHA YBEJUYUBAETCS HE3HAUUTEJIBHO, a TIPH
X1 > 0,8 ar. % nabuojaercs peskoe ee BO3pacTa-
ane. OUeBU/IHO, UTO AMAMa30H KOHIEHTparmu Al
B TaJIIMEBOM paciliaBe, 06ecleYrnBaIONIMii MOJTy-
YeHNEe KaueCTBEHHOI TTOBEPXHOCTHU p-Si-CJI0eB, SB-
JIIETCS TaK’Ke ONTUMAJIbHBIM C TOYKH 3PEHUS] BOC-
MPOU3BOAMMOCTH TIPOIIECCA.

[lig mosrydenns CUIbHOJIETHPOBAHHDBIX STTUTAK-
CHUAJIbHBIX N-Si-CJI0EB HUCII0JIB30BAJICS PACTBOP-
pacijiaB Ha OCHOBE 0JIOBA, HACBINEHHBIN KpeM-
HUEM U JIETHPOBaHHbBIH Sb B IpejenaxX KOHIEH-
tpaiuu 6,2—8,5 ar. %, a TakxkKe PeIKO3eMEeJIb-
ubIM saeMentoM urrep6uem (Yb) B kommuecTBax
0,001 —0,150 ar. %. Wrrep6uii, Kak 0TMEYaJIOCH
BbINllE, B TAKUX KOJUYECTBAX JEUCTBYET B OCHOB-
HOM KakK pacKucJsonas Ao06aBKa, yJaydilaoias
CMauynBaHue KPEMHUEBOW IMOIJI0KKI PAaCTBOPOM-
paciiaBoM Ha ocHOBe oJioBa. [Ipu orcyretBun Yb
B pacIjiaBe Sn Ha HavyaJ bHOM CTQINM TTPOIlecca Ha-
6JTI0/IAETCST OCTPOBKOBBII POCT, UTO TIPH KPUCTAJLIN-
3alli¥ OTHOCHUTEJBHO TOJCTBHIX (5 —6 MKM u 60Jb-
e) SHUTAKCHAJbHBIX CJOEB KPEMHHS IIPUBOIUT
K 06pa3oBaHuI0 OyropyaToil MOBEPXHOCTH, KOTO-
pas Bu/Ha Ha puc. 4, a (3xecb U B 1Bere Ha 3-ii
cTp. 06/IOXKKN), a TakKe K OOJIbIION HEO[HOPOJL-
noctu 1o toammue. Jlo6asaenue Yb B KosmmyecTse
ot 0,03 10 0,15 aT. % TO3BOJAET KPUCTATIN30BATH
IJIaHApHBbIE cJIou 7-Si ¢ pazébpocoM IO TOJIIIHE
He 6osee 1% Ha mopnoxkax guamerpom 50,8 MM u
3epKaJIbHO-TJIa/IKOii noBepxHocThio (cM. puc. 4, 6
1 MUKPOMOPQOJIOTHIO TOBEPXHOCTH 3TOTO CJIOS Ha
puc. 4, z). Ilpu nosblennn KoHeHTpanuu Yb B
pacTtBope-pacmiaBe ojoBa 6osbiie 0,15 ar. % ox-
HOPOJIHOCTH CJIOEB CYIIECTBEHHO YXYAIIAETCS. JTO
MOKeT OBbITh CBSI3aHHO ¢ OO6pa3oBaHuEM B 0ObeMe

Puc. 4. Makpomopdosorust (¢ —e6) u MUKpoMopgoJio-
rust (z) moBepxHOCTH 72-Si-CJI0EB, KPUCTAIN30BAHHBIX B
nuHtepBase Temieparypbl 850 —750°C u3 pacnsasa Sn,
JIETUPOBAHHOTO CypbMOil (8,5 ar. %), Tpu pasamvHOM
cogepkanuu urrepous (B ar. %):

a—0;,6,2—-0,07; 6 — 0,18
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C,, cm3

nr /
1 / //

1019

1018 -

o T —

1017

1016

6,5 7,0 7,5 Xgp, aT. %

Puc. 5. 3aBucuMOCTb KOHIIEHTPAIIUHU 3JIEKTPOHOB B 1-Si-
CJI0sIX OT cojiep:kanust Sb B paciiaBe Sn 11pu pa3inyHOM

ypOBHE Jernposanus urrepbuem (B ar. %):
1 —0;,2-0,03; 3 — 0,09 4 — 0,15

paciiaBa OKCUIOB MTTEPOUs, KOTOPbIE BBICTYIIA-
10T B POJIU JIOTIOJIHUTEIbHBIX [EHTPOB KPUCTAJLIU-
3al[UU, HAPYLIAIOIIUX YCJIOBHUS TOMOTEHHOTO POCTa
cyoeB. O6pa3oBaBIecss MUKPOBKJIIOUEHUST BTOPOIi
daspr Hapymaior audy3nOHHbIN MEXaHU3M Mac-
colepeHoca KpeMHUs B 0ObeM paciliaBa, a TaKiKe
MOTYT 3aXBaTbIBATbCS KPUCTAJLIUIYIOIUMCS 3IIU-
TAKCHAJbHBIM CJIOEM, YXYJIIas KauyecTBO €ro Io-
sepxuoctu (puc. 4, 6).

Ha puc. 5, rme mpuBe/eHa 3aBUCHMOCTD KOH-
HeHTpaImu 3jaeKTpoHoB C, B n-Si-cj0e 0T cocTaBa
pacTBopa-paciijiaBa, BUIHO, YTO TIPU KOHIIEHTPAIIU-
ax Yb, npespimaromnux 0,1 ar. %, ¥ OOTEMAIbHOM
KosmuecTse oHopHOM mpumecu Sb (8,0 —8,5 at. %)
snauenue C, craHoButcs Hike 1-1018 em—3 (xpu-
Basg 4). daekTpodusnyecKue IapaMeTpbl CTPYK-
TYP C TAKUMH CJIOSIMU HE SIBJISIIOTCS ONTUMAJIbHbI-
MU JIJIS UCIIOJIb30BaHUS MX B KAayecTBe KOHTAKT-
Hbix. Haubosiee BepoATHON NPUYMHON yMeHbIIIe-
HUS YPOBHS JIETUPOBAaHUS CJIOEB 1-Si 1pu yBeJiu-
YEeHWM KOHIIEHTpaluu UTTepOusi B Sn-paciuiaBax
SIBJISIETCSI, TO-BUIMMOMY, yMeHbIlieHne (DOHOBBIX
JIOHOPHBIX TIpUMeECEN BCJEICTBHE WX B3auMOJeH-
ctBusi ¢ Yb. Ananornunbiit apdekt yMeHbleHust
donoBoro serupoBanus HabJIIOAETCS B COEUHE-
Huax AsBs, xpucranmmsoBanbix merogom ;KD
[5]. Bo3moxkHO Takske MpOsIBJIEHUE KOMIIEHCUPY-
IONIEro JIelicTBUS UTTEpOUsS BCJAE/ICTBUE €r0 aKIIEel-
TOPHOTO BO3/IEHICTBUS MPU KOHIIEHTpAIUAX B pac-
mwase osoBa 6osee 0,03 ar. %, 0 4eM CBUETENb-
CTBYeT yMEHbIIIEHUE yTJIa HAKJIOHA KPUBBIX 3 U 4
[0 CPABHEHUIO C KPUBOil 2 HA puc. J.

Takum o6pa3om, HCIOJb30BaHHE PACTBOPOB-
PacCILJIaBOB 0JIOBA, JIETUPOBAHHBIX O/IHOBPEMEHHO

CYypbMOH U UTTEpOUEM, MO3BOJMIO KPHUCTAITH30-
BaTh MTPH HU3KOH TEMIIEPATYPE HMTUTAKCHATIBHBIE CTON
KPEMHHUSI N-THUIA TPOBOIMMOCTH C YPOBHEM JIETHPO-
Bauus 6osiee 11018 ¢cm3 tosmmnoi 8 — 16 MKM, uMe-
IOIUX 3€PKATBHO-TJAJAKYIO TOBEPXHOCTD.

