


2019 rop npoeo3rnaweH MexxayHapoaHbiM rogoM
MNMepuoaunyeckon Tabnuubl XMMHUYECKUX I/IEMEHTOB

Ilepuommueckass TabuMIla XHMHYECKHX 3JIEMEH-
TOB — 3TO HE MPOCTO PYKOBOJICTBO HJIH KAaTAJIOI BCEX
M3BECTHBIX ATOMOB BO BcelleHHoii; 310, 110 ¢y TH, OKHO
BO BcelleHHy10, HIOMOTaloIIee paciipHTh IOHUMaHHE
okpy:kaomero mupa. B 2019 1. ucnosmsieres 150 ner
€O JIHA CO3MAHUA ITOH TaOJIHILI POCCHIICKAM YYCHBIM
Jmutpuem BanoBnmaeM MeHTETICEBBIM.

«llepnomuyeckad Tabimia XUMHYECKHX DJIEMCH-
TOB — OJIHO U3 HanOoJiee Ba:KHBIX HAYYHBIX JIOCTHKE-
HUI, OTpasKaoIlee CyTh HE TOJHLKO XUMHUH, HO TakKe
$usnKn, OHMOJIOTHN U JIPYTHX JUCIUIIINH. OHa Tpe-
CTaBJSICT cO0Ol YHUKAJIbHBIN HHCTPYMCHT, JAIOTIAI
YUYECHBIM BO3MOKHOCTD HpPENCKa3biBaTh NOSABJICHHE H
cBoiicTBa 3JIeMEHTOB Ha 3emiie H Bo BcesieHHoil B 1ie-
Jom», — ckaszan JKan-llos Hrome-Abuara, nporpam-
MHBIH  CIIENUAJIMCT, KOOPIHHATOP MEPOUPHATHI B
pamkax npazaHoBanus loja B IOHECKO. «9Drta nnn-
UaTBa, HaApAy ¢ MEPONPHATHAMH IO BCEMY MHpY,
noIepKHET BakHOCTh [lepuommueckoii Tabmimbl it
HAyKH, TEXHOJIOTHII U YCTOHYMBOTO pa3sBHTHS YEJIOBE-
4ECTBAY.

IIpazmnosanne B 2019 1. MexayHapoHOTO T10j1a
NEPHOMYECKOI TAOIHITB XUMHYECKHX JIEMEHTOB BO3-
JACT NOJLKHOE HETABHO COBEPINCHHBIM IEPEIOBBIM OT-
KpPBITHAM, @ HMEHHO OTKPBITHIO B PE3YJIbTaTE TECHOTO
MEKITYHA POJTHOTO HAYYHOTO COTPYTHHYECTBA YEThIPEX
CBEPXTLKCIIBIX 2JIEMEHTOB NEPHOIMYCCKONH TaOIHIIbI
MemnjienieeBa ¢ aroMapIMu HoMepamu 113 (Huxonmuii),
115 (MockoBwuit), 117 (reanecun) u 118 (oraneccon) u
NPHICBOCHUIO HM Ha3BaHHUIA.

MeatyHapoiHblii  TOJl HEPHOTMYECKON  TaOJIMIIBI
XUMHYECKUX DJIEMEHTOB IPOJIOJLKUAT TEMAaTUKY Mek-
nyHapojmHoro roja xumua (2011 1) 1 Mexynapoj-
HOTO 1ojia Kpucraiuorpadpun (2014 1.). Ilposenenue
storo roja takke mact IOHECKO Bo3MOKHOCTD ak-
THBHO COJICHCTBOBATh NOIMYJIApU3aud  (pyHIIaMEH-
TAJIBLHBIX HAYK B HHTEpecax yCTOHYMBOIO pa3sBUTHA, B

TOM uHuciie OJarojiapsa MEKIYHaAPOHOH IIporpaMme
IOHECKO 1o ¢ynjiaMmeHTaIbHBIM HAYKaM.

«f majierocp, uTo 3aiuianupoBaHubie Ha 2019 roj
MPa3HAYHBIC MEPOITPHATHS IIOMOT'YT ITPOJIEMOHCTPH-
pOBaTh BKHYIO POJIb (DYHJIAMCHTAJIBHBIX HAYK B pe-
MMEHIN TJ100aJIbHBIX TIPodJieM. J[aHHbIE MEpOITPUSTHS
MPOMJLTIOCTPAPYIOT MPOTPece, O POAKIICHHbIH HAY YHBI-
MH OTKPHITHAMH, H IOOYJIAT CIICHYIONTHE MOKOJICHUS
pacimpATh I'PaAaHUIB YCIIOBEYECKOTO TO3HAHUSA. KaK
ato cnaenad JImuarpuii MenpeneeB B XIX Beke», — oT-
meTm 2Kan-ITon Hrome-AbGnara.

20 nexadps 2017 1. B xoe 72-ii ceccnu | enepaibuas
accam6iiess OO npoBosriacuia 2019 roj Mexyna-
pojtHBIM rojioM 1lepromueckoii TabMITH XUMHYECKIX
aJieMeHTOB. PaHee 5Ta MHUIMATHBA ObLJIa BHIJIBUHYTA
Poccuiickoit Oenepanueii B pamkax IOHECKO u 6b11a
ojoopena Ha 39-ii ceccun ['enepasbHOi KoH(pEepeHITAN
Oprann3anum.

Hpeto npoBosriamenns lojia nojpiep:xaimm 0ojiee
150 Bemymux MHPOBHIX HAYYHBIX IEHTPOB, BKIIOYAs
MexyHapo/Hblil COI03 TCOPETHUCCKOH M IPHKIIAN-
HOH XHMHH, MeKITyHapOIHbBIH COI03 TeOPEeTHYECKOM
| NpUKIJIAHON (u3nku, EBporieiickas accoruanus Xu-
MHYECKHX U MOJICKYJISIPHBIX HayK, MerTyHapojHbIi
COBET 110 Hayke, MexlyHapoHBIH acTPOHOMUYCCKAN
€0103, OOBCIMHCHHBIIT MHCTUTYT STICPHBIX HCCJICIIOBA-
auii (OMAN), u MexyHapo bl co03 UCTOPHHA H
$unocopun nayku. llpoBenenne MexTyHapOIHOTO
rojia Oy/IeT KOOPIMHUPOBATHCS MeAIIyHApoO IHOI 1IPo-
rpammoii IOHECKO 1o ¢pyHiaMeHTaIbHBIM HAYKaM |
MexyHapoIHBIM COI030M TCOPETHICCKOM 1 IPHKIIAT-
HOIl XUMHUH B COTPYJHHYCCTBE ¢ HAIMOHAJIBHBIMH, Pe-
THOHAJIBHBIMH 1 MEHKITYHAPOJIHBIMA XUMHYCCKAMH 00-
IIECTBAMH H COIO3aMH.

IloaroToBka Kk npazaHoBaHmio lojia y:ke Havajach
¢ pa3paboOTKH TIJIaHa MEPOIIPHATHIA, YaCTh U3 KOTOPHIX
npoiineT B Poccuiickoii Oenepaium.
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K 185-AETHIO A. Il. BOPOAUHA —

B. ®omunbix, Poccuiickuii rocynmapcTBeHHBIN yHUBepcuTeT uM. A. H. KoceirmHa, Mockaa,
. B. Cynpyn, Unctutyr 6uomeauuuHckoin xumuu um. B. H. OpexoBuua,
A. Kapsakun, MI'Y umenu M. B. JlomoHocoBa, MockBa, e-mail: aak@analyt.chem.msu.ru

BEAUKOIO KOMITO3UTOPA U XUMUKA

B 200, npusnannsiii FOHECKO Mescdynapoonsim eodom [lepuoduueckoti mabauypl Xumuveckux snemenmos, Hapsaoy ¢ 185-ne-
muem ee ochHosamens, /. H. Mendeneesa, ymecmHo 6cCnoMHUMb 0 robuaee euje 00HO20 8blOAIOUE20CA XUMUKA, Ybs UMEHHAS pe-
aKyus eéKka4ena 6 cmyoenyeckue yueonuku, — Anexcanopa Iopgupvesuua bopoduna. Ymecmuo ewe u nomomy, umo A. Il. bo-
DOOUH 56151MCS EAUKUM KOMNO3UMOPOM, Hell nopmpem ykpauwiaem boavuwioi 3a1 Mockogckoli 2ocyoapcmeeHHoU KOHCep8amopuuy
Hapady ¢ makumu ueanmamu mysviku, kak U.-C. bax u B.-A. Moyapm, M. U. Twunka u I1. U. Yaiikosckuii. Ixckypc 6enyonb
6€K08 @ NOUCKAX YHUGePCan08 makoeo macuimaoba é ucmopuu Poccuu ne naxooum nurxoeo do M. B. Jlomonocosea, a ¢ ucmopuu

Eeponvt — do JI. da Bunuu.

Hecmotps Ha To uTo 185-1eTHe CO AHSI POXICHUS
Anexcanngpa IloppupnseBruua boponmnHa oTmevyanoch
B IMPOIILJIOM T'Ofy, OJWH M3 HauboJjiee MPeCTUXHBIX B
MenulMHe, XypHaia The Lancet, meuaraBiuuii ero He-
KkpoJjor B 1887 r. [1], a Takxke HEKOTOpbIe UCCIEHO-
BaTesu [2] yka3biBajau rogom ero poxaeHus 1834. Ta-
KUM 00pa3oM, nipazgHoBaHue 185-netus A. I1. bopo-
IWHA BITOJHE YMECTHO TIPOMINTL W Ha TIPU3HAHHBIN
IOHECKO rogom xumuu u Ilepuoanyeckoii TaGauLbl
XMMUYECKUX 3JIeMEeHTOB HbIHelHuit 2019 r.

Cornacno C. A. luanuny, ouorpady A. I1. bBopo-
nuHa, AnekcaHap poauics B CaHkr-IletepOypre y
62-netHero kHs3s Jlyku CrenmaHoBuua ['emraHoBa U

24-netHeit "compmatckoii gouepu” ABmotbu KoHcTaH-
TUHOBHBI AHTOHOBOI, B qoMe Ne 9 mo I'arapmHcKoit
ynuue B kBaptupe JI. C. 'emmanoBa, moMelaBIIeiics
BO BTOPOM 3TaXke M BBIXOAMBIIEH OKHAMHU cpady Ha
Tpu yauibl: Kocoii nep., I'arapuHckyio u Cepruesnc-
kyto [3]. JI. C. I'equaHOB pacropsimuics 3alicaTh BHE-
OpayHOro ChlHA CHIHOM CBOEIrO IBOPOBOTO YeloBeKa
IMopdupus Monosuua BboponunHa, uybsg dpamuius u
otuecTBO nepeuin Anekcanapy [3]. Hu ogun u3 ero
HACTOSIILIMX POAMUTENIEH TaK He MpU3Haa opUIIHaIbHO
B HEM ChIHA; MaThb BCerga HasbiBajia ceOs1 "TeTyll-
KOi1", UMeHeM, O]l KOTOPEIM OH oOpaliiajcs K Heil BO
Bcex cBoux nmucbMax [3]. Ilocme cMepTy oTa Majab-
YUK OCTaJICS XKUTh C MaTepblo 1 Ojaromaps ee crapa-
HUSIM TIOJIyYMJI IpeKpacHoe oOpa3oBaHue: 00ydascs
WHOCTPaHHBIM sI3bIKaM, Urpe Ha duielite u popremnu-
aHo. [lapamienbHO pa3BUTUIO MY3bIKaJTbHOIO TajlaHTa
AJekcaHIp yBJIEKCsl XMMUeEH, nenas dpeiiepBepku, a K
13—14 rogaM yxe MMesa JoMa liejaylo J1adopaTopuio,
pa3MelleHHYI0 1o Beeld kBapTtupe. FOHbI Anekcanap
JIIOOWJI 3aHMMATbhCSl TaJbBAaHOIIACTUKONM U U3TOTOB-
JICHMEeM aKBapeJbHBIX KPacoK, KOTOPHIMM OH CaM M
nucan [3, 4]. Anekcannp bopoauH Bmagen mnsSThIO
WHOCTPaHHBIMU SI3bIKaMU [4, 6]: BEIyUUB B IETCTBE He-
MEUKUM, (ppaHIy3CKUi, aHTJIMIUCKUI U JIaThIHb, 1103~
XKe, Tocie roga npedsBanug B MUtanmmu, oH cMor nu-
caTh Hay4YHbI€ CTaThbU M HAa UTAIbSIHCKOM SI3BIKE.

BoinmyckHuk IlepBoit Cankr-IleTepOyprckoii rum-
Hasuu, B 1850 r. Anmexcanap bopomuH mocrtynaer B
HMMnepaTopcKyo MeIUKO-XUPYyPTrUYECKyIo aKaaeMHUIO.
3aech OH U3ydaeT Kpucraaiorpaduio, 00TaHUKY, 300-
JIOTHIO, aHATOMUIO, HO FOHOIIIECKasA CTPACTb TTPUBOIUT
ero B Jabopartoputo npodeccopa Hukonas Hukonae-
BMYa 3MHUHA, BBIJAIOIIEIOCS PYCCKOTO XUMMKA-0pra-
HUKa, KOTOPHII CTAHOBUTCS €TO YIMTEJIeM M HacTaB-
HUKOM Ha JaJbHEWIyIo XU3Hb [4].

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 7, 2019 387



IlepBbie rombl IOCAE OKOHYaHHUS AKazeMuu
(1856—1859) A. I1. boponuH TIpoBes OPAMHATOPOM
Ha ciyx06e Bo Btopom BoeHHO-cyxonmyTHOM (Hwuko-
JIaeBCKOM) rOCMMTAaJIe aCCUCTEHTOM Mpu Kadenpe o0-
1Iell MmaToJorTuu 1 OOlleil Tepalnuu, BO3IJaBiIsieMON
H. ®. 3nexayepom [3—6]. Ha mexypcTBe B rocmu-
TaJle COCTOsIIOCh nmepBoe 3HakoMcTBO A. I1. boponu-
Ha ¢ M. II. Mycoprckum, BIIOCJE€ACTBUU BEIUKUM
PYCCKHUM KOMMO3UTOPOM: MycCoOprckuii Obu1 IexXyp-
HbIM odulepoM, a bopoauH — AeXypHbIM BpauyoM
[3]. B Te roanl rocniiTanb ObUI IEPENOIHEH paHEHBIMU
BCJIEACTBME 3HAUMTENIBHBIX TOTeph B Pyccko-Typerr-
koii BoitHe B Kprimy (1853—1856) [5]. OTmeuaror,
yro A. Il. bopoauH oGnagan GecKOpBICTHON AOOpPO-
TOM, COCTpalaHUEM U HEXKHOCTbIO K 00JIbHBIM [5]. On-
HaKo MEIMLIMHCKAs MpaKTUKa JOCTaBJsijia eMy HeMa-
JIo HernpusTHOCTe# [3]: Moylogoit XUpypr He pa3 ma-
J1aj B OOMOPOK IIpU 00CIeIOBAHNHN TSXKEJIO paHEHBIX.
BcnencrBue atoro A. Il. boponuH Havan Bce 0oJblie
OTHAJSATHCS OT KIMHMYECKOW MPAKTUKU U MEIUIIUHBI
[5]. B roapl cayx06bl B rocnutane AnekcaHap Ilop-
(vpbeBUY MPOIOIKAET 3aHUMAThCSI XMMUYECKON pa-
0O0TOI M TOTOBUT OWCCEPTALIMIO HA CTETEHb ITOKTOpa
MEIULMHBI.

Xo4yeTcsT TOJTPKO BOCXUTUTHCSI, KaK TecHo 150 et
Hazaln xuMmus Oblia cBsidaHa ¢ MeauiMHoi. Hampu-
Mep, JIabOpaTOpus BBIAAIOLIETOCS XMMUKA-OpraHuKa
H. H. 3uHuHa, KOTOpOii BIIOCIEACTBUU 3aBeAOBaJ
A. I1. boponuH, 6blJ1a B MEAUKO-XUPYPIrUUeCcKoit aka-
nemuu. Ha u nuccepramus camoro A. I1. bopoauHa Ha
CTeTeHb JOKTOpa MEAUIIUHBI (CM. HUXE) C COBpeMEH -
HOI TOUKHU 3PEHMUS SBJISIETCSI CKOpee XUMUYECKON He-
XKeJMu MeAUIUHCKOM. "MenuiiMHa Kak HaykKa IIpef-
CTaBJISIET TOJBKO MPUIIOKEHUE €CTECTBO3HAHMUS K CO-
XpaHEHUIO U BOCCTAHOBJIEHMIO 3J0POBbSI UEJIOBEKa;
YTO TTOATOMY €CTECTBEHHBIC HAayKU HOJDKHBI MTPATh
pOJIb MEPBOCTENEHHBIX, OCHOBHBIX MPEIMETOB... UTO
MeIUK JOJIKEH YCBOUTH cebe He CTOJIbKO OTPHIBOY-
Hble (haKThl MPUKIAJTHOTO €CTECTBO3HAHUS, CKOJIBKO
O0ILIMIA CTPOM HayKu, CIOCOO MBILLICHUSI, TPUEM U
METOJ MCCIIeIOBAaHUS HATypaliucTa...", — TOBOPUII
A. ITl. bBoponun Ha noxopoHax yunrtensa B 1880 r. [6].
Hy a Bekom cmycTsl, Korga 3TM HayKM YK€ OKOHYa-
TEJIbHO Pa30IUIMCh, HACTYMUIAa 3pa 0€30IacCHBIX OIle-
paluii 1 omacHbIX JiekapcTB. OnacHbIX, MOTOMY UYTO
MEIMKHU 3a4acTylo cjabo OpUEeHTUPYIOTCS B JaBUHE
HOBBIX MEIUIIMHCKMX MpernaparoB. M, moxaiyii, TOJb-
KO CUMTaHHbIe €AWHUIIBI MpeacTaBUTeNIel 3Tol Tpe-
KpacHOIl mpodeccun IeiCTBUTENILHO pa30upaloTcs B
CTPYKTYype W MeXaHu3Me JeMCTBUS COBPEMEHHBIX Jie-
KapcTB. Bo3aMOXHO, MOBBILIEHUE KaK KauecTBa, TakK U
MPOIOJIKUTEIBHOCTH XKM3HU Halllero oOlilecTBa Ha-
MPSIMYIO0 3aBUCUT OT TOTO, CMOTIYT JI1 XUMMSI U MEAU-
IIMHAa BHOBb MTOBEPHYTHCS APYT K APYTY JULIOM.
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Bepnemcs k ouorpacduu A. I1. boponuna. B 1858 r.
BbIlIUIA €ro mepBas nmybaukaius B OwouieteHe Poc-
cuiickoii Akagemun Hayk — "O nmeiicTBUM HOOUCTOTO
STWJIa Ha ruppodeH3amun u amapuH” [4]. B 1858 1.
A. T1. bopoauH MoJy4Yusl CTelleHb JOKTOpa MEAWIIN-
HBI, 3alllUTUB JUCcepTaluuio Ha Temy OO0 aHajorum
¢ochOopHOIT U MBILILIKOBOU KHUCIOTHI B XUMWYECKUX
U TOKCUKOJIOTUYECKMX OTHOLICHUSIX  [4, 7]. AKTUBHOE
ydyactue B aucnyTte Ha 3awuTe npuHsul . 1. MeHne-
neeB [6]. BrepBbie B uctopunr AKageMuu AUCCEpPTa-
uMsl ObUla HamucaHa M IpeAcTaBieHa Ha PYCCKOM
sI3bIKEe, a He Ha JlaThIHM [5]. OOciiemoBaB II0 Iopyde-
HUIO IIpoMmbllieHHoro marHata B. A. KokopeBa co-
JiMrajiuyeckue MuHepajabHbie Boabl, A. I1. bopoauH
otMeuan B "MocKoBcKkux BemoMocTsax" [8]: "...e cmpo-
20M CMblcae Mbl HUK020a He aevum 001e3HU, HO AevUMm
bonvroeo". Mpaza He TOTepsiyia 3HAUCHUE JJ1S1 MEIULIM -
HBI 1 TIOHBIHE.

ITpodeccop H. H. 3unuH Boznaran Gonblive Ha-
JeXXIbl Ha CBOETO yYeHWKa, MPU 3TOM CUYUTAsI, YTO
A. I1. bopoauH CAMILIKOM MHOTO BpeMEHH YAEJsieT
My3bike [7]. Ha cinenyromme tpu roga (1859—1861)
A. I1. bopoauH oTnpapiisieTcsl 3a rpaHully. bosbliryio
yacTb BpeMeHM OH IpoBe B ['eiinensoepre, rie, B 4yacT-
HocTu, padoran BMecTe ¢ D. A. Kekyne [4], TeM ca-
MbIM, KTO paciuudpoBan cTpykTypy 6eHzosa. B I'eii-
nenboepre A. I1. bopoauH moapyxwuics ¢ OCHOBarTe-
nem Ilepronmyeckoit TaOIMIILI 3JIEMEHTOB JIMuTpreM
MBanoBuuem MeHneneeBbiM. dpy3psimu A. II. bo-
pomuHa B 'eiigenpOepre ObUIM TaKKe OCHOBOIIOJIOXK-
HUKU OoTeyecTBeHHOU MeauuuHbl M. M. CeueHOB U
C. I1. borkuH.

B 1860 r. A. I1. boponun Bmecte ¢ I. . Menne-
JIeeBbIM ObLI B UuMcClie JejieraToB 3HAMEHUTOTO KOHT-
pecca B Kapicpya. ITocne konrpecca A. I1. boponun
octazcs B [lapmke, toe 23 HosOps 1860 r. ipeacTaBuI
nJokiap [Tapuskckomy xuMudeckoMy odlecty: "O 6po-
MHIaX BaJIePbTHOBOM KMCIOTHI U MACIISTHOM KUCIOTHI"
[4], 3aKOHYUB ero ypaBHEHUEM

C,H3Ag0, + 2Br = BrAg + CO, + CH;Br.

DTa peakiys cepeOpsIHbIX cojiell KapOOHOBBIX KUC-
JIOT ¢ rajjoreHaMu [9] ¢ Tex caMbiX MOp HOCUT UMS
A. T1. boponuHna.

IMocnegnuit rox cBoeii craxupoBku A. I1. Bopo-
nuH npoBed B Utanuu, B I1uze, B 1abopaTopuu Ipo-
¢eccopoB ae Jlyka m Taccunapm [4, 10]. On mmcan
. . Menaeneesy: "...mpoBoaui B [1u3y onHy 0apbi-
HIO, €XaBIIYIO Tyda ISt 3M0poBbs”. "bapbiHeil" okasa-
Jach Oymymas xeHa A. II. boponuHa — mmaHMCTKa
Exarepuna Cepreesna [Iporonomnosa [6]. [1nomom Ha-
yyHo#i padotsl A. Il. bopoauna B IIuze sBuiuce Tpu
HCClleIOBaHMI, HareyataHHbIe B XypHase "II Nuovo
Cimento" 3a 1862 rox [3]. Bo BpeMst cBoero mpeoni-




BaHus B Iluze oH paspaboran MmeTon (TOpUpPOBAHUS
OpPraHUYeCKUX COEAMHEHUN U TMOJy4YMs TepBoe (hTo-
PUPOBAHHOE apOMAaTUYECKOE COeIUHEHUEe — OEeH30MI
¢dropun [11, 12]. 3aknanpiBasi OCHOBBI (PTOpOpraHu-
yeckoit xumuu, A. I1. bopoauH, 1Mo cytu, cTtaj OgHUM
U3 TIPAPOAMTENIEU COBPEMEHHOM KIMHUYECKON XU-
muu. VIMEHHO Ha OCHOBE (DTOPOPraHUYECKUX COCAM-
HEHUI ObLI CO3/laH B KOHIIE IPOILIJIOr0 BeKa KpoBe-
3aMEHUTENb, TAK Ha3bIBaecMasl "ronybast KpoBb", criac-
1Iasi HeMaJlo XU3HEeW BOEHHOCYXalllMX B TOPSYUX
TOYKaX, B YACTHOCTU, BO BpeMsi AGraHCKOil BOWMHEI.

Bepnysiucs B Iletepoypr, A. I1. Boponun B 1862 r.
ObL1 M30paH Ha JOJKHOCTh aIlbIOHKT-IIpodeccopa u
HayaJl YMTaTh CTyJAeHTaM AKaJeMUU JIEeKLIMU T10 opra-
Huueckor xumuu [3, 5]. K BeictpoeHHoir H. H. 3u-
HUHBIM CUCTEME TIpernojaBasi XMMUM CTyAeHTaM-Me-
aukam A. I1. BopoauH n106aBujl MOJHOMACIITAOHBIN
XUMUYeCcKUil mpakTukyMm. Co3HaBasi rpOMagHYyIO Bax-
HOCTb XMMUM JJIg Bpada, oH B 1874 r. man Bo3MOX-
HOCTb paboTaTh B jabopaTopuu, KOTopasi Oblia OT-
KphITa PAKTUUECKU KPYITIOCYTOYHO, KaXKIOMY KeJla-
foiemy [11].

C 1864 mmo 1873 rr. A. Il. bopoauH morpyxeH B
HCCeI0BaHUs, Kacamluecs MoJuMepru3alud U KOH-
JIeHCALIMN aJIbJAETUIOB, YTO TIPUBEJIO €ro IMTOYTU OJHO-
BpeMeHHO ¢ BloplieM K mojiydyeHuto anbaofis (B-rufi-
POKCUMACISHOTO albAernaa) KOHIEeHCAlUMel AIBYX
Monekyn anetanbaeruna [3, 4, 10, 13, 14]. IlepBag
nyoaukauus A. I1. bopoauHa, Kacalomasicsi aabIeru-
JIOB, OblJIa TTOCBSIILIeHA eHCTBUIO METANIMYECKOTO Ha-
Tpust Ha Bajepanbaerun [14]. A. I1. bopoaguH Takxke
M3y4yajl MPOU3BOAHbBIE KATPUHOBOM U M30KATPUHOBOM
KUCJIOT U MOJIYYUJ B-OKCUMACSIHYIO KucaoTty. Pabo-
Tasi C apoMaTUUYECKUMU aJibAeTUAaMU, TeMCTBUEM aM-
MHakKa Ha OCH30WHBINA anbAerui, OH CUHTE3UPOBaJ
ruapobeH3aMMl, KOTOpbIi ObLI TpeBpalleH NMpu Ha-
rpeBaHuy B aMapuH. [IoMMMO 3TOro, OH MOJYYUI
TUAPAMUI KYMUHOBOM KHCTIOTBI ¥ €€ U30MEPOB Y HUT-
po3oaMapMH ASHUCTBMEM HUTpaTa Kauus, MOAKUCICH-
HOI0 KOHLIEHTPUPOBAHHOM YKCYCHOM KHUCJIOTOI, Ha
ropsiurii KOHLUEHTPUPOBAHHBIN pacTBOP alleTaTa ama-
puHa. Ero uccinenoBaHusi CrocoOCTBOBalM BbISICHE-
HUIO MOJIEKYISIPHBIX (hOpMYJT amMapuHa U joduHa [14].
IMonpo6HmIii pazdop ucciaegoBanuii A. I1. boponuna B
00J1aCTH OpraHnYecKoil XMMUHU ciaenaH B padote [12].
o cux mop BeayTcs COPhI O IPUOPUTETE CACTAHHBIX
A. T1. BopoauHBIM OTKPBITHI B 00JIACTH aJbAETUIOB:
OJIMH OTHOCUTEJILHO HeMellkoro xumuka Kekyse, Bro-
poit — dpaHiy3ckoro xumuka Bropua [10].

B 1868 r. A. I1. boponuH cTaja OIHUM U3 YJICHOB-
yupenuTeseii Pycckoro Xummuueckoro oOlIecTBa,
MEPBEIM TIpe3uaeHToM Kotoporo 01 H. H. 3uHun
[11]. XuMuueckoe OOIIECTBO CYILIECTBYET M CETOIHS
nmon mMeHeM "Poccuiickoe XMMHMYecKOe OOIIeCTBO
M. [. . Menneneena".

B 1872 r. K pa3HOOOpa3HOi1 IesTeIbHOCTHU, 3aM0J-
HaBLIe Xu3Hb AsekcaHapa I[lopdupbeBuua, mpu-
0aBWJIOCH HOBOE JEJ0: MOI CKPOMHBIM Ha3BaHUEM
"KypC YY4EHBIX aKylepoK' OBIJIM Y4YpEeXICHBI IepBhIC
BBICIIIME XXEHCKHME MeIUILIMHCKUE Kypchl B Poccunm [3].
Kpome Toro, B Hauane 1870-x romoB A. Il. boponuH
COBMECTHO ¢ mpodeccopoM pusuku Meauko-xupyp-
ruyeckoii akagemun I1. A. Xy1eOHMKOBBIM pelaKTUpPO-
Ban xxypHai "3Hanue" [11]. B 1874 r. A. I1. bopoaun
Ha3HauYeH PYKOBOAUTEJIEM XUMHUYECKOH JiabopaTo-
puu, a B 1877 r. mony4us 3BaHUe akajgeMuka Meanko-
xupypruueckoit akagemuu [5]. C 1883 r. A. IlI. bo-
pOIUH — IMoYeTHHIN wieH OOllecTBa pyCCKUX Bpaueii.

