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HacToswee nsgaHue nocBalLeHO
Bnaanmunpy MeaHosuuy LawknHy (1959—2020),
6e3BpeMeHHbIN yXo4 KOTOPOro TaK NoTPAC ero CeMbio, APY3eWn, Konner.
[okTop dM3MKO-MaTEMATUYECKMX HayK, Npodeccop, MHOTUE rofbl 3aMecTUTe b
anpektopa UHCTUTYTa GU3NKM MUKPOCTPYKTYP POCCUIACKOM akagemumn Hayk
Mo Hay4yHoWu paboTe, NpeKpacHbIi CEMbAHMH, Pa3HOCTOPOHHE TaNlaHTANBbLIN,
WHTEpPEeCHbI/ Ye/IOBEK — TaKoBa KpaTKas cnpaBka o Bnagumupe MBaHoBuYe.

B KHUre npeacTaBieHa HeboNbLaA YacTb Hay4YHbIX TPyAos B. U. LLawkuHa,
CTaTbW, HaNWCaHHbIe C COaBTOPaMM B pasHble roAbl U onybMKoBaHHbIE
B COOTBETCTBYIOLLMX TEMATUKE U3LaHMAX.

Bo BTOPOW YaCTW KHUTN NpUBEAEHbI
BOCNOMWHAHUA Konner, apy3sein, 6amskunx B. U. LLawkuHa,
Hano/HAOLWME 06pa3 3amMeyaTeNIbHOro Ye/I0BEKA XKUBbIMMU YyBCTBAMMU,
3MOLMAMMU; TPOraTe/ibHbIe 3aPUCOBKM }KeHbl, AeTelt Bragummnpa MBaHoBuYa
npUAaloT AyLWeBHOE 3By4YaHMe 3TOM KHUMXKKE, KOTOpas, Hadeemcs,
NpoAINT MNaMATb O NPEKPACHOM, HO PAHO yLleaLlem YeNoBeKe...



BmecTto npeaucnosus

3Ta KHUra pogunacb 6narofaps KenaHuio Apysein n konner Bnagumupa MeaHo-
BMya LUaWKMHA COXpaHUTb MamATb O 3aMeyaTesIbHOM 4YeNoBeKe, TaNaHTIMBOM yye-
HOM, JOKTOpe ¢U3.-MaT. HayK, Nnpodeccope, NPeKPaCHOM CEMbAHUHE.

Al Buaen Bnagumupa MiBaHoBMYa B pasHbIX CUTYALMAX: HA AUPEKLMU NpU 0BCyXK-
[EeHWW CNOKHbIX BONPOCOB, KOrAa BCEM MOHATHO, YTO B TyNuKe, — nocnegHum bepet
€noBo Bnagumup UBaHOBMY UM NpeasiaraeT NpaBuibHOE pelleHne; Ha KoHdepeHUuUsaX,
KOrfa OH BbICTYMan € AOKNAZaMW, HEM3MEHHO MPUB/IEKAOWMMU BHUMAHUE YYEHbIX;
Ha ceMuHapax M npu obcyaeHuM paboT, Korga Mbl NMoOpaXKanucb ero Lmpoyanwein
Hay4YHOW 3pyanLMN U FyBUHE NPOHUKHOBEHUA B TEMY.

BnagmMmup MBaHOBUY MHOTO caenan ana opraHnsaumm UHCTUTYTa GU3MKKU MUK-
pocTpykTyp PAH 1 ero ycnewHoro pa3sutna. OH 6bln1 CO AHA OCHOBAHWA UHCTUTYTa B
TeYeHWe MHOMMX NeT 3aMecTUTeNleM AMPEKTOpa Mo Hay4yHoM paboTe, ocTaBadAcb Npwu
3TOM 3aBefylolMM ycrewHo paboTalowmm oTaenoM. Bce MOMHAT, ¢ KakMM oCTpo-
ymuem 1 61ecKom OH No3apaBaAa KONNEKTUB MHCTUTYTa BO BpeMA NpasgHNYHbIX cob-
paHui!

OH 6bln BECbMa MHTEPECHBIM M PAa3HOCTOPOHHUM YeNOBEKOM (TaK He xoueTca ro-
BOPUTb MpPo Hero «6bin»!), Hanpumep, ymesbim cTpouTenem, NPeAMeTHO A0Ka3aBLLUUM
CBOe yMeHMWe, a B MONoAble KOMCOMOJIbCKME rofbl 6bin B onepaTMBHOM OTpAae, no-
MOraBLIeM opraHam NpaBonopAAKa, NPU 3TOM U3pagHo nogHatopen B 6oeBom cambo.
OH MoOr caMoCTOATeIbHO OTPEMOHTUPOBATL CBOM aBTOMOOWNbL M NPOKOHCYNbTUPOBATbL
Apyrux astonobutenein. OH MOr cam MOCTPOUTb [OM C MACCOM MHTEPECHbIX MHXKe-
HepHbIX pelueHnit. OH MHOTO Yero Mor...

B. /1. BaKc,
K. ®.-M. H., 3aB. otaenom MPGM PAH
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HOBBIE HEJIMHEMHBIE BBICOKOYACTOTHBIE D®DEKTHI
M OJII1 S-TUITA B MHOT'OCJIOMHBIX TETEPOCTPYKTYPAX

A. M. Benanuyes, A. A. Henamos, B. U. ITuckapes, M. A. Cunuuysin,
B. U. lllawkun, b. C. Asuu, M. JI. Axoenes

Ousnko-TexHuueckuit HHCTUTYT UM. A. ®@. Nodde Axamnemun nayk CCCP
Wucrutyt npukiaanoi usznku Axanemuun Hayk CCCP

TTucoma 6 JKOTD. 1986. T. 43, ¢vin. 7. C. 339—341

OO0HapyxeHbI 3G (HexTsI OBICTPOACHCTBYIOLIETO IEPEKITIOYEHHS TOKA, TeHEPaLK U TPeoOpa3OBaHUs
gactoTsl CBU-n311ydeHns npu BepTUKAILHOM TPAHCIOPTE B MHOTOCJIONHBIX T€TEPOCTPYKTypax Ha
ocHose n-GaAs — Al,Ga, - ,As.

B cunbHOM »IEKTpHYECKOM TI0JIe, OPHEHTHPOBAHHOM BJIOJb CIIOEB MHOTOCIOHHOM
CEJIEKTUBHO JIETUPOBaHHON reTepocTpykTypsl (MI'CJI), 31eKTpoHBI mIpHOOpETaroT
SHEPTHUIO IS MPEOJONEHHs MOTEHIMANBHOTO Oaphepa U Iepexoja B IIMPOKO30HHBIN
MaTepHal C MEHbIIEH MMOJBMKHOCTBIO HOCHTEJICH, YTO MPHUBOAUT K N-00pa3HOM
BOJIbT-aMIlepHO# xapakrepuctuke (BAX) (mpoctpancTBenHbii aHanor addekra ['aHHa).
OKCIepUMEHTATBHO 3PPEKT yCHICHUS KOJICOAHUH, CBS3aHHBIA C 3THM MEXaHHU3MOM,
MIPOIEMOHCTPUPOBaH B nuanasone 1o f = 2,5 I'T'y [1]. Mbl oOHapyskuimu Oosee BBICO-
koudacTtoTHbIe 3 dekThl nepexmouenus (T < 1 He), renepanuu (f> 10 I'T') u mpeodpa-
3oBaHus 4acToThl (f = 150 I'T1) B MI'CJI npu BepTHKAIBHOM TpaHCIIOPTE (RJIEKTpHUe-
CKO€ TI0JIe NEPHEeHINKYJISIPHO CIIOSM), OOYCIIOBJIEHHBIE BOSHHKHOBEHHEM S-00pa3HON
BAX, 49TO ecTecTBEHHO CBfA3aThb C MAJIOMHEPIIMOHHBIM IEPETPEBOM HOCHTENCH TOKa
aKTHBHPOBAHHBIX B HAA0aphEpHYIO OOJIACTH B YCIOBHSX TMOHWKEHHS 3(deKTHBHON
BBICOTHI OAPbEPOB CHIIBHBIM NIEKTPUUECKUM TTOJIEM.

1. DxcnepumenTansHo uccnenoBanuch MI'CJI (n-GaAs — Al,Ga; - As)y c cy0-
MUKPOHHBIM TIEPHUOIOM, BEIpameHHble MeTogoM MOC-ruapunHoi snurakcuu [2]. Ha
puc. 1, a npusegena C — V xapakTepucTtuka mes3a-guona Ha ocHoBe MI'CJI @ =
~ 100 MkM, u3MepeHHas Ha vactotax f ~ 20 MI'n. BennunHa m XapakTepHble Hampsi-
JKEHHS MEePeCTPONKH eMKOCTH JOCTAaTOYHO XOPOIIO COOTBETCTBYIOT MPEACTABICHUIO O
repepactpe/ie]IeHUy BHEITHUM TIOJIEM 3JEKTPOHOB B INMOTEHHMATbHBIX simax MI'CJI
(cnmom n-GaAs), OrpaHMYEHHBIX MOTEHIMAJIBHBIMH Oapbepamu (cioum Al,Ga;_,As).
Bricokuil ypoBeHb serupoBaHusi cnoeB n-GaAs M UX Manas TOJIIMHA YKa3bIBalOT Ha
MaJTy}0 MHEPIHOHHOCTh ycTaHOBIeHNsT C — V XapaKTepHCTHKH M Ha BBICOKYIO J100-
POTHOCTB CTPYKTYPHBI KaK BapaKTOPHOTO 3JIeMeHTa [3], uTo teMoHcTpupyeTcs 3 dhexTom
yaBoeHHs 4acToTel B nuamnasoHe f = 75 [T — 150 I'To Ha Me3a-amomax MeHbIIEH
IUIomaay. 3aBUCHMOCTh MOIIHOCTH CHTHaJa HAa yJBOEGHHOW YacTOTE€ OT CMEIICHHSA
(puc. 1, 6) xopomo koppemupyeT ¢ BugoM C — V XapakTepUCTUKH, U3MEPEHHOW Ha
HHU3KHX 4acTOTax.

[pu nHanpspkerusx V> V;~ 10 B B o6nactu Haceimienus C — J XapakTepUCTHKH (T10
OLIEHKaM B 3THX YCJIOBHSX 3JEKTPOHBI MPMXKATHI K OHOW U3 CTEHOK SIMBI) IPOUCXOTUT
TIpoIIecC BKIIIOUYEHHS ToKa ¢ S-o0pa3Hoit BAX. HanpspkeHue BkiroueHus V; Bo3pacraer
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IPONOPIMOHAILHO YHCITy IEPHOJIOB UCCIIE0BaHHBIX 00pa3noB. Ha puc. 1, 6 npusenex
Bux BAX MI'CJI npu ee paboTe B KayecTBE aKTUBHOI'O DJIEMEHTA B CXEME BBIPOXKIICH-
HOT'O PEJIAKCAallUOHHOI'O TI'€HEpaTopa IPU NHUTAHUU HUCTOYHUKOM IIOCTOSHHOIO TOKA.
Manast AUTENFHOCT TEHEPUPYEMBIX CTPYKTYPOH MMITYJIbCOB TOKa (T < 1 HC) MCKIIIO-
YaeT POJIb Pa30rpeBa PELICTKU U YKa3bIBA€T HA BJIEKTPOHHYIO IIPUPOJY IIPOLIECCOB IIe-
PEKITIOYEHHUSL.

Cn® Py, 0TH. €A,
4
)
2
I L M
-8 ~4 4 8 VB
I MR
150 8
101
-8 o
) | 1 ] | |
= . 4 8 VB

-5k
-ﬁﬁ:
Puc. 1. a — 3aBUCHMOCTh EMKOCTH T€TEPOCTPYKTYPBI OT MPHUIIOKEHHOTO HANPSDKEHHS; 6 — 3a-
BHCHMOCTh MOIIHOCTH BTOpO# rapmoHuku (f = 150 I'T'1y) mpu GUKCUPOBAHHOW MOIIHOCTH HM3JTY-

yeHust Hakauku (f= 75 I'TI1) OT HOCTOSHHOTO HANpPsKEHUs; 6 — BAX reTepoCcTpyKTyphI B PeXKHME
TeHepaLH PETAKCAIHOHHBIX KOIeOaHui

[pu Bxrouennn cTpykTypsl B CBU-pezonarop Ha yactoty = 10 I'T'm Habmogaercs
reHepalvs KOTepeHTHBIX Kojebanuil. 3aBucuMocTh Tenepupyemoit CBU-monrHocTH OT
MPUIOKEHHOTO HANpsHKeHUs IMpuBeAeHa Ha puc. 2. OCHMIUIATOPHBIN XapakTep 3TOoMH
3aBHCHMOCTH BO3MOJKHO CBSI3aH C IIMPOKHUM YaCTOTHBIM CHEKTPOM I'€HEPUPYEMBIX KO-
neGannii v (WM) ¢ 6oraToil MOJOBOW CTPYKTYPOH pacmpelesieHns] BBICOKOYacTOTHOTO
moJisl B Me3a-anoje. Manas uHepunoHHocTh ycraHoBineHuss BAX MI'CJI nmonreepxnaa-
eTcsl YMHO)KEHHEM 4acToThl B quanasoHe f= 50 Ty — 150 I'Tu. 3aBucuMocTh curaana
TeHepUPYEeMOH TPeThel TapMOHHUKH OT MOIIIHOCTH HaKaYKH HOCHUT MOPOTOBBIA XapakTep,
YTO CBS3aHO C OBICTPHIM IIPOIIECCOM BKJIIOYEHHS TOKA IPH aMIUIUTYAE BBICOKOYACTOT-
HOTO HanpspkeHus Ve, > V.

2. Ilpu BepTUKAIHHOM TPAHCIIOPTE MEPEX0/ IEKTPOHOB B HamOapbepHyI0 001acTh
(B maHHOM ciy4ae B 00JacTb C OOJBIION MOABMKHOCTBIO) MOXKET NMPOUCXOAUTH IPH
TOHIDKeHUH Y(PEKTUBHOIN BEIMYHMHBI Oapbepa 3JIEKTPUUYECKUM I0JEeM M COMPOBOXKIa-
eTcsl BKIIIOUEHHEM TOKa (HU3KOOMHOE COCTOSHHE), a IIPOIIeCC BOCCTAHOBIICHUS BBICO-
KOOMHOT'O COCTOSIHUSI OCYILIECTBIISIETCSI [IPU MEHBLIMX HAIpsHKCHUsIX (OOJIbILeH Beu-
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yuHe 3(QQeKTuBHOro Oapbepa) U3-3a 3HAYUTEIBHOTO DIICKTPOHHOI'0 pa3orpena (puc. 3).
Pacuer BAX B nyxe Teopuu 3JEKTPOHHOTO IEperpeBa KOMIIEHCHPOBAHHBIX MOIYIIPO-
BOJIHUKOB C (DIIYKTYaIlHOHHBIM IPUMECHBIM TIOTCHIIUAIOM [4], BBITOJHEHHBIH, OTHAKO, C
yaetoM 3(ddekra moHmKeHus Oapbepa M HACHIIICHUS APei(POBOil CKOpOCTH Hanbaphb-
€pHBIX DJIEKTPOHOB J1aeT

14
= - .SB > V<V (1
B—(j/j)nGi/ j;)
rae V, = E.d — HanpshkeHUe BKIIOYEHHs (Ha OJHOM MEpHOAe), j, =gnv,, vV, —

CKOPOCTb HachllieHus, § =3A/2/ qE,, A — BenuuuHa Oapbepa B OTCYTCTBHU IIOJL,

I, =01, T, — BpeMs 3HEpreTHIecKOol pesakcanuu. B cocTosHMM moaaepxaHus ToKa
(ycnoBue dj/dV — e ) nomyuum j, =j le, V,=V.eB/(1+ef), kT, =A/(1+eP).
I1pu sTOM pemeTouHast TeMneparypa k7, < A U He OKa3bIBaeT CYIIECTBEHHOTO BIMSIHHSA

Ha Bug BAX.

€

Potn.en.
nr
01
Puc. 2. 3aBUCHMOCTh MOIIHOCTH U3IIy4EHUS 8+
13 PE30HATOpa C IreTepOCTPYKTYypOi Ha dac-
tore 10 I'Tm OT MOCTOSHHOTO HANPSDKEHUS 5k
BHEIITHETO MCTOYHHKA
.
2 -
0 L IA J

6 8 10 12 14 6 18 UB

I[J'IH 6apLepa C BepTHKaJ’ILHOﬁ CTEHKOM C YUYCTOM NOBBIIMICHUA SHEPTUN HOCHTEIIEH 3a
CUYCT IMPHUINOBCPXHOCTHOI'O KBAHTOBAHUA W YBCIUMYCHUA TyHHeJ’ILHOﬁ MpO3pavYHOCTU

Bepxymiku Gapbepa (3dpdext Daynepa — Hopaxeiima) V, = E.d =~ 4A**m"*d / 9ngh, a
npu Oapsepe TpeyroiabHol (Gopmbl V, = 4A/q (puc. 3). B Hamem ciayuae obe 3TH
OLICHKH, & TAKXKXE BEJIMYHMHA TOKa IOANEPKaHUA (U, = 6-10° cMm/c) ONMM3KH K M3MepeH-
HeIM (puc. 1). Bemnmunna 1, <1 nc ompezernsieTcss GBICTPEIM MPOIECCOM PeNaKCaIlU
SHEPruH Ha ONTHUYECKUX (POHOHAX B MPUCYTCTBUH AIEKTPOH-IEKTPOHHBIX CTOJIKHOBE-
Hui [5, 6] otkyma [, <500 A, V, 20,75V, 4TO COOTBETICTBYET HaOII0JaeMOMy BHUIY
BAX. Mansle BpeMeHa MAaKCBEJIOBCKOM pellaKCallMM HOCHTENeH Toka (T, =

= 0,5—1mc) HapsAmy ¢ OBICTPBHIM IIPOLECCOM PETAKCAIIMU SHEPTUH yKa3bIBaET HA Ma-
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JIYI0 MHEPLUUOHHOCTh YCTaHOBJIEHHs S-00pa3zHoii BAX mpu aiieKTpOHHOM Iieperpese B
cesleKTUBHO JerupoBanHeIx MI'CJIL.

OTMeTHM, 4T0 OOHapyXeHHbIe d()(EKTHI MPEICTABISAIOT UHTEPEC C TOYKU 3PEHHS
Ppa3BUTHS TPEICTABICHUN O KMHETHKE TOPSYMX AJIEKTPOHOB B T€TEPOCTPYKTYpax MpH
BEPTUKAIBHOM TPAHCIIOPTE, YTO IIPUBJIEKAET MOCIEAHEEe BpeMsl 3HaUUTEIbHOE BHUMaHHE
[5, 6]. C mpyroii CTOPOHBI, CTPYKTYPhI C MAJIOMHEPIIMOHHOH S-00pa3Hoit BAX o0mamaroT
JIOCTaTOYHO Pa3HOOOpa3HBIMKU (PYHKINOHAIBHBIMA BO3MOXKHOCTSIMUA C TOYKH 3pEHHS
TIPUIIOKECHUH.

Puc. 3. DHepreruueckue auarpaMMbl MHOTOCIOMHOH TIeT€pOCTPYKTYphl IPU BEPTUKAIbHOM
TPAHCIIOPTE: @ — TPH OTCYTCTBHUH MOJAHHOTO HAIPSDKEHHS; 6 — COCTOSIHHE BKJIIOYCHHMS; 8 —
COCTOSIHUE MOJJICP)KaHusA TOKa. /| — KBAaHTOBOMEXAHHWYECKOE TYHHEIUPOBAHHE CKBO3b BEPTHU-
KaJIbHYIO CTeHKY; /] — «BBIIUNIECKMBAHUE)» Yepe3 HAKIOHCHHBIN Oapbep

ABTOpBI BEIpakaroT OmarogapHocTs AndepoBy K. M. 3a mocTosiHHOE BHUMaHUE K
paboTe ¥ IOAIEPKKY.
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BJIOXOBCKHE OCIUJIJIAAIINA SJIEKTPOHOB
U HEYCTOMYUBOCTH BOJIH TIPOCTPAHCTBEHHOTI O 3APSAIA
B HOJYITPOBOJHUKOBBIX CBEPXPEHIETKAX

A. A. Hznamoe, B. H. Ilawkun

WncruryT npuknaanoii gpusnkn Axagemun Hayk CCCP
JKOT®D. 1987. T. 93. Bun. 3(9). C. 935—943

Ha ocHOBe KMHETHYECKOTO MOAXO0Ja HCCIEA0BAaHA HEYCTOHIMBOCTH BOJIH IIPOCTPAHCTBEHHOTO 3a-
psza B IOJYNPOBOJHMKOBBIX CBEPXPEIIETKAX B CHIIBHOM 3JIEKTPUYECKOM II0JIE, BBI3BIBAIOLIEM
6JI0XOBCKHE OCLUHMJIIALMY 3J€KTPOHOB B MHHH-30HaX. IlyTeM peleHus KHHeTUYECKOrO YpaBHEHHs
Bonbumana ¢ uHTerpanom croiakHoBeHHH batHarapa — I'pocca — Kpyka momydeHo BhIpaskeHHE
JUISL JTU3JIEKTPHUYECKOM IPOHUIIAEMOCTH, TTO3BOJISIOILEE YUECTh B pAMKaX €MHOT0 MOJX0/a BIHsSHHE
Ha BBICOKOYACTOTHBIIl OTKJIMK CBEPXPEILIETOK KaK PE30HAHCHBIX 3(Q(eKTOB, Tak U 3QPEKTOB, CBS-
3aHHBIX ¢ Apeidom u auddysuel Hocuteneii. [Tokazano, yto npu ydere 3h(HeKTOB CHIBHON NPO-
CTPaHCTBEHHOM JHUCHEPCUU CIEKTP BOJH MPOCTPAHCTBEHHOIO 3apsja XapaKTEpU3YETCs COBOKYII-
HOCTBIO YCTOHYMBBIX B LIUPOKOM JHAIa30HE 1apAMETPOB CBEPXPEIIETOK PE30OHAHCHBIX OJI0XOBCKHX
BETBEH U HEYCTOIUMBOIA ApeH(HOBO-pEIaKCAMOHHON BETBBIO.

1. BBeaenune

[Ipy HamoXXEHUH 3JEKTPUYECKOrO IOJISl HAa MICATbHBIA KPHCTAUI, O0JalaroIuii
JIOCTaTOYHO Y3KOW pa3pelieHHON SHEepreTU4eckoi 30HOMU, NBHXKEHHE HOCHUTENEH TOoKa
JIOKAJIM3YETCs U YaCTHUIIBI HCTIBITHIBAIOT OCIMILIALINY ¢ yacToTol brioxa Q = eEd/h, e
Ey — BenmunHAa 3JIEKTPUYECKOro Mo, d — Meproj KpucTamia. Bompocs! auHaMuKu
HOCHUTENEH B 30HE KOHEYHOH IIMPHUHBI NPH HAIOKCHUH HJIEKTPHUYECKOTO IOJIST JOCTa-
TOYHO TOAPOOHO HCCIIEIOBAHBI B CBSI3HM C TEOPUEH MEX30HHBIX ONTHYECKHX IEPEXOT0B
[1]. PasnudaHble TOAXOIBI K OMMCAHUIO JBIKEHUS YAaCTHI] B 3THX YCIOBHSIX, HAUMHAS C
OCHOBOIIOJIAralouX uaen broxa, KpuTHyecku NpoaHaIu3UpPOBaHbl B HEJABHUX paboTax
[2, 3], re ObLIO MOKA3aHO, YTO MPH IOCTATOYHOH HIMPUHE BBHIIIENEKAIIEH 3apenieHHON
30HBI BEPOSATHOCTh MEK30HHOT'O TYHHEIIMPOBAHHSI AIEKTPOHOB MPEHEOPEIKMMO Maja JUTs
JIOCTaTOYHO OOJIBIIOTO YHUCIIa IEPHOIOB OJIOXOBCKHX ocIpyuLiimi. Hammune Heynpyrux
CTOJIKHOBEHHH BBI3BIBACT, KaK M3BECTHO, PE3yJIbTUPYIOUIMH Ipeid HOCUTENEH, TUCCH-
TIAIMI0 SHEPTUH NPUIIOKEHHOTO 0TIl ¥, B CUITy OTPAaHUYEHHOCTH SHEPTHH 3JIEKTPOHOB B
30He, 3¢dexT oTpunmarensHOl mupdepennmanbHO mpoBoanmoctu (OAID) mpu E, >
> hivled [1,4—T], Tne v — XapaKTepHas 9acTOTa peJaKcanu (QyHKIMH pactpeaeICHIs.

B mocnennee BpeMmsi peannM3oBaH HOBBIM KJIacC MHOTOCIOMHBIX MOMYTIPOBOI-
HUKOBBIX TeTepocTpykTyp — cBepxpemerok (CP) [8], roe uckyccTBeHHO co3maBaemast
MIEPUOANTHOCT JA€T BO3MOXKHOCTh B IMUPOKHX Mpe/enax U3MEHSITh IapaMeTpsl SHEp-
TEeTUYECKOTO CIIEKTPa M Peaji30BaTh YCIOBUS BOSHUKHOBeHHA d(dekra O/II 3a cuer
OTPaHUYEHHOTO JBIKEHMS 3JIEKTPOHOB B pa3pelieHHoN moa3oHe (MuHU-30HE) CP [9].
371eck, 0JHAKO, HEOOXOAUMO OTMETHUTh, YTO, HECMOTpPS Ha 3HAUYUTEIHHOE KOJIUYECTBO
paboT, MOCBSIIEHHBIX HCCIIEA0BAHUIO BRICOKOUACTOTHBIX cBoiicTB CP [10], no cux mop
HEIOCTaTOYHO SICHO, Ha KAaKUX MPOCTPAHCTBEHHBIX W BPEMEHHHIX MaclITabax Mpouc-
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XOJHUT pa3BUTHE HEYCTOIUMBOCTH BOJIH IpocTpaHcTBeHHOrOo 3apsiaa (BII3) B CP, koTto-
pas U ompenenseT AIEKTPUYECKHe CBOIMCTBAa TUOIHBIX CBEPXPELIETOUHBIX CTPYKTYD,
00BIYHO UCCIeAyeMbIX B 3kcriepuMenTe [11, 12]. OnuH U3 MoIX0A0B K PEIICHHIO 3TOTO
BOIIpOCAa CBSI3aH C pAacCMOTPEHHEM HEYCTOWYMBOCTH HHM3KOYAacCTOTHOW Jpeiido-
BO-penakcalinoHHoM BeTBU criektpa BII3 [13—15], koTopyto MOXKHO onucaTh B paMKax
KBa3UTHAPOJMHAMUYIECKNX ypaBHEeHUH, yunTeBaommx O/I1, npeiid n muddysuro Ho-
cuTelsiel TOKa, JIOKAIM30BAHHBIX B Y3KOW 3Heprernyeckoil Munu-3one CP. Cnenctuem
pasButus HeycroiunBocTd BII3, cBsi3aHHOM C 3TOM BETBBIO CHEKTpA, SIBISETCS T'eHe-
pamus IBIXKYIIUXCS C Iper(OBON CKOPOCTHIO YACTHUI[ JIMOO JIOKAJTH30BaHHBIX BOJIH3U
HEOTHOPOIHOCTH CTPYKTYPHI (HallpUMep, ¥ €€ TPaHHI]) TOMEHOB CHIIFHOTO JIEKTpHYe-
ckoro moist — 3¢ ekt ['anna [13—15].

B 1O xe BpeMs OCLMJUIATOPHBIM XapaKTep ABMKEHUS HOCHUTENEH B y3KHX MHU-
HHU-30HaX CP 1aeT BO3MOYKHOCTh pacCUMTHIBATh HA Pa3BUTHE HEYCTONYUBOCTH B 00JIaCTH
ropasmo OoJsiee BBICOKHMX 4acTOT. Kak oTmeuanoch B [8, 16], B3auMoeiicTBYs ¢ BBICO-
KOYaCTOTHBIM MOJIEM, OCHIJUIMPYIONIHE B MUHU-30HE HOCUTEIH MOTYT OOECIIEYNTh OT-
puLlaTeNnbHOE MOTJIOLIEHNE Ha 4acToTe, PaBHOM WM KpaTHOW dactore bioxa. 3mecs
BAYKHO OTMETHUTh, YTO B PacCMaTPUBAEMOI CUTYyallUl B CHUCTEME BO3HHKAET XapakTep-
HBII MacIITad IPOCTPAHCTBEHHOH AWMCIIEPCHU BHICOKOYACTOTHOTO OTKITMKA, CBSI3aHHBII
C pa3MaxoM OJOXOBCKUX OCIMIUIILUHA SJIEKTPOHOB B AJIEKTPHIECKOM Hoje X, = A/ ek,

(A — mMpuHa MHHU-30HBI), 1, TAKUM 00pa3oM, 3aaada TpeOyeT KMHETHYEeCKOTo pac-

CMOTpPEHHUS.

IToaxom K BBIYHCIEHUIO BBICOKOYACTOTHOW MPOBOAMMOCTH (JIMAJIEKTPUIECKOM
nponunaemoctu) CP B CHIIBHOM 3JIEKTPHYECKOM MoJie TIpH yueTe 3()(EKTOB IpOCTpaH-
CTBEHHOM JUCIIEpPCUU, OCHOBAHHBIM Ha aHAJIOTUH C BBIYMCIEHHUEM IPOBOAMMOCTH Mar-
HUTOAKTUBHOMH I1a3MBbl, chopMyupoBaH B padbote [17]. OHako UCTIoNb30BaHHAS B 3TOH
paboTe MoJienb UHTETpalla CTOIKHOBEHUH St = —v(f — f) B CHILy HECOXpaHEHHUs YucIIa

YaCTHIl TIPH paccessHuH ( J. Stdp # 0), xak Oyaer BUIHO W3 JAIbHEUIIEro, He 1aeT BO3-

MOKHOCTH y4ecTb BIHsHHE (P pekToB nperida n auddy3nn HocuTene Toka Ha CIIeKTP
BII3. Ilpu 3TOM, €CTECTBEHHO, BEHIMAJacT U3 PACCMOTPEHHUA HHU3KOYACTOTHAs Apeido-
BO-pEJIaKCallMOHHAs BETBb CIIEKTpa. B TO ke BpeMs KBa3UIuIpOJUHAMUYECKUN [TOAXON,
UCIIONB30BaHHbIN B [14, 15] nis onucaHus HEYCTOWYMBOCTH 3TON BETBH, HE YUUTHIBACT
PE30HAHCHBIX CBOMCTB CHCTCMBI, O6yCHOBHCHHBIX 6J'[OXOBCKI/IMI/I OCIMILIAIUAMUA DJICK-
TPOHOB.

B nacrosmeil paboTe uccIe0BaH CHEKTP BOJH MIPOCTPAHCTBEHHOIO 3apsAia B IO-
JIYIIPOBOJHUKOBBIX CBEPXPEUIETKaX B CHJIBHOM 3JIEKTPUYECKOM I10Jie Ha OCHOBE pellle-
HUSI KHHETUYECKOT0 YpaBHEeHHUs bonbiiMana ¢ MHTETpanoM cToNkHOBeHNH baTHarapa —
I'pocca — Kpyxa (BI'K) [18]. Takoi moaxox JaeT BO3MOXHOCTH aJCKBAaTHO YYeCTh
BiusHUE Ha cnekTp BII3 kak pezoHaHcHBIX 3(dekToB, 00yCIOBICHHBIX OIOXOBCKUMH
OCHWJUISIMSAMHA DIIEKTPOHOB, TaK W 3((eKToB, CBA3AHHBIX ¢ ApeiidoM U nuddysuei
HOCHUTEJIEH B YCIOBHIX CHJIBHON IPOCTPAaHCTBEHHOW aucnepcuu. B pesynbraTte craHo-
BUTCS BO3MOJKHBIM OIPENENINTh YCIOBHSI BOZHIKHOBEHUS B CUCTEME KaK HU3KOYaCTOT-
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HOH (TaHHOBCKOI1) HEYCTOHYMBOCTH, TaK H OCHWILISLUI BOJIM3H OJIOXOBCKUX YaCTOT, YTO
U SIBJIIETCSI OCHOBHOH II€JIBI0 HACTOAIICH PabOTHI.

2. UcxoaHble ypaBHeHHUs

DHepPreTUYecKuil CIEeKTp DJIEKTPOHOB B HWXKeNeXkalllel, 3aroJHEHHOM, COTJIacHO
0OJBIIMAHOBCKOH CTaTUCTHKE, MUHU-30HE OYIEM OMUCHIBATH B MPHUOIMKCHAN CHUITBHOM
cBs3u [8]:

/] 2m’

3aech A — muMpUHA MUHHU-30HBI, p, — KOMIIOHEHTa KBa3UMUMITyJibca Baosb ocu CP; p,,
M — TIOTIEpEYHbIE KBa3UUMITYJIbC U Macca HOCUTEIEH.

JI71s1 omucaHusl OTKIIMKA DJIEKTPOHOB HAa BHEIIHUE TIOJST BOCIIONIB3YyeMCsl KHHETHYe-
ckUM ypaBHeHUeM boibiimana ¢ uHTerpanom crosnkHoBenudd BI'K, pgarommm Bo3MOX-

d 2
szé[l—cosp” ]+& €))

HOCTh a/ICKBaTHO Y4€CTb 3aKOH COXPaHEHMs 4aCTHUIL ISt dp =0 mpu paccesHUH B He-

onHoponHoM mone [18]. Ecim BHenmHne monst opueHTHpoBaHb! BOosis ocu CP (BepTH-

KaJBbHBIA TPAHCIIOPT B JHOAHON KOH(UTYpAIlMN), HHTEIPUPOBAHNE ypaBHEHUS bombil-

MaHa ¢ uHTerpajgom croskHoBeHuid BI'K 1o p, cBoauT 3agady K OTHOMEPHOI:

o f o _ n(x)
op

)
<L L teE
S U(p) S eE(x) .

V| f=——/ | 2
I'ne v(p)=90e/dp =v,sin(pd / k), v, =Ad/2h, v, — XapakTepHasi CKOPOCTb YACTHUIL
B MHHH-30HE (3[1€Ch H Jajlee B CHUITy OJHOMEPHOCTH MHIEKC X OIyCTHM),

nyd A pdj
=—CEXp| ——COS——
o= 2, p[sz 7

— HOPMUPOBaHHAs Ha 11y pABHOBECHast PYHKIHS PacIpeeeHHs, /1(X) — KOHICHTPALHUs
AJIEKTPOHOB B IJIOCKOCTH X, I, = I, (A / 2xT) — mMonudunmpoBanHas gyHnkuus beccens
aprymenTa A / 2xT, T — peuieTodHasi TeMneparypa, v — XapaKkTepHasl 4acToTa peJiak-
canuy (GpyHKIMA pacupeneseHus, ) — PaBHOBECHAs KOHIICHTpPAILHs HOCUTEINeH TOKa.

Kunernueckoe ypaBHeHUe (2) TONOJHEM ypaBHeHHEM [lyaccoHa W HENpepbIBHOCTH
MOJTHOTO TOKa, YTO MOJHOCTBIO ONpeNesseT JCKTPOIUHAMUKY 33/1a4d B OTHOMEPHOM
CHTYaLlUH:

oF 4

g=§<n(x>—no), 3)
o _ iy s £ 9OF

J _](X)+4TE at ) (4)

rac
n(x)=[fdp, j=e[v(p)f(p)dp,
13



€ — pelIeToyHas IMAJICKTPHUECKas MPOHHUIAEMOCTh, a UHTETPUPOBAHHE BEICTCS B
npezenax 3086 bpummosna CP.

VYpaBHeHue (2) crpaBeIMBO B paMKaX KBa3WKIIACCHUYSCKOT'O OMMCAHHS JHHAMUKU
YacTUIl B MUHHU-30HE [2, 3]:

efd, ho<kAg, %)
eEd, hv<A. (6)
3neck A, — IIMpUHA 3alpelleHHON MHHH-30HBL. B cuiy (5) mpeneGperaercst 3uHe-

POBCKMM TYHHEINPOBAHUEM M ONTUYECKUMH NIEPEXOIaMH B BBIIIEIIEKAIINE MUHN-30HBI.
Bwmecte ¢ TeM npu BBITIOTHEHUH (6) pa3Max OJOXOBCKHX OCIMIUIALNN B JICKTPUICCKOM
none x, =A/eE;, NPeBOCXOIUT IEPUOJ CTPYKTYpHl d, YTO B 3alOPOrOBBEIX IIOJAX
E, > hv/ed >KBUBAJIEHTHO IOCTaTOYHO OOJBIION AJMHE CBOOOJAHOrO IpoOera 3iek-
TPOHOB d < 20, / V.

Bri6op B (2) urTerpana cronkaoBernii B popme BI'K sBisiercss mocratouno rpy6oit
anmpoKCUMAIMell MPOIEeCCOB paccestHUsl HOCUTeNel Toka. TeM He MeHee B ciiydae Of-
HOPOIHBIX BBICOKOYACTOTHBIX IOJIeW HenuHelHbId oTkauk CP, paccuntaHHbId Ha OC-
HOBe (2), TOCTATOYHO XOPOIIO MOATBEP)KIACTCS PE3yNbTaTaMH YHCICHHOTO MOJEINH-
poBaHus MeTooM MoHTe-Kapio npu JeTaibHOM ydeTe MpOLECCOB PacCestHUS Ha OIl-
THYecKuX OHOHAX U mpuMecsx [19].

3. ImsekTpuyeckasi NPOHULAEMOCTb

Crnenyst 00bI4HOMY ToaXxony B mcciemoBanuu BII3 [13], BeimenuM B CTPYKType
06beM 0 < x < L, Tae Hapsay ¢ OMHOPOIHBIM IOCTOSHHBIM IoJieM F CO3[aHO Malloe
HEOJHOPOJHOE BO3MYILEHHE:

E(x,t)=E,+E (x)e". @)

BricokouacToTHOe monie E)(X), a TakKe BOSMYIICHHS BCEX OCTAJIBHBIX BEJIMYHH, BXO-
IIIKX B 3a7a4y, HOIyCKaloT Ha oTpeske 0 < x < L mpezacraBieHue B Buie psanoB Oypre:

d(x) = Zk:d)(k)e”“, )

rae k = 2mm / L, m — uenble uncna. JluHeapusauysi KAHETHYIECKOTO ypaBHeHHs BobIl-
MaHa NPUBOJUT K CIEAYIOIIEMY COOTHOIIEHHIO sl (ypbe-KOMIIOHEHT BO3MYIUCHHIA
(yHKIMHK pacnpeseseH s, 0 ¥ INIOTHOCTH YaCTHLL:

df Q, 0F, L

%+l((x+[351n(p)f] =0 20 o,

Jos )

rne Q = eEd / h — aMImuuTya BBICOKOYaCTOTHOTO Touist, @ = pd / i — Ge3pa3mMepHBbIi
KBa3MUMITyJIbC, o0 = —( +iv)/ Q, B = kvy/Q — HOPMHPOBAHHOE BOJHOBOE YHCIIO

BO3MYILEHHH, Fy — (QYHKIHS pacnpenesieHus SIEKTPOHOB B IIOCTOSIHHOM OJJTHOPOJJHOM
ANEKTPUUECKOM ToJe Ey:
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_ond & \%
2l "V +imQ

eimq)

(10)

0

m=—oo

CBsi3b B (ypbe-Npe/ICTaBICHUN MEXK/Y BO3MYIICHUSIMH 3JIEKTPHUECKOTO MOJIS, TOKa U
IUIOTHOCTH YaCTHUI] HAXOAUM 3 ypaBHeHUH (3), (4):

2
i*Q, =4%an, (11)
o . i0e
Sk,ojltt :]1(k)_4_nE1(k)s (12)

rze Oy, o — cumBon KpoHekkepa.

C ¢opmansHO# TOYKH 3pEHHSI METO/ OTHICKAaHU perieHus (9) BIOIHE aHAIOTHYEH
BBIYUCIICHUIO TURJICKTPUIECKON MPOHHUIIAEMOCTH MAarHHUTOAKTHBHON 1umasmel [17, 20],
MIPH 3TOM MEPHOAMIHOCTh BXOMANNX B (9) K03(h(DUIIMEHTOB ompeeneHa nepruoIuye-
CKOM 3aBUCHUMOCTBIO DHEPTUH YacCTHI] OT kBazuuMmitynbca (1). Mcnons3yst MeTo perie-
Hus (9), mpuBeneHHBIH B [20], [ BHICOKOYACTOTHOM MPOBOJUMOCTH, CBSI3BIBAIOIICH
(ypbe-KOMHOHEHTBI TOKA U TOJIs, IOJTyYaeM

Ji(k) =o(w, k)E, (k), (13)
ey & i om (ST (B, ()
ol k)= ,,,zw I, : BOWV+imQ) | (o—s) (14)

4r

roe ® = (4ne’n v,d /eh)"?, a muanextpudeckas mponunaeMocts CP, cormacuo (12),
p 0% Tp p

onpenacicHa OOBIYHBIM COOTHOIICHUEM

(o, k):g+lw.
)

(15)

Herpyznno y6enuTscst B TOM, 9TO HOIYyYCHHOE BBIPKEHHE VIS TUJIEKTPUIECKON IMpo-
HHUIIAEMOCTH 00JaJaeT CBOWCTBOM CHMMETPHH, BBHITEKAIOIINM W3 NPHHIMIIA TTPUYHH-
HocTH (cooTHotenue Kpamepca — Kponwmra) [20]:

.

e (-0, -k, E)=¢(w, k, E). (16)

Kpome TOro, mOCKONBKY BBIIEIEHHOE HAlpaBiIeHHE B 3a/ade ONpPEICNICHO 3JIEKT-
PHUYECKHM TIOJIEM,

e(o, k, E) =¢(0,—k, - E). (17)

Beipakenne (15) ommceiBaer oTtkimk CP Ha BHelIHee HEOJHOPOAHOE BHI-

COKOYAacTOTHOE T10Jie MpH y4eTe 3()h(HEKTOB CHIBHONH MPOCTPAHCTBEHHON W BPEMEHHOU

aucriepcud. XapaKTepHBIM MacIITaboM MpOCTpaHCTBEHHOH mucnepenu B =1, k= x; !
ABJIAETCA pa3sMax OJOXOBCKUX OCHMIIAIMH x, =~ A/eE,, a MacmTaboM BpeMeHHOI
aucrepcun — dacrora broxa. B npenene onHoponHsix moneit B — 0 Boipaxkenue (14)

TIEPEeXONT B pe3ynbTaT padoTsl [21]. B aTOM cirydae pe3oHAHC MPOSBISIETCS JUIIb Ha
OCHOBHOM rapMOHHKe (= 2. Y4eT NpoCcTPpaHCTBEHHOW UCIIEPCHHU TPUBOJIHT, COTTIACHO
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(14), kK BOBHUKHOBEHHIO PE30HAHCHOTO OTKJIMKa Ha TAPMOHHKAX OJIOXOBCKOI 4YacTOTHI
o= nQ.

OTMeTuM 37€ech, UTO KCIOJIb30BaHHAsA B [17] sl BBIYMCICHUS OUAJIEKTPUUYECKOM
npoHunaeMoctd CP B CHIBHOM 31EKTPUYECKOM IOJIE MOAETb HHTETpaIa CTOIKHOBEHUN
St ==v(f = f,) IaeT BO3MOKHOCTb Y4ECTh BIIUSHHAE IPOCTPAHCTBEHHOW IUCIIEPCUH

JIUIIb Ha KOMIOHEHTY MPOBOJIMMOCTH, MPOIOPIHOHAIBHYIO IJIOTHOCTH HOCHTENei
(BTOpOE ciaraemMoe B KBagpaTHBIX CKOOKax B (14)), 4TO, €CTECTBEHHO, OMpEICICHO B

npeziene ClnabOHEOTHOPOIHBIX BBICOKOYACTOTHBIX TOJICH MpH wi /1Q*>B, Q>v.

BMecTe ¢ TeM B OTKJIMKE CHCTEMBI Ha BHENIHEE MOJIE NPHCYTCTBYIOT OOYCIIOBIICHHBIC
CTOJIKHOBEHISIMH WJIEHBI, TPUBOIAIMINE K TporeccaMm apeiida u auddysun B mpoms-
BOJILHOM TOpsIIIKe 110 cTerieHsaM B. X mpoucxoxkieHne cBs3aHO CO BTOPBIM ClIaracMbIM

B IpaBoil yactu (9), yUHUTHIBAIOIIMM 3aKOH COXpaHEHUs YacTHIl IpHU paccessHuu. Bo
n30exaHne HeJOpa3yMEHHI OTMETHM, YTO MHOT/IA BKJIAJ B KOHBEKTHUBHBIH TOK DIIEKT-

pOHOB j=eJ. U fdp, CBSI3aHHBI C 3THUM CJaracéMbIM, BBIICIIACTCS KaK KOMIIOHCHTA

«BekTopa quddysum» [22]. B Hamewm ke cirydae yI0OHO BOCIIOIB30BATHCS YPaBHEHHEM
ITyaccona (11) m OoTHECTH 3TOT BKJIAA B BEJIWYMHY BBICOKOYACTOTHOW NPOBOIMMOCTH
(TMAIEKTpUYECKO TPOHUIIAEMOCTH) CHCTEMBL. TeM caMbIM MBI TOJIB3YyEMCSI TEPMHHO-
morueir [18]. Takum obpa3om, cootHomieHHe (14) MO3BONSAET yUeCTh BIMSHHE Kak
IUTa3MEHHBIX, Tak U ApeidoBo-auddy3nonnsx 3¢pdexror Ha muaeiHb oTKMK CP B
paMKax eAnHOTro MoJAX0/a.

4. [Ipeii¢oBo-pesiakcallMOHHbIE M Pe30HAHCHBbIE (0J10X0BCKHE) MOABI

Kak u3BecTHO, BpeMEHHAS BOJIOLUS HAYAIILHOTO BO3MYIICHHUSI B aKTHBHOMW Cpeie
oIpezieieHa pelIeHHeM TUCIIEPCHOHHOrO ypaBHeHus &(®, k) = 0 mpu IelCTBUTENBHBIX
3HA4YEHHSAX BOJIHOBBIX ymcel k. PaccmorpeB Boipaxkenus (14), (15), HeTpyaHO 3aMETHTh,
YTO €CJIM KOMIUIEKCHas yacToTa m(k) sSBISETCS pellieHneM JUCIIEPCHOHHOTO YPaBHEHUS,
T0 —® (—k) TaKkKe SBISETCS €ro PEIICHHEeM, T. €. IPU aHamm3e crekTpa BII3 MoxkHO
orpaHuIUThECS 007acThIi0 Re (k) > 0, —o < k < oo, a pemenne B obmactu Re (k) < 0
MIOCTPOUTbH, UCTIONB3YSl YKa3aHHOE CBOWCTBO cuMMeTpuu. Cpasy ke 3aMeTHM, 4TO I10-
CKOJIBKY B CHCTEME MMEETCS BBIICIICHHOE HalpaBieHHE, CBA3AHHOE C JICKTPHUECKUM
TI0JIEM, TO KOPHHU JANCIIEPCHOHHOTO ypaBHEHHS HE 00sI3aTENIbHO TOJDKHBI YAOBICTBOPSTD
COOTHOIIEHHUSM CHMMETPUH ISl PABHOBECHBIX M30TPONHBIX cpe. OYeBUAHO JHIIIb, YTO
ok, E) = o(—k, —E).

B npeneOpexennu ¢ dexramu MpoCTPaHCTBEHHOW JUCIIEPCUH HAXOXKIICHHUE CIIeK-
Tpa COOCTBEHHBIX KOJEOAHHH CHCTEMBI, yIOBJIETBOPSIOIIEIO COOTHOIICHHUIO €+ i X
x 4no(w, k — 0) / ® = 0, cBOIUTCS K PEIICHNIO ypaBHEHHS TPETHETO MOPSIIKA C AEHCT-
BUTEJLHBIMU KO3((GHUIMEHTaMHU OTHOCHTENHHO BEIWYUHBI & = —i® /V, Toe ® — KOM-
TUIEKCHAsl 4acToTa!

& +28° +(Z27 +y+1)5-y(2*> -1)=0. (18)
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3nech
Z =edE, | hv, Y=o /(Q2 +v2), oy =1, /1,

0 — KBaJpaT MIa3MEHHON YacTOTHI HOCHTENEH Toka. Pemenue (18) B npubmmkennn

21-172
MaIIBIX IUIa3MEHHBIX YacToT Y K max {|1 — Z* 2, Z} umeer Bun

. u)g(Z2 —1)
® =i ,
l \/[(Z2 +1)2 +o; /v2:| (19)
o, =£(Q2 + ) —iv. (20)

CootHomenue (19) ommcriBaeT penakcannoHHOE (AllepHOIMYECKOe) HApPACTAHUE BO3-
MYIIEHUs B 3artoporoBoM mnose Z > 1. Kak Oyzmet sicHO U3 nainbHEHIIero, 3T0 pelieHne
pu k # 0 COOTBETCTBYET IpetihoBO-peTaKCAIMOHHON BETBU CIIEKTPA C 3aBHCALINMHA OT
BOJIHOBOTO BEKTOpa MHKpPEMEHTOM H (a30Boi ckopocThio. @opmyna (20) maer 3aTy-
Xaromune KoJe0aHWs HIIEKTPUYECKOTO IONIi Ha THOPWUAHOHM IUIa3MEHHO-OJIOXOBCKOI
yactote. B npenene y — 0 3TH KoneOaHUsi COOTBETCTBYIOT OJIOXOBCKOH PE30HAHCHOM
BETBU CIIEKTpa. 3/1eCh BaXXHO 3aMETHTh, UTO, COTIACHO KpuTepuro Payca — ['ypBura,
IpU TIPOU3BOJIBHBIX 3HAYECHUSAX IUIa3MEHHBIX 4acTOT (TapaMeTrpa y) B JIOTIOPOTOBBIX
noisix (Z < 1) Hapacratomue penreHus ¢ Im o > 0 oTcyTcTByIOT, a iput Z > 1 nmeercs
€IMHCTBCHHBIN KOpeHb ¢ Im ® > 0. Tem cambIM moka3wiBaercs, uto mpu k = 0 Heyc-
TOWYMBOMW SIBJISIETCS JIMIIb PETaKCallMOHHAsi BETBb CIIEKTpa, a KojeOaHus BOJIM3M Yac-
ToTh! bitoxa 3aTyxator.

VYder mNpoCTpPaHCTBEHHOW MAWCIIEPCHH IIPUBOJUT K BO3HHUKHOBEHHIO pacIIpo-
CTPaHSIOMNXCS BOJH BOIM3M OJIOXOBCKOH YacTOTHI M €€ TapMOHMK, ITOJOOHO TOMY Kak
9TO MPOUCXOAUT B CIydae NUKIOTPOHHBIX BOJH B 3aMarHudeHHO# mra3me [20]. B mpe-
aene Q>v, Q> ®,, KOrja IUIa3MCHHBIH PE30HAHC HU3KOAOOPOTCH, IBOHHON psifl B

(14) nomyckaer cyMMHpOBaHKE C IIOMOIIBIO TEOPEMBI CIIOKeHHs [t pyHKIwiA beccens
[23] 1 cieKTp KpaTHOCTH [/ MOXHO IPEACTABUTH B BUJIC

LB+) @) (LB+)
L) @l L)

rne y=A/2xT, [=0,1,2,3... Peimrennie ¢ Rew< 0 (/ <0) cTpoutcs B COOTBETCTBUU

0=I1Q-iv+iv/,(B) JB) |, 21

C OTMEYCHHBIM BBHIIE cBoiicTBoM cummerpuu. [Ipm /=0 ¢opmymna (21) omuceiBaet
npeiidoBo-penakcalioHHYyI0 BETBb ClIeKTpa. JleificTBUTeNnbHO, B penene < 1, ucxoas

u3 (21), mosrydaem 0OBIYHOE AUCIICPCHOHHOE COOTHOMICHHE Buaa [13, 14]
®=kv, —i(o, +£°D), 22)
rie ko3 uImeHTs!

m

o, =-o,1,/vI,Z*, (23)
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v, =0l / 1,Z, (24)

2
D=”—°[2+1—2ji2 (25)
4v 1, )Z
OTIPEZIETISIIOT COOTBETCTBEHHO IH((epeHInanbHyI0 MAaKCBEIUIOBCKYIO YacTOTy, IOpei-
¢doByto ckopocTh 1 K03 durmeHT 1udPy3un B CHIIBHOM dIIEKTPUIECKOM Toje Z >> | u
HPH OTHOCHTENILHO HEBBICOKOH KOHIIEHTPALMU HOCUTENEH ), < €.

Jns ananmsa cnektpa BII3 B mmpokoi ob61acTy 3HaYeHMH napameTpa o,/ vV H BOJ-
HOBBIX YHCEN 3 BOCHOJIB3YeMCs YHCIEHHBIM PEIICHHEM ANCIIEPCHOHHOTO YpaBHEHUS Me-
TOJIOM HTepanuil. Pe3ynbTaTsl pacdyeTroB A Coydasl AOCTATOYHO JOOPOTHOTO OJI0XOB-
ckoro pesoHanca Z=Q /v =4, A/2xT = 1 npyu pa3sauYHBIX 3HAYEHHUSX ), / V IPUBEAEHBI
Ha puc. 1. IIpu 3Tom 00macts yactoT Re o BKirogaeT apeiioBo-penakcannoHHyo U 1Be

5 A
Re -4 -2 0 2" 4
3 f T | L
A&— !
1
| L ~3
Imw
_.[I -
AN 5 Y sz 0 2
1
7 V4
J
N—_
L] 7 )
7

-y

Puc. 1. Criektp BOJIH NMPOCTPAaHCTBEHHOTO 3apsiia B CBEPXPEHIETKAX B CHIIBHBIX NIEKTPUUECKHX
MOJISIX TPU Pa3IMYHBIX KOHLECHTpalusAX Hocuresdei Toka. O6macte Re® (M= ®/V) BKmoyaer
Ipeii(poBO-penaKCalliOHHY IO U IBE PE3OHAHCHBIE BETBU NpU A / 21T =1, Z = 4; xpuble | — ),/ v =
=,2—w,/v=10,3 —w,/v=20
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pe3onancHsle ([ = 1, 2) BerBu crektpa. Kak BUIHO U3 pUCYHKa, [T ApeH(OoBO-penak-
CaHHOHHOﬁ BETBU BBINTOJIHCHBI YCJIOBUSA

Rew(k) =—Rew(—k), Imw(k)=Imn(-k),

YTO SABISIETCSI OYEBHIHBIM CICICTBHEM OOIIEro CBOWCTBA CHMMETPHUH PELICHUH.
C pocToM MmiIa3sMEeHHBIX YacTOT B COOTBETCTBHH ¢ (19) B IMPOKOM THama3oHe BOJIHOBBIX
YHCeJ paCTeT HHKPEMEHT HEYCTOHUHUBOCTH IpeiihoBO-peIakcalliOHHON BETBU CIICKTPA,
B TO BPEMsI Kak Pe30HaHCHas BETBb (/ =1) ycToiumBa BILIOTH 10 3HAYEHUH ®, /V = 20,

COOTBETCTBYIOIIINX BEChMa BEICOKOI TOOPOTHOCTH TUTa3MEeHHOTO pe3oHanca. [Ipu k =0
4acToTa KoJeOaHU Pe30HAHCHOW BETBH BeIeT ceOs B COOTBETCTBHH C aHAJTHTHIECKOI
ouerkoit (20). Ilpu BBICOKHX 3HAYCHHSX (O, /V HEyCTOHYMBOCTH PE30HAHCHON BETBU
BO3HHUKAET MpH 3 =~ 2,5 U HOCUT TeOMETPUICCKUIA XapakTep. B 3Toll cutyanuu mmuHa
BII3 cpaBHHMa ¢ pa3MaxoM OJOXOBCKHX OCHWIISAIMK 3JEKTPOHOB. Kak MOKa3bIBarOT
YHCJICHHBIC PacyueThl, 00JIACTh HEYCTONYMBOCTH BOJNM3K 2 TOSABJSIETCS MPU OJHOBpE-
MEHHOM BBIMIOJIHEHUU JIOCTATOYHO JKECTKHUX YCJIOBUU (Dp/QZS, Z=Q/v >3,

A/2xT > 1. BaxHO Takxke OTMETHUTh, YTO JaK€ B ATUX YCIOBUAX MHKPEMEHT HapacTa-
HUsSI PE30HAHCHOW BETBM BeChbMa Mal B CpPaBHEHWH C WHKPEMEHTOM Jpeiido-
BO-peJlakcalMoHHON BeTBU. Ilpu pambHeiieM pocte napamerpa ®,/V rubpuaHas

4acTOTa PE30HAHCHON BETBU MOJKET MIPEBBICUTH BTOPYIO FAPMOHUKY 4acTOThI biioxa, 9ro
npuBeaeT k nepectpoiike crnekrpa BII3. Mel omycTuM 3TOT ciydaii, TOCKOJBKY H3-3a
OOJIBIINX YACTOT CTOJIKHOBEHHH 1 3((EeKTUBHOI MacChl HOCUTENEH B Y3KUX MUHH-30HAX
CP peanmsanysi IIa3MEHHOTO PE30HAHCA BBICOKOH A00poTHOCTH ®, /V 2 20 3atpyn-

HHTEIIbHA.

Jlns TUNMUYHBIX 3HAYEHHMH MapaMeTPOB CBEPXPELIETOYHBIX CTPYKTYp ®,/V = 1,76,
A/ 2xT = 1,74, Z = 1,5, 9T0 TIPUOIU3UTEIBHO COOTBETCTBYET MCCICIOBaHHBIM B [12]
obpaznam GaAs — Alj,5Gag 7sAs ¢ mepronom d = 90 A mpu 7~ 100 K, A=30mB, ¢ =

=13, ny~=2,2" 10'¢ CM73, w=2-10" emlc, v=5- 10" ¢ ! uncnenno paccUUTaHHBIH

cunextp BII3 mpuBenen Ha puc. 2. 13 3Toro pucyHka BUAHO, YTO PE30HAHCHAs BETBb
SIBIISIETCS] CWUIBHO 3aTyXarolled, B TO BpeMs Kak Jpei(oBo-penakcanioHHas BETBb He-
yCTOWYMBA B IIMPOKOM HHTEPBAJIC BOJHOBBIX 4ncell. Bo Bceit 001acTr BOITHOBBIX YHCEN,
cooTBeTcTByIommeH HeycroiumBocTH BII3, criekTp apelidoBo-penakcalliOHHONW BETBH
XOPOIIIO OMHCHIBAETCS TOJIMHOMOM BTOPOTO TOpsAKa Buaa (2), mMO3ITOMY JJIS OTpere-
JICHUS THIIA HEYCTOWYNBOCTH MOKHO BOCIOJIB30BATHCS C(HOPMYINPOBAHHBIM IS 3TOTO

cilydasl KpUTEpUEM |(n |2 v> /4D, ONPENENSIONM MEPEXO] OT KOHBEKTHBHOI K a6-

m
COJIIOTHOHM HeycToiunuBocTH [13, 24]. B HOpMHpPOBaHHBIX EPEMEHHBIX, IPUBEIECHHBIX
Ha puc. 1, 2, kpurepwuii abCOMOTHON HEYCTOHYNBOCTH IPUHUMAET BH]]

By d

|@,|2
2 dB

(Re®d), (26)
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rae @ =w/v, @, — 3HaYeHHEe MHKpeMeHTa HapacTanus npu =0, d(Re®)/dpf —
s pexruBHas npetidoBast CKOPOCTh, B, — IrpaHUYHOE 3HAYCHUE BOIHOBOTO YUCIIA, IPH

KOTOPOM MHKPEMEHT oOparaercst B Hysb. Kak BUiHO 13 pHc. 2, B COOTBETCTBUH C (26)
HEYCTOIYMBOCTH B PACCMOTPEHHOM CIIy4ae HOCUT a0COJIIOTHBIN XapakTep.

Rew «Z2-1 0 1 7

T 1 11
L s

-2 -1 oY1 2

L -1
Puc. 2. Criektp BOJIH MPOCTPAHCTBEHHOTO 3apsi/ia MPH HU3KOJOOPOTHOM IUTa3MEHHOM PE30HAHCE;
A/ 2xT=1,74;Z=1,5; w, / v= 1,77

Kaxk mokazano B [24], B cuctemax ¢ O/I1, npeiipom n nuddysueit Hocureneit kpu-
Tepuii (26) cyImecTBeHHBIM 00pa3oM ONpeAesieT CASICTBHE PAa3BUTHS HEYCTONINBOCTH
BII3. B ycnoBusx KOHBEKTHBHOW HEYCTOHUMBOCTH PEATM3YETCS] PEXHUM C OCTYIIMMHU
JOMEHAMH 3JIEKTPUIECKOTO T0JIS, COMPOBOXKAAIOIINIICS TyIbCALIMSIMU TOKA BO BHEIITHEH
uend. [Ipu goctaToyHO GONBIION TUIOTHOCTH HOCHTENEH |u)m| >v) /4D peanusyercs
PEXUM CO CTAaTHYECKHM JOMEHOM, JIOKAIN30BAHHBIM BOJM3M HEOTHOPOTHOCTH CTPYK-
TypHl (HampuMmep, BONM3H €€ TPAaHWUI]), 9TO MPHUBOIUT K AP deKTaM MepeKITIoueHIs Ha
BOJIBT-aMITEPHON XapaKTEPHCTHKE CTPYKTYPHI. YIOOHYIO OIIEHKY BEJIMYMHBI KOHIICH-
Tpamuy, pu KOTOPOH BHINOJIHEH KpUTepwid (26), momydaem Ha ocHoBe (23)—(25) mpu
E,>E, :

eE; /16mxT, »T > A
ny > 5 . 27
eEy /6mA, »T <A

HaxoHen, oTMeTHM, YTO MPUOIIDKEHHE KBA3WUKJIACCHYECKOTO OIMCAHUS CIEKTpa
BII3 cripaBeaymmBo ipu A > d (A — miuna BII3), 4T0 S5KBHBaIEHTHO HEPABEHCTBY

TA / BedE, > 1. (28)
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B 0o06nacTé BOJHOBBIX YHCEN, MPUBEAEHHOM Ha puc. 1, 2, /B > 1. TIpu stom (28) cBo-

JITCSI K NCXOJJHOMY YCIIOBHIO (6), OTIpENeISIOIEMY JOIYCTUMOCTD KBa3UKIIaCCHYECKOTO
OTIHCaHMUS.

5. 3akioueHne

[TpoBeneHHBIN BbINIE KMHETHYECKUH aHAIM3 CHEKTpa BOJH IPOCTPAHCTBEHHOTO
3apsiia B MOIyNpoBOAHUKOBBIX CP IOKaspIBaeT, YTO MpH THITMYHBIX 3HAYCHMSAX Iapa-
MerpoB CP xapaktep pa3BUTHS HEYCTOHYMBOCTH OIPEAEISIETCS HH3KOYACTOTHOM
IpefihoBo-penakcalioOHHON BETBBIO. BMecTe ¢ TeM BBICOKOYACTOTHBIE PE30HAHCHBIE
(6moxoBckue) BeTBH cnekTpa (Re @ = n()) ycTOWYHMBEI B MIMPOKOM IHAaIla30HE Mapa-
MeTtpoB CP, 3a HCKITIOUEHHEM CITy4aeB BeCbMa OOIBIION TOOPOTHOCTH OIOXOBCKOTO U
IUIa3MEHHOTO pe30HaHcoB. TakuM o0pa3oM, pa3BUTHE BBICOKOYACTOTHBIX OCIMILISIIHNA
ANIEKTPUYECKOTO TOJISl U MPOCTPAHCTBEHHOTO 3apsiia B CBEpXpelIeTKaX Ha YacToTax,
CPaBHHMBIX C OJIOXOBCKOM, 3aTPYAHEHO M3-32 HU3KOM MOJBIYKHOCTHU JJIEKTPOHOB, 00Y-
CJIOBJIEHHON MaJIOW IIUPUHOW MUHM-30HBI U BEICOKOW 4aCTOTOM CTONKHOBEHUH.
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TRANSIENT RESPONSE THEORY OF SEMICONDUCTOR
SUPERLATTICES: CONNECTION WITH BLOCH OSCILLATIONS

A. A. Ignatov, E. P. Dodin, V. I. Shashkin
Institute of Applied Physics, Academy of Science of the USSR, Nizhny Novgorod, USSR

Modern Physics Letters B. 1991. Vol. 5, Ne 16. P. 1087—1094

Results of an analytical calculation of the drift velocity transient response of semiconductor
superlattices (SL) based on the moment balance equations method are presented. It is shown that
under definite conditions the transient response can exhibit oscillation behaviour at the characteristic
“effective Bloch frequency” depending on the momentum and energy relaxation times. The criterion
that determines when the negative differential velocity (NDV) effect in superlattices is accompanied
by Bloch oscillations (BO) is formulated. The method used permits one to estimate the time of NDV
formation in SL solely on the basis of the measured (or simulated) static V—E characteristic.

1. Introduction

When an electric field is applied to an ideal crystal, electrons are ballistically accel-
erated beyond the energy band boundary, undergo Bragg diffraction and oscillate at the
Bloch frequency Q = eEd/h, where E is the electric field strength, and d is the crystal
period [1]. Various approaches to the description of the electron motion under these
conditions, starting with Bloch’s and Zener’s trail-blazing works, were critically analyzed
in recent paper [2, 3] where it was shown that if the lower-lying band gap is wide enough
to prevent interband tunneling, the carrier motion is localized within the allowed energy
band. A number of papers declare [1, 4, 5] that the result of a cyclic motion of electrons in
a band is the generation of alternating current at the Bloch frequency. On the other hand,
in early papers [6, 7] it was proposed that the presence of inelastic collisions results in
carrier drift, dissipation of the applied-field energy, and a sustained static velocity-field
(V=E) relation with the NDV region 0V/OE <0 at E > Av/ed, where v is the characteristic
relaxation frequency of the electron distribution function.