BsiBo b1

OTpaboTanHble HU3KOTEMIIEPATYyPHbIE TEXHO-
JIOTUYECKHE PEXKUMbI KPUCTAJIN3AINK SITHUTAKCH-
JIBHBIX TLJIAHAPHBIX CJIOEB ITO3BOJISIOT TMOJIYyYaTh
JBYXCTOPOHHUE Si p —1i— n-CTPYKTYPbl METOJO0M
KUIKO(PA3HONM SMUTAKCUY B €[UHOM TEXHOJIOTHYe-
CKOM TIpoIlecce. Y POBEHb JIETHPOBAHUS BbIpaIleH-
HBIX KOHTAKTHBIX p-Si- u n-Si-cjoeB mpesblaer
5+1018 cm~3. OmpeneieHHbIE B ITPOIIECCE MCCJIETIOBA-
HUN 3HAYEHHS ONTUMAJIbHON KOHIIEHTPAIINU aJIIOMU-
mus (0,4—0,8 ar. %.) u urrep6us (0,03—0,15 ar%)
B pacIijiaBax TaJjIis U 0J10Ba 06eCTIeYnBaIOT MOJTY-
YeHue 3epKaJbHO-TJIAKON TOBEPXHOCTH SMUTAKCHU-
aJIbHBIX cJ10eB p-Si 1 n-Si. IlapaMerpsl MoJryyeHHbIX
CTPYKTYP TTO3BOJISIOT U3TOTABIUBATH HA UX OCHOBE
BBICOKOBOJIBTHBIE JIMOJIbI, WCIIOJb3yeMble B HaBU-
TalMOHHOI anmaparype, CUCTeMaX CBSI3U GITOBOTO
U CIIeINaJbHOrO Ha3HaYeHusI, 6OPTOBBIX CHCTEMAaX
3JIEKTPOCHAGKEHNS, B PAAUOJIOKAIIMOHHBIX CUCTE-
MaxX, MEJWIIMHCKOM araparype u JIp.
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Po3pobieno mexnonozio eupowysants 060CMOPOHHIX GUCOKOBOIbMHUX KPEMHIEGUX P — i — N-CMPYKMYP Memo-
dom pidunHopasnoi enimaxcii 6 €OUHOMY MeXHOI0ZIUHOMY npoueci. Enexmpodizuuni napamempu Ompumanux
Cmpyrmyp 0036045110Mb UZOMOBASINU HA X OCHOBT BUCOKOB0IbMHE 0i00U.

Kmouosi crosa: enimaxcitinuil wap, piounnogpaszosa enimaxcis, pioxo3emesvHull ejemenm, 1ezyedans.

N. M. VAKIV1, S. I. KRUKOVSKY!, V. R. TYMCHYSHYN!"2, A. P. VAS’KIV3

Ukraine, Lviv, ISPE “Karat”, 2Lviv Polytechnic National University,
3Ivan Franko Lviv National University
E-mail: carat207@i.ua

OBTAINING OF BILATERAL HIGH VOLTAGE EPITAXIAL
p—1—n SI STRUCTURES BY LPE METHOD

Silicon p—i—n-structures are usually obtained using conventional diffusion method or liquid phase epitaxy
(LPE). In both cases, the formation of p- and n-layers occurs in two stages. This technological approach
is quite complex. Moreover, when forming bilateral high-voltage epitaxial layers, their parameters
significantly deteriorate as a result of prolonged heat treatment of active high-resistivity layer. Besides,
when using diffusion method, it is impossible to provide good reproducibility of the process. In this paper
a technique of growing bilateral high-voltage silicon p—i—n-structures by LPE in a single process is
proposed. The authors have obtained the optimum compounds of silicon-undersaturated molten solutions
for highly doped (5+1018 cm=3) contact layers: 0.4—0.8 at. % aluminum in gallium melt for growing p-Si-
layers and 0.03—0.15 at. % ytterbium in tin melt for n-Si-layers. Parameters of such structures provide for
manufacturing of high-voltage diodes on their basis. Such diodes can be used in navigational equipment,
communication systems for household and special purposes, on-board power supply systems, radar systems,
medical equipment, etc.

Key words: epitaxial layer, liquid-phase epitaxy, rare-earth element, dopping.
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Bepmn E. B., Ceiiaman JI. A. IlonyvyeHne TOHKUX TJIEHOK PEaKTHBHBIM Mar-
HeTpoHHBIM pacnblieHneM.— MockBa: TexHocdepa, 2014.

Kuura npezcrabiiser co60il moipoGHOe CIIPABOYHOE PYKOBOACTBO 110 (DU3MIECKUM OCHO-
BaM, TEXHOJIOTHYECKUM OCOGEHHOCTSIM U IMPAKTUYECKOMY IPUMEHEHHUIO IIPOIECCa Peak-
TUBHOTO MarHeTPOHHOTO HAHECEHUS TOHKUX ILJIEHOK CJOKHOTO cocTtaBa. IloapoGHO orm-
canbl (PU3MUYECKHE TIPOIIECCHI, TPOTEKAIONINE BO BPEMsI PEAKTUBHOTO MAarHETPOHHOTO Ha-
HECEeHMUsI, TEXHOJIOIMYeCKne O0COOEHHOCTH MarHeTpOHHOro HaneceHusi. Ocoboe BHUMAHIE
VZAEJEHO Coco6aM yTIPaBJIEHUS MPOIeCCaMy HAHECEHUS TIIEHOK, 0OECTIEUNBAIONIAM CTa-
OGUJIBHOCTD 1 BOCIIPOM3BOIMMOCTD KaK CAMOTO MPOIIECCA, TAK U CBONCTB MOJIyYaeMbIX ILIe-
HOK. PaccMoTpenbl MOIUMUKAIIE [TPOIECCa HAHECEHUS, PA3JIMYAIONIAeCs UCII0Ib3YeMbl-
MU UCTOYHUKAMU MTUTAHUS: TTOCTOSHHOTO TOKA, CPETHEYACTOTHBIX MMITYJIHCOB, UMITYJTbCOB
GOJIBIIION MOIIHOCTH ¥ BBICOKOYACTOTHBIE. /[aHbI MpaKTUYeCKUE PEKOMEH/IAINH 110 OCBO-
€HWIO0 U3BECTHBIX U Pa3paGOTKe HOBBIX MPOIECCOB MOJYYEHUS MJIEHOK CJI0KHOTO COCTaBa
METO/IOM PEAKTHUBHOTO MAarHETPOHHOTO PACIIbLIEHMUS.

HOBBIE KHUT'N

B
L
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YK 621.315.592: 533.583.2

A. 1O0. JIAIIIKOB

Yxpauna, [[HenporneTpoBcKuii HallMOHAIbHBIN yHUBepcuTeT uMenn Ousecs 'oHuapa
E-mail: vdnu@yandex.ru

N3YUEHUE AJICOPBIIMOHHBIX COCTOAHUI
B KEPAMUKE ZnO—-Ag METO/IOM TB3-KPMBbIX

I pusedenvl pesyrvmamol IKCREPUMEHMANLHBIX UCCIEO08AHUL NOBEPXHOCTIHBLY IEKMPOHHBIX COCTNOSHUL,
00YCA08ACHHBIX AOCOPOUUET 2d306 HA NOBEPXHOCMU 2d304y8cMEumenviol kepamuru ZnO—Ag, memooom
MEPMOBAKYYMHBIX KPUBHIX AeKmponposodnocmu. Hccaedosanus npogoouiucy 6 unmepaaie memMnepamyp
300—800 K. Ipedaoxena modenv, no3eoasiowds oueHums eayouny 3aezanus yposus Depmu ¢ HeoOHo-
POOHBIX NOAYNPOBOOHUKOBVIX MAMEPUALAX.

Koueswie caosa: xepamuxa, oxcud yuuxd, Ag, saxyym, adcopbuyus, decopbuus, 31eKmponposooHoCcms,

yposenv Depmu, 30nHAST QUAZPAMMA.

Kepamuueckas cucrtema ZnO — Ag m0CTaTOYHO
JIABHO TIPEJIJIOKEHA B KAYECTBE MaTepuaJsia JiJist 1o-
JIYTTPOBOJTHUKOBBIX CEHCOPOB TapoB atano’a [1].
K HacrosiiiieMy BpeMeHM Ha OCHOBE OKCHJA ITMHKA
¢ 106aBKOii cepebpa Kpome COGCTBEHHO Kepamu-
YeCKMX MarepuasoB [2—3] cMHTE3MPOBAaHBI TOH-
Kue W TOJICTbIe IIeHKu [4—8], a Takike passmd-
Hble HaHOCTPYKTYPbI [9—15]. OcHOBHBIM Harpas-
JIEHWEM UCCJIe/IOBAaHUH SIBJISIETCS U3yYeHUe ONTHye-
CKUX CBOWCTB U CTPYKTYPBI TIOJTYY€HHBIX 00PA3I0B.
Uro ke Kacaercsi n3ydyeHusl ra30uyBCTBUTETbHBIX
CBOJICTB U XMMUYECKUX ITIPOIECCOB, MPOTEKAIONINX
Ha MOBEPXHOCTH cucteMbl ZnO — Ag, cyIiecTBeH-
HOE BHUMaHUE 3TOMY Y/IEJIEHO JIUIIb B OT/EJIbHBIX
paborax [7, 8, 14—16].

Henocrtatounoe kosmdecTBO mMHGpOpPMAINUHA O
MOJIEKYJISIPHO-3JIEKTPOHHBIX ITPOIECCaX, OTBET-
CTBEHHBIX 32 Ta30YyBCTBUTEJBHOCTH, U O IOBEPX-
HOCTHBIX 3JIEKTPOHHBIX COCTOSIHUSIX, CBSI3aHHBIX C
ajicopO1veii, c/IepKUBaeT Pa3BUTHE TAKOW 06acTh
3JIEKTPOHNUKHN, KaK TOJyITPOBOJHIKOBbBIE Ta30BbIE
CEHCOPbI, TIPU Pa3paboTKe KOTOPBIX CUX IOP Ipe-
BaJIMpyeT aMmupudeckuii noaxox [17].

OcHoBHOII 3ajjaueli HacTosEell paGoOThl SBJIS-
JIOCh MCCJIEZIOBAHNE TOBEPXHOCTHBIX 3JIEKTPOHHBIX
COCTOSTHUHT KEPAaMUYECKON CUCTEMbI HA OCHOBE OKCH-
Jla IIUHKa ¢ 100aBKOI cepebpa U MX CBSI3U C JIEK-
TPUYECKUME CBONCTBAMHU.