B nocnennue roapl cBoeli xkusHu A. Il. boponuH
PYKOBOAMJI MCCJIENOBAaHMUSIMU B 00JaCTU (PU3UOIOTH -
yecKoro Meraboausma azora [4]. B 1873—1876 rr. on
ony0JIMKOBaN psifi pabOT O METOJe U YCTPOUCTBE IS
oIpee/IcHUST KOHIICHTPAIlM MOYEBUHBI ITyTeM M3Me-
peHUsl KOJIMYecTBa 3JEMEHTAapHOIo a30Ta, BBIAEICH-
HOI'O C MOYOIM, OCHOBaHHOro Ha peakuuu [11, 15]

(NH,),CO + 3NaBrO —
— N, + CO, + 2H,0 + 3NaBr.

OTOT NPOCTO U TOUHBIA METOJ KOJMYECTBEHHOrO
oIpefeieHUs a30Ta B OPraHMYECKUX COCIMHEHUSIX
BCKOpE MOJIyYUJ LIMPOKOE pachpocTpaHeHUe B Ouo-
XUMMYECKUX U KIMHUYECKUX Taboparopusix [4, 5, 10].

A. TI. bopoauH — aBTOop 0Ko0Jio 40 HayuyHbIX My0-
JIMKAlMil B 00JaCTU OpPraHWYECKO XUMMU U MeOu-
UWHBL. B Kpyr ero MeIMIMHCKIUX MHTEPECOB BXOIU-
JI1, HAaIIpUMep, OyXapCKuii ONuyM, 1e3uHOUIIUPYIOIIe
cpencTBa 1 aHaiau3 4as [4]. BMecTe ¢ ermmerckuM xpe-
oM XopeMKeHe3u (KuBLIUM okojio 1050 r. go H. 3.
B PuBax, IMepBBHIM YEJIOBEKOM, UbsI BHE3aITHAsI CMEPTh
OT MH(apkTa MyUoKapaa Obl1a JOKYMEHTHpPOBaHA) U
Jleonapno na Buxuu (B 1510 r. mpoBeainuM BCKPHITUE
MOXWJIOTO MYXUMHbI, KOTOPbIi yMep 0e3 BUAUMOIL
npuurHbl B 6onbHulle Canta-Mapust HyoBa Bo ®iio-
peHuun), A. I1. bopoarHa OTHOCSIT K MMOHEpaM B 00-
JIACTU MILIeMUYeCcKoi 6one3nu cepaua [16]. B 1871 .
A. TI. bopoauH nonoxun Ha chesne Pycckoro xumu-
YeCKOro o0111ecTBa padoTy, BEIIIOJIHEHHYIO IO €TI0 py-
KOBOJCTBOM J0KTOpoM KpbutoBbiM. OHa Kacajach OIl-
peneaeHUs XUpa B CEpICYHON MBIIILE, TOPAXKEHHON
>KUPOBOI auctpodueit. B cMecu ¢ xxupoMm oHu oOHa-
PYXWJIM BellleCTBO, HalloMUHaroulee JeluTuH. Korma
K€ XUp ObUT OMbUIEH (TMAPOJIM30BaH), B KauyecTBE
MpOAYKTa TMAPOJIM3a ObLT OOHApyKEH XOJIECTEPUH, a
He MIMLEepUH. 3HAUMMOCTh €TI0 OTKPBITUS Oblia olle-
HeHa HaMHOIO TO3XKe.

A 4TO Xe My3bIKa Bce 310 BpeMs? IlepBoe mpomus-
BeaeHue A. I1. boponguna — monbka "Enena”, — or-
HocuTcs K 1843 r. [3, 4]. Eue Oyayuu cTyaeHTOM-Me-
koM, A. I1. boponuH chopMupoBas HEOOIBIIYIO
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MY3BIKQJIBHYIO TPYMIy IJISI COBMECTHOTO MCITOJHE-
HUS KaMepHOI My3BIKM, TaKOM KaK CTpPYHHBIE KBap-
TeThl U KBUHTETHI [4]. B 3penbie rogbl, HECMOTpPs Ha
CBOIO OTPOMHYIO 3aHATOCTh, A. I1. BopoauH akTUBHO
Y4acTBOBAJI B NeSITeIbHOCTH becriaTHON My3bIKallb-
HoI1 mKoel B [1eTepOypre, opraHn3oBaHHOM B 1862 T.
M. A. banakupesbiM u I'. . JIoMakKMHBIM B IOMeEIILIE-
HUU MeauKOo-XUPypriudecKoil akageMU W TIpU3BaH-
HOI JaBaTh MY3bIKJIbHOE OOpa3oBaHUE TeM, KTO He
nMeJl Ha To cpeacts [11].

HecMoTpst Ha MHOTOTPaHHOCTD CBOEH AesITEILHOC-
™1, A. I1. BopoayH TOBOJILHO KPUTUIECKU OTHOCHJIICS
K CBOEMY MY3BIKaJIbHOMY TBOpYECTBY. B yacTHOCTH,
MIepPBBIM CBOMM KOMITO3UTOPCKUM OTBITAaM — POMaH-
cam "KpacaBuua-peibauka", "Pasmo6uia, KpacHa
nesuna”, "Yrto THI paHo, 30peHbKa", "Caylaiite, moa-
pyXeHbKM" U (OpTENMMaHHOMY KBUHTETY OH HE Mpu-
JlaBaJl Cepbe3HOTO 3HAYECHUsI, CIMTAsI 3TO BCETO JIMIIb
x000u. Hayke 1 UCKycCTBY BHOBb CYXXIE€HO OBLIO IIe-
peceubcsd, U TO3AHENH oceHblo 1862 1. B JoMe y TIpo-
deccopa mequuunbl C. I1. borkuna A. I1. boponux
3HAKOMHUTCS C U3BECTHBIM YK€ K TOMY BPeMEHU KOM-
no3utopoM M. A. banakupesbiM [3].

M. A. banakupeB 1mocjie 3HaKOMCTBa C TBOPYECT-
BoM A. II. bopoauHa Bcepbe3 3aMHTEPECOBAICS MO-
JIOABIM KOMITO3UTOPCKHAM TaJJAHTOM, MOTYYUM U OPH-
TMHAJIBHBIM, HU Ha YTO HE TMOXOXMM, MPU3BAHHBIM
CKa3aTh HOBOE CJIOBO B MCKYCCTBE TOTO BpPeMeHM, a
TaKkXe PacKpbITh HOBYIO CTpaHUIY B UCTOPUU MHUPO-
BOM PYCCKOM KyabTypHl. "Jla Belb BBl — MIPUPOXKICH-
HbIIi KoMno3uTop! — 3asgBua ogHaxnbsl M. A. bana-
kupeB A. Il. bopoauny. — Kowmmo3uuus — Baiie
npusBaHue. Heyxenun 1o MeHs BaM 3TOT0O HUKTO He
ropopun?" [17].

HMMeHHO mociie TaHHOTO TIPU3HAHMSI CBOETO TaJaH-
Ta PyCCKMM KOMITO3UTOPOM, MMMAHUCTOM, TUPUKEPOM
U TegaroroM, riaBoit "Moryueit kyuku" M. A. bana-
kupeBbsIM A. I1. BoponnH ctaHoBUTCST WieHOM "0aja-
KHUPEBCKOro" KpyXKa, a TakKe HauMHAeT COYUHSTh
CBOIO TIEPBYIO CUMGOHMIO U IPYTHe TeHUATbHBIE TIPO-
W3BEICHUS I10J YYTKMM pyKoBoacTBoM M. A. bana-
KHpeBa.

AtMocdepa "Morydeit Kyuku" OJIarONpUsITHO CKa-
3pIBaJIach Ha pa3BuTUU TBopuecTBa A. 1. BopommHa.
Oo6wenue ¢ H. A. Pumckum-KopcakosbeiM, L. A. Kiou,
M. II. Mycoprckum u kputukoMm B. B. CracoBeiMm
CIOCOOCTBOBAJIO PACKPHITUIO TBOPYECKOTO MTOTEHIINA-
jna A. T1. bopoauHa, ero NpoayKTUBHOM U aKTUBHOM
pabote Haa npousBeneHUsIMU. COBMECTHOE U3yUyeHHe
NMEeSITeTLHOCTH TIPEIIIeCTBEHHUKOB W COBPEMEHHU-
KOB, aHCaMm0JieBO€ MY3ULIMPOBAHUE, KPUTUYECKUIA
pa3doop COOCTBEHHBIX IIPOM3BEIEHUI, OOCYXKIECHHE
MY3bIKQIbHBIX MIEH, KOTOpble ObUIM HEOTbEeMJIEMOM
4acThIo "0amaKMpeBCKOro" KpyxKKa, SIBIINCH BaXKHEH-
UM (haKTOPOM B pa3BUTHM PYCCKOTO HAIIMOHAIBLHOTO
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HMCKYyCCTBa B LIeJIOM. TeM He MeHee, HeCMOTpsI Ha MC-
KPEHHIOIO 3auHTepecoBaHHOCTH A. I1. boponnmHa Kom-
MO3UTOPCKUM W MCHONHUTEITBCKUM MY3bIKAIbHBIM
HWCKYCCTBOM, BPEMEHU U CUJ Ha 3aHSATUS KOMIIO3U-
LMel y Hero ObLJI0 HAMHOTO MEHbIIEe, YeM Y KOJIJIET.
IIpyuuHoii TOMY sBJsLIach OOJIbIlasl YBJIEYEHHOCTb
xumueit. "[IHW, Hemeau, MeCSIbl, 3WUMBI TIPOXOIAT
MPU YCJIOBUSIX, HE TTO3BOJISIIOLIUX AyMaTh O CEPbe3HOM
3aHSITUM MY3bIKoii. He To, yTo He BhIOepeTcs yaca aBa
JIOCY>Xero BpeMEHU B JeHb, — HET, HE BBIOEpeTCS
HPaBCTBEHHOTO MOCYra; HET BO3MOXHOCTH OTMax-
HYTBCS OT CTaM €XeTHEBHBIX 3a00T M MBICIIEI, HE MMe-
IOIIMX HUYEero obuiero ¢ uckycctsoM. Hekorna omy-
MaTbCsl, MEePeCTPOUTh CeOsl Ha MY3BIKAJIbHBIN JIal...
IUISI TaKOTO HACTPOCHMSI y MEHS HMEETCSI TOJbKO
4acTh JieTa. 3UMOIO sI MOTY ITMCAThb MY3BIKY TOJBKO,
Korjga 0oJieH HACTOJbKO, YTO HE YUTAl0 JISKLUI, He
XOXY B JJa0OpaTOpUIO, HO BCE-TaKU MOIY KOe-4eM 3a-
HUMaTbcsd. Ha 3TOM OCHOBaHMM MOU MY3BIKAJIbHBIC
TOBapHUILIM XKeJIAloT MHE ITOCTOSTHHO He 3I0pOBBS, a
oonesnu” [17].

OtmetuM, uto caM A. I1. boponuH Hepeako OTIILy-
yuBajcs B CBOMX MHUCbMaX COBpeMeHHUKaM: "Buaenn
J1 Bbl Ha JluteitHoM, 6113 HeBckoro, Mara3uH urpy-
LIIeK, IIe Ha BbIBeCcKe HamucaHo "3abaBa M Jeno"? —
A BOT, BUIUTE JIU, IJIsI MEHSI My3bIKa — 3a0aBa, a Xu-
MU — Aeno. MHe KaK-TO COBECTHO TTPU3HATHCS B MO-
elf KOMITO3UTOPCKOH AesITeIbHOCTA. OHO U MOHSITHO.
Y napyrux oHa — mpsiMOe ZeJio, 00sSI3aHHOCTb, 1eJib
KM3HU, Y MEHSI — OTABIX, IMoTexa, 0Jaxb, OTBIEKAIO-
II€ MEHS OT TIPSIMOTO MOETO HACTOSIIETO MIeja; TPo-
deccypnl, Hayku" [17]. Ho mmpm BceM 3TOM K CBOEMY
"X0001" KOMITO3UTOP OTHOCUJICS CO BCEll Cephe3HOC-
ThIO U CTPOrocThio. ['ogamu "BbIHAILIMBAT" UIEU CBOMX
MPOM3BEACHUI, MHOTOKPATHO MepeaeTbIBal YK€ CO-
YMHEHHOE, TIIATeJIbHO U3y4Yall JUTepaTypHbIe UCTOY-
HUKHW, B YaCTHOCTH, KOTIa peYb IIIJIa O CO3MaHUM OTIe-
pol "KHs13p Uropn”. A. T1. boponyH caM counHsu1 1uo-
PETTO ONephl U TEKCThl HEKOTOPBIX CBOMX POMAHCOB —
"Mope", "Apabckag Menonus” U ap.

Cynpyra A. I1. boponuna, Exarepuna CepreeBHa,
BIIOCJIEACTBUM BcroMuHaa: "Kak tenepb BUXKY €ro 3a
(doprenmmaHo, Korga oH YTO-HUOYIL counHsI. M Beer-
Jla-TO pacCesTHHBIN, OH B TaKWe MUHYTBI COBCEM YITe-
taja ot 3emsd. [lo aecsTv yacoB moapsia, ObIBaJIO, CU-
IUT OH, M BCE YyxXe Torma 3a0biBaj. Mor coBceM He
o0enaTh, He craTh. A Korja OH OTpbIBAJCS OT TaKOM
paboTHI, TO IOJTO ellle He MOT MPUHTH B HOpMaJIbHOE
coctostHue” [18]. Exkarepuna CepreeBHa yTBepxKiaia,
yto A. I1. bopoauHy OBLJIO TOBOJBHO CIOXHO CYIIEC-
TBOBATh NapajlieJIbHO B ABYX pealbHOCTAX. Ha Bce He
XBaTaJlo HA BpeMeHU, HU CUJI, TIpEITogaBaTeIbcKas 1ie-
SITEIBHOCTh 3a0Mpajia 04eHb MHOTO 3HEPIUH, MOCTO-
SIHHO OTBJIeKaJla OT CO3JaHUsT MY3bIKU.




A. II. BopoauH co3man okono 50 My3bIKaJIbHBIX
npousBeneHuii [4]: 20 poMmaHCOB, HECKOJBKO KaMep-
HBIX COUMHEHMI, HECKOIBKO (DOPTENTMAHHBIX, TPU CUM-
(oHUU, ONHY HEOKOHUYEHHYIO omepy. OTMETUM, 4TO
BO MHOTroM Ojaromaps ero apy3bsiMm — H. A. Pumcko-
my-KopcakoBy, A. K. I'masyHoBy, omnepy ymajock 3a-
BEpILIUTh. TeM He MeHee MPU BCeM HEMHOTOUMCIIEH-
HOM KoJindecTBe, B 3ToM "HemHoroMm" A. I1. Boponu-
HY yJaJlloch BBIPA3WUTh IOCTAaTOYHO MHoroe. Tak, Imo
MHEHMIO PYCCKOTO MY3bIKAJIBLHOTO U XYIOXECTBEH-
HOTO KpPUTHMKA, UCTOPUKA MCKYCCTB, apXUBUCTA, 00-
mectBeHHoro nesarenas B. B. CracoBa, coumHeHus
A. I1. boponuHa $BISIOTCS OOpa3uamMu INTyOOKOTO
KOMITO3UTOPCKOIO coBeplieHcTBa: "TlpousBeneHus
ero MoYTH Bce 0e3 UCKITIOUEHUSI HOCST MevaTh MOJIHO-
ro pa3BUTUSI W IJIYOOKOro coBepuieHcTBa. CraObix
MexXay HUMM HeT. Ero mpousBemeHus1 TIyOOKO caMo-
OBITHBI, C SIPKUM CTUJIEM, TOHKOW OPKECTPOBKON U
o0BbeIMHSIOLIEH naee 6e3rpaHUYHOI JIIoOBU K Poau-
He. Tajmant BoponnHa poBHO MOryd M MOpasvTesieH
Kak B cMUM(OHUMU, TaK U B omiepe, U B poMmaHce. ['1aB-
HbIEe KauyecTBa €ro — BeJMKAHCKas Cujia U IIUPUHA,
KOJIOCCAIbHBIN pa3Max, CTPEeMUTEbHOCTb U TIOpbI-
BUCTOCTb, COEIMHEHHAsI C U3YMUTEJBHOI CTPacTHOC-
ThIO, HEXHOCTbIO M KpacoToi... [lomobHo [nuHKe,
BoponuH — 3nuK B caMOM IIMPOKOM 3HAYEHUU CJIO-
Ba, ¥ BMeCTe "HallMOHaJIeH" B TaKOM Mepe M MOTydec-
TH, KAaK caMbIe BBICOKME KOMIIO3UTOPHBI PYCCKOM IIKO-
sl [19].

Jletom 1877 1. Bo BpemMss KOMaHIMPOBKU B I'epma-
Huto A. Il. bopoauH cneuunanbHO 3ae3xaeT B Beii-
Map, 4To0BI MO3HaKOMUTHCS ¢ Pepentiem Jlnctom [6].
OTMETUM, UYTO BEHTepCKUIl KOMIIO3UTOP, IHUAHUCT,
rexaror, TUpVXep, MyOJIUIIUCT, KPYIHBIM TIpeacTa-
BUTEJb MY3bIKAJILHOTO POMAHTHU3Ma U OWH U3 BEJIU-
yaimmx mmaHnucToB XIX Beka @epenir Jlvcr takke
BbICOKO IieHUTI TajmaHT A. Il. boponnHa 1 Bcsyecku
CHOCOOCTBOBAJI MPUBJICUEHUIO BHUMAHUS COBPEMEH-
HUKOB K €ro TBOPYECTBY. "3/1eCh MUILYT MHOTO, 51 TOHY
B MOpE MY3bIKM, KOTOPOIO MeHs 3aBaauBaior. Ho bo-
xke! o yero 3To Bce miocko! Hu onHoii cBexeil Mbic-
qu! Y Bac ke TedeT cBexkasl CTPysl, paHO WIM ITO3THO
OHa IIpoOkeT cebe gopory u y Hac" [18]. . JIuct chir-
pajl KJII0UEBYIO POJIb B PACIPOCTPAHEHUM ITPOU3BEIL-
Huit A. 1. bopoauna B EBpore.

OaHUMM M3 BaXHeHIIUX MpodecCUOHATbHBIX Ka-
yecTB TBopuecTBa A. Il. bopoauHa sBISJIOCH cOYM-
HEHUE MeJIOIMI HapOIHOTO CKJaaa, MOoAOOHO MUCHhMY
M. U. I'munku, M. I1. Mycoprckoro u apyrux BeJIM-
KHUX PYCCKHUX KOMITO3UTOPOB. [IpakThuecKu He Mpu-
MEHSISI B CBOMX COUMHEHUSIX MOIJIMHHBIX HApPOMHBIX
HaneBoB, A. II. bopoauHy B cBOMX mpoM3BeIEHUSIX
yIaJloCh BOCIIPOM3BECTHM HauboJjee TUITUYHbBIE YEPThI
KaK pPyCCKOro, TaK M BOCTOUHOT'O TBOpuecTBa. B yacr-
HOCTHU, KOMITO3UTOP 3a4acTyl0 MCHOJb30Bal B CBOUX

COYMHEHUSIX HAPOAHYIO MECEHHOCTh, MPOCTOTY U €C-
TECTBEHHOCTb MY3bIKAJbHOTO $I3bIKa, KOTOPHIE SIBJISI-
JINCh OJHOI M3 INIABHBIX 0COOEHHOCTEl KOMITO3UTOP-
ckoro ctuist A. T1. BoponuHa.

XapakTepu3sysl TBOPYECKMI OOJMK KOMIIO3UTOpA,
OTMETUM HaOJI0IeHUSI eT0 COBPEMEHHUKOB, KOTOpbIE
3a4acCTyI0 TIPUMEHSIIN CAeAYIOLINE SIUTEThI MPU OIU-
canum gaesitenbHoct A. Il. BopommHa: "GoraTheIpc-
Kuii", "ucronuHckuit”, "Moryumii”, "nmpBUHBIN". [leiicT-
BUTEJIBHO, BCSI My3bIKa KOMIIO3UTOpPA, HAa HAIll B3TJIS,
NpOHM3aHa OOTraThIPCKON MOIIbBIO, CUJIOM, IIUPOTOM,
pa3MaxoM, TaK CBOMCTBEHHBIMU PYCCKOMY HapoOmy.
HckycctBo A. Il. bopoanHa riyboko caMOOBITHO,
HaTPUOTUYHO, IIPOHUKHYTO ropsiueii JIIOOOBBIO K POJI-
HO1 3emJie U KYJbType.

Bot TakuM ObLI Halll COOTE€YECTBEHHMK, BbIIal0-
IIUICS YyYEHbIM U BeJUMKUN KoMmo3uTop. CaMm OH O
CBOEM CIIyXXEHUM JBYM My3aM TOBOpWI: "...BUHOM
BCEMY 3aBMCTb M Hallla Majiasi KyJbTYpHOCTb;, HEKO-
TOpbIe M3 MPUCSIKHBIX MY3BIKAHTOB HE MOTYT MHeE
MPOCTUTD, UTO 5, 3aHMMASICh JIMIIb B YaChl 10CyTa My-
3bIKOI, CO3Mal0 TaKve Bellld, KOTOpble 00palllaloT Ha
cebsl OrpOMHOE BHUMaHME, OHU € MpY BCEM cTapa-
HUU HE MOTYT BbICUAETh HUYETO MYTHOIO. YUeHbIe XKe
MOM KOJIJIETW KOCSTCSI HA MOU MY3bIKaJIbHbIE 3aHSTHUS,
BUIS B HUX MOpyraHue Haj ydyeHoil MmaHtuein" [11].

HMcropuyeckuii 3KCKypcC B IIOMNBITKE HAWTU YHUBEP-
cajla, BHECILIETO CTOJIb 3HAUMTEbHBIN BKJIaa U B Ha-
YKy, 1 B MCKYCCTBO, MPUBOAUT K caMoMy Muxawiy
BacunbeBuuy JlomoHocoBy. M XOTs ero mouuTaror, B
OCHOBHOM, KaK BEJIMKOI0 YUYeHOro (HarmpuMmep, 3aKOH
JlomoHocoBa — JlaBya3bse) 1 opraHuzaropa (OCHOBa-
TeJb MOCKOBCKOIO YHUBEPCUTETA), HE ClieayeT 3a0bl-
BaTh, yTo M. B. JIOMOHOCOB 3aJI0K1JI OCHOBEI pycCC-
KOT'O CTUXOCJIOKEHMSI.

Hy a uyto xe 3apy0exxHble yHuUBepcanbl? Mcciaeno-
BaTeJIM B CBOMX IMOMCKax ynupawTcsl B JleoHapao aa
BuHYM, TMYHOCTH KOTOPOTO, K COXAJECHUIO CMYTHO
BUJIHA CKBO3b IIYyOMHY BEKOB IO Yelllyel JIereHa U
MO3IHUX JTOMBICJIOB.

Takum obpazom, A. Il. bopoauH siBisieTcs yHU-
KaJbHOI MCTOPUYECKOM JIMYHOCThIO. HaM, ero moTom-
KaM, OCTaeTCsl TOJbKO BOCXMIIATHCS €ro TeHUaIbHOC-
ThIO M CaMOOTHauel, MTOCBITUBILIETO BCIO CBOIO XKHU3Hb
CITY>K€HUIO JIIOMISIM.
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To the 185™ Anniversary of A. P. Borodin —

the Great Composer and Chemist

In the year recognized by UNESCO as the International Year of the Periodic Table of Chemical Elements, along with the
185" anniversary of its founder, D. I. Mendeleev, it is appropriate to recall the anniversary of another famous chemist whose
nominal reaction is included in student’s textbooks — Alexander Porfirievich Borodin. It is also relevant because A. P. Borodin
is a great composer whose portrait adorns the Great Hall of the Moscow State Conservatory along with such giants of music as
1.-S. Bach and V.-A. Mozart, M. I. Glinka and P. I. Chaikovsky. A journey into the depths of centuries in search of universals
of such a scale in the history of Russia does not find anyone before M. V. Lomonosov, and in the history of Europe — L. da Vinci.

Despite the fact that the 185t anniversary of the
birth of Alexander Porfirievich Borodin was celebrated
last year, one of the most prestigious journals in med-
icine, The Lancet, which published its obituary in 1887
[1] as well as some researchers [2] indicated 1834 as the
year of his birth. Thus, the celebration of the 185t an-
niversary of A. P. Borodin is quite appropriate to extend
to 2019 recognized by UNESCO as the Year of the Pe-
riodic Table of Chemical Elements.

According to S. A. Dianin, the biographer of
A. P. Borodin, Alexander was born in St. Petersburg
in a non-marital family of Luka Stepanovich Gedian-
ov, the 62-year-old Georgian prince, and Avdotya
Konstantinovna Antonova, the 24-year-old "soldier’s
daughter”, in the house number 9 on Gagarinskaya
street in the second-floor apartment of L. S. Gedianov,
with windows facing three streets at once: Kosoy drive,
Gagarinskaya, and Sergievskaya [3]. L. S. Gedianov or-
dered to write his illegitimate son as a son of his bond-
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servant, Porfiry Ionovich Borodin, whose surname and
patronymic went to Alexander [3]. None of his true
parents officially recognized him as their son; mother
always called herself as "aunty"”, the name by which he
addressed her in all his letters [3]. After the death of his
father, the boy remained to live with his mother and,
thanks to her efforts, received an excellent education:
he studied foreign languages and learned to play a flute
and piano. Parallel to the development of musical tal-
ent, Alexander became interested in chemistry, making
fireworks, and by the age of 13—14 he already had a
whole laboratory at home, located throughout the
apartment. Young Alexander liked to engage in elec-
troforming and the manufacture of watercolor paints
which he used to try hand in painting [3, 4]. Alexander
Borodin knew five foreign languages [4, 6]: having
learned German, French, English, and Latin as a child,
later, after a year in Italy, he was able to write scientific
articles in Italian. A graduate of the First St. Peters-




burg gymnasium, Alexander Borodin entered the Im-
perial Medical-Surgical Academy in 1850. Here he
studies crystallography, botany, zoology, anatomy, but
his youthful passion for science leads him to the labo-
ratory of Professor Nikolai Nikolaevich Zinin, an out-
standing Russian organic chemist, who becomes his
teacher and mentor for a long time [4].

The first years after graduating from the Academy
(1856—1859) A. P. Borodin held an internship, serving
in the Second Military Ground Hospital (Nikolaevsk)
[3—6]. At the same time he was an assistant at the De-
partment of General Pathology and General Therapy,
headed by N. F. Zdekauer. On duty at the hospital, he
made the first acquaintance with M. P. Mussorgsky
who later became the famous Russian composer: Mus-
sorgsky was a duty officer and Borodin was a duty doc-
tor [3]. In those years, the hospital was overcrowded
with wounded due to significant losses in the Russian-
Turkish War in the Crimea (1853—1856) [5]. People
noted that A. P. Borodin possessed selfless kindness,
compassion, and tenderness for the sick [5]. However,
medical practice gave him a lot of trouble [3]: the young
surgeon fainted more than once during the examination
of seriously injured people. Consequently, A. P. Boro-
din began to move further and further away from clin-
ical practice and medicine [5]. During his years in the
hospital, Alexander Porfirevich continued to be en-
gaged in chemical work and was preparing a thesis for
the degree of Doctor of Medicine.

It is amazing how closely chemistry was connected
with medicine 150 years ago. For example, the labora-
tory of an outstanding organic chemist N. N. Zinin,
which was later headed by A. P. Borodin, was a part of
the Imperial Medical-Surgical Academy. And the thesis
of A. P. Borodin for the Medical Degree (see below)
from a modern point of view is more ‘chemical’ than
‘medical’. "Medicine as a science represents only the
application of natural science to the preservation and
restoration of human health; that therefore natural sci-
ences should play the role of paramount, basic sub-
jects... that a physician should learn not so much the
fragmentary facts of applied natural science as the
general structure of science, the way of thinking, the
technique and method of research of a naturalist..."
said A. P. Borodin at the funeral of his teacher in 1880
[6]. A century later, when these sciences have become
completely diverged, the era of safe operations and
dangerous drugs has begun. Dangerous, because doc-
tors are often poorly oriented in the avalanche of new
medical products. And, perhaps, only a handful of rep-
resentatives of this beautiful profession really under-
stand the structure and mechanism of action of modern
medicines. It is thought that success in efforts to in-
crease both the quality and span of life may to the large

extent depend upon whether chemistry and medicine
can turn to each other again.

In 1858, A. P. Borodin published his first research
article in the Bulletin of the Russian Academy of Sci-
ences — "On the effect of ethyl iodide on hydrobenza-
mide and amarin" [4]. In the same year, A. P. Borodin
defended his thesis entitled "On the analogy of phos-
phoric acid and arsenic acid in chemical and toxico-
logical relations" and received a doctorate in medicine
[4, 7]. D. I. Mendeleev took an active part in debating
Borodin’s thesis [6]. For the first time in the history of
the Academy, the thesis was written and presented not
in Latin but in Russian [5]. Having inspected soligal-
ich mineral waters on behalf of industrial magnate
V. A. Kokorev, A. P. Borodin noted in the newspaper
"Moskovskiye Vedomosti" [8]: "... in the strict sense,
we never cure diseases, but we treat a patient” — the
phrase which has not lost its importance for medicine
even today.

Professor N. N. Zinin had high hopes for his men-
tee, while at the same time considering that A. P. Boro-
din devotes too much of his time to music [7]. For the
next three years (1859—1861) A. P. Borodin was sent
abroad. Most of the time he spent in Heidelberg, where,
in particular, he worked together with F. A. Kekule [4],
the very scientist who deciphered the structure of ben-
zene. In Heidelberg, A. P. Borodin became friends with
Dmitry Ivanovich Mendeleev, the founder of the Pe-
riodic Table of Elements. Friends of A. P. Borodin in
Heidelberg were also I. M. Sechenov and S. P. Botkin
who laid the foundation for the Russia’s national
healthcare system.