Years ago, Esaki, and Tsu [8] proposed to tailor the nonlinear electronic transport
properties of semiconductors by using superlattice (SL) structures in order to obtain a
high-frequency oscillator due to NDV effect. The Bloch oscillation frequency was esti-
mated as the ultimate frequency of the oscillator. In recent works by Sibille ef al. [9] and by
Beltram et al. [10, 11] the perpendicular V—FE characteristics were measured in a series of
various superlattices. The first clear evidence of the miniband NDV in superlattices pre-
dicted in Ref. [8] has been obtained. However, it has been stressed [9] that BO are not
indispensable to NDV per se. It was pointed out that NDV only requires the center of the
distribution function in P space to approach the inflection point of the miniband dispersion
relation under the field. In such a case elastic scattering can destroy the ballistic electron
motion in a miniband and suppress the BO effect. So, the authors of Ref. [9] concluded that
BO and NDV effects in a superlattice cannot be experimentally distinguished at present. On
the other hand, because the V—F measurements are carried out at low frequencies ® «
« eEd/h, the question of the NDV formation time in SLs still remains untouched.
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2. How can BO in a SL be verified?

In the present letter we propose the large-signal transient response (TR) consider-
ation in order to eliminate the problem of correlation between BO and NDV effects in SL.
Simple and physically explicit analytical approach based on the moment balance equa-
tions method is used within the framework of a semiclassical transport model (%v, eEd «
&« A, where A is the miniband width). We show that under definite conditions depending
on the velocity-to-energy relaxation frequencies ratio the transient response to the drift
velocity can exhibit the overshoot phenomenon and oscillation behaviour at a specific
“effective Bloch frequency”. On the other hand, purely relaxation (exponential) type of
the TR behaviour is shown to be possible even if the NDV effect exists. As a result, the
criterion that determines when NDV is accompanied by Bloch oscillations is derived.

The TR calculations are carried out (using a fully analytical scheme) for a partic-
ularly interesting case where the superlattice is suddenly switched across the NDV re-
gion. For this case the relaxation times involved in the moment balance equations can be
extracted from the experimental static /—FE characteristics data [9]. So the method em-
ployed permits us to estimate the actual time of NDV formation in SL on the basis of the
measured (or simulated) steady state /—F relation only.

3. Free Bloch oscillations equation

The energy spectrum of the electron in the miniband of the superlattice is described in
the tight-binding approximation by

2
8(P)=§—;+%|:1—COS(P;;Z):|, (1

where A is the miniband width, P, is the charge carrier momentum along the SL axis, P,
and m are the carrier transverse momentum and mass.
The electron quasi-classical velocity along the SL axis is

de Ad (Pzd]
v, = ==

=—sin
/i

9P, 2h
The macroscopic-average state may be specified by integrating with respect to the P,
distribution function f'(P), P = P,, which should satisfy the Boltzmann equation

o o

—+eE(t)=— = St(f), 3

o ( )a P N 3)
where E(?) is the electric field strength directed along the SL axis.

Within the framework of a simplified one-dimensional model of the collision integral

[8] side by side with inelastic collisions we take into consideration the purely elastic
collisions term [12]

2

[f(P)- f(-P)]

5 ) “)

St(f) = _Va(f_ﬁ))_vcl
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where f; is the equilibrium distribution function, v, is the relaxation frequency of the
energy, vy is the frequency of the elastic collisions. From Egs. (1)-(4) the following
moment balance equations have been derived [13, 14],

av _ ed®E() . _ _

" uv E@t)+ . E=-v 7V, (5)
a8 _ __
7 eVE(t) = Vsﬁ, (6)

where V, ¢ are the velocity and energy of the electrons, averaged over the distribution
function, { =e—¢,, &; :%[l—ll (ﬁ)/lo (ﬁ)} is the thermal energy of the carriers
along the SL axis, /y(x), /;(x) are the modified Bessel functions, v, = v, + v, is the relax-
ation frequency of the average velocity, U= [ed 2AIl (A)] / [2hvvl0 (A)] is the

2kT 2kT
low-field mobility of the electrons along the SL axis.

Note that similar first and second moment equations were later derived in Ref. [15]
for the Wigner distribution function and its transport equation for the case of energy
spectrum (1).

Let us consider the situation when a constant electric field £(f) = const is applied to a
superlattice. In this case the combination of Egs. (5) and (6) yields a specific equation for
free Bloch oscillations of average velocity that describes the transient process in a SL,

2y dv 5
— +(v£+vv)z+(§2 +V,V, )V =HEV,V,, (7)

where Q = eEd/h is the Bloch frequency. This is the equation describing a harmonic
oscillator with “positive friction”, v, + v, > 0; therefore the steady state solution for static
V—F relation of the SL is stable and, consequently, the alternating current generation is
not possible if scattering is taken into account.

4. Peak velocity of the static -E relation

Steady state solution of Eq. (7) gives the static V—FE relation [12—14] of the SL
___ME
" 1+(E/E)Y
where E, = i(vyvy)"?/ed is the critical field of the NDV effect 6V,, / OF = 0. Note that the
drift velocity V., approaches the peak value V), at E = E.:
AdI, (A/2kT
p — 1 ( ) 61/2, (9)
4nl, (A/2KkT)

®)

where 6 = v,/ v, is the relaxation frequencies ratio.
Atv,=v,=v,0=1and kT < A, Eq. (9) recovers the original Esaki—Tsu formula [8]
V, = Ad/4h. The factor I,(A / 2kT) / Iy(A / 2kT) which reduces the drift velocity at ele-
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vated temperatures describes the “thermal saturation” of band transport in SL. This effect
has been experimentally observed in Ref. [16] for the first time.

The ratio & = v, / v, denotes the effect of a carrier “heating” in SL. The effect can be
easily understood if one accepts the idea that, in a superlattice with a finite allowed en-
ergy band at fixed electric fields, the current can flow only in the presence of energy
dissipation. At 8 — 0 the energy dissipation decreases and, consequently, the peak ve-
locity vanishes.

2(i0°s") /

/ +

gl // ;o.s \

®
/ 50100 Bimev)

59 00 BimeV)

Fig. 1. Dependence on A of the peak velocity divided by the SL period. Inset: dependence on A
of the relaxation frequencies ratio 8/

In Fig. 1 the dependences V,/d computed according to the Esaki—Tsu formula
(V,/d = A/4h, dashed curve) and to relation (9) at 6 = 1 (solid curve) are presented. The
same figure shows the experimental results obtained in Ref. [9] (points), and the results of
simulation by the Monte Carlo method [17] (crosses). The comparison shows that the
results of experiments (simulations) can fit the calculations (9) if one assumes & < 1.
Therefore, one can obtain the 8(A) dependence, which is schematically shown in the inset
of Fig. 1.

5. Transient characteristic
Let us consider the case of abruptly changing bias field from the value E; (initial
state) to the value E (final state). From Eq. (7) the transient characteristic V(¢) can be
readily derived, the initial conditions for 7(0), dv (0)/dt being determined from Egs. (5)
and (6):

X Vet (xi _x)
(+2) (1)
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1—xx. 1—xx,
( xx')cosu)t—v—" l—veff( x)

sinf |p, (10)

(1+x2) ® v, (1+x2)
where V), is the peak velocity (9), x;=E;/ E,,x=E/ E,,
4Q% — (v, -v,)’
o= (vy—Vve) (11)
2
is the “effective Bloch frequency”,
v, +V
V= (vetvy) (12)
2
is the effective decay constant of the transient process.
It follows from Eq. (11) that at
E (1-9)
F > 252 (13)

C
the frequency o is real, so that the transient characteristic exhibits oscillation behaviour.
In the opposite case the frequency o is imaginary:

=ik, (14)

(Vv —Ve )2 —4Q?
}\, = ’
2

and the solution for V(¢) should be obtained from Eq. (10) by the substitution iA — ®,
cosh(Af) — cos(iAf), isinh(Af) — sin(iAf). In this case we have a purely exponential re-
laxation of the drift velocity, so that Bloch oscillations do not manifest themselves.

(15)

l

—
<

|

1————— _——— ——

m

0 05 52

Fig. 2. Regions of different behaviours of the transient response of a semiconductor superlattice

=

Regions of different TR behaviours in SL are shown in Fig. 2. Region I corresponds
to the case when NDV takes place in SL (£ > E.); however, Bloch oscillations are not
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revealed. In this case elastic collisions with the frequency v destroy the ballistic motion
of the electrons in a miniband of the SL (v, > 2Q). In region II the transient response
exhibits exponential relaxation behaviour at subcritical fields £ < E.. Region III corre-
sponds to the case of the oscillation-type relaxation. However, because of £ < E, the
oscillations are heavily damped in this region. Finally, region IV corresponds to the case
when the NDV effect in SL is accompanied by Bloch oscillations of the TR.

Veo/ 2Vp
05
V(t)/2Ve
1 i 5 E/E¢
05
057 04t
—0,5—
-{L

Fig. 3. Calculation results of the superlattice transient response.
Inset: static velocity-field characteristic of a SL

As an example, let us consider the TR of the superlattice GaAs/AlAs with d = 45 A,
A=T8meV, V,=4.5x 10 cr/s, eE.d = 6 meV investigated in the experiment [9]. From
Egs. (8) and (9) we obtain 32 = 0.6 (v]'=65fs, v.'=185fs, v, =96fs) and,
therefore, according to Fig. 2 the NDV effect is accompanied by Bloch oscillations of the
TR. The results of the TR calculation are plotted in Fig. 3 for the case where electric field
is switched across the NDV region (E;/ E.= 1, E/ E.=5). Velocity overshoot and Bloch
oscillations are clearly revealed in this figure. The characteristic response time can be
estimated as T = 400 fs.

6. Conclusions

In conclusion, we have proposed the moment balance equations method for inves-
tigation of the drift velocity transient response of semiconductor superlattices and mod-
eled the transient characteristic for structures studied in the experiment [9]. The calcula-
tions show that the NDV effect in these SLs arises from the ballistic motion of electrons
inside the miniband, because it is accompanied by Bloch oscillations of the transient
response. The time of the NDV formation in SLs (1 = 400 fs) is shown to be much less
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than in the bulk NDV semiconductors (where t = 6 ps) [18], and of the same order as in
resonant-tunneling devices (t = 300 fs) [19]. We hope that the progressive development
of probing semiconductors with femtosecond pulses [20, 21] can provide a tool for ex-
perimental observation of the Bloch oscillations in the transient response of semicon-
ductor superlattices.

Owing to the ultra-high speed of the NDV formation, the superlattices seem to be a
very promising tailorable anisotropic bulk material for amplification and generation of
electromagnetic signals with operation modes similar to the Gunn effect [18]. In this case
the generation is caused by space charge wave instability due to the negative differential
velocity (conductivity) of a superlattice rather than by the intrinsic cyclic motion of
electrons in a miniband at Bloch frequency.
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A possibility for fabrication of a high-sensitivity accelerometer is considered. The linear acceleration
of a sensor causes displacement of the proof mass electrode. The displacement detector is based on a
strong dependence of the tunneling or cold emission current on the gap between the electrodes. The
geometry of the electrodes that provides the best sensitivity is determined. The accelerometer with
tunneling-emission electrodes is fabricated. At frequencies up to 5 kHz the resolution reaches
107 g/Hz'* in the tunneling mode and 10~ g/Hz"” in the emission mode.

I. Introduction

The exponential dependence of the tunneling current on a gap between the electrodes
provides high displacement sensitivity. In the last few years, a number of groups have
used this effect for fabrication of high-sensitivity tunneling accelerometers [1]-[6]. These
devices have the resolution up to 2 - 10® g/Hz'? at frequencies lower than 1 kHz. The
fundamental factors limiting the resolution of tunneling accelerometers are the 1 / fnoise
and the thermomechanical noise [7]. The fundamental feature of a tunneling accelerom-
eter is the feedback loop supporting the tunneling gap. In ordinary conditions, the char-
acteristic gap between the tunneling electrodes is 1 nm, the tunneling current is 1 nA, ata
voltage of about 1 V. To detect the modulation of such a current, a preamplifier is re-
quired. It must be located near the tunneling gap in order to minimize the noise and
pickups. In principle, one cannot exclude a possibility of manufacturing a device with
relatively mobile tunneling electrodes that will remain for a long time in the tunneling
mode without the feedback. However, in this case, there are problems with the particles
being adsorbed on the electrodes, which can give a “false signal” corresponding to some
displacement of the electrodes [8]. Whether it is possible to make such electrodes a little
mobile from each other and, at the same time, retain the mode of the current transfer, the
resolution and stability in ordinary external conditions (acoustic noise, thermal drift due
to variations and gradients of temperature, change of the tunneling transparency due to
the adsorbtion on the electrodes, etc.) remains unclear. Solving o this problem seems to be
possible, but it is very difficult from the technical point of view.

In a number of works [9], [10], cold emission current was used to measure small
displacement in high-sensitivity pressure sensors. The cold emission current also has a
strong dependence on the gap between the electrodes. Thus, a priori, one can hope that it
is possible to fabricate an emission accelerometer with a high sensitivity. The character-
istic currents and distances between the electrodes in such a device, even at the voltage of
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100 V, can be much greater than in the tunneling sensors. That would allow for designing
a sensor with a long-term stability of the gap between the electrodes without the feedback,
expanding the dynamic range, lowering the requirements to the preamplifier, and it would
also allow for increasing the distance between the sensor and the preamplifier. The main
goal of this work is to check the above assumptions.

I1. Optimum geometry of the emission accelerometer electrodes

The current density of autoelectronic emission from a metal electrode at low tem-
peratures is defined by the Fowler—Nordheim formula [11]

B(E)-¢3/2:|

B M

J(E)= A(E)-E? 'exp{—

where

A(E)=e3-[16-n2~h-¢-t2[—“e;'Eﬂ :

B(E) _g > 0

V(y)={L{\/%}—y~K{ :_ﬂ}m

K(k) = jo"”(l—k2 -sin? @)Mde,

/2 s a2 o
L(k)=J'0 (l—k -sin @) d© — elliptic integrals,

(M =vn-2r 2

dy
E is the electrical field at the metal surface, ¢ is the work function. The most im-
portant characteristic of the accelerometer is its sensitivity, i.e., the interelectrode current
[ variation to gap variation ratio A/ / Al. For a qualitative analysis of the dependence of
the change in the current on small changes of the gap between the electrodes Al </, we
shall use (1), where we assume 4 to be independent of £, because the function ¢~ 1 in the

entire range of fields [11]. Then

AI dl J J [ ) Ez)—¢3/2~d(g)}iS=

dl
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The integral is taken over the area of the cathode surface. Here
y dv
s(y)y=v(y)—=-—.
0 =v(») -3 &

Function s~ 1 in the whole range of fields [11]. At typical values of the work function
(in electronvolts), the value of 4ed®*~/2m /3h — is tens of V/nm, which is much greater

than 2 E (in volts/nanometers); therefore, the first term in the brackets can be neglected.
The value of (d /dl)(1/ E) does not vary much along the surface of the cathode in

comparison with j. Therefore, taking out it of the integral we have
AT 40" N2m d ( 1 J

Al 3h dI\E

(Emax 1 the maximal field on the cathode).

E..x = V/ fwhere f'is the function determined by the form and arrangement of the

electrodes, Vis the voltage between the electrodes, therefore
AL 40 N2m 1 df @
Al 3h Vod’

As can be seen from (2), the emission accelerometer sensitivity is proportional to the
emission current and depends on the geometry of the system. To understand how the
geometry of the electrodes affects sensitivity, we shall consider two cases.

1) The electrodes are metal surfaces having the radius of curvature » </ in the

field of the current flow. In this case f(r,/) weakly depends on I,
df / dl — 0, and the sensitivity tends to zero when, /! — 0. For example, if
the electrodes are two parallel infinite cylinders of radius », placed at dis-

tance / from each other, or they are a two-cavity hyperboloid of rotation
(voltage is applied between the cavities), with the spacing between the cavities
! and the radius of curvature in the tops of cavities 7, in both cases (when
r<l) foer-In(r/l)

ﬂoc£—>0,at£—>0.
d 1 /
2) The electrodes are surfaces with the radius of curvature »>[. Then

f(r,1)—>1, df/dl =1, when r/l — oo. In a limiting case of electrodes as

two infinite planes (r > o0): f =1, df /dl =1.
Thus, to provide the maximal sensitivity of the emission accelerometer it is critical
that the condition: » > [ be met. That is, in an ideal device the electrodes should be two
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parallel planes spaced at a distance much less than their sizes. These planes may have
inhomogeneities, but their roughness should be < /. Probably, a cathode with such
roughness may even prove more effective and ensuring a higher current density than an
ideally smooth one [11]. To find out whether it is true is left for further investigations.

It is interesting to compare the sensitivity of the emission and tunneling accelerom-
eters. For low voltages, the dependence of the tunneling current on the gap between the

electrodes / is strongest [12]
47\/2m® 41t,/2m®
I, = exp(_ﬂTm@ ,j imfonp,

where o is the average height of the tunneling barrier in view of the potential of forces of
the images. That is, the sensitivity of the tunneling accelerometer is proportional to the
tunneling current. For characteristic tunneling distances / ~ 1 nm the factor of propor-

tionality is
4m\/2moQ
h

The sensitivity of the emission accelerometer, as is seen from formula (2), is pro-
portional to the current, too. The factor of proportionality for a flat geometry (df / di =1)

therefore, & =
Al

~10 nm™".

and, for example, j =5 eV, I'=100V, is about 0.8 nm" ', which is by an order less than in
the tunneling case. However, the values of the emission currents can be by orders of
magnitude above the tunneling ones (due to both a greater current density and a larger
contact area), which can ensure a higher sensitivity of the emission accelerometer in
comparison with the tunneling one.

II1. Experimental examination of the emission accelerometer

It is possible to realize a nearly flat geometry by placing two smooth surfaces at a
distance from each other much less than their curvature radius but much greater then their
roughness. To fulfil the condition » >/ in the developed sensor, gold-covered optical
fibers were chosen as electrodes. Their shape is close to the ideal cylinder of radius » =
=60 um with the roughness 3 nm. The surface roughness of metallized fibers was
measured by the AFM. The AFM-image of the surface of the fiber covered with gold is
shown in Fig. 1. It is seen that the surface is smooth. The electrodes are formed by the
fibers oriented cross-wise. Thus in the field of crossing of the fibers with the area S ~ 7/,
where the current flows the electrical field is close to homogeneous. The gold was chosen
as a material for coating because of its chemical stability. Other materials of electrodes
working in air can suffer from the anode oxidation, which results in an instability and
termination of the working mode. In manufacturing of the sensor, we also used the ma-
terials with a lower work function, such as titanium nitride. Thus, only the cathode was
coated with titanium nitride and the anode was coated with gold in order to prevent anode
oxidation. It has allowed to fabricate a sensor with a smaller work function, resistant to
degradation in air. The schematic of the sensor with such electrodes is shown on Fig. 2.
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a Saa nM
Fig. 1. (@) AFM image of the surface of a gold-coated optic fiber. Straight line shows
the single pass of the probe. (b) The profile of single pass of the probe

[

7
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L s [

Fig. 2. Schematic of the sensor. /: The case. 2: The copper membrane. 3: The piezoceramic.
4: The glass bases. 5: The metallized optical fibers. 6: The conducting glue. 7: The wires

Metallized optical fibers (5) are pasted to glass bases (4) with the help of a conducting
glue (6). The same glue is used to paste to them the wires connecting the fibers to pre-
amplifier. One glass base is pasted to the case and the other to the membrane of the
piezodrive (2). The piezodrive consists of a copper membrane (2) and of piezoceramic (3)
to which managing voltage is applied. In Fig. 3, the photo of the sensor is shown. The
sensor can operate both in the tunneling and in the emission modes of the current transfer.
The choice of the mode is determined by the onset of the current and voltage. The gap is
maintained through the current-controlling feedback system with the help of the bi-
morph piezodrive. In order to characterize the sensor in the cold emission mode it was
placed in vacuum P = 2 - 10™* Torr. The frequency dependence of the resolution for
various modes is given in Fig. 4. It is seen that at frequencies up to 6 kHz the resolution of
the sensor is about 10~ g/Hz"? in the tunneling mode (bias voltage ¥'=0.1 V) and about
10 g/Hz'"? in the emission mode (bias voltage ¥ = 100 V). The drop of the resolution of
the sensor in all modes at the frequency of 3.5 kHz is caused by the resonance of the
piezodrive. In order to maintain the mechanical coupling constant close to 1, the case of
the sensor was pasted to the vibrating table. Besides, the above sensitivities are the
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characteristic of the system consisting of a sensor and a measuring system. The meas-
urements of sensitivity and the level of noise were made with the help of a spectrum an-
alyzer (Bruel and Kjer, type 2033) without additional low-noise amplifier. The noise of
the spectrum analyzer determined the threshold of detection in the mode of small tun-
neling currents. In the mode of large currents (~ 100 nA) the noise of the sensor was
greater than the noise of the spectrum analyzer and exhibited a 1/f character up to
10 kHz.

2 ‘i

Fig. 3. Image of the sensor
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Fig. 4. Frequency dependence of the resolution for various working modes

When the sensor works in the emission mode, the gap between the electrodes can be
much greater than the tunneling gap. One can expect that the working mode of the accel-
erometer will keep up for a long time even at not very strong precautions. In order to check
this hypothesis, the feedback was switched off. The electrodes were approached manually
by applying a constant voltage on the piezodrive until the occurrence of the emission cur-
rent. It was shown that the thus controlled current can be kept for at least ten minutes. No
special measures of vibro- and noiseprotection and no thermostat were used. The current
was kept despite the fact that the design in question of the sensor was not optimized for the
work without feedback. In Fig. 5, the current-voltage characteristics of the sensor without
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the feedback at two different distances between electrodes are shown (/; and 1). It is seen
that the data of the current-voltage characteristics are in good agreement with the theoretical
straight lines of Fowler—Nordheim which usually proves the emission character of the cur-
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Fig. 5. Current-voltage diagram of the accelerometer without the feedback

rent. The difference in the distances A = /, — /; can be measured by the difference of
voltages on the piezodrive (for straight lines on Fig. 3 A/= 14 nm). Using the relation [11]

alin(£)]
d[E"]
(where the current density is measured in A/cm’, the electric field in V/Angstrom, the

work function in electronvolts) and considering thatj=1/S; S~r-I; Ex V /I, where r is
the radius of fibers, we shall have

d[ln(#)}

.m( ! j-l=K~ln(L)-l=—0.06-¢3/2.
d[V-l:' 0.06 ) 1 0.06) I

Here, K is the slope of the straight lines of Fowler—Nordheim in Fig. 3. / is in Ang-
strom, / is in nA, V'is in volts. By solving the system of the equations

~—0.683-¢"*

K, -In A ~l=—0.06-¢3/2,
0.06) 1,

K, In - -l=—0.06-¢”,
0.06) 1,
I, —1, = 140.

We can calculate /,, /; and the work function. We will have ¢ =4 eV, /; =93 nm, and
I, = 107 nm. The values /; and /, should be regarded as estimated values of the distance
between the electrodes.
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IV. Conclusion

It is shown that to ensure maximal sensitivity of an accelerometer working in the
mode of emission current, it is reasonable to refrain from the traditional emission devices
geometry involving needle cathodes and to use flat electrodes.

A tunnelinging-emission sensor with the resolution less than 100 pg/Hz ™ in the
tunneling mode and less than 1 mg/Hz"? in the emission mode at frequencies up to 6 kHz
is fabricated. This design can be improved and used in a system with the feedback for
various special applications, for example, in hydroacoustics [2].

It is shown that when the sensor works in emission mode at a bias voltage < 100 V,
currents as high as ~ 100 nA can flow through the electrodes. Characteristic distances
between electrodes can be thus of ~ 100 nm. Such a working mode without special safety
measures can be maintained a long time (tens of minutes) without a feedback. In the case
of miniaturization of a similar system there is an opportunity, in principle, to manufacture
a cheap and reliable sensor for the accelerometer.
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The principles of construction of millimeter wave detectors based on low-barrier Schottky diodes and
planar antennas are discussed. The modified planar slot antenna with low beam spillover at the
resonant frequency of 94 GHz has been developed. Experiments have been carried out to investigate
detecting characteristics of the diodes with differential contact resistances R; = 11000 kQ at zero
bias. Experimental data are well correspond to calculations in a simple model of detector. At R; =
=20+100 kQ the maximum of rf-to-dc voltage sensitivity — more than 10000 V/W — is obtained. At
lower values of R; = 2+6 kQ a better noise equivalent power (VEP), around 10™> W - Hz "2, is pre-
dicted.

1. Introduction

Diodes with Schottky barrier are widely used in mixers and multipliers at sub- and
terahertz frequencies. However at these frequencies Schottky diodes as small-signal
square-law detectors are used significantly rarely. The necessity of design systems for
millimeter-wave imaging and receiving broadband terahertz signals has caused some
interest to these applications [1, 2]. Solving this problem means building multi-element
matrix receivers, located in the focal plane of antenna system. To provide a high sensi-
tivity of detector it is necessary to decrease the effective height of Schottky barrier in
order to avoid voltage biasing. This simplifies the construction of the detector and leads to
reducing noise level (eliminating 1/f-noise and others). For zero bias detectors at milli-
meter waves low-barrier Schottky diodes with 3-doping of surface region of a semicon-
ductor [3, 4], diodes with a planar barrier [5, 6] and tunnel diodes [7, 8] are used. For this
purpose semimetal-semiconductor heterostructures ErAs/GaAs have been proposed [9].
Recently a high efficiency detector for passive millimeter wave imaging was demon-
strated with zero-bias Sb-based backward tunnel diodes [10]. Authors used diagonal horn
antennas to collect energy in their 2 X 2 array of radiometers. Our approach deals with
more simple design of the detector with a planar antenna-coupled low-barrier Schottky
diode. Our aim is to develop planar detector as one pixel element of future planar imaging
array. A part of work has been reported at conference [11].

2. Detector principal characteristics

A Schottky barrier at Al/GaAs contact is modified by inserting of silicon d-doped
layer very close to the interface. For a small distance from the interface to the d-layer the
peak of a potential barrier becomes tunnel transparent and this leads to reduced effective
Schottky barrier height in the range 0.7+0.1 eV [12, 13]. Metalorganic chemical vapor
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deposition is used for fabrication all layers, including top aluminum layer without braking
growth conditions. What is important is that the width of a depletion region for these
structures might be ~ 0.1 pm which gives lower values of specific contact capacitance
~ 1 fF/um* compared with diodes on the effect of interband tunneling. In this work the
diodes with design described in [4] and the anode contact area of 8 um® have been se-
lected for detecting at 94 GHz. The specific values of the parameters are: contact capac-
itance C = 10+15 fF, series resistance r = 10+20 Q. The diodes with different effective
Schottky barrier height resulted in the differential contact resistance at zero voltage in the
range of 1+-1000 kQ have been used to optimize the process of detection. Earlier a good
performance of detectors has been obtained for the similar diodes mounted in different
waveguide chambers [4]. Characteristics of detectors with planar design at 94 GHz are
discussed in this paper.

Antenna Diode

]RJ‘ R, V

k _
[] Ra [|Z
)

- o D
—

a b

Fig. 1. Equivalent diagram for antenna with integrated low-barrier Schottky diode:
a) at high frequencies, ) at low frequencies

As is known, at frequencies of millimeter wavelength range a diode is well described
by a simple equivalent circuit with parallel connection of the resistance R; and the contact
capacitance C with the series resistance r, connected to them in series [4]. Figure 1 shows
equivalent detector circuits at high and low frequencies. An equivalent antenna circuit at
the resonant frequency might be presented as consisting of an antenna real resistance R,
and an impedance matching element Z; connected in parallel. R, is a load resistance of the
detector. According to the approach [14] it becomes possible to write some expressions
for principal characteristics of square-law detection:

_a R (1-]r2))- &,
2 (r+R,+R) [”ﬂe j (1+ /j (D
NEP=7”, (2)
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coefficient which equals to ~ 40 A/W for an ideal diode, V, — average value of thermal
noise amplitude of the diode in the frequency band of B = 1 Hz, k3 — Boltzmann constant,
T — temperature. Factor (1 —|['?|) in (1) takes into account antenna matching with the
diode. Under optimal conditions, when the antenna is at the resonant frequency Z; should
compensate the imaginary part of impedance of the diode. At the same time, the real part
of diode impedance should be equal to R,. In this case the maximum sensitivity of the
detector is realized. The diode conductivity Y at the frequency ® = 2nf might be written in
the following way:

r+R/.+r-(COCRj)2 ) u)CRjZ.
Y= ) ; ~+i F— > ®)
(r+Rj) +r ~(0)CRj) (r+Rj) +r ~(00CRj)
For the frequency of 94 GHz the value of capacitive impedance of diodes lies in the range of
110+170 Q. We can suppose that 7 << 1/oC « R;. Then the expression (5) can be simplified:

where y — voltage sensitivity, NEP — noise equivalent power, =R, - curvature

1 2.

Y 3 +r-(0C) +i-oC, (6)
which makes it clear that the real part of a detector impedance is determined by the value
r-(0C)* =107 Q' for diodes with R; » 1000 Q. Only diodes with the lowest barriers,
which are used in this work, give a comparable contribution from R;. The imaginary part
of diode impedance is of a capacitance origin. These estimations allow choosing the type
of a planar antenna. Having in mind the simplicity and fabricability, slot planar antennas,
located above a metal plane, meet the requirements due to rather high output impedance
=~ 1/(r - (0C)?) [15]. For better matching the antenna at the resonant frequency should
have the impedance of inductive character Z; =i - wL, which can compensate the capac-
itance of the diode defined in (6) or with more accuracy in (5). In fact, at this stage of
analysis it is possible to take into account a small correction in Z;, connected with ne-
glected capacitance and inductance of the diode outer leads. For further calculations let us
suppose that imaginary components of impedance are completely compensated. Then we
can obtain an optimistic estimation for the matching factor of the diode

R —y ’
1-|r2[) = 1= £ Rel 7
=1

and calculate the principal characteristics of the detector on the basis of relations (1)—(4)
and (7).
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3. Design of the planar antenna

For receiving electro-magnetic radiation from the open space and effective trans-
mitting power to a low-barrier Schottky diode a modified slot antenna has been chosen
which size approximately corresponds to the effective wavelength. It is fabricated on the
basis of dielectric plates Rodgers 5880 (thickness — 500 um, € = 2.2). Copper layers cover
both sides of plate with the thickness of 9 pm. In addition, a layer of nickel is deposited
from electrolyte on the copper. The backside of the plates is soldered to the metal surface.
Standard photolithographic technique is used for pattering. Figure 2 shows the schematic
view of the antenna. The diodes have been mounted in the central part on metal leafs of
the antenna which look like open wings of a butterfly. Assembling has been manufac-
tured with conducting silver glue.

Antenna

Ground
reflector
Dielectric

Fig. 2. Planar slot antenna coupled with low-barrier Schottky diode and directional characteristics
in E- and H-planes measured in the detector mode at 94 GHz

Several groups of antennas-butterflies have been made with a small variation of their
sizes in order to compensate more precisely the capacitance component of the diode
impedance and tune the resonant frequency closer to 94 GHz. Optimization was carried
out in the following way — diodes of one type with similar basic parameters have been
mounted in different antennas. After that measurements of the detector sensitivity to a
linear polarized radiation of millimeter wave as the function of frequency have been
taken. A tunable backward-wave tube of three-millimeter waveband with the attenuated
maximum power of ~ 20 mW has been used as a source of radiation. The transmission of
radiation into space has been realized through a horn or an open end of waveguide with a
flange. A voltmeter and an oscilloscope have been used to register constant and pulse
signals of the detector. In such a way, several experimental iterations have resulted in
optimizing the antenna configuration. It appeared, that the band under detection which is
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responsible for two-time reducing voltage sensitivity equals to around 8 GHz. Also, there
was not any significant change in the resonant frequency of the chosen antenna when
diodes with different resistance R; were used. The results have shown that the wave im-
pedance of the antenna was estimated according to Babinet’s principle as ~ 800 Q [16].

The directional pattern of the planar antenna with mounted diodes has also been
under investigation. The distance between the transmitting and the receiving antenna was
around 1.5 m. In this case the area of irradiation was much larger than effective aperture
of planar antenna and the mode of detection was quadratic. One marked lobe of the dia-
gram directed perpendicularly to the plane of the antenna-butterfly was discovered at
resonant frequency. That is true in the case when the dielectric layer is removed from
ground reflector outside the region, which is comparable with antenna dimensions. In-
creasing lateral dimensions of the dielectric layer leads to excitation of surface waves and
reduced antenna beam efficiency [17]. Measured experimental results are shown in Fig. 2
for two orthogonal planes. The half-power beamwidth in the plane perpendicular to the
antenna slot was 0 =~ 50°. In the plane directed along the antenna slot the angle was more
¢ = 44°. Observation of non-sufficient detector responses at resonant frequency for
crazing incidences of external radiation gives estimation of beam efficiency > 0.9. Any
apparent characteristic dependences of directivity on the resistance R; were not found in
the range of experimental errors.

The results of measuring the beam directional pattern of detector and the known horn
characteristics give the received power P, [16]:

2
p_G GNP

(4nL)’ ®

where G, — planar antenna gain, G; = 105 for the used horn gain, L — distance between the
horn and the receiving antenna, P, — transmitting power, A — radiation wavelength. The
antenna gain G, was calculated using the textbook formula for a practical application
[16]:

G~ 30000

~13.6. )

These measurements have allowed defining experimentally the most important character-
istics of detector.

4. Experimental results

Planar diodes of the same construction but with different effective height of Schottky
barrier have been used in the experiments. For those diodes detailed investigations of
static transport characteristics have been carried out: values of the curvature coefficient a
and the barrier resistance R; have been measured at zero bias. The experimental data
(marked by dark squares) are given in Fig. 3. The straight line corresponds to the inter-
polation of experimental data. It might be seen that reducing R; from 1000 to 1 kQ causes
monotonous reduction of a from 33 to 12 A/W.

41



Recalculation of the collected radiation power has been done by equation (8). After
that values y for different diodes were defined. Results have been shown in Fig. 4 by
squares. Theoretical dependence of voltage sensitivity y on R;, calculated on the basis of
(1), (3), (5) and (7), is shown on the diagram by a full line. The values of R, =800 Q, R, =
=500 kQ, C =14 fF, r = 10 Q and a linear approximation of a(R;), presented in Fig. 3
were used. Experimental data spread was caused by errors in measurements and deviation
of actual parameters of diodes C, r, and o from mean values. Nevertheless, a good
agreement between experimental data and calculations are clearly observed. The value of
v has a tendency to grow with increasing R; till the moment when the influence of the load
resistance R, is not significant. The fall of y at the commensurable resistance is observed.
Considering the introduced dependence of a(R;) the maximum values of y > 10000 V/W
are obtained at R; = 20+100 kQ. The influence of the mismatch losses between a diode
and an antenna is 111ustrated by the calculation at (1 — [T%) = 1, shown on the figure by the
dashed line.

10 100 1000
R; [kQ]

Fig. 3. Dependence of the curvature coefficient o on the contact differential resistance R; at zero

bias defined from current-voltage characteristics: squares — experimental data, straight-line — linear

interpolation

12000 A+

9000

Y [VIW]

1 10 100 1000
R; [kQ]

Fig. 4. Dependence of voltage sensitivity y of antenna-coupled detectors at 94 GHz on differential

resistance R;. The full line shows the calculated curve y(R) for diode and antenna parameters

mentioned in the text. For dashed line matching factor (1 — [[]%) is set equal to 1
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Data on y(R)) allow predicting the value of a threshold power of a detector NEP on
the basis of expressions (2) and (4) without direct measuring noise voltages V,. Experi-
mental and calculated values of NEP dependent on R; are presented in Fig. 5. It is obvi-
ous, that the lowest values of NEP =~ 10> W - Hz ' are obtained for the diodes with R; =
= 2+6 kQ. A theoretical calculation predicts an increase of NEP at further decreasing R,
but the experiment does not confirm this tendency. However, it is evident that the best
values of NEP and vy are obtained at different R;.

1€-10 oroeeeemmemrmmeemreennd ‘ ............................. . .......

le-11 e

NEP [W-Hz'’]

le-12 4

1 10 100 1000
R; [kQ]

Fig. 5. Dependence of threshold power (VEP) of antenna-coupled detectors at the frequency of

94 GHz on their differential resistance R;. The full line shows the calculated curve NEP(R)) for

diode and antenna parameters mentioned in the text

The investigations carried out show the right way to obtain high voltage sensitivity
and small threshold power in detectors of millimeter wavelength range on the basis of
antenna-coupled low-barrier Schottky diodes. The data obtained experimentally for de-
tectors in the waveband of 94 GHz meet theoretical expectations.

5. Conclusion

The design principles of planar antenna-coupled detectors of millimeter wavelength
range on the basis of low-barrier Schottky diodes was discussed in this work. The con-
struction of the modified planar slot antenna with a high output impedance ~ 800 Q at the
frequency of 94 GHz with the band around 8 GHz was developed. Some experimental
investigations of detector characteristics for diode differential resistances in the range of
R;=1+1000 k€ at zero bias were carried out. The experimental data were compared with
the results of calculation for a simple model of the detector. It was determined that a
voltage sensitivity can exceed the value of 10000 V/W for diodes with R; = 20+100 kQ at
NEP =2 - 102 W-Hz 2. The lowest predicted values of NEP ~ 10> W - Hz ' corre-
spond to y = 7000 V/W at R; = 2+6 kQ. The values of y and NEP for this waveband
correspond to the best results for zero-biased detectors [7, 8, 10]. These results manifest
about good perspectives of application of the developed antenna-coupled detectors as the
elements of a focal plane array receiver.
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A NANOMECHANICAL SYSTEM
WITH PIEZOELECTRIC ACTUATION
OF A GaAs MICROBEAM

E. A. Vopilkin, V. I. Shashkin, Y. N. Drozdov, V. M. Daniltsev, S. A. Gusev,
1. Yu. Shuleshova

Institute for Physics of Microstructures, Russian Academy of Sciences,
Nizhny Novgorod, Russia

Journal of Micromechanics and Microengineering. 2008. Vol. 18. Art. 095006 (5pp)

The design of a bymorph GaAs-based microbeam MEMS piezoelectric actuator is proposed. A pi-
ezoelectric actuator consisting of a 2 um thick microbeam with dimensions 100 x 15 pm’ is fabri-
cated. Calculation of the dependence of beam deflection on the applied bias is carried out. The ex-
perimental dependence observed by an interferometer is in good agreement with the predicted one.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The development of MEMS/NEMS (micro/nanoelectromechanical systems) de-
mands the fabrication of microactuators for these systems. They are needed in feedback
systems of tunnelling accelerometers and in the production of microswitches. Nowadays
electrostatic [1], thermal bymorph [2—4] and piezoelectric [5] microactuators are known.
The electrostatic actuators are able to achieve only a weak force. Acceptable working
characteristics might be obtained when utilizing very soft constructional elements. This
however results in low stiffness and low resonant frequency. The thermal actuators have
appreciable sensitivity to the temperature but huge time constant, which limits their
frequency range. Besides, they require large operating currents, which are often incon-
venient. The piezoelectric actuator is controlled by the voltage with small leakage cur-
rent. It is fabricated from rigid enough constructional elements, which allow operation at
higher frequencies, up to MHz range. The principal disadvantage of a MEMS piezodrive
consists of the small value of piezoelectric constants of materials, from which the MEMS
are fabricated, and hence, in a small range of displacements. One of the possible ways to
fix this problem is the introduction of a bymorph MEMS piezodrive using the transversal
piezoeffect [5].

In this work, an approach to realization of such a MEMS device employing GaAs as
the basic material is demonstrated.

The static characteristics of the microconsole under varying dc biases are investi-
gated in detail.

2. Design of the microconsole

The GaAs/AlAs heterostructure was chosen as a platform for manufacturing the
microconsole. A 1 um thick AlAs layer was grown on a GaAs(0 0 1) substrate, followed
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by the formation of a 1 um thick doped GaAs layer with n-type conductivity and undoped
a 1 pm thick GaAs layer, by the metal organic chemical vapour deposition (MOCVD)
method. A schematic of the structure of the microconsole is shown in figure 1. The mesa
of the console was formed photolitographically, as well as by wet etching [6]. The
100 nm thick gold contacts were evaporated by resistive heating. Then, the selective
etching of AlAs from under the console was per-formed in HF solution. To avoid the stic-

Au - top electrode

i - GaAs piezoelectric layer 1 um

AlAs — sacrifical
layer 1 um

Fig. 1. Diagram of the structure cross section

‘bottom electrode

. e 10 LM
Fig. 2. SEM image of the GaAs microbeam

tion of the console after etching and washing by deionized water and acetone, the samples
were dried using the system of critical drying CPD-13200 (SPI). After that acetone was
replaced with liquid CO, and then the system was heated over the critical point of CO,.
The piezoelectric layer is undoped GaAs, whereas the bottom electrode is the conducting
GaAs layer, and the top electrode is the Au layer. Applying the negative potential to the
top electrode gives rise to a high intensity of electrical field in the undoped GaAs
(i-layer). This intensity diminishes inside the conducting GaAs layer. Therefore, the
current remains small up to the breakdown voltage. An image of the microconsole from
the scanning electron microscope (SEM) Carl Zeiss “Supra SOVP” is shown in figure 2.

46



3. Theory

The simplest system composed of two identical GaAs layers rigidly stuck together is
sketched in figure 3.

A,

Fig. 3. System of two “stuck together” plates of thickness 4,
bent up to radius R in the zg-plane

After sticking, the top layer is deformed due to the piezoelectric effect; the system is
thus bent. The term “sticking” is used here for ease of understanding. The actual epitaxial
heterostructure represents in fact an epitaxial crystal. The top metal contact in this model
is very thin, so that it does not affect the deformation of massive GaAs console.

The electrical field applied to the GaAs leads to deformation of the crystal, since the
crystal is noncentrosymmetric and has both longitudinal and lateral piezoeffect. The latter
is described by equation (1), see [7]:

&y =dyE;. ()

Here, g is the tensor of elastic strains, dj; is the tensor of piezoelectric modules, E; is
the vector of intensity of the applied electrostatic field and 7, j, k-indices are equal to 1, 2,
3, respectively.

In matrix designations, with index m = 1, 6, equation (1) will be written as

e, =d, E,. )

Here, €,, are the factors associated with components of the tensor of elastic strains, d;,,
is the matrix of piezoelectric modules, whose factors are associated with components of
the tensor of piezoelectric module [7].

The matrix form d is determined by the symmetry of the crystal. For GaAs with a
point group of symmetry 4 3m, the matrix in crystallographic coordinates looks like

0 004, 0 O

000 O 4, 0] 3)
000 O 0 d,
Here, the only independent factor is dj4 = —2.69 x 10> m - V' [8-10].

If the electrical field with intensity E is applied along the z-axis of the crystal, E; is
equal to (0, 0, E). Therefore, in equation (2) one has only one nonzeroth component
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g, =dy ks =d,,E.

This results in tensor of elastic strains in the form of

0 ¢, O
g, =g, 0 O] )
0o 0 0
Here,
€,=¢/2=d,E/2. %)

The strain (4) is a pure shift mode, at which only the angle between crystallographic
axes x and y varies [7]. To proceed to diagonal axes x” and y’, the system should be

rotated by 45° around the z-axis:
X' =(x—y)/~2 — direction 11 0],
3’ =(x+y)/\2 — direction [110].

The corresponding matrix of transformation of coordinates will be then written as

1/42 -1/42 0

A;=| N2 12 0. (6)
0 0 1
Transformation of tensor &; to the new axes
g; = A; A€,
results in the following form of the matrix:
-€, 0 0
g, =| 0 g, O (7)
0 0 0

The strains have a “stretching-constriction” mode in these new axes. This means that a
tensile strain along the direction [1 1 0] and a compressive strain along [110] appear at
the negative value of €;,. The resulting bend of the system consisting of two layers (one of
which being deformed) is determined by conditions of the mechanical balance of the
system, and by boundary conditions (figure 3). Let us consider an approach where the
system can be divided into thin sections, which lie perpendicular to the z-axis under initial
conditions. The elastic stress along the axis g, (x"or y") ©,(2) linearly depends on the

elastic strain "€, in this cross section:
o, = Ge,. (8)
Here, G is a certain combination of elastic modules, which depends on the character
of deformation. The value of G is not to be specified, since it is missing in the final result.

Note that the character of deformation differs here from that of the conventional bime-
tallic systems or from heteroepitaxial compositions. In our case, the signs of deformation
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(and the signs of radii of curvature) are opposite to each other in the two orthogonal
directions x” and ",

For the piezoeffect, there is initial lattice mismatch between the two layers, which
generates the step of elastic strains on the interface:

Ag(z =0)=g,. Q)
We believe that this value does not change at the subsequent bends, i.e. the step of
elastic stress on the interface is given by the following equation:

Ac,(z=0)=G¢,=Gd, E/2. (10)

Elastic stresses in other sections on z are partially relaxed due to the bend of the

system towards mechanical equilibrium conditions, when the balance between the forces

and moments for the two-layer structure is present. The value of the resulting stress for

each section can easily be calculated if the z-location of a “zero-plane”, z, is known for
each layer. The elastic strains and stress are zero in the zero plane:

6,(2)=0.
Afterwards, the elastic strains obey the law (z—z,)/ R, where R is the radius of
curvature, and hence the stress in the layer has distribution
0,(2)=G(z-z)/ R (11)

The deflections caused by gravity force are not essential for the microconsole;
therefore this force will not be taken into account.

The two-layer continuous structure should be counterbalanced in each of the cross
sections. We take the section parallel to axis z in figure 3. If the elastic stress is distributed
in z as G,(z), then the balance of forces and moments holds [11]:

j_hh o, (z2)dz =0, (12)

j_"hcg (2)z-dz =0, (13)

The resulting distribution of elastic stress along the z-axis (epure of stress) is shown
in figure 4. The radii of bend of the rigidly connected parts are identical (from conditions
of indissolubility); hence the two straight lines have identical inclination too.

The epure in figure 4 is symmetric relative to the coordinate origin. This is evident
from the physical sense of the problem: change of the sign of strains 6, accompanied by
mutual replacement of two layers leads to the same statement of the problem. Such a form
of diagram provides automatic fulfilment of conditions for the balance of forces (12), and
requires the balance of the moments (13) inside each layer. From this condition, the
equation giving the position of the zero plane (zj) can be derived as

hz—2Z
Gjo Roz-dzzo. (14)

From equation (14), we receive z, =2h/3. This is illustrated in figure 4. The radius of
curvature is calculated from equation (11) given a step of the elastic stress on the interface
(z = 0) being equal to half of the value from equation (10):
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G(-2h/3)/R=Gd,E/4 R=-8h/(3d,E). (15)
Since in our experiments the radius of the console bend is not measured, but deviation of
one edge (the second edge is fixed), we have to express the value of deviation through the
length of the console L and the radius of curvature R. As seen from figure 5, the angle
2¢ isequalto L/ R, while chord AB is equal to 2Rsin @. Then, the necessary deviation
x is given by

x=AC=AB'sin@=—-2Rsin* ¢ = —2R(L/2R)* =L’/ 2R. (16)
The value of R is usually considered positive for the convex surface, which is shown

in figure 5. The value of x is thus negative, i.e. downward displacement.

e

v

“Z \
-h

Ac

»

Fig. 4. Epure of elastic strains in the system composed of two identical layers

EEEEEEEEEEENEEE By~

(0]

Fig. 5. The deflection x of the edge of the console with length L, bent with radius R,
with solid A end: x= L*/ 2R

By substituting radius R from (15) and by expressing intensity E through the ap-
plied voltage and the thickness of the layer as £ =U / h, we obtain
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x=3UL*d,, /(16h%). (17)
For example,at U=1V, L =100 um, 2 = 1 pym and d,4 = —2.69 x 10 2 m- V' the
deviation of the console edge will be x =~ 5 nm.

4. Experimental details

The deflection of the microconsole was measured with a white light interferometer
(WLI) Talysurf CCI 2000. A dc voltage up to 18 V was applied to the electrodes, and the
measurements were realized followed by numerical reconstruction of the
three-dimensional surface. DC /-V characteristic of the microbeam is shown in figure 6.
It is an /-V characteristic of the Shottky diode under reverse voltage. A typical WLI
image is shown in figure 7. For each image, the single z-profile going along the console

1E-7 4

e 5 V(volts) '° 16
Fig. 6. DC [-V characteristic of the microbeam
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Fig. 7. WLI image of the microconsole. The dashed line represents the place of the single profile
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Fig. 9. Measured deflection of the console edge versus applied dc bias

was taken using identical coordinates. This profile is shown as the dashed line in figure 7.
The profiles corresponding to different voltages are compared in figure 8. At zero bias the
edge of the microbeam is deflected by 80 nm up due to stress in the Au film. Figure 9
shows how the shift of edge of the microconsole increases with the applied voltage
starting from the zero-bias position. The slope of this dependence is about 3.5 nm - V',
which is in reasonable agreement with the theoretical prediction described above. The
theoretical value of 5 nm - V' is somewhat overestimated, possibly because the topmost
Au layer was not taken into account. The obtained agreement allows us to consider the
microdevice efficient. The theoretical description s sufficiently adequate to the experi-
mental system. The basic resonant frequency of the imicrobeam can be estimated using

the formula f, = %\/% where /4 is the beam thickness (4 = 2 um), / is the beam length

(=100 pm), p is the density of GaAs (p = 5.35 x 10° kg x m ™), E is the Young modulus
of GaAs (E = 121 Gpa). Using these values we shall receive f; = 153800 Hz. The Q-factor
of such microbeams varies from 107 in air up to 10* in the vacuum [12]. The working
range of displacement is limited by the field of breakdown of GaAs. The maximal dis-
placement of the edge of the console achieved during our experiments was 60 nm.
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5. Conclusion

A GaAs piezoelectric bymorph microconsole intended for applications in MEMS
actuators is elaborated. The theoretical treatment of bend of the system under constant
voltage is performed. Corresponding experimental data demonstrated the efficiency of
the obtained microstructure and adequacy of theoretical modelling. The proposed design
can be used as a drive of the feedback loop for keeping the controlled nanometre-size gap
between electrodes, which is desired for the implementation of various primary MEMS
sensors [13].
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ANALYTICAL SOLUTION FOR CHARGE-CARRIER INJECTION
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Using a drift-diffusion approximation, we obtain an analytical solution to the problem of
charge-carrier injection into an insulating i layer of finite thickness with account of self-consistent
boundary conditions. The main assumption is that the self-doping of the i layer is neglected. The
solution makes it possible to calculate the potential, electric field, and current-voltage characteristics
of a variety of structures such as metal-i layer-n" (or p*) semiconductor, metal-i layer-metal, and
n*(p")-i-n"(p") structures. The solution admits a generalization for structures having heterobarriers at
the interface of the semiconductor layers. The proposed approach allows for the contact phenomena
and bulk effects related to that the current is space charge-limited in the i layer. The solution is valid
for both the limiting cases and the transient regimes.

I. Introduction

It is well known that injection of charge carriers from the contacts and space
charge-limited currents can play an important role in the structure of an intermediate
insulating or undoped 7 layer [1-3]. Such behavior is typical for structures with low
injection barriers or Ohmic contacts, which supply a large number of carriers to the i
layer in a certain range of bias voltages. The injected carriers determine the current
transfer regime and lead (in the simplest case of absence of charge traps) to the
well-known dependence of the current j o< V> /L', where V' is the applied voltage and
L is the thickness of the undoped layer. In this case, the bulk properties of a semicon-
ductor dominate, while the role of contacts is not significant. In another limiting case,
where there are potential barriers at the boundaries of the i layer, the contact phenomena
become crucial [1, 4]. The barrier height A becomes the main characteristic, and cur-
rent-voltage (/V) characteristics acquire exponential dependence in a certain range of bias
voltages joc exp(—A/ kT +qV /kT), where k is the Boltzmann constant, 7 is the
temperature, and ¢ is the elementary charge.

It is obvious that for certain parameters both mechanisms of current transfer can be
significant and have to compete with each other. Analysis of this situation requires, in
general, that the current in the i layer is determined with allowance for boundary condi-
tions at both contacts. This problem, formulated in the drift-diffusion approximation for
an 7 layer of finite thickness L, has a more than semicentennial history. The first [5, 6]
and subsequent [2, 3] attempts to obtain a self-consistent analytical solution were not
completed because of the cumbersome calculations. The most advanced approach de-
veloped recently [7, 8] is that used for an analysis of the current in the metal-organic
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semiconductor-strongly doped semiconductor contact structure. However, a number of
unreasonable assumptions were made in Ref. [8] during finding an analytical solution and
the calculation was not finalized, too.

In the present paper, we obtain a self-consistent analytical solution in the
drift-diffusion approximation for injected current through an insulating i layer of finite
depth. The main assumption is that the bulk doping of the i layer is neglected. We in-
troduced physically grounded boundary conditions for the contact of an i layer with a
metal and a degenerate semiconductor. It is taken into account in this approach that an
additional discontinuity A; of the band edge, which limits the charge-carrier injection, can
be present at the interface of the semiconductor layers. Thus, the obtained solution allows
for the bulk and contact phenomena during injection into the semiconductor layer and
permits one, in particular, to calculate /" characteristics for a metal-insulating i lay-
er-strongly doped semiconductor substrate structure, as well as for structures in which
both contacts are metals or degenerate semiconductors.

I1. Basic relationships of the drift-diffusion approach

For definiteness, we solve the problem for electrons. We consider a layered structure
of metal-undoped i layer of thickness L-strongly doped n" substrate (m-i-n"). The coor-
dinate x is reckoned from the boundary with the metal into the interior of the semicon-
ductor structure. The discontinuity in the conduction band at the interface of the semi-
conductors amounts to A;. Following the approach proposed in Refs. [7, 8] for the solu-
tion of this problem, we write the basic equations for the i layer [1] as

n
=kTln| — [+A. —q'P, 1
X H(NJ =4 (1
. dy
=nu—2, 2
JEm ()
dE_ qn
dx  eg,’ ®)

where y is the electrochemical potential, 7 is the density, N = 2QamkT / h*)** is the ef-
fective density of states, ¥ is the electric potential, p is the mobility, £ = —d¥ / dx is the
electric field strength, ¢ is the relative permittivity, and g is the permittivity of vacuum. It
follows from Egs. (1)—(3) that the second-order differential nonlinear equation for the
electric field is given by
Ll @)
q HLEE,
For a n' substrate, we will make use of the Thomas—Fermi approximation [9] and
write the following equations [1]:

h2
2m

s

1.0 = 30,0 ] g%, (. )
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where my is the effective mass, #; is the density, N, is the density of ionized donors, ¥, is
the potential, and ¢ and &, are the conductivity and the relative permittivity of the n" layer,
respectively. From the equations one can easily find the solution for the field in the n"
layer

/

28 &),
"= \aen, ®)
q Ny

which corresponds to the Thomas—Fermi screening length. For simplicity of the problem,
we assume hereafter that the conductivity of a strongly doped substrate is large enough,
such that the terms with current can be neglected in Eq. (8). Such assumption is reason-
able in most cases. We assume that ¥ =0, the electric field E, =-d¥ /dx=0,

Es(x)=(ES(L)—éjexp[ﬁj+é, x2>1L, (8)

n, =N,, and y, =%, for x — +eo. A small contribution of the series resistance can be

taken into account at the end, after the /7 characteristics are calculated. As a result, we
have a solution for the linear-screening problem,

E (x)=E,(L)exp (#J x>L. (10)

Solutions (8) and (10) determine a typical scale of length, given by Eq. (9), which
allows the basic equation (4) to be written in dimensionless form

E’+EE +]=0, (11)
where
=2, (12)
I
- qlE
E=2—, 13
T (13)
. 2[3
j=—"1 (14)
uee, (kT

Equation (11) can be singly integrated as
2

E’+E7+}£=A. (15)

This equation is well studied, and its solution is well known (see, e.g., Refs. [5, 6]). The
solution can conveniently be represented in terms of the Airy function [10],
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Ex =20 = 2(2 Ai(y)+ CBi(y)

ANI/3
y(fc){iJ [ﬁ—xJ (17)
2 J

The primes denote the derivatives of the Airy functions with respect to their argument.
The constants 4 and C should be defined from boundary conditions.

II1. Formulation of boundary conditions and finding self-consistent solutions
for the field, potential, and current

Obviously, the following conditions should be satisfied for the potential and electric
field at the interface of the i-n" layers:

W(L) =" (L), (18)
eE(L)=¢,E,(L). (19)

Also, the value of the electrochemical potential should be continuous at the boundaries.
Making Egs. (1) and (5) equal for x = L, we obtain, with allowance for Egs. (3), (10),
and (19), as in Refs. [7, 8], that

rr 1 € - Yo — A,
E'(L)=——exp| —E(L)+%—— |, 2
(L) chp(ex (L)+= = j (20)
OC_a_yaOkT )1
N @21)

Essentially, the obtained expressions with allowance for Poisson equation (3) determine
the electron number density at the right-hand boundary of the i layer.

Then, equating the electrochemical potential at the boundary with the metal to
x(0) =y, —qV, where V' is the applied voltage, we obtain another boundary condition,

E'(0)= —éexp (—%). (22)

Here, A denotes the height of the potential barrier at the boundary with the metal. To-
gether with Eq. (3), this condition permits one to determine the electron number density
in the i layer at the boundary with the metal. Moreover, we obtain an expression for the
applied voltage

qV =q¥(0)+y, +A-A,. (23)

Condition (20) makes it possible to determine the constant 4,
~ A 1 € A XO_A' 1 s A
A(E(L), jl|=——exp| —E(L)+=— [+=-E"(L)+ JL, 24
(Ew), j) ap[ex() ijzmj (24)
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which depends on two parameters, namely the field value at the interface and the current
magnitude. Then, from Egs. (15) and (22) one can determine the field at the boundary
with the metal

A 2 A

The choice of the sign before the radical depends on the behavior of the potential in the i
layer. In the case of monotonic dependence of the potential on the coordinate, the electric
field is negative everywhere and the minus sign should be chosen. After the formation of
a virtual cathode in the i layer, the sign of the electric field at the boundary with the
metal reverses, which corresponds to the plus sign in Eq. (25). From Egs. (16) and (25),
one can determine the constant C,
ANI/3
E(O)Az‘[y(O)]wm 4 [»0)]
C(EWL), ])=-

(26)

A

1/3 :
;] Bi'[(0)]

In Ref. [8], this constant was set equal to zero from asymptotic considerations, which is
not correct for the i layer of finite thickness. Substituting constants 4 and C into Eqgs.
(16) and (17) we obtain a solution for the electric field, which depends on two parameters,

E(0)Bi[y(0)]+ 2[

namely the current j and the value of the electric current E(L) at the interface. As-
suming x = L, we obtain a transcendental equation,

E()=@[y(L), j, EL) ], @7)
which allows the value of the electric field £ (L) at the interface of the layers to be de-
termined for each value of the current j After the relation between j and E(L) is
established, the solution for electric field given by Egs. (16) and (17) is completely de-

termined and depends on only one parameter—the current J. After this, one can easily

obtain a solution for the potential and calculate, using Egs. (10), (19), and (23), the ap-
plied voltage

AV _ ppy JatAA, _ZIH{Ai[y(O)]+CBi[y(0)]}
k Ai[y(D)]+CBi[y(L)]

For a known relation between j and E(L), the found relationship determines the IV

kT (28)

s

characteristics of the structure.
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IV. Generalization of the solution for structures with metal
and degenerate semiconductor contacts

The proposed approach to solution of a problem of charge-carrier injection can also
be used for other conditions at the boundaries of the i layer where both contacts are metals
(the m-i-m structure) or degenerate semiconductors (the n'-i-n" structure). The first case
is very similar to that considered above. For the solution, one should make use of ex-
pressions of form (22) at both boundaries. The values of the barrier heights at the
boundaries can differ. For the barrier heights A, and A, on the left and on the right of the i
layer, respectively, we obtain the boundary conditions

r’ 1 Al r
E(0,L)= —aexp - kT’" , (29)

and the voltage is determined by the relationship

aV _A-A Aiy(0)]+ CBi[ 1(0)]
ar _ 2In _
kT~ kT Ai[ y(L)]+CBi[(L)]

Numerical calculations are even simpler in this case.

For the second case with semiconductor 7" contacts the situation is more complicated
since potential drops are present in both contacts due to screening. Yet, the problem is
solvable. The difference consists in use of a boundary condition of form (20) with the
corresponding parameters of the band discontinuity and doping x = 0. Now, instead of
Eq. (25), the relation between the field at the left-hand boundary of the i layer and the
constant 4 is given by the transcendental equation

(30)

1 L e A Yo =Dy ) 1 4
A=——exp| —L—=—E0)+22%_—L |+ —E*(0), 31
o p[ l g, © kT J 2 © (D)

and for the applied voltage, instead of Eq. (28), one should use the expression
A / ~ —Xo — A, FA, Ai|y(0)|+CBi| y(0
ﬂziE(L)+_liE(o)+Xo Xo =2 *8a 50 i[»(0)] i[»(0)] TS
kT ¢ / kT Ai[y(L)]+CBi[y(L)]

s sl
Here, /; is the Thomas—Fermi screening length in the left-hand n" contact, & is the relative
permittivity of that contact, and ¥, is the electrochemical potential for x — —oo.

V. Result and discussion

The obtained analytical solution is based on the use of physically clear boundary
conditions on both sides of the semiconductor layer of finite thickness L and is therefore
rigorous. This is the main difference from the approach proposed in Ref. [8] where the
authors of that paper invoke asymptotic representations for defining the constants in the
solution.

For illustration of the main features, we calculate 7V characteristics of a number of
structures on the basis of gallium arsenide. We assume that the quantities A, A;, and A, are
the effective barrier heights at the metal-i layer interface, which can vary over a wide
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range. A decrease in the effective barrier height (down to zero) can be reached by, for
example, special -doping of a semiconductor in the immediate vicinity of the metal [11,
12]. We chose the following values of the parameters: 7= 300 K, Ny=3 x 10"* cm (3, =
=y =0.115¢eV), e =g, =g, =13, and p = 4000 cm*/V - s.

A. The m-i-n" structure

The heavy lines in Fig. 1 show the calculated IV characteristics of the metal-i layer-n"
layer structures for the forward direction of bias (the electrons are injected into an i layer
from the substrate) during variation in the effective barrier height A from 0 to 0.7 eV
(curves 1-5) and L = 100 nm. It is seen that for structures with a high barrier A > 0.5 eV
there is a range of voltages where the current rises exponentially. For low-barrier struc-
tures with A < 0.1 eV such range of exponential rise is absent. For large voltages (cur-
rents), all the curves approach a square-law dependence that is typical of space
charge-limited currents [1, 2],

Ouee
. - 052
8L
It follows from the plot that for the chosen values of the parameters, such high current
densities cannot be realized in the experiment.
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Fig. 1. Calculated IV characteristics of the m-i-n" structure for the forward direction of bias
and effective barrier height A, eV: /-0, 2-0.1, 3-0.25, 4-0.5, 5-0.7, and L = 100 nm (heavy lines).
The fine lines show 7V characteristics for hypothetical heterostructures in which a barrier A; =
=0.3 eV is added, while other parameters are left unchanged. The dashed line shows Mott—Gurney
square-law dependence (33)

10°
107

Figure 2 shows calculated /V characteristics for the backward direction of bias as A is
varied from 0.5 to 0 eV and L = 100 nm (heavy lines). The fine lines in the plot show
dependences of the current for a Mott-barrier contact [1, 4]:

qV
A—qV) Ay Pl )
j:l"“N(—qexp _a
L kT (—A+qV
l—exp| — 21—

: (34)
)
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Fig. 2. Calculated IV characteristics of the m-i-n" structure for the backward direction of bias
and effective barrier height A, eV: 1-0, 2-0.1, 3-0.25, 4-0.5, and L = 100 nm (heavy lines). The
fine lines show the dependences obtained using Eq. (34)

The differences of these dependences from the calculated ones are the strongest for
small barriers where the electric-field nonuniformity in the i layer is great because of the
space charge of the electrons.

In order to demonstrate the influence of the barrier A; at the interface of semicon-
ductor layers, IV characteristics (fine lines in Fig. 1) are presented for hypothetic
heterostructures, in which a barrier A, =0.3 eV is added, other parameters being left

unchanged. An additional barrier A; decreases drastically the current in structures with
small barriers A <0.25eV at the boundary with the metal. This barrier also limits in-

jection for large bias voltages. Such influence of A; is quite obvious and is related to a
variation in the potential barrier for electrons. Figure 3 shows the edge variation in the
conduction band under equilibrium conditions for A =10.7, 0.25 and 0 eV and A; = 0 and
0.3 eV. The obtained /V characteristics demonstrate behavior similar to the // charac-
teristics of like structures in Ref. [7], where the authors solved the problem numerically.

0.8

0.6

0.4

E () V)

0.2

0.0

0 20 40 60 80 100

Fig. 3. Variation in the conduction band edge E(x) in a semiconductor for a zero bias voltage
on the m-i-n" structure with the effective barrier height A, eV: 0.7, 2-0.25, and 3-0. The heavy
and fine lines correspond to A; =0 eV and A; = 0.3 eV, respectively
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Fig. 4. Calculated /V characteristics of the m-i-n" structure for L = 50, 200, and 500 nm and A =
=0.25 eV (the group of heavy lines /) and A = 0.5 eV (the group of heavy lines 2). The fine lines
show the corresponding dependences obtained using Eq. (34)

Varying the thickness L of the i layer leads to variations in /V characteristics, which
agree with dependences (33) and (34) in respective parameter ranges. The heavy lines in
Fig. 4 show calculated 7V characteristics for A; =0 eV, A=0.5 and 0.25 eV, and L = 50,
200, and 500 nm. The fine lines show the corresponding dependences obtained using
Eq. (34). This formula was obtained in the approximation of a uniform electric field in the
i layer and is therefore no longer valid for large voltages (currents) and large thicknesses
where the space charge makes the field significantly nonuniform. For the same reason, as
A decreases, the dependence of the current on L in the linear-conduction region becomes

stronger than o< L', in accordance with Eq. (34).