OO6pasipl 1 METOAUKA U3MePeHuii

Kepamuka 6bl1a U3roTOBJIEHA MTyTEM CMEIINBa-
Hus noporkoB ZnO u Ag,O cy6OMUKPOHHOTO pa3-
Mepa KBaJduUKaIUu «X4» B 3TUJIOBOM CITHPTE.
[Moryvyennast TakuM oO6pa3oM IMUXTA BBICYITHBA-
jgach. KommuectBo Ag,O M3MeHSIOCh B IUAMa30He
0,1—2,0% mo macce. ITosydeHHbBIi TOPOLIOK ObLT
CIIPECCOBAH B JUCKU aAuaMeTpoM 12 MM U TOJIIHU-
HoM 110 4 MM 1ozt oceBbIM AaBJsieHueM 100 MIla.

CriekaHue TTPOM3BOIMIOCH HA BO3/IyX€E B TEUEHUE
1 4 mpu temnepatype 1170 K, yto Huske Temmepa-
TYPBbI 1J1aBJeHns cepebpa. [l a1eKTpuuecKux us-
MepeHuit Ha o6pasiax 6b1Iu chOPMUPOBAHDI T1JIa-
HapHBIE 3JEKTPOABI U0 3JEKTPOBI THIIA «CIH/I-
BUY» MyTeM BXKUTAHUs cepeGpsiHoii mactor [ 18] npu
973 K na BO3myXe€.

CraHupyionasi aJeKTPOHHAS MUKPOCKOIUS II0-
BEPXHOCTH ¥ PEHTTEHOBCKUIT MUKPOAHAJN3 ObLIH BbI-
TIOJTHEHBI 11pu oMot Mukpockora Nova NanoSEM
200 (xommanust FEI, CIITA). Pentrenodasosbiii
aHamm3 06pasloB MPOBOJAWJN Ha AudpaxkToMe-
tpe PANalytical Empyrean (CuK,, A=1,5406 A).
O6pa3sipl UMe TOJMUKPUCTATITMYECKYIO CTPYKTY-
PY, TUIIMYHYIO JIJISI CIEYEHHBIX OKCU/IOB METAJJIOB.
Briiouenns MeTasmueckoro cepebpa ObLIN JOKa-
JIN30BaHbI MEXK/Ty 3epHAMU OKCHJIA ITMHKA. PazMepor
3epen ZnO Bapbuposasuchk ot 300 1o 500 um [3].
PentrenodasoBblii 1 peHTTeHOBCKUIT MUKPOAHAJI3
06pa3IioB TIOCJIe OTXKUTA TTOKA3aJI, 4TO OKCHUJI cepe-
6pa BOCCTAHABJIMBAJICS /IO METAJIA U HE CO3/[aBAJ
¢ ZnO coBmectHbix ¢as3. /lpyrue coepaunenus B
o0beMe W Ha TIOBEPXHOCTH UCCJEyeMOTO MaTepu-
aja oOHAPY KeHbI He ObLIN. JJEKTPOIPOBOIHOCTD
Marepuasa Onpe/eisiach MOTEHIIUAIbHBIMU JHEP-
reTndeckuMu GapbepaMu Ha TpaHuiax 3epen ZnO
(Borcotoit 0,20 —0,25 3B) [3].

Jlst mccsieoBaHusl MOBEPXHOCTHBIX 3JIEKTPOH-
HBIX COCTOSTHUI 06pasiioB ObLT BHIGPAH METO[] TEP-
MOBaKyyMHBIX KPUBBIX ds1eKTpornposoatoctu (TBI-
KPUBbBIX ), IPe/II0KeHHbINH A. A. [[yJIOBbIM U €ro co-
tpynuukamu [19], koTopblit npescTaBisieTcss HAM
o/lHUM 13 HanboJiee THPOPMATUBHBIX CIIOCO6OB MO-
HUTOPUHTA COCTOSIHUS Katauu3aTopoB. CocrosiHue
MTOBEPXHOCTH TBEPOTO TeJia UCCJEAYETCS TI0 ero
9JIEKTPOIIPOBO/IHOCTH B 3aBUCHMOCTH OT TeMITepa-
TYpPBI TPOTPEBA KaK IIPEBAPUTEILHOTO, TaK U B
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X0/le M3MEPEHUIT, TTPOBOJMMBIX, KaK MPABUJIO, B
BaKyyMe, MOCKOJIbKY B TAKOM CJlydae JIydllle Bce-
rO TPOSIBJISIETCS BJIUSHUE JeCOPOIUU HA 3JIEKTPO-
npoBoHOCTb. MeTon TB3I-KpuBbIX TI03BOJISIET TIPO-
BecTH aHayu3 ()azoBOTO COCTAaBA MOBEPXHOCTH 00-
PasIoB W MCCIE0BATH 3aBUCUMOCTDH 3TOTO COCTA-
Ba OT pa3nyHbIX PpakTopoB. OCHOBHOI 0CO6GEHHO-
CTBIO METO/Ia SIBJISIETCS TO, YTO B IIPOIlecce UccJie-
JIOBaHU# (DUKCUPYIOTCST HEOOpATUMble M3MEHEHUS
3JIEKTPOTIPOBOIHOCTH G W 3HEPTUU aKTUBAIUU Ta-
Koro npouecca E,.

Nsamepenne TBI-KpuUBBIX MPOBOANJIOCH CIEIY-
oM o6pasom. O6pasen; mearenno (5 K/mumn)
nporpesasica B Bakyyme (1 I1a) 0 onpe/esneHHoit
temnepatypbl (T,,.), BbIAEPKUBAJICS [0 CTaOU/IK-
3aI[UH 3JIEKTPOIPOBOJIHOCTH, TIOCJIE YeTO (PUKCUPO-
Basach TeMIeparypHas 3aBHCHMOCTD €TO 3JIEKTPH-
4ecKOll IPOBOAUMOCTHU B uHTepBaJe oT T, 10 KOM-
HaTtHOU Temmepatypbl T,. Takue uamepenus mpo-
BOJIMJTMCD JIJIsl PA3JINYHbIX 3HavYenuii 1,,, B MHTEP-
BaJie oT 310 o 800 K uepes kaxxabie 20 —30 K.

IKCHepUMEHTAIbHbIE PE3YIbTATHI
U uX 00CysK/IeHue

®opma TBI-KkpuBbIX, MOJTYyYEHHDIX I 00pas-
OB uccaeayemoii kepamuku (puc. 1), 6biaa Tu-
moBoil mJa ganHoro meroza [19, 20] u He 3aBu-
cesia oT cojaep:kanus cepebpa. Kpusbie xopoino
aNMpOKCUMHUPYIOTCS SMITPUYECKUM yYpaBHEHUEM
o(T) = aexp(=E,/(kT)), rne o(T) — snexrpo-
npoBosHOCTh; T — abcoJioTHAs TEMIEpaTypa;
0. — TIPEIPKCIOHEHTTUATBHBIN MHOKHUTEND; B — TIO-
crosHHast BosbiiMana. JTO MO3BOJIUJIO TTIOCTPOUTH
KpuBble B KoopjauHatax Appenuyca [19] m oxa-
pakTepusoBaTh 3Heprueil axkrupauuu E,, omnpene-
JISIEMOIl Ha JIMHEHHOM ydYacTKe BOJIM3U KOMHATHOI
temiiepatypbl. B pamMkax 6apbepHOil MOJIEIN 3JIEK-
TPOIPOBO/IHOCTU BeiMuuHa E, OTOXK/IeCTBJISIACH C
BEJIMYMHON MEXKPUCTAJIITUTHOTO MTOTEHIINATBHOTO
6apbepa Qg [21].

C mespio uaeHTH(UKAIINT MEXaHU3MOB 3JIEK-
TPOTIPOBOJIHOCTH M TPOIECCOB, TTPOTEKAIONTNX Ha
MOBEPXHOCTH U B 06beMe KepaMuKu, ObLIu u3yue-
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Puc. 1. TBO-kpuBble, MOIy4YeHHBIE A/ PA3TMYHBIX 3HA-
YeHuil TeMmeparypbl Bakkymuposanust (B K) o6pasiia ¢
«ConBHY»-31eKTpogaMu (unctoiii ZnO)
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Puc. 2. TemneparypHble 3aBUCUMOCTH 3HEPIHU aKTHU-

BalMU 19 06pasioB KepaMuku ¢ ItaHapubiMu (1) u
«canaBud» (2) anekrpomamMu

HBI 3aBUCUMOCTH 3HEPTUU aKTHBAIMU OT TeMIlepa-
TYpPbl BaKyyMUPOBaHUSI 00Pa3lioB ¢ Pa3HBIMH TH-
MaMu 3JIEKTPO/IOB. THUITMUHbIE 3aBUCUMOCTH TIPEI-
CTaBJIEHDBI HA pHUC. 2.