In 1860, A. P. Borodin together with D. 1. Men-
deleev was among delegates of the famous congress in
Karlsruhe. After the congress, A. P. Borodin stayed in
Paris, where on November 23, 1860 he presented to the
Paris Chemical Society a report "On valerianic acid and
butyric acid bromides" [4], having finished it with the
equation:

This reaction of silver salts of carboxylic acids with
halogens [9] was later named in honor of A. P. Bo-
rodin.

The last year of his internship A. P. Borodin spent
in Italy, in Pisa, in the laboratory of Professors de Lu-
ca and Tassinari [4, 10]. He wrote to D. I. Mendeleev,
"... I was escorting to Pisa a lady who was going there
for health reasons.” This lady was the future wife of
A. P. Borodin — pianist Ekaterina Sergeevna Proto-
popova [6]. The fruit of his research work in Pisa were
three articles published in the journal "II Nuovo Ci-
mento” in 1862 [3]. During his stay in Pisa, A. P. Boro-
din developed a method for fluorination of organic
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compounds and obtained the first fluorinated aromatic
compound, benzoyl fluoride [11, 12]. By laying the
foundations of fluororganic chemistry, A. P. Borodin
essentially became one of the progenitors of modern
clinical chemistry. More than a century later, a blood
substitute — the so-called "blue blood" — was created
based of fluoride-organic compounds that saved lives of
many servicemen in hot spots, in particular, during the
Soviet-Afghan War.

Back in Petersburg, in 1862, Borodin was elected an
adjunct professor and began to read lectures on organic
chemistry to students of the Academy [3, 5]. To further
advance the system of teaching chemistry to medical
students, built by N. N. Zinin, A. P. Borodin has in-
troduced a comprehensive laboratory practicum. Aware
of the immense importance of chemistry for physicians,
in 1874 he gave the opportunity to work in the labora-
tory, which was open almost around the clock, to eve-
ryone who wanted to [11].

From 1864 to 1873, A. P. Borodin is immersed in
research on the polymerization and condensation of al-
dehydes that led him to the synthesis of aldol (B-hy-
droxybutyric aldehyde) by condensation of two acetal-
dehyde molecules almost simultaneously with Wiirz
[3, 4, 10, 13, 14]. The first publication of A. P. Borodin
on aldehydes was devoted to the effect of metallic so-
dium on valeraldehyde [14]. A. P. Borodin also studied
derivatives of capric and isocapric acids and obtained -
hydroxybutyric acid. Working with aromatic aldehydes,
he synthesized hydrobenzamide by action of ammonia
on benzoic aldehyde, which was converted upon heat-
ing to amarin. In addition, he obtained cuminic acid
hydramide and its isomers and nitrosoamarin, acting by
potassium nitrate acidified with concentrated acetic ac-
id on a hot concentrated solution of amarine acetate.
His research contributed to the elucidation of molec-
ular formulas of amarin and lofin [14]. A detailed
analysis of the research of A. P. Borodin in the field
of organic chemistry was made in [12]. Until now,
there are disputes about the priority of discoveries
made by A. P. Borodin in the field of aldehydes: ones
regard it to the German chemist Kekule, anothers — to
the French chemist Wiirz [10].

In 1868, A. P. Borodin became one of the founding
members of the Russian Chemical Society whose first
president was N. N. Zinin [11]. The chemical society
still exists today under the name of "Mendeleev Russian
Chemical Society". In 1872, a new practice was added
to diverse activities which filled the Alexander Porfir-
ievich’s life: under the modest title "The Midwifery
Course", the first higher medical courses for women
were established in Russia [3]. In addition, in the early
1870s, A. P. Borodin jointly with P. A. Khlebnikov, the
Professor of Physics of the Imperial Medical-Surgical
Academy, edited the journal "Knowledge" (Rus.) [11].
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In 1874, A. P. Borodin was appointed as a head of the
Chemical Laboratory, and in 1877 he was awarded the
title of Academician of the Medical-Surgical Academy
[5]. Since 1883, A. P. Borodin is a honorary member of
the Russian Society of Physicians.

In the last years of his life, A. P. Borodin led re-
search on the physiological metabolism of nitrogen
[4]. In 1873—1876 he published a series of papers on
the method and device for determining the concen-
tration of urea by measuring the amount of elemental
nitrogen excreted in the urine, based on the reaction
[11, 15]:

(NH,),CO + 3NaBrO —
s N, + CO, + 2H,0 + 3NaBr.

This simple and accurate method for the quantita-
tive determination of nitrogen in organic compounds
soon became widespread in biochemical and clinical
laboratories [4, 5, 10].

A. P. Borodin is the author of about 40 scientific
publications in the field of organic chemistry and med-
icine. His medical interests included, for example, the
Bukhara opium, disinfectants, and tea analysis [4]. To-
gether with the Egyptian priest Horemkenesi (who lived
around 1050 B. C. in Thebes, the first man whose sud-
den death from myocardial infarction has been docu-
mented) and Leonardo Da Vinci (who performed in
1510 the autopsy of an elderly man died for no apparent
reason in the hospital Santa Maria Nuova in Florence),
A. P. Borodin is one of the pioneers in the field of cor-
onary heart disease [16]. In 1871, A. P. Borodin re-
ported at the Congress of the Russian Chemical So-
ciety the results of the study done under his leadership
by doctor Krylov. It concerned the determination of
fat in cardiac muscle affected by fatty dystrophy. In a
mixture with fat, they found a substance resembling
lecithin. When the fat was saponified (hydrolyzed),
cholesterol was detected as a hydrolysis product, not
glycerol. The significance of this discovery was recog-
nized much later.

And what about music during all of those years?
The first work of A. P. Borodina is the polka "Elena",
dating back to 1843 [3, 4]. While being still a medical
student, A. P. Borodin formed a small group of mu-
sicians for joint performance of chamber music, such
as string quartets and quintets [4]. In his mature years,
despite being enormously occupied with activities as a
researcher and a lecturer, A. P. Borodin actively par-
ticipated in the life of the Free Music School in St. Pe-
tersburg, organized in 1862 by M. A. Balakirev and
G. Ya. Lomakin in the premises of the Medical-Sur-
gical Academy for the purpose of giving musical edu-
cation to those who did not have the means [11].




Despite the versatility of his activities, A. P. Borodin
was rather critical of his musical oeuvre. In particular,
he did not attach great importance to his first compo-
sitional experiments — the romances "The Beautiful
fisherwoman", "Out of love, beautiful maiden", "Why
are you early, Zoryenka", "Listen, friends", and the pi-
ano quintet, considering it just a hobby. Science and art
were once again destined to cross paths when, in the
late autumn of 1862, A. P. Borodin met the already fa-
mous composer M. A. Balakirev in the house of Pro-
fessor S. M. Botkin [3].

M. A. Balakirev, after acquaintance with the works
of A. P. Borodin, was earnestly impressed by the
young talent of the composer, powerful and original,
unlike anything, able to say a new word in the art of
that time and also to open a new page in the world and
Russian culture. "You are a naturally born composer! —
Said once M. A. Balakirev to A. P. Borodin — Com-
position is your calling. Has anybody ever told you this
before?" [17].

After the recognition of his talent by M. A. Balaki-
rev — a Russian composer, pianist, conductor and
teacher, and a head of the informal art group "Mighty
Handful", A. P. Borodin becomes a member of the
"Balakirev’s circle" and begins to compose his first sym-
phony and other brilliant creations with the guidance of
M. A. Balakirev.

The atmosphere of the "Mighty Handful" had a fa-
vorable impact on the development of A. P. Borodin's
musical talent. Companionship with composers such as
N. A. Rimsky-Korsakov, Ts. A. Kui, M. P. Mussorg-
sky and a musical critic V. V. Stasov revealed the cre-
ative potential of A. P. Borodin, stimulating him to
productive and active work. Joint studying of the oeu-
vre of their predecessors and contemporaries, ensem-
ble music playing, critical analysis of their own musi-
cal creations, discussions and exchange of ideas were
essential parts of the atmosphere of the "Balakirev’s
circle”" which greatly influenced the evolution of Rus-
sian musical culture. Nevertheless, despite the sincere
interest in composing and performing musical art,
A. P. Borodin had much less time and energy to de-
vote to composition than his colleagues. The reason
for this was his great dedication to chemistry. "Days,
weeks, months, winters pass by under conditions not
allowing me to think seriously about spending time on
music. That is not like that there is no couple of hours
of spare time per a day, just there is no time for a moral
leisure. There is no way to dismiss a flock of daily wor-
ries and thoughts that have nothing to do with art.
There is no time to think again, to rebuild myself in
a musical way... for such a mood I have only a part of
the summer. In winter, I can write music only when
I am so sick that I don’t give lectures, I don’t go to the
laboratory, but I can still do something. On this basis,

my musical companions wish me constantly not
health, but illness." [17].

It should be noted that A. P. Borodin himself often
joked in his letters to his contemporaries: "Did you see
a toy store near Liteiny Ave., near Nevsky, where it says
"Fun and business" on the signboard? — But, you see,
for me, music is fun, and chemistry is a business. I am
somehow ashamed to confess in my composing activity.
It is understandable. For others, it is a direct matter,
duty, purpose of life, while I have rest, fun, whim,
which are distracting me from my real business: pro-
fessors, sciences " [17]. But with all this, the composer
treated his "hobby" with all seriousness and rigor. Over
the years, he "hatched" the ideas of his works, repeat-
edly reworked what he had already written, carefully
studied literary sources, in particular, when it came to
creating the opera "The Prince Igor". A. P. Borodin
himself wrote the libretto of the opera and the texts
of some of his romances — "The Sea", "Arabic Mel-
ody", etc.

The wife of A. P. Borodin, Ekaterina Sergeevna, lat-
er recalled: "I now see him at the piano when he com-
posed something. Always scattered, he flew off the
ground at such moments. For ten hours in a row, it
happened he was sitting, and he was already forgetting
everything. With no dinner at all, no sleep. And when
he broke away from such work, he couldn’t come to a
normal state for a long time" [18]. Ekaterina Sergeevna
argued that it was quite difficult for A. P. Borodin to ex-
ist in two parallel realities. There was not enough time
or energy for everything, the teaching activity took a lot
of energy, constantly distracting him from composing
music.

A. P. Borodin created about 50 pieces of music [4]:
20 romances, several chamber compositions, several
piano, three symphonies, and an unfinished opera. It
should be noted that thanks largely to his friends —
N. A. Rimsky-Korsakov and A. K. Glazunov — the op-
era was completed. Nevertheless, despite the small
number of these pieces, in this "little" A. P. Borodin
managed to express quite a lot. Thus, according to
V. V. Stasov, the Russian music and art critic, art his-
torian, archivist, and public figure, the works of
A. P. Borodin are examples of a great perfection: "His
works almost without exception bear the stamp of full
development and deep perfection. There are no weak
ones between them. His works are deeply original, with
bright style, fine orchestration, and the unifying idea of
unlimited love for the Motherland. Borodin's talent is
exactly mighty and striking in both symphony and op-
era, and in romance. His main qualities are great power
and breadth, tremendous scope, swiftness and impul-
siveness, combined with amazing passion, tenderness
and beauty... Like Glinka, Borodin is epic in the widest
sense of the word, and at the same time is "national" to
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the extent and power as the greatest composers of the
Russian school are" [19].

In the summer of 1877, during the official travel to
Germany, A. P. Borodin purposely visits Weimar to
meet Ferenc Liszt [6]. It should be noted, that the
Hungarian composer, pianist, teacher, conductor,
journalist, a major representative of musical romanti-
cism, and one of the greatest pianists of the XIX cen-
tury F. Liszt appreciated the talent of A. P. Borodin and
in every way contributed to attracting the attention of
contemporaries to the Borodin’s oeuvre. "Here they
compose a lot. I am drowning in the sea of music which
is flooding me. But God! How flat it is! Not a single
fresh thought! You have fresh stream, sooner or later it
will make its way through ours too" [18]. F. Liszt played
a key role in advancing music oeuvre of A. P. Borodin
in Europe.

One of the most important professional qualities of
A. P. Borodin was to compose the folk melodies, like
M. 1. Glinka, M. P. Mussorgsky, and other great Rus-
sian composers. Practically without using genuine folk
tunes in his compositions, A. P. Borodin in his works
managed to reproduce the most typical features of both
Russian and Oriental musical art. In particular, Boro-
din often used in his compositions the simplicity and
naturalness of folk songs’ musical language, which was
one of the main features of his style as a composer.

Characterizing the music oeuvre of the composer,
we should note the epithets such as "heroic", "gigantic",
"mighty", "lion", which his contemporaries often used
when describing A. P. Borodin and his contribution to
the music art. Indeed, all the music of the composer, in
our opinion, is imbued with the heroic might, strength,
breadth, scope, so typical for Russian people. The art of
A. P. Borodin is deeply original, patriotic, filled with

passionate love to his native land and culture.

* % %

He was our compatriot, an eminent scientist, and
a great composer. This is what A. P. Borodin himself
said about him serving two muses: "... the blame for
everything is envy and our small culture; some of the
jury musicians cannot forgive me that, by composing
music merely during my leisure time, I create such
things that draw an immense attention but they cannot
sit through anything worthwhile with all their efforts.
Scientists, my colleagues, looking at my music com-
posing work see it as a reprimand for a professor’s
gown" [11].

A historical excursion in an attempt to find a uni-
versal, who would make contributions significant to
both science and art, leads to Mikhail Vasilyevich Lo-
monosov. And although he is honored mainly as a
great scientist (for example, the Lomonosov-Lavoisier
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law) and an organizer (the founder of the Moscow
University), one should not forget that M. V. Lo-
monosov laid the foundations of Russian versification.

And what about foreign generalists? Researchers in
their search rest against Leonardo da Vinci, whose
personality, unfortunately, is dimly visible through the
depth of centuries, covered by legends and later con-
jectures.

Thus, A. P. Borodin is a unique historical figure.
We, his descendants, can only admire his genius and
dedication, and how he devoted his life to serving
people.
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MYAbTU3EPEHHbLIE CTPYKTYPbI NTOAYTTPOBOAHUKOBbIX HAHOYACTUL

Ilocmynuna ¢ pedaxyuio 22.02.2019

Anaaus 604bm-amnepHbiX XapaKmepucmux Myabmu3eperHbix C10e8 Ha 0CHO8e yacmuy, noaynposoonukos Si, GaAs, InAs u koa-
JNOUOHBIX K8aHMOBbIX moyuek PbS é eakyyme no3zeoaun ycmanogums, Ymo ux nogeoeHue onpedensnocs MeXaHusmom myHHeAUupo-
BAHUS U3 NPUNOGEPXHOCMHBIX INEKMPOHHBIX COCMOANHUL yacmuy,. [Ipu nogviuenuu memnepamypol U CHUNCEHUU HANPANCEHUS ONs
Si mexanusm nepenoca 31eKmpoH08 MEHAACA HA MePMOIMUCCUOHKbI. TloKa3ano éausHue uzny4eHus onpeoeseHHoe0 CheKmpanb-
H020 OUANA30HA HA GHYMPEHHUU U HewHUl pomosggexmot 6 Keanmosvix moukax PbS.

Karoueevie caosa: Myabmu3epeHHas cmpykmypa, }’lO/lyl’IPOGOOHuK?OBble HaHoYacmuuysvl, mepmosmMuccusl, myHHeAbHAA IMUCCUA,

ghomonposodumocmao

Bsenenune

ITonynpoBOAHMKOBbIE HAaHOYACTHUILIBI, BKJIOYas
KBaHTOBOpa3MepHbie (KBAHTOBbIE TOYKH), U CTPYK-
TYpbl Ha UX OCHOBE SIBJISIIOTCSI pa3fejoM HAaHOTEXHO-
JIOTUI ¥ aKTUBHO ucciaeayoTcs [1, 2]. BaxHoit HOBo
3aJaueil TeXHOJIOTUHU, UCCIEAOBaHUIN 2IEKTPOPU3U-
YECKUX CBOMCTB U MMPUMEHEHUI TOJYIIPOBOIHUKOBBIX
HAHOYACTUII SIBJISIETCSl KOHTpOJIMpyeMasi coopka HaHO-
YacTUIL B CTPYKTYPHbIE aHCaMOIM KaK QYHKIIMOHATb-
HbI€ 2JIEMEHTHI IJIs CO3AaHMST YCTPOMCTB OMNTOJIEKT-
POHUKHM U (HOTOBOJBTAUKHN, KOTOpPbIe OyIyT oOJagaTh
HOBBIMHU CBOMCTBaMHU 3a CUET KOJIJIEKTUBHBIX 2JIEKT-
poHHbIX 3¢ dekToB [3]. Haubonee npocTbiM, HO TEXHO-
JIOTUYECKM TIEPCTIIEKTUBHBIM HaIlpaBJIeHUEM TIPU 3TOM
SIBJISIETCSI caMOOpraHM3alys HaHOYacTULl Ha IOJ-
JIOXKE B TOHKOIUIEHOUHBIN cioi [4]. Takue CTpyKTy-
Pbl MOXXHO Ha3BaTh MYJbTU3EPEHHBIMU IO aHAJOIUU
¢ MeTajuiaMu [5]. DrnexTpodusmyeckue u ONTUIECKUE
CBOMCTBA TaKOW CTPYKTYPhI 3aBUCAT OT MaTepualia,
pa3MepoB U (opMbl HAHO3EPEH-KPUCTAJIIIUTOB, TJIOT-
HOCTU pa3MeIleHUs U CTeTIEHU UX COITPUKOCHOBEHUS,
cpelbl 3alloJIHEHUSI MEX3epPeHHOro ITpOCTPaHCTBA.
Hcronb3oBaHre TaKUX CTPYKTYP BO3MOXKHO B raso-
BBIX M ONTUYECKUX CEHCOpaxX, MPUEMHUKAX U UCTOYU-

HUKax WHPppaKpacHOTO M3IydeHNs, (POTOBOIbTANIEC-
KHUX Mpeodpa3oBaTesisix.

MynbsrusepeHHsie ciioun (M3C) npeacTaBisiioT Co-
00li HEeyMOpsSIIOUYEHHBIC CTPYKTYPbI, CPEAU KOTOPBIX
HauboJiee U3yYeHHBIMU SIBIISIIOTCSI MOIYITPOBOJHUKO-
BBI€ TTOJIMKPUCTAJUIbl. MHOTrOYMCIEHHbIE TyOINMKAIIN
B JIUTEpaType MO MOJUKPUCTAUIMYECKM MaTepuaaaM
OTHOCSITCSI K CTPYKTypaM TIJIOTHOM yMaKOBKU C Mpak-
TUYECKU HYJEBBIMU 3a30paMU MeEXAYy KpucTasiuTa-
MU-3epHaMU. JIJIs HUX UCIIOJB3YIOT (DU3NYECKUE MO-
JeJId paccestHUSI DJICKTPOHOB Ha TpaHULIAX 3epeH ISt
METAJIJIOB U KOHTAKTHBIX SIBJICHUI IJISI TOJIYIIPOBO/I -
HUKOB. OCcOObIii MHTEpEC MPEICTABISIOT Y3KO30HHbIE
MOJIyTPOBOAHUKH, JJISI KOTOPBIX HamboJsiee BaXKHBIMU
MOTYT OBITb BHYTPHU- U MEX3¢pPEeHHBIC KOJIJICKTUBHBIC
3JIEKTpOHHBIE 3P deKTHI [6, 7].

Cneuundukoi paccMarpruBaeMblx HamMu M3C sBis-
I0TCSI OTHOCUTENIbHO OOJIbILIME 3a30pbhl MEXIY 3epHa-
MU, TIPU KOTOPBIX 3JIEKTPOHBI UCTIBITHIBAIOT SMUCCUIO
M3 3epHa B 3a30p U HA00OPOT. DTU MPOLECCHl UCCe-
JIOBaHBI HAMM Ha OTHEIbHBIX 3¢pHaX C UCITOJIL30BAHM-
€M MeToAa CKaHHMPYIOIIel TYHHEIbHOW MUKPOCKOTTNH
[6, 8]. JeTaybHBIN aHAINU3 BOJALT-aMIIEPHBIX XapaKTe-
puctuk (BAX) no3Bonun ycTaHOBUTh, YTO UX TTOBee-
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Hue B M3C Ha ocHOBe KpeMHMSI Si, apceHuma rajuims
GaAs, apceHuga uHausl InAs u aHTUMOHUIA WHIUS
InSb onpenensieTcss MexaHU3MOM MEX3€PEHHOU TYH-
HEJIbHON SMUCCUU W3 MPUITOBEPXHOCTHBIX 3JIEKTPOH-
HBIX COCTOSIHMI CyOMMKpOHHBIX yacTtuil [9, 10]. B ta-
KHX CTPYKTypax BO3MOXHas1 (hOTOIMPOBOAUMOCTh OyIeT
ONpEeAeAThCS BIUSIHUEM CBETa Ha MPOLECCHl dMMUC-
CHM JIEKTPOHOB MEXIY 3€pHAMU, CPEIN KOTOPHIX MO-
I'YT ObITh (DOTOAMUCCUSI, CTUMYJIUPYEMbIE CBETOM aB-
TO- M TYHHEJIbHAsI SMUCCHS C YPOBHEH 3JIEKTPOHHBIX
COCTOSIHUI MPUIIOBEPXHOCTHOIO cjios 3epHa. [1omno6-
HbBIE MEXaHM3Mbl MOTYT OBLITh B JIy4llleid Mepe MCCIIe-
JTOBaHbl Ha KBAaHTOBBIX TOYKAX Y3KO30HHBIX MOJYIPO-
BOJHUKOB PbS, npencrapisirolinx codoil KOJJIOUIHbIE
HAHOYACTUIIbI, B OCaXXACHHBIX CIOSIX KOTOPBIX MEX-
3€PEHHbBIN TPAHCIOPT BJIEKTPOHOB MOXHO OLIEHUTh, B
TOM 4mcie, U B cpaBHeHNM ¢ M3C yIIOMSHYTBIX BBIIIIE
MOJIYTIPOBOAHUKOB.

TexHoJOrus: 1 METOAbl UCCJIETOBAHMUA

B nmanHoi1 paGoTe MCIOIb30BaHbI CIOM Ha OCHOBE
CYOMMKPOHHBIX YaCTUI] MOHOKPUCTAIITMYECKIX TTOJY-
nmpoBongHUKOB Si, GaAs, InAs, monyyeHHbIE MeXaHU-
YECKUM M3MENbYEHNEM Ha LIapOBOI MEJIbHUILIE, U KOJI-
JiouaHble kBaHTOBbIe TOUKU (KT) moaynpoBoaHUKOB
PbS, cuHTe3upoBaHHBIE 110 MeTOAMKaM padoTsl [11].
Pazmepbl ¥ CTPYKTYpy B MYJBTU3EPEHHOM CJIO€ MOJY-
mpoBoIHUKOB Si, GaAs, InAs KOHTpoJIMpOBau ¢ IO-
MOILBIO CKAHUPYIOLLEH JIEKTPOHHON MUKPOCKOIIMHU,
1, KaK BUIAHO U3 puc. 1, @, OHU coaepKajlkd YaCTHUIIbI
C pa3MepaMu npeumyiiecTBeHHO 10 100 HM.

Ocaxnenne Ha TogIoxKy KotouaHbix KT PbS
AMeeT CelU(GUKY B CBI3U C UCIIOJIB30BAHNEM OTHO-
CHUTEJIbHO BS3KOIO CTabMJIM3aTOpa B CYCIIEH3UU TOMY-
oJa, TIPEISITCTBYIONIETO CIMIIAHUIO YaCTHUII, HO YXYI-
IIAIOIIEero MPU 3TOM PABHOMEPHOCTb MOKPBLITUS TPHU
HaHeceHuu. [1pu n3amepeHNN POTOIIPOBOAUMOCTH IIJIST
peleHus1 3TOoi MPpobaeMbl TPOBOIMIM MHOTOKPATHOE
pazbaBiieHUE CYCTIEH3UU 3TUIOBBIM CITUPTOM C MOCJIEe-
IYIOIIUM pa3feieHeM LIEHTPU(YrupoBaHUEM TIepen
ocaxaeHueM (puc. 1, 6).

Hna uamepeHust TyHHeabHbIX BAX Tosyos BblNa-
puBajics TIPU Pa30TpeBaHUM KAl CYCIICH3UM TIpU
TeMIrepaType KUMeHus, Mocjie Yero ocTaBlasics cyxas
Macca CMellMBaJlach ¢ PaCTBOPOM apaxMHOBOM KHC-
JIOTHI B IEMOHU30BAaHHOU BOJE M Ocaxkaajach Ha MOJI-
JI0XKY, mokpeiTyio ITO.

Panee uccnenoanue mexaHusma Toka yepe3d M3C
MPOBOAWIIM TIyTeM aHaiu3a BAX, nusmepsieMbIx o me-
TOAMKE, ONMMCaHHOW B pabote [9]. Borpoc 06 omu-
YyeCKMX KOHTaKTax K ciaoo M3C taM peuiajcs IyTem
HCCIeI0BaHMUsI KOHTAKTHOTO CONPOTUBEHUS B CTPYK-
Type MO COOCTBEHHBIM U JIUTEPaTYpHBIM [12] maHHBIM.
B nanHoili paboTe B fonosHeHUe K pabote [9] ncnonb-
30BaH METOJ KOHTAKTUPOBAHUS 3JIEKTPOHHBIM JIy4OM
B BaKyyMHOM Ipubope. OOpasibl MpeacTaBisiid CO-
0011 CTPYKTYpY TPUOJ, aHOI-CeTKa-KaTo/, Ha MJIOCKUIA
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Puc. 1. N300paxkennsi MOBEPXHOCTH MYJIbTH3EPEHHOTO CJIOS HA OC-
nose yactul InAs, GaAs, Si (a) u PbS (b)

Fig. 1. Images of the surface of the multigrain layer on the basis of the
particles of InAs, GaAs, Si (a) and PbS (b)

aHon kotopoit HaHocuau M3C. B obpa3slie Ha eqrHON
MOJUIOKKE pa3Melllaid BCe TUIIbI MCCIeIyeMbIX MaTe-
pUAJIOB U TECTOBBIU 3JIEMEHT JIs1 KOHTPOJIs TecT-BAX
npomexyTka cetka — M3C— siekrpon. 3HaueHus Ta-
JIeHUS HATIPSOKEHUS Ha TECTOBOM 3JIEMEHTE BEIYUTAN
W3 3HAUYCHUI HampssKeHUsT Ha obpasiie sl KaXIoro
3HAUYEHUSI U3MEPEHHOro Toka. TeM caMbIM HaXOAu-
JINCh 3HAYCHUS TTaleHUs HaIpsDKeHMSI, COOCTBEHHO,
Ha M3C u, cootBeTcTBeHHO, cTporin BAX M3C. IIpu
5TOM WCIOJIb30BaHUE BaKyyMHOTO METOIA ITO3BOJISIIIO
HccaenoBaTh TeMIepaTypHble 3aBucumoct BAX, obec-
TeyrBasi OTCYTCTBUE BIUSHUS aTMochepsl Ha BAX.
OnTuyeckue U (POTOIEKTPUUECKUE CBOMCTBA MUC-
cJemoBay Ha CIEKTPaJbHOM KOMILIEKCce Ha 6aze Mo-
Hoxpomatopa M/IP-41 co cMeHHbIMU ITUPPAKIUOH-
HbeIMU pelieTkamu. CKaHMpOBaHUE CIIEKTpa MPOBOIM -
JIOCh CO CKOpOCThbIO 70 HM/MUH C 111aTOM, 3aBUCSILLIUM
OT paspelieHus: TMPPaKIIMOHHOM peleTky. TyHHe b-
HbI€ BOJIbT-aMIIEPHBIC XapaKTEPUCTUKU UZMEPSUIA C
TMTOMOIIIBI0 CKAaHUPYIOIIETO 30HIOBOTO MUKPOCKOIIA
NanoEducator. JIis1 1oacBeTK OBIIA MCITOJIb30BaHbI




CBETOIMOJBI BUAUMOTO U OJIMKHEro MHPpPaKpacHOro
JMana3oHa ¢ MakKCMMyMaMu JUIMH BOJIH M3Jy4eHUs
rpu 530, 630, 850 u 1200 HMm.

MexaHu3Mbl TOKA B MYJbTH3CPCHHBIX CJIOAX

B M3C npoBoaMMOCTb OIpeaesieTcs] MeXK3epeH-
HBIMU MpOLECCAMU B JIMHEMHOW TOKOBOM IIETIOYKE
[9, 13], cpemn KOTOPBIX BO3MOXKHBI TPU MeXaHM3Ma
TOKa: OMUYECKUI Yepe3 HEMoCPeICTBEHHbIE KOHTAKThI
YacTUll, TYHHEJbHBIM U TEPMOIMMUCCUOHHBIN. OMU-
YEeCKMI MeXaHU3M HaMM He pacCMaTpuBaeTcs B CBSI-
3u ¢ TeM, uyTo BAX mccienyeMbix B paboTe CTPYKTYp
BO BCEX CIyYyasx pe3KO HEeJIMHEWHBI M, KpOMe TOro,
OLIEHKM 3HAQYEHUU COMPOTUBJIEHUS KOHTAKTOB CBM-
JETEJIbCTBYIOT HE B MOJIb3Y OMUUYECKUX MEXaHU3MOB
[9, 12, 13]. TyHHEABHBI ¥ SMUCCUOHHBIN ITPOLIECCHI
XapaKTepU3YIOTCS 3KCIIOHEHIIMATbHBIMU 3aBUCHMOC-
TasMu BAX, pasnuuyaembix ¢GhopMynamMu, COOTBETCT-
BeHHO [ ~ Aexp[—B/U] u I ~ Aexp[BU]. Kpome Toro,
XapaKTEPHbIM IJIS 3TUX IPOLIECCOB SIBJISIETCSI TeMIIe-
patypHas 3aBUcUMocTb B(T'): cnabast i TYHHEIUPO-
BaHUS U CWIbHAs UISI SMUCCHUU.