B. The m-i-m structure

The heavy solid lines in Fig. 5 show calculated /V characteristics of the metal-i lay-
er-metal structures with L = 100 nm, A, = 0, and A; = 0, 0.25, and 0.5 eV (curves I, 2,
and 3, respectively) during injection of electrons from the right-hand metal through the
barrier A,. The fine lines show IV characteristics of similar structures in which the
right-hand metal is replaced by a n" layer. For voltages smaller than the corresponding
barrier height, IV characteristics of the structures with a metal cathode and with a n"
cathode virtually coincide since in this case the current transfer is determined by a po-
tential barrier at the boundary with the anode. Only in the case of a zero barrier at the
anode (curves /) are the differences preserved for any voltages. For large voltages (cur-
rents), it becomes important to know the design of the injecting contact. Unlike the m-i-n"
structures, whose [V characteristics for large voltages approach asymptotically
Mott—Gurney square law (33), the 7V characteristics of the m-i-m structures tend to the
linear dependence,

A’”
. N exp(—ij (33)
j=O(LE(L) =Y.
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Dependences (33) and (35) are shown in Fig. 5 by dashed lines. Such behavior of the
m-i-m structures is related to the fact that for large voltages, a virtual cathode in the space
between metal contacts disappears, and the electric field at the boundary with the in-
jecting contact is close to uniform and depends on the voltage almost linearly. The con-
ductivity o(L) is determined by the electron number density at the boundary with the
injecting contact and is specified by boundary condition (29).
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Fig. 5. Calculated /V characteristics of the m-i-m structure for L = 100 nm, A, = 0, and A, =0, 0.25,
and 0.5 eV (heavy lines 1, 2, and 3, respectively). The fine lines show the 7V characteristics of
similar structures in which the right-hand metal (cathode) is replaced by a n" layer. Line 4 is the IV
characteristic of the m-i-m structure with L = 100 nm and A;=A,.= 0.1 eV. The dashed lines show
dependences (33) and (35)

In a symmetric case where A; = A,, the IV characteristic has a weakly expressed
transition region between the linear dependences of the current on very small and very
large voltages. As the barrier height rises, this transition region becomes increasingly
tangible. Curve 4 in Fig. 5 demonstrates the 7} characteristic of a structure with A;= A, =
= 0.1 eV. The barriers at the boundaries impede electron injection into a semiconductor,
and hence the effects related to a space charge are weak and the 7V characteristic differs
only slightly from a linear one.

For small voltages and currents, the term with current in Eq. (15) can be neglected.
After this, one can easily find the distribution of the potential in the elementary functions
and calculate the 7V characteristic in the diffusion approximation [13],

quNP ’ (36)
P=o0n24 {%sinh\/gcosh\/% + ZOLeXp(A’ 4,

L
i 1|
sinh,|— —— (37)
) 2 24 }
and the constant 4 is the solution of the equation

exPEAszA j \/l+éexp(——J smh\/:—cosh\/7 (3%)

j:

where




For A4 <0, the value J=1=i of the radical should be chosen in the expressions pre-
sented.

C. The n*-i-n" structure

The heavy solid lines in Fig. 6 show the calculated IV characteristics of the " layer-i
layer-n" layer structures with band-edge discontinuities at the boundaries of the semi-
conductor layers A; = A; =0, 0.3, and 0.5 eV (curves 1, 2, and 3, respectively). It is seen
that for a high-barrier structure with A; = A; = 0.5 eV there is a range of voltages (greater
than or on the order of the barrier height) where the current rises exponentially. This
differs radically from the symmetric structures with metal contacts where the 7V char-
acteristic approaches a linear one as the barrier height increases. The 7V characteristics of
the m-i-m structure with A, =A,= 0.185 eV are shown by a fine line with symbols (cur-
ve 6) in Fig. 6 for comparison. The choice of such barrier height is not occasional. The
distance from the Fermi level to the bottom of the conduction band of the i layer at the
heteroboundaries of the n'-i-n" structure is approximately equal to A; — o =0.3 —0.115 =
=0.185 eV with accuracy up to the bend of the band edge in the n" layer, which can be
neglected for not so large voltages. As a result, curves 6 and 2 coincide for small voltages.
This means that Eq. (36) can be used for describing the IV characteristics of the n"-i-n"
and m-i-n" structures with the appropriate choice of the barrier heights A; and A,.

o 10'

1
¥V (volt)
Fig. 6. Calculated /V characteristics of the n'-i-n" structure for A; =A; =0, 0.3, and 0.5 eV (heavy
lines 1, 2, and 3, respectively). The fine lines with symbols: 4 is the IV characteristic of the m-i-n"
structure for A= 0 and A, =0; 5 is the IV characteristic of the m-i-n" structure for A= 0.185 eV and
A;= 0.3 eV; 6 is the IV characteristic of the m-i-m structure for A; = A, = 0.185 eV. In all cases,
L =100 nm

The fine lines with symbols in Fig. 6 show the IV characteristics of the m-i-n"
structures with the parameters A=0and A, =0 (curve 4) and A=0.185eV and A;=0.3 eV
(curve 5). In the region of small voltages, curve 5 coincides well with curve 2 for the same
reason as curve 6. For voltages greater that 1 V, the differences become tangible since the
difference of A;; — o, from 0.185 eV increases with the voltage because of the increase in
the bend of the band edge in the n" layer. The difference between curves I and 4 is also
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due to the difference in the distances between the Fermi level of the left-hand contact and
the bottom of the conduction band of the i layer. For large voltages (currents), all the //
characteristics of the n' layer-i layer-n" layer structures approach asymptotically
Mott-Gurney dependence (29), which is shown in the plot by a dashed curve. In all cases,
L =100 nm.

The influence of the doping level of the n" layer on /V characteristics of the structures
of all types is weak. It should only be mentioned that the use of Boltzmann statistics (1)
for the 7 layer ensures sufficient accuracy due to the fact that the current is determined by
the region of the maximum of the potential barrier, which is different from the level of the
electrochemical potential in most cases by at least a few k7 or much greater [14]. It is also
important to compare the obtained results with experiment for defining in more detail the
parameter range and applied biases where the drift-diffusion approximation is valid. This
issue will be considered in a separate paper.
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Fig. 7. Direct branches of /V characteristics of the Mott-barrier contacts for A=0.23 eV and L = 50,
100, and 200 nm. Fine solid lines show the calculation without allowance for injection current (N, =
=5x10" ¢cm?). Heavy lines show the calculation with allowance for injection current (N, = 3 x
x 10'® cm ). Dashed lines show the calculation with allowance for injection current and under the
condition that the constant C is equal to zero in the exact solution

The obtained solution can be useful for analysis of the processes occurring in devices
based organic and inorganic semiconductors [2, 3, 5-8, 14]. In particular, we make use of
the theory for determining applicability limits of the approach for describing current
transfer in Mott-barrier metal-semiconductor contacts [14]. A Mott diode with low bar-
rier height ensures high sensitivity during detection of millimeter-wave signals and is
promising for detection of signals in millimeter-wave vision systems [15]. In Ref. [14], an
analytical solution was obtained for 7V characteristics of such diodes with allowance for
the space charge of carriers in a semiconductor but neglecting the influence of the current
on the potential distribution (balance case). The solution obtained in this paper permits
one to establish applicability limits of the approach in Ref. [14], which does not allow for
injection current. In Fig. 7, the direct branches of the /V characteristics from Ref. [14] are
compared with the calculation based on the exact approach in which injection current is
taken into account. Calculations were performed for different thickness of the i layer and
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A =0.23 eV. Fine solid lines show the calculation data without allowance for injection
current and for nondegenerate statistics in the n* substrate (Np = 5 x 10'7 cm ). Heavy
lines show calculation in the model allowing for injection current and Thomas—Fermi
screening in the substrate (N =3 x 10'"® cm™). As L decreases, a small shift in the curves
relative to each other becomes more tangible. This effect is due to the difference in the
doping level of the n" substrates. For large stresses, gV > A, the corresponding curves

diverge abruptly. The model without allowance for injection current predicts saturation of
the current with increasing stress. Allowance for injection current yields the correct
answer, namely, that the current rises under conditions of space-charge limitation, and
known solution (33) is therefore reached. An important conclusion is that for gV <A, a

simpler model can be employed and the quantity N, affects only weakly the /} charac-
teristics. Dashed lines in Fig. 7 show the IV characteristics calculated under the condition
that the constant C is equal to zero in Egs. (16) and (28), as was proposed in Ref. [8]. For
large stresses, calculation in the model with a zero constant C and calculation in the exact
model coincide. For small stresses, the corresponding curves diverge abruptly. As L
increases, the overlap region becomes broader.

VI. Conclusions

Using a drift-diffusion approximation, we obtain an analytical solution to the prob-
lem of charge-carrier injection into an insulating i layer of finite thickness. The main
assumption is that the self-doping of the i layer is neglected. For finding the solution, we
use self-consistent boundary conditions on both sides of the i layer. The boundary con-
ditions have a clear physical meaning and ensure the continuity of the electric potential,
the inductance, and the electrochemical potential in the structure. It is shown that the
solution can be found for a broad range of structures with different contacts. We consider
metal and degenerate semiconductor contact layers. It is shown that the solution can be
determined for any combination of contacts, such as metal-i-n" (or p’-semiconductor,
metal-i layer-metal, and n'(p")-i-n"(p") structures with different doping levels of the
contact layers. The height of the barrier at the boundary with the metal is a free parameter
of the problem. It is also important that the solution is valid for heterostructures with a
discontinuity of the conduction band at the interface of the semiconductor layers forming
an additional potential barrier for charge carriers. The discontinuities of the bands at the
opposite boundaries of the i layers can be different in the case of semiconductor contacts.
Finding the potential and the electric field reduces to solution of one or a system of two
transcendental equations. Each of such solutions defines the relation between the current
magnitude and the applied voltage and eventually determines the /} characteristics of the
structures.

Demonstration calculations are performed and 7V characteristics are plotted for all
types of structures. It is shown that the solution describes different regimes of current
flow. For high potential barriers, the contact phenomena dominate and an area with ex-
ponential dependence on the voltage is present on the /7 characteristic. Symmetric m-i-m
structures, whose IV characteristics are close to linear and do not contain an exponential
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area are the exclusion. For low barriers (injecting contacts), the current is space charge
limited and the bulk properties of a semiconductor i layer (its thickness, carrier mobility,
etc.) come to the forefront. The current dependence on the voltage approaches a
square-law one for structures in which the injecting contact is a n" layer and approaches a
linear one in structures with a metal cathode. We also illustrate intermediate current-flow
regimes, in which different effects dominate as the bias voltage is varied. Thus, it is
shown that all these well-studied limiting cases of charge-carrier transport can be de-
scribed in a unified approach. This facilitates description of intermediate transport re-
gimes and can open up additional opportunities for diagnostics and optimization of
characteristics of the device structures in practical applications.
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MATPUYHBIN JETEKTOPHBIV TIPUEMHUK
IJIOTHOM KOMIIOHOBKH JIJISI CACTEM BAJIEHUS
MUWJIJIMMETPOBOI'O JTUAITA3OHA JIJIMH BOJIH

B. P. 3akamos, A. B. Mypenw, B. H. Illawikun

WncrutyT dusnkn mukpoctpykryp PAH, Hmwxuuii HoBropon
Konmponw. [Juaenocmuxa. 2009. Ne 5. C. 15—20

Ormnucana npocTasi CHCTEMa PErHCTPALMH IEKTPOMArHUTHOTO M3JIydeHus ¢ yacTotoi 94 I'T'ry nu-
HEWKOIl 13 BOCHMHU IUIAHAPHBIX JETEKTOPOB, PACHOJIOKEHHEIX B psif ¢ nepuogoM 3A / 2. IIpu npo-
CBEYHBAHHUH PA3IUYHBIX OOBEKTOB M3/IyYCHHEM JIAMIIbl OOPATHOM BOJHBI MPOBEICHA PETHCTPALIHS
MHTEHCHBHOCTH 3JIEKTPOMATHUTHOTO M3IyYCHHUS B INIOCKOCTH 32 OOBEKTOM IyTEM MEXaHHYECKOTO
CKaHHPOBAHUS NPUEMHON CHCTEMBI. [IoIydeHbI MOIIpU3alOHHO-1yBCTBUTEIbHbIE H300paskeHHs
00BEKTOB, KAPTHHBI JU(PaKIiK U HHTepEpeHIHH. AHATN3 KaPTUHBI AU(PPAKIHN B 00IACTH TCHH
03BOJISICT OLICHUTH IPOCTPAHCTBEHHOE PA3PEIICHHE B INIOCKOCTH TS IPHEMHOMN cucTeMsl. Jlydriie
3HAYEHHS Pa3pelICHUs COCTABILIIOT ~ 2 TIPU MUHUMAJIbHEIX PACCTOSHUSX OT 00BEKTa JI0 INIOCKOCTH
CKaHHPOBaHMA W Iuarax nepemenienus 3\ /4. [loka3zana paGoTOCHOCOGHOCT MATPUYHOIO AETEK-
TOPHOTO TPUEMHHKA IIOTHOH KOMIIOHOBKH M MEPCIEKTHBHOCT €I IPUMCHEHMS B CHCTEMaX pa-
JIHOBUJICHYS.

WHTepec k cucremaM BHUICHUS B MIJUIMMETPOBOM AMAIA30HE UIMH BOJH 00yCIOB-
JIeH IIHUPOKUMM BO3MOXHOCTSIMM WX IHpPHUMEHEHHs IS aBTOMATUYECKOTO KOHTPOJIA,
JIOCMOTpa, OXpaHbl U JUATHOCTHKH B MeauuuHe. CBA3aHO 3TO C TeM, YTO H3IydeHHUE
MHIJUTMMETPOBOTO JIMana3oHa sBISETCS HEMOHU3UPYIOIIUM U O€30TIaCHBIM IS 3/I0POBbS
IIPY YMEPEHHBIX YPOBHsIX MomiHocTH [1, 2]. MccienoBanust B TOM HamnpaBiieHUH ObLIH
Havatel eme B 50-x romax mpomnuioro ctonetus [1, 3]. Pa3pabareiBaroTcss pa3inuyHbIC
CHCTEMBI ITACCHBHOTO W aKTHBHOT'O BHUAEHHS MIJUIMMETPOBOTO THAaIa3oHa. XapaKTepH-
CTHKH CHCTEM IPOJOJDKAIOT YIIydIIaThCs 32 CYET MPHMEHEHUsI HOBOM MOIYIPOBOIHH-
KOBOH 3JIEMEHTHOHM 0a3bl M MOJEPHM3AINH NPHEMHBIX aHTeHH. sl momydeHnst u3o-
OpakeHUS B peaslbHOM MaciiTabe BpeMeHH OOJNbIIOe BHHUMAaHHUE YIENSeTCS CHCTEMaM
panuoBUIEHHS Ha OCHOBE (hOKYCHUPYIOLIEH JIMH3BI M MaTPHUIBl IPUEMHUKOB, PacIoso-
JKEHHBIX B (POKAJIBHOI IIIOCKOCTH [4].

Hawuboee npocThIMH MTPUEMHUKAMH SIBJISIOTCS IIAHAPHBIE JIETEKTOPHI HA OCHOBE
MOAM(DUIIMPOBAHHBIX LIEJECBBIX AHTEHH C HEMOCPEJCTBEHHO BKJIFOUEHHBIMH B HUX JiE-
TEKTOpHBIMH Auojamu [5]. B pabote ucnonp30Baiuch HU3KOOApbEpHBIE qHOABI MoTTa
Ha OCHOBe CTPYKTYp Al/GaAs c d-JermpoBaHHBIM ClI0eM BOJIM3M KOHTakTa [6]. M3me-
pennsle Ha yactore 94 I'Tn 3HaueHus koodduimeHTa HarpaBIEHHOTO NEHCTBUS IIa-
HapHOTO AETEKTOPa COCTABUIIM OKOJIO 14,5 mpu BeTUUMHE IOPOrOBOM UyBCTBUTENIEHOCTH
~ 102 Br- T 2 HccnenoBanust o B3aMMOBJIUSHHUIO TUIAHAPHBIX JETEKTOPOB IOKa-
3aJT BO3MOXHOCTD MX INIOTHOH KOMITOHOBKH B MAaTpHILy ¢ mepromom 34 /2 (~ 4,5 mm)
[5, 7]. ManHas paboTa MpoIODKAeT 3TH MCCIEOBAHUS W HAINIPaBIicHAa Ha U3yYCHHE Xa-
PaKTEPUCTHK JTNHEHKH TUIaHAPHBIX JETEKTOPOB Pa3MEPHOCTHIO 8 X 1 B cOCTaBE CHCTEMBI
BU3YaJIM3allM WHTEHCHBHOCTH IPOLIEIIIET0 3JI€KTPOMAarHUTHOTO MOJS NPH MPOCBe-
YUBAaHUH OOBEKTOB M3IIyIEHHEM MHJUIMMETPOBOTO ANANa30HA JUIMH BOJIH.
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MeToauKa NpoBeIeHUsI IKCIIEPUMEHTOB

Jlns mpoBepku MpaBUIBHOCTH KOHLEMIIMM MAaTPUYHOTO NMPHUEMHHUKA IUIOTHOW KOM-
ITOHOBKHM ObIJTa pa3paboTaHa M U3rOTOBJICHA JIMHEIKA JETEKTOPOB M3 BOCEMH 3JIEMEHTOB,
PacIoNoKEHHBIX B Psii C MepruoaoM 31 /2, co cXeMOH ycwieHHs W NpeoOpa3oBaHUs
CUTHaJIa B KaX0M KaHajle. DKCIIEPHUMEHTHI [0 MIPOCBEYHUBAHUIO IIPEAMETOB IPOBOANIH
B YCTaHOBKe, OJIOK-CXeMa KOTOpOH IpeicTaBieHa Ha puc. 1. B xauecTBe mcrounmka
M3JTyYeHHs MCIIOIh30BAIM TeHEpaTop Ha Jiamne oopamuoi eonnvt (JIOB). [lns BeIBOgA
W3JIy9eHHs B IPOCTPAHCTBO MPUMEHSIN PYHoOp ¢ KO3()(HUIIMEHTOM yCHIIEHHS OKOJIO 75.
PaccrosiHue ot KOHIA pynopa 0 INIOCKOCTH I€TEKTUPOBAHHS COCTABILIIO OKOJIO 1,5 M.
Jnst perucTpanyy KapTUHBI MOJISI IMHEHKA IETEKTOPOB MEXaHWYIECKH IIEpPEMEIanach B
IUIOCKOCTH TI0 JIByM OPTOTOHAJIBHBIM HampasieHUsM. llepeMelieHne B moje CKaHUPO-
BaHUA 27 X 25 ¢M OCYIIECTBISUIOCHh MIEKTPOMEXaHHUECKUM MIPUBOAOM C yIIpaBIeHHEM
OT TEPCOHAIBHOIO KOMITbIOTepa. Taxke ¢ IMOMOIIbI0 KOMITBIOTEpa IMPOBOAMIN KOPPEK-
TUPOBKY CUTHAJIOB B KaHajaX M 3allUCh CUT'HAJIOB JAETEKTOPOB BO BCEX MPOTOIDKCHMAX
npuemMHON mHelku. [locie MaremaTnueckoit 0OpaOOTKH JaHHbIE 3allOJHSIN ABYMEp-
HYI0 MaTpHUIly 3HA4eHUH MHTEHCUBHOCTU 3JIEKTPOMArHUTHOTO MOJS B y371aX CETKU C
[IaroM TepeMelneHus, paBHbIM 31 /2 wmu 3L /4. OOmee BpeMsi CKaHUPOBAHUS TIPH
MHUHHMAaJIbHOM IIare COCTABIISIO 3...4 MUH. AMIUINTYIHAas MOy isiuus curHana JIOB Ha
gacrote 1,2 x['m mckmrounna BIUsHHUE Ipeiida CMEMeHN Ha BXOJE OIEPAIMOHHBIX
ycunuTened u cHu3WiIa BKiIan myMoB 1/ f. [Ipn mmprHe mosiockl MpomyCcKaHus HU3KO-
gacTOTHOTO Tpakta 150 I'l AmuTensHOCTh (PPOHTOB MMITYJIECOB COCTaBIILIIA ~ 6 MC.

' Jhineiika ' ITK
- I\ JICTEKTOPOB !
Obbext ] !
JIOB Artrenioatop Moayastop Pynop E
1
1
i
94 I'Tu i
| i
I I ! Iaata
! AUIT-LIATI
[}
1
3 I
rHY ; ,
_____________________ L~ JINeKTpo-
MEXAHHYCCKUEH
@ X-Y-npuson

Puc. 1. brok-cxema SKCrIiepUMEHTaILBHOW YCTAaHOBKH 10 ITPOCBEYMBAHHIO 0OBEKTOB
9JIEKTPOMArHUTHBIM U3y4YeHueM ¢ yactoroi 94 [T

[Ipy W3y4eHHUH PEKUMOB PaOOTHI JIMHCHKH AETEKTOPOB HA PAa3IUMYHBIX YPOBHSIX
MOIIHOCTH MCTOYHHUKA OBLIO YCTAHOBJICHO, YTO MPHEMHAs CUCTeMa paboTaeT B JMHEH-
HOM peXHUMe 10 YPOBHS MOIIHOCTH HCTOYHWKA U3MyuyeHUs: okoino 400 mxBt. Munu-
MaJIbHBIM YPOBHEM MOILIHOCTU sIBisieTcs 5 MKBT, mpu 3TOM cHrHanm oTphIBaeTcs OT
ITYMOBOHM JOPOKKH BO BCEH 00NIacTH CKaHWUpOBaHHA. B nmrHEHHOM pekume OBLTH OTI-
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peneeHbl KaTMOPOBOYHBIE KOA(MGHUIIMEHTH! YCUICHUS I KaXKI0TO KaHaja YCHJICHHS
JMUHEHKH neTeKTopoB. C yueToM KaauOpOBOUYHBIX KOI((HUIMEHTOB ONpPENesIeHO pac-
MpeielieHNe WHTEHCHBHOCTH JJIEKTPOMArHUTHOTO TOJs B OOJIACTH CKaHWUPOBAHUSL.
Okazanock, YTO UHTEHCUBHOCTH PACIpeeNisieTcs HECKOJIBKO HEpaBHOMEPHO H3-3a Iie-
pEeOTpakeHHsl OT MOCTOPOHHMX MpeaMeToB. Ha KapTHHY pacrpeneneHus Mmojisl Takke
BJIMSIOT IIYMBI CXEMBI IIPeOOpa30OBaHUs CUTHANa M HECTaOMIBHOCTH UCTOYHHKA H3ITY-
yeHus. Ha puc. 2 mpencraBieHa THCTOrpaMMa 3aBHCHMOCTH KOJMYECTBA TOYEK (TIHK-
CEJIOB) B KAapTHHE MHTCHCHBHOCTH HM3JIYYCHWs, M3MCHSIOLNIMX CUTHAT HAa COOTBETCT-
BYIOIIYIO BETMYMHY B MPOIEHTAX MPH MMOBTOPHOM cKaHUpoBaHuu (kpuBas /). Cpexne-
KBaJPaTUIHOE OTKJIIOHEHHE NMPUMEPHO co0TBETCTBYET 10 %. [[s BBIIBICHUS NPUPOABI
HECTaOMIBHOCTH M3MEPSUTH CUTHAN C JIMHEHKH OEeTeKTOpPOB 0e3 MEXaHHYEeCKOro Iepe-
MCIICHUS. Br1io YCTaHOBJICHO, YTO NPUCYTCTBYIOT JOJTOBPEMEHHAA U KPAaTKOBPEMEH-
Has HecTaOMJIbHOCTU B cHrHaie. KpaTkoBpeMeHHass HeCTaOMIBHOCTh (Ha BPEMEHHBIX
MHTEpBaJIaX B HECKOJIBKO CEKYHJI) COCTaBJIsIeT 0KOJIO | % U BBI3BaHA IIyMaMU CHCTEMBI

10004

800 4

6001

4004

200+

KosmyecTso nMKce 108

-40 -20 0 20 40
H3menenne curnana, %

Puc. 2. ®ynkuus pacrnpeneneHus KOIMIeCTBa TOYECK, H3MEHSIOMINX PETHCTPUPYEMBIA CUTHA
Ha COOTBETCTBYIOILYIO BEJIMYMHY B IPOLIEHTaX IPU NOBTOPHOM CKaHUPOBAHUU

peructpanyn. JlonroBpeMeHHass HECTaOMIBHOCTh 00yCIIOBIeHa ApeldoM B pacipene-
JICHUY MHTCHCUBHOCTHU MOJS B IUIOCKOCTH IPHEMHHUKOB BO BpEMEHH. VI3MeHEHUs MH-
TEHCUBHOCTH BO3PAcTalOT NIPU OTKJIOHEHUH OT OCHOBHOM OCH pyHopa HCTOYHHKA HU3IY-
yeHust. s ynydieHus CTaOMIbHOCTH MCTOYHHKA M3IyYeHHS B PAIE SKCIIEPUMEHTOB
UCIIONIb30BaIM CHHTE3aTOp ¢ (pa30BOM aBTOMOJCTPOKOi 4yacToThl. [Ipu 3TOM THCTO-
rpaMMa CTAHOBUTCS CYIIECTBEHHO YK€, M CPEIHEKBAJAPaTUYHOE OTKJIOHCHHE YMEHB-
maetcs 10 1,9 % (kpuBas 2 Ha puc. 2). Kaptuna pacnpesneneHuss HHTEHCHBHOCTH U3ITY-
YEeHUS! B OTCYTCTBHHM OOBEKTOB MEXIy HCTOYHMKOM M NPUEMHHKOM IpHBEAEHAa Ha
puc. 3. Kapruna npezacrasisier co0oif HaOOp KBaapaTHBIX TOUEK — ITHUKCEJIOB B Tpaja-
LUSIX CEpOTro [[BETa, O0Jiee CBETIIBIX IIPH YBEINUYEHUN HHTEHCHBHOCTH M3Ty4eHHs. Uncio
MMUKCENOB B cTpoke — 60, B crondme — 56, Bcero — 3360. [TockonpKy ITaHapHBIE
JIETEKTOPbl YyBCTBHUTENFHBI TOJNBKO K ONPENCNCHHOW JIMHEHHOW MOJSpU3aINH dIIeK-
TPOMAarHUTHOTO TOJIsI, ObUIA IPOBEAEHA PETUCTPAIM WHTEHCHBHOCTH W3Iy4eHHS HE
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TOJIBKO B OCHOBHOM Moje (puc. 3, @), HO U Ui OPTOTOHAJIBHOM MOJIApH3alUy IPUEMHO
nuHelku (puc. 3, 6). BumaHo, 9YTO B OCHOBHOW MOJIE paclpe/ie/icHHe HHTCHCUBHOCTH B
10JIe CKaHUPOBAHHUS SIBIIETCSI AOCTATOYHO OAHOPOAHBIM. OTHOIIEHHE MaKCUMaIbHOM
BEIMUYUHBl UHTEHCHUBHOCTH K MMHUMAJIBHOH cocTaBiseT MeHee 2. B oproronansHoil
MOJISIPU3aLMM MHTEHCHBHOCTD M3JIy4eHHUs yMEHbIIaeTcs B cpeHeM Oosee uem Ha 20 1b,
OTHOBPEMEHHO BO3pacTaeT pa3dpoc B paclpeneieHHH WHTCHCHBHOCTH. Hammume me-
PUOIUYHOCTH B KapTHHE WHTCHCHUBHOCTH Ha pHUC. 3, O CBHICTEIBCTBYET 00 mHTEp(de-
PEHIIMK TTapa3uTHBIX MOJ] CHHTe3aTopa ¢ (pa30BOif aBTOMOICTPOUKOM YaCTOTHI.

a)
Puc. 3. KapTrHa MHTEHCMBHOCTH MaJAIOLIETO MOJIsl B 001aCTH CKAHUPOBAHUS JIMHEWKH JICTEKTO-
POB: @ — B OCHOBHO# MOJSIPH3ALMU; 6 — B OPTOTOHANBHON mosispusaiuu. Illar ckaHupoBaHusI
cocraBjsieT 3A /2

ITpn HEOOXOAMMOCTH MCXOAHOE pacIpeAeieHIe MHTCHCUBHOCTH 3aIlUCHIBACTCA H
HCIOJB3YETCs TPH TOCIeAyIomel MaTeMaTHdecKol 00paboTke M300paXeHUH IS BBI-
YUTaHUS U HOPMHUPOBKU CHTHAJIOB B IIEJISIX TOBBIIIEHHsT KOHTpacTa KapTiH. OKa3aioch,
YTO NMPUMEHEHHE CTAOMIN3UPOBAHHOIO MCTOYHHUKA MO3BOJISIET PETHCTPUPOBATH CIabo-
KOHTPACTHBIE N300pakeHus ¢ HeOObIINM H3MEHEHHEM HHTEHCUBHOCTH (> 2 %). Takoe
ociabyieHne WHTEHCUBHOCTH CHUTHAJIA JA0OT HECKOJBKO JIMCTOB IUIOTHOW Oymarum mim
JucT KapToHa. Ciexyer Takke 3aMeTHTh, UTO AJIS IIPOCTHIX U JOCTATOUYHO KOHTPACTHBIX
00BEKTOB 3PUTENILHOE BOCHPUSITHE H300pakeHHUss He OOHApYKHMBAeT CYIIECTBEHHBIX
pasznnuuii npu 3ameHe JIOB Ha cTabnmM3npoBaHHBIN HCTOYHHUK H3ITyYCHHUS.

SKCHepHMeHTaHLHl)Ie pe3yabTaThbl

Beutn moydeHsl n300pakeHHs Ha TMPOCBET Pa3iIMYHBIX OBITOBBIX IpeaMeToB. [l
mpuMepa Ha puc. 4 MPEACTaBIeHO H300pakeHHe IIACTUKOBOW OYTBUIKH C BOJOW Ha
mosctaBke (potorpadust — Ha BcTaBKe). BUIHBI BHEIIHNE OYepPTaHUS, YPOBEHD BOIBI 1
JudpakInoHHOE ToJie BOKPYT mpeamera. ['Opu30HTa bHbIE TT0JIOCKI — CJIEJCTBUE WH-
TephepeHIIuH NPSIMOTO U OTPAKEHHOTo OT mojcTaBku nu3inydenus JIOB. B nenom kap-
THHA UHTCHCUBHOCTH IMPOIICAIICTO HU3JIYYCHUA SABIIACTCA CIIO)KHOM M 3aBUCHUT OT pac-
CTOSIHHSI MEXIY OOBEKTOM M IUIOCKOCTHIO CKaHWpOBaHWS. IIpy yMEHBIIEHHUH 3TOTrO
paccTosiHUS BKJIAJA JAUGPAKIHOHHBIX U WHTEp(EepeHINOHHBIX 3()(EKTOB CHIKAETCSI U
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rpaHMIbl O0NACTH TEHM CTAHOBATCS Ooniee pe3kuMH. OJHOBPEMEHHO CONMKAIOTCS
CBETJIbIC M TEMHBIE MOJIOCH! AU()PAKIUOHHON 1 HHTEPPEPEHIIMOHHOW KapTUHBIL. B aTnx
YCIIOBUSIX OTHOIIEHHE CUTHAJIOB B COCEIHUX IUIAHAPHBIX JETEKTOpax MOXKET JOCTUTaTh
100, 9TO SIBIISETCS] XOPOIIUM TIOKa3aTeNIeM Ui IMHEWKH C TUIOTHOW KOMITOHOBKOW (Tie-
puon 3A/2). N300paxeHus, npeJCcTaBICHHbIC Ha PUC. 4, OTIIMYAIOTCS [IaroM CKaHH-
posanus: 31/ 2 (a) u 31/ 4 (6). BunHO, 9TO ¢ YMCHBIICHHEM IIIara MEIKOMACIITa0HBIE
TIOJIOCHI TIPOSIBIIIFOTCS YE€TUE, W 3TO ITO3BOIIICT OLICHUTH BEIMYHUHY IPOCTPAHCTBECHHOTO
paspemieHus n300paxeHnii: ~ 3 1 ~ 2A COOTBETCTBEHHO.

§ & aw
L RS |
Bt

a)

Puc. 4. 300pakenue ractMaccoBoii Oy ThUIKK ¢ BOAOH IpH npocBeunBanui. lllar ckanupoBanust
30/ 2 (a) u 3\ /4 (6). Ha BcTaBke — (ororpadus o6bekTa

DTy OLIEHKY MOJTBEPXkKAAIOT IKCIEPUMEHTHI 10 TU(paKIuy H3Ty4eHUsl OT cTaOu-
JTM3UPOBAHHOTO UCTOYHHKA HA PEIIeTKE IIeNIel 1 MEeTAUTHIeCKOM dKpaHne. [lomydeHHbIe
HU300pakeHus MPUBEACHBI Ha pHUC. 5 (¢ — doTorpadus oobekra). Pasmeps! menn 3 X
X 50 MM, paccTosiHHE MEXAy HUMH 4 MM. BUIHO, 4TO TIpH YMEHBLICHHH IIara CKaHH-
poBanus ot 31/2 (puc. 5, 6) no 31/4 (puc. 5, 6) u300pakeHHe CTAHOBHUTCS Ooyee
YETKHM, C OTMHAKOBBIM KOHTPACTOM MPOSBIIAIOTCS Bce AU(BPAKIIHOHHBIE TIOJOCH. Takke
MOXKHO CJIeNIaTh BBIBOJ, YTO YMCHBIICHHE [Iara CKaHUPOBAHUS N0 3HAYCHUI MEHBILE
MPOCTPAHCTBEHHOTO TEPHOJa B PACHOJIOKEHHH IUIAHAPHBIX JETEKTOPOB B JIMHEHKE
MOBBIIIAET pa3pellieHne B M300pakeHNsIX 00bEKTOB IIPH NMPOCBeYNBaHKU. Puc. 5, & mi-
JIIOCTPUPYET SKCHEPHMEHT IO IMOJTYYSHHIO IMOJIAPHU3ALUOHHO-9yBCTBUTEIBEHOTO H30-
Opaxenus. Hakimonennsie Ha 45° menu MOBOPAavYMBAIOT IUIOCKOCTH TOJSPH3AIHN TPO-
LIeIIero M3JIydeHus, O6jJaronaps 4eMy MOJSpPU3allMOHHO-9YBCTBUTEIBHBIN MPHUEMHHUK
PEeTUCTPUPYET JOCTATOUHO OONBIION CHUTHAM B OPTOTOHAIBHOM MONIApHU3aLuy.

HpI/I IMMPpOCBCYMBAHUN O6’I)GMHI)IX nNpeaAMETOB U B TEX ClIy4dasX, Korja IJIOCKOCTb
CKaHUPOBAHUs HE MOXET ObITh MPUONMKEHA K 00BEKTY, pa3pelleHue MEJKHX JeTaneit
yXyALIaeTCsl M3-3a TU(PaKIMOHHOTO Pa3MbIBaHHs IpaHULBI obmacth TeHu. Ha puc. 6
MO0Ka3aHO N300pakeHHe KepaMHUYeCcKOTo YaifHuKa ¢ Bojoi. BuiHo, uro n3o0paxeHue B
MIJUTHMETPOBOM JWANa30He JUIMH BOJH TEPSAET WM MCKaXKaeT HEKOTOPbIe MEJKUE Je-
TaJlK TI0 CpaBHEHUIO ¢ (oTorpadueil, HO TaeT U AOMOJHUTEIBHYI0 HHPOPMALHIO O 3a-
MOJHEHUN YalHUKa BOIOM.
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6) .‘J
Puc. 5. 300paskeHne peLeTkH Liesied B MeTaJlIn4ecKoM dkpaHe: a — Qororpadus; 6, 6, e — npu
MIPOCBEUMBAHUHU U3ITydeHUeM ¢ yactotoir 94 I'Tu ¢ marom ckanupoBanus: 6 — 3X/2; 6, ¢ —
3L/ 4. U3obpaxenue ¢ — 3pdeKT nenoaspusanu: mIaHapHbIE AETEKTOPbl OPHEHTUPOBAHBI IS
NpUeMa OPTOrOHAIBHOM MOJIAPU3ALMH 110 OTHOIIEHHUIO K MaJatoLei

Puc. 6. M300pakeHns KepaMHUUECKOTO YaifHUKA TP NPOCBEYNBAHUN H3ITy4YCHUEM
Hectabummuposannoi JIOB (mar ckanupoBanns 34 / 2)

JlaHHas cucTeMa perucTpanyy KapTUH HHTEHCUBHOCTEN AJIEKTPOMArHUTHBIX MOJIEH
MO3BOJISIET MPOBOJUTH KOHTPOJIb KaYECTBA M U3MEPEHUS XapaKTEPUCTHK KBa3HONTHYE-
CKHX DIIEMEHTOB JJIsL cucTeM (hOpMUpPOBaHUS M300pakeHni. Beliin n3MepeHsl KapTHHEI
WHTEHCUBHOCTEH MpH MPOXOKICHUU IUIOCKOM AIIEKTPOMArHUTHON BOJHBI (YacToTa
cunre3aropa 94 I'T'y) uepes achepuueckyro GTOPOILIACTOBYIO JIMH3Y TUaAMETPOM 19 cm.
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a) 0)

Puc. 7. 300paxeHns: TOYSYHOTO HCTOYHHKA M3ITyYSHUS, IOMEIIEHHOTO Ha OCH JINH3bI:
a — VCXOJIHBIN CHTHAJ B MHKCETax pa3MepoM 3A / 4; 6 — MHTEPIOTUPOBAHHOE H300paKEHHE

Ha puc. 7 nmokazano n3o0pakeHHe TOUYEUHOT0 UCTOYHMKA M3ITyueHHs! (HEOOIBIIOTO OT-
BEPCTHUS B METAJUINYECKOM 3KpaHe), IOMEIIEHHOTO Ha OCH JIMH3BI Ha paccTOsIHUK 18 cMm
OT ee IJIaBHOH IUIOCKOCTH. YJalieHHe IJIOCKOCTH M300pa)KEeHHs IPH 3TOM COCTaBHJIO
27 cm. Ha puc. 7, a npencTaBieH peajabHBIH CUTHAJT, U3MEPEHHBIN ¢ 1marom 3A /4, Ha
puc. 7, 6 — WHTEpIOIUPOBaHHOE M300pakeHHe. CHUTHAIIBI TIMKCEJIOB HAa PHC. 7, a@ TPO-
WHTErPUPOBAHbl M TOJEJICHB Ha MaKCHMAaJIbHOE 3HAa4eHHE. JTO TO3BOJMJIO OLEHUTH
3¢ PEeKTUBHYIO TUIONIAb MATHA, B KOTOpOE ObUIO c(hOKYCHPOBaHO M3NydeHue. unamerp
IIITHA OKazajcs < 2,5A, 4TO MpUMEpHO B 2 pa3a MPEBBIIAeT ANPPAKIHOHHBIN MTpee.
OTO SABJIAETCA XOPOIIMM pE3YyIbTaToOM Ui JIMH3BI, (DOKyCHpYIOIIeil HM3TydeHue, pac-
MIPOCTPaHSIONIEeCs B JOCTATOYHO IMHPOKOM AMAaIa3oHe yrioB (10 28°) OT oceBoro Ha-
npaBieHus. Takxke ObUT m3MepeH K03 (UIMEHT yCcuileHNsT HHTCHCUBHOCTH M3ITy9EHHS
OT TOYEYHOT'0 CTOYHHKA 3a cyeT poKycupoBkH. Ero BennunHa coctaBuna okoio 29 ab.
3t0 npumepHo Ha 3 nb MeHblIe TpyOOi OLIEHKM Ha OCHOBE OTHOIIEHHMS IUIOLIAJeH
JIMH3BI ¥ TIsITHA (DOKYCHPOBKH U3imyueHus. Takum oOpa3zoM, JaHHas achepuyeckas JIMH3a
UMeEeT 3a/IaHHbIe XapaKTEPUCTUKH M MOXET HCIOJIb30BaThCS B KBa3HONTHYECKOH CHC-
TemMe (POPMUPOBAHUST N300pAKEHHH.

3akJjrouenue

B paboTe omucaHbl 3KCIEPUMEHTHI MO MOJIYYEHHIO H300paKEHUN Ppa3IUUHBIX
MIPEAMETOB [P MPOCBEYNBAHUHU UX U3TYUYCHHEM TPEXMIJUTUMETPOBOTO UANA30HA JITHH
BONH. JIJIsl perucTpalnuyd WHTEHCHBHOCTH HU3JIyYCHHS HCIOJB30Balach JIUHEHKA U3
BOCHMH IIJJAHAPHBIX JETEKTOPOB, PACIIONIOKEHHBIX B psx ¢ mepuoxoM 3L /2. Ilpu me-
XaHWYECKOM MEePEMEIICHNH JTMHEHKHN B INIOCKOCTH ¢ marom 3 / 2 v 3\ / 4 mpoBoaumu
3aliCh KAPTUHBI WHTEHCUBHOCTU W3NMydeHus. [loyydeHbl HM300pa)KeHHs pPa3IMUHBIX
00BEKTOB: BUIHBI UX OUEPTAaHUs, HA KOTOPHIC HAIOXEHbI KapTHHBI AU(PAKIUH U WH-
Teppeperuun. 3ydyeHne AUGPAKIMOHHBIX IOJOC IO3BOJISIET OLEHHUTH  IPO-
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CTPAHCTBEHHOE pa3pelicHre I MOJYUYCHHBIX H300pakeHuit. Hawnydime 3HaueHHS
paspelleHnst COCTABISIIOT ~ 2\ TPU MPUOIMKEHUN NMPUEMHOU JIMHEHKH K O0BEKTy U
MHUHHUMAaJIBHOM Iiare ckaHupoBaHus 3\ /4. [loka3zaHa BO3MOXXHOCTBH TIOJIyYEHUS H30-
OpakeHHs] C TIOJIIPU3AIMOHHBIM KOHTPAcTOM. YCIeIIHas PErucTpanus pasidyHbIX
n300pakeHUH C MOMOIIBIO JIMHEHKH ITaHApHBIX JIETEKTOPOB JO0Ka3bIBAa€T PabOTOCIIO-
COOHOCTh MATPUYHOTO TPHEMHHKA IUIOTHOW KOMITOHOBKH. MaTpHYHBIH JIETEKTOPHBINA
MIPUEMHUK C OOJbIIEH pa3sMEpHOCTHIO UMEET IEePCIICKTHBEI MPUMEHEHUS B Pa3INIHBIX
cHCTeMax BHICHUS M HEPa3pyIIAIONMET0 KOHTPOJISI MHJUIMMETPOBOTO JHANa30Ha JIHH
BOJIH.

Pa6ora BemonaeHa npu nmoaaepxkke POOU, mpoekt Ne 08-02-13582.

ABTOpHI BEIpaXaroT 6maromapaocts B. JI. Bakcy 3a mogiepxky B IpOBEICHUN HC-
cnenoBanuii u I1. B. BonkoBy 3a mone3Hbsie 00CyXAeHUS.
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Journal of Applied Physics. 2009. Vol. 106. Art. 043702

We obtain an analytical solution to the problem of transverse injection current in an undoped semi-
conductor i layer of arbitrary thickness with account of self-consistent boundary conditions. Charge
transfer in the semiconductor bulk is described in the drift-diffusion approximation. Current transfer
through the boundaries of an undoped layer is described in terms of the thermoelectron emission
theory. Thus, the generalized thermoemission-diffusion approach applies for semiconductors with
both low and high mobilities of charge carriers. On the basis of the obtained solution, we analyze the
characteristics of the current nonlinearity of the Mott-barrier diodes. The generalized approach is
used for describing current transfer in low-barrier diodes based on Mott contacts with near-surface
5-doping. Characteristics of detection of low-barrier diodes are analyzed. Limiting values of the
volt-watt and threshold sensitivities of the detectors based on these diodes in the subterahertz fre-
quency range (up to 1 THz) are determined.

I. Introduction

Semiconductor electronics started with the studies of the metal-semiconductor con-
tacts, which show the nonlinearity of the current-voltage (V) characteristics and can
therefore be used for current rectifying. These studies led to the creation of semicon-
ductor diodes, an injection transistor, and other devices of solid-state electronics. In the
late 1930s, Mott [1, 2] proposed a model in which a metal is in contact with a semicon-
ductor having an intermediate undoped i layer at the interface. With the advent of the
epitaxial technologies, the Mott contacts found application in microelectronics [3-5],
including the detection of high-frequency signals [6, 7]. In our recent paper, we obtained
an analytical solution to the problem of transverse injection current in an undoped sem-
iconductor i layer of arbitrary thickness in the drift-diffusion approximation [8]. The
solution permits one to calculate the potential, electric field, and 7V characteristics over
the entire range of voltages and for a variety of structures with metal and semiconductor
contacts. As is well known, the drift-diffusion theory describes well the contacts to
low-mobility semiconductors in cases where the current is determined by the transmis-
sion of charge carriers through a depleted region [3, 4]. In the present paper, we propose a
generalized approach which allows for thermoemission transfer of charge carriers
through the boundaries of the i layer, which makes it possible to use it for semiconductors
with any mobility. This approach also permits one to describe current transfer in struc-
tures in which the effects of tunneling of electrons through a potential barrier at the
boundary with a metal are significant. The proposed solution is especially important for
describing /V characteristics of the Mott contacts with low effective barrier height, which
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are used in microwave detectors operated without the constant bias [6, 7]. As the barrier
height decreases, the role of contact phenomena in these structures ceases to be crucial,
while the influence of a charge injected into the semiconductor bulk becomes significant.
Hence, both mechanisms should be taken into account when the current transfer is de-
scribed. The obtained results are used for analysis of the current nonlinearity in Mott-
barrier detector diodes and for optimization of the diode parameters with the purpose to
improve detection characteristics.

I1. Method for calculation of the current, field, and potential
of the Mott contact

For definiteness, we solve the problem for electrons. Consider a layered structure of
metal—undoped i layer of thickness L—strongly doped n" substrate. Coordinate x is
reckoned from the boundary with a metal into the interior of the semiconductor structure.
A conduction-band discontinuity ®,, which limits the injection of electrons into the i
layer, is admitted to exist at the boundary with a substrate. The height of the potential
barrier at the boundary with a metal will be denoted ®. Following the concept of a
combined thermoemission-diffusion theory [3], we assume that charge transfer in the i
layer obeys the diffusion and drift laws. Charge transfer through the boundary with a
metal (and also through the boundary with a substrate if @, is nonzero) will be described
in terms of the thermoelectron theory. Then in narrow regions (which we assume infi-
nitely thin) near the boundaries of the i layer the electrochemical potential will change by

' r,
V., :ik—Tln{li.Lexp(iH, (D
q JTE kT

where jrp = ART2 , k is the Boltzmann constant, 7T is the temperature, ¢ is an elementary
charge, Ay is the Richardson effective constant, j is the current density, I';= @, and energy
I, is current dependent and should be determined self-consistently. The energy scheme of
the structure is shown in the insert of Fig. 1. The solid line shows the variation in the
bottom of the conduction band and the dotted line, the variation in the electrochemical

potential.
Let us write the basic equations for the 7 layer,
%= kTIn (%) +®,—qy, @)
d
j=mk, 3)
dE
PR @

where  is the electrochemical potential, n is the electron number density, N =2(2mx

3/2
xmkT / hz) is the effective density of states, % is the Planck constant, m is the ef-
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fective mass, ¥ is the electric potential, L is the mobility, £ =—dy/dx is the strength
of the electric field, € is the dielectric permittivity of the i layer, and €, is the dielectric
permittivity of vacuum.

-1.0 -0.5 0.0 0.5 1.0

V (volt)
Fig. 1. The IV characteristics of a structure, whose energy scheme is shown in the insert, with the
parameters L =200 nm and ® = 0.5 ¢V and for two values of ®,, 0 and 0.3 eV. The dependences
obtained in the drift-diffusion approximation are shown by dotted lines and those obtained using the
generalized thermoemission-diffusion theory are shown by heavy solid lines. The IV characteristic
of a Mott-barrier contact (@, = 0) without allowance for space charge is shown by a fine solid line.
The solid and dotted lines in the insert show the variation in the conduction-band bottom and the
variation in the electrochemical potential, respectively

Assume (unlike Ref. [8], where the Thomas—Fermi approximation is used) that the
contact layer n" obeys the Boltzmann statistics and the substrate conductivity is high
enough, such that the dependence of the electrochemical potential on the coordinate can
be neglected,

n,(x) N,
Xs(X)=kT'In {T} —qy,(x) =%, =kT'In {FO} (%)
Then the Poisson equation in the " layer has the form
dE q
T=— n,—N,),
dx &g, (n, =1Vo) ©

where n, is the electron number density, N, is the density of the ionized donors, v is the
potential, N; is the effective density of states, and ¢, is the relative dielectric permittivity of
the n* layer. We assume that y, = 0 and the electric field E; = —dy/dx = 0 for x — +o.
These approximations are commented in Appendix.

We now turn to dimensionless variables given by ¥=x/1, y=qy/kT, E=qlx

XE | kT, and j = (qu /ueg, (AT’ ) j, where I =1Je.€,kT / g*N, is the Debye length.
The solution of the system of Egs. (2)—(4) can be represented via Airy functions [8],
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EG)=F(y)=-2 (i) Ai'(y)+CBi'(y) -

2)  Ai(»)+CBi(y)’

~N\I/3
& =(§j (4—%} (®)
J

where Ai and Bi are Airy functions of the first and second kinds. The primes denote the
derivatives of the Airy functions with respect to the argument. Constants 4 and C should
be defined from boundary conditions. Following the approach proposed in Ref. [8], we
use Eq. (1) (instead of the condition of continuity of the electrochemical potential at both
boundaries) and the condition of continuity of the electric potential and induction at the
boundary with a substrate for finding the correlation between the current density j and the
value of the potential at the y(Z) boundary. This correlation is given by the transcendental
equation,

E(L)=F[y(L)], ©)
in combination with the relationships
N ~ XO -, 1 2 = N J
A=——exp[\y(L)+—'j+—E (D) +jL+——, (10)
N, kT 2 0 JTE
~ teh = =
E(L) =2 Jexp[W(L)]-9(1) -1, (11)
E(0)=1J2A+ﬂ{exp(—3j+4}, (12)
N, KT ) Jjrg

1/3
E(0) Ai[y(0)]+2 (éj Ai'[(0)]
C=-

(13)

1/3 :
E(0)Bi[y(0)]+2 (éj Bi’[y(0)]

Equation (11) was obtained by singly integrating the system of Egs. (5) and (6). The
choice of the sign in Egs. (11) and (12) depends on the variation in the potential in the i
layer. The last term in Eq. (10) is related to the thermoemission description of current
transfer through the boundary with a substrate, assuming that the electrochemical poten-
tial has a jump at this boundary. Such a description is reasonable if a conduction-band
discontinuity @, exists at the boundary. If @, = 0, then the last term in Eq. (10) should be
omitted. The drift-diffusion description as a particular case is employed when Richard-
son’s effective constant tends to infinity. In this case, the last terms in Egs. (10) and (12)
vanish, and these expressions become similar to the corresponding equations (24) and
(25) from Ref. [8] (the differences are only in that instead of the Thomas—Fermi ap-
proximation, the solution of the Debye screening problem is used for the substrate). The
applied voltage is calculated by the formula
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W gy ot @, [ ALO)+ CBILO)] | .
kT kT Ai[y(L)]+ CBi[y(L)]
For a known correlation between j and (L), this relationship determines the 7V charac-
teristic of the structure.

II1. The IV characteristic and quadratic-nonlinearity parameter
of a Mott contact

Calculations are presented for a number of GaAs structures for 7 = 300 K, p =
= 4000 cm?/V - s, and density of ionized donors in the substrate 5 x 10'” cm™. Figure 1
shows the IV characteristics of a structure with the parameters L =200 nm and ® =0.5 eV
and for two values of @,, 0 and 0.3 eV. The dotted lines show the dependences obtained in
the drift-diffusion approximation [8], and the heavy solid lines correspond to the
thermoemission-diffusion theory. The fine solid line shows the IV characteristic of a
Mott-barrier contact (@, = 0) without allowance for space charge. Within the framework
of the thermoemission-diffusion theory, this /V characteristic is described by the ex-
pression

(e ) L )
i [1mexp?” TP @ kT kT (15)
Jo T e kT )®—qV

where jp = uN® / L. Equation (15) is a consequence of the equality of the thermoemission
current at the boundary with the metal and the drift-diffusion current in the 7 layer. In the
limiting case of a semiconductor with low mobility, where jrg > jp (or p « AgT°L / ND),
this expression reduces to the result of the drift-diffusion approach [Eq. (34) in Ref. [8]].

For small voltages, where the processes of charge injection into the i layer are not
significant, the dependences obtained by Eq. (15) and the dependences obtained using
exact theory coincide. The dependence obtained in the drift-diffusion approximation is
very different since the condition jrg > jp is not fulfilled for the chosen parameters. As
voltage increases, the injected charge forms a peak of the potential barrier (virtual cath-
ode) in the 7 layer. If the potential-barrier peak exceeds ® by a few .7, then for a structure
with @, = 0 the current is determined by the processes of diffusion and drift through the i
layer, while the process of thermoelectron emission through the barrier with metal is not
significant. Hence, for large voltages, the 7V characteristics obtained in the drift-diffusion
approximation and those obtained using the generalized thermoemission-diffusion model
coincide. For a structure with ®@, = 0.3 eV, the potential-barrier peak is located at the
boundary with a metal for small voltages and moves toward the boundary with a substrate
for large voltages. Hence, the thermoemission transfer of electrons through the bounda-
ries of the i layer is always important, and the generalized approach is required.

Figure 2 shows the dependences of the nonlinearity coefficient B = j;, / j, (the

volt-watt sensitivity of the detector is proportional to this quantity) on voltage, which
were calculated with the use of exact thermoemission-diffusion theory (solid lines). The
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curves are plotted for Mott contacts with the parameters L = 200 nm and ®, = 0 and for
barrier heights @ equal to 0, 0.1, 0.23, and 0.5 eV. The dotted lines show the B versus
voltage dependences obtained with the use of /) characteristics of the Mott contacts
without allowance for space charge, i.c., from Eq. (15). With account of space charge, the
peak value of the nonlinearity coefficient steps down. As the barrier height decreases, the

injection nonlinearity comes to the forefront. The nonlinearity mechanism is injection if
the barrier height is equal to zero, and B = 0 if '=0.

I-0=05eV
30 m-0=023eV Y
M-0=01eV
V-0=0 i
o 20}
10 m
2 NN\ 3
= VL
0
-1.0 -0.5 0.0 0.5 1.0

¥ (volt)
Fig. 2. Dependences of the nonlinearity coefficient § on voltage, which are calculated with the use

of the thermoemission-diffusion theory (solid lines) and without allowance for space charge (dotted
lines) for Mott contacts with L = 200 nm, @, = 0, and different barrier heights ®

30t
£ 204
E L =200 nm
Q
10}
0 A
-1.0 0.5 0.0 05 10

¥ (volt)
Fig. 3. Dependences of the nonlinearity coefficient § on voltage for Mott contacts
with ® =0.1 eV, ®, =0, and different thicknesses of the i layer

Figure 3 shows the dependences of the nonlinearity coefficient f on voltage for Mott
contacts with ® = 0.1 eV and @, = 0 and different thicknesses L of the 7 layer, namely, 50,
200, and 500 nm. As the thickness of the undoped layer increases, the peak value of the
nonlinearity coefficient diminishes. An increase in the thickness of the 7 layer leads to
increasing dependence of the /) characteristic on the injection processes.
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IV. Description of current transfer in low-barrier Mott diodes

We will use the developed method for describing current transfer in Mott-contact
diodes with near-surface isotype & doping, in which the tunnel processes decrease the
effective barrier height [9, 10]. These diodes ensure high sensitivity during detection
without a constant bias of microwave signals and are promising for the solution of various
problems, in particular, for the creation of planar matrix receiving systems of radio vision
in the short-wave part of the millimeter-wavelength range [6].

Consider a layered structure of metal—base semiconductor layer with 8-doping near
the boundary with a metal—strongly doped " substrate. Assume that the bulk doping in
the base layer can be neglected. The energy scheme of the structure is shown in the insert
of Fig. 4. The boundary with a substrate corresponds to x = L. The electron tunneling
takes place in a thin layer between the metal, the boundary with which is located at x =
= —d, and the d-doping plane located at x = 0. In this layer, the electrochemical potential
varies by U.

0.1

0.0
¥V (volt)

Fig. 4. Dependences of the nonlinearity coefficient § on voltage for a Mott diode with near-surface
d-doping having the parameters ® = 0.7 eV, d = 4.7 nm, and Ns= 8.8 x 10" cm 2 and different L.
The energy scheme of the diode is shown in the insert

The problem of electron tunneling through a triangular barrier at the boundary with a
metal was considered in detail in Ref. [11]. Assume that the parameters of 6-doping
correspond to the optimal case of a thin barrier where the peak of the electron transmis-
sion is at the base of the triangular barrier. Under these conditions, the correlation be-
tween the jump U of the electrochemical potential on the tunnel barrier and the current
can be described by the following expressions:

)=, exp(—k%j{exp [f{—;jj—l} (16)
Jr = 47 SR, (17)

b=4\/32_—hmd\/CID—Av(z), (18)
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1
z= ——,
JJamee,d NO—A (20)

where A is the effective barrier height and the functions v(z) and #z) of Nordheim’s
theory are determined through elliptic functions [12]. In the plane x = 0 of the J layer, the
potential is continuous and the electric field undergoes a jump proportional to the surface
density N; of the dopant in the d layer. Using this condition and assuming that the electric
field in the semiconductor layer between the metal and the 6 layer is homogeneous, we
obtain the correlation between the effective barrier height and the magnitude of the
electric field in the d-layer plane on the side of the positive x,

(Z) (19)

A=<I>—ch?{&+E(O+)}. 1)
IN,
Attention should be drawn to the fact that the quantities z, b, ¢, and j; depend on A and,
therefore, on the field strength, as well. In order to obtain /V characteristics of a
low-barrier diode, we will use the same procedure as in Sec. II. Now, instead of Eq. (12)
relating the electric field in the x = 0 plane to the barrier magnitude @ at the boundary
with a metal, we obtain the expression

L2\ O G
E(0+) +\/2A+ N, {exp( ij+jT(A)} (22)

which, in combination with Eq. (21), determine the strength of the electric field for x =0
and the effective barrier height A. Other formulas in Sec. II, except for Eq. (14), in which
® should be replaced by A, are left unchanged. In such a way, the 7V characteristic of the
structure is found.

Using the IV characteristic, one can calculate the dependence of the nonlinearity
coefficient  on voltage for a low-barrier Mott diode. As an example, Fig. 4 shows such
dependences for the structures with ® = 0.7 eV, d = 4.7 nm, N; = 8.8 x 10'? cm %, and
different L equal to 100, 200, and 500 nm. Other parameters are the same as in Sec. III.
The employed values of d and Nj; are typical of the diodes described in Ref. [6] and
correspond to the effective barrier height A = 0.12 eV for a zero voltage on the diode for
L =100 nm. It follows from the plot that B reaches the maximum for voltages close to
zero and that the peak value is only weakly dependent on L.

V. Optimization of the detection characteristics of low-barrier Mott diodes

We now make use of the results of the theory to optimize the parameters of the
low-barrier diodes for the improvement of characteristics of the planar diodes described
in Ref. [6]. In a detector so designed, the diode is connected in parallel to the wave re-
sistance of a planar antenna at its resonant frequency and in parallel to some matching
element. It is known that in the millimeter-wavelength range, the diode is well described
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by a simple equivalent scheme, in which the differential resistance R; and the volt-
age-independent capacnance C; of a Mott contact are connected in parallel and the
spreadmg resistance 7 is connected to them in series [7]. Following the approach devel-
oped in Ref. [13], for the main characteristics of the quadratic detection mode at the
resonant frequency f'one can write the expressions

B R (-,
2r+R 4R (147 /R )(1+ 21 £7)

Y= (23)

Je= T > 24

[4kTBR,
NEP=Y 7 (25)

Here, y is the volt-watt sensitivity, R, is the load resistance, 1 — [I"?| is a factor that allows
for the diode matching with the antenna, NEP is the noise-equivalent power, or threshold
sensitivity, and B is the frequency band. It is important to note that low-barrier detector
diodes are used without a constant bias, which lowers the noise level (1 /f noise, etc.).
Hence, in the further analysis, by the quantities A, R;, B, v, and NEP we mean their values
under zero-bias conditions. It follows from Eq. (24) that an increase in the critical fre-
quency f. of a diode requires a decrease in its differential resistance and capacitance. This
can be reached by decreasing the effective barrier height and increasing the base layer
thickness. At the same time, as was shown in Sec. III, a decrease in the barrier height and
an increase in L in a Mott diode lead to a sudden drop in the nonlinearity coefficient 3
since the nonlinearity mechanism becomes injection. For a low-barrier Mott diode, the
case is different. Even for a small effective barrier height (A ~ 0.1 eV), the current is
limited by the tunnel processes, so that variations in the barrier-layer thickness have little
effect on the nonlinearity coefficient § for a zero voltage (Fig. 4). Nevertheless, the fur-
ther decrease in A leads to a decrease in B. It is seen from Eqgs. (23)—(25) that the detection
characteristics depend in a complex way on R; and B; hence, the optimization of the diode
parameters requires knowledge of the B(R;) dependence. By varying the surface density
N; of the dopant in the d layer and the depth d of the § layer, one can control simultane-
ously the quantltles R; and B. The solid lines in Fig. 5 show the dependences B( ) at

Ns=10" cm ™ for dlfferentL equal to 100, 200, and 500 nm. A diode area of 10 um”* was
chosen. The motion along each line corresponds to a variation in the depth d of the &
layer. As d increases, the differential resistance R; decreases. Variation ranges of d for the
shown curves are 2.5-5.3, 2.6-5.2, and 2.7-4.8 nm, respectively. The dotted line shows
the dependence B(R;) for N5 =8 x 1012 cm *and L = 100 nm. The motion along this curve
corresponds to the d variation in the range of 3.5-6.6 nm. Comparison of this dependence
with a similar dependence for N5 = 10" cm ™ shows that identical values of p are reached
for the smaller values of R; in the case of the larger density of a dopant in the § layer.
Thus, for increasing the critical frequency, one should increase N.
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Fig. 5. The B(R;) dependences for N5 = 10" cm 2 and different L (solid lines)
and a similar dependence for N5 = 8 x 10'> cm ™2 and L = 100 nm (dotted line)
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Fig. 6. Dependences of the volt-watt and threshold sensitivities on the differential resistance
of the diode with zero bias, which correspond to the B(R;) dependences in Fig. 5

Figure 6 shows the dependences of the volt-watt and threshold sensitivities on the
differential resistance of the diode with zero bias, which correspond to the dependences
B(R)) in Fig. 5 and are obtained with the use of Egs. (23)—(25). The chosen parameters are
/=100 GHz, R,;= 500 kQ, and » =10 Q, the capacitance C; is equal to 15, 7.5, and 3 {F for
L =100, 200, and 500 nm, respectively, and 1 — || = 1 [6]. The quantity y increases with
increasing R; until the influence of the load resistance is not significant and the critical
frequency is greater than or of the order of £ The greater peak values of the volt-watt
sensitivity are reached when the base layer thickness increases due to an increase in the
critical frequency of the diode. The dependences of the threshold sensitivity on R; has
minima. For small R;, the NEP rises due to a rapid decrease iny. It is seen in Fig. 6 that for
L =100 nm a slight increase in the surface density Nsof the dopant in the 6 layer from 8 x
x 10" to 10" cm? leads to a twofold decrease in the minimum threshold sensitivity. As
the base layer thickness increases, the minimum value of the NEP decreases rapidly.
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Fig. 7. Dependences of the maximum values of y (dotted lines) and the minimum values
of the NEP (solid lines) on the detected-signal frequency for Ny = 10" cm ™2 and different L

Dependences similar to those shown in Fig. 6 for different frequencies f can be
plotted and the diode parameters for which the maximum values of the volt-watt sensi-
tivity and minimum values of the threshold power are reached for a given frequency of
the detected signal can be determined. It is implied that the diode is matched with the
resonant antenna at each frequency. Figure 7 shows such dependences of the maximum
achievable values of y (dotted lines) and minimum achievable values of the NEP (solid
lines) on frequency for different L equal to 100, 200, and 500 nm (N; = 10" cm ). It
should be mentioned that the description of the diode by a simple equivalent scheme with
the differential resistance and constant capacitance connected in parallel, which is valid
for up to the subterahertz frequencies, is no longer correct at the higher frequencies, at
which the inertial effects stipulated by the finite mass of an electron and the scattering, as
well as the transit and skin effects, become significant [4, 14, 15].

VI. Conclusions

In this paper, we obtain an analytical solution to the problem of the transverse in-
jection current in an undoped semiconductor layer of arbitrary thickness. A
drift-diffusion description of the current transfer in the i layer and a thermoemission
description for the layer boundaries with account of self-consistent boundary conditions
are used. The dependence of the quadratic-nonlinearity coefficient f of the Mott diodes
on bias is examined. It is shown that as the thickness of the i layer increases and the
barrier height decreases, the nonlinearity mechanism of the structure changes. The role of
the barrier nonlinearity becomes weaker and the injection processes become crucial. This
leads to the diminishing of the nonlinearity coefficient and a decrease in the signal power
during detection.