[TockonbKy BaMSHUE [1eCOPOITH HA 3JIEKTpUYe-
CKIIe CBOWCTBA TIOJYIIPOBOJAHUKOB HanboJiee BbIpa-
JKEHO TIPOSBJISETCS B TOBEPXHOCTHBIX CJIOSAX Mate-
pHaJia, OCHOBHOE BHHUMAaHWE TIPU HCCJEJOBAHUAX
yAeJ70Ch 06pasiiaM ¢ MJIaHAPHBIMU 3JIEKTPOIAMU.
[Ipu ucnonb3oBanuu TBI-KpUBBIX, MOJTYUYEHHBIX
[T 06pasIoB € Pa3JINYHBIM cojepskaHueM Ag,O,
OBLIV TIOCTPOEHBI 3aBUCUMOCTHU 3JIEKTPOITPOBOIHO-
CTH G, 06pasiia ¢ MJIAHAPHBIME JEKTPOJIAMU TIPU
KOMHATHOI TeMIlepaType OT TeMIIepaTypbl €ro Ipo-
rpesa T,,. (puc. 3). OT™MeueHo, YTO 3a MCKJIIOYE-
HEeM o6pasiia ¢ 2%-HbIM cojepskanneM Ag,O, BO
Bcex oOpa3iax yBeJW4YeHHe TeMIEepaTypbl BaKyy-
muposanus Bbiie 300 K we cpasy mpuBoanio
yBesmuennio 6, (cM. kpusble / u 3 Ha puc. 3), a
B HEKOTOPBIX CJIy4yasxX 3HaueHue G, JaKe CHUXKa-
goch (kpuBas 2). 1ot adPeKT, Kak u IMocTeneH-
Hoe yBesmueHue E, fyis Takux o6pasioB, MOXKHO
MOSICHUTD JiecopOIueil BObI C TOBEPXHOCTH Kepa-
Mukn [22, 23].

Kak BuznnO Ha pue. 3, B 1uama3one OTHOCUTED-
HO Hu3Kux 3Hauenuil T, 3aBucuMoctb G,(T,,.)

73 -
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103/, 103/K
Puc. 3. 3aBUCHMOCTD 3JIEKTPOIIPOBOTHOCTH TTPU KOMHAT-
HOIi TeMIiepaType OT TeMIIepaTypbl BAKYYMUPOBAaHUS 06-
Pa3IoB C TJIAHAPHBIMH 3JIEKTPOJAAMH W PA3JIHMYHBIM CO-

nepxanneM Ag,O (B Mac. %):
1 —0;2—0,1;3—1,0;4 — 2,0
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YJIOBJIETBOPUTEJBHO CIPSIMJISIETCS B KOOp/MHA-
Tax AppeHHnyca. ITO MO3BOJSIET, KAK U B CJIyyae
TBO-kpusbix (puc. 1), anmpoKCUMUPOBATH ITU
3aBUCUMOCTH aHAJOTHYHBbIM ypaBHeHueM: 6,(T) =
= B-exp(=W /(kT)), tne p — UPeAIKCIOHEHIU-
aJIbHBI MHOKMTEJIb, U OLIEHUTb YHEPTUIO aKTHBA-
uu caura TBI-kpusbix W. V3 TaGauubl BUIHO,
4yTO 3HaueHne W yBeJMYMBaE€TCsl C POCTOM MacCcCo-
Boii moJsn cepebpa: ot 0,24 3B misa uucroro ZnO
1o 0,52 3B mast o6pasia ¢ 2 mac. % Ag,0.

[Mosbrmenne T, TPUBOJUT K YXOJY € IIOBEPXHO-
¢t 06pasIoB KUCJI0PO/ia, KOTOPDIil a/IcOpOUpyercst
B Buzie noHOB O, u O~ u aBasiercs aiag ZnO akien-
topoM [23]. YpaBHeHue, oTpaskaloliiee JaHHbIN IIPO-
1ece, MOxHO 3anucath B Buje O; — O, + e~ 6o
207 —» O, + 2e7, rne e= — anexrpon. [/lecopbius
dusagcopbupoBannoro (HeHTPaIbHOTO) KUCI0POA
npezcrassieTcs: 60Jiee BEPOSITHON B CBSI3U CO CJia-
O6bIM €ro B3auMojeiicTBueM ¢ ajcopbentom [23], u
CYIIIECTBEHHOTO BJIMSIHUS Ha 3JIEKTPOIIPOBOJHOCTD
OH He OKa3bIBaeT. B pesysbraTe mMpoNCXOUT CHILKE-
HUe MEKKPUCTAJTUTHBIX OTEHITMATBbHBIX 6APbePOB
B KEpaMUKe, CyNeCTBOBAHUE KOTOPLIX B OCHOBHOM U
3aBUCHUT OT CJIOSI XeMOCOPOUPOBAHHOTO B 3aPSI?KeH-
HOlT hopme kucaopona [23]. YMenbienue moTeH-
[UAJIbHBIX SHEPTeTHYECKUX 6apbePOB, B CBOIO Ove-
pelib, TPUBOJIUT K YBEJINYEHUTO TTPOBOIUMOCTH [ 24],
T. K. y/leJbHAs 3JEKTPOIMPOBOHOCTD TOJIYIPOBO-
JTHUKA B 06beMe 3epeH CyIECTBEHHO GOJIbIle, YeM
KepaMHKHU B 1ieJioM [23, 24]. ITuM MOKHO 00bsiC-
HuTh Xapakrep 3asucumoctu G6,(T,,) Ha puc. 3
npu T,,. 1o 600 K.

B o6acti BBICOKUX TeMIEpaTyp HaOJI0IaeTCsI
pe3Koe yMeHbIIIeHue G, Py yBeandeHuu 1, BbIIIe
onpezie/IeHHbIX 3HaueHnii (Ha puc. 3 5T TOYKM OT-
MEUYEeHbI CTPEJKaMK), IPUYeM 3HAYEHUS 9TH 3aBU-
CAT OT cocTaBa 0Opasia: MpU MEHbIIEN IOTHOCTH
CHUJKEHUE HJIEKTPOIPOBO/IHOCTA HAYUHAET TIPOSIB-
JIITbCS TIpH MeHbIuX Temneparypax (cm. T, B
tTabsuie). JanHoe cHUXeHUE 06BICHSETCS 60
ucnapeHueMm ¢ noBepxHoctu ZnO MeTaInYecKo-
ro nuuka [25], su6o nuddysueii kucaopona us
BHYTPEHHUX 00JIacTell 3epHa K MOBepXHOCTH [26].

[Tocne yxkazanHoro cnaja G, JajbHellliee MOBbI-
nienue T,,. BHOBb NPUBOJAUT K YBEJIUYEHUIO HJIEK-
tponposoanoct (cM. puc. 3).

YBenuueHnue sHepruu aktuBaiuu W 3aBuCH-
moctu 6,(T,,.) € POCTOM KOHIIEHTpaIuu cepeGpa
MOKHO OOBSICHUTb TEM, YTO OHO HE TOJIBKO KOH-

LIEHTPUPYETCS B Mexxk3epennoii dase [3] okcuHo-
IIUHKOBON KEPaMUKHU, HO U MIPOHUKAET B KPUCTAJI-
auueckyio perretrky ZnO. Coryactuo [6], cepe6po
o6pa3yeT B 3allpelnieHHOl 30He OKCH/a IIMHKA aK-
HENTOPHBII SHEPTETHYECKHI YPOBEHD, PACTIOJOMKEH-
Hbri mpuMepHo Ha 0,2 3B BbINIE TOTONKA BaJeHT-
HOW 30HBI. YBeJIWYeHHEe KOJUIECTBA aKIIENTOPHOM
npumecu (JierupoBaHue) TPUBOAUT K CABUTY YPOB-
us Mepmu BHU3 (6/MKe K BaJIEHTHOI 30HE) W 4Ya-
CTUYHOW KOMIIEHCAIIUN JOHOPHBIX yPOBHEH, KOH-
TPOJUPYIOIUX OO BEMHYIO TPOBOJUMOCTD KPUCTAI-
autoB ZnO. IT0 06yCJIOBJIUBAET YMEHbBIIEHUE UX
3JIEKTPOIIPOBO/IHOCTH.

3aBUCUMOCTD 3JIEKTPOIIPOBOJHOCTU OT JIaBJIe-
HUsA, HAGTI0/1aeMas TPy a/ICOPOITUU KUCJIOPO/Ia OK-
CU/IOM ITMHKA, OMUCBHIBAETCS BBIPA’KEHUEM, WJIEH-
TUYHBIM yPaBHEHUIO M30TepMbl DpeitH/Imxa, 4To
MOSICHSIETCST AKCIIOHEHITUAJIbHBIM PacIpe/ieleHueM
cocrosgauil afcopbiun o sHeprun [23]. Mcxons
U3 3TOTO MOKHO TIPE/IIOJIOKUTD CYIIIECTBOBAHUE He-
MIPEPBIBHOTO CIIEKTPA TIOBEPXHOCTHBIX 3JIEKTPOHHBIX
cocrosauii (ITAC) B 3anpemennoit sone ZnO, cBs-
3aHHBIX € a/IcOPOIMEN KUCTIOPOA, YTO COTJIACYET-
cs ¢ [23]. Coraacno cratuctuke @epmu — J{upaka
[27] BepostHocTh 3anosnenus [19C, kak u g06bIX
JIPYTUX JIEKTPOHHBIX COCTOSTHUIA, TIPU YBEJTMUEHUH
snepruu Boie ypouss Mepmu (Ep) cyniecTBeHHo
yMeHbINaeTcsi. JTO MPUBOAUT K Tomy, uto [1DC
BbIllle ypoBHSI DepMu MPaKTHYECKU HE 3apPsKEHbI
[28, 29]. Kucnopos HaxoauTcs: Ha HUX YKe He B
opme nonos O, nm O, a B HeliTpaabHOll — O,.
Taxum o6pasoM, yBeJuYeHUE MMPOBOJUMOCTU BO3-
MOJKHO JIUIIb TIpU Jecopbuuu Kucaopoaa ¢ 119C,
JIeKAIMX HIKe ypoBHS (DepMu TOJIYMPOBO/HU-
ka: W= (E, - Ep) + o, rne (E, — Ep) — sHep-
reTUYeCcKOe PacCTOsIHUE MeXy ypoBHeM DepMu u
JTHOM 30HBI IPOBOJIUMOCTU B 0O'beMe KPUCTAJLIUTA
(rny6una 3aneranust yposas Mepmn).