HccnenpoBanue BAX mnsa obpasuoB InAs u GaAs
rokKasajo, YTO BO BCeX CJydyasix TYHHEeJIbHbIU Xapak-
Tep 3aBUCUMOCTU [ ~ Aexp|—B/ U] nposiBisiyics ¢ Bbl-
COKHMMMU 3HAUCHUSIMU TOCTOBEPHOCTH amlIpOKCUMAalIUU
R =0,9913...0,9972. Hanpotus, njs 3aBucuMocTeit
tuna I ~ Aexp[BU] 3HaueHust R’ GbUTM Ha HeLOCTA-
TOYHO BBICOKOM yposHe — (,92...0,96.

Ha puc. 2 npuBeaeHsl BAX, um3MmepeHHbIE HpU
pas3auYHbIX TeMmIeparypax. [To HUM yCTaHOBJIEHO, YTO
MpoSIBJIsIETCS cllabasi 3aBUCHMMOCTb mHapameTrpa B oT
teMmneparypbl 7. [IpuyeM ¢ MOBbIIEHHEM TeMIIepaTy-
pbl 1Sl y3KO30HHOTO InAS 3HauUeHUSI TOKA yMEHbIIa-
I0TCS, a IS OTHOCUTEJIbHO IIHPOKO30HHOTro GaAs
YBEJMYUBAIOTCA. DTO MOXHO OOBSICHUTbH BIUSHUEM
YPOBHSI KOHLEHTpALMU 3JEKTPOHOB Ha IapaMeTphl
WX TYHHEJIMPOBaHUSI — TIOABUXKHOCTb (3(h(heKTUB-
HYIO Maccy) 1 paboTy Beixoaa. st y3Ko30HHOTO InAs

2%-3* |

I &
\\2-3 \ "

0.24 0.28 0.32 0.36 0.4
/U, 1V

0 ]

Puc. 2. BAX aasa oopasuos InAs (1, 2, 3) u GaAs (I*, 2%, 3*) npu
pas3imyHbIX Temmeparypax: I, I* — 295 K; 2, 2* — 333 K; 3, 3* —
383 K

Fig. 2. VAC for the samples of InAs (1, 2, 3) and GaAs (1%, 2% 3%)
at various temperatures: 1, 1* — 295 K; 2, 2* — 333 K; 3, 3* — 383 K

0.18 0.2 022 0.24 0.26

Puc. 3. BAX M3C-Si npu pa3iu4HbIX TEMIEPATYpaX B KOOPAMHATAX,
COOTBETCTBYIOIIMX TYHHEJIbHOMY (a) U TepMoaMuccuonHomy (b) me-
XaHM3MaM TOKa

Fig. 3. VAC of MGL-Si at various temperatures in the coordinates
corresponding to the tunnel (a) and the thermoemission (b) mechanisms
of the current

C YBEJIMYEHHEM TeMIlepaTypbl KOHIIEHTPAIUS 2JIEKT-
POHOB MPOBOAMMOCTM BO3pacTaeT, UX MOJBMXHOCTb
yMeHblaetcs (3pdekTrBHas Macca pacTeT), a pabora
BBIXOJAa TIOYTU He u3MeHsieTcs [14]. DTo mpuBoaUT K
YMEHBIIIEHUIO BEPOATHOCTY TYHHEJIMPOBAHUS 1, COOT-
BETCTBEHHO, 3HadyeHUil Toka. g GaAs ¢ IOBbIIIE-
HUEM TeMIIepaTyphl 3a CYET 3aMETHOTO BO3pACTaHUS
KOHIICHTPAILUN SJIEKTPOHOB ITPOBOIUMOCTH M, COOT-
BETCTBCHHO, M3MEHEHUS TOJIOKEeHUST ypoBHs Depmu
YMEHBIIAETCS padoTa BbIXOAA, YTO MPUBOIUT K BO3-
pacTaHMIO 3HaYeHUlt Toka. [1pu 3TOM M3MeHeHUs Ta-
paMmeTpoB BAX OTHOCHTENTEHO HEBEIMKMN.

Ha puc. 3 npuBenensl BAX M3C-Si B KoopauHa-
tax Inf —1/U (a) v Inl — U (). [1pu 3HaUeHUSIX TeM-
nepatypsl 295 u 333 K nna Hanpsokenus U > 5 B BAX
XOPOIIIO (R2 > 0,995) anmpoKCUMUPOBAIUCH 3aBUCH-
MOCTBIO TYHHEJIbHOro MexaHusMma, a npu 333 K u
U< 5 B unpn 383 K mg Bcex U — 3aBUCUMOCTBIO
SMHMCCHUOHHOTO MEXaHU3Ma.

B paccMaTprBaeMBbIX CIyJasx JIeMCTBYIOT KOHKYpPH-
pYIOIIME TIPOIECCH TYHHEJIUPOBAHUS U TEPMOIMUC-
CHUM: KaK M CJIEe0BaJiO OXUIATh, MOBBIIIEHUE TEMIIE-
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Puc. 4. BAX M3C c kBanToBbsiMH TOYkamu PbS
Fig. 4. VAC MGL with the quantum dots of PbS

paTypbl CITOCOOCTBYET TEPMOSIMUCCHUM, a TTOBBIILLIEHUE
HaNpsDKeHWST — TYHHEJIMPOBaHUIO (B ciydae, eciu
MPUITOBEPXHOCTHBIN CJIOM YacTUIL MOJYNPOBOAHUKOB
n-TUTIA TIPOBOAMMOCTH O0OTAIIeH 3JIeKTPOHAMU, a TI0-
JISPHOCTb HAIpsSLKeHUs] — TUTIOC Ha o0paslie #-TUIa).
PazHuua mexay BapuaHTaMU MOJYTPOBOIHUKOB AP
1 KPEMHHUEM B TOM, YTO MOJABMXKHOCTH 3JICKTPOHOB B
nepBbIX oyt B 10 pa3 BeIle 1 3¢p¢deKTUBHAS Macca,
COOTBETCTBEHHO, MEHBIIIE. DTO MMPUBOIUT K CUILHOMY
VBEJIMYEHUIO BEPOSITHOCTU TyHHeaupoBaHus. [ToaTo-
My BO BCeX CJIydasiX He3aBMCHUMO OT 3HAYEHUI TeMIIe-
patypbl U HanpskeHUs B InAs u GaAs HagexXHO Tpo-
SIBJIIETCS] TYHHEJIMPOBAaHUE C XapaKTePHBIMU CBOMCT-
Bamu BAX — In/ — B/U u cnaboii TemIepaTypHOi
3aBucumocTtbio B(T). B kpeMHMU ke MeXaHU3M TYH-
HEJIMPOBAHUS MPOSBISETCS MPU OGIBIINX 3HAYECHMSIX
HaNpsSDKEHUST W OTHOCUTENIBHO HU3KUX 3HAYCHMSX
Temrieparypbl. B pabote [9] ycraHoBieHo, utro BAX
cioeB Si, GaAs, InAs u InSb nogumnsIOTCS (pOpMYyIIE:
I/I, ~ exp(—ByZN/U), tne By =~ 3,5(m/my)/? 3/2
v [@B] — 3HaueHwue Oapbepa s
3JIEKTPOHOB TIPU SMUCCHUU 13 HAHO-
yactuubl, m/my — 3(deKTUBHAA
Macca 3JIeKTpOHA B MOJIyTTPOBOAHM-
Ke; Z [HM] — cpenHee 3HaYeHUE 3a-
30pOB MeXAy yactTuuamu; N — cpea-

MEXIy YacTULIaMU BIOJb JMHUU TO-
Ka (romnepek cjosi).

Photocurrent, arb.units

HoBe yactull InSb, InAs, GaAs u Si 3Hauenune ByNZ
cocrasysio 125, 120, 75 u 60 cOOTBETCTBEHHO.

ITosyyeHMe TakUX CPaBHUTEIbHO HEOOJBIINX 3HA-
yeHuil ByNZ 1151 ciaydyaeB KBaHTOBBIX ToueK PbS Moxer
O3HAa4aTh, YTO JJI HUX 3HaYeHus By~ 3,5(m/my) 172 \|/3/ 2
BECbMa HEBEJMKM, U €CIM NMPUHATL m/my ~ 0,05...0,1,
a NZ ~ 10, To 3HaYeHUS y MOTYT OBbITh CYIIECTBEHHO
HIKE TaOJIMYHBIX 3HAYEHUM pabOTHI BhIX0JA KaK 00b-
eMHoro PbS, Tak 1 HaHOYACTHI] TOTO e MOJYyPOBOI-
Huka [15].

Buyrpennuii n Buemnnii ¢poroaddextol B KT PbS
H CJI0SX HA X OCHOBE

OnHuM 13 HauboJiee BaxKHbBIX CBOMCTB TJIEHOUHBIX
CTPYKTYp sIBJIsIETCSI BHYTpeHHUM (poTtoaddekT — ¢o-
tornpoBoauMocTb. M3C Ha ocHoBe HaHoyacTull PbS
HMEIOT MaJiblii pa3dpoc OTAENbHBIX 3€PEH T10 pa3mepy,
U MexaHu3M (OTONPOBOINMOCTU B TAKOM CJI0€ 00yC-
JIOBJIEH MPEUMYIIECTBEHHO M3MEHEHUEM KOHLEHTpa-
LMY HEPaBHOBECHBIX HOCHUTEJNIEH B OTIEIbHBIX YaCTH-
max KT [16], B To BpeMs kak B M3C Ha ocHOBe, Ha-
MpuMep, MOPOILIKOB Y3KO30HHBIX MOJYIPOBOJHUKOB
InAs unu InSb ¢ yacTuiaMu, UMEIOILUMU CYILIEeCTBEH-
HO 0OJIbLINI pa30poc Mo pa3MepaM, MPOBOAUMOCTDH B
OCHOBHOM OOYCJIOBJIEHA YBEIMUYEHUEM SHEPTUU YXKe
HUMEIOIIMXCSI CBOOOAHBIX HOCHUTENEeH Mona aeiicTBUeM
MIPUJIOXKEHHOTO 3JICKTPUUECKOTO TIOJISI U C1abo MEeHSI-
€TCs1 TIPU OCBELIEHUU.

B namreit pabore KT PbS BeIcaxkmBaiu Ha CTEKJISIH-
HYIO TIOMJIOXKKY C BCTPEUHO-IITHIPEBBIMU JTIOMUHU -
€BBIMM KOHTAKTaMH, PAcCCTOSTHHUE MEXIY KOTOPBIMU
6bu10 70 MKM. [1pu BKIIOYEHUH B 3JIEKTPUUYECKYIO CXe-
My HaHeceHHBbIN cioit KT BeicTyman B KadecTBe ¢o-
TOCOIIPOTUBJICHUSI, TIPU 3TOM, KaK BUIHO U3 pUC. 5, a,
CIIeKTp (POTOTOKA TAKOTrO CJIOSI 3aBUCE] OT 3HAYEHUI
nogaHHoro HampstkeHus (5 u 10 B). O6pazen umen
(hoTouyBcTBUTEILHOCTL B AranazoHe 500...1500 HMm ¢
BbIpaXk€HHbIM MakcumymoM mipu 1100 HM, yTO Cy-

B pabGotre B COOTBETCTBUU C JaH-
HOI (hOopMyJIOi MpoaHaIM3UPOBAHbI
BAX M3C xomtoundeix KT-PbS ¢
pasmepamu 2...5 HM (puc. 4). Jlas
M3C KT-PbS xopoI1110 BEIIOJIHSIETCS
armnpokcUuMalusl Mo MpUBEISHHON
¢dopmysie BO BceM MHTepBajie M3Me-
peHus npu 3HauyeHun ByNZ ~ 17 B
(puc. 4, a). I1pu 3TOM, KaK ImoKasa-
HO B pabote [9], miss M3C Ha oc-
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1200 um (5) (b)
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Puc. 5. Cnekrp doronposogumoctd M3C KBaHTOBBIX TOYeK PbS npu pa3HbIX 3HAYEHHAX
npuiokeHHbIX Hanpsukennit — 5 B (1) u 10 B (2) (@) n rynnensnbie BAX KT PbS B Tem-
Hote () ¥ mpyu Bo3JeiiCTBHM M3JIy4eHHs OT cBeTomuonoB 530 (2), 630 (3), 850 (4) u

Fig. 5. Range of the photoconductivity of MGL of the quantum dots of PbS at different values
of the applied voltages — 5 V (1) and 10 V (2) (a), and the tunnel VAC of QD of PbS in
the dark (1) and under the influence of the radiation from the light-emitting diodes of 530 (2),
630 (3), 850 (4) and 1200 nm (5) (b)




IIECTBEHHO OTIWYAETCS OT YYBCTBUTECIBHOCTH TPaIM-
LMOHHBIX (POTOPE3NCTOPOB HA OCHOBE TTOJTUKPHUCTAT-
Juyeckoro PbS, rne ocHoBHas (HOTOUYBCTBUTEIb-
HOCTb HaOmoaaeTcs B auanazoHe 1500...3000 um [17].
[1Ipu GospliieM MOAAaHHOM HampsKEHWUM ObLIM BbIpa-
JKEHbl MaKCHUMYMbI (DOTOTOKAa B KOPOTKOBOJIHOBOM
yactu crrektpa npu 550, 670 u 820 HM TpUMEPHO OAU-
HAKOBOM INMUPUHBI. DTU MaKCUMyMbl HE MOTYT OBITbH
OQHO3HAYHO OOBSICHEHBI, XOTS B pab0OTax, MOCBSIIEH-
HBIX MCCIIEIOBAHUIO OCaXIACHHBIX CIIOEB HAa OCHOBE
KT PbS snekrpodusnueckumMu U ONTUUYECKUMU Me-
TOAAMHU, NTOXOXME MAKCUMYMbl B Pa3HOM COYETAaHUU
OOHapyXMBaJNCh Ha CHEKTpax IorioueHus [18] u
BHEIIHEro KBAHTOBOT'O BBIXOJA COJTHEUHBIX 3JIEMEHTOB
[19], uTo aBTOPBHI 3TUX PAOOT CBA3BIBAJIM COOTBETCT-
BEHHO JIM0OO ¢ 3J1eKTpoHHOMI cTpyKTypoii KT, nubo c
JIMraHaaMu U pactBoputesneM. [Tociaennuii pakrop, Ha
HalIl B3JISIT, SIBJISUICS] HE3HAYMTETEHBIM BBHY OITMCAH-
HOI1 BbIllIe TexHoJoruu dhopmupoBaHus ciioss KT PbS,
COIPOBOXKIAEMOI 3aMelIeHUEeM B MCXOIHOW CYCIeH-
3UH TOJIYO0JIa STUJIOBLIM CIIMPTOM, KOTOPBIH PACTBOPSLI
JIMTAHIbI U 3aTeM TOCTAaTOYHO OBICTPO MCHapSIICS.

O6HapykeHHble MaKCUMYMbl (hOTOITPOBOAVMOCTU
00YyCJIOBWJIM COOTBETCTBYIOLIMI BEIOOP CBETOAMOIOB B
Ka4yeCTBE MCTOYHUKOB M3IYYEHMS UIST JaTbHEUIIEero
ucciaenoBaHus gotoaddekra B KT PbS ¢ nmomoiiisio
CKaHMPYIOILIETO TYHHEJIbHOIO MUKPOCKOIIa (puc. 5, 6).
BnusiHue uznyyeHust CBeTOAMOAOB Ha OTPULIATEIbHYIO
BETBb TYHHeJbHOI BAX, cOOTBeTCTBYIOIIIEH AMUCCUU
snekTpoHoB U3 KT PbS B 30HI, NpoaeMOHCTpUPOBAIO
HauOoJIbllIee BIMSIHUE Ha oOpa3ell IIOJCBETKU CBETO-
IHUOIOM, COOTBETCTBYIOIIMM, KaK M CJIEIOBAJIO OXKU-
JIaTh, 10 JUTMHE BOJHBI HANOOJIBIIIEMY M3 MAaKCUMYMOB
¢oronpoBogumoct — 1200 aM. OOpaiaer Ha cebs
BHUMaHME TakKKe CYIIECTBEHHOE BIUSHUE HA SMUCCHUIO
3JIEKTPOHOB U3JIyUeHUSI KPACHOTO CBETOAMO/AA, cliaboe
BJIMSIHUME 3€JIEHOI'O M OTCYTCTBME BJIMSIHUSI CBETOAMOIA
C IJIMHOM BOJIHBI MakKCHUMyMa u3iydyeHus 850 HM.

3akiouyeHune

AHanmu3 BAX no3Bojiui yCTaHOBUTD, YTO MX MOBE-
JeHue npu HanpstkeHusax U < 5 B gnsa InAs, GaAs
npu temneparypax 295, 333 u 383 K u ana Si npu
temnepatype 333 K u Hanpstxkenuun U > 5 B, a Takke
npu Temneparype 295 K mis Bcero nHTepBajia uaMe-
peHUs HaTIPSDKEHUI OTIpeIesIIeTCsl MEXaHN3MOM MEX-
3epPeHHON TYHHEIHHOW 3MUCCUU U3 TIPUTIOBEPXHOCT-
HbBIX 2JIEKTPOHHBIX COCTOSIHUIA YacTull, a jjisi Si npu
T =333 K un nanpstxenusx U< 5 Bunpu 7= 383 K
JUTST BCEro MHTepBasla U3MEPEHMST HaNpsIKeHUil — Tep-
MO3MHUCCUOHHBIM MpolieccoM. B paccMoTpeHHbix M3C
Ha OCHOBE OCAXIEHHBIX M3 CYCIIEH3UI KOJUIOMIHBIX
KT PbS xopotiiio BbITIOIHSIETCS MOJEIbHAS alllPOKCH-
Manus TYHHEJILHBIM MexaHu3MoM. B cmekrpe doro-
npooaumMoctu Ha KT PbS obHapykeHbl MaKCUMYMbI
dotompoBoaumoctu 550, 670, 820 1 1100 um. ITpu us-

mepeHun TyHHeabHbIX BAX KT PbS Ha ckanupyio-
11[eM 30HAOBOM MUKPOCKOIIE€ HaOJI0AaIOCh COOTBETCT-
ByIOIlIe€ CIEKTPY (OTOMPOBOAVMOCTU W3MEHEHUE
TYHHEJIbHOTO TOKa MPU OCBEIICHUU CBETOIMOIAMM,
WMEIOIIMMU MaKCUMYM M3JIyYeHUS Ha YyKa3aHHbIX
JIJTMHAX BOJIH.

Hccaedosanue 6vinoaHeHo npu UHAHCOB0U NOO-
depucke PODU ¢ pamkax npoekma 18-37-00085 moa_a.
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The article is devoted to studying of current mechanism in the layers obtained by sedimentation of suspensions on the basis of
various semiconductors containing submicronic particles. The goal of this research consisted in definition of prevailing mechanisms
of electron transport between the semiconductor particles having different work functions (it characterizes mainly the thermoemission
mechanism of electron transport) and voltage drop magnitude on a potential barrier between the particles (it corresponds to the tunnel
mechanism). Thus owing to fabrication features of particles the electron densities in InAs and GaAs semiconductor grains responsible
Jor voltage drop magnitude on them was considered to be equal to those of initial monocrystals of these semiconductors before milling
and the electron density in PbS colloidal quantum dots was unknown. Problem of our examination was to estimate applicability of
the formulas describing exponential dependences of current-voltage characteristics in fabricated layers, and also to analyze influence
of determined light on electron emission in colloidal quantum dots layers because of more sensitivity of these layers to radiation.

The analysis of current-voltage characteristics allowed to establish that their behavior for layers from InAs, GaAs, Si, and also PbS
colloidal quantum dots is defined by the tunneling mechanism from surface electronic states of particles. At temperature rising and voltage
increasing the current-voltage mechanism for Si changes to the thermoemission. Maximums of photoconductivity at 550, 670, §20,
1100 nm were found out in PbS quantum dots layers. Change of a tunnel current at illumination by the light-emitting diodes corre-
sponding to maximums of photoconductivity of PbS quantum dots layers was observed by means of the scanning probe microscope.

It follows from the research that the temperature effect on the mechanism of electron emission between grains in layers on the
basis of Si particles more than in layers on the basis of InAs and GaAs particles fabricated by the similar method. Short-wave narrow
maximums on a photoconductivity spectrum of PbS quantum dots layers can argue in favor of direct tunneling of electrons between
particles through energy levels on which they are excited by radiation with corresponding photon energy, the same levels can be re-
sponsible for a photoemission of electrons from separate quantum dots.

Keywords: multigrain structure, semiconductor nanoparticles, termoemission, tunneling emission, photoconductivity
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The simplest, but technologically promising direction,
is a self-organization of the nanoparticles in a thin-film
layer on a substrate [4]. By analogy with metals such
structures can be dubbed as multigrain ones [5]. The
electrophysical and optical properties of such structures
depend on the material, dimensions and form of the na-
nograin-crystallites, the density of their placement, ex-
tent of their contact, and the environment of filling of
the intergrain space. Use of such structures is possible

Introduction

Semiconductor nanoparticles, including the quan-
tum-dimensional ones (the quantum dots) and the
structures on their basis are a section of the nanote-
chnologies, which are now being actively investigated
[1, 2]. An important task of the technology, research of
the electrophysical properties and applications of the
semiconductor nanoparticles is a controlled assembly

of the nanoparticles into the structural ensembles as the
functional elements for creation of the devices of op-
toelectronics and photovoltaics, which will obtain new
properties due to the collective electronic effects [3].
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in the gas and optical sensors, receivers and sources of
infrared radiation, and in the photovoltaic converters.

The multigrain layers (MGL) are disordered struc-
tures, the most studied among which are the semicon-




ductor polycrystals. Numerous publications in litera-
ture on the polycrystalline materials concern the dense
packing structures with practically zero gaps between the
crystallites-grains. For them the physical models of scat-
tering of the electrons on the borders of grains for the
metals and the contact phenomena for the semiconduc-
tors are used. Of special interest are the narrow band
semiconductors, for which the most important can be the
intra- and intergrain collective electronic effects [6, 7].

The specific features of MGL considered by us are
rather big gaps between the grains, at which the elec-
trons experience emission from a grain into a gap and
vice versa. These processes were investigated by us on
separate grains with the use of the method of the scan-
ning tunnel microscopy [6, 8]. A detailed analysis of the
volt-ampere characteristics (VAC) allowed us to dis-
cover that their behavior in MGL on the basis of silicon
(Si), gallium arsenide (GaAs), indium arsenide (InAs)
and indium antimonite (InSb) is determined by the
mechanism of the intergrain tunnel emission from the
near-surface electron states of the submicronic particles
[9, 10]. In such structures a possible photoconductivity
will be defined by the influence of light on the processes
of emission of the electrons between the grains, among
which there can be a photoemission, encouraged by
light, auto- and tunnel emissions from the levels of the
electron states of the near-surface layer of the grain.
Such mechanisms can be better investigated in the
quantum dots of the narrow-band PbS semiconductors,
the colloidal nanoparticles, in the deposited layers of
which the intergrain transport of the electrons can be
estimated, including in comparison with MGL of the
semiconductors mentioned above.

Technology and the research methods

In this work the layers on the basis of the submi-
cronic particles of the single-crystal semiconductors of
Si, GaAs, InAs were used, received by a mechanical
crushing on a spherical mill, and the colloidal quantum
dots (QD) of PbS semiconductors synthesized by the
methods of the work [11]. The sizes and the structure
in the multigrain layer of Si, GaAs, InAs semiconduc-
tors were controlled by means of the scanning electron
microscopy and, as is visible from fig. 1, they contained
particles with the sizes mainly up to 100 nm.

Deposition of colloidal QD PbS on a substrate has
its specific features due to the use of a rather viscous
stabilizer in the suspension of the toluene preventing
the adhesion of the particles, but, at the same time,
worsening the uniformity of the covering in the process
of deposition. During the measurement of the photo-
conductivity for solving of this problem a repeated di-
lution of the suspension by the ethyl alcohol with the
subsequent separation by centrifugation before the dep-
osition, was carried out (fig. 1, b).

For measurement of the tunnel VAC the toluene
was evaporated by warming up of a drop of the suspen-

sion at the boiling temperature, and then the remained
dry mass was mixed up with a solution of arachic acid
in the deionized water and deposited on the substrate
covered with ITO.

Earlier, the research of the current mechanism was
conducted through MGL by analysis of VAC, measured
by the technique described in the work [9]. The ques-
tion of the ohmic contacts to the MGL layer was
solved there by the research of the contact resistance
in the structure according to the own and literary [12]
data. In this work in addition to the work [9] the con-
tact method by an electronic beam in a vacuum device
was used. Samples represented a triode anode-grid-
cathode structure, on the flat anode of which MGL was
deposited. In the sample on a uniform substrate all the
types of the studied materials and the test element for the
control test of VAC of the grid — MGL-electrode inter-
val, were placed. The values of the power failure on the
test element were subtracted from the values of the volt-
age on the sample for each value of the measured current.
Thus, the values of the power failure, actually, on MGL
and, respectively, VAC-MGL, were found. At the same
time the use of the vacuum method allowed us to inves-
tigate the temperature dependences of VAC, ensuring
absence of influence of the atmosphere on VAC.

The optical and photo-electric properties were in-
vestigated on a spectral complex on the basis of MDR-
41 monochromator with the replaceable diffraction lat-
tices. Scanning of the range was carried out with a
speed of 70 nm/min. and with a step depending on the
resolution of the diffraction lattice. The tunnel volt-
ampere characteristics were measured by means of Na-
noEducator scanning probe microscope. For illumina-
tion the light-emitting diodes of the visible and near in-
frared range with the maxima of the wavelengths of ra-
diation at 530, 630, 850 and 1200 nm were used.

Current mechanisms in the multigrain layers

In MGL the conductivity is defined by the inter-
grain processes in a linear current chain [9, 13], among
which three mechanisms of current are possible: the
ohmic through the direct contacts of the particles, the
tunnel and the thermoemission ones. We do not con-
sider the ohmic mechanism, because VAC of the struc-
tures investigated in the work in all cases are sharply not
linear, and, besides, estimates of the values of the con-
tacts’ resistance testify not in favor of the ohmic mech-
anisms [9, 12, 13]. The tunnel and the emission proc-
esses are characterized by the exponential dependences
of VAC, distinguished by formulas I~ Aexp[—B/U] and
I =~ Aexp|[BU], respectively. Besides, the temperature
dependence of B(T) is characteristic of these processes:
a weak one for the tunneling and a strong one for the
emission.

The research of VAC for samples of InAs and GaAs
demonstrated that in all the cases the tunnel nature of
the dependence of I ~ Aexp|—B/U] was with high val-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 7, 2019 403




ues of reliability of approximation R?~0.9913...0.9972.
On the contrary, for the dependences like /~ Aexp[BU ]
the of values of R® were at an insufficiently high level —
0.92...0.96.

Fig. 2 presents VAC measured at various tempera-
tures. By them it was established that there was a weak
dependence of parameter B on temperature 7. At that,
with a temperature increase for the narrow-band InAs
the value of the current decreased, and for the rather
wide-band GaAs it increased. This can be explained by
the influence of the level of concentration of the elec-
trons on the parameters of their tunneling — mobility
(effective mass) and the work function. For the narrow-
band InAs with an increase of the temperature the con-
centration of the electrons of conductivity increases,
their mobility decreases (the effective mass grows), and
the work function practically does not change [14]. This
leads to a reduction of the probability of tunneling and,
respectively, the values of the current. For GaAs with
a temperature increase due to a noticeable increase of
the concentration of the electrons of conductivity and,
respectively, variation of the Fermi level, the work
function decreases, which leads to an increase of the
values of the current. At that, the changes in the VAC
parameters are relatively small.

Fig. 3 presents VAC of MGL-Siin In/ —1/U (a) and
In/ — U (8) coordinates. At the values of temperature of
295 and 333 K for U > 5 B voltage VAC were approx-
imated well (R2 > 0.995) by the dependence of the
tunnel mechanism, while for 333 K at U <5 Vand for
383 K at all U — by the dependence of the emission
mechanism.

In the considered cases the competing processes of
tunneling and thermoemission operate: as it could be
expected, the temperature increase promotes the ther-
moemission, while increase of voltage encourages tun-
neling (in case, if the near-surface layer of the parti-
cles of semiconductors of #-type of conductivity is en-
riched with electrons, and the voltage polarity is plus
on the n-type sample). The difference between the
versions of A°B° semiconductors and silicon is that the
mobility of the electrons in the former is nearly 10 times
higher, and the effective mass is, respectively, less.
This leads to a strong increase of the probability of
tunneling. Therefore, in all the cases, irrespective of
the values of the temperature and the voltage in InAs and
GaAs, the tunneling with characteristic VAC proper-
ties — In/ — B/U and weak temperature dependence of
B(T) is demonstrated reliably. In the silicon the mech-
anism of tunneling is shown at bigger values of the voltage
and of the rather low values of temperature. In the
work [9] it was discovered that VAC of the layers of Si,
GaAs, InAs and InSb submit to the following formula:
I/1y ~ exp(—By,ZN/U), where By ~ 3.5(m/my)"/*y*/?;
where y [eV] — value of the barrier to the electrons
during emission from a nanoparticle; m/m, — effective
mass of an electron in the semiconductor; Z[nm] — av-
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erage value of the gaps between the particles; N — av-
erage number of the conducting gaps between the par-
ticles along the line of the current (across the layer).