The approach developed in this paper is used for the description of current transfer in
Mott-contact low-barrier diodes with near-surface isotype 6-doping. Such diodes are used
in planar millimeter-wave detectors described in Ref. [6] and demonstrate detection
characteristics corresponding to the best results for detectors operated without the con-
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stant bias [16—19]. Detection characteristics of the low-barrier diodes are analyzed. It is
shown that for near-zero voltages, the current is determined mainly by the tunneling, and
the injection processes are less significant than in the diodes without 6-doping. Thus, the
thickness of the base layer can be increased up to a few hundred nanometers with a sig-
nificant decrease in the nonlinearity coefficient, which makes it possible to reach a small
diode capacitance. The analysis shows that to reach a high volt-watt sensitivity and a
small threshold power, one should increase the surface density of the dopant in the 6 layer
with appropriate choice of the depth of the 6 layer for provision of the optimal value of R;.
Achievable values of the volt-watt and threshold sensitivities for three different thick-
nesses of the base layer of the diode at different frequencies of the detected signal are
determined. It is shown that at the frequency f= 100 GHz and for the base layer thickness
L = 500 nm, the volt-watt sensitivity of the detector can exceed 3 x 10° V/W and the
minimum achievable threshold power amounts to 9 x 10~ W/Hz"*.
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Appendix
Estimation of the voltage drop in a strongly doped N' substrate

We now explain the approximations made in the problem formulation. Let us use
Eq. (3) for describing the n" layer. Integrate this equation with respect to the substrate
thickness W. Then for the voltage drop V in the substrate we obtain the following ex-

L+Ww
pression: V, =(j/ qNou)IL+ [dx/n,(x)] In order to estimate this quantity, we make

use of the following expression for the electron number density in the depleted region of
the substrate near the boundary with the 7 layer: ny(x) = Noexp[qwy(x)/kT]. This expression
is a consequence of the assumption that the electrochemical potential in the semicon-
ductor is constant if the drift current and the diffusion current compensate for each other
[Eq. (5)]. Such an approximation is justified only under the condition that the total current
at any point of the semiconductor is much less than both the drift current and the diffusion
current. If the substrate conductivity is high enough, then this condition is fulfilled in at
least a thin substrate layer of about the Debye length in thickness near the boundary with
the i layer. For the semiconductor parameters, which are used in the present paper, this
condition is fulfilled over the entire considered range of currents. Expanding the exponent
in a series in the expression for the density and taking the first two terms of the expansion,
we substitute the obtained dependence of the density on the potential into Eq. (6). Using
the decreasing solution of the resulting equation (the solution of the Debye linear
screening problem) for the potential, we find for the density the following dependence on

the coordinate: n (x)= N, {l+q\uS(L)/kTexp[(L—x)/l]}, where l=«/£S£0kT/q2NO
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is the Debye length. Generally speaking, the obtained dependence becomes incorrect for
the values x — L greater than a few /, but has the same asymptotic form as the true de-
pendence: nyx) — N, for x — +oo and, hence, correctly describes the quasineutral region
of the substrate. The main contribution to the resistance of the depleted region of the
substrate is given by a thin region near the boundary with the 7 layer since the potential
energy exponentially rises when approaching the boundary, where the dependence n(x)
is correct. Thus, the obtained expression for the density can be used for estimation of the
voltage drop in the substrate. Substituting n,(x) into the expression for V; and integrating,
we find Vi = (jlgNop){W — l[qu(L)/kT]}. The first term describes the voltage drop for a
constant resistance of the quasineutral region of the substrate. The contribution of this
resistance connected in series to the diode can be taken into account, if necessary, at the
very end, after the /V calculation, and during the solution of the problem we assume that
the potential and the electric field become zero for x — +o and the electrochemical po-
tential in the quasineutral region is constant. The second term describes the voltage drop
in the depleted region of the substrate. Calculations show that for all values of the prob-
lem parameters which are used in the present paper, and over the entire range of voltages,
the quantity —qy,(L)/kT is less than or of the order of unity, and the voltage drop in the
depleted region of the substrate is less than 10 V. Hence, this voltage drop can be ne-
glected and the electrochemical potential in the substrate can be assumed constant.
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HHOJYYEHHE CJIOEB HAHOKPUCTAJUVIMYECKOI'O KPEMHUA
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Coobmraercst 0 pe3ysbTaTax IMOTyYeHHs CII0€B KPEMHUS METOAOM ILUIa3MOXHMHUYECKOTO OCaXKICHUS
B cucTeMe TeTpadTopu] KpeMHUsT — BoAopoA. O6pasibl HCCIe0BaHbl METOAAMU PEHTICHOBCKOM
IudpaKnuy, paMaHOBCKOH CIEKTPOCKOINY M BTOPUYHON MOHHOH Macc-crekTpoMeTpud. Ilo daszo-
BOMY COCTaBY CJIOH HPEICTABIISIOT cO00H HAaHOKPHUCTAJUTMYECKUII KPeMHHII ¢ pa3MepoM KpHCTall-
JMYecKuX obnacTed oT 3 10 9 HM B 3aBHCHMOCTH OT YCIJIOBHiI mpoBejeHus mporecca. OOpasipl
0051aJal0T HHTeHCHBHOH (pOTOTIOMUHECLICHIINEH TP KOMHATHOI TeMIieparype.

IIposiBisieMblii B mocieiHee BpeMs OBBIILIECHHBIN HHTEPEC K HAHOKPUCTAITNIECKUM
MaTepuanaM (TIOpOIIKaM, IUIEHKAaM, KpUCTalaM, BHEIPEHHBIM B IUAJIEKTPHUECKUE
MaTpHIBI) OO0YCIOBIEH IMIMPOKHMH IEPCIEKTHBAMH WX INPAKTHYECKOTO NPHMEHEHUS.
OcHOBaHHEM /TSI 3TOTO CITy’KaT MX HEOOBIYHBIE CBOICTBA, O0YCIIOBICHHBIE KBAHTOBO-
pa3sMEpHBIMU OTPAaHWYCHUSIMUA U TOBEpXHOCTHBIMH 3¢ dekramu. Ocoboe MecTo cpenu
HaHOKPUCTANIMYECKUX MAaTEPUaliOB 3aHMMACT KPEMHHH, IOCKOJIBKY 3TOT MaTepHall
SIBIISIETCS] OCHOBOW COBPEMEHHOI MHKPOIEKTPOHUKH, M OOHAPYKEHHBIE Y HETO HOBBIC
CBOMCTBa, B YaCTHOCTH, CIIOCOOHOCTH K JIFOMUHECICHIIMH TP KOMHATHOW TeMIeparype,
MOTYT OBITh €CTECTBEHHBIM O0pa30M HCIOJIB30BAHBI B YK€ CYIIECTBYIOUIUX YCTPOW-
ctBax [1]. B yacTHOCTH, HAHOCTPYKTYPHl Ha OCHOBE KPEMHUS NEPCIEKTUBHBI HIIH YXKe
HCIOIB3YIOTCS ISl U3TOTOBJIEHHUS TOHKOIUIEHOYHBIX TPAH3UCTOPOB B KHUJKOKPHUCTAJI-
JINYECKUX JUCIUIESIX, COJIHEYHBIX 3JIEMEHTOB [2—4] u apyrux ycrpoictB. NMetotcs
TaK)Ke COOOLIEHUs O MEPCIEKTUBHOCTH HCIOJIb30BaHMsI OMOCOBMECTHMOTO M HKOJIOTH-
Yeckn 0€30MacHOr0 HaHOKPUCTAJUIMYECKOTO KPEMHHUS B OMOJIOTHH M MeauimHe [5, 6].
B cBs3u ¢ aTtuM, cymectByeT Ooiplias MOTPEOHOCTh B ONTUMH3ALUHM HUMEIOMIAXCS H
CO3JJaHUH HOBBIX TEXHOJIOTUH MOyYeHHsI HAHOKPUCTAIIIMIECKOTO KPEMHHS U CTPYKTYP
Ha €ro OCHOBE, XapaKTEPU3YIOUINXCSA BBICOKOH 3()(EKTHBHOCTHIO, IPOU3BOAUTEIHHO-
CTBIO M BOCIIPOM3BOAMMOCTBIO. MeToJ IIa3MOXUMHUYECKOTO OCAXKAEHHS W3 Ta30BOU
¢a3er (PECVD) otHOCHTCS K umMchy HamOojiee BOCTPEOOBAHHBIX IS MONYyYCHHS Ha-
HOKPHUCTAJUINYECKOTO KpeMHUs. BpINoiHeHNe yKa3aHHBIX BBIIIE YCIOBHH B paMKax
JAHHOTO METOJ]a B 3HAUMTENIBHONW CTENEHH OIpeNeNseTcss TUIOM HCIIOJIb3YeMOIo HC-
XOJTHOTO JIETYy4Yero KpeMHHIcoIep Kallero BemecTsa. PaboTsl mociaeHIX JIeT OKa3aiIn
[7, 8], uTo mpuMeHeHHE IS STOH eI OTHOCUTENBHO 0e30MacHBIX (TOPCHIAHOB (TET-
padropuia KpeMHUsI, a B TIEPCIIEKTHBE, BEPOSITHO, nudTopcuiana [9]), BMecTo Tpaau-
LIUOHHO IPUMEHSIEMOT0 B3PBIBO- U MOXApPOOIACHOTO CHJIaHA, MO3BOJIET MOIY4aTh BbI-
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COKOKAQYEeCTBEHHBIE CIIOH C XOPOLIMMH MOTPEOUTENbCKUMH CBOWCTBaMU. BMecTte ¢ TeM,
ontumu3aius U passutre mporueccoB PECVD Ha ocHOBe (TOpCHIIaHOB B CTOPOHY ITO-
BBIIICHUS] CKOPOCTH OCaXKJICHHUSI CIIOEB IIPH COXpaHEeHWH MX KadecTsa [10] mpomoikaer
0CTaBaThCsl aKTyaIbHON 3aauei.

B nactosmeit pabore Obula MPEANpPHHSATA TONBITKA IMOJTYYEHHS CJIOEB KPEMHHUS
metonoM PECVD u3 mna3meHHOro paspsiia B cMecH TeTpadTOpHuaa KPeMHHS W BOIO-
poxna. Vcmonp3oBanach YCTaHOBKA ISl MPOBEAEHUS IPOIIECCOB IIA3MOXMMHYECKOTO
tpaBieHust/ocaxaenns Plasmalab 80Plus (Oxford Instruments, BenukoOpuranms).

OcaxxaeHne cJI0eB NMPOBOAWIOCH Ha MOIOKKax w3 kpemHus (111) m candwupa.
B skcnepuMeHTax UCTIONb30BaNICs TeTpadTOpu KpeMHHS YHcTOTOMH 99.99 % (koMmaHus
«Actopy, Poccust) u Bogopoa, moaBeprHy T 1u(Hy3HOHHON OYHCTKE Ha MaJUIaIneBOM
¢unpTpe. [Iponeccs MPOBOAMINCH TIPH AaBIEHHH B peakTope 20—25 MTOpp M MOTOKE
terpadropuna kpemHus 4.5 c.eM B YCIOBHUSX HHAYKTHBHO-CBSI3aHHOTO ILIa3MEHHOTO
paspsina ¢ yactotoi 13.56 MI'y u momHocThio 250—300 Bt. Huke oOGcyxmarorcs pe-
3yJIBTaThI JIBYX DKCIIEpUMEHTOB. B sxcniepumente Ne 1 MomiHOCTB paspsiza cocTaBisiia
300 Brt, motok Bomopoma 40 c.cm (cootHomienme morokoB SiF4 u Bomopoma 1:9).
B skcniepumente Ne 2 momiHOCTE paspsina Osuia 250 Br, motok Bogopoxa 50 c.cm (co-
oTHomreHne motokoB SiF4 u Bogopona 1:11). IIpennonaraercs, 9To oTpaboTaHHBIE pe-
KUMBI OCQXIEHHSI OyIyT MOJOKEHBI B OCHOBY KOHCTPYKLMH CIICIHATH3UPOBAHHBIX
YCTaHOBOK, NPEAHA3HAYCHHBIX JJISI BBICOKOCKOPOCTHOTO MOJNYYCHHS CIOEB KPEMHHS
MIPUPOIHOTO U H30TOMHO-MOAU(UIIMPOBAHHOTO COCTaBA.

®a30BBIi COCTAB MOIYYAEMbIX IJIEHOK ONPENEISUICS METOIOM PEHTI€HOBCKOM JH-
¢pakmuu (mudpaxkromerp JIPOH-4, monoxpomarop Ge(400), usnyuenue CuKoy), u
OBLIO MOKA3aHO, YTO 00pa3yIOIINeCs B pe3yJIbTaTe OCAXKIICHUS N3 Fa30BOT0 pa3psiia Clion
JICWCTBUTENILHO MUMEIOT SIBHO BBIPAKEHHYIO KPUCTAIMYECKYIO CTPYKTYpY. B crekrpax
Ha puc. | s clloeB, IOJyYeHHBIX Ha candupe U KpeMHHUH B dKcriepumente Ne 1, peru-
CTPHPYIOTCS HHTEHCHBHBIE MaKCUMYyMBI, oTBevatorue Si(111) mpu 28.40° u Si(220) npu
47.30°. Ucnonezyst popmyny Lllepepa, no Bennuanne nonymupusasl nuka Si(111) Opm
OLICHEHBI pa3Mephl OJIOKOB KOTE€PEHTHOTO PACCESHHS, M pa3Mep KPHCTAUIMIECKHX 00-
nacteit coctaBmil 3—4 HM.

JlononHNTENbHOE TOATBEPXKACHNE 00pa30BaHMsI HAHOKPHUCTAIUIOB OBIIO TOJyYEeHO
13 aHaJIM3a CIIEKTPOB KOMOMHAIIMOHHOTO PACCESHUsI, 3apErMCTPHUPOBAHHBIX Ha IpHOOpe
J®C-52 npu Bo30YXkAEHUM HA JUIMHE BONMHBI 514 HM Ar'-mazepoM HpH KOMHATHOM
Temneparype. Ha puc. 2 mpuBeneHsl CIEKTPH! cioeB U3 dkcnepuMeHToB Ne 1 u Ne 2.
B o6nactn 514—516 cM ' perucTpupyercs mojoca HaHOKPHUCTALINYECKOr0 KPEMHHS,
UMeEIOIIasl PA3IMYHYI0 HHTEHCUBHOCTD U IOJTYIIHPHHY JUTs 1o utokek u3 Al,O; u Si. Ona
CMelleHa Ha 5—7 M ' OTHOCHTENIBHO TI0JI0CHI ONTHYECKOro (OHOHA mpH 522 ¢cM ' Mo-
HOKPUCTAJUTMUECKOT0 KpeMHus (mojioxku). M3 storo capura, cornacuo [11], MoxHO
OICHUTP pa3Mep KPHUCTAIUIOB, paBHbI 2—3 uM. [Tnedo B o6mactn 480—490 cM ' coot-
BETCTBYET ONTHYECKUM IiepexojaM B amopdHoM kpemHuu [12]. M3 sTOTO pHCYHKa
BUHO, YTO JOJS KPUCTAJUIMYECKOH (as3bl B cioe, BBIPAIEHHOM Ha carHpOBOH IMOJ-
JI0’KKe, COMOCTaBUMa ¢ 1ojier amopduo# dazpl. Cy s 0 HHTEHCHBHOCTH M MTOJTYIINPUHE
(5—6 cM ' mpotuB 8—17 cM '), KPHCTAIINYECKOE COBEPIICHCTBO CJI0S, MONTY4YEHHOTO B
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Puc. 2. Cnexrpbl KOMOMHAIIMOHHOTO PaccestHUs 00pasIioB, TIOMYYEHHBIX B dKcriepuMenTe Ne |
(I — momnoxka Si, 2 — nomroxka Al,O3) u sxcriepumente Ne 2 (3 — nomioxkka Si)

skcriepuMenTe Ne 2, BecbMa BBICOKOE, YTO TOATBEPIKIAIOT U JaHHBIE PEHTTCHOBCKOM
mudpaxanu. XapakTepHbIi pa3Mep HAaHOKPUCTAIUIOB JUIs HEro paBeH 6—9 HM.

OpHuM 3 Hamboliee BaXKHBIX W WHTEPECHBIX CBOMCTB HAHOKPUCTALIMYECKOTO
KPEMHHUSI SIBIISIETCSI €r0 CHOCOOHOCTH IOTIIONIATh W M3ITydaTh (JIIOMHHECIMPOBAThH) B
BuguMoit u OmmkHedt MK obmactsx mpu xomHaTHOH Temmeparype [13]. Makcumym
mmpokoi (monymmupraa 1o 0.5 3B) momock ¢doromomuHecnenmu (DPJI) cmemen
BCJIE/ICTBHE KBAHTOBOPa3MEPHBIX A(PPEKTOB B CTOPOHY Oojiee BBICOKHX SHEpPIH IO
cpaBHEHHIO C TojioxeHuneMm nonocsl ®JI maccuHOro Kpemuus (~ 1.09 3B mpu mo-
mymmpuse ~ 0.1 3B [14]). IIpu 3ToM, B 3aBUCUMOCTH OT MOP(OJIOTHH KPUCTAIUIMIECKOTO
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aHcaM0Jis1, CMeIlleHHe 3TOr0 MaKCHMyMa MOJKET JOCTUTaTh 3eJICHOH OOJIaCTH CIIeKTpa
(2,2—2,4 »B). Cnextpsl ®JI nosyuyeHHBIX HAMHU CIOEB PETHCTPUPOBAIMCH B 00JIACTH
JutMH BoJH ot 1,7 no 0,7 MM ¢ nomomibio gypbe-criekrpomerpa BOMEM DA3 ¢ ox-
JIKAaeMBIM T€PMaHHEBBIM TIETEKTOpOM. Bo30ykIeHue JIIOMHHECIEHIIMH OCYILECTB-
nstock nazepom Nd ' YAG («Spectra-Physics») Ha jmmuHe BOJHBI 532 HM ¢ MaKCHMalTb-
HOM BBIXOJJHOM MOIIHOCTBIO 10 2 BT. MOIIHOCTB J1a3€pHOr0 U3TyYEHUs ONpeaesiiach ¢
moMotibko m3MepuTens MomHocTH Ophir 3A. Haunbonee natencusras @JI mabmonanacsk
JUISL CTIOEB, BBIPALIEHHBIX B 9KcriepuMeHTe Ne 2 ¢ pasMepamMy HAaHOKPHCTAJUIOB 6—9 HM.
Bun stoii momocer ¢ makcumymoMm mipu 890 M (1.39 3B) u momymmpuaoit 0.233 5B
MOKa3aH Ha puc. 3.
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Puc. 3. CriexTp GOTOIFOMUHECIICHITHH CJIOSI KPEMHWUS,
IIOJIy4€HHOTO B 3KcrepuMenTe Ne 2 mpu KOMHAaTHOH TeMneparype

JIns xauecTBEHHOTO ONpeieeHNsT HEKOTOPBIX IMpuUMecel B MICHKaX HaHOKPHUCTAJ-
JIUYECKOT0 KpeMHHUs OBUTH MCHOb30BaHBl MeToabl MK crekTpockonuu U BTOPUYHOMN
noHHo# Mmacc-cniekrpomerpun (BUMC). Criektpsl mpomyckanusi B nuanasone ot 370
70 10000 cM ' 3ammCHIBANMCH ¢ MOMOIIBIO BAaKyyMHOTo (dypbe-criektpomerpa VER-
TEX 80V npomsBoxactBa pupmbl « BRUKER». AHanu3 3eMeHTHOTO cocTaBa METOI0M
BUMC nposoaunncst Ha npudope TOF.SIMS-5 mpoussozactsa ¢upmsr IONTOF. s
IOCIIOMHOTO aHAIM3a UCIIOJIb30BaNach HOHHAs Mymika ¢ noHamu O) (3Heprueii 2 k3B,
TOoKOM B myuke 500 HA, tnameTpoM myuka 100 mxm) 60 ¢ nonamu Cs' (2 k3B, 300 HA,
50 MKM). DTH IyuKH CKaHHPOBATHCH B pactpe 250 - 250 mrm”. Cyzast o MK criektpam, B
o6pasiax JOCTaTOYHO BEMKO COIEpkaHUe KHcIopoxa (mosoca mpu 1100 cv ). Tpu-
HUMasi BO BHUMaHHE, YTO B SKCIIEPUMEHTAX MCIIOJIB30BAJICS BHICOKOUYHCTHIH TeTpadTo-
pun kpemuus (99.99 %), nocTymnieHue ciieI0B KUCIOPOAa B BUIE IpHMecei (Harpumep,
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rekcaTOpJUCHIOKCAaHA) M3 ATOr0 ra3a MOXHO HCKIIOYNTh. Haluune WHTCHCHBHBIX
JIUHAH KHCJIOPOJa MOXHO CBS3aTh C YACTUYHBIM OKUCICHHEM TOHKHX, CHJIBHO (TOpH-
POBaHHBIX CIIOCB KPEMHHsS MPH XpaHEHWH Ha Bo3ayxe. Kpome 3toro, HaOmrOmaroTCs
moJIockl B obmacTsax 623, 900 u 2105 CMil, KOTOPBIC MOTYT OBITh OTHECECHBI K KoJeOa-
musv SiH, u SiF, (san6osee nnrencusHas mosnoca SiF mpu 1015 cM ', BeposTHO, me-
PEKPBIBACTCA C «KHACIOPOIHOW» mMomocoit) [15, 16].

Cyns no nanusiM BUMC, mosny4eHHBIM C MOMOIIBIO 0* u Cs+—nymeK B CIOSIX
JOMUHHUPYIOT TPUMECH Bojopona u (gropa (410 0OBICHUMO), KUCIOPOIA, YIIEpo.a,
6opa. XapakTepHOe pacmpeesieHne HEKOTOPBIX U3 ITUX IpUMeCced 1Mo TIyOnHe IpHuBe-
IeHo Ha puc. 4. TunmgHas TOMIIKHA ITOJTy9aeMbIX TUIEHOK COCTABIISIET 2 MKM.
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Puc. 4. PacripenenieHue 31€MEHTOB B CIIO€ KPEMHHS,
+
TIOJTY9EHHOM B dKcriepiMenTe Ne 2 (pacrisuierne nonamu O°F)

Taxum ob6pazom, merogom PECVD u3 cmecn terpadropuaa KpeMHHSI M BOIOPOAA
OBUTH TIOJTyYEeHBI CIIOM HAHOKPHCTAJUTMYECKOTO KpeMHHUS Ha mojuiokkax u3 AlLO; n
MOHOKPHCTaJUINYECKOTO KPEMHHSI TOJIIUHON 10 2 MKM, XapaKTepH3yIOIIuecs WHTEH-
CUBHOH (POTONFOMHHECTICHITHEH ¢ MaKCUMyMoM Tipu 8§90 HM Ipu KOMHATHOH TeMIepa-
Type. [lokazaHa BO3MOKHOCTE (POPMHUPOBAHMS HAHOKPHUCTAIMYECKOH (a3bl KPEeMHHS
HEMIOCPEICTBEHHO B IIPOLECcCe OCAXKICHH, 0€3 TONOIHUTEIBHOTO OTKHTa ci1oeB. PaboTa
nognepxkana MHTL (rpant Ne 3736), Poccuiickum ¢oHnoM ¢(yHIaMeHTaNbHBIX HC-
cnenosanuii (# 08-08-12076-o¢mn).
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9KCHEPUMEHTAJIbHOE UCCJIEJOBAHUE
MATPHUIIBI JETEKTOPOB CUCTEMBI
PAJIMOBUJAEHMS 3-mm JUAIIA3OHA JIJTUH BOJIH

B. U. lllawxun, 10. H. benos, I1. B. Bonkos, A. B. I'opionos,
B. P. 3axamos, H. A. Unnapuonog

WncrutyT dusnkn mukpoctpykryp PAH, Hmwxunii HoBropon
HayuHno-uccnenoBatenbckuii paanopusnyeckuii UHCTUTYT, Hroxuuit HoBropon

Hucoma 6 XKTD. 2013. T. 39, ewin. 12. C. 44—49

HcenenoBanuck XapakTEPUCTHKU TIJIOCKON NIPUEMHON MaTPHIIBI AaHTEHHBIX 3JIEMEHTOB Pa3MEPHO-
CTBIO 8 X 8 s 3-mm Juamna3oHa UIHH BOJH, Harpy:KeHHOH HH3KOOApPbepHBIMH IUIAaHAPHBIMH Jie-
TekTopaMu Morra. IIpuBeneHs! SKcliepuMeHTalbHbIe JaHHBIE H3MEPEHUIl uarpaMM HaIpaBlIeH-
HOCTHM M YYBCTBHUTEJILHOCTH BJIEMEHTOB B COCTaBe JBYMEpHOW Marpuupl. CpenHss LIMpUHA JUa-
rpaMMBbl HallpaBJICHHOCTH 3JIEMEHTa B E-110cKOCTH paBHa ~ 35°, B H-miockoctu ~ 50°. B paboyem
9acTOTHOM auamnazone MaTpuubl (90—100 GHz) cpenusis BenM4nHA BOJIBT-BATTHOW TyBCTBUTEIIb-
HOCTH cocTaBHiIa BeanuuHy nopsaka 9000 V/W, cpenHsis BelMYMHA 3KBHBAJICHTHOH LIyMOBOW
MOIHOCTH — OKoIo 5 - 1072 W - Hz 2,

VHTeHCcHBHBIE MCCIIE0BaHUS B 00JIAaCTH CO3/AaHMSI CHUCTEM TIOJIyYEHUS PaHoOH30-
OpakeHuni (paIMoOBUICHNS) B IMaNla30HaX MUJUTMMETPOBBIX U CyOMUIIIIMETPOBBIX JUTHH
BOJIH MPOBOAATCS oKojio 15 setr. MHTEpec k 3TMM paboTaM CBSI3aH C MCHOJIb30BaHUEM
CHCTEM ISl PeIICHUS TOCTAaTOYHO IIHMPOKOTo Habopa MPUOPHUTETHBIX MPUKIAIHBIX 3a-
Jlad, cpet KOTOPBIX NMPOTHBOJICHCTBHIE TEPPOPU3MY, KOHTPOJIb TEXHOJIOTHIECKUX TIPO-
LIECCOB B XUMHYECKOM H (papMaIieBTHUECKOM IPOU3BOJCTBE, INAarHOCTHKA MaTEPUalIOB
1 ApYyTHE BOCHHBIE U CIICIIMATBHBIC IPIITOKeHMS [ 1].

KnroueBbIM BOIPOCOM MPH KOHCTPYHUPOBAHUHM W300pPaKAIOIIUX CHCTEM paJUOBHU-
JICHUS SIBJISIETCSL BHIOOpD METOJla CKaHMPOBAHHWSI NMPOCTPaHCTBAa. Ha NaHHBIH MOMEHT
HanOoJiee NEepPCIIeKTHBHBIM BapUAaHTOM CUHMTAETCSl MCIIOJIb30BAaHHE ONTHKH, MEPEeHOCsS-
mel n3o0pakeHne 00beKTa Ha IUIOCKOCTh, B KOTOPOH pacIiojiokeH MHOTOKaHAJIbHBIH
MaTpU4HbIA npueMHUK [2]. Takue cucTeMbl SBISIOTCS Hanbosee OJIM3KMMH K KIIacCH-
YEeCKUM BHUJIEOKaMepaM C TOYKU 3PEHHSI WACOJIOTHH WX TOCTPOCHUS! ¥ MOTEHIHAIBHO
MTO3BOJISTIOT TIOJYYUTh MAaKCUMaJbHOE OBICTpONEHCTBHIE, OrpaHUYEHHOE TOJIBKO CKOPO-
CTBIO 3JIEKTPHIECKOH KOMMYTAIlMH KAHAJIOB W YyBCTBUTEIHLHOCTHIO IIPHEMHBIX KaHAJIOB.

ABTopamMu naHHOWH pabOoThl paHee ObIIa HPOJEMOHCTPHPOBAHA BO3MOXKHOCTD
IUIOTHOH (C mraroM d ~ 3\ / 2, rae A — IJIMHA BOJHBI M3IyYeHUS) YITaKOBKU IPHEMHUKOB
paauomM3IIyYeHHs] Ha TIpUMepe IMOCTPOSHUS TMHEWKH pa3MepHocThio 8 X 1 [3]. B xaue-
CTBE IPHEMHHKOB HCIOJIb30BAINCH MJIAHAPHBIE NETEKTOPHI HA OCHOBE MOAM(HIUPO-
BaHHBIX IIEJICBBIX aHTEHH C HEMOCPEICTBEHHO BKIIOUEHHBIMH B HUX JIETEKTOPHBIMU
nuonamu [4]. B paborte mpuMeHsUIMCh HU3KOOApbepHbIE TUOABI MOTTa Ha OCHOBE
cTpykTypbl Al/GaAs ¢ d-nerupoBaHHbIM cioeM BONM3M KoHTakTa [5]. B mpeanaraemoii
paboTe mpeacTaBiIeHBI PE3yJIbTAaThHl HCCIEIOBAHNA XapaKTEePHCTHK CO3JIaHHOW JIByMep-
HOW MaTpHIbl Pa3MEpHOCTBIO § X 8, MpenHa3HAuYeHHOW /I paboThl B KayecTBE NpH-
eMHHMKa B quana3one yactotr 90—100 GHz.
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B pamkax pa®oTel ObUIM NPOBEICHBI HCCIENOBaHHS TUarpaMM HaIpaBlIeHHOCTH
(IH), BOJBT-BATTHOI UYYBCTBUTENBHOCTH W SKBHUBAJCHTHONH IIYMOBOH MOIIHOCTH.
B kavecTBe MCTOYHMKA M3ITYyYSHHUS! MCIIOIBH30BANICS KATHMOPOBAHHBIN 110 MOITHOCTH Te-
Heparop, nepecTpanBaeMslil B quanazone 78.33—118.1 GHz.

1 1 1 1 1

1 1
3 -60 40 20 0 20 40 60
¢, deg
Puc. 1. Jluarpammsl HanpasiaeHHOCTH B E- u H-mutockoctax Ha yactote 94.2 GHz: a — nns He-
KOTOPBIX LEHTPAJIbHBIX M KPAWHHUX 3JIEMEHTOB MaTpPULIbI (HOMepa yKa3aHsl); b — yCpeIHEeHHbIE 110
BCEM KaHaJlaM

W3yuyeHune nuarpaMMbl HAIIPaBJIEHHOCTH BayKHO C TOUKH 3pEHUS 33/1aHNS yCIOBHUI Ha
MIOCTPOCHHUE CHCTEMBI (hOPMHUPOBAHUS M300pakeHus1 (00beKkTHBA). OUYEBHIHO, YTO YeM
mmpe JIH anemeHTOB, TeM OoJiee CBETOCHIIbHBIA OOBEKTHB MOXKET OBITH HCIOJIb30BaH,
TEM BBIIIE MOTEHIMAJIbHbIE YYBCTBUTEIBHOCTh M pa3pelleHue cucteMbl. OIHAKO U3-
BECTHO, YTO OTHOCHUTEJILHOE OTBEpCTHE OOBEKTMBA HE MOXET NPEBBIATh 3HAYECHUS
1:0.5 [6]. bonee Toro, peajbHO, B CHIIy PE3KOTO YBEIMUYECHUS abeppauuii st JIydei ¢
OOJIBIINMH yTJIAMH TIPEIOMIICHUSI, yIaeTCsl JOCTUTHYTh BEMYUH Ha ypoBHE 1 : 0.9—1 :
1, 9TO COOTBETCTBYET 3a/IHEH YIIIOBOM amepTrype o0bekTHBa 27—29°. Takum 0Opazom,
ontuMaineHas mupuHa JH nexut B auanazone 55—60°. Ha puc. 1 npuBeneHsl nuzme-
pennsie JIH B H- 1 E-TIIOCKOCTSIX HEKOTOPBIX AJIEMEHTOB (LIEHTPAIbHBIX U KPalHUX), a
Takke ycpenneHnasle J{H ra wactote 94 GHz. O603HaueHHs JIEMEHTOB JaHBI B TaOJIHIIE.
Cpenusiss mmprHa [IH 1o HeHTpambHBIM 3ieMeHTaM 1o ypoBHIO 0.5 cocraBmia B
E-ninockoctu 35°, B H-mmockoctu 50°. M3 pucynka BugHo, uro JIH oTaenbHBIX 3Je-
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MEHTOB H3PE3aHbl ¢ aMIUIUTYOW OTKIIOHEHUS OT CPEIHero 3HadeHus okono 1.5 dB B
nuana3zoHe yrioB +60°. Kak mokaszanm YHCIEHHBIM aHalu3, BBINIOJHEHHBIH B Cpele
3-MEpHOTO0 FNEKTPOMArHUTHOTO MOJENMPOBaHus, Takoil Bux JIH roBoput He TOJIBKO O
HATMYAHA MEKKAHAIBLHBIX CBS3€H, HO M O BIMSHUH CTPYKTYPHBIX OCOOCHHOCTEH aHTEH-
HOM pelIeTku — KOpIyca MaTpUYHOro MPUEMHHMKA U OTBEPCTUH OTBOJAA CUTHAJA OT
anemenTa. Vckaxxenus JJH mpuBomsaT k majeHUIo OOIIero KOHTpacTa M300paxeHus U,
CJIEJIOBATEIIFHO, TPEOYIOTCS OTONHUTENBHBIE PAa0OTHl MO ONTUMH3AIMK TOMOJIOTHH
AHTEHHOTO JIIEMEHTA, a TAK)KEe KOHCTPYKITUH MATPHUIIHI B IIETIOM.

Hywmepanus anteHH (IuKcesneit) B MpueMHON MaTpuLe

H-1110CKOCTh
8 16 24 32 40 48 56 64
7 15 23 31 39 47 55 63
2 6 14 22 30 38 46 54 62
S 5 13 21 29 37 45 53 61
g 4 12 20 28 36 44 52 60
51 3 11 19 27 35 43 51 59
2 10 18 26 34 42 50 58
1 9 17 25 33 41 49 57

DKBHUBaJIeHTHAs IITyMoBasi MOITHOCTH (NEP) meTexkTopoB ompenensuiack ¢ TOMOIIBI0
m3BecTHOTO cooTHomenus NEP = N/ (R - Bl/z), rae N — aMIUIMTyAa IIyMa B KaHaje
(ompenensutack Kak CpeJHEKBAIPATUYHOE OTKIOHEHHE CHTHAJa B IIYMOBOH IOPOXKKE,
3aMMCaHHOM C JETeKTOpa MPH BRIKIIOYCHHOM TeHepaTope), R — BOJBT-BATTHAS TyBCT-
BHUTENBHOCT KaHaja, B — monoca npuema. Ilooca mpuemMa yCHIUTENS ONpeaessiiach
1O TAJCHUI0 YpOBHSI COOCTBEHHBIX IIYMOB ycuiurtens Ha 3 dB u cocraBuina B =
=25.9 kHz. OT™meTuMm, 4TO MIMpPHHA TOJOCH B HAIIIEM ClIydae Onpeessiach HU3Kovac-
TOTHBIM YCHUJIUTENIEM JIETEKTOPA.

Jliist n3MepeHus BOJIBT-BATTHOM YYBCTBHTENIBHOCTH R IIaHapHas MaTpHIa JETeK-
TOPOB yCTaHaBJIMBANACh Ha paccTossHUHM 950 mm OT OTKPBITOrO KOHIIAa BOJHOBOAA, 00-
nmy4aBiiero marpuily. Beanunna R onpexpensiace xak R = U/ (P,Q), tne Py — mom-
HOCTh W3JIYYCHHS, TPUXOMAIIAscS Ha IUIOIMAAKY OJHOTO MHUKCeNa MaTpumbl, U —
CpeIHee 3HaUCHHE HATpsDKeHUS B KaHane, O — ko3 duruent ycmnenus HY ycnmrens
nerekropa (Q = 918). Ing mmaHapHOW aHTEHHBI B Marpuie >GQGeKTHBHAS IDIOMIATH
3JIeMEeHTa ONpeAesUIach Kak TeOMeTprUIecKas IUIOIIa b, 3aHIMaeMasi OTHIM ITHKCEJIEM B
MaTpHIIe, T. €. IPUHIMAaIach PAaBHOU KBaIpaTy MEPHO/Ia PACIIONOKEHHS JETEKTOPOB (@ =
=4.5 mm). OtMeTnM, 9TO JaHHAS OleHKa () (HEeKTUBHON IUTOMIAAN AaHTEHHBI SBIIACTCS
3aBBIIIEHHON, TTOCKOJIBKY YacTh MaJAIOIIero M3JIyUeHHs IMONalacT B MEXKIIUKCEIbHYIO
00JIacTh U He y4acTByeT B (DOPMHPOBAHWH CHTHala JeTeKTopa. TeM He MeHee Takas
OLIEHKa MPECTaBIIseTCsl Ooiee aleKBaTHOW JJISl MATPUYHBIX CHCTEM, IIOCKOJIbKY KpOMe
HEINOCPEACTBEHHO AMIEKTPOJVMHAMUYECKUX XapaKTEepPUCTHK aHTEHHBI YYUTBIBAeT IJIOT-
HOCTb W 3(QEKTUBHOCTh YNAaKOBKM 3JIeMeHTOB. Ha puc. 2 mpuBeneHbl 3HAUYEHHS
BOJIBT-BATTHOW UyBCTBUTENIEHOCTH, YCPEJHEHHON 10 KaHaJIaM Ul HECKOJIBKUX YacTOT.
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W3 pucynka BuaHO, uyTo MaTpura 3¢pdexktuBHo padoraer B monoce 90—100 GHz. Ha
puc. 3 mpuBeneHBI 3HAYCHHS BOJIBT-BATTHOHN dyBcTBUTENbHOCTH U NEP mis Bcex kaHa-
noB Ha vactore 94.2 GHz. U3 mpuBeneHHBIX AaHHBIX BUAHO, YTO KpailHHE CTOIOLBI

001alaf0T MPUMEPHO BTPOE XYIIICH YYBCTBUTEIHHOCTHIO MO CPAaBHEHHIO C BHYTpPECH-
HUMH.
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Puc. 2. BenmunHa BOMBT-BaTTHON YyBCTBUTEIBHOCTH, yCPETHEHHAS 10 BCEM KaHAJIaM,
B 3aBHCHMOCTH OT YaCTOTBI CUTHAJIa
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Puc. 3. XapakrepucTuku Bcex KaHAIOB IPUEMHOI MaTPHUIIBI Pa3MEPHOCTHIO 8 X §
Ha gactore 94.2 GHz: a — BonbT-BaTTHAs YyBCTBHTEIHLHOCTE; b — NEP
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Takum oOpazoM, B paboTe OBUIM HCCIENOBaHbl XapaKTEPUCTUKH CTPYKTYPHBIX
3JIEMEHTOB Pa3pabO0TaHHOW MBYMEPHOH MPUEMHON MaTPHIII Pa3MEPHOCTHIO 8 X 8 st
3-mm snana3zoHa JUIMH BOJIH. JloCTUTHYTHIE apaMeTpsl: mupuHa U hopma JIH (cpenssisa
mpuHa JIH 1o neHTpanbHbIM a5ieMenTaM 1o ypoBHio 0.5 cocrasuia B £-mtockocth 35°,
B H-tmockoctu 50°, aMIuIMTy/ia OTKJIOHEHHUSI OT CpeAHero 3HaueHusi okono 1.5 dB B
JuamnasoHe yriioB +60°), yIOBIETBOPUTEIHHO COTIACYIOMNeECs ¢ pepakTHBHBIMHU CBe-
TOCHIIBHBIMH 00beKTHBaMy, Betmanaa NEP ~ 5 - 102 W/Hz'"? B monoce 90-100 GHz,
JEMOHCTPHUPYIOT MTOTCHIMAN ISl TOCTPOSHHS CHCTEMBI PaJlMOBUICHHS PEabHOTO Bpe-
MEHH.

PaGora BemonaeHa mpu nognpepxkke PO®U mo mpoektam Ne 12-02-12006-ohu_ M,
Ne 11-02-00572_a.
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INDIUM NITRIDE FILM GROWTH
BY METAL ORGANIC CHEMICAL VAPOR DEPOSITION
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SUSTAINED BY 24 GHz GYROTRON RADIATION
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We report the results of the first experiments on the growth of indium nitride films by electron cy-
clotron resonance plasma-enhanced metal organic chemical vapor deposition. Discharge sustained
by the radiation of a technological gyrotron with a frequency of 24 GHz and power up to 5 kW was
used to provide active nitrogen flow. The use of higher frequency microwave radiation for plasma
heating provides a higher plasma density, and more active nitrogen flow. Mirror-smooth homoge-
neous hexagonal InN films were grown on ittria-stabilized zirconia and sapphire substrates. It was
shown that single-crystal InN films can be grown on Al,O; (0001) substrates if a double buffer layer
of InN/GaN is used. The growth rate of 1 um/h was demonstrated in this case. Film properties are
studied by optical and electron microscopies, secondary ion mass spectroscopy, X-ray diffraction,
and photoluminescence.

1. INTRODUCTION

Heteroepitaxial InN films attract great interest from researchers because of their
unique optical and transport properties. Currently, there are two main methods of InN
film growth: plasma-assisted molecular beam epitaxy (PAMBE) and metal organic
chemical vapor deposition (MOCVD). An important problem of the InN MOCVD
method is the low growth rate [1-7]. A possible way of increasing the growth rate is
associated with the plasma-activated nitrogen filling the growth zone [8—15].

We report the results of the first experiments on the growth of indium nitride films by
electron cyclotron resonance plasma-enhanced MOCVD (ECR-PEMOCVD). ECR dis-
charge sustained by the radiation of a technological gyrotron with a frequency of 24 GHz
and power up to 5 kW was used to provide active nitrogen flow. The use of microwave
radiation with high frequency for plasma heating (conventionally, magnetron emission
with a frequency of 2.45 GHz is used) provides a higher plasma density, and therefore,
more active nitrogen flow. This results in an increased film deposition rate. Furthermore,
the use of high-frequency radiation for plasma heating allows film growth at relatively
high pressure. Moreover, high-average-power gyrotron radiation provides high specific
power that is absorbed in the plasma at up to 100 W x cm > [11].
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2. EXPERIMENTAL METHODS

The scheme of the setup is presented in Fig. 1. Microwave radiation (1 in Fig. 1) of
the technological gyrotron (2) is injected into the plasma chamber (3) through the win-
dow. The frequency of the microwave radiation is 24 GHz and the power is up to 5 kW.
The magnetic coil (4) provides the conditions for ECR discharge. The magnetic field at
the coil center is 1.1 T. Molecular nitrogen (5) fills the plasma discharge zone, where its
dissociation by electron impact occurs. Nitrogen flow is adjusted by the flow controller in
the range of 10—100 sccm. After exiting the reactor, the flow of activated nitrogen reaches

Fig. 1. Setup scheme. /: microwave radiation, 2: gyrotron, 3: nitrogen plasma, 4: magnetic coil,
5: nitrogen supply line, 6: substrate holder, 7: trimethylindium supply line, §: pumping port

the growth chamber, where the substrate is placed on a heated substrate holder (6). Sub-
strate temperature is measured with the thermocouple; the maximum temperature is
650 °C. Trimethylindium is injected near the substrate (7). Nitrogen was used as a carrier
gas. Thermal decomposition of trimethylindium on the substrate surface in a stream of
active nitrogen provides the source material for indium nitride film growth. The diag-
nostic methods of optical and electron microscopies, secondary ion mass spectroscopy
(SIMS), X-ray diffraction (XRD), and photoluminescence (PL) were used for compara-
tive study of InN films grown on Al,O; and ittria-stabilized zirconia (YSZ) substrates.

3. RESULTS AND DISCUSSION
3.1. Probe measurements

To measure plasma parameters, we used the Langmuir probe placed in the center of
the reactor at the position of the substrate holder (at a distance of 26 cm from the center of
the discharge) for the plasma parameter measurement experiments. We assume that
spreading of the plasma occurs along the magnetic field lines, which is why plasma
density in maximum magnetic field (B ~ 10000 G) exceeds the density measured by the
probe (B ~ 10 G) by approximately one thousand times. The following results for the
plasma density and temperature correspond to the maximum magnetic field in the center
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of the discharge. Figures 2 and 3 show the results of the measurements of electron density
and temperature as a function of microwave heating power at the gas pressure of 2 x
x 1072 mbar. It is clearly seen from the figures that the plasma density and temperature
increase with a rise in the applied microwave power. Under such experimental condi-
tions, plasma density and temperature reach their maxima levels of 1.5 x 10" cm ™ and
4 eV, respectively, at the power level of ~ 900 W.

6

5 [

Electron temperature, eV
w

—— 262 tbar

2 i 2E-4 mbar

1t

[+

200 400 600 800 1000 1200
Microwave power, W
Fig. 2. Electron temperature as a function
of heating microwave power at two different pressures
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The essential success of attaining the highest ranges of plasma density was achieved
by modifying the vacuum chamber construction — the outlet of the plasma reactor was
closed by the grid. The grid was transparent for plasma and atomic nitrogen flow, but the
microwave field was trapped inside the plasma chamber. It is clear that the resulting
cavity greatly increases the electric field strength and raises the effectiveness of the en-
ergy transmission from microwave radiation to electrons. The stable breakdown of the
gas occurs at a low gas pressure of ~ 8 x 10~ mbar, which results in sufficient increase in
the degree of plasma ionization. Thus, at the gas pressure of ~ 2 x 10" mbar and mi-
crowave power of ~ 400 W, the electron density is about ~ 3 x 10" cm™ and electron
temperature is about 4 eV, which are several times higher than values obtained in the
previous experiments. Figures 2 and 3 show the results of the measurements of electron
density and temperature as a function of microwave heating power at the gas pressure of
2 x 10 * mbar. It is clearly seen from the figures that in the low pressure range, one can
obtain plasma density more than one order higher than that obtained under the previous
conditions. The maximum electron density of ~ 3 x 10" cm™ is achieved at the gas
pressure of ~ 2 x 10~* mbar and power level of ~ 1100 W. The electron temperature is
about 5.3 eV. It should be mentioned that, in this case, the degree of plasma ionization
becomes a very significant value and can reach tens of percent.

3.2. Growth experiments

The influence of substrate and buffer layers on the morphology, structure and PL
properties of InN films grown by the low-temperature PEMOCVD method was studied in
a series of experiments. The substrates used were polished plates of YSZ (100) and (111),
and AL,O5 (0001) and (1120). Al,O; substrates either had no buffer layer or had a double

(InN/GaN) buffer layer (template). Templates were grown by conventional low-pressure
MOCVD. Monocrystalline layers of GaN and InN had thicknesses of 1 and 0.3 pm,
respectively. The rocking curve widths of GaN and InN template layers were 0.13 and
0.6° respectively. The growth rate was estimated from the height of the step at the film-
substrate interface, as defined using an optical interference microscope. InN film growth
was performed under the following optimal conditions: heater temperature of 350 °C,
nitrogen flow through the plasma reactor of 91 sccm, nitrogen flow through
trimethylindium in the bubbler of 23 sccm, pressure in the growth chamber of 0.28 Torr,
and microwave power of 550 W.

InN films grown on different substrates have a uniform mirror smooth surface.
Scanning electron microscopy (SEM) investigations showed that InN films grown on
YSZ (111) substrates have a grain structure with a grain size of 50—150 nm in diameter
(Fig. 4). Epitaxial InN films grown on templates have a uniform surface with wavy relief
and no grain structure, the same as the template. Surface roughness values for InN films
grown on YSZ (100) and (111) with 0.8 um thickness are, respectively, 2.5 and
1.6 nm rms. The surface roughness of InN films grown on templates was slightly higher
(6 nm rms) than in the case of the YSZ substrate. This is probably related to the roughness
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of the template used (5 nm rms). No indium droplets were found on the surface of InN
films.

Fig. 4. Surface morphology of InN films grown on YSZ substrate
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Fig. 5. Layer-by-layer SIMS analysis
of InN films grown on YSZ substrate

Layer-by-layer analysis of InN films grown on YSZ and Al,O; substrates was per-
formed with a SIMS diagnostic tool. Sputtering of the sample was carried out using Cs"
ions, 2 keV, to register negative secondary ions, and O*" ions were used to register posi-
tive secondary ions. The probe beam was Bi" at 25 keV. Results of the layer-by-layer
SIMS analysis of InN film grown on YSZ (100) are shown in Fig. 5. InN films grown on
Al,0; (0001) and YSZ (100) are characterized by a homogeneous distribution of the basic
elements of indium and nitrogen over depth, and by sharp concentration profiles of Al, Zr,
and In at the heterojunction. The concentration of impurities in the InN films is below
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1%. The main contaminant is oxygen with a concentration of about 10?° ¢cm . The most
probable source of the oxygen contamination is the porous ceramic heater used in the
experiment. There are some electronegative impurities H, C, F, S, and Cl, and electro-
positive impurities Na, K, and Li.

InN film structures were studied by XRD analysis. XRD spectra were recorded in
(20 — ®), ®, and @ scanning modes. XRD analysis of the InN films grown on YSZ (100)
and YSZ (111) allowed us to identify the films as being textured polycrystalline with the
preferred orientation of (0001) parallel to the surface. The minimum texture scattering
angle for the series of films (width of the peak in 0002 w-scan) was 0.8 and 0.6° for the
YSZ (100) and (111) substrates, respectively.

Figure 6 shows the XRD spectrum in the ¢ scanning mode of the InN film grown on
ALO3 (0001) with a double buffer layer (template). There are sharp peaks that run
through 60°, indicating a single-crystal structure of the film. The difference in the inten-
sity of the peaks is due to inexact matching of plane (0001) with the sample surface. The
minimum value of the half-width of the rocking curve peak InN (0002) is 0.3°. The XRD
spectrum of the (20 — ®) scanning mode shows only line series (000/) for the InN phase,
and their intensity is higher than in the case of the original InN buffer layer. The In phase
is not observed.
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Fig. 6. XRD ¢ scan of InN film grown
on Al,O3 (0001) substratewith InN/GaN double buffer layer

The PL spectrum of InN films grown on a template (InN/GaN/ALQOj;) is shown in
Fig. 7. PL spectra for InN film representing the top layer of a double buffer layer and for
InN film grown on the YSZ substrate are also shown in Fig. 7. It is clearly seen that the
InN films grown on the YSZ substrate and on the template have intense room-tempe-
rature PL in the infrared region (1490—1540 nm). There is a slight decrease in PL intensity
and peak shift to shorter wavelengths by 40 nm for films of InN grown on the template.
The nature of the PL is not yet clear. Nevertheless, high PL intensity indicates good
optical properties of the InN films.
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Fig. 7. PL spectra: (/) template, (2) InN film grown
on YSZ (100), and (3) InN grown on template

4. CONCLUSION

Mirror-smooth homogeneous hexagonal InN films were grown on YSZ substrates.
They have a textured polycrystalline structure with a minimum scattering angle of 0.8 and
0.6° for YSZ (100) and YSZ (111), respectively. Surface roughness of 1.6 nm (rms) was
demonstrated for InN film with a thickness of 0.8 um. It was shown that single-crystal
InN films can be grown on ALO; (0001) and ALO; (1120) substrates if a double buffer

layer of InN/GaN is used. A growth rate of 1 pm/h was demonstrated in this case. InN
film layers grown on YSZ and Al,O; substrates have intense PL at room temperature. The
PL peak position was at 1500—1550 nm.
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MOHOKPUCTAVIMYECKHUE CJIOU GaN/AIN HA CVD-AJIMA3E
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C. A. Bo20anos*, A. b. Myunukoe 2 A JL Buxapes 2, /1. . Paouwes *

' Mucturyt dusuxn mukpoctpyxryp PAH, Adouuno, Himxeropozackas o6,
* Mucrutyt npuknannoii dusuku PAH, Huwknuit Hosropon
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TTucoma 6 2KT®D. 2015. T. 41, évin. 19. C. 73—80

IpennoskeH U SKCIIEPHMEHTAIBHO PEAH30BaH OPHIMHANBHBIN IMOAXOA MO CO3JAHHIO CTPYKTYPBI
GaN/AIN/HaHOKpHCTAIUIMYECKHH aMa3. DTalbl CO3JaHHs TaKOH CTPYKTYphI BKIIOYAIOT B CeOs:
a — BbIpalBaHue HaHOKpuctawmyeckoro CVD-anma3a Ha MoHOKpucTainyeckoM AIN (mpex-
BapHUTEIHHO BEIPAIICHHOM Ha KPEMHHEBOII IOJUI0XKKE), b — CTpaBIHBaHUE KPEMHHUEBOU MOITOKKH
U ¢ — BBHIpaIlBaHNE MOHOKpHUCTaIHIeckoro GaN Ha OBEPXHOCTU MOHOKpHCTAILTIYecKoro AIN.
Ha nozanoskke n3 HAaHOKPHCTAJIMYECKOT0 aIMa3a I0JIy4eH MOHOKPUCTAJUTMIECKUI HUTPUJL TajlIus ¢
LIMPUHOI peHTreHOAM(PaKIIMOHHON KpHBOii Kauanus otpaxenus (0002) 0.35°.

Ierepoctpykrypel AlGaN—GaN B HacTosIee BpeMsl IIUPOKO UCIIOJIB3YIOTCS IS
(hopMHUpPOBaHUS TPAH3UCTOPOB C BBICOKOH MOJBHKHOCTBIO AnekTpoHoB (HEMT), cm.,
Hanpumep, [1, 2]. Hutpua rammms sSBiseTcs MHUPOKO30HHBIM MaTepHaNoOM (IIHpUHA
3ampeIeHHoi 3016l 3.4 eV), uMeeT BbIcokoe mone mpodos (1o 3 - 10° V/em) u apeii-
dOBYIO CKOPOCTB 371EKTPOHOB (IHKOBOE 3HAYeHHME 3 - 107 cm/s, 3HAUCHHE B HACHIIICHHH
1.5-10" cm/s). B coueTaHMH ¢ BBICOKOH TIOJABMKHOCTBIO 3JIEKTPOHOB (OKOIO
2000 cm*/(V - s) IpH KOMHATHOM TeMIepaType) U IUIOTHOCTBIO IEKTPOHOB B JIBYMEp-
HOM KaHane (10 5 - 10" cm™) 5Tu yHuKaIbHBIE CBOICTBA AenaloT cTpyKTYpsl AlGaN —
GaN HOBBIM TEPCIEKTHBHBIM MaTEpHaJIOM Ul UCTOYHUKOB BU-u3imyueHus: BHICOKOTO
YPOBHSI MOIITHOCTU M MOIIHBIX BBICOKOTEMIEPATYPHBIX 3JIEKTPOHHBIX YCTPOWCTB, Mpe-
BOCXOJIAIINAX OCBOCHHBIC MONynpoBoAHMKH Si 1 GaAs. OleHKH MOKa3bIBAIOT, YTO B
MUJUTIMETPOBOM [Marla30He JUTMH BOJIH 110 YPOBHIO MOIIHOCTH TeHeparopbl Ha GaN
MOTYT KOHKYpHPOBaTh C BAaKYyMHBIMH YCTPOHCTBAMH IIPH 3HAYUTEIILHO MEHBIINX pa3-
Mepax, YTO MOXET MPHUBECTH K MacmTabHoMy u3meHeHnto CBU-rexuukn. OmHako u3-
TOTOBJICHHE TaKMX YCTPOHUCTB TpeOyeT 3PPEKTHBHOTO TEILIOOTBOA MOIIHOCTH, BEIIE-
TsIeMOH B KaHaJle TpaH3ucTopa. Penienne 3Toi mpoOIeMBbl CBA3BIBACTCS C TIEPEXOA0M OT
TpamummoHHbIX s AlGaN mojurokek camdupa W KpeMHHS K TOIIOKKaM KapOuma
kpemans SiC u anMaza ¢ ropa3zno Oosiee BBICOKOW TEIUIONPOBOAHOCTHIO0. OCOOEHHO
3¢ ($eKTUBHBIMU MOTYT OBITH ITOUTOKKH M3 ajiMa3a: 110 CBOEH TETIONPOBOTHOCTH OHHU B
3—4 pasa npeBocxoaat noptoxkku SiC u 6osee yem B 30 pa3 moA10KKH canupa.

CVD (chemical vapor deposition) anma3s BechbMa IMpPHBJICKATEICH U B Ka4yeCTBE
MOJUIOKEYHOTO MaTepHaia, MOCKOJIbKY €ro TEIUIONPOBOJHOCTh 3aMETHO BHIIIE, YEM Yy
JPYTHX MaTe€pUalioB, 0JIHAKO MOHOKPHCTAIUIEI aMa3a pa3MepoM OoJiee 0JJHOTO TI0HMa 1
MIPUTO/IHBIE /TSI MCTIONB30BaHUSI B DJIEKTPOHHBIX NPHOOpax I0OKa HEAOCTYNHBI W3-3a
CJIMIIIKOM BBICOKOH CTOMMOCTH. Boiiee 10CTyHBI HAHO- ¥ MUKPOKPUCTAILTNYECKUE CIION
CVD-anmaza, KOTOpBIE 10 TEIUIONPOBOJHOCTH IMOYTH HE YCTYMAIOT MOHOKPHCTAJLTY,
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XOTsI OYEBUJIHO, YTO OHM HE MOTYT OBITh MCIIOJIB30BaHbI JJIsI SMUTAKCHAJIBHOTO Hapa-
[IMBAaHUS paO0OYUX CIIOCB M M3TOTOBJICHHS MOIIHBIX BEICOKOYACTOTHBIX IMPHOOPOB [1].

K mHacrosimeMy BpeMEHHM HamOONIBIIME YCHEXH B M3TOTOBICHUH CTPYKTYD
GaN/CVD-anma3 JAOCTUTHYTHI IyT€M CO3aHUsI KOMOWHHPOBAHHBIX COCTABHBIX MOJ-
JIOXKEK I0 TEXHOJIOTHH, paspabotanHol ¢upmoit Group 4Labs (CLIA). BoxpmmHcTBO
W3BECTHBIX Ha CErOMHSIIHUN IEHb ITPOTOTUIIOB TPAH3UCTOPOB ,,AlGaN—-GaN Ha anmaze™
TTOTyYeHBI Ha TOJOOHBIX COCTABHBIX MOMIOXKKaxX [3—5]. OgHAKO CyIIeCTBEHHBIM HE-
N30€XHBIM HEOCTAaTKOM 3TOH TEXHOJIOTHH SIBISAETCS HAIMYHE IUAJIEKTPHUIECKOTO Iie-
PEXOJHOTO CIIOS HU3KOTO KPHCTAJUTMYECKOTO KauyecTBa M HU3KOW TETIIONPOBOIHOCTH,
YTO HE MO3BOJIAET TIOJIHOCTBIO PEAIN30BaTh MOTCHIIMAT alMa3HbIX Hmoanoxek. Cymect-
BYIOT paOOoThl, B KOTOPBIX TPAaH3UCTOPHYIO CTPYKTYPY, BBIPALICHHYIO Ha MOJIOXKKE
Si(111), nepexyienBarOT JIUIEBOM CTOPOHOW Ha BPEMEHHYIO MOJUIOKKY JJIsl CTPaBIMBA-
HUS Si ¥ BBIpAIIUBAHUS BMECTO HETO TOJICTOTO CJIOS HAHOKPUCTAJUIMYECKOTo aiMasa [6,
7]. 3ateM BpeMEHHYIO TMOJIOKKY CTPaBIWBalOT. Takoil MoAXoHa MO3BOJIAET MOJydaTh
00pasipl [uaMeTpoM 10 4 nroiMoB [ 7], omHaKo TpeOyeT TEXHOJIOTHIeCKUX OIepalui o
MIPUKJIENBAHUIO W CTPABIMBAaHHIO BPEMEHHOH ITOJUIOKKH, KOTOPHIE MOTYT HapyllaTh
MTOBEPXHOCTh TPAH3UCTOPHOH CTPYKTypHl Wwin ciosi GaN. B nannoii pabore npeiara-
eTcss MHOM momxox anst opmupoBaHus rerepoctpykryp GaN/AlN/anmas, 6e3 mepe-
XOHOTO CJI0S1 HU3KOTO KauyecTBa MM K€ JOTIOJHUTENHBIX TEXHOIOTHIECKUX OTIEePALIIH
IO TIepeKyIelike CTPYKTYPHI Ha BpEMEHHbIE TOMTI0XKKH. B paboTte mcciaenoBano nomyde-
HHE MOHOKpHCTANIMYEeCKUX cnoeB GaN Ha MOATOXKKAaX M3 HAHOKPUCTALIMYECKOTO
CVD-anmaza (NCD) ¢ ucionp3oBanmueM ciiost MOHOKpHcTamtinaeckoro AIN.

OCHOBHBI€ 3Talnbl TEXHOJIOTMYECKOT0 MpoIiecca MOMYyYeHNUs MOHOKPUCTAITMYECKIX
cnoeB GaN Ha moIOKKax M3 HaHOKpucTammyeckoro CVD-anmasa mpuBeieHBI Ha
puc. 1. Ha mepBom sTarie mporiecca Ha MOHOKpUcTaindeckoi nozmoxke Si(111) BbI-
pammBaics SMUTAKCHATBHBIH MOHOKPHCTaJUTMUECKHH CIIOH rekcaroHaiabHOro AIN c
opuenTtanueii (0001) u tomuuaoit 40—100 nm. PocT npoBoamics B peakrope MOCVD
MIOHWXEHHOT'0 JIaBJIECHUS C UCIOJNb30BaHUEM B KAaueCTBE HCTOUYHUKOB TPUMETHIAIIO-
MUHUS, TpuMeTwiranms U ammuaka [8]. llupuHa peHTreHoMuppakKInOHHOW KPHUBOM
kaganus otpakeHus AIN(0002) moBompHO Oombmiast, A®w ~ 1°, 94T0 XapaKTepHO I
TOHKHMX CJIOEB HA CHJIBHO PAcCOTIIACOBAHHBIX MOUIOXKKAX (pHC. 2, a).

Poly-di d
oly-diamon GaN

AN o) AN 1 SO

Si(111) sub Si(111)sub Poly-diamond Poly-diamond

Puc. 1. OcHOBHBIE Tallbl TEXHOJOTHYECKOTO MPOLIECCa MOTYYESHUSI MOHOKPHUCTAIITHYECKOTO CII0S
GaN Ha moutokke u3 HaHOKpucTaumaeckoro CVD-anmasa

Ha BTOpOM 3Tame Ha MOBEPXHOCTH MOHOKpHCTayuindeckoro AIN BelpammBanachk
mwieaka CVD-anmaza tommuuod mopsimka 300 nm. Mcmoms3oBan CVD-peaktop Ha
yacrore 2.45 GHz [9], pabouast cmecy H, + CHy. CrpykTypa miieHku ObUia aHaJIOTHYHA
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onucanHoii B pabore [10]. HccrmenoBanue cBoiicTB obOpasua 1357 — cCTpyKTypsI
NCD/AIN/Si(111) — npuBeneHo Ha puc. 2, a. PEHTTeHOBCKUIA aHain3 00pa3loB Mpo-
Bonwiics Ha mudpakromerpe Bruker D8 Discover. Ha audpakrorpamMe BUIHBI MHKH
noutoxkku Si(111), smmrakcnansHoro ciost AIN(0002) v MUK TOJMKPUCTAIITHYECKOTO
ammaza C(111). Pasmep KpUCTaUTMTOB B alMa3HOW IUICHKE COCTABILUT MOPSIKA
30—40 nm (puc. 2, b). CornmacHo CyIIECTBYIONIEH TEPMUHOIOTHH, TOJUKPUCTAIIIHYC-
CKHH aJMa3 ¢ KPUCTAJUTUTAMH TaKWX pasMepoB NPHHSATO HA3BIBATh HAHOKPUCTAJIIMYE-
ckum CVD-anmazom.

Ha puc. 2, ¢ npusenens! npodriy KOHIEHTPAINA Pa3InIHBIX 3JIEMEHTOB B 00pasie
1357 (ctpyxrypst NCD/AIN/Si(111)), uamepennsie metogom BUMC (SIMS). Ucnomns-
3oBanack yctanoBka TOF.SIMS 5 ¢upmst IONTOF. [Ins usmepenus riryOHHBI KpaTepoB
TpaBJIEHHUs CTPYKTYp ¥ HOPMUPOBKH IIKaIIbl TJyOWHBI aHann3a ObUI MCIOJIb30BaH WH-
tepdepometp Talysurf CCI 2000. 13 puc. 2, ¢ BUIHO, YTO TOJIIHUHA [UICHKA HAHOKPH-
crayuaeckoro aaMasa okosio 400 nm, a rommmaa cinos AIN menee 100 nm. OcHoBHOI
MIPUMECHIO B TUICHKE HAHOKPHCTAJUIMIECKOTO aMasa siBisieTcst Bogopo. Iloce ananmsa
ctpykTypsl NCD/AIN/Si(111) mpoBomuiiochk TopalidBaHUe aaMa3HON IUICHKH JO TOJ-
uruHEL 6ojee 10 um.