Ecam 661 B paMKax sKcllepuMEHTa OTCJIEKUBA-
JIACH 3aBUICHMOCTD JIaBJIEHUS B 3KCIIEPUMEHTAJIBHOI
KaMepe OT TeMIIEPATYPbl BAKYYMUPOBAHUS, MOKHO
6bLI0 ObI TIOJIYYUTh JAHHBIE /IS PAcueTa SHEPruu
akTUBaIuu Jecopbiuu usaIcopOupPOBAHHOIO KUC-
JIOPO/IA C TTIOBEPXHOCTH TBEPAOTO Tesa. OxuaeMble
3HAYEHUs SHEPTUH AKTUBAIUU JeCOPOIUN Y XeMO-
copbupoBaHHoro kucJjopozaa > 1 sB [23]. Oxnako
B MeTo/le TBO-KPUBBIX OTCJAEKUBAETCS 3JEKTPO-
MPOBOJIHOCTD 00pasiia, KOTopasi yBEJUYUBAETCS B
pesyJibrare J1ecopOIuy XeMoCOPOUPOBAHHOTO KUC-

Anexmpoghusuneckue napamempvl KCNEPUMEHMATLHIX 00PAIYOE

Honsa Ag,0, [ImoTHOCTH . 3
Mac. % o6pasita, Kr/m Tun snexrponos W, sB ¢, 2B T ue E.—Ep, 5B

«COHJIBUYY 0,26 0,23 > 640 0,03
0 4360

TUTaHapHbBIE 0,24 0,20 > 670 0,04
0,1 3390 0,25 0,17 660 0,08
1,0 4070 TIaHApHBIC 0,31 0,18 680 0,13
2,0 3100 0,52 0,18 540 0,34
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Joposia. DUKCUPYyeTCsT He SHEPTHsT AKTUBAIUH [le-
copOINN KUCJIOPO/Ia, a SHEPIHUsl aKTUBAIMK 3JIEK-
TPOHHOTO OTKJWKA Ha 3TOT Tporecc. [lockoabky
3HaYeHUsA sHeprum aktuBanuum TBI-kpusbix W
(cMm. Tabauity) HamHoro mMenbiine 1 5B u pasaudnbl
JUIst 06paslioB ¢ pasHOil KOHIIEHTpalueil cepebpa,
OHM HE MOTYT OBbITh WIEHTUMUITMPOBAHBI KaK dHEP-
THS aKTUBAIMA XeMOCOPOUPOBAHHOTO KUCJIOPO/IA.

[TosyyeHHble 3HAYEHUS HHEPTUM AKTUBAIMU
TBI-xpuBbix W MOXXHO TIOSCHUTD TE€M, UTO COTJIAC-
HO pacrpejenernio boabiMana qaxe npu He6OJIb-
NIMX TeMITepaTypax BCET/Ia CYIeCTBYET HEKOTOPOe
KOJITYECTBO XeMOCOPOMPOBAHHBIX NOHOB KHCJIOPO-
J1a, o6JaaIoNuX dHEPTuel, JOCTaTOUHOW I Jie-
copOiuu. IIpu paccMoTpenun xeMocopOuPOBaHHO-
IO COCTOSTHUS KaK eJIMHON KBAHTOBO-MEeXaHUYECKO
CUCTeMBI, OObEMHSIONIEN MOJIEKYTY aJiIcopOeHTa u
3aXBayveHHbIN 3JeKTpoH [23], Joruuno npeanoso-
KUTb, YTO CHCTEMBI, B KOTOPBIX 3JEKTPOH 006Jia-
JaeT GoJIbIell sHepTuel, MeHee ycCTONYMBBI. 1O
€CTb KUCJ0po, XxeMocopbupoBanubliit [19C B6H-
31 ypoBHs Depmu, ecopOUpyeTcs ¢ IOBEPXHOCTU
MOJTyIPOBO/IHUKA 60Jiee aKTUBHO, 4eM ¢ 6oJiee TIy-
60kux ypoBHeil. [Ipu aTOM ponUCXOIUT OCBOGOKIe-
Hue ¢ [I19C anekTpoHa, 3aXBaYeHHOTO paHee KUCJIO-
po/loM. Y poBHU HUKe YpoBHS (DepMu 1MOYTH TOJI-
HOCTBIO 3aMOJIHEHDI, YTO JIeJaeT MAJOBEPOSTHBIM
nepexo/1 3JeKTpoHa B 60Jiee HU3KOIHEPTETUIECKOe
coctostane. Camo cymiectBoBanne [19C Bbite ypos-
Hs DepMu MaJIOBEPOSATHO, T. K. OHO CBSI3aHO C Xe-
MOCOPOUPOBAHHBIM KUCJIOPOJIOM, KOTOPBIH (haKkTH-
YeCKW UX W CO3/IaeT. ITO MOATBEPIKIAETCS JaHHbI-
MU 0 BbIcOTe 6apbepoB B ZnO-KepaMuKe HA BO3/Y-
xe (20,2 5B) n ux goaacopbrmonHoii Beicore (OKO-
10 0,01 5B) [23]. Takum 06pasoM, IS SIEKTPOHA,
0CBOOOIUBIIIETOCS C YPOBHEN, JIESKAIUX 3HAUYUTE b~
HO HIKe ypoBHs Depmu, HamboJiee BEPOSITEH TIepe-
X0/l TOJIbKO Ha OTHOCUTEIHHO c1a60 3aT0JTHEHHBIE
cocTostHus BOJM3U ypoBHST DepMu, T/ie OCyIIecT-
BJsieTcd ux mepesdaxsaT Ha [19C ¢ nocaenyrommum
BO3MOJKHBIM TEPEXO/IOM HAa YPOBHU 30HBI MTPOBO-
JIUMOCTH, TakKe cjabo 3amnonHeHHbie. Ciemyer
OTMETHTDH, YTO TIOCJE TEPMOOOPAGOTKU B BaKyyMe
YBEJTMUNBAETCS KOHIEHTPAIUS SJEKTPOHOB B 30HE
MIPOBO/IUMOCTH.

TyHHEMpOBaHNEe 2JIEKTPOHOB C COCTOSTHUI BOJIH-
31 ypoBHs DepMu B 30HY TPOBOIUMOCTH TTPEICTAB-
JISETCS MAJIOBEPOSTHBIM B CBSI3W CO 3HAUYMUTEJILHOM
mpuHoii o6eauennoil obaactu (okoso 107 M co-
IJIACHO pacyeram).

[laHHasT MOJIe/Tb TO3BOJISIET OIEHUTD TIyOUHY 3a-
Jleranusi ypoBHs DepMu Mo/1 THOM 30HbBI TPOBO/IU-
MOCTH B 00beMe KPUCTAJLTUTOB HETIOCPEJCTBEHHO M3
soipasketust W = (E, — Ep) + ¢, (cM. Tabauiry).

Ncxonst 3 BBIMEN3I0KEHHOTO MOYKHO TTPE/IITO-
JIOKUTD, 4TO TIpu JerupoBauu ZnO JOHOPHBIMU
MPUMECSIMU YUCJIO 3ATOJHEHHBIX TOBEPXHOCTHBIX
3JIEKTPOHHBIX COCTOSTHUN YBEJTMIMBAETCS, a TIPH Jie-
TMPOBAHWUH AKIIENITOPHBIMU — yMEHbIIAeTCs. JTO, B
CBOIO 04Yepe/lb, JOJLKHO BBI3BATH yBEJIMUEHUE UJIH,
COOTBETCTBEHHO, YMEHDBIIIEHNE Ia30UyBCTBUTEIBHO-
cru Marepuasa (IIpU yCJIOBUU TAKOTO K€ BJIUSHUS
MpPUMECH Ha JPYyTUe 3JeKTPodU3nIecKre CBOMCTBA

MOJIYyIIPOBOJTHUKA, OT KOTOPBIX TaKKe 3aBUCUT Ta-
304yBCTBUTEIBHOCTD) . [laHHOE MPEAIIOIOKEeHNE Ha-
XOJIUT CBOE MMO/ITBEPIK/IEHNE B 9KCIIEPUMEHTAIbHBIX
paborax, Hampumep B [30].

BboiBo b1

[IpoBesennbie SKCIIEPUMEHTATHHBIE HCCJIEI0BA-
HUS [TOKA3aJIH, YTO 3JIEKTPOIIPOBOIHOCTD 06PA3I0B
Kepamuku ZnO — Ag cHUKaeTcs MPU UX MPOrpeBe
B BakyyMe ITIpH TeMIlepaType, Jexainiell B Juarma-
30He ot 340 10 680 K.