In the work according to this formula VAC of MGL
of the colloidal QD-PbS with the sizes of 2...5 nm
(fig. 4) are analyzed. For MGL of QD-PbS an approx-
imation in accordance with the given formula is carried
out well in all the measurement interval at the value of
ByNZ ~ 17 V (fig. 4, a). At the same time, as is shown
in the work [9], for MGL on the basis of particles of
InSb, InAs, GaAs and Si the values of ByNZ were 125,
120, 75 and 60 respectively.

Obtaining of such relatively small values of ByNZ for
the cases of the quantum dots of PbS can mean that for
them the values of B ~ 3.5(m/m0)1/ 2 \y3/ 2 are very small
and if we assume m/mgy~ 0.05...0.1, and NZ~ 10, then
the values of y can be significantly lower than the tab-
ular values of the work function of both volume PbS,
and nanoparticles of the same semiconductor [15].

Internal and external photoeffects in QD of PbS
and the layers on their basis

One of the most important properties of the film
structures is the internal photoeffect — photoconduc-
tivity. MGL on the basis of PbS nanoparticles have a
small dispersion of separate grains by sizes, and the
photoconductivity mechanism in such a layer is deter-
mined mainly by the variation of the concentration of
the nonequilibrium carriers in separate QD particles
[16], while in MGL on the basis of, for example, pow-
ders of the narrow-band InAs or InSb semiconductors
with the particles of significantly bigger dispersion by
sizes, the conductivity is mainly caused by an increase
of the energy of the already available free carriers under
the influence of the applied electric field, and it changes
only insignificantly when lighted.

In our work QD of PbS were planted on a glass sub-
strate with an interdigital aluminum contacts, the dis-
tance between which was 70 um. When it was con-
nected to an electric circuit, the deposited layer of QD
acted as photoresistance, at that, as it is apparent from
fig. 5, the range of the photocurrent of such a layer de-
pended on the values of the supplied voltages (5 and
10 V). The sample had its photosensitivity within the
range of 500...1500 nm with the expressed maximum at
1100 nm, which differed significantly from the sensi-
tivity of the traditional photoresistors on the basis of the
polycrystalline PbS, in which the main photosensitivity
was observed within the range of 1500...3000 nm [17].
At the higher supplied voltages, the photocurrent
maxima were expressed in the short-wave part of the
range at 550, 670 and 820 nm of approximately iden-
tical width. These maxima cannot be unambiguously
explained, although in the works devoted to the re-
search of the deposited layers on the basis of QD of PbS
by the electrophysical and optical methods, similar
maxima in different combinations were found in the




ranges of absorption [18] and of the external quantum
output of the solar elements [19], which the authors of
these works connected, respectively, with the electron
structure of QD, or with the ligands and the solvent. The
latter factor, in our opinion, was insignificant in view of
the technology for formation of QD of PbS layer accom-
panied with replacement in the initial suspension of tol-
uene with ethyl alcohol, which dissolved the ligands de-
scribed above and then evaporated rather quickly.

The discovered maxima of the photoconductivity
caused the corresponding selection of the light-emitting
diodes as the radiation sources for the further research
of the photoeffect in QD of PbS by means of a scanning
tunnel microscope (fig. 5, b). The influence of the ra-
diation of the light-emitting diodes on the negative
branch of the tunnel VAC, corresponding to the emis-
sion of the electrons from QD of PbS into the probe,
demonstrated the greatest influence of the illumination
of the sample by the light-emitting diode correspond-
ing, as it could be expected, by the wavelength to the
greatest of the photoconductivity maxima — 1200 nm.
Also attracts attention a significant effect on the emission
of the electrons of the radiation of the red light-emitting
diode, a weak influence of the green one and absence of
influence of the light-emitting diode with the wavelength
of the maximum of the radiation of 850 nm.

Conclusion

The analysis of VAC allowed us to establish that
their behavior at the voltages U < 5 V for InAs, GaAs
at temperatures of 295, 333 and 383 K and for Si at the
temperature of 333 K for U > 5 V and also at the tem-
perature of 295 K for all the interval of measurement of
the voltages was defined by the mechanism of the inter-
grain tunnel emission from the near-surface electron
states of the particles, and for Si at 7= 333 K and volt-
ages U< 5 Vand T = 383 K for all the interval of the
measurement of voltages — by the thermoemission
process. In the considered MGL on the basis of the col-
loidal QD of PbS deposited from the suspensions, the
model approximation by the tunnel mechanism was car-
ried out well. In the photoconductivity range on QD of
PbS the maxima of the photoconductivity of 550, 670,
820 and 1100 nm were found. During the measurement
of the tunnel VAC of QD of PbS on the scanning probe
microscope a change was observed in the tunnel current
corresponding to the photoconductivity range, when il-
luminated by the light-emitting diodes having the maxi-
mal radiation on the specified wavelengths.

The research was implemented with the financial sup-
port of RFFI within the project of 18-37-00085 mol_a.
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AHAAUTUYECKMIN PACYET BPEMEHU MEPEKAKOYEHUS
MHTETPAABHOI'O SAEKTPOCTATUYHECKOT O MOMC-TTEPEKAIOYATEAA
C EMKOCTHbLIM NMPUHUUTITOM KOMMYTAUUN B KOHOUTYPALIMU
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Ha ocnose odnomepHoii modeau deudiceHus ¢ npuMeHeHUeM dHepeemu4ecko2o no0xo0a npogedeH aHalumu4ecKull pactem pe-
MeHU nepeKaoHeHUs: U UCCAe008aHa OUHAMUKA Padombl pa3pabomaHHol KOHCMPYKYUU UHMeSPANbHO0 INeKMPOCMAMUYecK0eo
MUKPOINEKMPOMEXAHUMECKORO NEPEKAIHAMens ¢ eMKOCIMHbIM NPUHUUNOM KOMMYMAUUU 8 KOHpuUeypayuu ¢ KOniaHapHou AuHuel
nepedauu. IlodeuxcHbim 31eKmpodom nepexaiouamens S6A5emcs MpexcaouHas MemaiiuvecKkas memopana c nepgopayueli, 3a-
KPenieHHas Ha ONOPHbIX INEMEHMAX ¢ NOMOWBIO YNPY2UX d1eMeHMo8 nooeeca, 8biN0IHEeHHbIX 8 8Ude Meanopa, 4¥mo no3eoasaem 00-
CMU4b HU3KUX YNPABAAIOWUX HANPAICEHUT U 8bICOKOU CKOPOCMU NEPEeKAIOYEeHU.

Karoueevie caosa: MUKDPOSNEKmMpPOMeXaHu4ecKue cucmemol, nepeKirn4amelsns, 3/telcmpocmamultecxuﬁ MexXanu3m akmueauuu,
eMKOCMHOU NpUHUUN KOMMYymauuu, oanomepnaﬂ Modens ()Bué)iceHLlﬂ, Junamuxa pa6omb1, 6pems nepeKar4erHus

BBenenue

MukpoanieKTpoMeXaHuUecKre  MepekovaTen
SIBJISIIOTCSl OAHMMMU M3 TJIABHBIX YCTPOWCTB paauo-
YaCTOTHBIX MUKPO3JIEKTpOMeXaHNIeCKnX cucteMm (PY
MOSMC) u npeacrasisiioT co00ii MOABUXKHBIE MUKPO-
CHCTEeMBI, TIEPEXOISAIINE M3 BKIFOUEHHOTO COCTOSTHUS
B BBIKJTIOYEHHOE MyTEeM MepeMelIeHUST MEeTaLTUYeCKO-
ro KaHTWJIEBepa B CiIydyae PEe3VCTUBHOTO MPUHIIMIIA
KOMMYTAIIMU WIM Xe MeTalIMyecKoi MeMOpaHbl, YTO
MIPUCYIIE eMKOCTHOMY MPUHIIUITY KOMMYTAIINN.

MexaHndyeckoe ABMKEHNE TTOABIKHBIX YacTei TO-
CTUTaeTCs MyTeM B3JIEKTpOMarHuTHOro [1], marHurto-
craTuyeckoro [2], anekrpocraTudeckoro [3], TepMo-
BJIEKTPUUECKOTO [4], Mbe303neKTpuieckoro [5] mexa-
HU3Ma aKTUBAIINMN.

HauGonpliliee pacnpocTpaHeHre MOJYYUINA IJTEKT-
poctatuueckue MOMC-nepekioyaTesd ¢ eMKOCTHBIM
MPUHILIMIIOM KOMMYTAllMM, XapaKTepU3yroluecs: Ma-
JIOl cOOCTBEHHOI TOTpedsIeMOll MOLIHOCTbIO (He-
CKOJIbKO MUJIJTMBATT), MaJlbIMU pazMepaMu 3JEKTPO-
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JIOB 1 BBICOKOI CKOPOCTBIO TIEPEKIIIOUCHUSI TI0 CpaBHe-
HUIO C IPYTMMU MeXaHn3MaMu akTuBaiun [6]. Kpome
TOro, Ha TEXHOJOTMYECKOM YPOBHE 3JeKTPOCTaTH-
YeCKMIA MeXaHU3M aKTUBALMU He TpeOyeT OCakIeHUS
cnennpryecKX MaTepualioB, HaIpUMEp C IThe30-
BJIEKTPUUECKUMU WIN (PEPPOMArHUTHBIMU CBOMCTBA-
MM, YTO ITO3BOJISIET YIIPOCTUTh TEXHOJIOTUIO M3rOTOB-
JICHUS, CHU3UTb MacCcOTrabapUTHBIE XapaKTePUCTUKU U
CTOMMOCTbH TOTOBBIX YCTPOMCTB.

B Hacrosiiiee BpeMsi B CBSI3M C IIepexoioM Ha
5G-nokojieHHe MOOUJILHOM CBSI3U U MPUCYLIUM MY
OONBLIMM YMCIIOM YAacCTOTHBIX AMAIla30HOB pacTeT
CIIpOC Ha peKOH(UIypUpyeMbI€ YCTPOICTBA paamo-
cBs3u [7].

IlocranoBka 3ana4uu

Henoporne MOMC-niepekitouaresii ¢ KOILIaHap-
HOW JIMHUWeN Tnepeaayn, MHTerpupoBaHHbie B PY cxe-
My YyHOpaBJeHUsl, XapaKTepu3ylollnecs HU3KUMU YII-
PaBJISIOLIMMU HaNPSIKEHUSIMU U BBICOKOI CKOPOCTHIO




TepeKITIOYeHUS, SIBJSIOTCS TIAaBHBIMM KaHIuWAaTaMu
Ha 3aMEHY 2JIEKTPOMEXaHUYECKUX W TPaIUIIMOHHbIX
MOJYIIPOBONHUKOBBIX TIepeKIovaTesieil Ha OCHOBE
GaAs PIN-11onoB u 1oJjieBbIX TpaH3UCTOPOB, 0J1aro-
JIapsi HU3KUM BHOCUMBIM ITOTEPSIM, BBICOKOM M30JIs-
LI B 3aMKHYTOM COCTOSIHUM, HU3KOI MOTpedIsseMOol
MOIIIHOCTU U BBICOKOM JIMHEMHOCTH 1aXe Ha BICOKUX
yacTtoTax [8]. OmHaKoO 3a4acTyio CJIOXKHO COIVIacOBaTh
o0a TpeboBaHUS, MOCKOJBKY MJISI 3JIEKTPOCTaTUYEC-
kux MOMC-nepekitouateieid Majoe 3HAUYCHUE YII-
PaBJISIIONIETO HAMPSIKEHUS BEYET 32 COOO0M yBeauye-
HUE BpeMEeHU MepeKJIoUeHUsI, UTO SIBJISIETCSI OJHOM
M3 OCHOBHBIX MPo0JIeM, OrpaHUYMBAIOIIUX TTPUMEHE-
Hrue MOMC-niepeximouareneil B yCTPONCTBAX pagro-
cBazu [9].

[JdaHHoe wucciemoBaHUE MOCBSIIEHO YMUCJIEHHOMY
aHAIN3y TUHAMHWYECKMX XapaKTepUCTUK pa3paboTaH-
HOI KOHCTPYKIUMHU UMHTETPAJIbHOTO 3JIeKTpOCTaTUUeC-
koro MOMC-nepeximouaTeiss ¢ €eMKOCTHBIM IIPUH-
LIMIIOM KOMMYTAallMM Ha OCHOBE OJHOMEPHOU MoIeau
C WCIIOJb30BAaHUEM 3JHEPreTUYECKOIo IOIX0Aa, YTO
MMeeT BaKHOE 3HaUeHHe TPU MPOESKTUPOBAHUM TaKO-
ro TUIIA MEePEKIIIOYATENICH.

KoHCcTpyKIusA MHTErpajbHOTO
M3BDMC-nepekmoyaresi

PaspaboraHHasi KOHCTPYKUMS MHTErpaJbHOIO
ayieKTpocTaTndeckoro MOMC-niepexiiouaresist ¢ eM-
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KOCTHBIM MPUHIIMIIOM KOMMYTAllMK TIpeacTaBIeHa Ha
puc. 1.

Ilepexitouarenr paboTaeT Kak IepeMEHHBIA Y-
paBJISIOIIMI KOHAEHCATOP C IBYMSI COCTABJISIOLIUMU
€MKOCTH, 3aBUCSIIIMMHU OT IOJOXKEHUS TOIBMXKHOIO
ajiekTpona. B HeilTpaJibHOM TOJOXEHUM €MKOCTb
MEXIy MOABUXKHBIM 3JIEKTPOIOM M JIMHUEH Tepenaauu
HeBeJIMKa M CUTHAJ OeCIIpensITCTBEHHO MOCTYMNaeT Ha
BBIXOJ JIMHUU nepenauu. [1pu mogaye pa3HOCTH MO-
TEHILIMAIOB MEXIY MOABUKHBIM U HETIOJBVKHBIM HUX-
HUM DdJIeKTpoAaMy TPOMCXOIUT TMepepacnpeneicHue
3apsiIOB, YTO MPUBOJAUT K MOSIBJICHUIO MEXAY Iac-
TUHAMU 3JEKTPOCTATUYECKUX CUJ, HE 3aBUCSIILUX OT
MOJISIPHOCTH MPUJIOXKEHHOTO HAMPSKEHUs. DTU CUITbI
3aCTaBJISIOT TIOABMXXHBIM BJIEKTPOM OIyCKaThCsl Ha
HETOABWXKHbBI HUXXKHUIA, U MOCKOJbKY IJIACTUHA W3-
rubaeTrcs, TO B Hell BO3HUKAIOT CUJIbI YIIPYTOCTH, CTpe-
MsIIIMeCcsl BEpPHYTh €€ B MCXOaHoe cocTosiHue. Korma
MPWIOXEeHHAas1 pa3HOCTb MOTEHLIMAJIOB JOCTUTAET OIl-
peJeeHHOTO MOPOTOBOro 3HaUEHUSI, CUJIbI YIIPYTOCTU
MepecTaloT ypaBHOBEIINBATb 3JIEKTPOCTATUUECKUE CU-
JIbl, ¥ TIOABVXKHBIN 3JIEKTPOJ pe3KO IMajaeT Ha Hero-
BUXKHBI HWXXHUI. B HUXXHEM TOJ0XeHUN MOIBUXK-
HOTO 2JIEKTPOAa €MKOCTh MEXIy HUM M JIMHUEH Te-
pelauyM pe3Ko BO3pacTaeT, U CUTHaJ, MOCTYIAaIOLIni
Ha ee BXOJ, LIYHTUPYETCS Ha 3a3eMJsIiollue JUHUMN
KOIUJITAHAPHOTO BOJHOBOJA.
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Puc. 1. Konctpykuns MOMC-nepekiouarens: a — BUI CBepXy; b — ceueHre A—A; ¢ — OCHOBHbBIE 3JICMEHTbl KOHCTPYKIIUU
Fig. 1. The design of a MEMS switch: a — top view; b — A—A section; ¢ — main elements of the design
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HUccaenoBanue AMHAMUYECKHX XaPaKTEPUCTHK
nepexa0yaTeNsa

B snekrpocratuueckux MOMC-nepekiatovyaTessx
C €MKOCTHBIM IPUHLUMIIOM KOMMYTAllMM YIIPaBIISIO-
IIee HamnpsDKeHWe TPUKIIAABIBACTCS MEXAY ITOXBITK-
HBIM 3JIEKTPOIOM, COCIMHEHHBIM C 3a3¢MIISIOIIMMU
JIMHUSIMA KOIUTAHAPHOTO BOJIHOBOAA, W HETIOABIK-
HBIM HIDKHMM 3JIEKTPOIOM. [IaHHbIE 3JIEKTPOIBI MOX-
HO TIPEICTaBUTh B BUE IBYX MapaUIeIbHBIX TUTACTUH
KOHJICHCAaTOpa, Ha KOTOpbIE ACICTBYIOT CHMJIa DJIEKT-
POCTaTUYECKOTO MPUTSKEHUs F,, BbI3BIBaIOLIAs TIe-
peMellieHHe MOABMKHBIX YacTeil KOHCTPYKIIUU Iepe-
KJTIOYaTeNIsI, ¥ MPOTUBOIIOJNIOKHO HaTlpaBIIeHHAsT e
cuia ynpyroctu F,, cTpeMsiliasicsi BEpHYTb MOJBUX-
HYIO 4acTh KOHCTPYKIIMH B TTIEPBOHAYAIBEHOE TTOJIOXKE -
HMe, KaK II0Ka3aHo Ha puc. 2.

AHaAIIMTUYECKUI pacyeT BPEMEHU TEePEeKITIOUCHUS
OCHOBaH Ha BBIYMCJICHUU DHEPTUM, 3aTPayeHHON B
Tpoliecce TepeMelleHrs] TOIBWXHOTO 3JIeKTpona
KOHCTPYKIIMU TePEKIII0YaTesIsl U3 OTHOTO ITOJIOXKEHUS
B ZIpyroe. DJIeKTpUIecKas SHEPTHUS TepeKIIoYaTeIs
B BBIKJIIOYCHHOM COCTOSIHUU (MCXOMHOE ITOJIOKEHMUE
MTOABIKHOTO 3JIEKTPOAAa) B MOMEHT TTOaYX YIIPABIISI -
IOLLIETO HAMIPSKEHUSA CMELUEHUs V., op o ONIpENeNseT-
csl ypaBHEHUEM

_ 1 2
Ee» - § Cup Vthreshold’ (1

1
rne Cy, €MKOCTb TI€PEMEHHOTO YIPABJIAIOLIETO
KOHJIEHCAaTopa B NEPBOHAYAJIbHOM MOJIOXEHUM MOJ-
BYDKHOTO 3JIEKTPOAA; Vi oonois — HATIPSDKEHME CMELIe-
HUS TOIBMKHOTO 3JIEKTPOJA.

Bo BKJIIOYEHHOM COCTOSIHMM (HUXHEE IOJIOXKe-
HUeE MOJBWKHOTO 3JIEKTPO/IA) MOJTHOE 3HAYEHUE IIIEKT-
puieckoii sHeprun E, 0MOTHEHO COCTABISIOLMMU
SHEPruU KOHTAKTHBIX CUJ E- ¥ 3HEpruu 3apsijia au-
SJIEKTPUICCKOTO CIOSI E i/ o arg ¢» KOTOPBIC JOJIKHEL

Iloapranei anexTpom
Movable electrode

HenoasHHBI HIDKHHH

IMEKTPO
Fived down electrode

Puc. 2. OaHomepHas Mozesb djekTpocraTuiyeckoro MOMC-nepe-
KJoyaTess

Fig. 2. The one-dimensional model of an electrostatic MEMS switch
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OBbITb OOJIbILE, YEM CUJIA YIIPYTOCTH F, 11 yAepXaHUA
MOABVKHOTO 3JIEKTPOAA B HUXKHEM IOJOXEHUU:

_ 1 2
Ee - i Cdown Vthreshold + EC + Ediel.charge 2

1, 2,1, 4
szd +std, )
rae Cdown -
KOHAEHCATOpa B HWXXHEM TIOJIOXKEHUHU TTOABVKHOTO
DJIEKTPOJIA,; %ka!2 + ‘l‘ksa’4 — TI0JIHAs MeXaHW4YecKas
BHeprus; k — Ko3(pGUIIUEHT XeCTKOCTH YIPYTUX dJie-
MEHTOB TofiBeca; d — 3HAYEHHWE BO3MYIITHOTO 3a30pa;
k, — KO2(DOULIMEHT HEJTMHETHOIO PaCIIMPEHUS YIIPY-

€MKOCTb IIE€PEMEHHOIO YIIPABJISIOLIErO

TUX 3JIEMEHTOB ITO/BECa.
JaHHBI TOAXON TpeIcTaBiIeH B KJIaCCUYECKOM
qutepatype [6], ogHaKoO ObLIM BKIIOYEHBI M AOIOJ-
HUTEJIbHBIE COCTABJISIONINE SHEPTUU, O0YCIOBICHHBIE
sHepruei cun KonTakra E-[9, 10] u 3apanom nusiex-
TPUUECKOTO CIOST Ejjo; cparg o [111, B CITydae Korna nox-
BUXKHBIU 37IEKTPO/JI, TIepeKItouaTesis HAXOAUTCSI B HUXK -
HEM MOJIOXKECHUMU.
st ynepkaHusi TOABUXKHOTO 3JIEKTPO/Ia MepeKITio-
yaTessl B HUXKHEM TOJOXEHUU TOoJaeTCsl YIpaBIIsio-
1iee HanpspkKeHue yuaepxkauus Vi o KOTOPOE
MEHbIIIe HAIPSIKEHUST MPUTSKEHUST B HUXKHEe T0JI0-
KeHUC Vyora_down < Vpuli—down- B 2TOM Cilydae oGpa-
3yeTcsl OajlaHC MEXIY MEeXaHUYeCKON U 3JIeKTpuyec-
KoWt sHeprueii (E,, = E,), KOTOpLIii 3a1aeTcsl ypaBHe-
HUEM
L+ L gt =
2 4
=lc, 32 + E.+ E, 3)
2 down 7 threshold C diel.charge*

OTtclofa HampsKeHWe YaepKaHMsT ONpeaeIsieTCs ¢
MOMOILBIO CJAEAYIOUIEr0 YPaBHEHUS:

1, 2.1, 4
Ekd * std —2(Ec+ Ediel.charge)

“

V =
threshold
Cdown

Kaxk npaBuio, HeauHeliHasE coCTaBIsIoIIast Koa(p-
(puLmeHTa XeCTKOCTH YIIPYTUX 3JIEMEHTOB ITOABeca
WTHOPUPYETCS B aHAJIM3€ YIIPABIISIONINX HAIPSIKEHUI
TepeKyovaTelsl, HO JOJDKHA OBITh yYTeHA B pacyeTax
BpeMEHU IepeKTodYeHns [6].

DHeprus KOHTakTa E - B 3aBUCUMOCTH OT TOJIOXE-
HUSI TIOABMXKHOIO 3JIEKTpoAa IepekiovaTenst Mpe-
craBiieHa B paborax [9], [12]. CocTaBisionine 3Hep-
TMU KOHTaKTa E- 1 5HEpPruu 3apsjaa AUdJIeKTpUYec-
KOTO CIOSL Ejjpf oparg o BHOCST BKIIAL B Clly4ae, KOraa
MOIBMKHBIN BJIEKTPOA MepeKouaTesis HaXoaUuTCsl U
OCTaeTCs B HUXKHEM IOJIOXKEHUM Aaxe B Claydyae OT-
KJIIOUEHUSI YIIPABJISIONIETO HATIPSIKEHUST YAepKaHUS,
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Capacitance of the control capacitor, F
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Puc. 3. CkopocTh M3MEHEHHS] €MKOCTH MPH AKTHBAIMHA NEPEKII0YaATEeNs

Bpewms, ¢
Time, s

H."L\ICHCI—I}K‘} EMKOCTH BO BpEMs aKTHBallHH
The change in capacitance during activation ||

MakcHMalIbHOE 3HaUeHHe eMKOCTH
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Emxocts cpabarsiBanus
Response capacity
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Fig. 3. The velocity of the capacitance variation during activation of the switch

Viold—down = 0, 4TO COOTBETCTBYET CJIydyalo MpHUIUIA-
HMSI IMOABMXHOIO 3JIEKTPOAA K IUDJIECKTPUYECKOMY
cioro. Ciryyalo MpWIMIaHUS OIBMXKHOTO 3JIeKTpOoIa
K JU3JIEKTPUYECKOMY CJIOI0 OYyIeT COOTBETCTBOBATH
ypaBHeHUE

1, 2,1, 4 _
Ekd + std —2Ect Ediel.charge) =0.

(%)

BpeMs nepekioyeHus1 MOXHO OLIEHUTh MOCpPe/c-
TBOM JUHAMUKU U3MEHEHUSI eMKOCTU C IepeMeHHO-
ro YIPaBISIONIeT0 KOHASHCATOPa BIUIOTH M0 MOJHOTO
cpabaThIiBaHUS MepeKatoyaTesl Mpy rnomaye yrnpas-
JISIIOLIEro HaIpPSDKeHUST cMelleHus. B nmpubamkeHun
MOXHO CUMUTATh, YTO MepeKioyaresib BKIIOUEH MpU
90 % OoT MaKCHMAaJIbHOIO 3HAYEeHUSI €MKOCTHU Iiepe-
MEHHOTO YIPAaBJSIIONIEr0 KOHAEHCATOPa B HUXHEM
MOJIOXKEHUU ToaBUXKHOro snekrpona (Cyp,p)s T. €.
Cresponse = 0’9Cd0WIl'

BmecTe ¢ TeM CKOpPOCTb U3MEHEHUSI EMKOCTU Mepe-
MEHHOTO YIIPaBJISIOIET0 KOHASHCATOpa MOXKHO OIpe-
JIEJIUTh C MOMOILBIO CJIEAYIOLIUX YPABHEHUIA:

C
Con(t) = dd"w” 5 (6)
1+ Sranp(_Zt)
_ td + Srd
COFF(I) Cup (7)

t;+ srd(l - exp(—gt)) ’

TJie €, — OTHOCUTEJIbHAS AUDJIEKTPUUECKasi IPOHULIA-
e€MOCTh MaTepHayia JMAJIEKTPMKa, HAaHeCEHHOTO Ha
MOBEPXHOCTb HMXKHETO 3yeKTpoaa (SisNy); B — ma-
paMeTp AeMIpUpPOBaHus; f; — TOJIIIMHA IU3IEKTPU-
geckoro cinost; C,, — 3HaYCHNE eMKOCTH B BEPXHEM
MTOJIOXKEHUN TIOABIDKHOTO 3JIEKTpona; d — 3HAaYeHHe
BO3IYIITHOTO 3a30pa; { — BpeMs.
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Bpewmsa nsmenenus emxocreir Cop(f) u Copp(?) on-
pelesisgeTcs ¢ MOMOLIBIO CIENYIOLINX YPaBHEHUIA:

= —2 li *
ION Bln{98rdj 5

__2 Iy
tOFF_ _Bh’l{l—g—dj .
r

PaccuutaHHasi 3aBUCMMOCTh M3MEHEHUSI €MKOCTHU
TepEeMEHHOTO YIIPABIIAIONIET0 KOHIEHCAaTOpa OT Bpe-
MEHU MIpeAcTaBjieHa Ha puc. 3.

TakuM oGpa3oM, BpeMsl M3MEHEHUSI eMKOCTU Iie-
PEMEHHOIO YIIPABISIOLIEIO KOHIEHCATOPA COCTABISET
toy = 0,62 MKC — TIpu nepeMelIeHU MOABUXKHOIO
3JIeKTpOAa IEPeKIoYaTe/sl B HIDKHEE MOJOXEHHE, U
topr = 0,23 MKC — mpy BO3BpAlllEHUU ITOIBUXKHOIO
3JIeKTpOa B IIEPBOHAYAIbHOE COCTOSIHUE.

[Ipr yBemWUYEHWW YIIPABISIONIETO HAMPSKEHUS
eMetleHUSE (Viproshord < Vpull—down) CKOPOCTB TEpe-
KJTIOUeHUsI TOXE PacTeT W OIpenessieTcsl SHepruei,
3aTpayeHHOM B IIpoliecce IepeMeLeHHs] TOABMUKHOTO
3JIeKTpoIa MepeKiodaTesisl B HIKHee TTOJIOXKeHUE, TTy-
TEeM MHTEIPUPOBAHUS YPABHEHMS ABUKCHUS TIOIBIK-
HOTO 3JIeKTpofa 0e3 yuyeTa SHEepruu KOHTakTa E. u
SHEPrUy 3apsifia JUBJIEKTPUIECKOTO CIIOSt Eyjor cparg e ©
TIOMOIIIbIO YPaBHEHUSI

()

&)

t, u(ty)
j mzdz=m j
ty+d v(tg+d)

zdz =

= Smlv1) = oty + )

Iq
=E, = I (E,+ E.+ Epdz, (10)
1+ d
409



2
2

= = =
=) [} Y

placement in the down position, m/s

e

Velocity of dis

20

=
n
=
W

CKOPOC’]‘]) NEPEMEIICHHS B HHIKHEE IOJIOMKCHHE, M/

Hanpsxenne cmemenns, B

Threshold voltrage

25 30 35 40 45 50

Puc. 4. 3aBHCHMOCTb CKOPOCTH NEpeMEIIEeHUsI MOABHKHOIO 3/IEKTPO/Ia B HIXKHEE MOJIOKEHHE OT HANPSKEHUS CMeIeHHsI
Fig. 4. The dependence of the displacement velocity of the movable electrode in the lower position from the threshold voltage

o€ m — Macca IOABM>KHOTO 3JIEKTpOoda, v — CKOPOCThb
IIOABH2KHOTO SJICKTpOdA.