Si(111) AIN (0002)

—

(=1
S
T

—1357

Intensity, a.u.
—_
(=}
)
T

Diamond (111)

130)kVAR=251000 1 {um! 12740/ SEIE
Puc. 2. Uccnenoranue obpasua 1357 — NCD/AIN/Si(111): a — pentreHoBckas anppakro-
rpamMa, b — SEM-u300pakeHre MOBEPXHOCTH HAHOKPHUCTALIMYECKOTO anMasa, ¢ — MpoduiIn
pacmpeneneHus o rryOuHe pasIMyHbIX 3JIEMEHTOB, [ody4eHHbIe MeTogoM BUMC
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Ha tperbem stane noasoxka Si ctpaBiuBanachk 10 cinost AIN METooM celeKkTUB-
HOTO HJIKOCTHOro TpamieHus. Ha mocnemnem stame B peakrope MOCVD Ha oun-
IIEHHOH TpaBlieHHeM MoBepxHOCcTH AIN BhIpaIIMBalICsl T€TEPOINHUTAKCHAIBHBIA MOHO-
kpuctamumueckui cinoit GaN Tommuaoi 500 nm. Takum obOpasom, GopMupoBasiach
CTPYKTYpa ¢ MOHOKpHcTaummdeckumu ciosimu GaN/AIN Ha moaioXke U3 HaHOKpH-
craiummdeckoro CVD-anmasa.

Jis manpHeimero GopmMupoBaHus MPHOOPHBIX CTPYKTYp KpaifHe Ba)KHO KpHCTalI-
nmaeckoe kadecTBo cioeB GaN. ITockonbky cioit AIN Ha rpaHuIie ¢ KpeMHHEM OOBIYHO
MMEET HU3KOE COBEPIIEHCTBO, KOTOPOE YJIyYIIaeTcs C TOJIIMHOW, a B HAIEM CiIydae
poct Tonctoro cinosg GaN mpoBoawIICs Kak pa3 Ha MOBEPXHOCTH, W3HAYaJIbHO I'DaHHU-
YHUBIIEH C KPEMHHEBOH MOAJIOKKOW, BaXKHO NMPOBEPHTH, uTo cioii GaN mMmeeT mpuem-
JIeMO€ CTPYKTypHOE KadecTBO. lcclienoBaHue MOJy4YEeHHBIX CIOCB Ha PEHTTEHOBCKOM
nmudpakromerpe Bruker D8 Discover nmokasaino, uto cion GaN 3MUTaKCHaIbHO COTMpPSI-
xeHbl ¢ AIN 1 UMeIoT MMpHUHY peHTreHoAnpakoHHON KpuBoi kauanus (0002) me-
Hee 1°. Jns ynydmieHus cTpyKTypHOro coBepuieHcTBa ciosi GaN Oblia mpoBejieHa 1o-
IIBITKA POCTa C MCIOJIb30BaHUEM JIOTIOJIHUTEIBHOTO HU3KOTEMITepaTypHoro oydepa. Ha
puc. 3 npuBeneHsl kpuBble KadaHus oTpakenust (0002) cmoe GaN mist nByx oOpas-
OB — C HU3KOTeMIlepaTypHbIM Oydepom (1418) u 6e3 mero (1417). [Ipu onmHAKOBOI
mmpuHe KpuBoi kadanus orpaxenus (0002) momcmost AIN (~ 1.5°) mmpunra KpuBoit
kaganust cnosi GaN B oOpasme ¢ Oydepom cocraBmser 0.35°, a B obOpasue 6e3
Oydepa — 1°. Mcronp3oBaHne HU3KOTEMIIEpAaTypHOTO Oydepa u yBeTudIeHHE TOMIIHHBI
GaN no3somut nomydaTts Oydeprsie cion GaN/AIN/NCD, npuronssie i nanbHEH-
ILIETO POCTA TPAH3UCTOPHBIX CTPYKTYP.

Takum o6pa3om, B paboTe co3aanbl MOHOKpucTauindeckue cion GaN/AIN Ha Ha-
HOKPHUCTAJUIMYECKOM aaMa3HOM Moaoxke. Mcnonab3oBaHue NONOIHUTEIBHOTO HU3KO-
TeMIiepaTypHoro Oygepa yaydliaeT uX KpUCTAUINIECKOE KayecTBO, YTO YKa3bIBaET Ha
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HEePCHEKTUBHOCTh HCIIONB30BAaHHOTO Moaxofa. IIpeaoskeHHbI noaxoa He COMEpPKHUT
TaKUX JTOTIOJIHUTEIBHBIX TEXHOJIOTHYECKUX OIepaliii, Kak mepexyieiika CTPYKTyphl Ha
BPEMEHHYIO TTOJUIOKKY WM M3TOTOBJICHHE COCTaBHOHM MOMI0XKUA. OCOOEHHOCTBIO Me-
ToJa SIBIIsIETCS TO, 4TO pocT ciaosg GaN ocylecTBIseTCs yke Ha TOTOBOM CTPYKType
AIN/NCD wu ocHOBHasl 4acTh MPUOOPHON CTPYKTYpPBI MOKET OBITH BHIpAIieHA B OJHOM
TEXHOJIOTHYECKOM TIpoIiecce 0e3 MOCIeayIOIUX TOTOMHUTENbHBIX onepanuil. ITokasa-
HO, YTO TIOJTy4EeHHBIE JaHHBIM MeTo1oM cior GaN Ha IT0/II0)KKe HAaHOKPUCTAIIIMIECKOTO
anMasa 1o KauecTBy cormoctaBuMbl ¢ GaN/Si(111).

) 1 —1418GaN (0002)
10° R — 1417 GaN (0002)

10
Puc. 3. Kpusble kagaHus otpa-

xenns (0002) GaN mis 06pasios
1417, 1418 (c Hu3KOTEMIIEPATYP-
HbIM Oydepom)

Intensity, a.u.

—
(=3
N

._.
2

o, deg

PabGora BBImONHEHa TIpH (PUHAHCOBOW MOAJIEp)KKE TpaHTa NpaBUTenbcTBa PO Mo
noctanosaeHuto 220, norosop Ne 14.B25.31.0021 ¢ Begymeit opranuzanueit UI1O PAH.
B pabote ucmomszoBano obopymoBanme LIKIT MOM PAH ,®usnka u TEXHOIOTHUS
MHUKPO- U HAHOCTPYKTYD®“.
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Diamond is desired for active semiconducting device because of it high carrier mobility, high voltage
breakdown resistance, and high thermal diffusivity. Exploiting diamond as a semiconductor is
hampered by the lack of shallow dopants to create sufficient electronic carriers at room temperature.
In this work, nanometer thick, heavily boron doped epitaxial diamond “delta doped” layers have been
grown on ultra smooth diamond surfaces which demonstrate p type conduction with enhanced Hall
mobilities of up to 120 cm?V - s and sheet carrier concentrations to 6 x 10" cm 2, thus enabling a
new class of active diamond electronic devices.

1. Introduction

Diamond is desired as a material forhigh voltage, high frequency, high power active
and passive electronic devices because of its superlative materials properties [1], in-
cluding high electronic carrier mobilities [2], high breakdown field strength [3], high
thermal diffusivity [4], matrix for quantum devices, and diverse other optical, chemical,
materials properties [5]. However, a major barrier to exploiting diamond for active elec-
tronic applications has been the lack of dopants with a sufficiently low thermal activation
energy barrier to create an adequate concentration of electronic carriers at room temper-
ature. While there are many known defect and impurity states in the wide bandgap
(5.45 eV) of diamond, several of which can act as donors or acceptors of electronic
charge, only boron [1, 6] (creating an acceptor state) and phosphorous (creating a donor
state) [7] have been demonstrated as relidopant, has the smallest activation energy of
0.37 eV at low doping concentrations (< 10'7 cm ). This value still means that only a
fraction of the boron present is activated at room temperature leading to relatively low
concentrations of free carriers. Increasing the boron concentration reduces this activation
energy, and at ca. 5 x 10%° cm ™ the metal-to-insulator transition point occurs [8] and a
fully-activated impurity band is formed via the quantum tunneling of holes between
neighboring boron acceptor states [9]. Unfortunately, as the activation energy of holes
decreases so does carrier mobility, not only because of the increased impurity scattering
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but also due to the onset of a low-mobility, hopping-like conduction. The resulting ma-
terial is one that has sub-unity carrier mobility and typical sheet carrier densities in excess
of that which are readily controlled by a typical field effect transistor (FET) [10]. In this
work we demonstrate two-dimensional conduction with both high mobility and sheet
carrier concentration by introducing nanometer thick boron “delta doped layers” in to
intrinsic or p_ material (p_ here defined as a boron concentration of less than 10'” cm™)
epitaxially grown diamond films with high mobility.

A well-known solution to creating BOTH high mobility AND high carrier concen-
trations for electronic materials in two dimensions is “nanometric delta-doped” layers
[11]: nanometer thick, heavily doped layers (boron in our case) adjacent to high mobility
intrinsic or p material where a fraction of the carriers created by the heavily ionized
dopant layer reside in the adjacent high mobility layer. Similar two-dimensional carrier
conductivity has been observed on hydrogen terminated diamond surfaces with negative
electron affinity. These surfaces create a subsurface two-dimensional hole gas [12] by
electron transfer to adsorbates, but since they display stability issues, they will not be
discussed further in this work.

The success of “delta doping” requires the epitaxial growth of very thin (1 to 2 nm)
heavily doped “delta layer” (preferably above the insulator to metal transition, ca. 5 X
x 10 ¢m ™ for boron in diamond) [8] and abrupt interfaces between the “delta layer” and
the high mobility intrinsic or p layer [13]. In addition, the interfaces must be atomically
smooth to minimize carrier scattering.

Recent reports from three experimental studies provide an in-depth discussion of
their observations and implications. Balmer et al. [14] interpret measurements on un-
capped, surface boron doped “delta layers” with a two carrier type model, but present no
data showing the expected enhanced mobilities and sheet carrier concentrations. They
also point out the mobilities measured by the Hall effect will overestimate the channel
mobility in a working device. Scharpf et al. [15] demonstrate a boron doped solution
gated field effect transistor based on an uncapped surface “delta layer”, with adequate
sheet carrier density, but a channel mobility of 0.1 cm’/V - s which they attribute to poor
lateral homogeneity and interrupted morphology of the “delta layers”. Chicot et al. [16]
present results on buried boron doped “delta layers” of varying thicknesses ranging from
<2 nm to 35 nm which were capped with 30 nm to 65 nm of undoped diamond. They also
summarize the published literature reports of mobilities and sheet carrier concentrations
along with their results (Ref. [16], Table IV), which are reproduced in Table 1 below. All
of their measured carrier mobilities were in the range of 1 cm*V s to 4.4 cm*/V - s
which is typical of bulk diamond doped above the metal insulator transition of 5 X
x 10* cm . The desired values in “delta doped” layers are greater than 100 cm?/V - s for
mobility, and > 10" cm ™ for sheet carrier concentrations.

In this Letter, significant progress in growth and characteristics of diamond
nanometric thick “delta doping” with boron is shown, demonstrating both enhanced room
temperature Hall effect mobilities and carrier concentrations over the previous experi-
mental reports. The adopted approach employs: ultra-smooth diamond substrates (R,/S,
less than 0.3 nm) (R, is the arithmetic average of surface profile along a line, and S, is the
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Table 1

Sheet carrier concentrations, room temperature mobilities, and resistance of the samples
grown for this work and measured at UCL and IPM. Additional measurements reported in
the literature are also presented. Entries shown in italics are not directly relevant as the
conduction is likely dominated by the bulk p-buffer and cap regions based on the thermal
activation energy measurement as discussed in the referenced papers

source sample P mobility at  resistance
T=300K

label  (cm?) (cm?/Vs) (Q/sq)
UCL SI6 5.00 x 10" 750 16455
UCL S19 1.00 x 10" 90 33131
UCL S18 4.00 x 102 10 182310
IPM S09 6.50 x 10! 240 40000
IPM $21 6.50 x 10" 16 6600
IPM $23 1.00 x 103 99 6000
IPM E35-14 130x10" 120 4000
IPM S24 6.40 x 10" 92 1100
IPM S12 5.10 x 10" 17 7000
IPM S12-1  6.00 x 10 18 5300
Ref. [22] 1 1.40x 10% 546
Ref. [22] 2 1.60 x 10" 33 158000
Ref. [22] 3 4.40 x 10" 29
Ref. [22] 4 2.30 x 10" 44
Ref. [16] 5 3.20x 10" 33 15000
Ref. [16) 6 3.20 x 10" 1
Ref. [16] 7 1.40 x 10" 38 50000
Ref. [16] 1.80 x 10" 3.1
Ref. [16] 9 6.0 x 10" 3.7
Ref.[16] 10 220 x 10" 0.6
Ref. [14] 348 3.70x 10”7 354
Ref [14] 366 1.00 x 10" 3.8
Ref [14] 385 1.20x 10" 679.8
Ref. [14] 459 430x 10° 4381 126000
Ref [23] 4 1.40 x 107
Ref [23] B 8.00 x 10" 9.8
Ref [23] C 1.20 x 10" 13.3
Ref.[15] S 2.40 x 10" 0.1
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average over an area), a custom built microwave plasma assisted chemical vapor depo-
sition (CVD) reactor with laminar flow and fast gas switching [17], very slow growth
rates, smooth epitaxial films, and chemically gettering residual boron in the reactor when
growing intrinsic/lightly doped material by adding H,S to form gaseous boron sulfur
compounds [18].

2. Experimental

The single crystal diamond substrates used in these experiments were type Ila (no
nitrogen detectable by IR absorption spectroscopy) obtained from New Diamond Tech-
nology (St. Petersburg Russia) and the Technological Institute for Superhard and Novel
Carbon Materials (Troitsk, Moscow, Russia). Their size was either 3 x 3 X 0.5 mm or
3.5 x 3.5 x 0.5 mm with major polished faces nominally (100). The samples displayed
little or no birefringence when viewed between crossed polarizers. These samples were
repolished mechanically to a surface roughness, R,, of 0.3 nm or less, typically 0.1 nm
over areas of 80 x 80 um for S,, and lines of over 1 mm for R,, and then etched in an
inductively coupled reactive ion etcher (Oxford Instruments, Plasmalab 80) to remove
polishing damage in the top ca. 4-5 pm [19] The CVD reactor was a custom designed
[17] specifically for the “delta doping” growths with nearly laminar flow and rapid
switching of the reactant gas mixtures to achieve abrupt interfaces. Typical growth con-
ditions employed a flow of 900 sccm hydrogen (Pd diffusion cell purified), 1.4 sccm
methane (ultra-pure, 99.999%), 6 to 17 sccm of 0.1% B,H; diluted in hydrogen, and 6 to
14 sccm of 0.1% H,S diluted in hydrogen. Typical growth rates were determined by
SIMS-SP, see Fig. 1, to be between 30 and 90 nm/hour. The total gas pressure was 30 to
50 Torr and the microwave power was 1.5 kW. Transmission electron microscope (TEM)
images were recorded aligned to the diamond [110] axis. TEM sample preparation was
performed in Helios FEI FIB. To keep the surface layer undamaged, it was coated by
platinum. TEM investigation was carried out on 300 kV FEI titan. SIMS-SP was per-
formed in an IONTOF TOF.SIMS-5 using Cs' ions (1 keV) for sputtering, and Bi" ions
(25 keV) for probing. It was found out that for smooth (root mean square deviation R, <
<1 nm) surfaces the using of 1 keV energy sputtering ions allows to obtain depth reso-
lution of 1.2-2 nm for the most of investigated structures.

Room temperature Hall measurements were carried out in van der Pauw geometry
after an acid cleaning process (boiling in conc. sulfuric and nitric acids with added KNO;)
known to leave oxygen moieties on the diamond surface to minimize any contribution
from a hydrogen surface conductive channel. At [PM, indium Ohmic contacts were de-
posited at 180 degrees Celsius, not only on the surface but also to the end pads. This
provided satisfactory electrical contacts to the delta layer with stable characteristics
without additional annealing and allows the Hall measurements with small errors. At
UCL, Ohmic contacts were made with silver epoxy annealed at 70 °C. Measurements
were made in a Lakeshore 7500 series Hall effect probe or a homemade system with a
stabilized current source 10 °~10° A. Measurements were performed in magnetic fields
of up to 1 T with both polarities.
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Fig. 1. (a) Boron concentration profiles determined by SIMS-SP (solid line); boron concentration
profiles recovered using analytical depth resolution function (dashed line). Methane flow is
1.4 sccm. B/C ratio 18570 ppm (1), 12860 ppm (2), 8570 ppm (3). The profile is for sample S32.
(b) Boron concentration profiles determined by SIMS-SP (solid line) for an uncapped delta layer
grown on 200 nm p epilayer, sample S38; boron concentration profiles recovered using analytical
depth resolution function (dashed line), thickness is 1.2 nm and maximum concentration is 7 X
x 10% ¢cm 2. (¢) SIMS-SP profile of a single “delta layer” (open circles), Sample S27, and the boron
concentration profiles recovered using analytical depth resolution function (dashed line), and
resulting fit profile (solid line)

Capacitance—voltage measurements were performed on sample Tr06 with two “delta
layers” and an underlying heavily doped layer. Mesa structures of diameters 25 to 400 pm
were formed by lithographic masking and etching down to the heavily boron doped layer.
Ohmic contacts were formed after etching on the heavily doped layer p'* layer by depo-
sition of Ti/Mo/Au metallization and annealing. Schottky contacts were formed on the
top of the mesas with Cr/Al metallization. Measurement of static current—voltage char-
acteristics was performed using a Keithley 4200-SCS system. The capacitance—voltage
characteristics were measured on an Agilent E4980A Precision LCR meter, over the
frequency range 20 Hz to 2 MHz, with a 50 mV amplitude of the test signal. C—V pro-
filing was performed at a frequency for which no observed frequency dispersion was
observed in our structures (< 100 kHz).
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3. Results

Figure 1(a) presents the boron concentration as a function of depth from the final
surface measured by secondary ion mass spectrometry sputter profiling (SIMS-SP) for a
3 “delta layer” structure used as an example in determining growth rates and peak boron
incorporation rates. Analysis of the boron profiles of delta-layers by SIMS was carried
out in the mode of maximum dynamic range. This mode provides the best resolution in
depth. However, the noise level in this mode is more than 4 x 10" cm™. Well separated
“delta layers” of approximately 2 nm width are shown, capped and separated by 20 to
30 nm of p~ doped diamond with boron levels below 2 x 10" ¢cm™. To determine the
level of background boron doping between the layers more accurately, we used another
mode with longer signal accumulation and a slow sputtering rate. Figure 1(b) shows the
SIMS depth profile from a sample with a surface delta-layer, and similarly grown p
buffer layer over 200 nm thick. As can be seen from the figure, the background boron
concentration in the p_ grown layer is less than 3 x 10'° cm ™, and the peak concentration
in this delta layer exceeded 6 x 10*° B-cm . Figure 1(c) presents the results of
deconvoluting the SIMS-SP profile of the boron concentration of a single “delta layer” of
thickness ca. 2 nm as a function of the depth from the surface using a SIMS-SP instru-
ment function [20]. The resolution of SIMS-SP is limited by many factors [21] and may
not be sufficient to show the abruptness of the interfaces.

Examination of focused ion beam (FIB) thinned portions of one of our “delta doped”
samples by electron diffraction and transmission electron microscopy (TEM) confirms
the [001] direction of our epitaxial growth, as shown in Fig. 2. It should be noted that due
to the epitaxial relationship, similarity in atomic numbers of C (12) and B (13), maximum
boron concentration of less than 0.1%, and lack of significant structural defects, the
interfaces between the buffer layer, substrate, “delta layer”, and cap layer are not visible
in the figure. Shown in the figure are the positions expected for the epitaxial layers based
on the expected growth rates of each layer. At lower magnifications (not shown) some
additional contrast does appear in the “delta doped” area, probably due to strain.

The ultimate test of the success of “delta doping” has to be in electrical measure-
ments. We report here our initial room temperature measurements of carrier concentra-
tions and mobilities by the Hall effect (van der Pauw configuration) on the whole samples
containing single delta layers of thickness between 1.8 and 2.8 nm and capped with a
buffer layer. Capacitance—voltage (C—V) depth profiling of mesa isolated structure has
also been measured. The results of measurements of the room temperature Hall effect
mobilities and carrier concentrations using the van der Pauw geometry of our initial set of
samples by 2 participating laboratories is reported in Table 1. Also reported in this table
are the published measurements of several previous experimental efforts. The most no-
table thing is that the carrier mobilities of the samples grown in this work exceed those of
all the previous reports on similar samples by over an order of magnitude (the non-italised
entries in Table 1), and the related resistances are also over an order of magnitude lower.
The italised entries are for data which may be compromised by contributions dominated
by the bulk, lightly doped regions of the sample and not because of conduction adjacent to
the delta doped layer as discussed later.
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Fig. 2. Transmission electron micrograph image of a focused ion beam thinned section of a sample
with a single “delta layer” sandwiched between intrinsic/lightly doped buffer and capping layers on
a single crystal substrate. The electron beam was normal to the [110] crystallographic direction and
the epitaxial growth direction was normal to the (001) crystallographic plane. The annotation of the
layer positions is solely based on the expected growth rates (see text for explanation)
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Fig. 3. (a) SIMS-SP of the boron concentration of sample Tr06 containing 2 “delta layers”. The
sample was grown on a 3 um thick heavily boron doped layer grown on a type 1b HPHT substrate.
(b) Comparison of boron concentration profile recovered using analytical depth resolution function
(solid line) and hole profiles extracted from C-J analysis measured at room temperature (cir-

cles), Tr06
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Figure 3(a) presents a SIMS-SP of the boron concentration in sample Tr06 where 2
separate “delta layers” were grown over an intrinsic/lightly doped buffer layer on a
heavily boron doped layer. Figure 3(b) presents the results of capacitance versus voltage
measurements on mesa structures showing the apparent profile of the hole concentration
in one “delta layer”. Note that the measured hole concentration outside the “delta layer” is
more than an order of magnitude above the residual boron concentration measured by
SIMS-SP of less than 4 x 10" cm .

4. Discussion

There are many parallel electrical conduction paths possible in a sample with a
capped single delta layer. These consist of conduction on the surface, in the bulk p doped
capping layer, in the heavily doped “delta layer”, in the p layers on either side and ad-
jacent to the “delta layer”, in the bulk p doped buffer layer, and in the diamond substrate.
Surface conduction is easily prevented by oxidation of the diamond surface, but all other
paths cannot be ignored. Conduction in the heavily doped “delta layer” is characterized
by low mobilities and high carrier concentrations, typically 3 cm?/V - s to 5 cm*/V - s and
10* ¢cm™. Conduction in the CVD grown bulk p doped layers should have high
mobilities, greater than 1000 cm?/V - s, but low carrier concentrations and thermal acti-
vation energies between 0.2 eV and 0.37 eV [2]. Conduction in the diamond substrate
may vary depending on the unintentional doping of the HPHT substrate with B and N, but
generally, these substrates are insulating.

For Hall effect measurements with room temperature sheet carrier concentrations
below 10'* cm ™, the dominant conduction path is likely the high mobility bulk p~ buffer
and capping layers, while for carrier concentrations above 10'* ¢cm 2, the dominant con-
tribution is from conduction in the low mobility, heavily doped “delta layer”. Hence the
region of Table 1 relevant to the enhanced mobility and carrier concentration is the
non-italised entries between 10'* cm 2 and 10'* cm ™ sheet carrier concentrations. Sam-
ple 1 of ref. had relatively thick delta and buffer p layers and gave a room temperature
mobility of 54.6. Its temperature dependence above 150 K was dominated by the ther-
mally activated carriers from the bulk p layers, hence our italicizing its entry in Table 1.
Note that almost all our initial Hall effect measurements exceed the previously reported
values by over an order of magnitude. It is also clear from the SIMS-SP data (Figs. |
and 3) and the C—V data (Fig. 3), that the boron concentrations in the current “delta
doped” layers reported here have not always achieved peak concentrations above the
metal insulator transition limit (5 x 10%° cm ). Hence our measured sheet carrier densi-
ties could increase by as much as an order of magnitude in future growths, and thus lower
the channel resistance by an order of magnitude.

The Hall effect measurements and the C—J data presented here are encouraging in-
dicators of the success of this approach to growth of effective “delta doped” layers. Yet
there is still much work to be done to clearly demonstrate the enhancement necessary for
functioning active electronic devices. As pointed out by previous researchers, the Hall
effect mobilities overestimate the actual channel mobilities in a device [14]. We are in the
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process of fabricating and testing Hall-bar structures to more precisely determine the
local properties on a scale similar to a device structures. Measuring the temperature
dependence (activation energy) of the carrier concentrations will assist in identifying the
conduction paths measured by the Hall effect. We are also fabricating and testing various
field effect transistor structures to determine actual channel mobilities, conductivity, and
gate pinch off. We view the successes presented here as just an initial step toward ena-
bling a class of active electronic devices based on the superlative properties of diamond.
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The possibility of a controlled decrease in the effective height of the Schottky (Mott) barrier to
the AIGaN/GaN (Ga-face polarity) heterostructure due to the modification of the shape of the
barrier by the electric field of the polarization charge arising in the plane of the heterojunction
because of the jump in electric polarization is experimentally shown. A decrease in the effec-
tive barrier height is related to an increase in the role of electron tunneling through the barrier.
The effective barrier height can be controlled by varying the thickness and chemical compo-
sition of the AlGaN layer and choosing the metal of the barrier contact. Test low-barrier Mott
Ti/AlGaN/GaN diodes demonstrating high values of the ampere-watt sensitivity (9 A/W) for a
low specific differential resistance (4 x 10~* € - cm®) at zero bias have been manufactured.

In recent decades, wide-gap nitride semiconductors have attracted great attention in
connection with the prospects of their application in optoelectronics and in power and
microwave electronics. The thermodynamically stable phase of semiconductor com-
pounds (Ga, Al, In)N is a wurtzite-type hexagonal structure [ 1, 2]. The wurtzite symmetry
group admits the existence of a polar direction along the ¢ axis of the hexagonal lattice, to
which electrical polarization is related in the crystal. The polarization is directed from the
nitrogen atom to the metal atom and increases in absolute value in the GaN, InN, and AIN
series. In an inhomogeneous sample and in a sample of finite dimensions, the presence of
polarization leads to the appearance of an electric field, band bending, and a redistribution
of charge carriers. In pseudomorphic heterostructures, spontaneous polarization of sem-
iconductor layers is supplemented by their piezoelectric polarization associated with
elastic deformation of the crystal lattice of the pseudomorphic layer. The polarization
effects in wide-gap nitrides are much stronger than those in other semiconductors and can
be used as an additional degree of freedom in the development of instrument
heterostructures based on these materials [3].

The best known example is a high electron mobility transistor (HEMT) based on an
AlGaN/GaN heterojunction. The positive polarization charge arising in the plane of the
heterojunction due to a polarization jump forms a potential well that accumulates a two-
dimensional electron gas (2DEG) even in the absence of doping by a donor impurity. The
layer electron density in 2DEG can be >10"cm ™ [4], which significantly exceeds the
values observed in the heterostructures based on other III-V semiconductors.

Another possibility for control of the band structure is related to the formation of
layers of ternary compounds of nitrides with a smoothly varying chemical composition,
which leads to the appearance of inhomogeneous polarization and bulk polarization
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charge in the semiconductor. Using the AlIGaN/GaN gradient heterojunction, the concept
of polarization-induced bulk electron doping of the field-effect transistor channel is im-
plemented [5, 6]. In Refs. [7] and [8], the gradient InGaN and AlGaN layers form a bar-
rier-free potential between the contact layer and the 2DEG channel of the field-effect
transistor in the Ohmic contacts of the source and drain.

A serious problem in creating bipolar devices based on nitrides is the formation of
semiconductor layers with p-type conductivity and Ohmic contacts to them. The most
suitable acceptor dopant Mg has a large ionization energy, namely, 160 meV in GaN and
510 meV in AIN [9]. The maximum hole concentration attainable in p-GaN: Mg is rela-
tively small and amounts to about 10'® cm . One possible way to solve this problem is to
create hole conductivity using polarization-induced bulk doping. This approach has
successfully been employed in the development of various nitride devices [10-14]. In
Ref. [15], the principle of polarization-induced 3-doping is used to create Ohmic contacts
to p-type nitride structures.

Polarization effects can be used to form potential barriers in diode heterostructures.
In Ref. [16], the negative polarization charge of the InGaN/GaN heterojunction modifies
the shape of the Schottky barrier of the varactor diode, which leads to an increase in the
effective height of the barrier, reduces the leakage current, and increases the breakdown
voltage. Reference [17] is devoted to the creation of a hetero-structured nitride counter-
part of a planar doped barrier diode. The negative polarization charge induced at the
GaN/AlGaN heterointerface is used to create a barrier in the diode heterostructure. In the
present paper, the possibility of a controlled decrease in the effective height of the Mott
(Schottky) GaN-based barrier due to the polarization effect is experimentally shown.

Schottky (Mott) barrier diodes are the most common nonlinear elements in uncooled
microwave receivers and RF-DC converters [18, 19]. These diodes are widely used in
mixing and rectifier circuits. Somewhat less frequently, Schottky diodes are used as
quadratic and video detectors [20]. To ensure high sensitivity during detection, it is
needed to reduce the effective height of the Schottky barrier to values that do not allow
use of constant bias. This simplifies the design of the receiver and reduces noise due to
the absence of a DC bias current. As an example, we mention GaAs low-barrier Mott
diodes with near-surface isotypic 6-doping [21, 22]. Lowering the effective barrier height
reduces the required power level of the local oscillator in the mixing mode [23] and
increases the efficiency of RF-DC conversion at low levels of the microwave signal
power in the rectifying mode [24, 25].

The structure of our low-barrier Mott diode is shown in Fig. 1. The diode consists of
a heavily doped n*-GaN contact layer 2 pm thick on the bottom, followed by an undoped
i-GaN layer 120 nm thick, then an undoped i-AlGaN layer with the thickness of d =
= 1-3 nm, and a metal layer of the barrier contact (Ni or Ti) on top. The heterostructure
has a Ga-face polarity. The positive polarization charge located in the plane of the
GaN/AlGaN heterointerface forms a potential relief with a tunnel-transparent trapezoidal
barrier at the boundary with the metal, which reduces the effective height of the diode
barrier. In this case, the polarization charge plays the same role as the charge of ionized
d-layer donors in low-barrier GaAs Mott diodes [22]. The effect of polarization-induced
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d-doping on the shape of the Mott barrier is shown in Fig. 2, where coordinate depend-
ences of the position of the bottom of the conduction band and the position of the Fermi
level in diode heterostructures are sketched. Curve 1 corresponds to a conventional
metal/GaN Mott diode, curve 2 to a low-barrier metal/AlGaN/GaN diode heterostructure,

and curve 3 to the same heterostructure, but without taking into account the polarization
charge effect.

metal
i-AlGaN, 1+3 nm
i-GaN, 120 nm

n*-GaN

Fig. 1. Scheme of the layers in a diode heterostructure

metal AlGaN i- GaN n'- GaN

Fig. 2. Band diagrams of the diode heterostructures: metal/GaN—curve /; metal/AlGaN/GaN—
curve 2; and metal/AlGaN/GaN, without taking into account the polarization properties—curve 3

Heterostructures were grown under reduced pressure in an original metalorganic
vapor phase epitaxy setup with a vertical quartz induction-heated reactor [26]. The
growth conditions were almost the same as in the standard HEMT technology. Two-inch
sapphire plates with the plane c orientation (0001) parallel to the plate surface were used
as substrates. Sources of gallium, aluminum, and nitrogen were trimethylgallium,
trimethylaluminum, and ammonia. Monosilane diluted with hydrogen provided donor
doping of GaN. Before the formation of the working layers of the heterostructure, a
low-temperature germinal layer of GaN was grown. The chemical composition of the
heterostructures was analyzed by the method of secondary ion mass spectrometry (SIMS)
using a TOF.SIMS-5 (IONTOF) setup. The barrier contacts of Ni/Au and Ti/Au diodes
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(50nm/100nm) were formed on the surface of heterostructures using high-vacuum elec-
tron beam evaporation. To measure the current-voltage (/-V) characteristics, contacts
with a diameter of 5 um were employed. Ohmic contacts to the n"-GaN layer were shaped
using the In burn-in technique [27]. The [~V characteristics were measured using a
4200-SCS parametric analyzer (Keithley Instruments).

Among the numerous fabricated structures, three most representative were chosen to
demonstrate the effect. The following three structures were considered: structure without
an AlGaN layer (structure A) and two Al;Ga,; (N/GaN heterostructures with larger
(heterostructure B) and lower (heterostructure C) values of Al,Ga; N composition x and
thickness d. Depending on the metal of the barrier contact and the name of the semi-
conductor structure being used, we will call the studied diodes Ni/A, Ti/B, etc. The
thicknesses of the AlGaN layers in heterostructures are comparable with the depth res-
olution of SIMS depth profiling. Therefore, the Al content in the layers and their thick-
ness were determined by a joint analysis of experimental data—measured /~V charac-
teristics of the diodes and depth distributions of Al concentration in the heterostructures
obtained by SIMS. To do this, first, the values of the effective barrier height A of the
diodes were found from the experimental /- characteristics in the thermionic emission
model of current transport and the dependence A(d, x) was simulated using the approach
employed in Ref. [28]. In the calculations, we used the values of material parameters from
the literature data [1-3]. Second, we used the technique of reconstructing the depth dis-
tribution profiles of the element concentration when measured by the SIMS method [29],
which is based on minimizing the residual functional between the experimental and
model profiles. The values of d and x, which minimized SIMS discrepancy constrained
by a fixed A(d, x) obtained from electrophysical measurements, were considered the true
ones. The A values of the studied diodes, as well as the d and x values, determined both by
the SIMS profile reconstruction method and by a joint analysis of SIMS data and -V
characteristics, are given in Table I.

Table 1
Diode parameters
Thickness of the Al,Ga,_,N layer (nm) Value of x in the AL,Ga, N layer
Name of diodes  Effective barrier height (eV) SIMS SIMS with account of I-V SIMS SIMS with account of I-V
Ni/A 0.99 .
Ni/B 0.45 371 3 032%0.15 03
Ti/A 0.52
Ti/B Symmetric I-V characteristic 371 3 032%0.15 0.3
Ti/C 0.25 08%06 1 0.1£0.07 0.15

It should be noted that the error of the SIMS reconstruction technique is quite large in
the case of thin surface layers. The values of d and x obtained by a joint analysis of SIMS
and /-V data are approximate due to the simplifications of the model used. The current
transport model in the heterostructures does not take into account the possible presence of
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semiconductor oxide at the boundary with the metal. The stepwise distribution of Al in
heterostructures, which was used in modeling the /-V characteristics and in fitting SIMS
profiles, can also differ from the real one. Nonstationary effects, which are difficult to
take into account during reconstruction, can contribute to the systematic error of SIMS

measurements.
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Fig. 3. I-V characteristics of the diodes
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Fig. 4. Position of the bottom of the conduction band of a semiconductor in the diodes. The hori-
zontal segment shows the position of the bottom of the lower dimensional quantization subband
in the quantum well. The coordinate axis has a gap and different scales on the different sides

of the gap

The experimental /- characteristics of the diodes are given in Fig. 3. Figure 4 shows
the calculated [30] coordinate dependences of the position of the bottom of the conduc-
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tion band of a semiconductor in diodes at zero bias. The energy is reckoned from the
Fermi level and the coordinate, from the surface of the semiconductor. The Ni/A diode is
a conventional Mott Ni/GaN diode. The diode barrier height and the nonideality factor
determined by the /-V characteristics are 0.99 eV and 1.07, respectively. The addition of
a thin AlGaN layer to structure A at the boundary with the metal led to an increase in the
direct current of the diode by many orders of magnitude (Ni/B diode). Replacing Ni with
Ti in the manufacture of a barrier contact to hetero-structure B leads to an even greater
increase in current (Ti/B diode), which is due to a decrease in the metal/semiconductor
barrier height because of the lower work function of Ti compared to that of Ni [31, 32]. A
conventional Ti-based Mott diode (Ti/A diode) has a barrier height of 0.52 eV and a
nonideality factor of 1.09. The low-barrier Ti/B diode has an /- characteristic close to
symmetrical near zero bias. This is due to the fact that the applied voltage mainly drops
between the metal and the degenerate 2DEG formed near the AlGaN/GaN
heterointer-face. The position of the bottom of the lower dimensional quantization
subband in the quantum well is shown by a horizontal segment (Fig. 4). To obtain a
low-barrier diode having a rectifying /-V characteristic with strong nonlinearity, it is
necessary to choose the Al content and AlGaN layer thickness such that degenerate
2DEG is not formed. At the same time, it is important to seek to increase the tunnel
transparency of the potential barrier at the boundary with the metal. An example of such a
diode is a Ti/C diode.

10°

R (Q-cmz)
a (A/W)

-0.5 0 0.5
U (V)

Fig. 5. Dependences of the specific differential resistance and ampere-watt sensitivity

of low-barrier diodes on voltage

Figure 5 shows the dependences of the specific differential resistance R and the
ampere-watt sensitivity [33] oo=—), R’/ R on voltage for the Ti/B and Ti/C diodes. The
dependences are obtained by numerical differentiation of the measured /- characteris-
tics. Despite the fact that the current in the Ti/B diode is determined by the tunneling of
electrons with energies close to the Fermi energy, this diode has a higher differential
resistance with zero bias voltage than the Ti/C diode with a thermionic-field type of
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current transport. This is due to the larger values of the height and width of the potential
barrier at the boundary with the metal in the Ti/B diode (Fig. 4). The ampere-watt sensi-
tivity of the Ti/B diode at zero bias is small (1.5 A/W). At zero bias, the Ti/C diode has a
high ampere-watt sensitivity (9 A/W) with a small specific differential resistance (4 x
x 10" Q- cm?). These characteristics are quite comparable with the known achieve-
ments, for example, with the characteristics of low-barrier diodes from Ref. [21]. Gallium
arsenide diodes from Ref. [21] show slightly higher values of ampere-watt sensitivity
(1215 A/W) at comparable values of specific differential resistance (~ 10™* Q - cm?).
When optimizing the Al content and AlGaN layer thickness, an additional improvement
in the /-V characteristics can be expected.

Thus, in the present work, the possibility of a controlled decrease in the effective
Schottky (Mott) barrier height to an AIGaN/GaN heterostructure with Ga-face polarity
due to polarization-induced 8-doping of the heterojunction has been experimentally
demonstrated. The effective barrier height can be controlled by varying the thickness and
chemical composition of the AlGaN layer and choosing the metal of the barrier contact.
Test low-barrier (Ti, Ni)/AlGaN/GaN Mott diodes were manufactured within the
framework of the nitride HEMT technology. The Ti/AlGaN/GaN diodes have the lowest
effective barrier height and exhibit a high ampere-watt sensitivity (9 A/W) for a low
specific differential resistance (4 x 10* Q - cm?) at zero bias. There are obvious ways to
further improve the characteristics of the diodes. The proposed low-barrier diodes can be
used to build devices for detecting, mixing, and rectifying the microwave signals.

This work was based on the results of the studies conducted within the framework of
the State Assignment for the IPM RAS (Topic No. 0035-2014-0205). The equipment of
the “Physics and Technology of Micro- and Nanostructures” Center at IPM RAS was
employed.
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The results of a study of diamond p—i—n diode with a nitrogen-doped intrinsic region on a substrate
with the (001) orientation are presented. When the forward voltage is applied to the diode, a high
current density of about 10°A - cm™? is obtained. Two narrow lines are detected in the electrolumi-
nescence spectrum of the p—i—n diode: one at a wavelength of 575 nm corresponding to the emission
of the NV center (nitrogen-vacancy color center) in a neutral charge state, and the second narrow line,
which previously has not been observed in the electroluminescence spectra, at a wavelength of
533 nm. The line widths at room temperature are about 7 and 3 nm, respectively. By comparing the
emission intensities of NV centers using the same optical registration system for electroluminescence
and photoluminescence, the emission rate of NV centers during electroluminescence is estimated to
be about 10° photon - s~ which allows to consider a diode of such design as a possible candidate to
create single-photon sources.

At present, diamond obtained by chemical vapor deposition (CVD) method is a
promising material for the creation of a new generation of high-power and high-fre-
quency electronic devices [1]. One of such devices is the p—i—n diode. In works by Dutta
et al. and Traoré et al. [2, 3], a high reverse voltage of 1040 V and 600 V was demon-
strated for p—i—n diodes on substrates with the orientations (001) and (111), respectively,
and in the work by Oyama et al. [4], a high current density of 1.5 x 10* A - cm > was
obtained for a p—i—n diode fabricated on a substrate with an orientation of (111). The
possibility of using a p—i—n diode as a source of single photons was considered in works
by Mizuochi et al. and Berhane et al. [5, 6]. For this, the nitrogen-vacancy (NV) or sili-
con-vacancy (SiV) color centers were created in the intrinsic region of the diodes, and the
emission of these centers was studied with the electric current passing through the diode.
The main disadvantage of the developed p—i—n diodes with single-color centers is the low
emission rate, which does not exceed 10°~10* photon - s, whereas for stable operation of
quantum systems, sources with an emission rate exceeding 10° photon - s are needed.
The low emission rate observed in these works is most likely due to the low current
density in the used p—i—n diodes. As was shown in the work by Makino et al. [8], the main
contribution to the resistance of p—i—n diodes, that were considered recently, is made by
the n-layer doped with phosphorus. Phosphorus in diamond has a high activation energy
0f 0.57 eV [9] and high compensation, especially for a surface with the (001) orientation,
for which the compensation is 50-80% [10]. As a result, layers doped with phosphorus up
to concentrations of 10" cm > have a high resistivity [8]. In a theoretical work [11], it was
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shown that in p—i—n diodes with a phosphorus-doped layer with a donor concentration of
Ny=10" cm ™ and compensation of more than 10%, the emission rate of a single-photon
source does not exceed 10° photon - s~ due to the low density of electrons in the layer,
which does not allow increasing the current density in the diode. In the work by
Matsumoto et al. [12], it was shown that obtaining high concentrations of phosphorus in
excess of 3.9 x 10" cm > makes it possible to substantially enhance the conductivity of
the layer doped with phosphorus. In this case, the conductivity may increase by three
orders of magnitude when the concentration reaches 1 x 10*° cm ™. This effect is ex-
plained by a change of the conductivity type from zone to hopping (nearest-neighbor
hopping conduction). The growth of the epitaxial layer doped with phosphorus with a
concentration of 1 x 10*” cm ™ was achieved on the surface with the (111) orientation
[13], whereas on the surface with the (001) orientation, the maximum concentration that
was obtained in the experiments was 1 x 10'” cm™ [13]. In this case, the synthesis of the
intrinsic layer doped with nitrogen or silicon on (111) substrates is difficult due to the
formation of twins and extended defects [14, 15]. In the work by Kato et al. [16], a
method was proposed to create a region with a high phosphorus concentration of about
1 x 10* ¢m™ on the surface with the (001) orientation by selectively overgrowing the
rectangular grooves etched on the surface. In the work by Kato et al. [17], this method
was used to reduce the contact resistance to the epitaxial layer doped with phosphorus
grown on a substrate with the (001) orientation.

In this article, we developed and implemented a route for manufacturing a p—i—n
diode with a nitrogen-doped intrinsic region on a substrate with (001) orientation. A
feature of diode fabrication was that a thick intrinsic layer was first grown on the layer
heavily doped with boron in which grooves were then etched to grow the n-region of the
diode in them. The manufacturing of grooves in the intrinsic layer made it possible to
accurately control the desired distance between the p- and n-regions. In addition, in the
grooves, using the method proposed in the work by Kato et al. [16], an n-region with a
high concentration of phosphorus was grown. As a result, a high current density of the
order of 10> A - cm™* was obtained in the diode and, according to estimates, the high
emission rate of the NV centers of the order of 10° photon - s~' was obtained.

The diamond structure for manufacture of the p—i—n diode was grown on a substrate
with (001) orientation 3.0 x 3.0 x 0.5 mm’ in size made of type Ila high-pressure
high-temperature (HPHT) synthetic diamond [18]. The angle of misorientation of the
substrate surface from the crystallographic plane (001) was 1.5°. Before the growth
process, the substrate was mechanically polished to a surface roughness of 0.1 nm root
mean square (RMS), measured with a Zygo NewView 7300 white light interferometer on
an area of 0.22 x 0.22 mm®*. To remove defects introduced by polishing, a 5 um thick
layer was etched from the substrate in inductive coupled plasma (ICP, Oxford Instru-
ments, Plasmalab 80) [19]. As a result, a defect-free substrate with an atomically smooth
surface was used to grow epitaxial layers of CVD diamond.

All epitaxial layers of the p—i—n structure were grown in a homemade CVD reactor,
described in detail in the work by Vikharev et al. [20]. Before the growth of a new layer in
the reactor, a quartz tube and a substrate holder were replaced to eliminate the contami-
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nation by the dopant from the previous layer. The growth conditions of each layer are
shown in Table 1. To obtain large concentrations of nitrogen, we used the growth regime
proposed in our work [21]. Figure 1a schematically shows two layers grown on an HPHT
substrate: 250 nm thick layer doped with boron and 850 nm thick intrinsic layer doped
with nitrogen. In the last layer, a region with a high concentration of phosphorus was
created using the method proposed in the work by Kato et al. [16]. First, a rectangular
groove 100 pm long, 4 um wide, and 500 nm deep was created on the intrinsic layer
surface using photolithography and subsequent etching in an oxygen-containing plasma,
Figure 1b. The groove was oriented along the [110] direction. Then, the groove was
overgrown with a heavily doped phosphorus layer. In the growth mode shown in the third
column of Table 1, the growth rate in the [111] direction was two orders of magnitude
higher than in the [001] direction. Therefore, in this regime, the diamond heavily doped
with phosphorus grew in the etched groove in the directions [111] and [111] shown in

Figure 16 with arrows inside the groove. This method made it possible to create a region
with a phosphorus concentration of 10*° cm ™ on the surface of diamond with the (001)
orientation and to create a good ohmic contact to the n-region of the diode [16, 17]. After
creating the n-region of the diode, a mesa structure was etched in an oxygen-containing
plasma to access the layer heavily doped with boron. Then, ohmic contacts were applied
to this layer using photolithography, Figure 1c. For the formation of ohmic contacts, the
composition of Ti/Mo/Au was chosen with layer thicknesses of Ti, 20 nm; Mo, 30 nm;
and Au, 100 nm. The sputtering of individual metal layers was conducted by electron
beam evaporation at the “AMOD” facility.

Table 1
Growth conditions of p-, i-, and n-layers in p—i—n diode

p'-layer i-layer n'-layer
Source gases H,, CH,4, B,Hg H,, CH4, N, H,, CHy4, PH;
Temperature 850 °C 800 °C 900 °C
CH4/H, 0.18% 0.15% 0.08%
(Impurity gas)/CH,4 0.9% 7% 50%
Pressure 40 Torr 40 Torr 75 Torr
Power 1.3 kW 1.3 kW 1 kW

The concentrations of boron and nitrogen in the doped epitaxial layers were meas-
ured by the secondary-ion mass spectrometry (SIMS) method using the TOF.SIMS-5
instrument (IONTOF). The mass spectrometer was quantitatively calibrated using three
HPHT test crystals into which phosphorus, boron, and nitrogen ions were implanted in
known concentrations. Figure 2a shows the depth distribution of dopant concentrations
obtained by the SIMS method for two epitaxial layers doped with nitrogen and boron,
Figure la. The thickness of the layer doped with boron was 250 nm, and the concentra-
tion of boron was 5 x 10*® cm . The thickness of the layer doped with nitrogen was
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850 nm, and the nitrogen concentration was 1 x 10'” cm ™. The depth profile analysis
mode was used in which the SIMS noise level for the boron was 3 x 10'7cm™>. As can be
seen from Figure 2a, in the thickness range from 400 to 800 nm, the SIMS readings
exceeded the noise level. According to our estimates, the boron concentration in this layer
reached 3—5 x 10'7 cm ™. The presence of a background level of boron in a layer doped
with nitrogen was apparently because that at the beginning of the growth of a layer with
nitrogen, the process was started in pure hydrogen until the required temperature regime
was reached, which took several minutes. In this case, a slight etching of the previous
boron-doped diamond layer can occur, which led to small contamination of the reactor
with boron. The phosphorus concentration in the groove was not measured, but was of the
order of 10%° cm, as we believed based on the results of preliminary experiments. We
conducted a series of experiments to optimize the deposition of epitaxial layers heavily
doped with phosphorus on substrates with the (111) orientation. SIMS analysis per-
formed for these epitaxial layers showed that the maximum concentration of phosphorus
was (8-9) x 10" cm™. These optimal growth conditions in which grooves were over-
grown are shown in the third column of Table 1. As it turned out, these growth conditions
were close to the growth conditions used in the work by Kato et al. [16].

(a) (b) (c)
-, = q\)

[NJ=1-10"%cm’® 850nm A % i oot

‘ Il a (001) }‘ 05mm |l a(001) Ila (001)

Fig. 1. a) Schematic view of HPHT substrate with two grown epitaxial layers: boron-doped and
nitrogen-doped intrinsic layer, b)) HPHT substrate with two grown epitaxial layers and an etched

groove, arrows in the groove show the [111] and [111] growth directions, and c) p—i-n diode

circuit

The current-voltage characteristic ofthe p—i—n diode was measured using a Keysight
B2900 source/measure unit. Figure 25 shows the current-voltage characteristic of the
p—i—n diode. The characteristic was close to a diode type with a rectification coefficient of
at least 5 x 10° at a voltage of +80 V. The maximum current density in the p—i—n diode
reached 1.2 x 10* A - cm 2. As can be seen from Figure 25, the considered p—i—n diode
had a high value of the opening voltage of 30 V. Close values of the opening voltages of
30 and 43 V were also observed [6, 22]. The authors of these works explained such high
values of opening voltage by high contact resistance between the metal and the doped
phosphorus layer. To measure the emission spectra of the p—i—n diode, the substrate side
of the sample was placed to the tip of the optical fiber connected to the spectrometer. In
such a scheme, emission passing through the bulk of the substrate was collected by the
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fiber. Spectra were registered using a Horiba Jobin Yvon FHR-1000 spectrometer
equipped with a Symphony 2048x512BIVS CCD. Figure 3 shows the electrolumines-
cence spectrum observed when a forward voltage is applied to a p—i—n diode at a current
density of 1.2 x 10 A - cm >, The spectrum mostly consisted of an emission of a wide
phonon band of NV in the visible wavelength range. In contrast to the work by Kato et al.
[22], the presented electroluminescence spectrum did not show emission of H3 centers at
a wavelength of 503 nm, and A-band emission with a maximum at a wavelength of 430
nm did not significantly contribute to the observed emission spectrum, which indicated
the absence of N—V-N complexes and high crystalline perfection of the layer doped with
nitrogen. In the spectrum, characteristic phonon replicas were observed, corresponding to
the phononless transition NV° [phonon replica zero-phonon line (ZPL) NV’]. In the
spectrum, ZPL of NV~ was not observed, which was in accordance with the results of
previous studies [5, 22].
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Fig. 2. a) Impurity concentration profile obtained by SIMS method for the structure shown in
Figure 1a and b) I-V characteristic of the p—i—n diode shown in Figure 1¢ in a linear and logarithmic
scale

Two narrow lines can be distinguished in the electroluminescence spectrum, Fig-
ure 3, one at a wavelength of 575 nm—it corresponded to the ZPL of NV° center, and the
second narrow line at a wavelength of 533 nm. In the electroluminescence spectra, second
narrow line with a width of about 3 nm at room temperature was observed for the first
time based on literature data. This line was very often observed in the
cathodoluminescence spectra of diamond [23-25] grown by the CVD method. Its origin
was associated with an unknown complex, which included nitrogen [26, 27] (nitro-
gen-related center). It should be noted that using photoluminescence, color center emis-
sion at a wavelength of 533 nm was not observed with laser excitation at a wavelength of
514 nm, but it was observed and studied in detail in the work by Smith et al. [28], when
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excited by a laser at a wavelength of 532 nm. For this confirmation, the photolumines-
cence spectrum of the intrinsic region of diode at laser excitation at the wavelength of 514
nm is also shown in Figure 3.

5000 533 nm Raman NV® (575 nm)
i EL
4000 —
;i 3000 - 530 540 \ : 570 580
e | Foai
£ )
c ~ Phonon replicas
£ 2000 7L of ZPL NVO

[ e S B A A A S S B B
400 450 500 550 600 650 700 750 800 850 900
A {nm)

Fig. 3. Electroluminescence spectrum of p—i—n diode at current density of 1.2 x 10°A - cm ™2 (EL)
and photoluminescence spectrum (PL) of nitrogen-doped region at laser wavelength 514 nm

At a nitrogen concentration of 1 x 10" ¢cm™ in the intrinsic layer of p—i—n diode, an
emission of the ensemble of NV centers was observed. We compared the emission in-
tensities of NV centers in NV’ state on wavelength of 575 nm during electroluminescence
and photoluminescence using the same optical registration system of a micro-Raman
spectroscopy setup. The signal collection volume and the concentration of emitting NV
centers during the measurements were the same due to the invariance of the used optical
system. The photoluminescence spectrum was measured in the saturation mode at an
excitation laser power of 1 W at a wavelength of 514 nm. The saturation mode was
checked by repeating the measurement at a lower laser power. It was known from the
literature [29] that in the saturation mode, the emission rate of the NV centers, without
considering the efficiency of signal collection by the optical system, reached a limit value
of the order of 10 photon - s '. Thus, one can estimate the emission rate of NV centers by
comparing the intensities of the photoluminescence spectrum in the saturation mode and
electroluminescence spectrum. According to our measurements, the emission intensity of
the NV centers in the saturation mode photoluminescence spectrum exceeded the emis-
sion intensity of the NV centers in the electroluminescence spectrum by 7.5 times, which
corresponded to emission rate limit in the order of 1.3 x 10° photon - s™'. Thus, if one will
use in our p—i—n diode the optical signal collection system for single-NV centers with an
efficiency of 0.5 [30], one can obtain the emission rate for single- emitting center at the
level of 0.6 x 10° photon - s

In conclusion, as shown by the studies, the p—i—n diode is a promising source for
emission of color centers in diamond driven by the current flow. Our route of manufac-
turing a p—i—n diode created on an HPHT substrate with a (100) orientation made it pos-
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sible to obtain a high current density of the order of 10° A - cm 2. With this current, the
emission intensity of the ensemble of NV centers from the intrinsic layer of p—i-—n diode
in the electroluminescence spectrum was only 7.5 times lower than the intensity in the
photoluminescence spectrum in the saturation mode. When doping a diamond with a
lower nitrogen concentration (which is a completely solvable task), single-NV centers

can be created in the intrinsic layer, which during electroluminescence will have an

emission rate of the order of 10° photon - s .
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Yacrb Bropasa

«Yxoga,
ocrhabuwne

Clerr . .

P



«Yxoga, ocnabeie Clei! Hio dosvme, wem ockharbea . ..
o Ayune, wem npomasioea, u bannel, wenm gasis cobesi. . .
Yxoga, ochabuie Cleh — neheg nun osciiynus xonog!

Clesii codoti sanonnnsi whog . .. Daxe ecan Bac ran e .

Yxoga, ochabeie Clerh, ko mask € rynannan mope,

Kan sexapciibo npomnb wpa, rak cehgeunochu npubesi .
Roio-sio canesn: " lymo u dheg! Hem wenapeiba npoiub wpa!”
G 1 ¢ ken ne chiany chopasis . .. a gapro Ban cbol cexpesi:
Yxoga, ochabeiie Cless, Cern aodbu chego cepunx dygen,

KRan nagengy: “Dygen! Bygen!” — & uac, roga nagemgo nes . . .
Yxoga, ochabuie Clesi, game ecan pacciaésmecs,

Danme ecan ne Bepuésiecy — yxoga, ochabeuie Chesi .

Yxoga, brwowwie Cleri! Ko omudea — sori bepnérica . . .
Tlyciiio ne acnen bame Connne! Yxoga — ocmabeoriie Clesi. . .
Tpuroga, necwie Céen! o, whio cbesien, hioki u beuen!
Tlyprs co Clespion decronewen . .. Jlhaxoga, necuwie Clei! . .»

(Aesmop — Muna Ceemnosa-Ckpunka)
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CNoBO O KONJETFE

3. @. KpacunbHuk,
B 2009—2020 rogax aupektop NOM PAH

Bnagumupa MBaHosuuya LLaWKWHA 3HatO C ero CTyAEHYECKOM CKaMbW.
BbinyckHWK pagnodaka Toraa MOPbKOBCKOrO roCyAapCTBEHHOMO YHMBEPCUTETA, OH Mpullen B
Haw oTaen B MMN® AH CCCP cHayana Ha NpakTKKy, a B 1980 roay v Ha paboty. OTaen Bo3riaBnsn
ABeHup Mwuxainosuy bensHues, cTaswuii ans Bonogn HayydHbim pykosoauTenem. Ha sce no-
cneaytowme roabl Bonoaa coxpaHun ysarkeHne K cBoOemMy Hay4HOMY PYKOBOAMUTEN!O.

Hauyano pabotbl B. U. LawkunHa B UMP coBnano ¢ BaxkHbIM 3Tanom NepecTporku TEMATUKN
nccnefoBaHMA NONYNPOBOAHMKOB — OT 06 bEMHbIX MaTepPUanos K reTepocTpykTypam. B 1o Bpe-
MA B MMUpe BblNo He Tak YK MHOro s1abopaTopuit, yCnewHo 3aHMMABLLUMXCA CO34aHUeM MNony-
NPOBOHMKOBBIX FeTEPOCTPYKTYP, @ B CTPaHe 3TO 6bI10 AOCTYNHO NPOCTO CHETHOMY YMUCAY rpynn,
cpean Kotopbix ocoboe mecto 3aHMman JleHuHrpaackuin ®TU. HeyamsutenbHO NosTomy, YTO
Bonoaa nepBoHayanbHO Bowen B ¢GU3MKY MOYNPOBOAHUKOBLIX FreTEPOCTPYKTYP MMEHHO Kak
TEOPETUK, KaKOBbIM OCTaBas/ICA Ha NPOTAXKEHUU MHOTUX NeT, paboTan B KOHTAKTE C TaKUMM YyiKe
3penbiMu Kosneramu, Kak t0. A. PomaHos 1 A. A. IrHaToB. B KaKOM-TO MOMEHT YyTb N He nep-
BaA reTepoCTPYKTypa nonasa Ha uccnefoBaHua K Ham B otaen u3 ®TU. MNocne Bcex paboTt pe-
3yNbTaTbl UCCeA0BaHMI Bblan onybankoBaHbl. Ho... BO3HUK KOHOY3. Koe-komy n3 pykosoguTe-
neit ®TU noKasanocb, YTo AKOOLI HEAOCTAaTOUYHO MOJIHO PacKpbiTa poab PTU B nybankaumu. 1o
Hef0BONLCTBO ObIIO foBEAEHO A0 AMpeKTopa MHCTUTYTa A. B. ManoHoBa-Mpexosa, a oT Hero
UHPOopMauma npuwna B otaen. PesynbTatom C€Tano To, YTO OTAEN HAZOATO JAMULIMACA HOBbIX
cTpyKTyp M3 ®TU. NMpUMepHO B 3TO }Ke BpPems B FOPbKOBCKOM WMHCTUTYTe «CantoT» paboTtana
BECbMA NPodeccoHanbHaa rpynna no PocTy NoaynpoBOAHUKOBBIX FeTePOCTPYKTYpP, HO MO He-
KMM CYOBEKTUBHBIM MPUYMHAM NUAEPbI TPYMAbl CTaAN OTTyAa YX0AmMTb, paboTbl Hayanu 3aTu-
XaTb, U COBMECTHbIe UCCNef0BaHMUA OPraHM30BaTb Ha XOPOLLEM YPOBHE TOrAa He yAanoch.

JlamnHapHoe TeuyeHue U3HWU TeopeTuKa Bbl1o HapyLeHo CObbITUAMM, CBA3AHHBLIMK C OT-
KpbITMEM BbICOKOTEMMepPaTypHO/ NPOBOAUMOCTU B MUPE, @ BEPHEE, C HEBEPOATHOW aKTUBHO-
cTbto, NpeanpuHaToit C. B. TanoHosbim B UM® no nonyyeHuto cBepxnpoBoSALLMX NAEHOK C pe-
KOpAHbIMM NapameTpamu. B pesynbraTte pekopapl 66111 noctasaeHsl, 3a publicity nocnegosano
prosperity, B MHCTUTyTe MOABWUNOCH CylLeCcTBEHHOe $UHAHCMpoBaHWe no nporpamme BTCI, ¢
LieIblo pasBUTUA TBEPAOTE/IbHON TeMaTuKu bbino co3gaHo CneumanbHOe KOHCTPYKTOpCKoe 6to-
po ¢ pagom nabopaTopuit. Ha [OMKHOCTL PYKOBOAMTENA OAHOM M3 Takux nabopatopwuii
C. B. TanoHoB npurnacun B. W. WawkunHa. bblno caenaHo npeasoxeHne, oT KOTOPOro Henb3a
oTKasaTbcA — npuobpectn ana nabopatopun 3a pybexkom cospemeHHyto MOCVD-ycTaHOBKY Mo
POCTY 3NMUTaKCMabHbIX reTepPOCTPYKTYP Ha OCHOBE NonynpoBoAHUKOB AsBs. Llapckuii nopapok,
[ANbHOBUAHOE BJ/IOXEHWe CpeacTB B pa3sBUTUE MepCneKTMBHOrO HanpasneHuAa B WMHCTUTYTe!l
MOXHO 1L COoXaneTb, YTO BNOMKEHHbIX TOrAa AEeHer OKa3anocb HeJ0CTaTOYHO, WBeaCKan yC-
TaHOBKa 6blna He CTO/Ib COBEPLUEHHOW: B Noc/ieayolme roabl NPUXoamMnoch 6osblie BKAAAbI-
BaTbCA B A0BeAEHME YCTAaHOBKM A0 HYXKHbIX KOHAMLUMWA, YeM 3aHMMATbCA POCTOM YHWMKaJ/IbHbIX
reTepocTpyKTyp.
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HasHayeHMe TeopeTMKa PYKOBOAWUTENEM IKCMEPUMMEHTA/IbHO-TEXHO/IOTMYECKo nabopa-
TOPWW Ka3anocb TOTAa HEOXMAAHHbBIM LIArOM, HO TO/IbKO HA NEPBbIN B3rNA4, TakK Kak Bnagumup
MBaHOBMY BOCMPUHUMANCA MHOTUMM KaK UCKNHOUUTENbHO 3PYAMPOBAHHbLIA YEN0BEK, HAYUHEH-
HbI 3HAHMAMM B CMEXHbIX Chepax, HaNPAMYIO He OTHOCALUMXCA K pellaembiM UM 3agadvam. OH
NposBAAN 0cobblit MHTEPEC K paboTam MMEHHO NPWUKAAAHOrO XapakTepa, YTobbl «..aenatb de-
vices, HyXHble ntogam». HakoHel, oH obnagan Habopom paaa YepT pyKkoBoauTensa (pyKoBoau-
TeNb ANA NOAYUHEHHbIX, Ana ceba camoro — «cam cebe pexnccép»), 1 Ntoan 3To NPU3HABANU U
ueHunn. Jlabopatopus, a NOTOM M OTAE/, KOTOPbIM OH MHOTO JIET PYKOBOAW/, NEPEXUIN pas-
Hble Nepuosbl, OT MUHTEHCUMBHOTO POCTa (YMCNO COTPYAHMKOB B OTAENE AOXOLMU0 YyTb N HE A0
60) A0 3KcTeHcMBHOro. B pesynbtate BoKpyr B. U. LUawkuHa cobpanncb eanMHOMbILNEHHUKMN,
LA KOTOPbIX OH Bbln €CNU U He HeNOCPeACTBEHHbIM HayYHbIM PYKOBOAUTENEeM, TO, 6e3yCcNoBHO,
CneLmnannucTom, cnocobHbIM NOCOBETOBATb U HAMNPaBUTb.

Korga-to B toHOCTU Bosioasa 6bl 3amMeyeH B KOMCOMO/IbCKOM paboTe, HO C BO3PacTOM ero
MHTEpec K Kakon-1mbo obuiecTBEHHOW AeATeNbHOCTM yrac. MosKeT, 3To HbI10 CBA3aHO C HaKan-
IBAOWMMCS CKEMCUCOM W YCTAaNocTbto OoT cobbiTnit BoKpyr PAH, oT HefaNbHOBUAHOMO OTHO-
LIeHNA K HayKe B Poccun Ha NpOTAXKEHUM Lenoro paga net.

B. U. LLaWKMH OTHOCKAICA K YNCAY TeX, KOMY SIeTKO Bbl10 BOWTU M NOY4acTBOBATb B HAayYHOM
OMCKYCCUKM, KOMY BbINo YTO CKas3aTb, Y KOO Kak Bbl He MPOCMaTpMBanoCh «AOHBIWKO» KOMMe-
TeHUMI. [JMCKyCCMU MOFAN NpoTeKaTb B pa3HOlM 0b6CTaHOBKe, U B He o4yeHb pOpMasbHOM, Kak
6bIBaso B MOsIoAble rOAbl, C KOPOUKOM pyaHoro u 100 rpammamm pektudmkaTta, co cnopamm u
[ocTuKeHnem cornacua. CTas ¢ rogamu BUAHbIM CNELManncTom B NOAYNPOBOAHMKOBbLIX TEXHO-
NIOTUAX U aKcnepumeHTe, Bnagumup MBaHoBUY coxpaHun Barax 3HaHUI TeopeTuKa. ITO oYeHb
LEHWI0Cb He TO/IbKO B MHCTUTYTE, HO U BO MHOTUX APYIUX KOJIJIEKTUBAX, C KOTOPbIMU COTPYAHMU-
yanu B. U. WWawKunH n ero otaen — ot nHctutytoB PAH 40 oTpacneBbiX MHCTUTYTOB M MPOMbILL-
NIeHHbIX NpeanpuUATUiA.