[l obectiedeHrst BBICOKOH ra309yBCTBUTEIbHO-
CTH TIOJYTIPOBOTHUKOBBIX Ta30BBIX CEHCOPOB, TIPHIH-
IIUTI IEVCTBUS KOTOPBIX OCHOBAH HA OKUCJIEHUH aK-
TUBHOTO Ta3a Ha MOBEPXHOCTH AaTUYNKA, HEOOXOIH-
MO, UTOOBI TIOBEPXHOCTHBIE 3JIEKTPOHHBIE COCTOSTHUS
OBLIM MAKCHMAJIbHO 3ATI0JHEHbl MOHAMU KHCJIOPO-
Jla, 9TO, B CBOIO OY€PEb, MOCTUTAETCS JIETHPOBA-
HUEM MaTepHUaJIOB R-THUITA IOHOPHBIMH ITPUMECSIMU.
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BUBUEHHS AJCOPBIIMHUX CTAHIB Y KEPAMIIII ZnO — Ag METO/IOM

TBE-KPUBUX

Hasedeno pesyavmamu excnepumenmdaivHux O00CAI0KEeHb NOBEPIHESUX eNeKMPOHHUX CMAHIE, 00YMO6.le-
Hux adcopbui€io 2azie na nogepxmi zazouymausoi xepamiku ZnO—Ag, memooon mepmMoSaAKyyMHUX KPUSUX
eaexmponposionocmi. /ocaidikenns npogodunucs ¢ memnepamypuomy inmepsairi 300 —800 K. 3anpononosano
MOOenb, U0 00360A5€ OUTHUMU 2AUOUHY 3daseanns piens Depmi 6 HEOOHOPIOHUX HANIGNPOGIOHUKOBUX
mamepianax.

Kniouosi cnosa: xepamixa, oxcud wyunxy, Ag, eaxyym, adcopouyis, Oecopbuis, ereKmponposionicmo, pieeHs
Depmi, 3onna diazpama.

A. Yu. LYASHKOV
Oles Honchar Dnepropetrovsk National University
E-mail: vdnu@yandex.ru

STUDY OF ADSORPTION STATES IN ZnO —Ag GAS-SENSITIVE CERAMICS
USING THE ECTV CURVES METHOD

The ZnO—Ag ceramic system as the material for semiconductor sensors of ethanol vapors was proposed quite
a long time ago. The main goal of this work was to study surface electron states of this system and their
relation with the electric properties of the material. The quantity of doping with Ag,O was changed in the
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range of 0,1-2,0% of mass. The increase of the Ag doping leads to a shift of the Fermi level down (closer
to the valence zone). The paper presents research results on electrical properties of ZnO-Ag ceramics using
the method of thermal vacuum curves of electrical conductivity. Changes in the electrical properties during
heating in vacuum in the temperature range of 300 —800 K were obtained and discussed. The increase of T,
leads to removal of oxygen from the surface of samples The oxygen is adsorbed in the form of O, and O~
ions and is the acceptor for ZnO. This results in the lowering of the inter-crystallite potential barriers in the
ceramic. The surface electron states (SES) above the Fermi level are virtually uncharged. The increase of the
conductivity causes desorption of oxygen from the SES settled below the Fermi level of the semiconductor. The
model allows evaluating the depth of the Fermi level in the inhomogeneous semiconductor materials.

Keywords: ceramics, zinc oxide, Ag, vacuum, semiconductor, desorption, conductivity, the Fermi level, band diagram.
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[HOJAYYUYEHUE ITPUTOAHOI'O AJIAd CEHCOPUKHN
[TOPUCTOI'O KPEMHUMA METOAOM
HESJIEKTPOJIMTUYECKOTI'O TPABJIEHUA MacEtch

Ans noayuenus Muxpo- u HAHOCMPYKMYP NOPUCMOZO KPeMmHus npedJiazdemcs UCNOLb308dAMb Memoo
neanexmpoumuueckozo mpasienus MacEtch (metal assisted chemical etching). IIpedcmasienv pe3yiv-
mamot Uccaed08anus MOPHoIo2UL CMPYKMYP, NOJYUEHHIX NPU PAZHBLX NAPAMEMPAX NPOUECCO8 0CAKOe-
HUSL U MPABACHUS, U NOKA3AHA BO3MOKHOCMY UX UCNOIb30GAHUS 8 KAUeCEe CeHCOPOs 2a306 U OuoI0zuYe-

CKUX 005eKmos.

Kanroueswle croea: nOpLLCT’}’lbLZZ erMHuﬁ, HedleKmpoaumuideckoe (xuMuuemcoe) mpaeJjierue.

ITepcrieKTHBBI MCIIOJIb30BAHMS PAa3HOOOPA3HBIX
MOPUCTBIX CTPYKTYP, B YACTHOCTU HA OCHOBE KPEM-
HUS, B KAQUeCTBe CEHCOPOB 6a3UPYIOTCS B TEPBYIO
ouepe/ib Ha UCIOJIb30BAHUN YHUKAJIbHBIX (PU3UKO-
XUMUYECKUX CBOWCTB 3TUX CTPYKTYP IO OTHOIIIE-
HUIO K JEeTEeKTHPYyeMOMY BemllecTBY. ITOCKOJIbKY
MesKTy MOpdOJIOrrell HAHOCTPYKTYP U MHTEHCUB-
HOCTDBIO a/1cOPOINH ra3oB U 6006 beKTOB HaGII0/a-
eTcst mpsiMasi 3aBucuMocTb [1—4], cosmanue mpu-
FOJIHOTO JIJisi CEHCOPUKU KAayeCTBEHHOTO MaTepua-
JIa ¢ 3a/IaHHBIMY CBOMCTBAMM HEBO3MOYKHO 0€3 KOH-
TPOJIS TIAPAMETPOB TIpotiecca (pOPMUPOBAHUST TIOPH-
CTOI CTPYKTYPBI.

OHUM U3 OCHOBHBIX METOJIOB TIOJTyY€HST TIOPU-
cToro Kpemuus nocjennue 20 JieT SIBJSETCS dJIEK-
TpoxumMuveckoe Tpapienue [1]. Biaromaps cBoeii
IIPOCTOTE METO/ IIUPOKO PACIIPOCTPAHMIICS, OAHAKO
C €ro MOMOIIBI0 MOMKHO TIOJIyYaTh JHIIb TOPUCTHIE
MHUKPO- ¥ HAHOCTPYKTYPbI ¢ HEPABHOMEDPHBIM pac-
Hpeie/IeHIEM IIOp. ITO OrPaHUYUBAET €r0 IPUMEHe-
HUe B 00J1aCTH MOJyYEHHsT MATEPUAJIOB JIJISI CEHCO-
POB, TIOCKOJIbKY, KaK TIOKA3bIBAIOT UCCJE0BAHUS,
st 3 GEKTUBHOTO JETEKTUPOBAHUST PA3TMUHBIX
MOJIEKYJT B OMO0OBEKTOB CJIE/IYET MCIOIb30BATD HE
MPOCTbIE TIOPUCTBIE CTPYKTYPBI, a 60Jiee CJAOKHBIE,
UMEIOTIIe PA3HOOOPa3HYI0 MOP(HOIOTHIO TOBEPXHO-
CTH — HAHOBHUCKEPBHI, IIOPbI, PACIIOJIOKEHHbIE HA
OTIpe/IEJIEHHOM PACCTOSIHUU JIPYT OT JIpyra, HaHO-
nupaMu/ibl u T. A. [logydars Takue CTPYKTyPbI MO-
3BOJISIET METOJI XUMUYECKOI'0 HEBJIEKTPOJIUTHYECKO-
ro tpasienus MacEtch (metal-assisted chemical
etching) [5—7]. Cyrtb sTOr0 Meroma 3akjioyaer-
csI B TOM, YTO KPEMHHUEBasl IIO/JIOKKA ITOKPbIBAET-
CSI IPEPBIBUCTBIM CJI0EM OJIarOPOJHOTO METAJLIA U
[IO/IBEPraeTCs TPABJIEHUIO B PACTBOPE ILJIABUKOBOM
kucaorbl (HF) u okucsioniero pearenra, B Kaue-
CTBE KOTOPOTO Yallle BCETO HCMOJb3YIOT MEPEKUCH
BOJIOpPO/Ia (H202). [Ipu sTomM KpeMHWil, HaxXo/d-
HIMICS TI0/] CJTOEM METaJljia, TPABUTCS HAMHOTO Gbl-

cTpee, YeM YncTast Si-MmoBEPXHOCTD, MIOCKOJIbKY Ya-
CTHIIBI METAJJIa TPOHUKAIOT B KPEMHMWIT, TEHEPUPYS
1opbI 1K GoJiee CI0XKHbIE CTPYKTYpbI (Hanpumep,
KBaHTOBbIE HUTH). OCOGEHHOCTH F€OMETPUH TI0JIY-
YEHHBIX CTPYKTYP 3aBUCSAT B OCHOBHOM OT HA4aJib-
HOIT MOPQOJIOTHH METAJLIMYECKOTO MOKPBITHS TI0-
BEPXHOCTU M OT yCJIOBHS TIPOTEKAHUS PEAKIIUA.