1y
_1 _ 2
Hpustom | Fdz= §(Cdown Cyp) V* — anexr-
ty+d
puyecKas SHeprus, rae V — ynpapisioniee Hamnpsi-
KEHUeE;

ty 1 1y 1

| Fdz=—3 kd, | Fedz= 3 kyd*, — mexanu-
ty+d t,+d
yecKasd OHEpIuid,

t
jd Fudz = - [vz(td) - vz(td + d)] — sHeprus, 3a-

1,+d ©

TpaueHHas Ha AeMIl(prpoBaHUE TMOABUXHOIO 3JEKT-

pona, rae o — Ko3Gh@UIIMEHT TPEeHUSI; ® — YIJoBas

yacToTa KoyiebaHuii, paBHas o = Jk/m .

JlaHHBIA TTOAXOA CIPAaBEMIUB Ul Cllydas, Koriaa
NOABMXKHBINA 3JIEKTPO OJIM30K K KOHTAKTy C JAUBJIEK-
TPUYECKMM CJIOEM, HO HAXOAMTCH JOCTATOYHO JAJIEKO
IUI 00A3aTeNILHOIO y4eTa CUJl KOHTaKTa F- 1 cui oT-
TaJIKuBaHua BaH-nep-Baanbca Fy.

HauanbHasg cKOpOCTh MOABMXHOIO 3JIEKTPOIA Ie-
pekiioyaresisa paBHa v; = 0, MOCKOJIBKY OH HaXOIMTCH
B IIOKO€ IEPEl NPUIOKEHNUEM YITPABJISAIOLIErO HANps-
KeHus cmeuteHus. CKopoCTh NepeMelleH s TOABIX-
HOTO 3JIEKTPOAA I0J AEHCTBUEM IPUIOXEHHOIO YII-
PABJIAIOLIETO HANPSAXEHUA CMELIEHUS OyaeT

2 2 1
(Capn— Con) V= ke’ =3k
Vact = : (11)

m+2%
®
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Takum ob6pazom, CKOPOCTh IIepeMeIIeHUS ITOIBUK-
HOTO 3JIEKTPOJa B HUXHEE MOJIOXKEHUE VU ,.; TMHEHHO
3aBUCUT OT MPUJIOXKEHHOTO YIIPaBJSIOIETO HaMpsKe-
HUSI CMELLEeHUs.

Hns ciydasi, Korga TMOABMXKHBIM 3JIEKTPOA Tepe-
KJII0YaTesisi BO3BpalllaeTcsl B IepBOHAYAIBHOE TOJI0XKE-
HUE, B ONpelieJIeHUU CKOPOCTH MePEMEIIEHUsT YUUThI-
BaeTCsl TOJbKO U3MEHEHUE MOTEHIIMATbHONM SHEPTUU U
BHepruu aeMngupoBaHusi. Takum o0pa3oM, CKOPOCTh
MepeMEICHUST TTOABUXHOTO 3JIEKTpOAAa B TEPBOHA-
YaJibHOE TIOJIOXKEHUE OIpeIessaeTCsl ypaBHEeHUEM

(12)

Ureturn =

3aBUCUMOCTb CKOPOCTH TIepeMeIeHUs TTOABUXKHO-
rO BJIEKTPO/IA B HUXKHEE MOJIOXKEHUE OT 3HAYEHUS MPU-
JIOXKEHHOTO YIIPABJISIONIETO HAMPSIKEHUST CMEIICHUS
MpeAcTaBieHa Ha puc. 4.

Bpemsa nepexioyeHus B HUXHEE IOJIOKEHUE f; U
BpeMs BO3BpallleHN B IEPBOHAYAILHOE ITOJIOXKEHHUE .,
B CJIy4yae y4yeTa MOJTHOW SHEePTUM, 3aTPAYCHHOM Ha Te-
peMelIeHre TMOJBUXHOTO 3JIEKTPOJa TMepeKovaTess
MPU €TO AKTUBALIMU U OTCYTCTBUU YIIPABJISIOIIETO HA-
MPSKEHUS CMELLIEHUST, — BTO BpEMSI, HEOOXOIMMOE Ha
JTOCTVKEHUE TTOJTHOTO MEXaHWYECKOTO KOHTAKTA MOJ-
BUXKHOTO BJIEKTPOJA C IURJEKTPUYECKUM CJIOEM, U
BpeMsi, HEOOXOIMMOE Ha ITOJHOe BO3BpalleHue B Iep-
BOHAYaJIbHOE MOJIOKEHNE COOTBETCTBEHHO.

CnenoBaTeibHO, B Cliydyae TNPUTSKEHUS MOIBUXK-
HOTO 3JIEKTPOJIa B HUXKHEE TTOJIOXEHUE YIIPABJISIOLICe
HaIMPSDKEHUE CMEIEHUS TPUCYTCTBYET BCETIA U TyTEM
WHTETPUPOBAHUS TIOJIHOM 3HEPTMU MO OCU I MOXHO




OIIPCACIUTb CKOPOCTb INEPCKIIOUEHUA B HUKHEC I10-
JIO2KCHUC!

Uact(z) =

(C(2) g — C(D ) V2= klz— (1 d)]* -

,%ks[zf(td-k an’
= . (13)
m+2%
()

Bpemsa nepeximoueHUsT B HUZKHEE ITOJIOKEHHE OII-
penensieTcsl ¢ IIOMOIIBIO CSAYIONIETO YpaBHEHUS:

tx td
= [a= | & (14)
0 t,+d v(z)

a BpeMs BO3BpallleHUs B MEepPBOHAYajJbHOE MOJIOXeE-
HUE — C TIOMOILIbBIO YpPaBHEHMSI

t t,+d

= (g = dz

1, (j)dt tj ek (15)
d

B manHOM ciyyae mpu OTKJITIOYEHUM TPUKIIaIbIBa-
€MOTO YIPABISIOLIEro HAMPSKEHUs] CMEISHUS Y4u-
TBIBAETCS JIMIIb MEXaHWYECKasT DHEPTHUS.

B pesynbTaTe BpeMs TepeKITIOUEeHUS TTOABIKHOTO
3JIEKTPOJA TepeKToYaresist B HUKHEE MOJOXKEHUE CO-
craBisieT t, = 16,8 MKC, a BpeMsl BO3BpAlLEHHs B Iep-
BOHAYaJIbHOE MOJIOXeHUe ¢, = 6,23 MKC.

3akimouyeHue

TakuMm o0Opa3oM, NpeacTaBieHa pa3paboTaHHas
KOHCTPYKUMST MHTETPAILHOTO 3JIEKTPOCTATUYECKOTO
MOMC-nepexioyareisd ¢ eMKOCTHBIM MPUHIIMIIOM
KOMMYTAallMX B KOHGUTYpPALIMKU C KOTUTAHAPHOW JTUHU-
el mepenaun. I1lpoBeneH aHATUTUYECKUIA pacyeT Bpe-
MEHU MEPEKITIOYEHNS B HIDKHEE TTOJI0XEHUE U BpeEMe-
HM BO3BpAlLIEHUS B IIEpBOHAYAILHOE MOJIOKEHME MO -
BUKHOTO DJIEKTPOJA TMePeKITIoYaTeIsi, OCHOBAaHHBIN
Ha BBIYMCJIECHUM TOJIHON SHEpruu, 3aTpayrdBaeMoOi
MOABVKHBIM 3JIEKTPOJIOM Ha MepeMeIeHUE U3 OJHOTO
MOJIOXKEHUs B Apyroe. BpeMs mepexioueHust B HIK-
Hee T0JIOKEHUE 7 00Ibllie, YeM BpeMsl BO3BpalLEHUs
B [1EPBOHAYAJILHOE TOJIOXKEHUE f,.. DTO MOKHO O0bsIC-
HUTb TEM, UTO 2JIeKTpoCcTaTuyecKkas cuna F,, neicTBy-
follasi Ha TOABVIKHBINA 3JIEKTPOJ, B HAYaJIbHBI MO-
MEHT MMeeT HU3KOe 3HayeHWEe W YBEJIMUYMBAETCS C
pocToMm z. Bmecte ¢ TeM cuiia ynpyroctu F, B Hauallb-
HBIIi MOMEHT BpeMEHU MMeEeT BBICOKOE 3HayeHUe U
yMEHBbIlIaeTcsd ¢ pocToM z. TakuM obOpa3oM, ropasiao
0oJIbllIee 3HAYEHUE DIIEKTPOCTATUYECKOM CWIIBI TPEOY-
eTcs IS IPUTSDKEHUS TTOABMXKHOTO 3JIEKTPOAA B HIK-
Hee MOJI0XEHNE, YeM 3HAYEHME CWIbI YIIPYTOCTH IIpU

BO3BpalllcHUM IIOABM2KHOI'O SJICKTPOJa B II€PBOHAaA-
yayjpHOE nojoxeHue. Ha BpEMA NECPCKIIOYCHUA ITOMI-
BM2KHOT'O 3JIEKTpOJa B HM2KHEEC ITOJIOKCHUNEC 0oJblIoe
BJIMAHUNE OKa3bIBA€CT 3HAYCHUEC ITPUJIOKEHHOT'O YIIpaB-
JIAIOLIECro HalIpAXKCHUA CMCIICHUA.

Pesyasbmamol uccaedosanus noayuensl ¢ UCHOAb306A-
Huem obopydosanus CmyodeHuecKk020 KOHCMPYKMOPCKO20
Oropo "Dnemenmul u nPUOOPLI UHEPUUANLHBIX HAGULAUU-
OHHBIX cucmem pobomomexnuxu" Hucmumyma uauo-
mexHoA02Ull, 31eKmporuKy u npudopocmpoerus FOxcuo-
20 Pedepanvroeo Ynusepcumema (e. Taeanpoe) npu ¢u-
HaHcoeoll noddepxucke "lIpoepammol pazeumus FOxucnoeo
Dedepanvroco Yuusepcumema do 2021 200a”, npoexm
Bulp-07/2017-10.
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An analytical calculation of the switching time was done on the basis of a one-dimensional motion model with the use of the en-
ergy method, and of the dynamics of the developed design of the integrated electrostatic microelectromechanical switch with the ca-
pacitive switching principle in configuration with a coplanar transmission line. The movable electrode of the switch was a three-layer
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a meander, which allowed us to achieve low control voltages and high switching speed.
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Introduction

Microelectromechanical switches are among the
main devices of the radio-frequency microelectrome-
chanical systems (RF MEMS) and represent the mov-
able microsystems, which transfer from the switched-
on state into the switched-off state due to displacement
of a metal cantilever, in case of the resistive principle
of switching, or a metal membrane, which is typical for
the capacitor principle of switching.

A mechanical displacement of the movable parts is
achieved due to the electromagnetic [1], magnetostatic
[2], electrostatic [3], thermoelectric [4], and piezoelec-
tric [5] mechanisms of activation.

The most wide-spread ones are the electrostatic
MEMS switches with the capacitor principle of switch-
ing, characterized by a low own power consumption
(several milliwatts), small sizes of the electrodes and
higher speed of switching in comparison with the other
activation mechanisms [6]. Besides, at the technologi-
cal level the electrostatic activation mechanisms do not
require deposition of the specific materials, for exam-
ple, with the piezoelectric or ferromagnetic properties,
which allows us to simplify the manufacturing technol-
ogies, and reduce the weight-dimensional characteris-
tics and the costs of the ready devices.
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Now, due to transition to the 5G generation of the
mobile communication and a great number of the fre-
quency ranges inherent to it, the demand for the recon-
figurable radio communication devices is growing [7].

Problem definition

The inexpensive MEMS switches with a coplanar
transmission line integrated into RF control circuit and
characterized by a low control voltages and high speed
of switching are the main candidates for replacement of
the electromechanical and traditional semiconductor
switches on the basis of GaAs PIN diodes and the field
transistors, due to their low insertion loss, high insula-
tion in the closed state, low power consumption and
high linearity even at high frequencies [8]. However,
often it is difficult to reconcile both requirements, be-
cause for the electrostatic MEMS switches a small val-
ue of the control voltage involves an increase of time for
switching, which is one of the main problems limiting
the use of the MEMS switches in the radio communi-
cation devices [9].

This research is devoted to a numerical analysis of
the dynamic characteristics of the developed design of
the integrated electrostatic MEMS switch with the ca-
pacitive principle of switching on the basis of a one-di-
mensional model with the use of a power approach,
which is important for designing of this kind of switches.




Design of the integrated MEMS switch

The developed design of the integrated electrostatic
MEMS switch with the capacitive principle of switch-
ing is presented in fig. 1.

The switch works as a variable control condenser
with two capacity components depending on the posi-
tion of the movable electrode. In the neutral position
the capacity between the movable electrode and the
transmission line is small and the signal arrives freely to
the transmission line output. When the potential dif-
ference is supplied, between the movable and fixed low-
er electrodes a redistribution of the charges occurs,
which leads to emergence of the electrostatic forces be-
tween the plates, not depending on the polarity of the
applied voltage. These forces make the movable elec-
trode fall on the fixed lower one, and since the plate is
bent, the elastic forces appear in it seeking to return it
to the initial state. When the applied potential differ-
ence reaches a certain threshold value, the elastic forces
cease to counterbalance the electrostatic forces, and the
movable electrode falls sharply on the fixed lower one.
In the lower position of the movable electrode the ca-
pacity between it and the transmission line increases
sharply, and the signal arriving to its input is shunted to
the grounding lines of the coplanar waveguide.

Research of the dynamic characteristics
of the switch

In the electrostatic MEMS switches with the capac-
itive principle of switching the control voltage is applied
between the movable electrode connected to the
grounding lines of the coplanar waveguide, and the
fixed lower electrode. These electrodes can be present-
ed in the form of two parallel plates of the condenser,
which are affected by the force of electrostatic attrac-
tion F,, causing displacement of the movable parts of
the switch design, and by the opposite elastic force F,
seeking to return the movable part of the design to the
initial position, as is shown in fig. 2.

The analytical calculation of the time of switching is
based on calculation of the energy used for displacement
of a movable electrode of the switch design from one po-
sition into another. The electric energy of the switch in
the turned-off state (the initial position of the movable
electrode) at the time of supply of the control threshold
voltage Vy,..sn014 1S defined by the following equation:

Ee]. = % Cup Vt%treshold’ (D
where Cup — the capacity of the variable control con-
denser in the initial position of the movable electrode;
Vinresnola — the threshold voltage of the movable elec-
trode.

In the turned on state (the lower position of the
movable electrode) the full value of the electric energy

Eef is complemented with the energy components of

the contact forces £ and the charge energy of the di-
electric layer Egjy; cparg.» Which should be more, than
the elastic force F, for retention of the movable elec-
trode in the lower position.

_ 1 2
Ee - i Cdown Vthreshold + EC + Ediel.ch arge 2

L+ L gt
> Lk + Yk, Q)

where Cy,,,, — the capacity of the variable control con-
denser in the lower position of the movable electrode;

% kd* + ‘l‘ksd4 — the total mechanical energy; kK — the

coefficient of rigidity of the elastic elements of the sus-
pension; d — the value of the air gap; k; — the coeffi-

cient of nonlinear expansion of the elastic elements of
the suspension.

This approach is presented in the classical literature
[6], however, the additional components of energy
caused by the energy of the contact forces E [9, 10]
and the dielectric layer charge Egi,/ cparge [11] in case
when the movable electrode of the switch is in the lower
position, were also included.

For keeping of the movable electrode of the switch
in the lower position, the control threshold voltage
Viold—downs 18 Supplied, which is less than the voltage of
attraction, in the lower position V11— down < Vpuii—down:
In this case a balance is formed between the mechanical
and electric energies (E,, = E,), which is set by the fol-
lowing equation:

L2 + L gt =
Lkd + Tk

_ 1 2
- 2 Cdown Vthreshold + EC + Ediel.charge' (3)

From here the threshold voltage is found by means
of the following equation:

2 4
Lia +1ksd ~2(Ect Egiol charge)
2 4 - (4)

V =
threshold Cdown
As a rule, the nonlinear component of the coeffi-
cient of stiffness of the elastic elements of suspension is
ignored in the analysis of the control switch voltages,
but it should be considered in the calculations of the
time of switching [6].

The contact energy £ depending on the position
of the movable electrode of the switch is presented in
the works [9], [12]. The components of the contact
energy £ and the charge energy of the dielectric layer
Egiel charg e Make their contribution in case, when the
movable electrode of the switch is and remains in the
lower position even in case of a shutdown of the control
threshold voltage V),,1;—4own = 0, Which corresponds to
the case of sticking of the movable electrode to the di-
electric layer. To the case of sticking of the movable
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electrode to the dielectric layer the following equation
will correspond:

%de + iksd‘l —2Ec+ Ea’iel.charge) =0. (&)

The time of switching can be estimated by means of
the dynamics of variation of the capacity C of the var-
iable control condenser up to a full operation of the
switch, when the control threshold voltage is supplied.
In an approximation, it is possible to assume that the
switch is switched on at 90 % of the maximal value of
the capacity of the variable control condenser in the
lower position of the movable electrode (Cy,,,), i. €.
Cresponse = 0’9Cd0W}’l'

At the same time the speed of variation of the ca-
pacity of the variable control condenser can be deter-
mined by means of the following equations:

C
1+ Sranp(_Zt)

ty+ed
1+ srd(l - exp(—gt)) ’

where ¢, — the relative dielectric permeability of the di-
electric material deposited on the surface of the lower
electrode (SizNy); p — the damping parameter; 7; —
the thickness of the dielectric layer; Cup — the value of
the capacity in the top position of the movable elec-
trode; d — the value of the air gap; r — the time.

The time of variation of the capacities Cyy(7) and
Copr(?) is found by means of equation (8) and equa-
tion (9):

COFF(t) = Cup (7)

=—2 li *

t
tOFF= —éln[lg—dd) (9)

The calculated dependence of variation of the ca-
pacity of the variable control condenser on time is pre-
sented in fig. 3.

Thus, the time of variation of the capacity of the
variable control condenser equals to 7y = 0,62 ps,
topr = 0,23 ps — during the displacement of the mov-
able electrode of the switch to the lower position, and
torr = 0,23 ps — during a return of the movable elec-
trode to the initial state.

At increase in the control threshold voltage
Vinreshotd < Vpuli—down) the switching speed grows, too,
and it is determined by the energy consumed in the
course of the displacement of the movable electrode of
the switch to the lower position by integration of the
equation of the displacement of the movable electrode
without consideration of the contact energy F- and
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the energy of the dielectric layer charge E;p; cparg e DY
means of the following equation:

t, ) v(ty) 1 5 5
[ midz=m [ zdz=35mlv(ty) = vty + D] =
ty+d v(t;+d)
ly
=E = [ (E+ E.+ E)d, 10)
ty+d

where m — the mass of the movable electrode; v — the
speed of the movable electrode.

Iy
Atthat, | Fdz= %(cdow,, ~ C,)V? — the elec-
ty,+d

tric energy, where V' — the control voltage;

‘a 1, 1, .4

I Fdz = —2 kd*, j Fgdz = —2 k™, — the me-

2 4

ty+d ty+d

t

chanical energy; f F,dz= - [vz(td) - v2(td +d)] —
1,7d ©

the energy consumed by damping of the movable elec-

trode, where a — the friction coefficient; ® — the an-

gular frequency of fluctuations equal to o = Jk/m.

This approach is fair for the case, when the movable
electrode is close to a contact with the dielectric layer,
but is situated rather far for a compulsory taking into
account of the contact forces F, and the repulsive force
of Van der Waals Fy,.

The initial speed of the movable electrode of the
switch is equal to v; = 0, because it is quiescent before
application of the control threshold voltage. The speed
of displacement of the movable electrode under the in-
fluence of the applied control threshold voltage will be

7, o1
(Caoun~ Con)V ~ kd* = 3k’
Vger = Can

m+2%
®

Thus, the speed of displacement of the movable
electrode to the lower position v, depends linearly on
the applied control threshold voltage.

For the case, when the movable electrode of the
switch returns to the initial position, in determination
of the speed of the displacement only the variation of
the potential energy and of the energy of damping is
considered. Thus, the speed of displacement of the
movable electrode to the initial position is defined by
the following equation:

kd*+2k,d*
Ureturn = m : ( 12)

The dependence of the speed of displacement of the
movable electrode to the lower position on the value of
the applied control threshold voltage is presented in fig. 4.




The time of switching to the lower position 7, and
the time of the return to the initial position f. in case
of accounting of the total energy consumed for the dis-
placement of the movable electrode of the switch dur-
ing its activation and absence of the control threshold
voltage, is the time necessary for achievement of a full
mechanical contact of the movable electrode with the
dielectric layer, and the time necessary for a full return
to the initial position, respectively.

Therefore, in case of attraction of the movable elec-
trode to the lower position, the control threshold volt-
age is always present and by integration of the total en-
ergy on the axis z it is possible to determine the switch-
ing speed in the lower position:

Uact(z) =

(C(2) g — CD ) V2= klz— (1+ d)]*—

_%ks[z—(td+ a1t
- (13)

m+2%
®

The time of switching to the lower position is found
by means of the following equation:

ts td
= [d= | & (14)
0 td+dU(Z)

while the time of the return to the initial position — by
means of the following equation:

1 ty+d
g dz
t.= [dt= —, 15
= la= (15)
d

In this case during a shutdown of the applied control
threshold voltage only the mechanical energy is taken
into account.

As a result, the time of switching of the movable
electrode of the switch to the lower position equals to
t,= 16,8 ps, and the time of the return to the initial po-
sition equals to 7. = 6,23 ps.

Conclusion

Thus, the developed design of the integrated elec-
trostatic MEMS switch with the capacitive principle of
switching is presented in configuration with a coplanar
transmission line. An analytical calculation was done of
the time of switching to the lower position and the time
of the return to the initial position of the movable elec-
trode of the switch based on calculation of the total en-
ergy consumed by the movable electrode for displace-
ment from one position to another. The time of switch-
ing to the lower position 7, is more, than the time of the
return to the initial position #.. This can be explained by
the fact that the electrostatic force F,, influencing on
the movable electrode, at the initial moment has a low

value and it increases with the growth of z. At the same
time, the elastic force in the initial moment of time has
a high value and it decreases with the growth of z. Thus,
a much bigger value of the electrostatic force is required
for attraction of the movable electrode to the lower po-
sition, than the value of the elastic force for the return
of the movable electrode to the initial position. During
the period of switching of the movable electrode to the
lower position, a great influence is exerted by the value
of the applied control threshold voltage.

The results were obtained using the equipment of the
student design bureau "Elements and devices of inertial
navigation systems of robotics" of the Institute of Nanote-
chnologies, Electronics and Electronic Equipment Engi-
neering, Southern Federal University (Taganrog, Russia).
This research is supported by the "Program for the Devel-
opment of the Southern Federal University until 2021"
(project VnGr-07/2017-10).
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Paccmampuearomces npobaemsl, 603HUKarOWUe npu paspabomie monoso2Ul 8bICOKONPOU3800UMENbHBIX CUCIEM HA Kpucmanie
C Pa3IUMHbIMU mexHoao2usmu moumaica. Ilokazansl npeumywecmsa u Hedocmameu mexHonro2uil monmaxca. Paccmampuearomes
npobaemMbl MUHUMUBAYUUY UYMO8 NePEKAIOHeHUs U NPOOAeMA CHUMNCEHUs NPOCAdOK NO HANpAdCeHuio oas mexuoaoeul flip-chip u
wire bond. /lns noomeepicdenus meopemu4eckux 6bl60008 npueedeH aHaAU3 NPOCcAdOK NO HANPSNCEHUI0 Ha NPOeKmax, 6blNo-

HenHvix 6 3A0 HTIL] "Mooyab".

Karoueevie caoea: cucmema na kpucmanne (Cuk), flip-chip, wire bond, gusuueckoe npoexkmuposanue, npocaoka no Hanps-
JCeHUI, uWyM 00HO08peMeHHo020 nepekaioverus (SSN), monoaoeus, 10-a4eika

BBenenue

B coBpeMeHHOM MUpe MUKPOIJIEKTPOHUKU TpeOy-
eTcsI Bce OOIbIIe BRICOKOIIPON3BOIUTEIHLHBIX MUKPO-
CXeM, KOTOpbIE YIOBJIETBOPSIOT Cpa3y HECKOJbKUM
KPUTEPUSIM, TAKMM KaK HU3KOE 3HEPromnorpediieHue,
MaJible pa3Mephl, BBICOKAsT TIPOU3BOIUTEIIBHOCTD [1].
B cBs3u ¢ 3TUM HEOOXOAMMO YAEIUTh 0CO00€ BHUMA-
HUE BBIOOPY OMOIMOTEKM 111 pa3pabOTKU KpUCTalia,
a Takxe BBIOOPY KOpIlyca U TNPUMEHSIEMBIM MEXKCO-
eIVHEHUSIM.

H3srortosiaeHre Mo TOW WIM MHON TEXHOJIOTUU
AMEET CBOM TPEMMYyIIecTBa M HEZOCTATKM, a TaKXKe
0COOEHHOCTU B MapllpyTe npoekTupoBaHus. [1pu pas-
paboTKe BHICOKOIIPOM3BOAUTENBHBIX CUCTEM Ha KpUC-
tajae (CHK) orpoMHyl0 pojib UTpaeT pelieHue mpo-
6JeM MUHUMU3ALUU LTIYyMOB MEPEKIIOUEHUS U MPO-
OJIeMBl CHUXXCHHUS TIPOCAZOK MO HAMPSIKEHUIO IS
TexHosoruii flip-chip n wire bond. DT acnieKThI HAIpSI -
MYIO BJIHSIIOT Ha pab0OTOCIIOCOOHOCTh MUKpocxeM. Ka-
YeCTBEHHOE pellleHre JAaHHBIX MPOOJeM MO3BOJIUT IT0-
BBICUTH ITPOMU3BOJUTENIBHOCTh M CHU3UTh SHEPTOIIOT-
pebyieHne BhICOKOIPon3BoauTeTbHbIX CHK.

TononornyecKkue 0COOEHHOCTH TEXHOJIOTHA
wire bond u flip-chip

Wire bond — 3T0 TeXHOJIOTUSI COEAUHEHUST MEXIY
MUKPOCXEMOI 1 KOPITYCOM C UCITOJIb30BAaHUEM TOHKUX
MPOBOAOB U KOMOWHAILIMU TEIJIOThI, JaBAEHUST U/WIU
yibTpa3BykoBoil sHepruu. Ha puc. 1 mpeacrasieHa
cxeMa MOHTaXxa KpucTajlja Mo TeXHOJOTUM wire bond.
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IIpn ucnonp3oBaHUM TeXHONOTUU wire bond [3]
KOHTaKTHBIe Tiomanku 10-gueex (input/output) co-
eIMHEHBI HATIPSIMYIO C KOPITYCOM C TTOMOIIBIO TOHKIX
npoBogoB. C TOYKM 3peHusl pa3pabOTKU TOIIOJOTUU
KPpUCTaJIJIa TEXHOJIOTUS wire bond TpeOyeT paciosoxke-
Hus 10-siueek 1o mepuMeTpy KpUcTawia. DTo IIPpUBO-
IWAT K TOMY, 9YTO IPOEKT, MMEIOIINI OOJIbIIOe IMCIIO
BBIBOJOB, OymeT meperekaTb B NMpoekT 'pad limited”,
T. €. TUIOIIAanb KpHCTaia OyaeT HanmpsIMyio 3aBHCETh
oT uncna 10-saueex.

Taxkxe He cTOMT 3a0BIBATh O TOM, 4YTO y (haOpUK,
KOTOpPBIE KOPITIYCUPYIOT KPHUCTAJIJIbI IO TEXHOJIOTUU
wire bond, eCTb CBOM OrpaHWYEHMsI, KOTOpHIE Kaca-
I0OTCSI MUHUMAJILHOTO 1i1ara TpaccupoBku 10-06ydepa.
IITar tpaccupoBku 10-s9eliKu — 3TO MUHUMAIbHOE
paccTossHuEe, Ha KOTOPOE AOJIKHBI ObITh pPa3HEeCEHBI
KOHTaKTHEIE Itomanky 10-sueiiku, 4ToObl HE MpPO-
M30I1IJIO 3aMBbIKaHUS TIpU pacriaiike Ha kopmyc. I[lo-
aTOMY npH pa3melieHnn [0-sgyeek HeoOXOaMMO YI0B-
JIETBOPUTL 3TOMYy TpeboBaHUIO. PaccTosiHme Mexmy
KOHTaKTHBIMU IutolankaMu 1O-g4yeek HOJIKHO OBITH
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Puc. 1. Texnosorus MmonTaxka wire bond
Fig. 1. Wire bond mounting technology




OoJIpllle WJIM PaBHO MUHUMAJIBHOMY IIary TPacCUpOB-
ku 0ydepos. Illar TpaccupoBku 0y(hepoB MOXHO IO-
JIy4UTh OT (abpuKM, KoTopas OyaeT 3aHUMAaTbCsl KOp-
MMyCUPOBAHUEM.