Takum B. . LUalwKnMH coxpaHutca B moen namatn. OH mano npoxua, mor bbl 6osblie yc-
netb, 60nblUEro AOCTUYb, HO... cOC/IaraTe/IbHOe HaK/IOHeHMeE 34eCb HeYMECTHO.
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NPABUbHAA XXU3Hb B HENMPABW/IbHOW CTPAHE
(13 rasetbl «BUPHA nntoc KAPBEPA». 1999. Ne15, 21 anpens)

MpecnoByTbili aBryCTOBCKMIA KPWU3UC «BbIOUA» TO/IbKO-TONBKO
NOAHABLUMIA TONOBY POCCUMCKUIA CPeAHWI Knacc, Hagexay wu onopy obliecTsa.
«CpeaHuii Knacc» oTe4eCTBEHHOM HayKM — CPpeaHUit Mo BO3pacTy M pesyabTaTam (eLie
He aKaZeMWKW, HO AAaBHO KaHAMAATbl M 3aBTPalLUHME AOKTOpAa) — TaeT C Havyana 4eBs-
HOCTbIX, NepeTeKas B bM3Hec, NONTUKY, 3a rpaHuLy. Haw cerogHAWwHMI cobecegHuK,
Bnagnmump LUalKMH, 3amMecTuTeNb AMPEKTOPA MO Hay4YHoW paboTe O4HOro M3 CamMbix
MOJIOAbIX aKaAEeMUYECKMX UHCTUTYTOB HUKHEro, — KaK pa3s U3 3TOro MasiouMCAeHHOro
«Knacca» onopbl HayKK.

ClPABKA

WawknH Bnagumup UeaHoswmy, 40 net. Pogmnnca n Bbipoc B Bbikce. BbINyCKHUK
pagnoodunsnyeckoro ¢dakynbteta [OPbKOBCKOrO FOCYAAapCTBEHHOrO YHWMBEPCUTETA.
KaHgnaat pusmMko-maTemaTnyeckmx HayKk. 3amectutenb anpektopa NHcTutyTa dursmnkm
MUKPOCTPYKTYp Poccuiickoit AKagemum Hayk. ABTop 6osee 90 HayuHbIx paboT no Teo-
PN N TEXHONOTUU NONYNPOBOAHUKOBbLIX MUKPOCTPYKTYpP. JoueHT HHIY um. H. U. Jlo-
6ayesckoro. B 1997 roay emy bbina npucy:aeHa FocyaapcTBeHHas Hay4YHas CTUMEH-
ana. Bxogut B coctas HayyHoro coseta no ¢pusnke nonynpoBOAHUKOB, ABNAETCA Yje-
Hom obuiecTsa IEEE.

KeHat. [loub — cTyaeHTKa-nepBoKypcHULUA. CbiH — TPeTbeKNACCHUK.

— Ko20a A scmpeyarocs co C8OUMU yHUBEpCUMEMCKUMU npernodasamenamu, Ko-
mopbiM ce200HA 30 NAMbOecam, OHU 8 0OUH 20/10C 2080pAM: «Bom ylidem Ha neHcuro,
u yyums eawux demeli 6ydem Hekomy». BOO6aBOK HeOaB8HO Mpoysaa, Ymo ce200HsA
70% pocculickux mamemamuKkos U 53% ¢usukos pabomarom 3a epaHuueli, c108om,
Hexkomy nepedames 3HamA. Heyxenu amo delicmeumenbHo mak?

— Al pymaro paxe, yto 100% xopowmnx ¢um3mKkos paboTatoT 3a rpaHuuein. Tonbko
HeKoTopble MHOTAa BO3BpaLLatoTCA.

Nloan yxopat, yesxatoT. Mo cTyaeHTam BUAHO: NpuUAyT AenaTb AUNAOM, a NOTOM
OCTalOTCA MaKCMMYM Ha ABa roga — v Bce. B MIHTepHeTe ceiiyac MHOr0 NpeanoKeHui,
ocobeHHo No obpasoBaTelbHbIM NPOrpaMmam.

[JelicTBUTENbHO, YAAET NOKONEHME MATUAECATUNETHUX, U HAYKMU CTAaHET MeHbLue.
3T0 HenpwuBbIYHO. PaHblUe B HayKy LWe rycTol NMoToK YMHbIX Jt0Ael, NOTOMY UTO yye-
Hble BblIN eC/IM He XO3eBaMM KU3HU, TO rae-To B6AM3n. A ceiyac yuyeHble — NULIHME
noam.
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MeHAa yTewaeTt mbicab, YTo B Poccum
33aKOHYMNOCb BPEMA KOPOTKUX [AEHer U
BHE3aMHbIX 3apaboTkoB. [leHbrn craHo-
BATCA A/MHHee. U Bce, UTO ceiyac genaet
Mpumakos, atomy cnocobcrteyer. AAuH-
Hble AeHbMM — 3TO U ecTb TOT CaMblil pe-
ANbHbIA CEKTOP 3KOHOMWKM, O KOTOPOM
TaK MHOro roBopAT. Mbl Beab He Ha tore,
rae Bce camo pacTeT. A y Hac TO/IbKO CBO-
et 6alKo U MOXHO YTo-TO caenatb! B
HalLMX YCNOBUAX MIOXOFO KAMmaTa U ae-
LIeBOM, HO HeynpaBasemon pabouei cu-
bl MpUXoAnTCa AMBO MCMoAb30BaTb MO-
nesHble uckonaemble, MMbo ocTaBlmecs
BO3MOXHOCTU BOEHHO-MPOMbILLJEHHOTO
KOMM/JEKca M Hayky. PeanbHoro cekTopa
3KOHOMWKW 6€3 MbIC/IN BbITb HE MOXKET.

Al He onnakMBal HayKy, MOTOMYy 4TO
BCEr4a CyLWecTByeT HEKOTOpoe KoJsnue-
CTBO HEMPaBW/IbHO YCTPOEHHbIX Nt0AeN, KOTopble, YTO Bbl C HUMWM FOCYAAPCTBO HU Bbl-
TBOPANO, BCe paBHO ByayT 3aHMMATbCA HayKoM. ECTb B 3TOM fefe cnagkoe ynoeHue
Hay4Horo asapra!

KcTaTu, y Hac B MHCTUTYTe ceiyac 16 acnnpaHToB (3TO MHOTO A4 MHCTUTYTa B 250
yenoBeK) — u3 Bbiclwel WKoabl obuwen n npuknagHoh GUsMKK, ¢ Kabeapbl 3N1EKTPO-
HUKKN pagunodaka, c pusmnyeckoro pakyibTeTa — OYeHb NEPCNEKTUBHbIE pebsTa.

Mexay npoynm, Hayanca NobonbITHLIM NPOLECC: eCNU paHblue oAU U3 HAyKu
yXxoamnm B BU3Hec, To celyac Koe-KTo Bo3BpalLaeTcs. HegaBHo npuwen oguH 6biBLINiA
CoOTpyaHUK: «Ecnmn Byaet MUMHUMYM TbicAYM ABe pybnelt, s BepHycb». [OTOMy YTO Hay-
Ka — 370 6€3yMHO UHTEepecHoO.

1 ﬂPABHJ'IbHAFI )KVISHb

B HenpasunbHO# CTPaHe

— A 6y0ym emy smu camele 08e moicayu pybneli?

— bBnarononyyHo paboTalowee NOAM B HayKe MNOAYYalOT BMOJHE NPWUIMYHbIE
AeHbru. JeHer nMyHo cebe 3apaboTaTb B NPUHLMNE MOMXKHO. HO HYXKHO e He IMYHO
cebe, a yTobblI NpMbOpPLI, 060PYAOBaHNE NOAAEPHKUBATD HA AOCTOMHOM ypoBHe. ba-
30BOr0 GUHAHCUPOBAHMA AKaZeMMU HayK B Jlyyllem Cly4ae XBaTaeT Ha OniaTy KOM-
MYHaIKM 1 OKMadbl yYeHbIM Mo eanMHON TapudHOW ceTKe, To ecTb pybaei no Tpucra.
MoaToMy Hago Mosayyatb rpaHTbl Poccuiickoro ¢doHaa dyHAaMeHTaNbHbIX McCaesoBa-
HUIA, MUHMCTEPCTBA HAaYKMU U Apyrux. K coxaneHuto, npu ¢MHAHCOBOM Me/IKoTemMbe
3TO COMPOBOXKAAETCA KYTKOW BYMarKHOCTbIO — CHayasna nulewb, YTobbl BbIUrpaTb
rpaHT, 3aTem NybAnKauum, NOTOM OTYETbI... U TOJ, 3aKOHYMACA.
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Becb nepBbIil KBapTan A TONbKO 3TUM U 3aHUMancA. MpuBbIYHAA ONA MHOMMUX Ha-
YYHbIX yYperKaeHuin cxema PpUHAHCMPOBAHMA, TAe TPeTb AeHer — OT rocyAapcTsa,
TPeTb — rpaHTbl, OCTaNbHOe — 3apybekHble KOHTPaKTbl, B NOCAeAHelN 4acTu paetca
TpyAHoO.

Mocne Kpusnca «MMMNOPTHbLIX» AeHer CTaso coBcem mano. [la gna Hac ux MHOro
HUKOrga M He 6blN0: B MUKPOIJIEKTPOHUKE ceivac KpyTuTcA OKono 15% mupoBbix
OeHer, ypoBeHb KOHKypeHuun — AmepuKa, Kopesa, AnoHua, n Poccumn TpyaHo nony-
YaTb KOHTPaKTbl U3-3a pybexa. Mo TeEXHONOrMAM 3TUX KOHKYpeHTOB 06orHaTb HEBO3-
MOXHO. Hafo ¢ TOpHbIX XaliBeeB yxoAnTb Ha 6e30poxbe. M3BecTHa ppasa: «Xovewwb
UMEeTb yAauHblil busHec, He nepexoan gopory MHTeny». Tak n 3gecb. Booblue, 3anaa-
Hble KOHTpaKTbl — 3TO He BbIxoA. Kak Korga-To Ha 3ape nepecTpoliku u3 Poccum
Yyepes ICTOHUIO BbIBO3MAN JIOM LIBETHbIX META/II0B, TaK CeNYac Ha HaXMBKe KOHTPaKTa
M He Yyepes ICTOHUIO, KOHEYHO, BbIBO3ATCA Hay4YHble naeu, Npu4em BMecTe C II04bMMU.

Yes3aloT loam, 1 3aTyxaeT HanpasieHue. [JomkHbl xoTa 6bl ocTaTbca cneumanu-
CTbl, KOTOPbIE OCO3HAIOT, YTO AeNaeTCA B MUPe, MOHMMAIOT Npobaembl, CToALMe Nepes,
MWPOBOW HAaYKOM, KOTOPble MOTYT 3aHMMAaTbCA U KOMMPOBaHWEM, U peanunsaumeit cob-
CTBEHHbIX Mbicnei. (Ho mbicau, yBbI, Aaxe He OTHUMAIOT — NPOCTO TaM Bce AenatoT
bbicTpee.) MoKka peyb MAET O MbICAU, XBATUT PYyYKM-DyMaKKku. Bnpoyem, TeopeTuky
HYKHbl 3apybeKHble Hay4YHble KypHanbl, @ Ha HUX nocne 17 aBrycra geHer HeT. A Kak
TONIbKO [e/10 KacaeTcAa dKCNepMMEHTasIbHbIX UCCaef0BaHNI, HaunHatoTca ele 6onb-
LIMe HEMPUATHOCTU, XOPOLIO BCceM B Poccum 3HaKomble. Mbl TPAaTUM MHOFO cu, Y4TO6bI
noaAepXunBaTb YpoBeHb U Pa3BUBATLCA.

— MeHsA dasHO uHmMepecyem, KAk cknadslearomcs cy0bbbl manaHmsauseix demed,
Komopble 8 WKose nobexdaom Ha camblx pasHeix oaumnuadax, 6e3 IK3ameHo8 Mno-
cmynarom 8 npecmuxHele 8y3ol... Ymo nomom? Bom mei 6bia 8yHOepKUHOOM pali-
OHHO020, B8bIKCYHCK020, macwmaba: nobexdasn HA 0AUMIUAOAX; MepecKo4yus vepes
Kaacc, Ha 200 paHbWwe C8ePCMHUKO8 OKOHYUS WKOAY, Npu4dem ¢ 3010mol Medasnsio.
Mocmynun Ha paduogak — Kcmamu, no4yemy umeHHo myoa?

— Al yyacTBoBas B 06/1aCTHbIX 0OIMMNMagax no Gpusnke, matemaTtuke. Nepsbix mecT
He 3aHWMMas, HO B Mpu3epax oKasbiBascA. [103TOMy Npo By3bl 6blA HacablWaH. A B Te
BpemeHa paanodak 6bin ropasao mouHee dusdaka. (Kcratu, ceituac asa pusnyeckux
daKynbTeTa B YHUBEPCUTETE, BO3MOXKHO, Nepebop A/1A Halwero ropoaa.)

Mocne OKOHYaHMA yHMBEPCUTETA Npuwen pabotatb B MHCTUTYT NpuKNagHon ¢u-
3UKKM AKagemuun Hayk. CTaxkunposanca B LUseunn. KaHaMaaTckyo 3aWwmTna B A8aauaTtb
cemb fieT.

— A noyemy mol 8ce ewje He 0oKmop?

— byay eue. To, YeM A 3aHMMAOCb — TEXHOIOTUA NONYNPOBOAHUKOBBIX reTepo-
CTPYKTYp, — 3TO NPUKNagHas Belb. TyT BbICTPO AOKTOpamM He cTaHoBATCA. Kpome
TOrO, A MBO 3aHMMancA cobCTBEHHO opraHM3aumen Hayku. [ecatb net Hasag 8 UIM-
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®AHe ctan 3aseaylolLMM OTAE/I0M, KOTOPbIA BO MHOrOM CO3/aBasicAd Ha POBHOM Mec-
Te. OTOM MOABMANCHL BO3MOMKHOCTU, CBA3aHHble C 0bpa3oBaHMeM UHCTUTyTa GU3MKK
MWKPOCTPYKTYp. OHU HaBesann meuTty (Kak BblACHWAOCb, HeEGecnaoAHY) O TOM, YTO
MOXHO CAeNaTb XOPOLLYIO HayKy, eCv YCTPOUTb BCE, KaK Hago.

NHCTUTYT — 3TO paHTacTnyeckoe aeno! Al NOHAN: BCe, YTO B YKU3HM MOyYaeTcs, —
3TO TO, Yero NoAN CTOAT.

Cepreit ManoHOB, AWpPeKTop, caenan MHCTUTYT GU3MKKU MUKPOCTPYKTYp (mouTtm
Ceprues Mocag), rae A pabotato.

— To ecmb uHCMumym — amo npedmem Hay4yHol 2opoocmu?

— KoHeuHo! OH cTpouTcs yxKe nATb neT. Tam ecTb ra3oH, KOTOPbIA CTPUTYT — NYCTb
He TPUCTA NIeT, HO TpU roaa. YMCTO, OKHA BbIMbITbI, C LLAMNYHEM MOIOT 3[4aHue, CTOAHKA
ONA MallMH OropoXeHa, padmeyeHa. ABTO6yC BO3UT COTPYAHMKOB Ha paboTy u c pa-
60Tbl. B Tyanetax — BymaxkHble nosoTeHLa. M nycTb y Hac cTpaHa HenpasuabHasA, HO
3aTO eCcTb MecCTo, F4Ae MOXKHO HOpManbHO paboTaTb. HMUsHb MaeT nycTb begHas, Ho
npaBuabHan.

A 3abpolleHHble capan BMECTO Hay4YHO-UCCAeA0BaTENbCKUX UHCTUTYTOB, BUAUMO,
6yayt noasnatbca. Botr ot HUP®U yke Huuero He octanock, TMPTU go asyx rpynn
COKpaTUAICA.

MoseT ObITb, Ha3HayeHue Hawel GU3MKM — 3TO ele fAeT ABaguaTb no-
YMPAXKHATLCA, YTOObI COXPAHWUTb 3HAHMA U yMeHUA gaa 6uonoros. s HUX HOBble
BO3MOXHOCTU OTKPOIOTCA yKe B BaunKallee gecAatunetve. A AecaTb NeT Ha3ag U He
AYMan, YTo NOSIBUTCA aTOMHO-CUI0BON MUKPOCKOM U MOXKHO ByaeT pasrnageTb v no-
KOBbIPATb TO, O YeM U NOMbIC/INTb TPYAHO.

WpunHa NaHyeHKo
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®OPMYI/IA YCNEXA

(13 skypHana «HuxkeropogcKkuii noreHyman». 2013. Ne1/9)

Haw ce2o0HAwHul cobecedHuK 8 amoli mpaduyuoHHol pybpuke — 3as. omoe-
7I0M MexHos02uU HaHOCMpPyKmMyp u npubopos, 3am. dupekmopa no Hay4yHoli pa-
6ome MOM PAH 0. ¢p.-m. H. Baadumup MNeaHosuY LLIQWKUH.

«fl cumTan, uTo opraHM3aTopckas paborta
Ba)KHa A8 MeHA CaMoro...»

— Bnadumup UNeaHosuY, mpaduyuoHHO Hawa beceda HA4UHAemMca ¢ pacckasa o
cebe: 20e 8bl pOOUAUCL, KMO 8aWU podumenu, pOOCMBeHHUKU?

— Poguncs B ropoge Bbikca NopbkoBckoi o6nactv B 1959 rogy B cembe UHKeHe-
pa-meTtannypra u negarora. Mos mama ¢ 18 net Bcto XuU3Hb NpopaboTana B WKofe —
OT yuMTeNa UCTOPUM A0 AnpekTopa. OHKU BblaM NouTH posecHUKamu 20 BeKa, TaK YTo
noBMAAaTb M UCNbITaTb UM NPULINOCHL HeMano. Y poautenen a 6bla NO3gHUM pebeHKoM
(cecTpa cTapwe meHsa Ha 20 neT), U NO3TOMY YacTO O KaKUX-TMBO UCTOPUYECKUX COBbI-
TMAX, NpoM3oLWweawnx B Hawem rocyaapctee B 20 BeKe, A y3HaBa/l He MO KHUram, a
MMEHHO OT poauTeneli n bonee cTaplunmx poacTBEHHUKOB. Pogutenu Bobiwam ns 6onb-
LUMX U KPEMKUX KPECTbAHCKUX CEMEN, XKUBLLMX Ha peke Oke. OAHOMY MOeMY AAAIOLWKe
nocsie BbIxo4a Ha MEHCUIO YAAN0Ch COCTaBUTb reHeasiormyeckoe apeso poga Lawku-
HbIX. 3emMan, rae NpeaKu NPoXKuBaaw, usgpesne H6bl1M MOHACTBIPCKMMU: AOCTAaTOYHO
rnyxve, u, BO3MOXHO, 61arofapa 3TOMy COXPaHWIUCL LLePKOBHbIE apxMBbl. Tak BOT,
bamunma LLaWwKuHbIX cBOe Havyano 6epeTt co BpemeHu B3aTua M3amauna. 3Ty pamuamio
B3 MOI NpefoK fIKoB, cabenbHbiXx Aen mactep B apmum CyBoposa. I'Ipm LUTprE

Msmanna (1790) oH notepan Hory. Bein  E MM"MMMM
' r

HarpaXk4e€H: Noay4ymn y4yacToK 3eMau B ml

nepesHe YepHuyeHKa MeneHKOBCKOro i
yesga Bnagumupckoit rybepHun, rae
obocHoBascs, no3gHee npuobpen menb-
Huuy. C pamnnmeint octanacb HeKoTopas
HEACHOCTb: OAHU CEeMEWHble NpefaHus
roBopAT, 4To AKOB 6blN Ky3HeLom u
XOpOLWOo Aenan Wawkn, a apyrue pac-
CKa3bIBAlOT, YTO 3TO NPO3BMULLE OH NO-
Nyunn 3a £o6necTb B ynpaBaeHUn UMU.
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PoacTtBeHHUKOB Yy MeHsA 6bl10 MHOTO, A O4eHb 1tobwu, Korga cobupanmcb BMecTe.
Mo3KHO 6bls10 HECKOHEYHO CAYLIATh PaccKasbl CTaPLWMX O COBbITUAX, KOTOPbIE OHKU Ne-
peXxunun, o uneHax cembu, 060 BcemM. MamATb MOA XPaHUT BCce COBLITUA, MpousoLWwes-
LIne B CeEMbe, N 0CODEHHO BOEHHbIX /1eT. OAUH U3 MOUX ABOOPOAHbIX 6paTheB B 16 neT
repovickn normb toHroit Ha CesepHom ¢0Te, M €r0 UMEHEM Ha3BaHa yauua B Bbikce.
[Aans, *KMBbIM BEPHYBLUMIACA C BOWMHbI, BCIO ¥W3Hb HOCWJ1 OCKOJIOK Y CepALa, a Apyroun
OALA, CNYXUBLWWIN B fafibHeEN aBuaumm, netan 6omoute bepaumH, B 1942-m 6bin coUT,
B3AT B MJIeH... Kak-To A NoAcYMUTaN, YTO TO/IbKO M3 ABYX HALUMX POAOB C BOMHbI HE BEp-
HyAnCb 12 yenosek.

O cyabbax MOMX poamuTeNeil TOXKE MOMKHO HanucaTb OTAENbHYK KHWry. Takoe
BNeYaT/NeHME, YTO OHU MPOXKUAU HE OOHY, @ HECKONIbKO KMU3HeW. Hanpumep, oTeu, no
KOMCOMO/IbCKOMY MpPM3bIBY y4acTBOBan B 3aroToBke Topda B nocesnke LatypTopd u
MMen 3BaHMe yAapHWKa nepsoi natuneTkn (1929—1933). Ewe A0 Hayana BOMHbI
OH OKOHYM/ [epMCKYt0 BOEHHYIO LIKONY aBWMALMOHHbLIX TEXHMKOB, CTasl TEXHUKOM-
nenTeHaHToM. Bo Bpemsi BOMHbI Obl1 OAHUM U3 TeX, KTO MeperoHsn ¢ ANACKM Yepes
HapbsH-Map amepuKaHCKMe camo/sieTbl, NocTaBisemble Mo neHA-nunsy. MNotom —
1-" YKpauHCKMi GpOHT, BTOpas BO3AylWwHasa apmuaA. B 3agauy ero noppasgeneHus
BXO4MN0 cObMpaTh C NPUGPOHTOBOM M HENTPANbHOM NOMOCHI HALK COUTbIE CaMONETDI
W OTNPaBAATb HA PEMOHT. 15 BbIMOJAHEHMA 3TOM 3a4ayun NoAbupanncb camble OTYa-
AHHbIE, NOTOMY YTO NOA3aTb 33 NepeaoBble NO3ULUN NPUXOAUSIOCH CKPLITHO U HOYbIO.
Hy»Ho 6bl710 onepeauTb HemueB. CHayana 0b6HapPYKMBAAN CAaMOET, MOTOM LLENASAN
ero nebeaKol 1 TaWwMAKM, YacTo NOZL OrHeM NMPOTMBHUKA. HepegKo 6biBafo Tak, YTo B
camoneTe crnacanau U PaHeHoro JIeT4MKa. BoliHy oKoHYMA ¢ 6oeBbIM OpAeHOM U Meaa-
NAMK. YKe B MUPHOE BPEMS OH MOoay4nn obpasoBaHWE UHMKEHEepa-KOHCTPYyKTopa MU
npuexan Ha paboTy B BbiKcy. ITO Bbli YeNOBEK PA3HOCTOPOHHUX UHTEPECOB U YAUBU-
TENbHOTO KMU3HeNbusa n ontummnama. Ero gesus: «Bce Bbilwe, Bbiwe U Bblwe!»., Ma-
MWHA UCTOPUA HE MEHEee MHTepecHa.

— [lemcmeo — oyeHb B8AaX(HbIU aman 8 #uU3HU Yesno8eKa, He 3pPA Mbl MaK 4yacmo
e20 ecriomuHaem. Pacckaxume, KakK 8bl poCau, YmMo HA 84C OKA3b6I184s10 8/UAHUE.

— KoHeyHo, cembsi U TO MecCTO, rae Mol uan. Toraa Bbikca 6bl1a naTpuapxanb-
HbIM W O4YeHb KPacuBbIM roposoM C rnyboKolM Uctopmeint MeTannyprmiyecknx 3aBoos,
NocTpoeHHbIX 6paTbamn baTawosbiMu. Mbl ¢ AETCTBA 3HA/IN, HANPUMEp, YTO peLleTKa
AneKkcaHApPOBCKOro cafila KoBanacb Ha 3TUX 3aBoAax U KoHeW Bonblioro TeaTpa oTau-
Bann 3aecb. A ewe CyxoBo-KobbiiMH «CBaabby KpeunmHcKoro» nucan gas teaTpa B
Bbikce. CBOMM ropoOoM MeTanNypros Mbl ropauancb. Bece 6bi10 CBA3aHO € 3aBO4aMM.
Mot oTeu, paboTan Ha 04HOM U3 HUX, Bbln M30bpeTaTenem, UMen MHOro paunpesaso-
eHuii. B nome yacto cobupanuce ero Apysba, Konnern. Moatomy ¢ AeTCTBA MEHA OK-
py*Kann TeXHUYECKM rpamoTHble noan. Ja n no coceacTBy XUAM B OCHOBHOM WHMKe-
HepHO-TexHMYecKme cneunannctol. Hanpumep, Ha NepPBOM 3TaxKe AOMA XU YENOBEK,
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KOTOPbI PEMOHTMPOBA/I BCEMY FOpOAY TeNeBM30psbI (ele namnosble). MouTn Kaxabii
coceg, 6bla1 YeM-TO NPUMEYATENEH, U C HUMU Bbl10 NIerKo 06LWaTbCA AaxKe Ham, AeTAM.

A ewe 60/1blIOE 3HAaYEHME B MOEW }KMU3HU MMeN aBTOMOOW/Ib, KOTOPbIN Hbln y Hac
B CEMbE, W A C AeTCTBa NOMOran oTuy B rapaxe. J1loboBb K aBTOMOOUAAM OCTafnacb co
MHOW Ha BCIO }XM3Hb, U TEMEPb YXKE A/1A CBOEW CEMbWU A — «KI/N1aBHbI aBTOMEXAHUKY.
Ho, cnpaBea/nMBOCTM pafM, HAfO CKAs3aTb, YTO 3Ta MOA TEXHMYECKAN CTPACTb CYLLECT-
BOBaJla BMECTe C yB/IeYHEHMEM PaLMOTEXHUMKON. NIHTepecC K paanoTexHUKe npusMBana
Ham yuutenoHuua GU3MKKU: B €€ KabnHeTe OblI0 MHOTO BCAKUX TEXHUYECKUX «4yaecy,
BbIMO/IHEHHbIX HalWMMK pykamu. W kypHanbl «Pagno» n «Caenan cam» 6bian nobu-
MbIMU. B TO Bpemsa yrKe cTanun AOCTYMNHbI KOe-Kakue paanoaeTanm, YTo-TO MOXKHO Bblio
BbiNMcaTb Yepes MocbinTopr. U Yero ToNbKO HWM COBMPANochb Toraa: NPUEMHMKK, KO-
JIOHKW, YCUAUTENW, PagMOoCTaHLMM, MO3)Ke CBETOMY3blKa M npoyee, npoyee. N yto
YAMBUTENbHO, HEKOTOpble BelM MNPOCAYKWAM O4YeHb Aonro. Hanpumep, Korga B
1973 rogy y Hac B CEMbe NOABUAUCD KUTYIU»-eANHUYKA, TO A CAeNan el pegKoe no
TEM BPEMEHAM 3/1EKTPOHHOE 3aXKMUraHMe, M OHO NPOCAYKMNO A0 cepeanHbl 90-X.

[onro mory pacckasbiBaTb M O LIKOJ/IbHbLIX yunTensax. 3To OblIO NOKO/NEHWE He
NpPOCTO YB/JIEYEHHbIX MEeAAroros, HO M AOLEN, NpoleaWwnX BONbLIYID LWKOY KU3HW,
MHOIMe U3 HUX BblAn onaneHbl BOMHOW. Hanpumep, yunTenbHMLA@ PYCcCKOro f3blKa C
rogoBasibim pebeHKOM Ha pyKax TO/IbKO Yyaom m3bexkana paccTpena BO Bpems He-
MeLKOM OKKynauuu B benopyccuu. Yuntenb 61Monormm Tpu roga BoHbl 661 B 6aTanb-
OHHOM pa3BegKke. Ho, rnaBHoe, Haww yuuTensa nwobunn ceoe ageno. To Bpemsa 6bi10
cyactamsoe. LLkony s okoHUMAN B 1975 rosy € 3010TON MeAanbio, NpuYem B Ha4yaibHOM
LWKOJIe MepeLlarHy Yepes TPeTuii Knacc.

— A umo 8ce-maku Moesausao Ha 8bibop npogeccuu?

— HaBepHoe, s 6bl 3aHANCA aBTOMOBUNAMM, ecnun 6bl He pellnn Toraa, YTo B 3ToMn
obnacTu Bce yxe caenaHo. K BbiBoAy TaKOMy NpuLLes, HAYUTABLLUMCb Pa3HOM TeXHMYe-
CKOM nnTepaTypbl. A BOT MUKPOINEKTPOHMUKY, CYMTAnN A Toraa, Kaet nporpecc! MNoato-
MY €eLe AOMNONHUTENbHO TPY roAa 3aHMMAJICA B 3a04HbIX LWKOAX A/1A WKOAbHUKOB Npu
M®TU n MIY. Takaa popma obydyeHnUs CylLecTBOBasia NPU BCEX KPYMHbIX By3aX, HO B
MocKBy He noexasn, a NnocTynun Ha paauodusnyecknini bakynbTeT Hallero yHUBepCU-
TeTa um. H. U. lobauesckoro.

— Yem xopowa bbina sawia cmyoOeHYeCcKasa HuU3Hb?

— B yHuBepcuTETE BbIN XOPOLWNIA TYPUCTUYECKUIA KNyD. Tam A NOAYUYMN HaBbIKM
He TO/IbKO MPaBWAbHO M YBEPEHHO XOAMUTb Ha BallgapKax Mo pekam PasHOM CAOXMHO-
CTU, HO 1 NPUOBPEN ONbIT PYKOBOAMUTENA NOXOA40B. BOAHbIN TYpMU3M, CMAAB MO rOPHbIM
peKam CTaau rn1asHbim yBiedeHnem. Cnaasasamcb mMbl no pekam Antas, CasH, KaBkasa,
3anagHoi YKpauHbl. Jowen 4o pek 5-i Kateropmm cnoskHoctu. Cambim 3ameyatesib-
HbIM, KOHEYHO, CTasI0 TO, YTO Ha NepPBOM Kypce Ha NeKumu no bubavorpacdum s BCTpe-
TUA CcBOO ByayLLylo KeHy, cTyaeHTKy BMK, KoTopas He cpasy, HO ToXKe MpUCTPacTym-
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nacb K noxogam. 3To 6bi10 0coboe Bpems C OLLyLLEHUEM MOJIHOTO CHACTbA, U XKAanu
ero uenbili rog. Passe 3abyaelusb... Mpocbinaewbea yTpom rae-Hnbyab 8 CasHax paHb-
Wwe BCex, NOTOMY YTO Tbl AEXKYPHbIA M Hago BapuTb 3aBTPaK, BUAWLWDL nepeg coboit
ropbl, TYMaH HaZ PeKol, a B peke niaewetca pbiba. Ho B TOM KM3HM BblNa He TONbKO
POMaHTUKa. Y meHA COXPaHUNNUCb OHEBHUKU NOXOA0B, U3 KOTOPbIX BUAHO, YTO He-
6onblwasn ownbKa MAn paccnabneHHOCTb KOMaHAbl MOMAM MPUBECTU K CUTYaUUWU Bbl-
KMBaAHMA. ITO AOCTATOYHO KECTKUIN BMA CropTa.

B noxode Ha 6alidapkax no Kype

Ha cTtapwux Kypcax yBnekcs egumHobopcTBamu. B ropose sTv 3aHATMA Bblin He
OYeHb [OCTYMHbl, HO, MOCKOJ/IbKY Mbl COAEWCTBOBaAN MWUAMLMM MO obecneyeHuto
6€30MaCcHOCTN Ha Kese3HOA0POKHOM TPAHCMNOPTE M HAL KOMCOMOJIbCKUI OTPAL, KY-
pupoBana LWKona muanummn, Ham paspellanocb A0 NATU pa3 B HeAEeNto No Tpu Yaca
3aHMMmaTbcA B cnopT3ane LKonbl Ha AHKYAMHOBCKOM LWwocce. PykoBoaun Hamu KBa-
MOULMPOBAHHDBIN TPEHep, KOTOPbIV AaBan HaM YPOKM eanHOBOPCTB B cTUNe Bago-pto
(c AnoHcKoro — «IMyTb rapMoHUn»). Bblno MHTepecHo!

— Bawa makaa akmusHocmb He omeneKasna om y'~4€6bl?

— CKopee, nepektoyana n pasHoobpasmaa MusHb. A YHUBEPCUTET A OKOHYUA C
KpacHbIM AMNAOMOM. YKe Ha YeTBEePTOM Kypce 3Han, yTo byay pabotatb B MHCTUTYTE
npuknagHon ¢usmnku AH CCCP, nosTomy paccnabnsatbes 6b110 Henb3sA.

— A 1071ynpo8oo0HUKO8AA MEMAMUKQ, KAK OHA npuwnaa?

— OnAaTb MmeTogoM Bbibopa. Mepes BbIXOAOM Ha AWMIOM A PaccyMAn Tak: B Ba-
KYYMHOW 3/1€KTPOHUKE BONbLIMX MOLLHOCTEN Y:Ke TPYAMTCA MHOIO Hapoay, M Tam
Moyt BCe CAEeNaHo. A 3aHMMaTbCA HAaLO MONYNPOBOAHWKOBOM 3/1EKTPOHMKON, MHe
Ka3asioCb, YTO 3TO 6bII0 Camoe NepcrekTMBHOE HanpasB/AeHUe: B BO3AyXe BUTAAN pas-
Hble ngeu, TpeboBaslIME BOMAOWEHMA. BbINOAHATL AMNAOMHY0 paboTy A nowen
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K A. M. bensaHuesy, B ero xe otaen B UMPAH npuwen paboTaTb NO OKOHYAHUMU
yHuBepcuteta B 1980 roay.

Mpunoputetom otgena, Kotopbim pykosoaunu A. M. benaHues n A. A. AHAPOHOB,
6b110 cO34aHME HOBbIX MCTOYHWKOB 3/1EKTPOMArHUTHOFO M3/ly4eHUs Ha OCHOBE MOJy-
NPOBOAHWKOB B MW/I/IMMETPOBOM U CYOMUNNMMETPOBOM AManasoHax AJWH BOJIH.
K pelweHuto aTol 3aa4m 6b110 HECKOIBKO NoAX040B. MeHA BKAOYMAW B HAanpaB/ieHne
Nno M3y4YeHWto MOJIYNPOBOAHMKOBbIX KBAaHTOBbIX CBEpXpELETOK. Mo 3Tol TemaTuKe B
Hawem ropoge 6bi/1a CUbHaA Hay4YHasA WKoaa. CBOMMM NPOBOAHMKAMM B 3TU 3aZa4M U
aTo coobuiecTBo uUccneaoBatenei A cumtato HO. A. PomaHoBa (Torga aupektop M’MOTHU)
n A. A. UrHatoBa. PaboTta okasanacb HeBEPOATHO MHTEPECHOWN, NOMMMO TeopeTuye-
CKOWM Tpynmnbl K Hel NOAKNHOYMANCH IKCMEPUMEHTATOPbl U TeXHONOrU. PesynbTaTom
MOEr0 y4acTMA B 3TOM NPOEKTe CTasa 3allmTa KaHAMAATCKOW aAnccepraumu.

MapannenbHO ¢ Hay4HOM paboToMN Havanacb aKTUBHAA obLiecTBeHHas paboTa.

— B 4em 3mo 8bIpaMaAA0Cs?

— HeckonbKo nieT 6biN ceKpeTapem KOMCOMOJIbCKOW opraHusaumm UMNOAHa,
BXOAMUN B UHCTUTYTCKMIM U obnacTHoli CoBeT MoaoabiX yyeHbix. Mbl OpraHM3oBbIBaAU
He TO/IbKO A0CYr, HO M YCTPanBanun BCTPeUU ¢ 60NbLIMMMU YHEHBIMU UHCTUTYTA, NPOBO-
annn HedopmanbHble aucnyTtol. B UMPAHe monogbim yyeHbiMm Bceraa yaenanocb
6onblwoe BHUMaHMe, U cam CoBET MOJIOAbIX YYEHbIX Obl1 O4EHb CUABHBIM: Mbl YATANIU
cTaTbu, 0bmeHMBaNUCb MHPOpMaumen, obcyKaann Kakme-To HOBble Hay4yHble COObI-
TMA. OZ4HaXAbl OAXKe WHULMUPOBANM COBMECTHOE 3acefaHue MOJIOAbIX YYeHbIX C
«B6ONbLWIMM» yYEeHbIM COBETOM, rae Mo/oAblM Oblla NpeaocTaB/ieHa BO3MOXHOCTb
BbICKA3aTb, YTO, MO UX MHEHUIO, CAeyeT pa3BMBaTb. K TOMy BpeMeHu B Hallem oTaene
6bINN NONYYEHbI XOPOLUNE IKCMEPUMEHTANIbHbIE PE3YNbTaTbl B COBMECTHbIX UCCNem0-
BaHUAX ¢ PU3MKO-TEXHMYECKMM UHCTUTYTOM Um. A. ®. Modde AH. Bbino sacHo, yto ana
pPa3BUTMA ycrnexa HyKHa cobCTBEeHHas MoJlyNpOBOAHMKOBAA 3MUTaKCMaNbHAA TEXHO-
JlorvsA, 0 YEM A TOXKEe CKasan Ha COBMeCTHOM coBeTe. [peanoxeHne Hawao XKUBOW
OTK/IMK, YyBCTBOBA/I0Cb, YTO BOMPOC Ha3pes. Bckope Gblna OTKPbITA BbICOKOTEMMEpPA-
TYpHas CBEpXNpoBOAMMOCTb, a B oTaesne C. B. ManoHoBa 6blM CTpEMUTENBHO BOCMPO-
n3BeAeHbl 3TW pe3ynbTaTbl. BUAMMO, 3TO CbIrpaso rNaBHYK pPo/b B pPeLIeHUM CO34aTb
CneumnanbHOE KOHCTPYKTOPCKO-TexHonorndeckoe 6topo (CKTB) B MNP u noctpoutb
3aHNe Ha HoBOW nsowagnke. C 3TOro HayanoCb CTAHOBAEHWE 3MUTAKCUWU MOAYNpPO-
BOJAHWKOB B HaWeM UHCTUTYTe.

— Budumo, 8 amo 8pems 015 84C HA4AAACL U AOMUHUCMPamMusHas paboma?

— Mocne 3awmTbl AnccepTaumm A npopaboTan B AOMKHOCTU HAYYHOTO COTPYAHMU-
Ka MeHblle mecaua. B uoHe 1988 roga 6b11 M3aaH NpuKas o co3gaHuKM oTaena TexXHo-
JIOTMKU NONYNPOBOAHMKOB U cBepxnpoBogHukos (C-30), 1 MHe Mopy4yMan UCNONHATbL
3TOT NPUKaA3 B AO/IKHOCTU 3aBeaytowero otgenom. Co3gaHme oTaena okasanochb ge-
JIOM COBCEM He NPOCTbIM, MOTOMY YTO TONbKO ABOE OTBa)KHbiXx M3 UMNPAHa —
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C. A. NaBnos 1 M. H. [lpo3goB — nepewnn B 3TOT TEXHOJIOTMYECKUIN OTAEN, a OCTalb-
HbIX HY)XHO OblNO MCKaTb Ha CTOPOHe. A ewé He OblI0 HUMKAKOro 06opyaoBaHMA U
onbita. Ho yxe B 1989—1990 rogax mbl caenann nepsyto HUP Ha cBOoMX anuTaKcu-
aNbHbIX CTPYKTYpPax.

Bnaropapsa ctpemutenbHomy passutmnio CKTb BO3HUKNO NOIHOUEHHOE oTAeleHne
¢un3mKn TBEpPAOro Tena B UM AH. 3To npounsolwno 6rarofaps aHepreTMke ANpPeKTopa
otaenenua C. B. TanoHoBa 1 KOMaHAbl MOJIOAbIX PELUUTE/bHBIX U AeATebHbIX 3aMOB:
A. U. Kysbmunuesa u A. A. l'yakosa. Hanpumep, A. A. TyaKkos ¢ Konneramu, HaBepHoe,
nepBbIMU B CTPaHE OCBOWMIN BbIMYCK CKaHUPYIOLWNX TYHHENbHbIX MUKPOCKONOB U YC-
NewHo NPou3BOANAM UX B Havane 90-x HapaBHe C LUMPOKO M3BECTHOM ceivac 3eseHo-
rpagackon pupmon NT-MDT. K KomaHge 3aMoB A npucoeamHuIca B Hadane 1992 roga,
)enas nocnocobcTBoBaTb OCYLLECTBAEHMIO T1ABHOMO Halero npeaHasHayeHua —
U3yyYeHUto GU3NKKW TBEPAOro Tena Ha AO/IKHOM YPOBHE M C MCMNO/b30BaHMEM cCOBpe-
MeHHOro obopyaoBaHus.

— Bauwy kapeepy MOXHO Ha3eame cmpemumensHol. Kak xce ydaemcsa coeme-
wame uccaedosamesnbCKyo U 0p2aHU3amopckyto pabomer?

— CoBMmelLaTb AeNCTBUTENbHO COBCEM He MpOCTO. OTLbI-OCHOBATENN HUXKEro-
pOLCKOWN paamodusnyeckoin HayyHoi wronbl — A. A. AHapoHos (cT.), I'. C. Fopenuk,
M. T. 'pexoB.a, A. B. lanoHoB-pexoB — B CBOE Bpemsi He 06paTMAM BHUMaHUA Ha u-
3UKY TBEPAOro Tesa, U OHa KaK AMKWIA nober BbIpoc/ia NOYTU HAa PoBHOM mecTe. lpwm
3TOM HYXXHO 6bl/1I0 AOrOHATL NepesoBble 1abopPaTOPUM U UHCTUTYTbI. CaMbIM COXKHbBIM
6bI110 (M ocTaeTca) obecneyeHMe HayYHO-TEXHOIOTMYECKOrO NPOLLECCA COBPEMEHHbIM
obopyaoBaHMem. B To Bpema 3a AeHbrn obopynoBaHue Kynutb 6bis0 Henb3A; ero
pacnpegenann no pasanuyHbiM GoHAaM, KOTOpble HYXHO 6bl10 «npobuBatb» wUAU
«BblbMBaTb» (TOraa B Xxo4y 6blM 3TV TEPMMHBI), YTO OTHMMANO MACCy BPEMEHMU U CUN.
A NOTOM CTaNo HyXHbIM A06bIBaTb AEHbIM, YTO TOXKEe HenpocTo. B moelt 6uorpadpum
€CTb rofl, Koraa y MeHs He 6b1710 HM ogHOM Ny6AMKaumm, 3To BblN rof co3gaHusa Hawe-
ro MHCTUTYTA. A CYMTaN, YTO OpraHM3aToOpCKaa paboTa BaXKHa A/1A MEHS CamMOro, U HU-
KTO ee 32 meHA He caenaet. C. B. [aNOHOB KaK-TO 3aMeTu/I, UTO eCAn He MOXKeLlb pe-
WKUTb Npobaemy Ha TOW AOMKHOCTU, KOTOPYHO 3aHMMaeLb B AaHHbIA MOMEHT, NOAHU-
malica Bbiwe. Tak A CcTan 3amecTutesiem aupektopa no Hayke MOM PAH npu ero cos-
JaHuK, 3aTeM AupekTopom LieHTpa KoAnekTMBHOro nosnbsosaHua (LLKM) «®Pusmka m
TEXHO/IOMMA MUKPO- U HAHOCTPYKTYp». M A0 cMX MOop CTapatocb YKPennaTb M3mepwu-
TENbHYI0 U TEXHOIOTMYECKYIO 633y, HO y¥Ke BCEro MHCTUTYTA.

— Yem pykosodcmeyemecs, koeda cmasume cebe Hay4YHbie 3a0ayu?

— C 1OHOCTW 3aNOMHWA: «BBUAY KPATKOCTU KU3HM Mbl HE MOXKEM NO3BOUTL cebe
pPOCKOWb TPaTUTb BPeMsA Ha 3afayu, KOTOpble He BeAyT K HOBbIM pe3ysbTaTam»
(N. 4. Nanpay). Ctapatocb cnegoBaTb 3TOMY MPaBUAY NPU MOCTAHOBKE 3aJay B Hallem
oTaene HaHOCTPYKTyp u npubopoe B MOM PAH. MmeHHO macwTabHOCTb, Ha MoOW
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B3r/1A4, BaXKHa NpPW OLLEHKE MPUKNAAHBLIX U PyHAAMEHTaNbHbIX UccnenoBaHuii, Hawa
NnpuKNagHas 3agavya — paspaboTka M co3gaHue HOBOro TBeEpAOTeNbHOro npubopa
MWKPO3NEKTPOHUKN U U3YYEeHUE COMYTCTBYOWUX Pusmnyeckmx sdpdeKkTos npu ero us-
rOTOBAEHUN UAN PYHKUMOHUPOBAHUU. KOHKPETHbIE 3aHATUA B OTAENE HAUYMHAIOTCA C
3MUTaKCUM HAHO- N TETEPOCTPYKTYP, COMPOBONKAATCA UX ANArHOCTUKOM, NPOA0/KA-
HOTCA TEXHO/IOTMAMU MUKPO3IEKTPOHUKM U AO/IXKHbI Peann3oBbiBaTbCs B npubopax u
[ATYMKaX, YTO MOJIyYaeTCcs He cpasy, a NOC/e MHOTOKPATHOro NOBTOPEHMA UMKNA UC-
cnepoBaHWiA. Tak BCE U KPYTUTCA...

A ans GopMynMpPOBKM HacToAlen dyHAAMEHTA/IbHOWN 3a434M SOMKHA ObITb cMe-
N0CTb 60/1bLWOro NO6ONLITCTBA, KaK B M3BECTHOM NereHae, KoTopas CAMLLKOM XOpoLLa,
4yTobbl €t0 npeHebpeyb B KauvecTBe uAtOCTpaumun. Akobbl Ha ofHoM BcTpeve Huna
ApPMCTPOHra CNpoOCUAM, NOYEMY XKE OHM HAa cCamoMm fJesie nosnetenu Ha JlyHy? ApmcT-
POHTr 6yaTo 6bl NPUHAICA 3ay4YEHHO PACCKasbiBaTb 06 OFPOMHOM HAayYHOM 3HAYEHUMU
noneta "AnonnoHa-11", noTom nomonyan M cKkasan: «Bbl 3HaeTe, B KOHEYHOM cyeTe
npu4YMHa oaHa. JlyHa 6bl1a Tam, a Mbl — 34€Cb».

— Pacckaxcume nodpobHee 06 00HoU U3 sawux paspabomok?

— HecKosibKo 1eT Mbl 3aHMMaeMcA pa3paboTKoM YyBCTBUTE/IbHbLIX 3/1IEMEHTOB A/1A
NPUEMHUKOB U3/yYEHUS MUIIVNMETPOBOMO U CYOMUAIMMETPOBOTO AMAMNA30HOB AJ/INH
BOJIH. YacTOTbl 3TOro AMana3oHa COOTBETCTBYHOT Teparepuam (1 Try = 10" l'u). Co3aa-
Hbl OPWIMHa/bHbIE MJIAHAPHbIE AETEKTOPbl Ha OCHOBE TEPMOMNOAEBbLIX TYHHENbHbIX
anoaoB, obecneuymBalolLMe BbICOKYH YyBCTBUTE/IbHOCTb MPMEMA B 3TOM AuanasoHe.
MocKonbKy NnaHapHble AeTEKTOPbl OTHOCUTENbHO NPOCTbI, HAa UX OCHOBE U3rOTOB/IEHDI
MHOrO3/1eMeHTHble MNPUEMHbIE MATPULbl, MNO3BONAIOLWMNE PErUCTPMPOBATb KapTUHbI
NMHTEHCUBHOCTU TrLI,-M3J1yLIeHVIﬂ. rlpVI MCMnonb30BaHUN 06beKTUBa U mMaTpuubl NnoABNA-
€TCA BO3MOKHOCTb peann3aumm CUCTEMbl PaAVNOBUAEHUA Ha TeparepLoBbIX YacTOTax B
peasbHOM macwTabe BpemMeHu.
OTnMuMe B CBOMCTBAX MaTe-
pvanos No NPoONycKaHuo U oT-
Pa*KeHUIo W3Ny4YeHUs Teparep-
LOBOro M BMAMMOrO AManaso-
HOB MO3BONAET Moay4yaTb A0-
NOMIHUTENIbHYO MHbOPMaLMUIO O
Habnopaemolt cueHe. MHorue
6biTOBbIE  MaTepuanbl  Mpo-
3payHbl  ana  Tlru-nsnyveHums,
3HAYUT MNPUHUMNMANBHO BO3-
MOXHO BUAEHWE CKBO3b Npea-
MeTbl. 9TO HY}KHO ANs KOHTPO-

153



na, aedeKkTockonuun, AOCMOTPa, NMPOTUBOAEWCTBMA TEPPOPY, ONA PELleHUA MHOIUX
APYrUX 3afay. YKe ecTb HeCcKo/IbKo paboTalolwmx NpoToTMnoB NpubopoB U ecTb Ha-
AeXaa, YTo nosyyaTcs cnegyrowme 6onee TeXHONOTMYHbIE U YHUBEPCA/IbHbIE.

— WHmMezpayusa 8 Muposyro HayKy 0bepHyaAace Kakumu-aubo ypokamu 041 Hac?

— ECTb TaKan WyTKa 0 Tpex CTaamax, KOTopble MPOXOAUT Kaxaoe HaydyHoe uccne-
[oBaHMe. AMepuMKaHLbl CHayana nosyYyatoT NaTeHT Ha U3obpeTeHue, 3aTeM BbIACHAET-
CA, YTO ero OCHOBHble UAew NeT ABaALATb Ha3ag onybMKOBaAM PYCCKME, a Yepes napy
HegeNb NPUXoAMUT COObLLEHME O Hayane BbiMycKa ANOHLAMW COOTBETCTBYIOLLEN HOBOM
npoaykunn. Ham yameutenbHbiM 06pasom He yAaéTcA BOCMO/b30BaTbCA COBCTBEH-
HbIMW Hay4yHbIMK pe3ynbTaTamu. [paKTUyeckasa LEeHHOCTb pPaboTbl 4O/KHA MMETb
60/bLWNI NpuopUTeT. Beab NPUATHO pewaTb 04HY 3a APYroi 3a4avyku 1 Nny6aMKoBaTb
CTaTbM, He npecnenys OnNpefeneHHbIX Aafeko uaywux uenen. MHorMm Tak npolue
WUTb, HO C 3TUM, HAa MOI B3rNAA, CBA3AH OCHOBHOM YyNpeK HalweW akagemMuyecKom
HayKe. Hy)XHO BblLUE LLeHUTb NPaKTUYECKYIO 3HAYMMOCTb HayUYHbIX UCCAEO0BaAHNN.

— Ha saw 8327140, KAKOBA Posib MeHeoxepa 8 cospeMeHHOU HayKe?

— lMpw TenepelwHem rpaHTOBOM crnocobe noanepKKM HayKu ectecTBeHHbIM 06-
pa3om BO3HMKAET MeNKOTEMbE, KOrAa KaxKAbl HauMHaeT «neTb o cBoem». poTmBo-
CTOATb 3TOMY [0/IKHbI MEHeAKepbl, UMeoLWMe HayYHbI aBTOPUTET U 3aHUMatoLWue,
BMANMO, aflMUHUCTPATMUBHbIE AOMKHOCTU. CnesyeT 3aMeTUTb, YTO KOJIEKTUBHAA Ha-
y4YHaA OenaTenbHOCTb XapaKTepHa A/1A HaweW Hayku, 6aarogapa 3TOMy BO3HUKAU M
COXPAHAIOTCA HayyHble LIKOJIbl, LLEHHOCTb KOTOpPbIX Bcerga otmedvaet A. B. NanoHoB-
lpexoB, U C 3TUM cneayeT cornacuTbcs. MOTOMy YTO «HAATPaAHTOBLINY MEHeAXMEHT
obecneunBaeT 60/see BbICOKYIO KOHKYPEHTHYI CMOCOBHOCTb Hay4YHOro KOM/MEeKTMBa B
60pbbe 3a KpynHble NPOEKTbl U TOCKOHTPAKTbI. MPUMEPOM MOXKET CAYXKUTb Haw LIKM,
co3gaHHbIi npn MOM PAH okono 10 net Hasaa. Bo3HMKHOBEHME TaKOW CTPYKTYpbI
NMOMOr/I0 HaM BbIUIPaTb HECKONIbKO KPYMHbIX JIOTOB MWHWUCTEPCTBA 06pasoBaHus U
HayKku P® 1 3ameTHO MoAEepHM3UPOBaTb Hally MATepUasbHO-TEXHUYECKYHO Hasy. Mbl
NOIYYUNUN BbICOKOTEXHONOTMYHOE U YHUKaNbHOe 060pyA0BaHMe, YTO BbIBOAUT MUCCae-
[OBaHUA Ha NPUHLMNMANBHO APYroW YPOBEHb, YTO TaKKe TpebyeT COOTBETCTBYIOLLETO
MeHeKMeHTa.

— A KaK 8bl 0mHOCUMeCcb K MoMy, Ymo MPUHAMO peweHue 0 no82omosKe me-
HeOxepos HayKu 8 sbicweli wKose?

— MeHegasKepa, KoTopblit Mor 6bl 3¢pdeKTMBHO paboTaTb B MPOMBbILWIEHHOW OT-
pacau unn 6aHKOBCKON chepe, MOXKHO NOAroTOBUTL B By3e MM aKagemuun BusHeca.
MWHUCTPOM 0BOPOHbLI MOXKET BbITb M rpaXkAaHCKuiA YesoBek. Ho meHeaXepom B Hay-
Ke 40/IXKeH BbiTb MMEHHO YenoBek Hayku. OH A0/KEeH NOHMMaTb YPOBEHb AOCTUTHY-
TbIX Pe3yNbTaToB, yMeTb GOPMY/IMPOBaTb HOBbIE LEAN U MOTUBMPOBATL Hay4YHbIN KO-
NeKkTuB. Ecv onnpaTtbcA TONbKO Ha BHELUHWE MHAMKATUBHbIE NOoKasaTenn (KoamM4ecTso
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cTaTen U anccepTaumii, LMTUPYEMOCTb, pa3Hble MHAEKCHI U Ap.), ynpaBaeHue Hay4yHoI
AeATeNbHOCTLIO BPAL, v byaeT 3GdEKTUBHbIM.

— Ha eaw 832150, Kakumu Kayecmeamu O0onxceH obaadame makol cneyua-
aucm?

— £l pa3genal MHEHUe TeX, KTO CYMTAeT, YTO YNpaBaATb HAYKOW AO0/KEeH BCemMu
NpPW3HaBaeMbli HAay4YHbI aBTOPUTET C 3aMallKamMu OMKTATOpa. ITOT YENOBEK AO0/KEH
NPOABAATb ¥KECTKOCTb B 3anpeleHMM pasmMblBaHMA 334aun M gpobnieHns ee Ha oT-
AeNbHble KYCOYKM U MasioBaKHble OTBETB/AeHUA. M noTom, ecTb ewweé u gpyrue oba-
3aHHOCTU: 3a60Ta O CBOMX COTPYAHUKAX, CO34aHMe AenoBon atmochepsbl, ausepcudu-
Kauusa 40X0408, pa3yMHOE MHBECTUPOBAHWE B byayllee KONNEKTUBA. B KOHLE KOHL0B
HAZ0 YMeTb CO/IOMKY MOACTENIUTb, YTOObI CMATYUTD TE€ MW UHbIE KU3HEHHbIE YAapbl.

— Ocmaemca nu y eac ceob600Hoe 8pems, Yem 3anosHaeme docya?

— BpemeHu ans gocyra ocTaeTca Maso, U KOHeYHOo, Tpady ero y»e He Ha 6ait-
JapKU 1 egnMHobBopCcTBa, a Ha AOM B gepeBHe B Bopckom palioHe, KOTOpbIi B 3HaYM-
TeNbHOM CTeneHn A MOCTPOUA CBOMMW PyKamMM: OT Noasana A0 KOHbKa M OT BOAO-
CHabBXKeHMs A0 3NeKTPonpoBOAKU. OCEHbIO 3aKOHUYMA OTAENKY NEeCTHMLbl Ha BTOPOW
3Ta)k — 3TO Y)Ke TOHKME Belly, He NAOTHULIKME, a CTONAPHbIE. Y MeHA MHOro pasHbIX
WMHCTPYMEHTOB, 1 A 1106110 CTPOUTb. ITO cocTosiHMe AyLlun. Mocae Aoma HauyHy CTPOUTb
YTO-HUBYAb elle. A ecTb elle peKa, fec, rpubbl. Jpyryio Molo CTpacTb — aBTOMO6GU-
NI — TOXKe He 0CTaB/IA. 3MMOWN — NbIXKK, U HaZo 6bl NoYalle B cnopT3an U baccenH.

— Yem 3aHUMaromcsa eawu demu?

— [oub napannenbHo okoHumna BMK u skoHomuuyeckoe otaeneHve MexmaTa
HHIY, cneunanuct no IT-texHoNOrMAM, B HacToALLee Bpema xueeT B Mockse. CbiH TO-
e okoHuma BMK, nonyyaeT BTopoe Bbicliee 06pa3oBaHMe B Bbicliel LWKoe 3KOHO-
MWKM U 3aHUMAETCA MEHEAKMEHTOM B PEKIAMHON KOMNaHMW. EMy HpaBMTCA CHUMATb
TaM KMHO, U y HEro BpoZe NoJiyyaeTca.

— Y 8ac ecmo desus?

— EcTb xopowas 6onrapckasa nocnosuua: «BbakbT My e geben Bpata, 3aw,0To cu
Bbeplwmn pabotaTa cam». To ecTb: y BOJIKAa MOTOMY TaKas Kpenkas Wed, YTO OH MHOro
paboTaeT cam. 3TO NOXOXKe Ha MO 4EBMU3 MO KU3HMU.

— Cnacubo 3a uHmepecHyto becedy!

becedoeasna U. TuxoHosa
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Mbl NO3HAKOMWAUCDH B TPYAHOE AN1A HAYKU BPEMAL...

0. U. benos,
sedyw. Hay4y. comp. HUP®U

Korpga BecHolt 2020 roga B pacugeTte CUA, YMA M TaslaHTa ymep
Bnagnmump MeaHosuy LLaWwKuH, BblinM NOTpACEHb! BCe: ero 6an3Kune, Apy3bsa U COTPYA-
HUKKM UPM PAH. A ke Bceraa onuuetsopan B. U. LUawKnHa, cBoero Apyra, Kak BaxKHyo
coctasnatowyo MHCTUTYTa GU3NKM MMKPOCTPYKTYp PAH notomy, 4To C 3TUM UHCTUTY-
TOM 6blIM CBA3aHbI Halle 3HAKOMCTBO CO BPEMEHM €ro CyLLECTBOBaHUSA elle B Heapax
UM PAH, mou nepBsble BnevaTneHus o B. U. LWawkKnHe n npogonkmeanca apyba.
B 90-e roabl A nepeceKkca ¢ NoAbMM, paboTaBWMMKM B 061aCTU 3HAHUA 3N1EKTPOHHbIX
MWKPOCTPYKTYp. MHoOrMe 13 HuUx 06/n1agann ocobeHHbIMM KayecTBamu Aaa mupa
HayKu — 6blAn NOHbI GU3NYECKOTO 340POBbA: KTO-TO 3aHUMA/ICA FTOPHBIMU NbIXKaMM,
KTO-TO Urpan B Bonelribon, MHOW NtobumbIi NpodeccmoHanbHo, KTo-To B 6ackeTbo.
Al He Ha3bIBato ceyac Gammnunii TorgalHUX MOUX 3HAKOMbIX — He TOT M0BOJ, BCE OHMU
[OCTUINW B Aa/ibHENLLIEM BblAAlOWMXCA pe3ybTaToB B HayKe, HO ele n obnaganu xo-
powei ¢pusmyeckoit ctatbio. OHU, Ha MOI B3rA4 (cGOPMMUPOBAHHOTO IUTEPATYPHBIM
yBneyeHnem K. JIoHAOHOM), NPeACcTaBAANN HeKMe 06pasLbl KFAPMOHUYHO Pa3BUTOM
JIMYHOCTU», TO €CTb TOTO, K YeMy AOJKHbl OblAN CTPEMUTLCA KCTPOUTENN KOMMYHU3-
Ma». 3TW NOHATMA 6blAM rNyOOKO BHEAPEHbl B Halle CO3HAHME COBETCKOro BPeMeHWU
MAE0/10TMYECKMM BOCMUTAaHMEM, YTO NMOHEBOE OTOXAECTBAA/INCD C HAaCTOALLEN CYTbiO
TeX KpacuBbIX U YMHbIX coTpyaHukos UM® PAH, cTaBwmnx B AanbHelwem coTpyaHMU-
Kamu UOM PAH.

BblgeneHune B cBoe Bpems coTpyaHukos MOM mns UMNP PAH B oTaenbHy0 CTPYK-
Typy, Ha mMoW B3rnag, 6610 CBA3AHO C OTKPbLITUEM BbICOKOTEMMEPATYPHOMN CBEPXMPO-
BOAMMOCTW, MPUOPUTET KOTOPOrO, NPU OTCYTCTBMMU U3IAULIHEN CKPOMHOCTM, AOKEH
6bl NpuHagnexatb coTpygHukam UOM PAH. CTpouTenbCTBO HOBOrO Kopryca Ha
KasaHcKom wwocce, B KoTopoe Oblia B/IOXKEHA YacTb AylIM MOEro OAHOKYPCHMKA
A. WN. KyabmnyeBa, HEMHOrO paccKkasbiBasLlero o6 opraHU3aLMOHHbIX Npobaemax, Ta-
KenbiX ANA Tex TPyAHbIX BpemeH, eule 6osblue YKpenuao MeHs BO MHeHUWU 06 yHU-
KaNbHOCTM W TanaHTax coTpygHukos MO®M PAH. MNoOHATHO, 4YTO BCe HOBOE CO34at0T
WHUUMATMBHbIE NtoaM, UX 06beanHAET xopolwan oblwan naes. PykoBoautenb NpoeKTa
C. B. TanoHoB (oH TOrAa euwe He Hbln aKaAEMWKOM) CO34aBan KONEKTUB HOBOFO WH-
CTUTYyTa, BbIGMpPaA COTPYAHMKOB, YTO Ha3bIBAeTCA, NOWTYYHO U U3 POAHOFO UHCTUTYTA
NN® PAH, n n3 ITY, u U3 4pyrnx opraHu3aumi.

Ona meHa MOM PAH, B ¢pase ero ctaHoB/AeHUA U pacuBeTa, Bcerga 6bin naeanom
HAY4YHO-MCCNEAOBATENbCKOrO UHCTUTYTA, B KOTOPOM CO4YeTasaCb COBPEMEHHAA Hayu-
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HaA npobsemaTvka U Hasn4Me HOBOro Hay4yHOro o6opyA0BaHMA, KOTOPOE B COBETCKOE
Bpems (4a v ceroaHs) scerga 6bi10 NnpegMmeTom BoxKaeneHus Kaxaoro HUW. Hepapom
HobeneBckuii naypeat akagemuk XK. U. Andepos u gpyrne ceetnna GusmnKu (TouHee,
MWKPO3IEKTPOHMKK) Y4acTBOBAIM BO MHOTMX Hay4HbIX KOHdEpPeHLMAX, NPOBOAUMBIX
N®M PAH. U BoT, Koraa A Bnepsble NONan B 3TOT COBPEMEHHbIN, NOCTPOEHHbIA PUH-
Hamu kopnyc MOGM PAH Ha KasaHcKom wocce, HannYyKaHHbIN yCTaHOBKamMM U nNpunbo-
pamu, CBEPKABLUMMM CTA/bi0 W AaXKe N030/10TON, A ewe B 6bonblueit mepe Batobuaca
B €r0 NiI0Ae.

C Bnagummnpom MeaHosmyem LLAWwKMHbIM A no3Hakomuaca B 1995 roay, Koraa
cosaasan Huxeropoackyto rpynny (IEEE AP/MTT/ED Chapter Nizhny Novgorod) Mesx-
AYHAPOAHOrO MHCTUTYTA MHXEHEPOB MO 3/IEKTPOHMKE U 3/EKTPOTEXHUKE. ITO Bblio
TPYAHOE AR HayKM ObIBLUMX COBETCKUX pecnybanK Bpems. TPYAHOCTM Havyanuchb ele
paHblwe, Bo Bpema pacnaga CCCP, Korga HalwmM yyeHble OKa3anucb OTOPBAHHbIMKU OT
3apybekHbIX HayyHbIX Ny6AMKALMA NOYTM NOSHOCTbIO. MHMUMATUBY MO CO34aHUIO Ta-
KOW rpynnbl npossua Mol fobpbili Tosapuwy, Kees vant Klooster (ESTEC ESA), ¢ KoTo-
pbIM A COTPYAHWYAN B TO BpeMA B MeEXAYHAapOAHOM KOCMUYECKOM npoeKkTe «Paauno-
acTPOH» (Ha3eMHO-KOCMUWYECKUIN pasnouHTepdepomMeTp), BO3MIABAABLUMMCA aKage-
mukom H. C. Kappawesbim. Kees vant Klooster 6bin B To Bpema pykoBoautenem |EEE
AP/MTT Chapter Benelux n ntobe3Ho cornacmnca obopmuTb BCe OpraHU3aLnoHHbIe U
¢dvHaHcoBble aena no co3ganunio Huxkeropopckol rpynnbl IEEE. 1 nposen obuwee cob-
paHue KaHaMAaaTos B YneHbl IEEE AP/MTT/ED Chapter Nizhny Novgorod, Ha KoTopom u
nosHakommca ¢ B. U. LawkuHbim. JonxkeH ckasatb, yto NOPM PAH, u B TO Bpems, 1 B
nocneaywouwee, 6ol OAHUM U3 AKTUBHENWMX ydpexaeHuit HuxkHero Hosropoaa B
nposegeHun scex meponpuatunit Chapter Nizhny Novgorod. HecomHeHHas 3acnyra B
3TOM OMPEKTOPOB MHCTUTYTa akagemuka C. B. [anoHoBa u ero nocnegosaTena yne-
Ha-Kopp. PAH 3. ®. KpacunbHuKa.