Takum o6pasom, merogom MacEtch moskHO 110-
Jy4yaTh 6oJiee MUPOKUI CIIEKTP HAHOCTPYKTYD 3a-
JaHHON MopdoJorin. JTO, B CBOIO OYEpe/ib, TT03BO-
JISIET TTOBBICUTH CEJIEKTUBHOCTD MOPUCTOTO MATEPU-
ajla K Ollpejie;IeHHOMY BUJ/Y MOJIEKYJ U 6H006bEK-
10B. Tak, ecsm 6nooGbexT (BUpyC, 6akTepst) uMeeT
pasmepsnl opska 10 MM, To /11 ero addexTus-
HOTO OOHAPY’KEeHHsI HEOOXOAUMBI CTPYKTYypbl (Ha-
npuMep, MOPbl) ¢ TAKUMHU ke pazmepamu. Kpome
TOTO, B KauecTBe MaTepuaJja /g aerekropos [JHK
U Ta30BBIX MOJIEKYJI Ceifiyac aKTUBHO HCIIOJb3YyIOT
HAHOBHCKEPDI, KOTOPBIE HE YJACTCS MTOTy4aTh 3JIeK-
TPOXUMHYIECKUM MeToIoM. ChOopMUPOBAaHHBII MeTO-
nom MacEtch nanocTpyKTypupoBaHHbBIN KpeMHMIA
MO3KeT OBbITh MCIOJIb30BaH B KavyecTBe aheKTuB-
HOTO MaTepuaJia JiJist JaTYNKOB ra3oB U OHMOOODHEK-
ToB. O/THAKO B M3BECTHBIX aBTOPY JIUTEPATYPHBIX
UCTOYHUKAX HET YIOMUHAHWI 00 WCCIEe/JOBAHUSIX,
HAIIPABJIEHHBIX HA MOWCK MapaMeTPOB YIPABJIECHUS
MPOLIECCOM TIOJIyY€eHUsI Takoro Kpemuus. [losTomy
B TiposioJkenne [8] B HacrosIelt paboTe U3yUueHbI
XapaKTEPUCTUKHU CTPYKTYP MTOPUCTOTO KPEMHMS, TIO-
aydernoro merogom MacEtch nipu pasnbix ycmioBu-
X, a Tak)Ke MPOaHAJN3MPOBAHA BO3MOXKHOCTDH WX
UCIIOJIb30BAaHUS B KAUECTBE CEHCOPOB ra3oB U OHO-
JIOTHYECKUX OOBEKTOB.

Ilosy4yenne o6GpasioB AJs1 HCCJI€A0BAHUI

Bo3MoOKHBIE peakluu, IPOTEKAIOIIKNe IIPH Pe-
anusanuu mpoiecca MacEtch ananormunbr peak-
UM IIPU 3JIEKTPOXUMUYecKOM TpaBieHuun B HF
[9—12]. UsBecTHO, uTo H,0O, pacnajaercs Ha 1o-
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BEPXHOCTH MeTaJlia 1o cjaeayoneil peakiuu (ka-
TOHAA PEAKINs):

H,0,+2H+*—>2H,0+2h*. ()

CytmiecTByeT TpeanososKeHre, 4TO CHIDKEHUE
KOJIMYeCTBa MPOTOHOB B BOJOPO/IE BBI3BAHO eii-
CTBUEM [JIPYTOW KATOAHOW Peakind, B JOTIOJHEHHEe
K peakiuu (1):

2H+*—H,T+2h+. 2

KpemuueBast moJ10:xKa, IpeAcTaB/IsgIoNniast co-
60ii aHO, oKucJysiercss U pacrtBopsercs. /s omnu-
CaHMs HTOTO IpOIecca MPEJAraeTcss MHOXKECTBO
MojieJielt pacTBOPEHHs KPEMHHUSI, KOTOPbIE YCJIOBHO
MOXKHO pas/leJTuTh Ha TpHU rpymmnbr [12]:

1) mpsiMmoe pactBopeHue Si B YeTbIPEXBAJIECHT-
HOM COCTOSTHHU

Si+4h*+4HF—SiF +4H", 3)

SiF,+2HF—H,SiFg; (4)

2) upsiMmoe pactBopenue Si B JIBYXBaJEHTHOM
COCTOAHUU

Si+4HF-—SiF—,+2HF+H,T+2¢c; (5)

3) okwucJieHne Si ¢ Moc/eyonuM PacTBOPEHHEM
OKCH/Ia

Si+2H,0-SiO,+4H*+4e", (6)

SiO,+6HF—-H,SiF¢+2H,0. (7)

Mojenb 2 crpaBellJinBa, TOCKOJIbKY BOJOPO/I
BbIJIeJISTETCS U TIPU OOBIYHOM TpaBJyieHnn. OHAKO
peanmayeTrcss M MOJIeNTb 3, TI0 KOTOPO# OKCH 00-
pasyeTcs Ha TTOBEPXHOCTH KPEMHUEBOU TIOIOKKA
JI0 pacTBOpeHusl Si M BbIJIeJIEHUE BOJIOPOJA TIPO-
HUCXOJUT OJIHOBPEMEHHO € pacTBopenueM Si. B
[12] npennosaraercs, 4To PU HEITEKTPOTUTHYE-
CKOM TPaBJIEHUH TIPOUCXO/IUT CMETAHHAS PEAKIIUs,
BKJIIOYAlONas B cebs IByX- W YeTbIPEXBAJEHTHOE
pacTBOpeHUEe KPEeMHUS:

Si+6HF+nh*—H,SiFg+nH*+(4—n) /2H,T,
u ob1aga peakunusa uMeeT BUJ

Wcexonst 13 aHAIN3a CKOPOCTH TPaBJICHHS IIapaMeTP
7 IPUHUMAIOT PaBHBIM 3.

[1J1sT OKHCJIEHHUST U AHOAHOTO PACTBOPEHMUS KPEM-
HUSI HEOOXO/IMM TIEPEHOC 3apsi/ia, KOTOPLIH 0OCy-
MIECTBJISTIOT JIBIPKHU, TEHEPUPYEMbIE B ITPOIIECCE XT-
MUYECKOro TpaBJjenusi. B kauecTBe Kato/a, HAa KO-
TOPOM IIPOMCXOAMT OKucjaeHue 1no peakuum (1),
BBICTYNAIOT MUKPOCKOTIMYECKHUE YaCTHUIBI OJIaro-
POJIHOTO MeTaJLia.

Muorue sBJeHUS TPU TPABJEHUU METOJOM
MacEtch MoxkHO KayecTBEHHO OObSCHUTH WHIKEK-
1uei AbIpoK, 06Pa30BaBIIUXCS B METAJLIE, B KPEM-
HUEBYIO TOUIOKKY ¥ [uddysneir IbIpOK B KpeM-
nuii [10]. CooTBeTcTBEHHO, aTOMBI KPEMHUS O]
METAJLIMYECKAM CJIOEM OKHUCJLIOTCS 3a CYeT WH-

(8)

JKEKITUU JIbIPOK U PACTBOPSIIOTCS TOJ[ JIEHCTBUEM
HF — npoucxoaur anognas peakius (3).

B mammx skcnepuMeHTax s MOJy4YeHus 06-
pasioB ObLJIM KCIIOJb30BAHbI ILJIACTUHBI KPEMHUS
p-tuna opuenranuu (100) ¢ pasauvHOll KOHIEH-
Tparmeit serupyioiieii mpumecu. [locse nposenenns
craggaptHoii RCA-04ncTKY Ha MJIACTUHBI OCaXK/1a-
JIU 4acTUIlbl cepebpa, MOrpysKas UX Ha KOPOTKOE
spems (t..) B pactBop AgNO5:HF:H,0. B akcre-
pUMeHTaX ObLJIU HMCIOJb30BAHBI PACTBOPHI C JBY-
MSI 3HAYEHUSIMU MOJITPHON KOHI[EHTpAInK cepedpa
Cpnre — 1073 1 1072 mosb /1.

ajiee TIJIACTUHBI C OCAXK/ICHHBIMU YaCTHIAMU Ce-
peb6pa nomemasnu B pactsop H,O,:H,O:HF c pas-
JINYHBIM cofiep:kanueM okucantens H,O, as Tpas-

JIEHUs Ha BpeMs L., paBHoe 5— 15 MUH.