TexHonorust wire bond noaroe Bpems yalilie UCroJib-
30BaJIach BBUAY 00JIee HU3KOM CTOMMOCTH IIPOU3BOJIC-
TBa, HO B TOC/eAHee BpeMs Bce OoJibliee MpearnoyTe-
HUe oTmaetcsl TexHonoruu flip-chip [2].

DTO CBSA3aHO C YBEINYCHUEM CIOKHOCTH KPHCTAII-
JIOB, POCTOM 4YMCJa BBIBOJOB, a TakXe CTpEMJIEHUEM
MOOUTHCS HAMMEHBIINX pPa3MepoOB KOHEYHOTO YCT-
poricTBa. B HacTosiiee BpeMsi 3TU MpoOIeMbl aKTyaslb-
HBI HE TOJIBKO JIJIS CJIOXKHBIX CUCTEM Ha KpUCTajlie, HO
u mist DSP kpucrannoB BHICOKOTO YpoBHS. B oTinune
OT wire bond-xopriyca, rie BbIBOABI COCIUHSIIOTCS C
nepudepureit Kpucrajia napajiieibHbIMIA MPOBOAAMU
(4TO SBJISIETCS MOTEHUMATbHBIM UCTOYHUKOM MOMEX
Ha BBICOKMX 4acToTax), flip-chip-Kopmnyc TO3BOJISIET
OCYIIECTBUTb KOHTAKT C JIIOOOI TOUYKOU KpucTalljia U
TIpU TIPABWILHOM Pa3BOJKE CBECTH K MUHUMYMY CHUT-
HaJIbHbIE TTOMEXM.

Flip-chip — MeTon MoHTaXka KpucTajllla Ha mevyat-
HYIO IJIaTy aKTUBHOM CTOPOHOM BHHU3, IPU KOTOPOM
KpUCTaJIJ yCTaHaBIMBaeTcsl Ha BbIBoAbl. Ha puc. 2
MpeACcTaBlIeHa cXeMa MOHTa)xa KpHCTajula Mo TeXHO-
soruu flip-chip.

IIpu paspaboTke TomoJiorMu Mo TexHonoruu flip-
chip HE00X0IMMO TpaccUpoBaTh BeIBOALI 1O-s4yeek Ha
Gamrrsl [6]. TpaccupoBKa IMPOUCXOIUT B BEPXHUX CITO-
SX. 3aTeM HeoOXOJMMO COEIMHUTH OaMIbl C BbIBOJA-
MU KOpITyca, KOTOpbIe MPEACTaBSIOT COOOM IIapuKU
MPUIIOSI, C TIOMOIIBIO KOTOPBIX KOPIYC KpHCTaaa
KpemnuTcs Ha ruiaTy. Pa3Bojaka ¢ 6aMIiOB Ha BBIBObI
KOpITyca BBIITOJHSETCS B HECKOJIBKMX CJIOSIX MOUIOX-
KU1 Kopiryca. [lepexom MeX Iy CIIOSIMU OCYIIECTBIISIETCS
C TIOMOIUIbBIO OTBEPCTUIA.

C Touku 3peHUsT pa3pabOTKU TOMOJOTMM KPUC-
Tayia TexHosnorus flip-chip Mo3BOJSIET pa3MellaTh
10-sueiiku, B ToM yucie 10-sg4yeiiku s MUTaHUS
sgapa, B JIOOOW Touke KpucTamia. Takum oOpa3om,
JlaHHasl TEXHOJIOTUSI MO3BOJISIET pa3pabaThiBaTh OoJjiee
KOMIAKTHbIE YCTpoiicTBa Wi ‘pad limited"-ipoeKTOB.

Mapuipyt pa3paOOTKK TOIOJOTMK KpUCTajia Io
TexHosioruu flip-chip MeeT HEKOTOpble OTIWYHUS OT

Kpuerann
[Mouoxka Crystal

KopIyca |

| === TpaccHpOBKa

Tracing
Orgepetus
| 4 VIA

I
I
I
I
I
I
I
/ Brigobl I
I
I
I
I
I
I

Bamnel

Body casing Bumps

M tkopnyca
J=—1Body pins

Puc. 2. TexHoaorua monraxa flip-chip
Fig. 2. Flip-chip mounting technology
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Puc. 3. Bansaue SSN-3¢dpdrexTon
Fig. 3. Affection of SSN effects

MapllpyTa pa3paboTKu Mo TeXHoJoruu wire bond. Oc-
HOBHOE OTJIMYME 3aKJTI0YAETCS B TPACCUPOBKE KOHTAK-
THBIX Tiomanok 10-siueek. B TexHomorum wire bond
KOHTaKTHbIEe Tutolanku 10-sgyeex "pa3BapuBaioT’ cpasy
Ha koprmyc. [Ipu pa3paboTKe TOTIOJIOTMY KpHCTAJIa IO
texHosoruu flip-chip HE0OOXOAUMO TPACCUPOBATH KOH-
TakTHBIe Tiomaaku [O-sgyeek Ha 6aMn — CTOJIOMKO-
BbIi BhIBOJ. Ha 3Tame KopItycupoBaHMSI TpacCUPOBKA
OyZeT MpOUCXOAUTh ¢ OaMIa Ha KOpITyC. DTU OCOOEH-
HOCTH BJIMSIOT Ha NMPOEKTUPOBAHUE CETKU "3eMyin” U
MUTaHWUST KpHUCTaJIIa.

Anam3 3¢ derroB SSO/SSN

IIpu pasmemenun 10-sg9eex cieayeT MOMHUTHL O
SSO/SSN (Simultaneously Switching Output/Noise
WJIA LIyMbl OTHOBPEMEHHOTO MepektoueHus1)-3pdex-
TaX. OT0 3P@EKThI, IPU KOTOPHIX MOSBISIOTCS IIIy-
MbI [8] BCaeacTBUE OMHOBPEMEHHOTO MEPEKIIOUEHUS
10-siueex. SSN MOKHO pa3feanuTh Ha JBE COCTaBIISIIO-
LIKX: HaTIpSDKEHUE 1IIyMa U BpeMeHHo 1ym. Ha puc. 3
rmokasaHbl Tpy 10-s4eiiky, 1Be M3 KOTOPHIX MTEPEKITIO-
yalTcs B onuH MOMeHT BpemeHu (4 u C), a B He Me-
HSET CBOETO COCTOSIHMS B 3TOT IPOMEXYTOK BpeMe-
HU. bynem cuurath, yto 10-g4yeitku A 1 C UMeOT
0O0JIBIIYI0O MOIIHOCThL. Torma, BCIEICTBUE OIHOBpE-
MeHHoro nepekmodeHus 10-sueek A u C, Ha BBIXOE
STYEUKU B TOABISIETCST HAaNpsDKeHUE 1ymMa, KOTopoe
BBIpakacTCsT B CKauKe YPOBHS HampsDKeHMS. B To Xe
BpeMst Ha A u C TIOSBJISIETCSI BPEMEHHOM 1IIyM, TIPU KO-
TOPOM sluelika MepeKIIIoYaeTcss ¢ OomnpenesieHHON 3a-
JEepXKKOM OTHOCUTEILHO UganbHOro ciydas. Ha puc. 3
3TO MOKAa3aHO C TTOMOIIBIO IITPUXOBBIX JTUHUI.

JJ1s1 TOro 4To0bl MMHMMU3UPOBATh 1IIYyMBI, HEO0X0-
IUMO TIPABUJIBLHO ITOAXOOUTH K pa3sMEIEeHUIO IMUTAI0-
mux [O0-s1yeexk U cTapaThesl HE pa3MelliaTh HECKOIBKO
MoliHbIx [O-syeek psimom. Yucno nutatoiux [0-sye-
€K 3aBHUCHUT OT BBIOpaHHOI OMOJIMOTEKH 3JIEMEHTOB,
MOIIIHOCTH, UCTIOJb3yeMbIX [O-g4eeK, MHIYKTUBHOC-
TH KOpITyca, EeMKOCTH Ha BBIBOJAX MUKPOCXEMEI. [yt
HaXOXIEHUSI HEOOXOIUMOTo ynciia nurtawoimx 10-sye-
€K JUTS TIpOeKTa HeoOXOMMMO MPHOETHYTh K pacyeTy
cymmapHoro ¢akropa. CymMapHbIii (pakTOp paccum-
ThiBaeTcs: o dopmyne F = NI-Kl + N2-K2 +
+ N3+ K3, rne N[x] — 4MCIO CUTHAJILHBIX STYEEK C OM-
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HaKOBOW MOIIHOCTBIO; K[X] — KoaddulimeHT, npeno-
cTaBisieMblit pa3paboTunkoM 1O-siueek, KOTOphIi TO-
Ka3bIBaeT, CKOJIbKO HeoOxoauMo nuTarmmux 10-sgueek
I8 OgHOUM curHajibHOU 1O-siueiiku omnpenenseHHOK
MOIITHOCTU. MouHocTb [O-s1ueiiku paccuuThIBaeTCS
KUCXOMs1 U3 HEOOXOAUMOM BBIXOIHON €MKOCTM U 4Yac-
ToThI paboThl 10-s1yeex. CymmapHbIi pakTop F mmoka-
3bIBAET HEOOXOAMMOE MUHUMAJIBHOE YMCIIO MUTAIOLINX
[10-syeex nns "semnu" uav nutanus. Eciau ectb MecTo
Ha KpUcTajuie IS pasMEIleHUsT JUIIHUX MUTAILIAX
10-s19eex, TO pekOMeHIyeTCsS JOOAaBUTh MX. DTO TONb-
KO TIOMOXET CHU3UTD BIUsiHUE 1IyMoB. SSN/SSO-3¢-
(eKThl He 3aBUCAT OT TEXHOJOTUU KOPITYyCUPOBAHUSI.

CienyeT MOMHUTD, YTO Ha KPUCTAJLJIE €CTb MUHUMYM
JIBa TUIA MUTaHus: mutaHue 10-sg4eek U MUTaHUE SIApA.
bopnba ¢ SSN-a(pdexkramu ocHoBaHa Ha OMpeeIeH-
HOM pa3MelleHNH stueeK mas nuTaHus 10-syeex.

IR Drop-ananm3 njis NPOEKTOB
C Pa3HbBIMH TEXHOJIOTHSAMH KOPIYCHPOBAHHS

Kak m3BecTHO, COBpeMEeHHBINT MUP MUKPO3JIEKTPO-
HUKU TpeOyeT OT MMKPOCXEM BBICOKOTO OBICTpOIE-
CTBMSI M HU3KOTO 3HepronoTpediaeHus. Iloatomy npu
pa3paboTKe TOIOJOIMKd KpHCTalla cjlelyeT BHUMa-
TeJbHO OTHECTUCH K TAKOMY IapaMeTpy, Kak Mmpocaaka
o HanpsikeHuto Ha kpucTtasuie (IR Drop). [laHHbIi T1a-
paMeTp BJIMSIET HE TOJbKO Ha OBICTPOJACHCTBUE MUKPO-
CXEMEBI, HO 1 Ha ee paboTOCIIOCOOHOCTh. Bean mpu mpo-
cajikax IMo HarpsDKeHUI0, KOTOphIe MPEBBIIIAIOT MTOPOr
cpabaTeIBaHMS TPAH3UCTOPOB, UCIIOIB3YEeMbIX TIPU pa3-
paboTKe TOMOJOTUM, MUKpOCcXeMa He OylaeT paboTaTh.

Cau3utb IR Drop MOXHO ¢ MOMOIIBIO ITPaBUJIb-
Horo 3amelneHus 10-sueex 111 IUTaHUS Sapa U mpa-
BUJIbHO pa3pabOTaHHON CETKM "3eMJIM" U MUTaHMUSI.
CaMu MPUHIIAMEI TIOCTPOEHUS CETKM "3eMaun” U TUTa-
HUS JJIS1 TeXHOJIOTUM wire bond i flip-chip paznuyaior-
Csl MEXIy co0oii, HO morpodyeM chopMyJIMpoOBaTh U
000CHOBATb 0O0I11[1€ aCMIEKThI, Ha KOTOPbIE CAeAyeT 00-
paTUTh BHUMaHUE MpHU pa3paboTKe TOIMOJIOTHM.

Kak u3BecTHO, MpH MCIOJIb30BAHWM TEXHOJOTUM
wire bond nutaromue [O-guyeliku pacrogoXeHbl IO
MEepUMETPY KpUCTalja, YTO MPUBOIUT K TOMY, UTO B
IIEHTpe KPHCTaJUIa TMOSBISIeTCS HanOObIAas TIPOCa-
Ka no HanpstkeHuo. [ToaToMy He peKoMeHayeTcs pa3-
MellaTh Haubosee MoTPedIsTIoNne 0JI0KN/3IeMEHTHI B
eHTpe kpucrtaia. [Ipu ucrnoysb30BaHUU TEXHOJIOTUN
flip-chip Takoii po6iaeMbl MOXHO M30eXaTb, HO BHE
3aBUCUMOCTU OT TEXHOJIOTMU ClieAyeT ¢ 0Co0O0i Bax-
HOCTbIO OTHECTHUCH K pas3MellieHuIo [O-syeek mist nmu-
taHUs sapa. OHU TOJDKHBI OBITH PaBHOMEpPHO pac-
npeneaeHsl mo kpuctamty. CeTka "3emnan” U NATaHUS
JTIOJDKHA 3aHMMATh TTPaKTUYECKHU BCe CBOOOTHOE MECTO
Ha KpHUCTalJie, HO He JOJLKHA MellaTh TPacCUpPOBKE
CUTHAJIbHBIX TyTel Ha Kpucrawie. PekomeHmyeTcs
pa3MelaThb decap-st4eiKM 110 BCeUl TJIOIIAAN KpUCTal-
Jla. DTU STYEHKU MPECTaBISIOT COO0N eMKOCTH, KOTO-
pble MO3BOJISIOT CIVIAAUTh MUKM MPOCAAOK MO HaIps-
>KEHUIO.
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PaccmoTtpum nBa mpoekrta 1o TexHojorusm flip-
chip n wire bond, pazpabotanHbix B 3A0 HTII "Mo-
aynap”. HecMOTpst HAa TO YTO 3TU MPOEKThl (DYHKIIUO-
HaJbHO pa3Hble, OTMeUy, YTO IPU CPaBHEHUU HAaC
WHTEPECYIOT TJ100a/IbHbIE OTJIMYUS, KOTOPhIE MPUCY-
1M TOW WJIM MHOU TexHosoruu. Oba mpoekra ObLIv
peaau3oBaHbl B COOTBETCTBUM C OOLIMMMU MpaBUIaMu,
OIMMCAaHHBIMU BHIIIIE.

Anamu3 IR Drop 661 ipoBeneH ¢ momoinsio CAITP
Voltus kommnanuu Cadence Design System. Ha puc. 4
(CM. TPEThIO CTOPOHY OOJIOXKKM) IIPENCTaBIeH aHAIU3
IR Drop s reTeporeHHOM MHOTOMPOLIECCOPHOM CHUC-
TeMbl Ha Kpuctajuie [4], paspaboranHoii B 3A0 HTIL]
"Monyns" mo TexHonoruu 28 aMm flip-chip.

B atoM npoexTte yacth [O-siyeek pacrnosoxeHa Io
MepuMeTpy KpHUCTajlja, a 4acTb pa3MellleHa Orke K
LIEHTPY KpUcTajuia, B BUJAe HECKOJbKUX IPYIIN. AHAJIN3
MajeHUs] HANPSDKEHUS JUISE CIOKHBIX MOKYIMHBIX 0J10-
koB (DDR3, PCle 2.0) npoBoauiu otaenabHo. O6nac-
TU C MaKCUMaJIbHON MPOCAAKON IO HAIMPSKEHUIO
MMEIOT KPACHBIM 1IBET, 00J1aCTU C MMHUMAJIbHOM IIpO-
cagkoii — 3efeHblit. Mcxonsa U3 MmojsydeHHbIX pe3yib-
TaTOB, BUAHO, YTO HET IJ100aJbHOU 00J1aCTH KpUCTaI-
Jia, rae npocajaka HauOoJblasi, eCTb TOUeUHble MecTa
C HaMOOJIbIIEH MPOCATKOM MO HANPSIXKEHWIO, 00YCIOB-
JIEHHBIE T€M, YTO B 3TUX MECTaX HaXOMITCS HanboJjee
MOTPeOJISIoIIE SJIEMEHTHI.

Hns cpaBHeHus mnpoBedeM aHanu3 it CBUC
1879BM 551, paspabortannoit 8 3AO HTLL "Monynp"
o TexHojiornu 90 HM wire bond. Anamu3 IR Drop nns
CBbHAC 1879BM 34 npencrapiieH Ha puc. 5 (CM. TPEThIO
CTOPOHY OOJIOXKM).

ITonydyeHHbIE pe3yabTaThl MOKA3bIBAIOT, YTO TIpU
HCTIOJIb30BAaHUY TEXHOJIOTUU Wire bond HanboJbIIas
Mpocaka Mo HaMpsSLKeHUIO0 HAXOAUTCS B LIEHTPE KpUC-
tajuia. Mcxons 3 aToro, MOXHO cAenaTh BbIBOI, YTO
MpY KUCIOJb30BaHUU TEXHOJOTUU wire bond KpaiiHe
HEXeJlaTeJIbHO pa3MellaThb BbICOKOIOTPEOIsIoNIe
0JI0KM B ILIEHTpPE KpUCTAJLIa.

Texnonorust flip-chip naetr GoJbllle MaHEBPOB IS
pa3paboTyrKa TOMOJOTMU — MOXKHO pa3MellaTh BbICO-
KOIOTpeOIsIolIe OJIOKM B JIIOOOI TOYKE KpHCTaJLIa.
Taxxe K mpeuMyl1iecTBaMm TexHoJoruu flip-chip Mox-
HO OTHECTH OTCYTCTBME IOIOJHUTEIbHON WHIYKTUB-
HOCTH, KOTOpasl BOBHMKAET IIPU IIPOBOJIOYHOM COCIM-
HEHUM KpHUCTa/ula M KOpIlyca, YTo, B CBOIO OYepelb,
VAy4JIIaeT CUTYaInIo ¢ IIIyMaM# Ha BHEITHUX BBIBOIAX.

3akmoueHue

AHanu3upysl BC€ TOIOJOTMUYECKHUE OCOOEHHOCTHU
MpU pa3paboTKe MUKPOCXEM IO TeXHOIOTUsIM flip-chip
u wire bond, MOXHO cIeiaTh HECKOJBbKO BaXKHBIX BbI-
BoJ0B. TexHoJiorust wire bond npennouyTuTebHa B TeX
MPOEKTax, TIe HeT OOJIBIIOrO YKcia BEIBOIOB U CEPb-
€3HbIX TpeOoBaHMIi K ObicTpoaeiicTBuUIO. [Tpu Ucomb-
30BaHMM BTOM TEXHOJIOTMU CJIEAyeT YyIeIUTh OCOOEH-
HO€ BHUMAaHME Pa3MEIICHUIO BBICOKOITOTPEOISTIONINX
0JI0KOB M pa3paboTKe CeTKM "3eMan" 1 muTanus. [1imo-




xas TIpopabOTKa 3TUX 3TAIllOB CO3MAHUS TOIOJOTUU
KpHUCTa/lJla MOXET IMPUBECTU K OTPOMHBIM ITpOcCagKaM
HanpsikeHus Ha kpuctamie (IR Drop), cnegoBaress-
HO, MHUKpocxema OymeT paboTaTh Ha OoJjiee HU3KUX
yacToTax, a B 00jee KpUTUYHBIX CAydasX U BOBCE MO-
KEeT He paboTtaTh. B TO XXe Bpemsi TexHOJOrus wire
bond siBnsiercst 60Jiee MPOCTO B MCMOJHEHUM U Tpe-
OyeT MEHBIIIErO0 KOJMYECTBAa BpeMEHU Ha pa3paboTKy.

Texnonorusi MoHTaxa flip-chip sBiseTcss 0Oosee
COBpPEMEHHOII TeXHOJIOrMell, HO B TO XK€ BpeMs Ooee
clloxHoi 1 3aTtpaTHoil. B Poccuu Tsixkeno Haittu ¢ao-
pPUKY, KOTOpasi rOToBa MPEIOCTaBUTh YCIYTU KOPITY-
CUPOBaHUS MO 3TOi TexHosjoruu. K mpenmyiiectBaMm
TexHoJioruu flip-chip CTOUT OTHECTM Jydlliee OTBele-
HUE TeTJIOThI, BCIAEACTBUE TOTO YTO KPUCTAJLJT UMEET
KOHTaKT C KopItycoM uepe3 6amibl. [1pu ncnonb3ona-
HUU TexHonaoruMu flip-chip OTKpBIBAIOTCS HOBBIE 00J1ac-
TU PbIHKA, TaKuMe KaK COTOBasl CBSI3b U MOPTATUBHAasI
udpoBas 3JIeKTPOHUKA, TJA€ BCerga OoblLIYI0 POJib
urpaetr pasMep, 3HepronorpedaeHue U MPOU3BOIU-
TeJbHOCTb KOHEYHOI'O YCTPOICTBA.
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The modern world of microelectronics shows great demands for high-performance systems on a chip, which meet several criteria
at once, such as low power consumption, small size, and high performance. Production under different technologies may be advanced
and may have its own drawbacks as well as features in the design flow. Difficulties that a designer should be prepared for while de-
veloping a topology as well as the technology choice for a project realization are highlighted in this article. The article deals with
the problems arising in the development of the topology of high-performance systems on a chip with various mounting technologies.
The advantages and disadvantages of mounting technologies are shown. The article deals with the problems of minimizing switching
noise and the problem of reducing IR drop for flip-chip and wire bond technologies. Recommendations are given on how to minimize
the impact of these problems on the performance of the device being developed. Analysis of IR Drop for projects made by JCR RC
"Module" was done in order to prove theoretical conclusions.

Analysis of advantages and drawbacks under development of microcircuits using flip-chip and wire bond technologies revealed
several important results: for projects that require a compact device size, low power consumption and lower device heating one should
apply the flip-chip technology and for simpler projects wire bond technology suggested to be used which is much cheaper.
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Introduction

In the modern world of microelectronics, more and
more high-performance microcircuits are required, which
satisfy several criteria at once, such as low power consump-
tion, small size, high performance [1]. In this regard, it is
necessary to pay special attention to the choice of the li-
brary for the development of the crystal, as well as the
choice of the case and the interconnects used.

Manufacturing by a particular technology has its ad-
vantages and disadvantages, as well as features in the de-
sign route. In the development of high-performance sys-
tems on chip (SoC), the solution to the problems of min-
imizing switching noise and the problem of reducing
voltage drawdowns for flip-chip and wire bond plays a
huge role. These aspects directly affect the performance
of the chip. A quality solution to these problems will im-
prove performance and reduce the energy consumption
of high-performance SoCs.

Topological features of wire bond
and flip-chip technologies

Wire bond is a connection technology between the
microcircuit and the housing using thin wires and a com-
bination of heat, pressure and/or ultrasonic energy. Fig.
1 shows the wire bond mounting scheme of the crystal.

When using the wire bond [3] technology, I/O contact
pads are connected directly to the housing using thin wires.
From the point of view of crystal topology development,
wire bond technology requires the 10-cells to be located
along the crystal perimeter. This leads to the fact that a
project that has a large number of outputs will flow into
the project "pad limited", i.e. the crystal area will directly
depend on the number of 10-cells.

Also, do not forget that factories that frame crystals
using wire bond technology have their own limitations,
which relate to the minimum tracing step of the 10 buff-
er. The tracing step of an 10-cell is the minimum dis-
tance that the pads of the 10-cell must be spaced in order
to avoid a short circuit when unzipping to the case.
Therefore, when placing 10-cells, it is necessary to satisfy
this requirement. The distance between the pads of 10-
cells must be greater than or equal to the minimum step
of tracing buffers. Buffer tracing step can be obtained
from the factory, which will be engaged in packaging.

Wire bond technology has been used for a long time
more often due to lower production costs, but recently flip-
chip technology has become increasingly popular [2].

This is due to an increase in the complexity of the
crystals, an increase in the number of conclusions, as well
as a desire to achieve the smallest dimensions of the final
device. Currently, these problems are relevant not only
for complex systems on a chip, but also for high-level
DSP crystals. Unlike wire bond enclosures, where the
leads are connected to the periphery of the crystal by par-
allel wires (which is a potential source of interference at
high frequencies), the flip-chip-enclosure allows contact
with any point of the crystal and with correct wiring to
minimize signal interference.

Flip-chip is a method of mounting a crystal on a
printed circuit board with the active side down, in which
the crystal is mounted on the leads. Fig. 2 shows the flip-
chip mounting scheme.

When developing a topology using flip-chip technol-
ogy, it is necessary to trace the output of 10-cells to the
bump [6]. Tracing occurs in the upper layers. Then it is
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necessary to connect the bumpers with the case leads,
which are solder balls, with the help of which the crystal
case is attached to the board. Distribution from bump to
the findings of the body is carried out in several layers of
the substrate body. The transition between the layers is
carried out using holes.

From the point of view of crystal topology develop-
ment, flip-chip technology allows placing 1O-cells, includ-
ing I10-cells for powering the core, at any point of the crys-
tal. Thus, this technology allows the development of more
compact devices for "pad limited" projects.

The flip-chip technology topology development route
has some differences from the wire bond technology de-
velopment route. The main difference lies in the tracing
of contact pads of IO-cells. In the technology of wire
bond contact pads IO-cells "boil" immediately on the
body. When developing the crystal topology using flip-
chip technology, it is necessary to trace the contact pads
of IO-cells to the bump — a bar-pin. At the stage of pack-
aging, tracing will take place from the bump to the hull.
These features affect the design of the grid "earth” and the
power of the crystal.

Analysis of the effects of SSO/SSN

When placing 10-cells, remember SSO/SSN (Simul-
taneously Switching Output/Noise or Simultaneous
Switching Noise) effects. These are effects at which noise
appears [8] due to the simultaneous switching of 10-cells.
SSN can be divided into two components: noise voltage
and temporal noise. In fig. 3 shows three 10-cells, two
of which are switched at the same time (4 and C), and B
does not change its state during this period of time. We
assume that the IO cells 4 and C have greater power.
Then, due to the simultaneous switching of 10-cells A
and C, noise voltage appears at the output of cell B,
which is expressed in a voltage jump. At the same time,
temporal noise appears on 4 and C, at which the cell
switches with a certain delay relative to the ideal case. In
fig. 3 this is shown with dashed lines.

In order to minimize noise, it is necessary to approach
the placement of supplying 1O-cells correctly and try not
to place several powerful 10-cells nearby. The number of
supplying 10-cells depends on the selected library of ele-
ments, the power used by the 10-cells, the inductance of
the case, the capacitance at the terminals of the chip. To
find the required number of supplying 1O-cells for a
project, it is necessary to resort to the calculation of the
total factor. The total factor is calculated by the formula:
F= Nl1-KlI + N2-K2 + N3-K3, where N|[x] is the
number of signal cells with the same power; K[x] is the
coefficient provided by the developer of the 10-cells,
which shows how many supplying 10-cells are needed
for one signal 10-cell of a certain power. The power of
an IO cell is calculated based on the required output ca-
pacitance and the frequency of operation of the 10 cells.
The total factor F indicates the required minimum
number of feeding 10-cells for ground or power. If there
is a place on the crystal to accommodate the extra supply
of 10-cells, it is recommended to add them. This will on-
ly help reduce the effect of noise. SSN/SSO effects do
not depend on packaging technology.

It should be remembered that the crystal has at least two
types of power, it is the power supply of 10-cells and the
power supply of the core. The fight against SSN effects is
based on the placement of cells to power the 10 cells.




IR Drop analysis for projects with different
packaging technologies

As it is known, the modern world of microelectronics
requires high performance and low power consumption
from microcircuits. Therefore, when developing a crystal
topology, you should carefully consider such a parameter
as the voltage drop on a crystal (IR Drop). This parameter
affects not only the performance of the microcircuit, but
also its performance. After all, when voltage drops that ex-
ceed the threshold of operation of transistors used in the
development of the topology, the microchip will not work.

IR Drop can be reduced using the correct replacement
of 10-cells for powering the core and properly designed
"ground” grid and power. The principles of building the
"ground" grid and the power supply for wire bond and flip-
chip technologies differ from each other, but we will try to
formulate and substantiate the general aspects that should
be paid attention to when designing the topology.

As you know, when using the wire bond technology, the
IO-cells are located around the perimeter of the crystal,
which leads to the fact that the largest voltage drop appears
in the center of the crystal. Therefore, it is not recom-
mended to place the most consuming blocks/elements in
the center of the crystal. When using flip-chip technology,
this problem can be avoided, but regardless of the technol-
ogy, it is important to consider the placement of 10-cells
to power the core. They should be evenly distributed over
the crystal. The grid of land and power should take almost
all the free space on the chip, but should not interfere with
the trace signal paths on the chip. It is recommended that
decap-cells be placed over the entire crystal area. These
cells are capacitances that smooth out voltage peaks.

Let's consider two projects on the flip-chip and wire
bond technologies developed at CJSC STC Module. De-
spite the fact that these projects are functionally different,
I note that when comparing, we are interested in global
differences that are inherent in a particular technology.
Both projects were implemented in accordance with the
general rules described above.