Ho asuxkutenem scex stux meponpusatnin 8 UGM PAH 6bin, KoHeuHo, B. W. LWaw-
KMH. Moyemy A Hayan cBOe NOBeCTBOBaHWe c 3Toro ¢akTa? Koraa mbl NpoBoOXKanu
Bnagumupa MBaHoBMYA B nociegHW NyTb Ha ByrpoBckom Knaabwuiie, pyKoBOACTBO
NOM PAH oTmeTWI0 B CBOMX TPAYPHbIX peyax 6osbliyto apyauunio Bnagmumupa Mea-
HOBMYa: OH HblN XOPOLLIO OCBEAOMJIEH B HAY4YHbIX BONPOCAxX He TO/NIbKO cBOel obiactu
3NEKTPOHMKK, HO U ropa3fo Wupe — ONTUKKU, INEKTPOAUHAMUKKN U Ap. Ob6bACHEHUe
aToro ¢eHomeHa npoctoe: Bnagumunp MBaHOBUY OYEHb MHOIO YMTAN Hay4YHON nepuo-
OnKn. B 90-e n Hayane 2000-x OH camoCTOATENbHO NoANMUCbIBaACA Ha 4—5 nsgaHuin
IEEE n perynapHoO NpounTbiBan ux, Bbla B Kypce TEHAEHLUMI BbILEYNOMAHYTbIX Hayu-
HbIX HanpaBAeHUN. [na MeHA, UCMOBEAYIOLWEro Ty e No3nuMio (A Ha3biBalo ee No3u-
UMen KOT/IMYHUKA», KaK ee B LIYTKY ONPeAenatoT: KOTAMYHUK — 3TO TOT, KTO U3Y4un
BECb NPEAJIONKEHHbIA YYUTENEM WM HAyYHbIM PYKOBOOMTENIEM MaTepuan»), SHLMK-
noneamsm B. U. LWawKuHa 6bl1 04HUM U3 BarKHENLINX KayecTB, GOpMUPOBABLUMNX ero
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BHELLUHIOIO BbICOKYIO OLLEHKY. OH Obla1 OTANYHUKOM U MO GaKTy — «KPACHLIN» ANUNAOM
Y vm. H. U. Nobauesckoro.

BTopoe 06cTOATENBCTBO, KOTOPOE MHE O4YeHb MMMOHMPOBANO BO Bragumupe
MBaHOBMYE — 3TO ero cnopTMBHas ¢u3nyeckas Kpacota. OH Obla, Ha MOW B3rnag, Tu-
MUYHBIM NPeaCcTaBUTENIEM KTaPMOHWUYHO Pa3BUTON NIMYHOCTMY». Al BbIBWIMIA CNOpTCMeEH
(urpan B Boneiibon 3a ITY B cBOE BPEMA U HEMHOIO Y4M/l STOMY «NPegMeTy» HEKOTO-
pbix coTpyaHukoB UMN® PAH n MOM PAH) u noTpatun MHOro cun Ha odopmaeHue
cBoeit «PU3NYECKOWN CTaTU», HO He CMOr Obl CPaBHATbLCA C aTieTU4Yeckon éurypon
Bnagnmupa MBaHoBMYa, AaHHOM emy OT Npuposbl. HaBepHoe, MHOrMe CKy/bATOpbI €
yA0BO/IbCTBMEM Dbl IENUAM €70 KPaCKBYIO FON0BY C BbICOKMM N6OM U aTaeTUYeCcKUM
TOpcom. He 3Hato, OH He paccKasbiBan O TAaKUX NPEANOKEHUAX, Aa, AyMalo, Npu BCel
€ro 3aHATOCTH, OH Bbl U He cornacuaca.

Mo Hayke mbl ¢ Brnagnmmnpom MBaHOBMYEM NepecekNnCb Ha CTese Tak HasbiBae-
MOro pagnoBuaeHus. Ha o4HOM M3 CEMMHAPOB, NPOBOAUMBIX HuKeropoackon rpyn-
noi IEEE, A paccKkasbiBan 0 NepCrnekTUBax NoJlyYeHUs Pagmom306parkeHnii pasinyHbIX
CLUEH B MM-AManasoHe panoBOH ANA NPUKNAAHbLIX 3a4a4. TamM NpucyTCTBOBaAu Au-
pekTop MOM PAH npood. 3. ®. KpacunbHUK 1 NpeacTaBUTENIM Hay4HOrO MEHEeAXKMEHTA
HUUUC um. 0. E. CepgakoBa. K Tomy BpemeHu B oTaene Bnagnmupa MeaHoBuua 6binu
CO34aHbl HM3KobapbepHble anoapl LLIOTTKK, KOTopble B Aa/ibHENLEM B COTPYAHUYECT-
Be ¢ 0. A. OparuHbim (MNP PAH), B. 3akamosbim (MUPM PAH) n gpyrumm 6biam umc-
NONb30BaHbl KaK MaJIOWyMALLME AETEKTOPHbIE MPUEMHUKU U3NYYEHUA MM-Paamo-
auanasoHa. HUMNC um. 1O. E. CegakoBa noggepkan 3To Hanpas/ieHuUe B CBOUX UHTe-
pecax U ¢uHaHCMpoBan Ty 4acTb, KoTopyk BbinoaHun UOGM PAH un HUPOU B
2013—2015 rr. Pa3Butne aToro Hay4yHoro HanpasaeHua 8 MOM PAH B 2010-e roabl
NoOLUNO B CTOPOHY YBE/IMYEHMA YACTOTbl U NOIOChI YacTOT LETEKTOPOB.

Ewe oaHo KayectBo B. WM. WawkuHa xotenocb 6bl oTMeTUTb 0cob60. OH bbin
ypesBbl4atHO AobpoxKenaTesbHbIM YeNOBEKOM. fl He BUAEN ero HWKOorAa pasrHeBaH-
HbIM WK Bbllweawnm mn3 cebsa npu «pasbope nonetos». OH Bcerga cebs aepan B
pamMKax CMOKOMHOro, KBaiMdULMPOBAHHOIO AManora C COTPYAHUKAMKU U Korgda Obin
3aMecTuTeNIeM OMPEKTOpa, U Korga — 3aBefyowum otaenom. 31y gobporkenatenb-
HOCTb OTHOLIEHW Bnagumup MBaHOBMY LLEHMA U B APY3bAX, U B ONMNOHEHTaX.

Al o4eHb HEMHOIO OCBELLOMEH O IMYHOM XU3HU Bragmumupa MeaHoBuuYa, HO 6bin
npeactasneH ero eHe EneHe MMaBnosHe. KpacuBas, ymHas, 3HeEpruyHasA, OHa nof
CTaTb cBOeMy My»Ky. O AeTAX U BHYKax OH roBopua H6e3 CHOCHOKaHbA U XBAaCTOBCTBA, HO C
6onbwon nobosblo. BuaHo 6bino, 4to y Bnagmmupa MBaHOBMYA HaAEKHbIN Tbij,
KPEnKWi OOM, rae ero NtobaT U Bceraa noAnepKusatoT.

Hapetocb, uTo co BpemeHem 60nb noTepu TPaHCHOPMUPYETCA B YBANKUTENbHYIO
[ONTY0 NAamMATb 06 3TOM APKOM U BE/IMKOJIENHOM Ye/IOBEKE — YYEHOM, rpaxaaHuHe,
apyre — Bnagumunpe MeBaHosuye LLawKkunHe.
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HEMHOrO O LWWALUKUHE

M. H. [lpo3dos,
K. &.-m. H., 140 otgen UM PAH

C Bnagumupom LaWKMHBIM Mbl HauMHaAW paboTy cTaxkepa-
mu-uccnegosatenamum B UMd AH CCCP B ganekne 1970-1980-e roapl, no3aHee 6biau
acnuMpaHTamu y O4HOro Hay4yHoro pykosoautena — A. M. benaHuesa. Torga ewe mo-
nopovt anpektop UMNdAHa A. B. NanoHoB-IpexoB Ha OAHOM M3 cObpaHWl B 34aHUK
HUP®WN paBan HanyTcTBME HAYMHAOWMM COTPYAHUKAM: «...MHXXEHepbl AOJIXKHbI 3a-
HUMATBCA UHXXEeHepHOM paboToi, a u3nKM — dusnyeckom». ITo BbiparKeHUe, cTaBLIee
O17 HAac KpblaaTbiM, B Te BpeMeHa 6bin10 NpopoyYeckum: B 0683aHHOCTb BCEX COTPYA-
HuKoB UM®, 3a UCKNOUYEHMEM PYKOBOACTBA, BXOAM/IM CE/bX0O3PaboTbl — «KAPTOLLKA»
(06bl4HO Mecay, B roay) v noacobHble paboTbl Ha CTPoliKe HOBbIX Kopnycos UM®. Ho
Mbl He yHbIBann, Bbl1I0 MHOTO BecesblX U He3abbliBaeMbix cobbITUM B Hopbbe co cTu-
XWEel 3a yposKali U B TPYA0BbIX «PU3NYECKUX» BYaHSAX.

Mocne obuieHna c cotpyaHukom TMOTU, a nosaHee ero gupektopom tO. A. Po-
MaHOBbIM, BragmMmup Bbibpan cBOKO HayyHYH TEMATUKY — MOJYNPOBOLHUKOBbIE reTe-
POCTPYKTYpPbl U CBEPXPELIETKN M HOBble CMOCObbl MOAMPUKALUN KPUCTANINYECKOM
peLleTKM, Co34alolne yYHUKabHble HENIMHENHble BbICOKOYACTOTHbIE CBOWMCTBA CTPYK-
Typ. 9TV UCCNefoBaHUA TOr4A elle TOJIbKO 3apOoXKAa/NCb, NMPEUMYLLECTBEHHO 3a pYy-
6exkom. ITo onpeaennio ero HayyHble MHTEPEChbl Ha BCH KMU3Hb. B KoHue 1980-x ro-
[0B Ha4ya0oCb pacluMpeHne TemaTuKn paboT MHCTUTYTA, Bblno co3gaHo CKTE UM AH,
a nosgHee — HOBbI WHCTUTYT GU3NMKKM MUKPOCTPYKTYP. Bragumup npeanoxun npo-
BeCTM ocHaweHne WUMP TexHonorMyeckum obopyaoBaHMEM ANA 3MUTAKCUMANbHOMO
pocTa NoaynpoBOAHMKOBbIX CTPYKTYP Ha OCHOBE apCeHWaa rannus gas npakTuyeckomn
peanunsaumm reTepocTpyKTyp M CBEPXPELIeTOK W BbICOKOYACTOTHbIX YCTPOMCTB. ITU
npeanoXKeHusa 6ol noanepkaHbl, U Bnagummp 3aHancA HOBbIM gns cebs genom —
3aKynkamm o60opy0BaHMA, MOUCKOM HOBbIX COTPYAHMKOB ANA 3NUTAaKCMAIbHOIO PoCTa
M copeprkaHma obopyaoBaHUA, AMArHOCTUKM 31EKTPOPU3NYECKNX CBOMCTB 06pasLLoB U
nposefeHUA NOCTPOCTOBbIX Npoueccos nutorpadun. Ana UM sto 6binm coBeplueHHO
HOBble HanpasneHUa pPaboTbl, M ONbiTa B HUX He 6bl10. MeHs Bceraa yamMBAano, Kak u
roe Bnagumupy yaaBanocb HaliTU HOBbIX COTPYAHWMKOB ANA 3TUX 3aHATUN, OYEHb KBa-
NMOUUMPOBAHHbBIX U BNOCNEACTBUMN NepeaaBaBLUMX CBOM ONbIT MOIOA0MY NOKONEHUIO.

B Hauane 1990-x rogoB Bce obopyaoBaHMe 6bi0 3anywWweHo B 3KCNayaTauumio C
cobnofeHnem Bcex CaHUTAPHbIX TPeBOBaHWA — M Havya/sUCb TEXHO/NOTMYECKUe Npo-
Leccbl M aKCcnepMmeHTanbHble paboTbl. Moa pykosoactBom Bnagumupa 6biam nony-
YeHbl MHOTMe Ba)KHble HAy4Hble W MPaKTUYecKne pesynbTaTbl, ONy6/JMKOBAHO He-
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CKONbKO COTEeH PaboT M 3alLMLLEHO OKOJIO AECATU KaHANOATCKMX auccepTaumini. MHo-
roe, K COXaseHuto, oH gogenatb He ycnen. B UHcTuTyTe GU3MKN MUKpOCTpYKTyp PAH
3TM paboTbl ceiyac NpoaoKatoTCA.

BCNomMHalo O4YeHb WHTEPECHbIA M NOYyYUTENbHbLIA CAy4yail M3 Hallen HayyHoW
YM3HW. B camom Havane KoHcyabTaumii no Bbibopy TexHosormyeckoro obopyaoBaHma
B ®TWN AH CCCP (ceituac ®TU um. A. ®. Nodde) no npocbbe Bragummpa Bbipactuau,
Kaszanocb 6bl, pASOBYIO MPOGHYIO reTePOCTPYKTYPY aNtOMUHUIA-TaNIUA-MbIWbSAK (C HO-
mepom Ne1084). 3Ta CTpyKTypa OEMOHCTPMPOBA/IA OYEHb HEOBbIYHbIE HEMHEelHble
3/1EKTPUYECKME CBOMCTBA M PENAKCALMOHHYIO TEHEPALMIO MU3/lyYeHUA C 4YacToToN Ao
HECKOJIbKMX [eCATKOB rurarepl. BO3MOXKHO, B CNeKTpe reHepupyemoro MsnyyeHua
6bIn11 M Bonee BbICOKME YACTOTbI, OAHAKO TOrAa y Hac He 6bl10 anmapaTypbl AAA UX
nccnefoBaHuA. 3TU SKCNEePUMEHTA/IbHbIE Pe3yibTaTbl NOCAYKUAU CTUMYIOM ANA pas-
BUTUSA TEOPETUMYECKMX WUCCAEeLOBaHMIA, NO 3TOMY MmMaTepuany 6bi1o onybnMKoBaHO
60nblwoe Yncao paboT M 3aMLLEHO HECKONbKO KaHAMAATCKMX AMccepTauui u, no
KpanHel mepe, of4Ha AOKTOpcKasa. O4HaKO, HECMOTPSA HA HECOMHEHHbIW UHTEpeC, no-
BTOPUTb 3Ty CTPYKTYpY Hosblie He yaanock, HM B ®TU, H1 B UMD, HU 3a pybexom, rae
TaKKe MOABWUINCL TEOPETUYECKME MOLENM MPOLLECCOB PenaKCaLMOHHbIX KonebaHui
nocne nepsbix Nyb6ankauuii Bnagumupa. 3To cTeyeHMe OBCTOATENBCTB MOCAYXKWUAO
Bnagmumupy moTMBOM A8 PasBUTUA MOJSIHOLEHHbIX CPeACTB AMArHOCTUKKU NOAynpo-
BOAHWMKOBbIX FETEPOCTPYKTYP COBPEMEHHbBIMW aHAZIMTUYECKMMU METOLAMMU U MOUCKA-
MW NMPOEKTOB U CPeacTB ANA NMOKYMKWU Nogo6HbIX YCTAHOBOK, HE MeHee A0porocTosf-
WX, YEeM TEXHONOTUYECKME.

B Hayane 2000-x rogos Bnagumump noTpaTma MHOFO CUN U BPEMEHW ANA CO34aHUA
M ocHaleHua yxe B MOPM PAH LleHTpa KONNEKTUBHOMO MONAb30BAaHMA AUArHOCTUKM
MMKPO- U HaHOCTPYKTYp. 3TOT LleHTp ycnewHo ¢yHKUMOHMPYET U ceivac, U peluaet
MHOIMe aHaNTUYEeCKME U TEXHONOMMYECKNE 33[a4M uccneaosaTteneit He Tonbko NOM
1 UMN® PAH, HO U MHOTUX Hay4YHbIX OopraHM3auniti HuxkHero Hosropogaa n Poccuu.

Bnagumup 6bln s3KCNEpTOM HEMAsIOro YMCAa POCCUMIACKUX HaydYHbIX GOHAOB U Tpa-
TUN MHOFO CWA Ha M3y4YyeHWe 3asiBOK MPOEKTOB M OTYETOB, HUKOrAa He MoaxoAun K
3ToMy GOPManbHO, CTapascb AaTb MAKCMMaNbHO OOBEKTUBHYIO OLEHKY CWUbHBIX W
cnabbix CTOPOH MpOEeKTa, HecMoTpA Ha Aobble peranvm asTopoB. KoHEYHO, 3TM Ha-
rPY3KM 4acTo NeXKanu B CTOPOHE OT ero COBCTBEHHbIX HAYYHbIX MHTEPECOB M 3aHUMaNN
maccy BpemeHu. Ho B ero »u3Hu 6bIN0 MHOTMO ApYyrux MHTEPEcoB U yBaedeHUn. OH
OYeHb XOPOLIO BOAM/ MALUMHBI U pa3bupanca B UX yCTPOMUCTBE U HEUCMPABHOCTAX, YTO
6b1N10 33/10XKEHO €ro OTLOM C CaMOoro AETCTBa. Y HEro MOXKHO 6bl10 NOAYYUTb MHOFO
NPaKTUYECKUX COBETOB M MO YCTPOWCTBY 3aropoAHOro0 AOMA, ero KOMMYHUKaUMAM, U
OKPYXKalOLLMM COOPYKEHUAM. KU3Hb ero 6bl1a HANOHEHHOMN N MHTEPECHON A0 caMoW
POKOBOW OCTaHOBKM...
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MOW APYT WWALLKUH

A. . Kyszemuues,
8 1993 — 2013 22. 3am. dupekmopa N®M PAH no obwum sonpocam

MpumepHO NOMOBMHY HecnpaseasiMBO KOpOTKoro BonoauHoro
CPOKa XWU3HW Mbl paboTanu Bmecte M apyxuau. B koHue 1985 roga s nocne 13 net
6e3ycneLwHon Kapbepbl B YHUBEPCUTETCKOM WHCTUTYTE Xumuu noctynun 8 UMNPAH,
MMmes B MOCAYKHOM CMUCKE HeAOoAeNaHHY0 ANCCepTaumio No Macc-CMeKTPOMETPUn 1
HEKOTOPbIN ONbIT a4MUHUCTPUPOBAHNA B MaclwTabax nabopatopun. Kpome crtapaHus
O3 Nony3abbITblX 3HAHUM U3 GU3NKKU, HUYETO A1 HE MMEN, BCE MPULLIOCHL HAYUHATD 3a-
HOBO, £06bIBaTb aBTOPUTET. Kak M MHOrMe Koaieru, Bonoga oTHECCA KO MHe NMoHavany
HacTopoXeHHOo. Ho BCKope, nocne ocy-
LEeCTBNEHMA  HEKOTOPbIX COBMECTHbIX
NPOEKTOB (3anomMHMNacb TEenIOXOoAHas
no/slynpoBOAHMKOBAA KOHdepeHLma),
MEXY HaMU CNOXWANCL NpuUATeNbCKue
OTHowWeHUA. KpynHbIA, NPUATHBIA ULLOM,
du3MYeCcKn cunbHbIN, Bragumup MeaHo-
BMY pacrionaran K cebe yxke npu nepsom
3HakomcTBe. CTpOMTENBbCTBO HOBOFO WH-
CTUTYTa, akagemudyeckoro WHcTuTyTa
OU3MKN MUKPOCTPYKTYP, COBMANMO C Kpy-
LWeHNneM CTpaHbl, U HaM, MOJOAbIM U
HEOMbITHBIM PYKOBOAMUTENAM, MNPUXOAM-
locb AencTBOBaTb, NoJslaradacb 6o/blue Ha
3/paBblil CMbIC/l, Y&8M Ha HOPMbI U Mpa-
BM/1a, KOTOpPble MEHAMNCL TO U aeno. MNo-
3ToMy 0CObBeHHO BaXKHbIM Obl10 AoBe-
pue, B3aMMOMOHMMAHWE HA MWHTYUTUB-
HOM YPOBHE, MOYTU CPa3y BO3HMKLUEE MEXAY HaMU, — LO/IKHO BbiTb, NO AyLWEBHOMY
poacTtBy. PasHuLa B BO3pacTe y Hac 6bina noytu 10 neT, HO A He 4yBCTBOBaAn cebs
CUNbHO CTaplue, HaNpPOTUB, YacTo obpaluanca K Bonoae 3a coBETOM M NOALEPNKKOM,
yragpiBasa B Hem onbIT 0b6LwecTBeHHOM pPaboTbl, KOTOPOro He 6bl10 Yy MeHA. He nomHIo
cnyyas, 4tobbl OH He BbINOMHWA 0bewWwaHHoro, He NOACTaBMA Naeya, ecim 6bl10 Heob-
XOAMMO, OTKA3a/CsA MOMOYUb, eCv Bbin B cMnax. ITo BO BCEM — U B CYKeOHbIX Aenax, 1
B ObITOBbIX CUTYALLUAX.
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MHoroneTHAA coBmecTHan paboTta B gupeKLmn MHCTUTYTa He paspyLlunia apyxe-
CKMX OTHOLUEHMWM, HAMPOTUB, NPUATENLCTBO YKPEMNWUIOCh CEMENHbIM 0bLLEeHNeM, 3Ha-
KOMCTBOM C ero 6/IM3KUMU ApY3bAMMU.

Ooctur nan Bnagnmnp MeaHosuu LLAWKKH TOro, K yemy ctpemunca? MHe TpygHO
CYAWTb, HAYYHYIO CTOPOHY €ro XKM3HW OLEHUTb He MOry; HO y4éHble cTeneHu, nybau-
KauuK, BbICTyNieHMA, 6€3yc/ioBHO, FOBOPAT O NpM3HaHUU. MHe 6o/blie 3HAKOMa KU-
Teickana ctopoHa. OaHO yaoBosIbCTBME BbIN0O CneguTb 33 ero ctapaHuamm B obyctpoi-
CTBE NMPOCTPAHCTBA BOKPYr ceba: KBapTMpa, rapaxk, 6AnXKHUI cag, LepeBEHCKUN Aom —
BCE CBOMMM pyKamMu, ¢ Nt060BbIO, C MHKEHEPHOW CMEKANIKOW, OCHOBATENbHO U HaA0-
ro. BoamoKHo, 3T1 3aHATMA Y6aBAAAM BpemMA Ha HayKy, HO A yBepeH, 6e3 «pyKkoaenma»
OH CYyLL,ecTBOBaTb HE MOT.

CBeT/blit 6bl YENOBEK, CUAbHBIN. B MHCTUTYTE Ha HEM AepKanocb MHOroe, C ero
BHE3aMHbIM YXOAOM MHOIOE W YLW/O, PYXHY/ U MPUBbIYHbIN, HAZEXHbIA MUP €ero
ceMbu. beamepHo *anb...
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HECKOJIbKO « MTHOBEHWUI» YXU3HU

. /1. NMNaxomos,
C.H.c. omdena 140, UM PAH

Xo4yeTca BCMOMHWMTb HECKONbKO MOMEHTOB, KOTOpble NamaTb
OXOTHEee Bcero BblbpacbiBaeT NpW MOMbITKE NpPeacTaBUTb camomy cebe Hawero
3aB. otaenom. OHM BCe C yNbIBKOM, TENIOM U NeYasbio, CIOBOM, UMEHHO TaKMe, Kakue
W AO/MKHbI 6bITb, KOr4a BCMOMMHAELWb YesloBeKa He 6/M3KOro poAacTBa, Tam pesye U
60/bHEee, a OYeHb XOPOLIEro, CTapluero ToBapuLa B pacckase ewé 6onee OHbIM KO-
neram. Hy 1, KOHEYHO, C MPOHUEN, CBOMCTBEHHOW BCEM B HAallem 3aBeAeHMM, Mo Mno-
Boay u bes...

1. MATHUYHBIA CUHAPOM

Celtuac, KOHe4YHo, He To. TO NN NoAHAeNUCb Mbl TeMepeLIHNM CbiTbIM HbiToM ¢
NPUBbLIYHON SAUTHOM BLINMBKOM M KPaTBOW. TO NN NPOCTO BO3PACT y¥Ke 3acTaBnser
BMAETb NPOLAOE 3HAYMTENIbHbIM, @ HblHEelWHee — MenKoBaTbiM. Man npocto 3abot
cTano 60/blie, a TONBKO BOT 3TU MPEKpacHble NATHUYHbIE MNOCUAENKM B 0bLLei Kom-
HaTe otaena 140 cTtanu He Tak xopowwu. A net 15 Hasaz cnyyaliHO NPUHECEHHanA B UH-
CTUTYT U BOBPEMSA BblHyTana OyTblKa 0ObIYHON BOAKWM BbI3blBana 6ONbLLON AXKMOTaM.
[JocTaBanocb M3 MOPO3UKM Cano, pesanca MOACOXLWWIA xneb, Haxoamnacb 4YbA-TO
H6aHKa KOHcepBOB. B onycTeBluem Kopnyce BCTPeYanca AaBHO He BCTPevyaemMbli KO-
nera, y Kotoporo 6blaa npunaceHa u BTopas. YeTbipe-nATb YENOBEK CaAUINUCH BOKPYT
HepoBHOro cTosa. PaboTa oKOHYeHa, JOMOWN He CPOYHO — MATHWLA, @ MOTOM BbIXOZ-
Hble. M IMLWb TONbKO 33 Napoii TOCTOB pasropanach rNyboKOMbICNEHHENLLAA AUCKYCCUa
06 yCTpoWcTBE MMPA M BCEM TaKOM... B N10X0 NPUKPLITYIO ABEPb CbIWAMUCH TAXKENble
LIaru, oOHa OTKpbIBaNach, U Ha nopore nossaanca LUawkuH.

FomoH 3atuxan. OH 06BoaAMA BCeX 0COBEHHbIM Ha4anbCTBEHHbIM B30OPOM U HEKO-
Topoe Bpemsa mon4van. 3To 6bino HeobxoaAMmOo, YTObbl Mbl BCE OCO3Ha/U, YTO NPOMUC-
XOOMT U CamMM yCTblanAUCh. U AencTBUTENBHO, Mbl BCe BAPYr HauMHaAM OCO3HABaTb,
4YTO Mbl BOObLLE-TO Ha paboTe. M uTo BpemA-TO elé aaxke U He No3AHee, Aa U AeHb
COBCEM He NpasAHWUYHbIA. ByaHuin, mexay npounm, pabounii AeHb. BOT HayvanbHUK,
Hanpumep, oH-To paboTtaeT. OH CMAUT B CBOEM KabuHeTe 1 AymaeT, @ He MHET HeTep-
NesnBOM PYKON PIOMKY, CMYLLLEHHO YXMbINAACD...

He rosopAa HW cnoBa ocyxaeHua, LLawknH BbiGUpan Hy>XHOro Yenoseka u obpa-
wanca K Hemy ¢ GopmasbHbIM BOMPOCOM, CKaXKEM, NPO CBEXME KPUBY/IbKM, HAYaTyHo
CTaTblo, MOYMHAEMYIO XKesle3Ky U Np. Y OHU yXOaMAu ¢ HeCHACTHbIM B KabuHeT 208 ans
obcykaeHunn. OcTaBLUMECA HEKOTOPOE BPeMs NepernffblBajanch, NOCTENEHHO CMenes,
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M 3acTosibe BO306HOBAANOCL. MUHYT Yyepe3 10—15 nossasnach *epTsa M HaBepCTbIBa-
na ynyweHHoe. KTo-To cnpalumBan: Hy 3a4em, Mo/, Bbi3biBaJl, 4TO roBopun? U yenosek
OTBeYas, HafJO/ro NepeBoAsA OTB/EYEHHYD Temy 06paTHO, Ha poAHble OTAEeNbCKUe
npobnemkun. Yepes HekoTopoe Bpemsa LUalwKnH oba3aTenbHO 3arnagpiBan eweé pas u,
NPUTBOPHO XMYpPACb, TOBOPMA YTO-TO TUMA «HY Bbl CMOTPUTE Y MeHsA, Wob BCE 6blio
TMxo». U yxoamn.

Takue cueHbl MO NATHULAM MOBTOPAIUCL PEFYAAPHO U MMENN OFpOMHOe o0bbe-
ONHUTENbHOE 3HadeHue. Bragmumup MBaHblY AEACTBUTENIBHO MHOFO, MO-HACTOALLEMY
paboTtan. Bcerga 6bin Ha cBA3KW. 3aHUMANCA He TONIbKO AeslaMu, KOTopble Bblan emy u
BNPAMb MHTEPECHbI, HO U TeMW, KOTOPbIMU AO0/KeH Obla 3aHMMATbCA, NpUYeM no-
cnefHve ABHO OTHMMAAW Yy HEro MHOro AyweBHbIX cun. Koraa nucanacb ero JoKTop-
CKaA, OH e34MN B MHCTUTYT NOYTU Kaxble BbIXOAHbIE B TEHEHNE rOa UIN HECKONbKUX,
TOYHO YyKe He NMOMHI0. B 6yaHM yxoaun ToxKe No3gHO, NpeaBapuTeibHO COBEPLUMB
HeCnewHbI MOLMOH MO HaweW YacTu Kopupopa, ¢ 06sa3atenbHbIM 3axog40mM K Kone
BocToKkoBY A/1a HayyHoW M K Muwe [po3anosy gns, ckopee, punocodpckon beceapl. U
BCE paBHO, BOT 3TO CMNOKOMHOE NATHWYHOE Ha3ngaHue, BOT 3TO OTEYEeCKoe OTHOLIEHUE
K NPOKa3/MBbIM, HO /IOBMMbIM CBOMM COTPYAHWMKAM, ceiuyac BCn/biBaeT 0cobeHHO
NErKo, OHO 06BACHAET, MOYEMY TaK XOPOLLO U C YA0BO/IbCTBUEM XKU/N B HALLEM OTAe/e
TaKne Heo4MHAKOBbIE 10U U NMOYEMY TaKoro 6osblle HUKOr4a He Byaer...

2. dopma Nel

Kak n B mocnosuue npo 4esoBeka, KOTOPOro BCTPEYAIOT NO OAENKKE, HAY4YHbIN
NPOEKT, BepHee, 3aABKa Ha Hero, BOCNPUHMMAETCA 3KCnepTaMu Mo aHHoTauuu. [a,
KOHeYHo, 6bIBaeT M TaK, YTO BECbMA CTOALME MbIC/IM AaBTOPbI 3aABKM BblpaKatoT nyTa-
HO, HeybeauTeNbHO UK He B TOW MaHepe, KOTopas NPUHATA B AaHHOW Hay4yHOM npo-
cnolike. M xoTA HemoBepxHOCTHasA paboTa sKcnepTa Kak pa3 W 3aKAo4vaeTca B TOM,
yTobbl KaK cnegyeT pa3obpaTbCA B 3ambiC/le, @ HE NJbITb MO TEYEHUIO KPAaCMBO U CO-
JIMOHO HanMcaHHbIX Gpas (B 3ITOM-TO Ternepb MHOTO MacTepoB), BCTPEYaoT BCe-Taku No
oAEXxKKe.

M 310, HaBepHOe, NPaBUNbHO: YMel BbiparkaTb obellaHna yetye — byaeT nerye
UX BbIMNONHATD...

MoMHI0, KaK yaAMBUTENbHO 6blI0 MHE, XMMUKY, 3aHMMaBLUEMYCA OPraHWYeCcKown
3NEKTPOHMKOM eLwé Ha KypcoBoi B 1990-M, UMTaTb KOMMEHTbI 3KCNEPTOB PUINYECKUX
CeKUMW, pyralowmx ofHYy U3 MOMUX MepPBbIX CAMOCTOATE/NbHbIX 3aABOK, Hanpumep, 3a
«HUKOMY He NOHATHOe cokpauieHune OLED» (Oeno 6bii1o B 2005 roay! Yepes Heckonb-
KO NeT OHO He BbI3OBET BOMPOCOB AaXe y NOAPOCTKa, a ckaxkem HEMT po cux nop ma-
N0 KoMy mM3BecTeH). ECTeCTBEHHO, A NMoLwen NoBO3MyLLATbCA M NOCOXKaneTb 06 3TOM K
LWawKnHy. OH NOCMOTPEN Ha MEHA XUTPO, C MPULLYPOM, U, BO-NEPBbIX, HUCKO/IbKO He
yauBuaca nogobHoM «HecnpaBea/iMBOCTU», a 06BACHWA, KaK YCTPOEH XOPOLIO UM Mo-
HUMAeMbI SKCNEPTHbIN MUPOK. BO-BTOPbIX, Aan HECKONbKO, Kak 06bIYHO, KpaitHe no-
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Nle3HbIX COBETOB, B TOM YMC/Ee KaK BblpayKkaTbCA NPaBUAbHO TYT, a He Tam. W, B-TpeTbux,
no moen npocbbe cTtan npountbiBaTh «popmy Nel» Bcex mocneayroLlmx MoOUX 3asBOK
nepez oTnpasKoi B GoHAbI.

A1, KOHEYHO, HEe MOT ero NPOCUTb YMTaTb BCHO 3aABKY: AeN Yy Hero bbiao 1 6e3 atoro
NoOJIHO, B TOM YMC/IE U 3TUX CaMbIX 3KCMepTU3 (a K HAM OH NOAXOOUA Hy NMOYTU He-
npeaB3ATo, NPOYUTLIBAN Kydy ANTEPATYpPbl U 3HAJ/, KaK MHE KaKeTcs, BCEX NO CTpaHe,
KTO 6bIN CBA3aH Kak C ero tobumbIMK, TaK U C coceaHMMU HanpasaeHuamm). Ho 6bino
y)Ke 1 Tak Hennoxo. ®opma Nel — KpaTKaa aHHOTALMA, HAPPATUB, C HEKOTOPbIMM Ba-
puaumMammn npucyTcTByeT B lo6oM NpoeKTe. M He 3Hato, KTO KaK, a A He NULLY «C KOH-
ua», A NULY C Ha4Yana M CTapalocb Adasblue Pa3BUTb TEMY, OHa obpacTaeT NoapobHO-
CTAMM, M A NPeACTaBA, YeM AeN0 A0KHO 3aBepwnTbea. MIMEHHO No3TOMy BOBpems
nognpasfeHHas MbICNb, NOACKA3aHHbIA BEPHbI TEPMUH, OTCEUYEHHAS, YEro YK rpexa
TaWUTb, NYCTOMOPOXKHAA HayKoobpasHaA Kalla, KOTOpas 4acTo BbINOJI3AeT 3a Heume-
HMEM XOpoLlero xoaa, — BCE 3T0 HbII0 0-0-04eHb Nosie3Ho. He mory cKasaTb, YTO BOT
TYT-TO KapTa v nonépna, HeT. Ho A cam cebA cTan 4yBCTBOBATb YBEPEHHEE, YTO, COMNa-
CUTECb, 4OPOroro CTOuT.

Ha peaKkocTb NpoHMUATeNbHO, AaXe cierka obuaa bpana, WawkuH Buaen cna-
6ble CTOPOHbI, KOTOPbIE A1, Ka3a/10Cb, TaK Ta/JIaHT/IMBO 3aMeTa Nog, KOBEP M3 HAPOUUTO
«XMMUYECKUXY» Naccaxken. A CUIbHbIM — PafOCTHO YAMUBAACA, OXUBAANCA BECb, BUA-
HO 6blN0, YTO He HameBaTb, YTO XOTE/I0Cb Obl EMY M CAMOMY B 3TOM MOY4acTBOBATb.
YTO COXpaHWioCcb TO camoe HacTosilee HayyHoe Nto6oNbITCTBO, Paan KOTOPOro Ko-
raa-To Mbl M 3aHAJICb 3TUM CTPaHHbIM OU3HECOM, Aa MOTOM KaK-TO OHO MOYTUXJIO,
Cy3U10Cb M NOEXano Mo HaKaTaHHbIM pesibCaM.

Hy 1 Kpyrosopule y Hero 6bin — nopasuTenbHbiit! Koro-to 06uKy MHeHMeM, HO
HeT B HallleM MHCTUTYTE YEe/I0BEKA C TaKUM e LUMPOKUM AMAana3oHOM 3HaHUIA, ayLWmMX
rny6:Ke NpocToro MHTepeca K Teme, CepbesHbiX U BCeraa OoTKPbITbIX AN Konner. Bep-
Hee, He bbino.

3. XMMUKH

Mo poay 3aHATUI, ONA BCAKMX MEPeroBopoB, MHE MPUXOAMIOCL BPems OT Bpe-
MEeHW NpuraawaTtb B OTAE/ CBOUX BbIBLIMX UAN HbIHEWHMX, UK Ke NAaHUPYEMbIX Ha
byaywee, K0NNabopaTopPoB U3 XMMUUYECKUX MHCTUTYTOB UM YHUBEPCUTETOB. Hy 1 eciu
B MUTOre 3aTeBasioCb YTO-TO COBMECTHOE, TO U3 COObpaKkeHWi He ToNbKo cybopanHa-
LMK, HO 1 34PaBOro CMbicna — A UX BEN K LLaWKKHy Ha 6eceny.

He cKkpoto, 3To 6bl10 OTAE/NbHOE YA0BO/ILCTBUE, MUHWU-CNEKTAKIb, KOTOPbLIN A
nobun HabnopaTe U3 NepBoro paga napTepa, cMAA Y Hero B KabuUHeTMKe, Kyaa, no-
CTy4aBLUMCb, 3aBOANA CBOUX Kosner. MeaneHHO OTKaTblBaACA OH OT MOHMTOPA M pas-
Bopaumsanca Ha 90 rpagycoe K csoemy 6osbwomy crtony. Mpurnawan cagutbea u
cuennsan NagoHun unv tepebun, BpemeHamm NPUCTabHO BIAAbIBAACH B KaKyo-HUBYAb
6e3nenywKy Ha CBOEM CTONe, UX Tam BCergda BaiAaNoCb HECKO/IbKO WTYK. W Takasa uc-
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X0AWAa OT ero MaccMBHOW GUrypbl CONNAHOCTb, aBTOPUTETHOCTb YTO /iU, YTO MEepBOe
BpPemMs He3HAaKOMOMY YesI0BEKY Henb3A Aaxe bbino pasobpaTe — fobpoxKenaresibHO
OH CNYLWAEeT UM HET.

NoAn HauMHanu m3naraTb CBOM XMMWYECKUE MAaHbl, MOTUXOHbKY MOHUMasn WX
Yy30CTb U HE3aKOHYEHHOCTb B [/1a3ax TaKOro CepbesHOoro caywartens. A oH, Hafo CKa-
3aTb, C/IyLIA/ BHUMATE/IbHO, MOHWMaJ, HY, MOXET, U HE C MEePBOro pasa, CIOXKET U ne-
pexoaun K auanory. BHesanHo OKasblBasioCb, YTO MPUMEPHO TaKMMMU Ke BELLAMU OH
KOTra-TO U rAe-TO Y¥Ke MbITascA 3aHUMATbCA, HO HUYEro NyTHOro He Bbiwo. BoT noto-
My-TO ¥ NOTOMY-TO. UM YTO eN0 Y HUX MHTEPECHOE, HO OT €ro MOHWMAHUA AANEKO
(épHuyan, KoHe4HO). U HeoXMAAHHO Mpea/iaran NousyvaTtb YTO-TO APYroe Ha OCHOBE
UX MaTepuanos, a He TO, Ha YTO PaAcCUUTbIBaAIU BU3UTEPBLI. MoTOMy YTO TO, Apyroe, —
60nee BaXXHO U CBOEBPEMEHHO. ITO 6blI0 NMPEKPACHO. XMMMUKM MU U NOHUMANW,
4TO MAET B3aMMHO BbIrogHoe obcyXKaeHve, U Konabopaumsa BOSMOXKHA, U Jaxe Xe-
natenbHa. MpocTo AnA 3TOro Hafo ewé HEeMHOro NMOATAHYTbCA, MOUCCNenoBaTb Mo-
rny6xe cBon cobCTBEHHbIE COEAMHEHNA U NPUIATK eLwé pas...

...fl c npolunoro rosa y4acTeyto B 04HOM CUIbHO MEXAUCLUNANHAPHOM NPOEKTE,
Ha BXOZE B KOTOPbIA MHe, YTOBbl BHUKHYTb, NPUWOCH (KapaHTUH nomor!) HanucaTb
3[10POBEHHbIN TaKoi 0630p MO HEPOAHON «CynpPamoekyNAPHON» TemMaThKe n obuime
3afiaun. 3aKOHUMB, A NOMPOCUN XMMMUYECKUX YYACTHUKOB, NPOYUTABLUM, HEMHOIO 3a-
Z[yMaTbCA O Larax HaBCTPEYy Halleil CTOPOHe, U3MepUTEeIbHO-TEXHOI0TMYEeCcKon. Tak
KaK COBMECTHbIN MPOEKT — 3TO He NPOCTo nepegaya obpasLoB, HaTe BO3UTECh, aBOCb
4TO U1 BbINAET. TYT HYXXHO BHATHO MPEACTaBAATb BCIO LLEMOYKY peasibHO COBMECTHbIX
[eVACTBUIA U Ha paBHbIX BK/IAAbIBaTbCA B Pe3y/bTar.

HeT, 0-0-04eHb TPYAHO NtoAelN K 3TOMY NOATONKHYTb: Mbl, MO/, EeaeM OT CUX U
[l0 CUX, fanblue — He YMeeM, He 3HaeM, a 3HauYWT, Ha CamoM Jesle — He XOTUM. X,
Kak 6bl TYyT ymecTHO 6bi10 NPUBECTU UX Pa30K-ApYroi K Bnagumupy MBaHbivy...

Mnu camomy «BKNOUMTL» Braavmupa MBaHblva, 3STOMY Hago Bbl10 HAYYUTbCA...
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BCTPEYMU C B. U. LUALLKNHbIM
. A. Obyxos,

mexH. oupekmop AO HIIT «PaduomexHuka», Mockea

C Bnagumupom MeaHosuuem LUawKnHbIM 1 ero xeHoi EneHon
MaBnoBHOM A no3Hakomuaca B 1998 roay Ha KoHdepeHuun KpbiMuKo. Bnagmumup
MBaHOBMY BbICTyNnan Ha KoHbepeHUMn ¢ foknagom «lnaHapHble auoapl € ynpasnse-
MOV BbicoTOM Bapbepa LLUOTTKM oA AeTeKTopoB MUKPOBOIHOBOIO M3/y4YeHus» (aBTo-
pbl: B. U. WawkKknH, B. /1. Bakc, B. M. JaHunbues, A. B. Mypenb, A. B. Macnosckuii,
O. WN. XpbikuH, t0. N. YeueHuH, A. B. LLIabaHoB).

Mbl BcTpeTuanch B naHcmoHate «M3ympya» B8 byxte Jlacnu, rae npoxoamo 3ace-
AaHVEe CeKUMM NO HAaHO3/IEKTPOHMKE M HAaHOTEXHONOTUM, A TaKKe baHKeT. Bragumup
MBaHOBMY aKTMBHO y4acTBOBa/ B 3acefaHWn, 3a4aBajl MHOIO BOMPOCOB. A nocsie mbl
pa3roBOPW/INCL 3a PHOMKOI XOpOLIero KoHbAKa. He MOmHIO yXKe TOYHO coaepiKaHue
b6ecepbl, HO B MaMATU COXPaHMIOCH OLLYLLIEHWNE NPUATHOTO OBLLEHNA C YMHbBIM U CBO-
604HbIM YENOBEKOM.

OKa3asiocb, YTO Y HAac ecTb MHOrO 0bLWMX Hay4yHbIX MHTepecoB. Hanpumep, npo-
6nembl HaHoauTorpadum, KoTopbiMW 3aHMManca Bragumup MBaHOBMY BMecCTe CO
CBOMMU Konneramm ns MHCTUTyTa GU3NKN MUKPOCTPYKTYp PAH (r. HMxHUI Hosropoa,).
B pesynbTtaTe Ha Kpbimckoit CBY-KoHbepeHuun cneaytowero, 1999 roga 6bin caenaH
nneHapHoli poknas «Co3gaHWe HaHOPa3MEpPHbIX 31eMEeHTOB MeTo4amMu  aTOM-
Ho-cunosown nutorpadum» (asTopsbl: H. B. Boctokos, [. I'. BoaryHos, B. ®. JpaxnywuH,
A. 10. Knumos, B. B. Poros, /1. B. Cyxoaoes, B. . LUalKnH).

I3TOT AOKNAA, 6blN OYEHb MHTEPECEH C HAYYHOM TOYKM 3PEHUSA, A TaK¥Ke BaXKeH ANA
GOpMUPOBaAHUA Ha KOHObEpeHUUM HAHOTEXHOIOTUYECKON TEMATUKWU. B Te CloXKHble
ON1A HAYKW 1 yyeHblX, paHee paboTaBLUMX B BOEHHO-NPOMbILLAEHHOM Komniekce CCCP,
rogbl KpbiIMuKo 6bina 4yyTb 1M He eaNHCTBEHHOW KOHdepeHLumMel, noaaepKunsatoLLe
MX Hay4Hble U YesoBeYecKMe KOHTaKTbl. Bragnmmnp MeBaHoBMY nomor KoHbepeHuun B
pacwupeHnn TeMaTUKmM 1 B NpUBAEYEHMUM HOBbIX YYAaCTHUKOB. [TOMOr M IMYHO MHe, KaK
YneHy NPOrpaMmMHOro KoMuTeTa, OTBETCTBEHHOMY 32 HAaHOHanNpaB/aeHue.

B ckopom BpemeHM no pekomeHgaumn Bnagnmmpa UeaHosmya LLawKnHa B npo-
rpaMmmHblit KomuteT KpbIMuKo Bowen npepactasutens WMHCTUTyTa OU3MKM MMKpO-
cTpyKTYp PAH — npeKpacHbI cneumannct u 3ameyvatesibHblil Yenosek Baagumup du-
nunnosuy OpaxaywmH. OH KypupoBaa BONPOCbl HAHOTEXHO/OTUA.

B AanbHeWwem mbl MOYTU eXerogHo BCTpevyaancb ¢ Bnagummpom MeaHoBuuem U
ero »xeHoi EneHolt MasnosHoi B CeBactonose Ha KoHpepeHumn KpbiMuKo. Mogonry
b6ecenoBanM 0 BOJSIHOBABLUMX HAc Npobiemax HayKu, NOAUTUKKU U XU3HWU. B Becenax
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aKTMBHO y4yacTBoBana chopmmpoBasluanca B CeBacTonone ApyMKeckas KoOMMaHuA Nto-
Oel, NoNy4yaBWMX YAOBONLCTBME OT B3aMMHOro obuweHuA. ITo mos KeHa Onbra, ee
oTey, Hukonait ®epgoposny KapywkuH (Kues), EneHa u FeHHaanit Topoxu (MUHCK),
*aHHa 1 Uropb Abpamosbl (MuHcK), AnekcaHap Kasak (MBaHoBo), Anekcelt Anekcees
(CaHkT-NeTepbypr), EneHa degnoposHa Leka (YepHoronosKa), HUKeropoaubl Bnagu-
Mup n Hatanba MapwwuHbl, KoHcTaHTUMH TalikoBny u AnekcaHap CmupHos. MNepuoaun-
YeCKW B HalMX BCTpeyax NpUMHMMAnAM yyactue npegcenatens oprkomutera KpbiMuKo
Masen MetpoBuy Epmonos (CeBacTononb) U Apyrve Koaneru, npuesikasliMe Ha KOH-
depeHumto.

Hukonan ®epopoBny oveHb Nt0bUn obcykaaTb ¢ Bnagummpom MeaHoBuuem Te-
MY «MpOABUXKEHUA B cydoMmunanmeTpbl». Korga-to H. ®. KapylwKuH 6bla r1aBHbIM KOH-
cTpyktopom BMK CCCP no npobneme pa3BUTMA HOBbIX YaCTOTHbIX AManNa3oHOB U CTpe-
MWACA noAennTbca cBoum 6Horatbim oOnNbITOM co3aaHMA Hosbix CBY-npubopos.
B Kpyry cembu oH HasbiBan Baagumupa MeaHoBMYa LLAWKMHA «HACTOAWMM PYCCKUM
6oratbipem».

Bnagumup MBaHOBMY Bbin oveHb A06pPbIM M 3a6OTAMBLIM YeNOBEKOM, Bcerga
nomoran Apy3bAm M 3HaKOMbIM. HeoLeHMMmOol oKasanacb M ero nomollb MHe B opra-
HU3aUMK 3aWUTbI MOelt IOKTOPCKOM anccepTaumn. O6aymbliBas 3TOT TPYAHbIN wWar, A B
becege Ha nnsxe B CeBacTonone nouHTepecoBancs y Bnagumupa MBaHoBMYa, Ha-
CKO/IbKO peanbHa nepcnekTusa 3aliuTbl cOMcKaTens, paboTalollero B KOMMepPUeCKoi
CTPYKTYPE 1 HE MMEIOLLLEro HUKaKoro OTHOLWEHUA K AKagemunmn HayK 1 Bbicluen wkone?
OH obelllan nogymatb M NOCOBETOBATLCA CO 3HAIOLMMM THOAbMMU.
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Yepes HenpoponxkutenoHoe spema Bnagumup MBaHOBMY pekomeHOOBan moto
paboTty npodeccopy B. f. JemmxoBCKOMYy W3 yHuBepcuteTa HukHero Hosropopa.
M BCce NMpowno yaayHo, B HEMANOWN cTeneHW 6narofaps MOALEPNKKE U aBTOpPUTETY
Bnagnmmpa NeaHoBU4a.

TaK yX CNOXMNOCb, YUTO OCHOBHOE Halue obueHne npoucxoguno B CeBactonone
Ha KoHopepeHuMn KpbiIMuKo. B oTiMumne OT o4eHb MHOMMX KOAEr, NpeanovymuTaBLInx
NpPOBOAUTbL MAaKCMMyM BpeMeHU Ha naaxe, Bnagumup MBaHOBMY, Nnpueskaa Ha KOH-
bepeHumto, cTapanca M3saedb MaKCMMasIbHYIO MO/Ib3y M3 3TOTO HAyYHOro Meponpua-
T1A. OH nocew,an BCe CeKLMU, KOTopble BblM eMy MHTEPECHbI, U 334aBasl MHOIO BO-
NPOCOB BbICTYNaBWWM, MHOT4A HE OYeHb ANA HUX MPUATHbIX. Mpobnembl Kavectsa
HayKu bblIn O4eHb BaXKHbl a1a Bnagnmupa MeaHosuya.

BbiBanu cnyyam, Korga yxe Be4epom B XOA4e APYHKECKOro yXuHa Bnagnmup Uea-
HOBWY MHTEPECOBAJICA Y MEHSA, KaK Y YNeHa NPOrpaMMHOro KOMUTETa, MO KaKoW Takow
NPUYNHE TOT UM MHOWN OTKPOBEHHO CNabblii AW AayKe CTPaHHbIN (YMTal NKeHayYHbI)
OOKMag, nonan Ha KoHbepeHumio. Bcerga, KOHEYHO, HAaxXO4MNCh «OBOBEKTUBHbIE»
06BACHEHUSA, HO, NO CyW,ecTBy, OH 6bln NpaB: NPOrPaMMHOMY KOMMUTETY He XBaTW/IO
Hay4HOM NPUHLMNNANBHOCTU A7 OTKAOHEHMA TOrO UM MHOTO AOKNAAa.

Kak npasunio, 3To 6bl10 CBA3AHO C HEXKeNaHWem obuXKaTb aBTopa, MMEBLLENO
Bno/sHe fO6POTHbIE Npeapblayline paboTbl, HO Ha 3TOT pa3 AUJETAHTCKM BTOpratoLLe-
rocA He B CBOIO 06/1acTb C «daHTAaCTUHECKUMUY» UAEAMU U TPaKTOBKamu. [lymanocsb,
YTO AMCKYCCUA Ha KOHbepeHLMM «BNPABUT Koasere Mosrm». MHOraa Tak v ciy4anocs,
HO He Bceraa.
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Bnagumump MBaHOBMY CTOAN Ha MPUHLMNMANBHOM No3nuMK. Xopowune paboTbl —
XOpoLlKne, a naoxme — nnoxuve. N He cneayert AenaTb NOOMANKEK AarKe 3aCNYKEHHbIM
asTopam. MHoOrnme cepbesHble CNeunanncTbl 6binn BbIHYXAEHbI MPU3HABaTb CBOM
OLWMBKM UNN HeJoPaboTKM «Nog, OrHEM» KPUTMUECKUX 3amedaHuii npodeccopa LWaw-
KMHa. Komy-TO 3TO mOMoOrasio nosyyuTb Yepes HeKoTopoe Bpemsa cepbe3Hble A0CTO-
BepHble pe3ynbTaTbl.

Joknagbl camoro Bnagmmupa MBaHOBMUYA BCEraa OT/IMYA/O0 BbiCOYalLLee HayYHoe
KauyecTBo. Pe3ynbTtaThl 6b11M aBCONOTHO AOCTOBEPHDI, apPryMEHTbI TOYHbI U NpoAyMa-
Hbl. OH MHOrMe roAbl 3aHUMANCA PAAOM WHTEPEeCHeMWMnx npobaem coBpemeHHOoM
3/1EKTPOHUKMU. B YacTHOCTH, HU3KOBaPbEPHBIMU NONYNPOBOAHUKOBLIMU CTPYKTYPaMU U
UX NPUMEHEeHNemM ANA PaguoBUAEHUA U AETEKTUPOBAHNA TeparepuoBOro U3ay4yeHus.
NHTepecoBanun ero n TeparepLoBble reHepaTopbl. 3T HaNpPaB/NEeHUA ero AeATeNbHO-
CTW, Hapsaay C YNOMSHYTbIMU Y¥Ke HaHOTexXHonornsamu, bblim mMHe Hambosee UHTe-
pecHbl.

Tak cayynnoch, 4To npobsembl NPeobpasoBaHMI POCCUIACKON HayKU MOCAefHUX
NeT Mbl 0bcyKaann mano. Ho y MeHs CnoXunocb BnevatneHune, 4yto Bnagumupa Uea-
HOBMYA 3Ta TeMa CMAbHO BOJIHOBaNa. Jlloam, No-HacTosLWeMy tobsLLMe M yBaXKatowme
cBOE /10, OBbIMHO TAXKENO NepeXkMBaloT MOCNeACTBUA BPeAHbIX ANA 3TOro Aena v
HecnpasegAuBbIX peLleHui. A oTpuuaTenbHble SMOLMU HaKanaMBatoTCA.

MocnepHuin pas mbl Bugennce B Cesactonone B ceHTabpe 2019 roga. Ha aToT pas
KWW B pa3HbIX KOHLAX ropoaa, NosTomy obLwanncb He Tak 4acTo, Kak MHOT1e rogpl A0
3TOro, KOrga pasmewanucb B AtobuMom naHcumoHate «Omera» B6AM3KM AayM KOMaH-
Aaytowero YepHomopckum ¢paotom. Ho noroBopmam n Ha cekuusAx, U BEYepOM B pec-
TOpaHe.

Bo Bpemsa 3Tux nocnegHux BcTpedy B CeBacTonosie MHe MoKa3anocb, YTo Bnagu-
MUp MBaHOBMY BOCMPUMHMMAN Pa3inYHble MenKkue cobbiTua Banke K cepaly, Yem
06bI4HO. MoKeT 6biTb, MPUYNHOM 3TOro HbINM HeypaaMLUbl NOCAegHUX NIET B Halewn
HayKe, Hen3bexXHO OTpaKaBLUMecA Ha MOPaZIbHOM KAMMaTe B UCCeA0BaTeNbCKUX UH-
cTuTyTax? He 3Hato...

1 1 mos cemba Bcerga byaem nomHuTb Bnagumupa MeaHosuya LawkKuHa, Ha-
AeXHoro, 4,o6poro U ymHoOro 4YenoBeKa, BEpHOro apyra. Ham ero He xBaTaer.
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3TO bbIJ10 B NOXOAE
T. ®. YaynuHa,

ABotopoaHas cectpa B. U. WawknHa

MbI c Bonogeli nocnegHue rogbl BUAEINCH PEAKO, @ B MOJIOLOCTH
6bINN APYKHBI, HECMOTPSA HA PasHuULy B Bo3pacTe B 8 sieT. OH y)Ke B AeTCTBe coyeTan B
cebe cBET/bIVN YM M yMesible PYKU (coyeTaHMe BecbMa pefkoe B Hawe Bpems). OH U
BHElWHe 6bl NoXoX Ha 6binMHHOro 6oratbipa [Job6pbIHIO: PYCOBO/IOCHIN, CBET/IOM1a-
3bll, 4OOPOAYLIHbIN 6OraTbipb C OTMEHHbLIM YYBCTBOM FOMOPA U IYKaBMHKOM B rnasax.

Ho B ero »K13Hu 6bl1 3Nn304, KOTOPbIM MOMOT EMY Y}Ke B FOHOCTU NEPEOCMbICIUTD
MHOrMe ero nocTymnKW, OTHOWEHWE K J0AAM, U MOMOTr HayuMTbCA NPUHMMATb B3Be-
LEeHHbIe PeLleHnn, CTapaTbCA HUKOTO He 0BMKATb M HUKOTO HE OCYKAaTb.

370 6bI710 OYEHb AABHO... BoNnoabKa Bbin HOHbIM 18-N1€THUM MaNbUYMLLKOW, KOTO-
pPOMY He XBaTasio aApeHannHa. Mbl C HUM NOLAY B COXKHBIM Noxoa, Ha baliaapkax no
peke Kype. B TOT rog B peKe bblaa o4eHb BbICOKas BOAA M BCE MOPOrM UMENWN MOBbI-
LWEHHYIO C/IOXHOCTb. BblN0 04EHb MHOIO NEpPeBOPOTOB, HEKOTOPbLIE KOHYAUCL TParu-
Yyecku. M B Halel rpynne Ha CIOXKHOM MoOpore ogMH U3 MapHel noTepsn Becno. 3a-
MacHOro y Hac He OKa3anocb, U A oTgana emy cesoe. K Tomy BpemeHu A yxe 6bina
ONbITHbIM NOXOAHWKOM, @ BoBKa 061aan HeatoKMHHOW CUIOM U BCE PELUUAN, YTO Mbl
cnpaBumca Aydlue Bcex. [oN0BUHY AHA U NONOBUHY HouM LLALWKKH, Kak aaten, onbun
60nbLION KyCOK aepeBa (ynopcTtBa emy He 3aHMMaTb) M BblA0/IOUA MHE BECNO, KOTO-
poe 6bIN10 CbipbIM U BECUIO Pa3 B NATb bosblwe 06bl4HOro. JepKaTb B PyKax, a Tem
6osee rpecT 3TUM YyA0M MAOTHULLKOrO MCKYCCTBA BblIO OYEHb TAXKENO, NO3TOMY OC-
HOBHasA Harpyska goctanacb Bonoge. OH paboTtan B ABa pa3a 6osblue gpyrux, HO HU
pasy He MNWKHYA, a TONbKO MOATPYHWBA/N HALO MHOW, HasbiBas MeHs 6oraTbip-
KOW-cuMHernaskoh. CUa CTaHOBU/IOCH BCE MEHbLUE W MeHblUe, Korga Mbl MOAOWAN K
nopory ¢ KpacuebiM Ha3BaHWeM «ManbBUHa». TO BbIN CTPALUHbIMA NOPOr HauBbiCLWEN
KaTeropum cnoxKHoctu. MpeactaBbTe OrPOMHbIE KaMHU U CKaNy, O KoTopble 6bioTcA C
OTrPOMHOW CKOPOCTbIO BOJIHbI. Boga 6yp/auT, KUNUT, peBET, U TONbKO B O4HOM MecTe
BMAEH Y3KUIN CIMB, KyAa MOXHO HamnpasuTb I04KY. Mbl LOATO CTOANN Ha bepery u ay-
Maan, naTN B Nopor uam obHectn ero. Ho He 3pa Mbl ¢ Bonogei 6biamn «04HON KPoBUY»,
B Hac oboux 6blia TAra K npeononeHnto npenaTcTeuii. JecaTb pas obcyams TpPaeKTo-
puio cnnaBa, CAYCTUAW NIOAKY Ha BoAy W nowau B nopor. fl HUKoraa He 3abyay pes
BOAbl, OFTPOMHble BYpYHbI, BO/IHbI, OTCKAKMBAIOLLME OT CKasl U BOBKMH UCTOLLHbBINA KPUK:
«JleBoi!» Ho KaK Mbl HW CTapasincb, HAM He XBaTWU/I0 HECKO/IbKMX CAaHTUMETPOB, YTOObI
BOMTM B CTpyto. Hac pasBepHy0, HAaKPbINO BOJIHOM, MepeBEPHYI0 N0AKY U MOHECNO MO
TEYEHUIO C HEMMOBEPHOM CKOPOCTbIO. Al BbIHBIPHYIA Cpa3y, yxBaTUAACh 3a baligapky —
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W BAPYr yBuaena BonoabknHo BeCNO, a ero caMoro HUrge He 6obia1o. Bpems naert, a ero
BCE HeT. Y MeHsA yKe HOMM 3aMep3nu, cepale 3a4p0oXKano, U A NPUroToBUNach K Camo-
My Xyglwemy. Ho He TakoB 6bin moli 6paT Bnagmumup WawknH — 6opel, M nobeautens,
4yTO6bI CAATLCA HA MUNOCTb CTUXMKU. OH B MOCNEAHMIA MOMEHT Cymen ocBoboanTbCA OT
nepxKaBwero ero gapTyka (npeameT cHapsxeHua 6alifapKu) M BbIHBIPHYTb HaPYKY.
Korza s yBuzena cpeay 6ypyHOB KpacHyt Kacky M BonoabKuHy rosiosy nog Hel — vy
MeHf nepexBaTW/iIO rop/iio M NOAUAUCL C/e3bl pagocTu. Bonoga 6bin Genbiii, Kak
CMEpPTb, U MOTOM Y)Ke OH MHE CKasas, YTO 3arfifiHy/ B /1a3a KKOCTABOM» WM MOHSAN
LEHHOCTb, 61aroAatb U KPaTKOCTb KU3HMU.

locne npoxoxcdeHus
rnopoza Ha Kype

172



OH He nbun BCMOMMHATL 3TOT 3MNM304, B KOTOPOM OH NPOSBUA BCE CBOW Hau-
/lydline KayecTBa, KOTOpble MPUroguanCh €My B 3KU3HMW: YNOPCTBO, CTpemaeHue 60-
pOTbCA 40 NOCAEAHErO, Keae3Hylo B0/, TPE3BblA pacyeT U cuay ayxa. OHM conpo-
BOXKJa/IM €ro BCHO XKWU3Hb, MOMOraaun LeHUTb ApyxOy u nobosb. Ero Bcerga otanyano

b6eperkHOe OTHOLIEHUNE K OKPYKAIOWMM, KeSlaHUe NOMOYb U NoAAepKaTb 6AU3KUX emy
noaen.
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HE YWIEN, OH rAE-TO PAAOM

A. /1. l[onosaHos,
00HOKYPCHUK, Opye, busHecmeH, Mockea

Cellyac, Ha MOMEHT HanUCaHUA MHOK 3TUX BOCMOMMHAHUNA O
Bnagumupe LWawkuHe, yxke 6onee nonyroga Kak ero HeT ¢ Hamu. OYeHb HENpPOCTO
nucaTb O APYre, KOraa Tbl HUKaK He MOXKeLlb NOBEPUTb, OCO3HATb, YTO Er0 Y¥Ke HET, YTo
CKOIbKO 6bl Tbl HU Habupan Homep ero TenedoHa (KOTOpPbIM, KCTaTK, A Tak U HEe Cmor
CTepeTb U3 3aMUCHOM KHUMKKK), A BoNblue HUKOrga He ycabllwy ero rosioca, 6onblue
HUKOra He CMOry Mo/ly4uTb COBET, HMKOrAa He CMOry MpocTo NOy4YuTb «Becenbln
MUHOK MO XU3HUY.

Boska

B ceHTAbpe 1975 roaa A nocTynua Ha nepsbilii Kypc paamodaka. Torga s Kua Ha
ynmue MUHWHA M Ha yyeby e3aMn Ha Tposneinbyce, KOTOPbIM MegNeHHO «4anan» co
CBOEe KOHe4yHoW ocTaHoBKM no CeBeppsioBke, yepes niaowaan lopbkoro u Jlagosa, a
Janee no npocnekty MarapvHa K yHuBepcuTeTy. Bbin ewe n apyrov BapuaHT, Koraa
MOXHO 6bl1710 BeCb 3TOT NyTb NpoAenaTb B ABa pa3a bbicTpee (COOTBETCTBEHHO, U B 4B8a
pasa L0poXKe) Ha MapLIPYTHOM TaKCW, KOTOpPOe Lo Tem e mapuwpyTtom. Korga oo
Hayana 3aHATMI ocTaBanocb 10—15 MUHYT, A yKe He Ayman o GMHAHCOBOM COCTaB-
naouwen, a 6exkan Ha «MapwpyTKy»... U TyT A cTan 3ameyaTb, YTO NPaKTUYECKM BCeraa
no yTpam BCTPeyato elle OAHOro CTyAeHTa C Hawero Kypca, U Mbl BMecTe 6exum ot
OCTaHOBKM [0 YETBEPTOro Kopnyca yHMBepcuTeTa. Tak Mbl U MO3HAKOMUAUCH. ITO Bbin
BoBKa, B Te rofpbl OH XKW Y cecTpbl Ha yauue YnbaHoBa.