Hccaenosanne MopdoIoruu mory4eHHbIX
00pasios
B xome srcnepuMenTta ObLIN TIOJyUYeHB 06Pa3-
I[bI KPEMHUSI C PA3JNYHON MOPGOJIOTHENl TOBEPXHO-
ctu. Ha puc. 1 npeacrasiernsr ACM-uso6pakeHust

2) to=6 mun, £,,=10 Mun
y - Z ,MKM
, MKM
£ 32200
10

3 | - 31600
6 [ 31000

4] -
- 30400

2] i
- [ 29800
0 2 4 6 8 10 12 X, Mkm

6) toc=1 MuH, £,,=5 Mun
Y, MKM | tZ, MKM

10 1 1 31400
81 | 30200

61 i
] - 29000

4] -
9 - 27800
] — - 26600
0 2 4 6 8 10 12 X, Mrm

Puc. 1. ACM-u3o6paskeHune TOBEPXHOCTHA 06PasIoB, I0-

JIYEHHDIX [IPU PA3HOM BPEMEHH OCAKIAEHWsI 1 TPABJICHHSI
(Cyyag=1073 Mostb/11; HyO»:H,O:HF=10:80:40)
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MOBEPXHOCTH 00PA3IIOB, TIOJYYEHHDBIX NTPU PAa3HOMN
JUTUTETBHOCTH TIPOIECCOB OCAXK/EHUS U TpaBJie-
aust. Ocaxjaenne cepebpa MPOBOAUIOCH U3 Pac-
tBopa AgNO3:HF:H,O c momxsipHo#l KoHIIEHTpa-
uneit C,,5,=1073 Mosb, /11, TpaBsieHne — B pacTBO-
pe oxkucaurens H,O,:H,O:HF=10:80:40. Kak Buz-
HO 3 puc. 1, @, Ipu 6OJIbIIEM BPEMEHU OCAXK/Ie-
nus (¢,,=6 MUH) Ha TOBEPXHOCTH oOpasia IocJe
TPaBJIeHUsI BO3HUKAIOT PABHOMEPHO paclpeiesieH-
HbIE TIOPBI B BUJIe KPATEPOB NIPUOTUIUTENBHO OJIH-
HakoBbIX pasMepoB (1,4—1,6 MKM B anamerpe).
[Ipu manom Bpemenn ocaxienus (f,.=1 MuH) ua-
CTHUIIBI cepebpa OCAKIAIOTCS HA TIOBEPXHOCTb KPEM-
HUSI HePaBHOMEPHO, 1 U3 pucC. 1, 6 MOKHO YBUJIETD,
YTO 06PA3YIOIINECS TTOCJIE TPABJEHUS TIOPBI UMEIOT
60JIBIII0N pa3bpoc 10 pasMepaM u 1o hopmMe, a ux
pacrpe/iesieHyie 1o MOBEPXHOCTH He HOCUT YHOPSI-
JIOUEeHHDBIN XapakTep.

YBesmuenne xonnentpaiun H,O, mpuBoaut x
VBEJUUYEHUTO KOHIIEHTPAIIMN UHKEKTUPYEMbIX B TIO/T-
J0KKy 6ipok (peakimust (1)) u, Kak ciencrsue, K
PACTPaBJIMBAHUIO TIOBEPXHOCTH B OKPECTHOCTU TOY-
KM HAXOJK/IEHUST YaCTUIIBI cepebpa, T. e. K 6oJiee UH-
TEHCUBHOMY TIpolieccy TpaBienusi. UcciaenoBanms
MOKA3aJ1, YTO yBeJnYeHNe KOHIIEHTPAIUN OKHUCJIH-
tesist (H,0,:H,O:HF=15:80:40) npuBouT K usme-
HEHWIO MOPMOJIOTHY TTOBEPXHOCTH KPEMHUS — OT
OT/IEIbHBIX TIOP B BUJIE KPATEPOB /10 PA3BUTON MO-
puctoii ctpykrypbl (puc. 2) ¢ pasmMepaMu sJ1eMeH-
T0B (110p, 0cTPOBKOB) NopsaaKa 50— 200 HM B 3aBu-
CUMOCTH OT BpeMeHHU ocaxenus cepebpa. To ecTp,
U3MEHSIST KOHIIEHTPAIINIO OKUCIUTEISA, MOMKHO TTOJTY-
YaTh PA3IUIHYIO CTPYKTYPY MOBEPXHOCTH KPEMHUS.

J17151 BBISIBJIEHUS 3aBUCUMOCTH MOPGhOJIOTUH TIOJTY-
YEeHHBIX CTPYKTYp OT KOHIIEHTpanuu cepepa B pac-
TBOPE [IJISI OCAXK/IeHWsT ObLJI HCIIOJb30BAH PACTBOP
AgNOj;, MoJIsIpHAs KOHIEHTPAIS KOTOPOTO Oblia
yBeJImdeHa Ha Mopsiiok u coctasuaa 1072 moub /1.
B pesynbraTe Gosiee MHTEHCHBHOTO TIPOIIECCA OCAXK-

to=10 MuH; £,,=5 MuH

Y, HM Z, HM
420 120
350 100
280 80
210 60
140 40

70 20
0
0 100 200 300 400 500 X, uM

Puc. 2. ACM-uso6paskeHne pasBUTON MOPHUCTOI IO-
BepxHOCTH 006pasiia, MOJyYeHHOTO HPHU yBeJUYeHUN

KOHIIEHTPAIMH OKHUCJIUTEJISI B PACTBOPE /LIS TPABJIEHNUS
(C,yag=1073 Mosmb /11; HyO5:H,O:HF=15:80:40 )

toc=8 MuH; t,,=6 MuH

12

16 20 X, MKM

Puc. 3. ACM-u3o6paskenue MaKpOIIOPUCTOIi TOBEPXHO-
cti 006pasifa, MOJyYeHHOTO TIPH YBETUYECHUN KOHI[EHTPa-

MU cepebpa B PacTBOPE [JISL OCAXKIEHHS
(C,,7g=10"2 Mosmb /1; HyO,:H,O:HF=10:80:40)

JIeHUsT M KOHJIEHCAIMU 4acTuil cepe6pa GOJIbIINX
pa3MepoB 00pa3oBaJach MAKpOIOPHCTas MOBEPX-
Hocts (puc. 3). Cpeanuii pasmep HOP COCTABJIA
10 —25 mMxm. Cremyer OTMETUTD, YTO METO/IOM 3JIEK-
TPOXUMHYECKOTO TPABJIEHHUS MOAO0OHBIE CTPYKTY-
PBI He MOTYT OBITH IIOJIyYeHbI HU IIPH KaKuX yCJo-
BUSIX, OJJHAKO UMEHHO KPEMHHI ¢ MaKPOIIOPUCTON
IIOBEPXHOCTBIO MOXKET UCIIOIb30BaTbCsl B KaUueCTBe
MaTepuraJia JJs TPON3BOACTBA 3(P(PEKTUBHBIX ONTH-
YeCKUX JaTYUKOB rasos [13].

3akJouenue

WccnenoBanus mokasasm, 4TO B 3aBUCUMOCTH OT
MIapaMeTPOB IIPOIECCOB OCAXKIECHIS YacTull cepebpa
1 TPaBJIEHNS KPEMHUEBBIX IJIACTHH MOPQOJOrus
TOJTyYeHHOW TTOBEPXHOCTH MOXKET ObITh PAa3TMYHOM.
ITo MOTYT OBITH U OT/eJIbHBIE TIOPBI B BUJIE KpaTe-
POB, 1 pa3BUTas MOPHUCTAd WJIN K€ MAaKPOMOPUCTAs
TTOBEpXHOCTD. [losyueHHble pe3yabTaThl YKa3bIBa-
10T Ha TO, 4To MeTo/] TpaBjeHuss MacEtch asisger-
CS1 TIePCIIeKTUBHDBIM /Il 1I0JIydYeHUs] MUKPO- U Ha-
HOCTPYKTYP HOPUCTOTO KPEMHUSI, IPUTOLHOTO /IS
3(p(PeKTUBHOTrO UCIOIb30BAHMS B KAUECTBE CEHCO-
POB Ta30B U GUOJIOTHYECKUX OOBEKTOB.
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OTPUMAHHA ITIPUJATHOTO [1JId CEHCOPUKHM ITIOPUCTOTO
KPEMHIIO METO/IOM HEEJEKTPOJIITUYHOTO TPABJIEHHA MacEtch

I. P. AIIVHCbKHH

E-mail: yatsunskiy@gmail.com

Ans ompumanns MiKpo- ma HAHOCMPYKMYP NOPUCNOZ0 KPEMHII0 NPONOHYEMbC BUKOPUCTNOBYEAMU MemO0 He-
eaexmporimuunozo mpasienmus MacEtch (metal assisted chemical etching) Hadano pesyavmamu 00caioxenHs.
Moquwtozzz CIMpYKMYP, OMPUNGHUX NPU PISHUY NAPAMEMPAX NPOUECIE 0cAdKenHst i mpasieHnsl, ma NOKA3and
MOKAUBICTD IX UKOPUCTNANNS K CEHCOPI6 2a3i6 i Oionoziunux 00’ €Kmis.

Knwouosi caosa: nopucmuu KPEMHZU, Hee/zercmpommuuue (XlMlltHQ) mpdaeJenns.

I. R. IATSUNSKYI

Ukraine, I. I. Mechnikov Odessa National University
E-mail: yatsunskiy@gmail.com

OBTAINING POROUS SILICON SUITABLE FOR SENSOR
TECHNOLOGY USING MacEtch NONELECTROLYTIC ETCHING

The author suggests to use the etching method MacEtch (metal-assisted chemical etching) for production of
micro- and nanostructures of porous silicon. The paper presents research results on the morphology structures
obtained at different parameters of deposition and etching processes. The research has shown that, depending
on the parameters of deposition of silver particles and silicon wafers etching, the obtained surface morphology
may be different. There may be both individual crater-like pores and developed porous or macroporous sur-
face. These results indicate that the MacEtch etching is a promising method for obtaining micro-porous silicon
nanostructures suitable for effective use in gas sensors and biological object sensors.

Keywords: porous silicon, nonelectrolytic etching.
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