Mepsble ABa roAa Mbl YYUIUCH B PaA3HbIX rpynnax, HAYMHAA C TPETbero Kypca cra-
N1 OCBAMBaTb 3/IEKTPOAMHAMUKY Ha oAHOW Kadeape. A elle APYXKUAN, BMecTe NOCTU-
raanm Ousmnky, BmecTe He NO6UAM BOeHHyO Kadenpy, BMecTe XO4MAN B NOXOAbl...
Mo3aHee BoBka 6bln y MeHA cBMaeTeNemM Ha cBagbbe, NOTOM Mbl APYXUAU CEMbAMM,
HEeCMOTpPA Ha TO YTO XKMAUM B Pa3HbIX rOpogax, BMecTe HEOAHOKPATHO e34UNN B OTMYCK,
MHOrAa NpocTo, 4Tobbl NobonTaTb, NPUE3KaNN APYr K APYry B rOCTW...

BcnomuHas npowegliee, HEBONbHO HA YM NPUXOAUT BOCNOMMUHAHMeE, 4TO BoBKU-
Hy A04YKy MpuHY A HasbiBan «MnemAwKoW», a cneaoBaTenbHo... (4a Tak OHO M 6b1s10)
Bnaaumup MeaHosuy LLAWKNH 6bln MHe Kak bpar...

YousumenbHO memKue mbicau u cnoea

BoBKa o4YeHb YacTo BbICKA3blBa/l MbIC/IN, KOTOpPbIe 6b1 11 He TO YTObbI nposuaye-
CKMMMU, HO Bblpa*Xa/Ji TaKytO BHYTPEHHIOK CyTb U MyApPOCTb...
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He nomHto, B Kakom rogy, BoBKa BepHYACA M3 KOMAHAMPOBKM B AMepPUKY. BbICTy-
nan Ha KoHdepeHuMu. NOTOM HEMHOro nonyTewwecTBOBaa MO CTPaHe, NbITadACb, Kak
®U3MK, NOHATL BCAKOE AB/IEHME U3HYTPU 1 cHOPMMPOBATb CBOE MHEHUWE U OTHOLLEHME.

«3Haews, LWypa, — pacckasbiBan OH MHE NOTOM, — A MOHAA CYTb aMepPUKaHCKOro
obpasa Ku3HKW. Tbl MOAYYMA 3apnnaTy, Tbl 3aNAaTWA HANOMKM, 3annaTua 3a AOM, CTpa-
XOBKY 32 MalUMHYy, 3a 0by4yeHue AeTen, 33 MAHUKIOP XeHbl... N ecan y Teba octanocb
200 ponnapoB B KapMaHe, Tbl 60raTtblil YenoBeK... He3aBUCMMO, CKOJIbKO Tbl 3apaboTan
B mecal, — 5 TbicAy gonnapos uam 20 Toicad. Ecam Tbl 3apabatbiBaewb 5 ThicAY — y
TebA onpeneneHHas KBapTMpa, MalMHa, onpeaeneHHan WKona y aeteit... Ecam Tol 3a-
pabaTbiBaewb 20 TbicAY B MecAL, — Yy Tebs coBEpPLUEHHO APYroro ypoBHA AOM, B KOTO-
pPOM Tbl XMBELWb, B TBOEN CeMbe [0pOoras MaluHa (farke He o4Ha), AeTU XOAAaT B
SNUTHbIM Konnegx... Ho NpuHUMN OAMHAKOBbLIA — HAKOMNWUTb AeHer HEBO3MOXHO, Thbl
ewe He ycnen 3apaboTtatb geHer, a yxe y Teba Bce BblYM U Tbl BCe NOTPaTUA. U Xu-
Belb Tbl HA KPEAUTHYIO KapTy, KOTOPYIO pa3 B MecAL, B leHb 3apnaaTbl NONOHAELb....
M Tak OHO KaK-TO nosyvaetcs, 4To y Teba Bpoae Obl Bce eCTb, a MO XU3HM NoAyYaeT-
ca — y Teba TBoero Hu4yero Het. M cTtout Tebe ocTaHOBUTLCA B NpoLecce 3apabaTbiBa-
HUA feHer — Tbl MOXEeLlb OKa3aTbCA HUIWMM! U ewe A NoOHAN, 4eM MHe He HpaBuTCA
AmepuKa. OHa Kak moLHaa pasayTan NMABKA, BbICAacbIBAeT yMbl U3 Apyrux cTpaH. le-
pemMaHMBaEeT K cebe NyyLInX y4YeHblX, apTUCToB... [a, Tam nNaaTaT 3a paboty 6onbluve,
Mo HaWWM MOHATUAM, AEHbIM, HO Tam 0bpas XW3HU U KyAbTypa coBCeM apyrue... He
xouy. He ntobato. He moe!» — nocnegHue cnosa, A Aymato, BoBka rosopun npo cebs.

BO3MOXHO, rnaaa Ha TO, YTO NPOMUCXOAUT CErofHA B MUPe HayKW, BO3HWKaNa n 'y
Hero mbICAb NOKWHYTb cTpaHy. MNpoueHToB 10, a moxeT 1 20, BbINYCKHWKOB Hallero
Kypca NOoKMHyAn PoauHy. Ho MHe KaxeTcs, oauH pa3 ans cebs pewwms: «He moel!» —
BoBKa K 3ToMy Bomnpocy 60/blie He BO3BpaLLanca. A BOT CyTb aMEPUKAHCKOW XKU3HU,
BbICKa3aHHaA cnosamu LLawKunKHa, 3anana mHe B ayuwy. Ha moit B3rnaa, XoTb U paccka-
3371 OH MHe 3T0 OoKos10 20 neT Has3aj, U MOry A 3TU MbICIN CPABHUTb U C APYTMMN UC-
TOYHMKaMM, MHe Ka)keTcA, 4To BoBKa, KaK Bceraa, CMor ynoBUTb U onpeaennTb rnas-
Hoe.

«Lypa, — Kak-To BAPYr BO BPeMA OAHOW BCTPeYu cKasan MHe Bonoasa. — A Beab
Tbl }KMBELLb *KMU3HbIO, KOTOPOI HE KMUBELLb...»

«3Ka 3aBepHyn», — noAyman Aa. YecTHO roBopsa, A TOr4a TONKOM U He MOHAN, YTO
Takoe BoBKa cKasan u 4yto OH umen B BUAay. MoxeT, npocTo 3aBmayeT? Hexopowas
MbIC/b ropAeLa NpomMmesibKHyNa B rooBe...

Bblna cepegnHa 90-x rogos. fl ywen u3 acnupaHTypbl, CTaa 3aHMMaTbCA GU3He-
COM, Y MeHA 6blN10 cBOe NPOM3BOACTBEHHOE AepeBoobpabaTbiBatolee npeanpuaTue B
KnpoBcKoi 061act, Kpome 3TOro, 3aHMMANCA TOPros/ei, NOKynan U Npoaasan Bek-
censa u ueHHble bymaru. Toraa Bce Apyr y Apyra Noj, NpoLeHTbl 3aHUMAAN AeHbrM, OT-
JaBanu ux nog 6onee BbICOKME MPOLEHTLI. Bblin ewe ¢MHAHCOBbIE NMUPamMUAbI... U
MHOrO ApYrux NpUMmeT Tex ner.
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«Hy 1 uTO, YTO Y MeHAa gonr 150 Tbicay gonnapos. MHe Beab A0MKHbI 6onee 300
TbICAY», — TaK AyMan A, MEHAA MaLUWHbI, BAAMNbIBAACb B HOBbIE MPOEKTHI...

M ToNbKO Koraa B 0AMH NPEKPACHbIM MOMEHT MOMU AO/IKHUKM Nponanu, pasbopku
¢ 6aHANTAMM CTaNU eXKeQHEBHBIMU, @ BCE NPOEKTbI PYXHYAN U A OCTANCA OAUH HA OOMH
CO CBOMMMW A0NTaMM, A BCMOMHW BOBKMHbI C/10Ba M NOAYMan, YTO paHblue Hago 6biio
3a4ymaTtbCca Hah ero npeaynpexaeHnem. HuKakaa He 3aBUCTb, a MPOCTO Tpe3Bas
MbIC/Ib KPEMNKO CTOALLEro Ha 3em/e YesnoBeKa bblia Toraa B ero csoBax. OH TOXe Ko
MHE OTHOCMJICA KaK K BpaTy, o4eHb NeperkMBan 3a MEeHs M MbITascA KaK-TO CO MHOW
noaennTbCA CBOMMMU MbICIAMU U COMHEHUAMM.

Yepes napy neT mHe y[anocb BCe U3MEHUTb, B MepBylo oyepeab A OTAAN AOTU,
KoTopble bbln AoMKeH BoBKe 1 ero gpysbam. XoTb OH U FOBOPUJ, MO/, HE TOPOMUCh, C
6aHaMTaMM cHavana pasbepuck. Ho Torpa s gna ceba caenan Aga rnobanbHbIX BbIBO-
[a: nepBoe, y Apy3eit AeHer noj BCAKME MPOEKTbl CTapaTbCA He 3aHMMaTb. U BTOpOE,
noyallie BCMOMWHATL U MPUMEPATb K AHIO cerogHsawHemMy BoBkuHbl cnoBa: «llypa, a
Be/b Tbl }KMBELLb }XN3HbIO, KOTOPOW He }KMBELb....»

«Uypa, a 3Haewb, A TYT HEAABHO OTKa3ascsA OT NopTdens MUHUCTPa», — BO Bpe-
MA OZLHOM M3 HaLLMX BCTPEY KaK-TO HEOXNAAHHO CKasan BoskKa.

Hebonbluoe oTcTynneHue. He mory BCMOMHUTb, KOrga v nodyemy BoBKa meHs cTan
3BaTb Lypa. [Joma MeHsa Tak HUKOr4a He 3Bajv, 4a W ceivac AN MeHS UMA 3TO Ka-
Koe-To He moe. Ho BoBKa BApYr CTa/n Tak MeHA 3BaTb, U C €ro fierkoin pyku Bopobbes,
TpAHUH, fa VU gpyrue ropbKOBCKUE APY3bA TOXKE...

Celyac, Korga A MUY 3TM CTPOKW, 33a4yMancA: HblHYe BeanYaloT Bce Mo ume-
HW-OTYECTBY, U TOJIbKO MOM MEPUOZ, KMU3HN B FOPbKOM CBA3AH C 3TUM MMEHEM, KOTO-
pbIM MeHs Bcerza 38as Boeka...

Ho BepHemcA K «nopTdhento MUHUCTPaY...

«TaK BOT, — npogosxaeT BoBka. — HeoMAaHHO NpuesKaeT KO MHe OAMH Halw
0o6LWMIA 3HAKOMBIM M TOBOPUT NPAMO, MOJ, NopTdenb MUHUCTPA xouvewb? U npuyem
npegnaraeT MMHUCTPA HACTOALLErO, HE KAKOro-TO TaM YNHOBHMKA 061aCTHOrO paHra, a
[ONMKHOCTb MUHUCTPaA Poccuiickolt deaepaumu... , NOHATHOE Aeno, yamseneH. U HUKaK
B TO/IK HE BO3bMY, O YEM 3TO OH FOBOPUT. A OH MHE W MOACHAET, YTO Ha BblbOpax B
2000 roagy bopa HemuoB nnaHupyeT 6annotuposatbcsa Ha nocT Mpe3naeHta Poccun.
Hy un yxe ceityac (a 310 6611 1995-96 ros) HauMHAET roToBUTb U COBMpPaTb KOMaHAY,
4YTOb6bl MOHUMATDB, C KEM MATU, HA YbO MOMOLLL MOXHO PAcCYUTLIBATb, KOMY, YTO HAZO0
M3y4YUTb...»

Celtyac, Korza c 3Toro BpemeHu npowwao 6osee YeTBePTH BEKA, MOTYT NOKA3aTbCA
HauUBHbIMM U TAYNbIMW TaKME MbICIM U NOAUTUYECKME ambuumn. Ho Toraa ato 6bina
cepeamnHa NMXUX AeBAHOCTbIX rofoB. COBEpLIEHHO HENOHATHbI BbIAW U CcTpaTerns pas-
BMTWA rOCYAapCcTBa, U NOAUTUYECKME packnagbl. Torga Mol ele HauBHO BEpPWU/U, YTO
YesloBEK MOXKET YeCTHO NobeanTb Ha BblbOpax M CaMOCTOATENBHO Peann3oBaTb CBOKO
cTpaTerunio... HaBepHoe, ceivac 3T0 KaKeTcs HaMBHbIM, HO TOTrA4a TaKoe NpeasioxeHue
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ot bopn Hemu0Ba Morno KasatbCA peasibHbIM U NepcrnekTUBHbIM. Hago oTmMeTuTb, YTO,
Ha Mol B3rnag, BoBKa ¢ 60/bWIMM yBa)keHMem oOTHocunca K Bopucy Hemuosy.
Bo-nepBbIx, cuMTan ero 4YenoBeKom, 6e3ycnoBHO, YMHbIM. A BO-BTOPbIX, 3Has €ro no
COBMeCTHOM paboTe, cYMTAN ero XOpoLWMM YNpaBAeHLEM U BECbMa NEepPCreKTUBHbLIM
NOJINTUKOM.

«Hy 1 4TO Tbl OTBETU/ HA 3TO NpeasoXKeHne?» — cnpocua Ay Bosku.

«Hy, 4ytO A oTBETUA... CaM NMOHMMaeLb, A e PU3NK, a He NoAnTUK. Hukoraa Bo
B/IaCTb HE CTPEMMWIICA N He CTpeMtoCb. He moe 3T0. A Ha npeanoXKeHue A OTBETU, YTO
Bops, Npy BCeM K HEMY YBaXKEHUMU, HUKOTAA Npe3naeHTom Poccum He ByaeT».

JleHKa

B ceHTabpe 1975 roga, NnpuaA Ha Nepeyto IEKLMIO, Mbl YBUAENN HA A0CKe 06bAB-
NeHWe, HanMCcaHHOE KPYNHbIMKU ByKBamu:

MAJIbYUKU PALINODPAKA!
JAEBYUIKN C BMK MMPUTJIALLAIOT BAC HA BEYEP,
KOTOPbIN COCTOUTCA CEFOAHA...
MPUXOANTE, HE MOXAJIEETE!

Al TOMHO 3HAlO OAHOrO YesIoBEKA, KOTOPLIV MOLWeEN U He noxanen — 3T1o 6bin Bos-
Ka. OH Mowen, U Ha 3TOM NepBOM CBOEM CTYZEHYECKOM Beyepe No3HAKOMMUACA C npe-
KpacHoW aeBywKon — EneHoi MouKkaeBoOM, KOTopas Yepes TpW rofa CMeHWIa CBO
damunuio un ctana Enenont LWawknHom!

Cpeay 601bLIMHCTBA HALUMX O4HOTPYNMHUKOB 3Ta Napa cTana 04HOM U3 HEMHOTUX
(He roBopto eguHcTBEHHOM, Byay YecTeH, ecTb elle OTAEe/bHble PefKue «LITYYHble»
npumepbl), KTo 6osiee COpOKa NeT NPOXKUAM BMECTE U TaKOM COO3 BO MHOTOM A0CTOMH
npuMepa 1 nogparkaHus.

[ymato, 4To, KaK y BCAKOrO A/IMTENIbHOrO, MHOroNIeTHero cot3a, bbliv 1M cBoM
«LWTOPMbI», U «CHEronaabl», U pasHble MbICIM, U MHOroe-Bcsikoe. KOHe4YHo, B 3TOM
cotose rnaBHbIM 661 Bnagumup MeaHosu4y. Ho, Xxopolo 3Hasa ux oboux, mory otme-
TUTb, YTO He TO/MbKO BosioAwWHa cuna M aBTOPUTAPHOCTb, HO M ANeHMHA MyApOCTb
NMO3BO/IM/IN COXPAHUTL U yAepKaTb UX bpaK.

MpeKpacHO MOMHIO, KaK UM Bblio TAXKeno, Koraa BoBKkMHOM 3apnnaTbl 3amecTu-
TeNnA AMPEKTOpPa He XBaTaslo Ha TpaTbl ceMelHoro b6roaxkeTa. MpeKkpacHO NOHWMALD, YTO
MHOrOYMCNEHHbIE UCKYLWeHna 90-x rogos TonKaau BoBKy yhWTM u3 ¢$U3MKOB, TOYHO
3Halo, YTO ecnn 6bl He }KeHa, BoBKa Tak HMKOrga 6bl U He 3aLLMTUA SOKTOPCKYHO ANUC-
cepTauumio...

M3BecTHan ¢pasa: «Cuna MyKUMHbI B TOM KEHLLMHE, YTO HAXOAUTCA C HUM ps-
[OM» — KaK Henb3s METKO M TOYHO OTpaKasia UX OTHOLIEHMUA
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B0s1007 Ha nepeom Kypce, K020a Mo3HaKomuscA ¢ 6yodyueli #eHol

BoT YK AeNCTBUTENbHO, 3TO OblM ABE COBEPLIEHHO Pas/iMyHble NOJIOBUHKU OA-
HOro uesnoro. M npekpacHo 0CO3Hatlo, Kak cenyac Taxkeno JleHe. Hageloch... yBepeH,
OHa C 3TUM CnpaBuTcA.

CnpasuTca. lNotomy 4To BOBKa He yLlen, OH ocTaeTca pAAOM.
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3A BCE, 3A BCE BJ/IATOAAPIO

E. . WawKuHa

C orpomHol 61arofapHOCTbIO BCEM, KTO MOMHMUT M TaK Tenso
BCMNOMWHAET MOEro JIt06MMOro my»Ka, A NULLY 3TN CTPOKKU. N KOHeYHo, ocobasa bnaro-
[APHOCTb MHCTUTYTY, B CO34aHMM U Pa3BUTUM KOTOporo Bnagummp MiBaHOBUY NpUHU-
man 6osblloe yyacTve, OT4aN He TOJIbKO MHOIoO AeCATUNETUI cBOel nNpodeccnoHanb-
HOW [EeATeNbHOCTU, HO W CBOM CU/bI, YM M TENno Aywu, U ocobeHHo 3axapwuio
duwenesunyy KpacunbHuky, Bnagumupy Jleiibosundy Bakcy M Bcem COTpyAHMKAm OT-
nena 140.

HeBo3moOXHO nucaTb o Bonoge B npouwepwem BpemeHU. OH B MOWX KaxKao-
AHEBHbIX MbICNAX M AeNax, B Hawux aetax MpuHe u JeHuce, BHyKax ApceHumn, Mapke u
0C06eHHO B ManeHbKoOM MulleHbKe, KOTopbIi Bbl1 Tak N0BMM 4eA0M U OYEHb Ha HEro
NOXOM; B AOME, r4e NOYTM BCE CAENAHO ero 30/10TbIMWU PYKaMM, B COTHAX MHIKEHEPHbIX
pelleHnin Ha gade U B rapakax, B ero mallnHe, KOTopas CUPOTIMBO CTOMT B rapake, B
MosiyalLem TesiepoHe, KOTOPbIA YyA0M CNYYalHO 3anmncan TPU ero KOPOTKMX 3BOHKa...

41 ropg, Mbl NMPOXKUAN BMECTE, a BblIM 3HAKOMbI YyTb M He 50 neT (OH oYeHb Nto-
61N paccKkasbiBaTb UCTOPUIO, YTO Mbl B 12 f1leT BMecTe exanun B aBTobyce B BbiKcy: A — K
CBOMM POACTBEHHMKAM, OH — AO0MOW OT cecTpbl. OH YCTYMMA MHE MECTO, Mbl Pasro-
BOPUAUCL. M OH NOMHMA 3TO CAy4all, rOBOPWA, YTO 3TO cyabba Hac He OAMH pa3 CBO-
anna...).

BcA MO XM3Hb — 3TO OH PAAOM, MOS ONopa, Hagexaa, Ntobosb. Mbl BCTpETU-
JINCb B YHMBEPCUTETE NOYTM Ha NEPBOM e 3aHATUM no bubaunorpadun B oktabpe 1975
roga, ctyaeHtol: A — BMK, oH — paguodaka. MoTom A npuraacuaa ero Ha TaHel, Ha
Beyepe NepBOKYPCHMKOB. U ¢ Tex NOp HaW XU3HW NOLWAM NapanaenbHbim Kypcom. OH
€31/ KO MHe Ha NPocneKT epoes, BO3BPaLLAACh Ha NocaefHeM Tpoasneibyce fomon
Ha yauuy YnbAHOBa, yXxoamn B noxoabl Ha 6algapkax no 6ypHbim pekam Cubupu un
KaBkasa, pykoBoAs rpynnamm, mMbl BCTpEYaUCh € APY3bAMM, 06a NPEKPACHO YHUIUCD.
Ha 4-m Kkypce, 27 aHBapAa 1979 roaa, Mbl NOXEHUANCL M NepBble 16 NeT Xnam ¢ monmm
poauTensmum 60/blIOW APYKHOW CEMbEN.

Oden Bonoan no oTuoBCcKOM AnMHMKM CnNMpUAOH U3 aepeBHM YepHUUMHKA Bnaau-
MWPCKOTo ye3aa No HblHEeWHMM MepKam b6bln BUsHecmeHOM, NpeanpuUHUMATENEM,
COBepLUaN BbIroAHbIE CAENKM, NPUYMHOXKan 6nara cembUn. Bugumo, ero reHbl yHacne-
AoBan Bonopgd, Kak 1 reHbl cBoero otua MBaHa AnekceeBnya — OH BCHO KU3Hb CTapan-
€A caenatb 6bIT ceMbM yAobHbIM, HE NOKAadaa pPyK pabotan u mHororo gobusanca
CBOMM TpyZoM. A A emy BO BceM nomorana. B Taxenobie 90-e roabl, Koraa 6104KeTHUKN
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UM OYeHb TAXKENO, a Hago bbl1o onfavMBaTh B3HOCHI B HalLly KOOMEPATUBHYIO KBap-
TUPY B YHUBEPCUTETCKOM AOMe Ha yauue [lenosol (HbiHe yanua AnekcaHapa Xox108Ba,
B NamaTb O pekTope AnekcaHape Penoposuye Xox/0Be), A OCTaBMIa CBOU HayyHble
pabotbl B HAM NMMK npu HHIY 1 nyctunacb B nepBble BO/IHbI 3apPOXKAAOLLETOCA CBO-
604HOro NpeAnpMHUMATE/NIbCTBA B CTPAHE — CHAYasla opraHmM3oBana Kypcbl 6pokepos
61pXK, MOTOM aHIIMIACKOrO A3blKa, @ 3aTeM 3aHAMAcb B3aMmosaveTamu Ha P/, 6biia
npeactasutenem Poccuiickoro ¢oHpa depepanbHOro MMyLLecTBa Mo peanunsauumu
O0NroB, PyKOBOAUTENIEM CTAaHKOCTPOUTENLHOIO NPeanpuUATUA... TaK N BbIKUAM.

BcA XMU3Hb nocse Tpareamm KanenaoCKonomM KapTUHOK nepes, rnasamm:

& Mbl, CHaCTAUBbIE, HA CBAaAEOHbIX poTorpadusx;

« Mbl B NoxoAe Ha peke lwexe Ha npusane eauMm ropHblit mMEa, a pagom —
nosae NUOHOB;

& OH CYaCT/IMBbIV NOZL OKHAaMM POAAOMA, A A NOKasbiBalo emy ManeHbKyto Upy;

& Mbl C MasieHbKoM 2-HeaenbHoM Mpoi ¢ OP3 B 1-i ropoackoit 6oabHULeE, Bo-
NlofA B3AN OTNYCK U B HOAGpe uenbiMM AHAMW CTOMT Mog, OKHAamMM 60/IbHULbI, NOA-
AeprKmBas Hac;

* yepes 7 nert, K 10-netnio cBaabbbl, POAUNCA OONTOXKAAHHbIN CbiH JeHuc, Ko-
nua nanbl, pe6eHoK ¢ AEeTCKMX NNaKaToB O CHACTIMBOM LETCTBE;

+ Bonoga HeceT ¢ Nporynku 8-neTHo Mpy Ha pykax, oHa ciomana Hory. ExaTb
8 60/1bHULLY 3MMOI B TO Bpema 6bIN10 CPOAHM NOABUIY: NbiCas ETHAA Pe3nHa, CKOJb3-
Kaa Jopora;

¢ Mbl B MHOTOYMC/IEHHbIX NMOe3a4Kax — Ha KoHdepeHuUax, Ha oTabixe B Typuuu,
ErvnTe, U3panne, poTorpadum 3aneyatnenm cYacTIMBble MOMEHTbI KU3HW... OTaeNb-
Haa uctopmsa — KoHdpepeHuma KpbiIMunKo B CeBactonone, ¢ 1998 roga npaKTUYeECcKM
eXXerofiHas BCTpeYa C y4yeHbiMmu Poccnm n YKkpaunHbl B naHcmoHate «Omera», HTepec-
Hble pa3roBopbl, NONAE3HbIE CNOPbI, TACKOBOE MOPE;

e 1984 roga mbl — O@YHUKKM B TPUDOHbLIX MecTax, aepeBHA OguHLubl Bopckoro
paiioHa. C 2002 roga cTpouMm 60/bLION AOM, O4EHb MHOMO CAENAHO CBOMMM PyKamu,
U3SILLLHbIE MHMKEHEPHble pelleHuns, cybboTHME NOCMAENKM C COCeaaMM, 3aHATUA C BHY-
Kamu, NOMOLLb MOE MaMe Mo X03ANCTBY;

e elle oAHA Jaya NPAMO Yy [OMA, C BbIXOLOM W3 rapaxa, obycTpoeHa nop,
BCTPeYmn ¢ Apy3bamu, boraTa yporkaem, Nporysikamu ¢ BHyKamm 3MMOM 1 N1eTOM;

¢+ abconoTHOE 3HAHMe, KAaXKeTCA, BCEro, YTO KacaeTca MalluH, UX NoKasaTenen,
YAAYHbIX M HEYAQUHbIX PELUEHUIA, UCTOPUIA C HAMMU, XKYPHAbl «3a pyNem» — MOBCIOAY.
N B uenom — sHUMKNONEANYECKME 3HAHMA BCEro, BeYepHMe pa3roBopbl, UHTEpPEeCHbIe
paccKasbl, yAUBUTENbHbIE NCTOPUU. Y OFPOMHOrO CMLHOTO Ye/loBEeKa O4eHb TpeneT-
Has aywa, 6e3 cnes He mor cMoTpeTb Ntobumble dunbmol: «B asrycte 44-ro», «OHM
cpakanucb 3a PoauHy»... untatb npo MNcKoBCcKuit 6aTanboH, CTUXM BbicOUKOro... Taxe-
/10 nepeXxuBan yxon 61n3Kux, Apy3en;

180






+ nepese3 poautenen (Bonoas — nosaHuin pebeHok: maTepu 6bi10 42 roaa,
oTuy 46 net, Korga oH poaunca) us Boikcbl B HUXKHMIA HOBropoa, Kaxkaplii AeHb HaBe-
Lan, B Te4EHUE NOYTU TPEX /IET OPraHM30Baa YXOL4 CUAENOK 32 HUMWU. OHM YLWIAM NOYTH
B 90 sieT. B AHM NamAaTU U gHEN poXKAEeHUI Mbl 3441 Ha moruabl. Bonogsa n ymep B
OeHb pOXAEeHMA oTUa, 26 MmapTa, — AeHb, B KOTOPbI Mbl 18 net Ao 3Toro e3guaun Ha
Knapbuuie, Bce Bpems yAMBAAACb: Kakas bObl HM Oblna noroaa, Knaabuwe Bceraa
BCTPEYAZI0 HAC COJIHLEM... TAKOM ONTUMUCTUYHBIA U KU3HEeNtobuBbIA Bbln BonoguH
oTel, MBaH AneKkceesuy LLQWKMH. U TaKoW CBET/IbIM, NOTPACAOWE YMHbIM, BEPHbIN,
6ECKOHEYHO HaAeXKHbIM U nbumblii 6bin Bonoaa, Bcerga nomoran oAHOKYPCHUKaM,
COTPYAHUKAM, ApPY3bAM, coceaam, 6IN3KUM...

Al Hapetlocb, YTO Bosoaa MPOXWMA CHACTAUBYIO XU3Hb. OH peanusoBasncAa B Bbl-
6paHHOM MM NyTW, BblN HacTOAWMM NPodEecCMOHasIOM, SKCMEePTOM B CBOElM 0bnacTy,
ouYeHb N0bUN cBOE AEN0, OTAAN MHOMO CUA Ha OPraHU3aUMI0O MHCTUTYTA, cBoero 140
oTAena, O4YeHb ropAMACcA CBOMMWU COTPYAHUKAMM, pagosanca ux ycnexamu. OH 6bin
MO6UM U cam OYeHb St0OOBUA CBOKO CEMbIO, MHOFO MyTELIeCcTBOBAJ, UMEN XOTb U He-
MHOr0, HO OYeHb MpefaHHbIX Apy3ei, pasHble Xo66u, Obin HACTOALLMM MYKYMHOM,
YMen CTpOWUTb, PEMOHTUPOBATb, KaxeTcA, eMy NoABAacTHbl 6blan Bce BuApl paboT.
WA NONHOM KMU3HbIO, KaK ByATO MOHMMas, YTO eMy OTMEPEHO HEMHOTO.

OH o4eHb Toponuaca, cobupan Bce CBOM HayyHble PaboTbl, O4EHb rOPAMACA TEM,
yto Hanucan 505 crtaTei, YTO ero HayuyHble UHTEepPecbl BblAN CTONb PA3HOCTOPOHHMW.
M 3aKkoHuMA OH 3Ty paboTy BCero 3a 3 AHA 40 MHCy/AbTa. A gymato, 4To emy 6biao 6bl
OYeHb BaXKHO 3HATb, YTO 3Ta KHWrA BbILWAA.

Al ewWweé He 3Halo, KaK A CMOTY XXWTb 6e3 Hero, 40 CUX NOP He MOTy NOBEPUTb, YTO OH
He OTKpOeT Agepb, He N03BOHUT. Ho A oyeHb 6rarofapHa emy 3a TO cYacTbe, KOTopoe
OH MHe nogapw/, 3a Nt060Bb, KOTOPYH Mbl CMOI/IM MPOHECTM Yepes BCHO XM3Hb, 3a
BbICOYANLINI UHTENNEKT M MPEfaHHOCTb CEMbe, TPYAo/o6ue, abCoMOTHYIO HadeX-
HOCTb, MCKOYMUTE/IbHYIO MOPALOUYHOCTb, 33 HAWMX NPEKPACHbIX AETeN...
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OH NOHUMA MEHA KAK HUKTO

. B. lllawkuHa

f1 3TOT TEKCT MUY B KHWUTY, KOTOpPas roToBMUTCA K nedyatu. KHura
noceslleHa moemy nane... M, 4eCTHO roBops, CNpPaBAAOCb C TPYAOM. A KaK-TO [0Ar0
Wna K 3TOMy MOMEHTY U GECKOHEYHO ero oTKAagbiBana. MNpocTto xo4yeTcs roBOpUTb
MHOr0, HO 3TO 60/1bHO, Y HET HUKAKOrO OMbITA, KAK CNPaBAATbLCA € 3ToN 6onbto. U HeT
PAAOM HMKAKOro MOXOXKEro Ha mnany YesnoBeKa, C KOTOPbIM MOMKHO 6bino 6bl 06CyK-
AaTb, pacckasbiBaa Npo nany, Aenutbca. byay Xaatb, Koraa Muwa BbipacTeT, u byay
NnpoAoKaTb pPaccKkasblBaTb EMY BCE CBOM BOCMOMMUHAHMUS...

A BOCNOMMHAHUA U OLLYLLEHMA OT Nanbl Y MEHS O4YeHb Ten/ble, LLEHHbIE, TamM BCE
TO, YTO CPOPMMPOBANO MEHS TaKOM, KaKas A ecTb.

BoT Aymato, KaKkue e CMeLIHbIe WKW BaXKHble MOCTYMKKU Yy Hac 6bliM, O KOTOPbIX
HYYXHO paccKasaTb. A NamATb NOCTOSSHHO BOCMPOW3BOAMT, KaK CHOBA M CHOBa A BCTpe-
Yalocb € Manoi, Kak OH CMOTPUT Ha MeH#, HAaK/JIOHUB FOJI0BY, PACKUAbIBAET PYKU, 06-
HUMaeT u rosopuT: «lpuseT, Upywka moal» U B 3ToM CTONbKO HacToslel nobsu,
TennoTbl U gomal

Tak xoueTcs, 4yTobbl Nana Bcerga 6bln YacTblo MO XU3HU. U 3TO TaK HEBO3MOXK-
HO OTNYCTUTb M 3abbiTb. HO 5 paga, YTo Nana Obl1 y MeHs... YTo y MeHs Obl1 UMEHHO
Takou nana!

Manouky ntobuna 6eckoHeyHo. M Kak-To OH Bbl1 MHE MOHATEH. 3HAYUT /I 3TO, YTO
A 0eNCcTBUTENIbHO NOHUMaNa ero, He 3Hato. Ho MHe Bcerga 6b110 TeNI0 U CMOKOWMHO OT
MOEro NoHMMmaHms:

noyemy cmeertcs,

noyemy rpycrur,

noyemy obuxaercs,

noYemy MOYUT.

[axe ecnm monyan u He pasroBapuBan Co MHoM nosaroga. Obuxkanacb 3a 370,
KOHEYHO, HO 1 ero CTpax 1 6ecnomMoLLHOCTb YyBCTBOBaNa.

Ho rnaBHoOe, KOHEYHO, TO, KakK NtobuN MeHA nana Tak, Kak U A0/XKHO 6bITb, KaK B
KHUrax NuLyT, NO-HacToALLEMY.

M 3To oulylleHMe, YTO ecTb Ye/I0BEK, KOTOPbI Bcerga 3a 1ebs, nycTb Mosya, A40-
pororo cTour.

Bce BOCMOMMHAHWA MOWM MPO Many CBs3aHbl C OWYLLEeHNEM PasoCcTu, cBoboabl m
JIErKOCTH, U BECE/bIX WYTOoYeK. AX KaK ¥KaJjlb, YTO 3TO He YBUAMUT, HE 3aNOMHUT ero BHYK
Mwuwa, HO CMELLHO M KPYTO, YTO M3 MEHSA CbIHY MPET TO XKe camoe.
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Mow /nannHbl MOMEHTb!:

e Mbl B rapaxke, Tyaa [OAr0 WATU, Mbl NPOKauyMBaem TOPMO33, MHE MOMKHO
CNe3Tb MO IECTHULE B Norpeb, naxHeT norpebom, Mbl BE3EM LOMOWN CaHKMU C 3-AUTPO-
BbIMW BaHKamM pa3Hol cHean (MHe 3 roga);

e 2 ey B 60/bHMLE, Nany He NycTUAM, A Naavy, MHe 06MAHO U CTPALLHO AY-
MaTb, KaK Tam nane (MHe 5);

+ nana 3abupaeT MeHs C TaHLEB: yULLA, TEMHO, YELWKHU (MHe 7);

e ana ryifaer co MHOW M MaseHbKMM BpaTom, A IOMAlo HOry, nana HexHo,
MeaNeHHO U TPeneTHO HECET MeHA AOMOM Ha pyKax (MHe 8);

e Mana nogapua MHe 4acbl AefAylwKUM — MeXaHWYecKkue C Benocunesom, f
notepsana ux rae-to B baccevHe, eay AOMOM, MHe CTPAWHO U CTbIAHO, YTO Moasena
(mHe 9);

& Kaxgbll Beyep Mbl C nanon Yutaem [eHncy sHumKnoneguio «Bcé o6o Bcem»,
WM OH HaM YTO-TO PAccKasbiBaeT — HaM TaK Tenso M YIoTHO... (MHe 15);

e napanienbHo Bcerga 6bl10 MHOFO OAYHOW KU3HM: OEPEeBHU, LEMEHTa,
CTpOWKMK, 3abopoB., AomoB, BaHW, a TakKe 06eA0B, PAa3roBOPOB, KHUT, TEJIEBU30POB U
LyToueK;

+ 2 BOT nana roBopuT byaywemy oty moero pebeHka, YTo A cuibHas, ocobeH-
Has, BC& MOry, HaZlo TONbKO ObITb PAAOM... M OH NpaB, OH MOHUMAET MEHS KaK HUKTO U
onucbiBaeT coBeplueHHo ToyHo! (MHe 35)

#ckyyatonan#TesoampyLia
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MOM NANA
4. B. LlawKuH

Mana mMmHe 3aNOMHM/CA CBOMMM NopbiBamu. B 06biuHOE Bpemsa oH
6bln1 COBPaAHHBIM, Cepbe3HbIM, MHOTAA MPadYHbIM. OH YacTo CyLWaa HacynMBLUUCL: 3TO
03HaYaso, YTO eMy He HPaBMTCA TO, YTO OH C/IbILIKT, HO OH TEPNUT. B KOHLEe OH M60 He
BbIAEPKMBAN U BbIXOAWU U3 KOMHATbI, IMB6O MOT Pa3pasuTbca TMPaZon. U TyT yxe Bbl-
XOOMTb XOTENOCb BCEM OCTa/IbHbIM.

B TakMe MOMEHTbI OH He cTecHsAAcA nadoca, Hakana, KPanHOCTEN, APKUX KPACoK...
Co6CTBEHHO, TaK OH CaM M OLLYLLAA KM3Hb: YHACAe[,0BaB HaCTOPOXKEHHOCTb U obec-
NOKOEHHOCTb «CBOEM MATYWKM». M TaK ee olwyLwano ero 6ecnokoiHoe cepaue.

MOJHO cKaszaTtb, OH bbln 6osbWKM pebEHKOM. U KTO BUAEN B HEM 3TO, KOMY OH
no3so/siAN 6/M3KO C HMUM B3aMMOZEWCTBOBATb, OblM O0BpeyeHbl Ha camble Heopam-
HapHble W PKME COBMECTHble MrHOoBeHMA. CKPOMHbIM, AaXKe 3aCTeHYMBbI, 6esymHo
TAKTUYHbIMA U aKKYpaTHbIMA, OH MOT B CEKYHAY BCEM CBOMM OFPOMHbIM BECOM W 3HEp-
rMei caenatb TOHKWUIA KeCT UM NapoguiMHOe ABUMMKEHME — M BCEM BOKPYF TOTHAC e
XOTeNOoCb X0XoTaTb. He cmeaTbes, He ynblbaTbeA, a XoxoTaTb! M OH 3Han 3Ty CBOK cuAy
W BNaCTb Hag NtogbMu. HO MCNOAb30Ban ee akKypaTHO, XOTeN COXPaHUTL 06pas cepb-
e3Horo mygpeua

Takoe AeTCKoe, UCKPeHHee W HeorpaHMYeHHoe N6OoNbITCTBO, BUAUMO, U BENO
ero B npogeccuu. He 3Hato, Kak B paboyem OKpPYKEHUU U Aenax, Ho B BbITOBbIX CUTYa-
umAx, Koraa TpeboBanocb 06BACHUTL NPUHLMN PABOTbI UM YCTPOICTBA Yero yrofHo,
emy He 6b1710 paBHbIX. OH He NPOCTO 3Ha/, OH YyBCTBOBA/ YCTPOMCTBO MMUpa, NPOXKMBas
€ro; KaKeTcs, NPOBOAMA Yacbl U AHU B HECKOHYAEMbIX PACCYXAEHUAX, CPaBHEHUsX,
[OKa3zaTenbCTBax M pasbopax. OT 3TOro ero onucaHua GbiM OYEHb KUBbLIMMU, TOYHbIMMU
1 06CTOATENIbHBIMM.

Mopa3utenbHO, HO rPaHMLbl €ro NO3HAHMA e4Ba N MOXKHO 6bl10 Hawynate. OH
LUUTUPOBAN YUYEHbIX, CCbINANCA Ha Y4eBHUKM GU3NKK, HA AETCKME KypHasbl, Ha paboTbl
M cTaTbl Ppunocodos, Ha MyLWKMHA... Bpaa M 8 BCNOMHIO XOTb OAUH CyYaid, KOraa oH
COANCA U Aaxe He nonbitTancs 06bACHUTL Kakoe-To As/ieHMe. ITo 6blna ero CTuxums, u
nonpo6osaTb NPUBAN3UTLCA K CYTU OH CTPeMM/CA Bcerga. ITo bblia ero NoannHHan
cTpacTb. Bo Bcem oKpyKatowem mupe, 6ECKOHEUHbIX M306peTeHNAX U UHMKEHEPHbIX
peLlleHnnxX, KOTopble OH BOCMPOMU3BOAM/ NOCTOAHHO, NPEXKAe BCEro OH BUAE BONPOCHI
WAM oTBeTbl No cyTu Beleil. CocTaBaAlOLME €ro MUpa AO0/KHbI OblIM HEOTNOMXKHO
NOATBEPKAATb UCTUHHOCTb CyTU. Tak OH BUAEN, JOKHO bbiTb, CBOM Aena, 3a60Tbl U
06A3aHHOCTU — MO KpaiHel mepe, Tak OH WX BCErga NpeacTaBAsa UAK ONUCLIBAA, ec-
/M KTO-TO 334aBan Bonpoc.
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MeHa OH MOKOPAN U KaxAabli pa3 BBOAUA B LLEHAYMA BOCTOPT CBOMMM IKCKypCa-
MW B IUTEPATYPY: €e OH cunTan b6amke K moum yeneveHuam (pusmky — dusmkam, am-
PUKY — Mony4vaercs, MHe). A A 3aBUA0BAN, HACKO/IbKO KUBbIMU U SIPKUMK Oblain ero
BNeYaTNEHUA UNN BOCMOMUHAHNA O NPOU3BELEHUAX.

«Mo 6ynbBapy CeH-KepmeH, B Kabpuo C OTKPbITbIM BEPXOM, Kyps Manupocky,
KpU4aTb BOAMTENO KOMaHAbl NOBOPAYMBATb, UCKATb JOPOrY K OTE/0, OPUEHTUPYACH
no Mapuxy 1 no 3sésgam...» [a, ato «MpasaHunk, KOTopblit Bcerga ¢ Tobol». U B Takune
MOMEHTbI f OllyLlan ceba TeM rnaBHbIM repoem, MHOTAA M XOPOLIO 3HAaKOMbIX NMPOU3-
BEAEHMUMN, HO B KOTOPbIX A CAM HE MOF OBHApYXWUTb CTO/Ib APKYIO U SMOLIMOHANbHYIO
CBA3b WU CLEHY.

M c TaKum e 671eCKOM M apTUCTU3MOM eMy AaBasiUCb tobble NPOM3BEAEHMUA: OH
MOTF BHE3aMnHO, K MecTy, BbIKPUKHYTb U OAMH U3 NHOOUMBbIX MATEPHbIX CTULLIKOB, U NPO-
untTupoBaTh bepasesa. B HEM OHW YAMBUTE/NIbHO YXKUBAMUCHL U LOMNONHAAM ero 6ora-
TbI U APKUIA BHYTPEHHUIN MUp.

TaKol OH 6bin: 6O/bLION, HEXHbIW, TACKOBbIN, PacCyanTesbHbIN, TPeneTHbIN, Uc-
KPOMETHbIW, XapM3MaTUYHbIW, Koraa 4yyBcTBOBas cebA «B CBOEW CTpye», U MOAYanu-
Bblil, 3aMKHYTbIM, 06MAUYMBLIN U YA3BUMbIN, KOT4A YTO-TO He AaBasio eMy MOKOS.

MHe, KaK CblHY, AOCTANOCh C JIMXBOW WU TEX, U APYrMX MOMeHTOB. MHorga 6biio
FPYCTHO, YTO, 3HAA €ro HEXHY CTOPOHY, A BbIHYKAEH Obla CNOPUTL UM MONYATL C Er0
061AUMBON YacTblo. Hallm COCTOAHMA YacTo He CXOAMIUCH, Mbl HE MOT/IU OTKPbITHCA U
NO3TOMY He MOHUMANW Apyr Apyra. Ho Aaxe B TaKMe MOMEHTbI r4e-To ryboKo BHYTPU
Y MeHs 0CTaBa/loCh OlLyLLeHWe, YTo B toboe cneaytoliee MrHOBEHUE OH MOMKET JIOBKO
BbIKMHYTb OAHY PYKY BBEpPX M HayaTb M306parkaTb TaHeu, MaseHbKux nebepen. Uau
BCMOMMHATL KAKYIO-TO CMELLUHYIO CLeHKY. M 3To KaK-To npumupsano. Jasano snevat-
NleHWEe U YBEPEHHOCTb, YTO M CaM OKPYKAIOLLMA MUP B €0 CAMbIX YKECTOKMX U rpybbix
NposABAEHUAX rAe-TO B rNybuHe nmeeT f06PY0 OCHOBY, CKJIOHHYIO K CaMbiM NapaaokK-
Ca/IbHbIM U HEOXKUAAHHBIM NPOSBAEHUAM.

Moxkanyi, 3To rNaBHOE M Camoe LLEeHHOE, YTO 5 MOJyYn OT Hero: u3 ntoboit camo
HEMPUATHOW MAM C/IOXKHOM CUTyaLMM MOXKHO BbITU 6Gnarogaps tomopy v aobpoi
LIYTKE, HUKOTO He 06UKasA M He OCcKOpbAAs, COXPaHAA YMCTbIMK Aylly U cepaue. To
TPYAHO, HO Yy Hero nosayyanocb. M 3To ero pefKkoe U LLEHHOe CBOMCTBO B KayecTse
npumepa Xo4eTca COXPaHUTbL B cebe Ha BCO XKU3Hb.
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POAOC/IOBHAA

Poannca Bonoga 21 anpena 1959 roga. MoHATHO, noyemy ero poanTeIn-KOMMYHUCTbI
Ha3Banu ero Bonogei.. OH 6bin no3gHum pebeHKom (maTepu 6bi10 42 roaa,
oTuy — 46 nert), y poauTenei ato bbln BTOpble bpaku.

Orteu, MBaH Anekceesny LawknH (26.03.1913—9.06.2002) paHee 6bin xeHaT B MoCK-
Be Ha HaTanbe, HO XeHa He AoXKAganacb ero ¢ ppoHTa. Ectb Aoub — Jllogmuna
LLleBueHKoO.

Matb AHacTacus CepreesHa YaynumHa (16.12.1918—8.06.2001) noTepsana myxKa Ma-
KapoBa Cepres EdpMmoBMYa Ha BOIHE, OH MOXOPOHEH B YepenosLe, ymep Tam oT
paH 2.01.1942 B rocnutane. OT aToro 6paka ectb go4b AnbbuHa (7.02.1939).

Poautenn Bonogu 6binn pogom 13 Bnagmmmpckoin obnactu, cén YepHuyeHKa u Bbl-
COKOBO, Pacro/ioXKeHHbIX B6AU3K apyr oT gpyra. B oaHoin us atux gepeseHb bbina
LEepKOBb, KOTOpaA HUKOr4a He ropesa, BCe BpemsA NMPUHUMAIA MPUXOXKaH, Tam
COXPaHWJICA BECb apXMB, YTO M nomorno 6paty MeaHa Anekceesnya Bopucy cos-
[aTb NO 3anMcAam reHeanornyeckoe gepeso, HaumHaa ¢ 18 seka, ¢ 1760 roga, Ko-
roa damunama WawKknH npapogutento 6bi1a AaHa Kak Harpaga 3a NpeKpacHble
LUALIKKN, KOTOPbIE OH KOBa.

MBaH Anekceesuu LWawknH poamnca B cembe Anekceda CnupugoHosmya LawkuHa
(9.02.1892—1950) u MpackoBbu PepoposHbl MapyHuHoM (10.11.1892—1959),
NOXOPOHEHbI OHK B cene [ocuyaTtoe 6113 BbiKcbl. Y Anekces CnMpuaoHOBMYA BO
BpemeHa H3Ma 6bin TpakTMp B c. [locyaToe. ITOT aKT CTOMA ero CbiHy MBaHy
AnekceeBunyy napTbuieTa B BOEHHOE Bpems...

Y pepa v 6abywkm B. W. LWawkumHa 6bino 5 getei:

— WBaH Anekceesuny WawkuH (1913—2002), aBoe aeteit.

— AnekcaHapa AnekceeBHa EmuHoBa (1915—1990), Tpoe ageten (Hatawa, Bopwc,
Uropb), xuna B r. Cepnyxos,

— HuHa AnekceesHa CokonoBa (24.05.1924—21.01.2006), asoe aeteli (Anekcei, Ha-
AeXnaa), una B cene Jlocyatoe,

— Bopuc Anekceesund LawkuH (1926—6.12.2016), 3 aeteit (NleoH, KoHcTaHTUH, CBeT-
N1aHa), XU B . BOMKCKUNA,

— KoHcTaHTUH Anekceesuy LawkuH (1928—1951), aoub CBeTnaHa, *un B ¢. [locya-
TOe, HEe3aKOHHO penpeccrpoBaH (6bli1 IETYNKOM, NMOMaa B NAEH), peabunnuTnpo-
BaH.

Mpo pepa MeaHa AnekceesBuya, CNUpuUAOHA, XOO4UAW NereHabl, OH 6bln MUPOBbIM
CyAbeN U HacTOAWMM NpesnpuHUMaTENIeM TOFrO BpEMEHU, OYeHb BECEIbIM Yeso-
BEKOM, B Hero 6bin 1 MBaH AnekceeBnY — ONTUMMWCT, OYEHb CBET/IbIN Yenosek. Mo
npoapassepcTke B 1931 roay 6bin HanpasseH B 3-10 BoeHHyt0 LLIKony aBMaLMOH-
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HbIX TEXHUKOB B T. [epmb, cTan KommyHuctom B 1932 roay, pabotan aBuaTexHu-
Kom B JlInneuke o 1934 roaa, notom o ¢espana 1941 roga B BopoHerke, npe-
nogasasn TEXHONOTMYECKUI LMKA B ropoae Bacunbkos KuescKoii obnactm go 1943
roga, notom pabotan B MoOCKBE Ha LEHTPa/IbHOM as3poApoOMe HavasibHUKOM
aBmaTexmmylectsa, Ao maa 1944 roga 6bi1 HaYa/IbHUKOM TEXHUYECKOTO oTAesna
9-ro aBnanonka B r. KazaHu. C maa 1944 ropa 6611 KOMB3BOAA MO 3BaKyaLuuu ca-
MmosieToB Ha ¢poHTe. o sHBapA 1946-ro 6bl1 NMOMOLLHMKOM HayaibHUKa TpPO-
deiHoro otgena no NpombiwaeHHOMY 060pyA0BaHMIO YNpaBAeHUA 2-i BO3ayL-
HOW apmuun B cocTase 1-ro YKpauHcKkoro ¢poHTa. HarpaxaeH opgeHamu OTeve-
CTBEHHOW BOWHbI 1-M M 2-W cTeneHW, medanamu 3a ocBoboxkaeHue lMparu, 3a
B3ATWe bepnuvHa, 3a nobeay Hag MepmaHuelt B Bennkot OTeyecTBEHHOW BOWHe
1941—1945 rogos, NamATHbIMWU MeganAaMu. B mmpHoe BpemaA TpyaMACA KOHCT-
PYKTOPOM Ha 3aBogax r. BbIKcbl, Men MHOro nateHToB U nsobpeteHuit. B 1958
rogy 3akKoH4M/ FOPbKOBCKUIM MONUTEXHUYECKUN MHCTUTYT. B 1968 roay noBTopHO
BcTynuAn B YneHbl KMCC.

B cembe mambl Bonogu, YaynnHon AHactacum CepreesHbl, 6b110 10 6patbes 1 cectep!

Ee poautenun: YaynmH Cepreit Kysbmuy (6bin 6akeHwMKom Ha peke OKe), pogom us
HasawwuHa. MecTo 3axOpoHeHUA B Bbikce He COXPaHWIOCb, HAa 3TOM MecTe Mno-
CTpoeHa roctuHUua; YaynunHa TaTbaHa OmuTpueBHa (1880—14.04.1964) posom
u3 4. Amutpuesnbl Fopbl, TOXOPOHEHA Ha Kaagbuule B Bbikce.

Ux petu:

— AnekcaHap (Tpoe peteli y Hero: Knasaua Monoea, Hukonan, Muxaun),

— Anekceit (netun: FanuHa, AnHa, AnekcaHap — toHra cesepHoro ¢nota, nornb s 19
net 20.10.1944 r., HarpaxaeH nocmepTHO opgeHom OTeyecTBEHHOM BOWH 2-i
CTeneHun, ero MMeHem HasBaHa y/auua B Bbikce),

— Bacunuii — nornb Ha ppoHTe,

— MNaBen (Tamapa, Cepreit),

— Mapwus YaynmHa (Knasgua YaynuHa, AnekcaHapa Ceposa, Hukonai, 3uHanga Yay-
NvHa, Nlnans),

— AHHa (HuHa MoauHa, Hukonait),

— ArpunnuHa Apbaabbesa (Bnagumup),

— Mapdoa lyceBa (AnekcaHgp) — 6Obina HAHel Bonoau, Xuna B UX CEMbe BCE ero
[ETCTBO.

— AHacTacua YaynuHa (AnbbuHa Makaposa, Bonoags LUawkuH),

— ®épop (21.08.1921—25.09.1987) (TaTbsiHa YaynuHa, Cepreit)

AHactacusa CepreeBHa 6blna 60see 3aKpbITbIM YENOBEKOM, Yem MBaH Anekceeswu.
PaboTana 3aByyem B wKoae N2 8 r. Boikcbl. loma u B cafy et nomorana cecTpa
Mapdoa CepreesHa. Bce Tpoe oHUM ¢ lBaHOM AneKkceeBMYEM KaK KUAN BMECTE, Tak
M MOXOPOHEHbI HA Knagbuue B 7-m MUKpopalioHe HuxkHero Hosropoga. Kaxkgble
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WX AHW NamMaTu K poxgeHui ¢ 2001 r. Bonoas esgmn Ha Knagbuuwe. U Bcerga ero
Tam BCTPEYasio CONHLE — TaKoM COoNHeyHbI 6bin MBaH Anekceesud! Poautenu
0OYeHb YacTo CHUAUCL Bonopge, oH ToCKoBan Mo HUM. U ymep-TO OH B AeHb POXK-
AeHua oTua... 1o cmepTu poguTenu Xuam Ha yauue PagyxHoi, gom 2. Mouytn 3
nocnegHuUxX roaa UM NOMorasam CUaenku.

[JetctBo Bonogm npowno B Bblkce, CHavyana OHM XUau B KBapTupe 6e3 yaobcTs. 3atem
nepeexann Ha yanuy KpacHbix 30pb, B fom Ne 31. C HUMMK [0 CBOEM CMEPTHU Kuaa
MmaTb AHacTacumn CepreeBHbl — TaTbsiHa AmuTpuesHa. Poc Bonogsa B o6cTaHOBKe
Mob6BKU cpeau OrpoOMHOrO KOJIMYECTBA POLHU: TETYLUEK, ABOIOPOAHbLIX BpaTbes,
cecTep, KoTopble C yA0BO/bCTBMEM DanoBann nosgHero pebeHka. B wkonay oH
nowen B Ty e, Homep 8, rae npenosasasa ero Mama, YUmaca o4eHb XopoLlo, YTo
No3BOAUIO emy MepenTn u3 2-ro cpasy B 4-i Knacc. Ero 3akagblyHble Apy3ba —
Cepreti Mpueanos n Omnutpuis CamcoHOB — Obl/IM B €70 KU3HWU BaXKHbIM 3BEHOM.
BmecTe OHM ycTpauBanu po3bIrpbiwy, ydactsosaau B KBH, MHOro saHumanucb
cnoptom: 6acketbonom, ¢yt6os0om, Benocunegom. Kak B Xu3HU noboro yeno-
BEKa, LWKoMa MHOro fana Bonoge: nogapuna v nepsyto atobosb (npo Hagto Ero-
pOBY OH BCMOMMWHa BCHO KMU3Hb), APYXKOY HaBeK, MHTepec K dpu3nke (nepsble CBOM
cXembl 1 Npubopbl OH cobpan B WKone), mysbike (BUTN3 1 Bbicouknii — ntoboBb
BCEN KM3HM), MalluHam (c 3 NIeT NPOBOAMA BPEMSA B rapake ¢ oTLOM, B 9 NpoBo-
AN KanuTanbHbIA pemMoHT gsuratens, B 10 noexan). OTtew, cam ymetowmn aenatb
abcontoTHO Ntobyto paboTy B rapaxke M AOMA, Hayuyma ero obpalaTbca Co BCEMM
MHCTpymeHTaMmu, doTorpadumn, NoKasbiBan BCe 3Tanbl CTPOMKM B cagy, OBbACHAN
YCTPOWMCTBO U NPUHLMN AeiCTBUA S1EKTPONPUBOPOB 1 MeXaHN3MOB, Aa U BoobLLe
YCTPOMCTBO MMpa. ITO NMOMOrI0 cHopMMPOBaTLCA MOJIOLOMY YE/OBEKY, OH He
60ancA Ntoboi paboTbl, NOHMMAN YCTPOMUCTBO BCErO, YTO OKPYXKAET HAC B KU3HU U
paboTe. U ronosa, n pyku ero 6l NpPoCcTo 3010TbIMMU.

Bbikca b6blna yxke mana ana Bonoan. OH nocTynua B 3a04Hyto dmamatiukony npu Mry,
npopewan Kydy y4ebHuKoB. Ero aaan, ®enop Cepreesuny YayauH, paboTtasunii B
Hay4YHOM WHCTUTYTe BO PpA3MHO, a 3aTemM BOeHNpegom Ha «CantoTe», NopeKo-
MEHAOBA/N emy, BUAA ero noTeHuuan, gas noctynaeHua paguodusmyecknin da-
Ky/abTeT TOPbKOBCKOrO roCyapCTBEHHOrO YHMBEpPCUTETa, MMes B BUAY 6osblune
nepcrneKkTMBbI A1 MOJIOAOr0 YeNIOBEKA B GU3NYECKOM HayKe.

OKoHuuB B 16 neT LWKOAY € 30/10TON Mepanbio, Bonoas ¢ nerkocTblo NocTynun Ha pa-
avoodak ITY. Hayano y4ebbl, nepsas KapTowKa — yXe Tam MPOoABUIUCL ero au-
[AepcKue KayecTsa.

Bonoas c nepsbix gHel yyebbl BCTYNUA B TypucTUYeckuit knyb MY, xoamn B noxoabl Ha
6agapkax — CHayana B eAUHUYKU-ABOEYKM, MOTOM YXKe B TPOWMKU-YETBEPKMU.
MoTtom B nATEpPKW, MOTOM cam cTan pykosogutenem rpynn. OH nokopun Kypy,
MNwexy, N'ytapy, Yoy, Yepemol, KaTyHb, TOHYN B BYpHbIX peKax, cnacan gpyseu,
TAaCKan TAXKe/ble PHK3aKM MO rOpHbIM Nepesanam, HeAento B Hemoroay Xaan
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BEPTO/IET AN BblAeTa U3 HUKHEeyAMHCKa, BapWA Cynbl U3 TyLWEHKW, cnan B nanart-
Kax. Jo XpuMnoTbl Nen NecHu y KocTpa. bbln 6ECKOHEYHO CYACT/IMB OT CBOUX MO-
NIOA0CTU U CUAbI, KPAcOTbl NPUPOALI U MOLLM FOPHbIX PEK.

XOoAMN OH HECKONbKO NeT U Ha TPEHMPOBKM MO KapaT3, MNOCKO/IbKY BXOAWA B onepa-
TUBHbINA oTpAA TY, KoTopbIi NOMoran MUAULMKA HAaBOAWUTL NOPAAOK Ha MoCKoB-
CKOM BOK3ane.

Ko Bcem genam, yuebe, cBOMM yBAEYEHUAM OH OTHOCUACA C OFTPOMHON OTBETCTBEHHO-
cTbto. CTapasnca AO0CKOHANbHO pa3obpaTbCa B TOHKOCTAX KaXKAOro 3aHATMA. Benu-
KOJIEMHO YYWJICA, BCErAa MoJiyvyan MOBbIWEHHYK CTUMEHAMIO. 3aKOHYUA OH Ka-
deapy anekTpoaMHamMMKK. Mlomoran oTcTaloWwmMm, mHorme bGnarogapHbl emy 3a
nomolb. Cam OH NOMYYUA KPACHbIM AUNAOM U fiyyllee pacnpefesieHne — B He-
[ABHO CO3[aHHbI K TOMY BpemeHu UHCTUTYT npuknagHon ¢usmkm Akazemun
HayK. PykoBoautenem ero Hay4yHow pabotbl ctan ABeHup Muxannosuy bensaHues.

Nnpepckune Kavectsa 3ametunm u B UMNGAHE: Bonoato Bbibpanu npeacepatenem Ko-
MUTETA KOMCOMOJIbCKOW OPraHU3aLUN UHCTUTYTA, BCKOPE OH BCTYMNWUA B MapTUIO.

C nepsbIx gHeW y4ebbl Bonoasa nosHakommuacs co ceoen byayuiein keHoh — EneHon
MoukaeBo#, cTyaeHTKoM BMK, Ha 4-m Kypce OHM noxKeHunucb, B 1981 roay po-
avnacb govb MpuHa, B 1989 rogay — cbiH eHunc. 16 net Bonoga v JleHa npoxuam
c ee mamow EkatepuHoit CepreeBHol M oTYMMmom Bacunmem UBaHoBMYem 60/1b-
LION ApYXKHOM cembelt. [leTn pagoBasn CBOMMW ycrnexamu, 340pOBbEM, UHTEpe-
COM K XU3HU. Oba 3akoHuMKM 40-t0 wKony, Mpa — c mepansio, leHnc — P-knacc.
JNleTo npoBoaunn B neTHel dbmuamatiKone n Ha gade. Moayuymnm no aBa BbICLINX
obpasoBaHua: Mpa — BMK c KpacHbim guniomom u mexmat, [eHnc — BMK u
Bbiclyto WKONY 3KOHOMUKU. UpuHa paboTtaeT B CKonkoBo, [leHnc — npogtoce-
pom. Y [leHuca 2 cbiHa — ApceHuit (9 neT) n Mapk (6 net), UpuHomy cbiHy MuLue
3 roaga.

Ha sknadke npusedeHa cxema poda LLawKuHbix, cocmasneHHas bopucom Anekceesuyem
LlawKuHbIM (0505 Bnadumupa NeaHosu4a) 8 1991 200y u Ha4uHarowasca ¢ 1760 2oda.

Jeo Anekceli CnupudoHosuy u 6abywka lpackosea ®edoposHa
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Y4eHuk... 3mo omeemcmeeHHo

Mpuw~na 110608sb... Mo#HO HeHuMbsCa

191



UM®AH, 301 cemuHapos, peysb 0epxum KOMCOMOsbCKUl cekpemaps (B. LLIawKuH),
cnesa 6ydyuuli npeaudeHm Akademuu Hayk (A. Cepaees)
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O 8UCOKOCHbIU 200 — NpoKaameili 200!

Kak moel o Hem 6ecrie4Ho 3a6bi8aem

U dosepsem Hu3HU xpynKuli xo0

Bce mem e camonemam u mpameasm.

A mex0y mem 8 3a0c4acmHebili amom 200
Hac uzyyaem npucmanbHas AUH3aA,

U3 meicay auy, — He mom, He mom, He mom,
OmoesbHble 8bIX8AMbIBAA AUYQ.

U HeKas sepxosHas pyKa,

B ybeli 80s1e 8Ce KOHYUHbI U OMCPOYKU,
Paz0suHys Ha0 monnoto 0baKa,
BbiKpadblieaem HAc NOOOUHOYKe.

A Mbl 6e}#UM, MOPONUMCH, CHyem —
Mpu4uH cnewums u 8rpPAMs 0080s16HO MHO20 —
U 80pye o cmepmu Opyaa y3Haem,
HamkHyswuce Ha KO/IOHKY HeKposoeaa.

U, cmos 8 nepenosnHeHHOM Mempo,
Fomosumcsa yeudemo amo 8bsege:

Bom oH niexcum, AUyo e2o Mepmao.

Bom oH 8 2poby. Bom oH 8 MozausnbHoU Ame...
lMepemeHus nponucKy u poocmso,

OH ¢ aHeenamu monyem 38e30Hbil epasul,
U 8ce, ymo HaM ocmasoce om Heao, —
londroxcuHsl cay4aliHoix gpomoezpacgpuli.
Cny4ucb mMbl pAOOM € HUM 8 mom #ymkuli mue —
U cmepmeo 6bi npouzpana 8 noeduHKe...

OHa 6 837710 €20 30 BOPOMHUK,

A Mbi 661 yyenuaucs 30 60MUHKuU.

Ho umo mym mosnkosame, Kosb npobusn Yac!
Cri08a omHbIHe Mas0 Ymo pewarom,

U, ckazaHHble 0ecamo mbicaY pas,

OHu dpy3eli — ys8bl! — He sockpewarom.
YcacHelli 200!.. Koeo menepob suHUMb?
lMo2ody nu c ee doxwcdem u epadom?

....Kumb MO}#CHO 8p0o3b. U daxce He 360HUM®.
Ho 6 sucokocHbili 200 Oepxamecs paoom.

JleoHud ®unamoe (Ha cmepmeo B. Bbicouykozo)
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