IR Drop analysis was carried out using Cadence De-
sign System's Voltus CAD. Fig. 4 (see the 3-rd side of
cover) presents the IR Drop analysis for a heterogeneous
multiprocessor system on a chip [4], developed at ZAO
STC Module using the 28 nm flip-chip technology.

In this project, a part of the 10-cells is located around
the perimeter of the crystal, and a part is located closer to
the center of the crystal, in the form of several groups.
Voltage drop analysis for complex purchased units (DDR3,
PCle 2.0) was performed separately. The areas with the
maximum voltage subsidence are red, the areas with the
minimum subsidence are green. Based on the results ob-
tained, it can be seen that there is no global region of the
crystal, where the drawdown is greatest, there are point
spots with the highest voltage drawdown, due to the fact
that these places contain the most consuming elements.

For comparison, we will analyze for VLSI
1879VM5Ya, developed at CJSC STC Module using the
90 nm wire bond technology. The IR Drop analysis for
VLSI 1879VM5Ya is presented in fig. 5 (see the 3-rd
side of cover).

The results show that using wire bond technology, the
largest voltage sag is in the center of the crystal. Based on
this, it can be concluded that when using wire bond tech-

nology, it is highly undesirable to place high-consuming
blocks in the center of the crystal.

The flip-chip technology gives more maneuvers for the
developer of the topology — it is possible to place high-
consuming blocks at any point of the crystal. Also, the ad-
vantages of the flip-chip technology include the lack of ad-
ditional inductance, which occurs when the wire connec-
tion of the crystal and the body, which, in turn, improves
the situation with the noise on the external terminals.

Conclusion

Analyzing all the topological features in the develop-
ment of microcircuits using flip-chip and wire bond tech-
nologies, we can draw several important conclusions. Wire
bond technology is preferred in those projects where there
are not a large number of conclusions and there are no se-
rious requirements for speed. When using this technology,
special attention should be paid to the placement of high-
power blocks and the development of the "ground" grid and
power supply. Poor development of these stages of crystal
topology can lead to huge voltage drops on the crystal (IR
Drop), therefore, the microcircuit will work at lower fre-
quencies, and in more critical cases it may not work at all.
At the same time, wire bond technology is simpler to im-
plement and requires less development time.

Flip-chip mounting technology is a more modern tech-
nology, but at the same time more complex and costly. In
Russia, it is difficult to find a factory that is ready to provide
packaging services for this technology. The advantages of
the flip-chip technology include the best heat dissipation,
since the crystal has contact with the body through the
bump. Using flip-chip technology opens up new areas of
the market, such as cellular communications and portable
digital electronics, where the size, power consumption and
performance of the end device always play a large role.
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BBenenue

HaubGonee pacnpocTpaHeHHBIMI KOMITOHEHTAMU B
LU(POBBIX MHTETPAJIbHBIX cxeMax siisiorcss KMOTI-
TPaH3UCTOPHI OJarogapsi UX YHUKaJbHBIM CBOMCTBaM.
®OyHaaMeHTaIbHBIM Y3JIOM TOCIEI0BaTEIbHOCTHBIX
HUGpPOBLIX cxeM siBisieTcss D-Tpurrep, mosToMy HC-
clIeIOBaHUE €ro XapaKTepMCTUK IS Pa3IMYHBIX MO-
nuduKalui TpUrrepa J0CTaTOYHO aKTyajlbHO B Ha-
crosiiee BpeMs. B paboTe paccMaTpmBaroTCS Kak
IIUPOKO MCHOJIb3yeMble cxeMbl D-TpurrepoB (Hampu-
Mep, Ha OCHOBE JIOTUYECKUX 3JIEMEHTOB), TaK U CIIPO-
eKTUPOBaHHbIE Ha TPAaH3UCTOPHOM ypoBHe. U3 Bcero
pa3HooOpasusi D-TpurrepoB 31ech paccMaTpUBalOTCsI
TOJBKO ABYXCTYIIEHYATBIE TPUITEPHI, CBOOOMHBIC OT
pexXuMa reHepaluu 1 0e3 OMacHBIX BPEMEHHBIX CO-
cra3aHuit [1].

D-Tpm‘rep Ha JIOTHYECKHX JJIECMECHTAX

Cxema nByxcryneHuaToro D-tpurrepa Ha joruyec-
KMX 2JIEMEHTax IpuBeneHa B padorte [1]. JocTomHCT-
BOM TpUITEPA SIBISICTCSI BO3MOXKXHOCTD UCIOIb30BAHUS
pasauuHbix CAITP mpu mpoekTUpOBaHUM CIIOXHBIX
cxeM. OgHaKo MpPUMEHEHUE CTAHJAPTHBIX JIOTUYEC-
KMX 3JIEMEHTOB IIpejriojiaracT n3osirouHocth KMOTT-
TPaH3UCTOPOB, a OTCIO/Ia — TOBBIILIEHHbIE TTOTPEOIs-
emMasl MOIIIHOCTh U 3aHMMaeMasl TIJI0LIAb.

[aiee pacCMOTPUM aJIbTEPHATUBHEIE CXEMbI, CITPO-
€KTUPOBaHHbIE Ha TPAH3UCTOPHOM YPOBHE.
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D-Tpurrep ¢ 3amenkoil 1 HeCUMMETPUYHOM
ynpasJisiomei cxemMoi

Tpurrep ¢ 3aiienkoll ¥ HECUMMETPUYHOM YIIpaB-
JISTIOIIE cXeMOM ImoKa3aH Ha puc. 1.

IlepBas cTyneHb TpUITepa COCTOUT M3 3allEIKU B
BUJE JABYX MHBEPTOPOB, OXBAYEHHBIX MOJOXUTEIb-
HOI obpaTHOI1 cBsI3bl0 (MuUKpocxeMbl DD1, DD2), u
ynpasisitolein  cxembl (TpaH3uctopel VI1—VT4).
ITogo06Has KoHduUrypaius BoriolieHa B C-3JIeMeHTe
(aneMeHT Muunepa) [2, 3], KOTOpBIiA MCHOJIb30BAICS
Kak jormueckoe "M" ¢ 3amoMuHaHUeM.

PaccmoTpuMm paboTy mepBoil CTynmeHU TpUrrepa.
B pexume xpanenusi (C = (0) BbIXOA YIpaBIsSIIOLICH

— DDI

ll’.:

Puc. 1. JIpyxctynenyarsiii D-Tpurrep ¢ 3amenkoil 1 HeCHMMETPHY-
HOM ynpasJgiomei cxemoi

Fig. 1. Master-slave D-flip-flop with a latch and asymmetrical control
circuit




CXeMbl HaXOIUTCS B BBICOKOOMHOM COCTOSTHUM U HE
OKa3blBaeT BIMSHUS Ha 3alleiky. B pexume 3anucu
(C=1) ynpasisiolias cxeMa pa3pelaer rnepegadyy MH-
(opmanronHoro curHana D Ha Bxop 3aienku. [lepe-
KJTFOUEHME 3aIETKN TTPOUCXOIUT OJrarogapst ToMy, 4To
uHBeprop DD2 cocrout u3 "cnabbix" TpaH3UCTOPOB,
WMEIOIINX HeOONBIION TOK HACHIIICHUS, B TO BpPeMs
KaK YIpaBIsooLIas cXeMa COCTOUT U3 "CUIbHBIX" TpaH-
3UCTOPOB C OOJIBIITMM TOKOM HachllieHus1. Bropasi cTy-
TIeHb TPUTTEpPA aHAJIOTUYHA TIePBOIA.

IIpu C = 1 nepBast cTyneHb OTKPHITA, a BTOpast —
3akpbiTa. UHGOpPMAITMOHHEIN chTHANT [ 3aITMCHIBAET-
cs B iepByto cryneHsb. I[Ipu C = 0 nepBast cTyneHb 3a-
KpbITa, BTOpasi — OTKPbITA U CUTHAJ C BbIXOJa MEPBOM
CTYTIEHW 3alMChIBae€TCS Ha BBIXOI BTOPOM CTYIICHU.
[lepexoueHue TpUrrepa NPOMCXOIUT MO OTPULIATENb-
HOMY (PPOHTY TAKTOBOTO MMITYJIbCA.

HenocraTtkoMm cxeMbl SIBIISIETCS TO, YTO IPH BBEIE-
Huu B cxeMy omnepaiuii "Copoc” ("Reset”, R) u "Ycra-
HoBKa" ("Set", .§) yBenmMuMBaeTCS YMCIO TOCIIEIOBA-
TeJbHO BKJIIOUEHHBIX TPAH3UCTOPOB B YIPABISIOLICH
sT9eiiKe, YTO TIPUBOIUT K CHYDKEHUIO OBICTPOICIHCTBUS,
0COOEHHO TIPY MTOHMXKEHHOM HANpPSIKEHUU MTUTaHUS.

D-1purrep ¢ TaKTHpyeMbIMH NPOXOJIHBIMH KJIIOYAMM

B pa6otax [4, 5] npemyioxeHbl cxeMbl D-Tpurrepon
C MPOXOJHBIMU KJtouamu (puc. 2).
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=4
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Puc. 2. ipyxctynenyarpiii D-Tpurrep ¢ npoxoansivu Kinoyamu [4, 5]
Fig. 2. Master-slave D-flip-flop with the transmission gate

IlepBas cTyneHb TpUITEpa COCTOUT U3 OydepHOro
uHBeptopa DD1, npoxonHbix kiatoueit VI'1, VT2 u 3a-
MOMMWHAIOLIEH SYEMKY, BHIMOJHEHHON HA MHBEPTOpPaAX
DD2, DD3, oxBaueHHBIX MOJIOXUTEJIbHOI OOpaTHOM
CBsI3bl0. byiarogapsi pasHOMOJISIPHBIM TaKTOBBIM CHUT-
HaJlaM KJIIOYM MOTYT OBbITh 3aKPbIThI, U TOraa MHGOOP-
MalMsl COXpaHsIieTCs B 3allOMUHalolIel suelike, JIM0o
OTKPBIThI, U UH(OPMalLIUS 3a[IMCbIBAETCS B 3aIIOMUHA-
Io1IIY10 sTYeiiKy. BTopas cTyneHb Tpurrepa aHajJoruyHa
MEPBOM, TOJBKO OTKPBIBAHUE U 3aKPbIBAHUE KIIOYEH
TIPOTUBOITIOJIOXXHO TIEPBOM CTYNEHU.

CxeMa CyLIECTBEHHO YCJIOXHSETCSI, €C/IM BBECTU B
Hee 3JIeEMEHThl cOpoca U YCTaHOBKHU.

D-T1purrep ¢ 3ameakoil ¥ CHMMETPUYHOM
ynpasJdiomei cxeMou

B pa6Gore [6] mpemioxeHO YIIpaBIsaTh 3alIOMUHAIO-
UM 2JIEeMEHTOM (3alesikoit) ¢ nomoiupio #MOII-

TPAH3UCTOPOB, PACIIOJIOXEHHBIX B HUXKHEH TTOJIYTLIIOC-
KOCTU CXEMbI CUMMETPUYHO OTHOCUTEJIBHO 3ALLENIKU.
JIOCTOMHCTBOM TaKOro MeToja YNpaBJIeHUs SIBISIETCS
YUCJIO MOCIEN0BATENBHO BKIIOUEHHBIX TPAH3UCTOPOB,
YTO MOBBIILIAET OBICTPOAEHCTBHE CXEMbI U MO3BOJISIET
paboTaTh MPU MEHBIIMX HANPSXKEHUSIX TTUTAHUS.

Cxema D-Tpurrepa ¢ CUMMETPUYHOI YIpaBJIsIIO-
e cxeMoi mokazaHa Ha puc. 3.

Puc. 3. [Isyxcrynenyarbiii D-Tpurrep ¢ 3amenkoil 1 CHMMeTPHYHO#
yHnpaBJisiomei cxeMoii

Fig. 3. Master-slave D-flip-flop with latch and nonsymmetrical drive
circuit

PaccMmotpum paboty TiepBOit CTYIEHHW TpUTTEpa.
B ynpansmwoeit cxeme TpaHsuctopsl VI1—VT4 pac-
TOJIOXKEHBI TOJIBKO B HIDKHEW TONYIUIOCKOCTH. MH-
BepTOphI 3auienku (Mukpocxembl DD1, DD?2) Bbinos-
HEHBI Ha "ca0bIX" TpaH3MCTOpaX, KOTOPhIE TTEPEKIIO-
qaloTCsl IO BO3IEHCTBUEM "CHIIBHBIX' TPaH3MCTOPOB
yrpasisonieil cxembl. [Ipy BHICOKOM ypOBHE TaKTO-
Boro curHana (C = 1) paspeliaetcs 3anuch MHGopma-
LUOHHOIO curHazia D B epBYIO CTYIIEHb Tpurrepa (oT-
KpbIThle TpaH3uctopel V12, VT4). [1pu sTomM BrOpas
cryreHb Tpurrepa 3akpoita (N = 0). [Tpu cMeHe ypoB-
H$1 TAKTOBOT'O CUTHAJsIa 3aKpbIBaeTCs NepBasi CTyNeHb U
nH(OpPMAaIMs C BBIXOJA MEPBOI CTYIIEHU 3aITMCHIBa-
€TCsl BO BTOPYIO CTYIEeHb. TakuM 00pa3oM, IMPOUCXO-
IUT cpabaTeIBaHWE TPUITepa 1O (POHTY TaKTOBOTO
CUTHaja.

D-Tpurrep Ha MyJIbTHILIEKCOpPAX

Haubonee ycToitumBoil 3allle/IKOW SIBISIETCS 3a-
1eaKa Ha MyJabTuIiekcopax [5]. Ha puc. 4 nokazaHa
cxeMa JIByXcTyneHuaToro D-Tpurrepa Ha MYJIbTH-
ieKcopax.

C moMmollIbI0 aApecHOTro CUrHaja a Ha Bbixog F
MYJIBTUILIEKCOpPA MOCTYMaeT J1ubo curHai co Bxoaa x0,
Jmbo curHan co Bxoja x1. Eciu Ha BeIxonm Q1 mona-

Puc. 4. Cxema D-Tpurrepa Ha myJabTHILIEKCOpax [5]
Fig. 4. The circuit of D-flip-flop on the multiplexers
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Puc. 5. Cxema MyJIbTHILIEKCOpPA, PEaIM30BAHHAS 0JIOYHBIM METOIOM
Fig. 5. The logic of multiplexer which realized by block method

E J Erc |H+ Er"? i
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Puc. 6. Iyxcrynenyarniii D-Tpurrep Ha MyJabTHIUIEKCOpax
Fig. 6. Master-slave D-flip-flop on the multiplexers

eTcs curHaa x1, To ycTaHaBIMBAETCS PEKUM UTEHMUSI.
Ecnu nopaercst curHan x0) — To ycTaHaBJIMBaeTCs pe-
JKMM XpaHEHUs. DTOT PEXUM MOAIEPXKUBAETCS 3a CUET
TOTO, YTO B PEXXMME XpPaHEHUST CXeMOTEXHUIECKH BBI-
nosiHsieTcst paBeHcTBO X0 = Q1. BTOpas ctyneHs Tpur-
repa paboTaeT aHaJOrMYHO, HO Oiarogapsi MUHBEPCHO-
My CUTHaJy Ha aIpeCcHOM BXOIE PEXUMBI 3aIllUCU U
XpaHEeHUSI MEHSIOTCSI MecTaMu, obecrieurBast IByXCTY-
MEHYATBIA PEXUM.

CxeMy MyJIBTUIUIEKCOpA peain3yeM OJOYHBIM Me-
TOJOM II0 METOAMKE, U3JIOKeHHOU B padore [7]. C mo-
Moulbio Kapt KapHo IojiyyaeM ypaBHEHMsI, HEOOXO-
JIUMBbIe JIsI CHHTe3a CXeMbl MYJIbTUILIIEKCOpa. YpaBHe-
HUE UIS pealu3aluy JIOTMYECKOM
eIVMHULIBI UMEET B

FO = ax, + xya.

YPaBHCHI/IC oJid peajin3aliin J1o-
TUYCCKOI'O HYJId MMECT BUM!

Ha ocHoBe ypaBHEHWIT CHHTE3M-
pyeM ToAcxeMy, peaiu3yIollyi JIo-
TUYECKYIO €AUHUILY B HUXKHEW ITOJTY-

IMoncrapisist 3HaYEHUSI CUTHAJIOB, ojTydyaeM D-Tpur-
rep Ha KMOII-Tpan3ucropax, peaan30BaHHBIA Ha
MyJIBTUILIEKCOpax (puc. 6).

OTIMYUTENIBHON 0COOEHHOCThIO cxeMbl D-Tpurre-
pa sIBJIsIeTCSl OTCYTCTBME 3aIOMUHAIONIMX SUY€eK B Mpsi-
MoM Bujae. IlojoxutenbHast oOpaTHasl CBsI3b 00pa3y-
€TCSl TOJILKO TIPU OINPEAeIEHHBIX YPOBHSIX aIpeCHOro
CHUTHaJIa, COOTBETCTBYIOILIETO PEXUMY XpaHEHUs.

D-Tpurrep ¢ MmemMpucTOpOM

MempucTop TpeacTaBisieT coboil pe3ucTop ¢ A0J-
roBpeMeHHoIl namsTthio. [1oa Bo3neiicTBUEM pa3HOIO-
JISPHOTO BXOJIHOTO CHUTHaJla OH M3MEHSIET COMPOTUB-
JIeHUe B IecITKU pa3. Takum o0pa3oM, co3naHHbIe Ha
€ro OCHOBE Tpurrepa OyayT o0jagaTh AOJITOBPEMEH-
HOM MaMSIThI0O ¥ UM HEOITaCHO OTKJIIOUEHUE TTUTAHMSI.
Cxema D-tpurrepa ¢ mempucropom MRI1 npupeneHa
Ha puc. 7.

NHbopmanroHHblit curHan D 3anucbiBaeTcsl B Me-
MPHUCTOP C TIOMOIIIBIO CUTHAJIA "3aIMCh" TTOIOXKUTEThb-
Hoit monsipHocTtu. Korma curHan "3anucek” paBeH Jio-
rmyeckoil emmHuie, tpansuctopel V12, VT3, VTI10,
VT11 oTKpbIBAIOTCS, ¥ MPsIMOi D, 1 WHBEPCHBIN D
CUTHaJIbl TOCTYMNalT Ha MempucTtop. B 3aBucumoctu
OT HallpaBJIeHUS MPOTEKAHUSI TOKa Yepe3 MEMPUCTOP
YCTaHABJIMBAETCSl HU3KOE WM BBICOKOE COMPOTUBIIC-
HHUEe MeMpHUCcTOpa. JIUTeTbHOCTD 3aITMCH OTIPeeIIsIeT-
¢ MHEPUMOHHBIMM MpolieccaMyd B MEMPUCTOPE.

B pexume "UteHue" OTKPHIBAIOTCS TPAH3UCTOPHI
VT35, VI8 u nporekaeT TOK 4yepe3 MEMPUCTOP, OIpe-
JenseMblii TpaH3ucTopoM VTS5 ¢ 3amaHHBIM TOKOM Ha-
coiieHus 0,1 MA. TToaToMy B 3aBUCUMOCTH OT COIPO-
TUBJIEHUSI MEMPUCTOPa Ha HeM OyaeT (popMUpOBaATHCS
MMITYJIbC BBICOKOI'O MJIM HU3KOrO YPOBHS (pucC. 8).

[TosyyeHHbIE WMIYJIbCHl MOMAIOTCS Ha BTOPYIO
ctyrneHs tpurrepa (tpanzuctopbl VI13—VT16, Muk-
pocxembl DD1, DD2), roe u 3anomMuHamTCs B 3a-
mwesike. Mukpocxema DD3 ciayxur aist yBeJIMYeHMUS
Harpy304HOM CIIOCOOHOCTH MO MHBEPCHOMY BBIXOIHO-
My curHajny. JnurenbHocTh uMnyibca "YrteHue" onpe-
nensetcst obicTpoaeiictBueM cxembl Ha KMOIT-TpaH-

MJOCKOCTU U JIOTUYECKUIA HOJIb — B

|
|
|
|
|
|
|
|
FO = (xg T a)(x; + a). :
|
|
|
|
|
|
|
BepxHeil monyriockocT. CoBmelnas :

o0e moacxembl, mojaydyaem OJOYHYH . _ _ _ _ _ _ _ ——

CXeMy MYJIbTUILIEKCOpAa C WHBEPTO-
pom (puc. 5).
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Puc. 7. D-Tpurrep ¢ Mmempucropom
Fig. 7. D-flip-flop with memristor




3ucTopax. B paboTe MIMTENIbHOCTh UMITYJIbCA CUMTHI-
BaHUs NpuHsTa paBHO# 0,5 Hc.

Tpansucropsl VI6, VI7 ciayxart 1ist IPUBSI3KU BbI-
BOJIOB MEMPUCTOpa K KOPIMYCYy B MOMEHT OTCYTCTBMSI
CUTHAJIOB 3alMCHU U UYT€HHUS, KOTJAA BCE TPAH3UCTOPbI
HaXOJATCSl B BICOKOOMHOM COCTOSIHMU U YIIPABJISIIOT-
cs1 curHasiamu "3anuce” u "YteHue".

7151 MomenMpoBaHUs CXeMbI MCIIOJIb30BaHa MOJIEJTb
MeMpUCTOpa, MoKa3aHHasl Ha puc. 9.

Ha tpansuctopax VI'1—VT4 BbinoHeHa ynpaBisi-
Io111asl cxema, KoTopas 3aluchiBaeT B 3allenKy (MUK-
pocxembl DD1, DD2) undopmanmonHslii curHan D.
3alenaka urpaeT pojib ITOJITOBPEMEHHOM MaMSITH Me-
mpucropa. Llenouka R1, C1 oTpaxkaer nHEpUUOHHbBIE
cBorictBa MeMpucrtopa. Kimou K1 mnepekiio-
yaeT conpoTuBieHue MeMpuctopa ot 10 KOm

1o 1 MOwm. Hanpstkenune 3aMbIKaHMS KJIlo4a
paBHO 2 B, HanpstokeHue pasMmbikanust — 1 B.
Takast MozieJib MOXET ObITh OTHECEeHA K (hop-

MajJbHBIM MofeasM. TeM He MeHee OoHa OT-
paxacT OCHOBHBLIC ITPOLIECCHI, ITPOUCXOOALIINEC

B MEMPHUCTOpPE, U TO3BOJIIET MOICIUPOBATh

Puc. 8. Hanpsukenne Ha Mmempucrope B pexxume "Urenne"
Fig. 8. The voltage on the memristor in reading mode

Puc. 9. Mogens Mmempucropa
Fig. 9. The model of memristor

03

1) 2) 3) 4) 5) 6) 1) 2) 3)
a) b)

1) D-rpurrep ma norreckinx yaementax [1]
» 1) D-vpamrrep ¢ yame moil it He cip e TPIrTHOMN YIpABAAtomeit ¢xero
VTIPAB AR ¢ XeMoll

® 3) D-rpirrep ¢ npoxomusivn kmovasm |4, 5] ® 6) D-rpurrep ¢ Menpire ropont

Puc. 10. /IuarpaMmbl 3aBUCHMOCTEM YHCJIa TPAH3UCTOPOB (a) U IHEPrOTOMOJIOTH-

yeckoro kputepus (b) ot cxemorexuuku D-tpurrepos

Fig. 10. Diagrams of dependence number of transistors a) and energy-topological
criterion (L) b) on circuit synthesis of D-flip-flop: 1 — D-flip-flop on the logic elements
[1]; 2 — D-flip-flop with a latch and an asymmetrical control circuit; 3 — D-flip-

® J) D-rpimrrep ¢ Jauesmod i CIMMe TPITTHOI

® 5) D-rpimrrep Ha My TITUIEK COpAX

CXCMbI, COOCPXKAIIMNEC MEMPUCTOPLI.

CxeMoTeXHHYECKOE HCCIe0BAHNE
napametpoB D-Tpurrepon

HccaemoBanue mapaMeTpoB D-Tpurrepon
MPOBOAWIM METOAOM CXEMOTEXHUYECKOTO
monenupoBanust B CAITP OrCAD c ucmoinb-
30BAHUEM CTAHIAPTU30BAHHOM KOMIIAKTHOM
mozaenn MOII-tpansucropoB BSIM4 [8] npu
texHonoruu 0,18 mxMm. HampsokeHue nuta-
HUS cxeM paBHoO 3,3 B, mepuon cienoBaHus
TaKTOBBIX UMITYJIbCOB paBeH 10 Hc. Toku Ha-
coimieHnst  "cuibHBIX'  MOII-TpaH3ucTopoB
BBIOpaHBI paBHBEIMU 1 MA, "crmaoeix” MOII-
TpaH3uctopos — 0,3 MA.

Paccmotpernsle D-tpurrepa cpaBHUBaA-
IOT 110 3HEePro3MHEeKTUBHOCTU U YUCITY TPpaH-
3UCTOPOB B cxeme. sl KOJUYECTBEHHOIO
onpeaesieHUus 3Heproa@¢GeKTUBHOCTUA IIPU-
MeHsIeTCsl OOOOIIEHHBI 3HEPTrOTOIOJIOTH-
yecKuit Kputepuii L [6], mpencTaBisionuii
co0oif MpousBeneHWe paboThl MepeKIIoue-
HUS1 A Ha YKUCJI0 TPaAaH3UCTOPOB N

L=A-N=P N.

cp : T3p :

Takoe mnpeacrtaBieHue 3HeproaeKTrUB-
HOCTHU TIO3BOJISIET YUECThb KaK 3JIEKTpUUYECKUE
rnapaMeTpbl CXeMbI (CPEIHIOI PacCeUBAEMYIO
MOLLIHOCTD P, 3aI6PKKY pacpOCTPAHEHHS
CUTHANA T, ), TAK U TOMOJOTMYECKNUii mapa-
METP — YMCJIO TPAH3UCTOPOB B CXEME.

JwnarpamMMbl 3aBUCUMOCTE 4yuciia TpaH-
3MCTOPOB U DHEPTrOTOINOJOTMYECKOTO KPUTE-
pUsl OT CXEMOTEXHMYECKOTO CHHTE3a CXeM
D-Tpurrepos npuseaeHsl Ha puc. 10.

Kaxk BuIHO M3 auarpamMMmbl, HaWIy4IIWi
SHEProTOINOJOTMYECKUI KPUTEPUN UHMEET
cxeMa D-Tpurrepa Ha MyJbTUILUIEKCOpPax B
0J109YHOM MCHONMHEHUH. YHUCI0 TPaH3MCTOPOB
BO BCEX CXeMax MPUMEPHO OAWHAKOBO, KpO-

flop with a latch and an asymmetrical control circuit [4, 5], 4 — D-flip-flop with a

latch and symmetric control circuit; 5 — D-flip-flop on multiplexers; 6 — D-flip-flop

with a memristor

M€ CXEMbl Ha JIOTMYECKHUX 3JIeMEHTaX, UMelo-
1€/l TPAH3UCTOPHYIO N30BITOYHOCTb. HeBbI-
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cokas 3HeproaghekTuBHOCTh D-Tpurrepa ¢ MmeMpuc-
topoM (L = 13,8 n/Ix - 1T.) oOycnoBiaeHa Tpexae
BCEr0 3HAUYUTEIbHON MHEPUMOHHOCTBIO MEMPUCTOPA
(emMHUIIBI HAHOCEKYH) MPU COMOCTaBUMbBIX OCTaJIb-
HbIX apameTpax (N = 22, PCp = 0,3 mBrT).

3akimoueHue

PaccMmoTpeHbl cxeMbl IBYXCTyNeHYaThiXx D-Tpurre-
POB Ha JIOTUYECKMX 3JeMEHTaX, C 3allUeKON U CUM-
METPUYHONM U HECHMMMETPUUYHON YIPaBSIOLIMU
CcXeMaMHM, C TaKTUPYEeMBIMHU TTPOXOIHBIMHU KITFOUaMMU,
Ha MYJbTUILIEKCOpax, a Takxke D-Tpurrep ¢ mempuc-
TOPOM, O0ECIIEUMBAIOIINM JOJTOBPEMEHHYIO MaMSITh.
MyIBTUILIEKCOP pean30BaH OJIOUYHBIM METOIOM, 4TO
MMO3BOJIMJIO YIYYIIUTh €ro XapakTepucTuku. ITokaza-
HBI OCOOGHHOCTHM BKJTIOUCHUS MEMPHUCTOpPA B CXeMY
D-tpurrepa. g ero mepekiaoueHUs] UCIIOJb30BaHAa
MOCTOBasl cXeMa, 4To obecreunBaeT M3MEHEHHWE Ha-
MpaBJIeHUs] TIPOTEKAHUS TOKA Yepe3 MEMPUCTOP U TEM
CaMBbIM MEPEKITI0YAET €ro U3 HU3KOOMHOTI'O COCTOSIHUS
B BBICOKOOMHOe M HaoOopor. IlpemioxeHa Moxpenb
MEMPHUCTOpA, KOTOpas OTpaXkaeT OCHOBHBIE (hu3nyec-
KH€ TIPOILIECCHI, TPOMCXOASIINEe B MEMPHUCTOpPE: €ro
WHEPLIMOHHBIC CBOMCTBA, MEPEKIOUEHNE COMPOTUB-
JIEHUST MEMPUCTOPA.

PesynbTaThl CXeMOTEXHMYECKOTO MOISIUPOBAHUS
cxeM D-TpurrepoB nokasajiv, 4TO HaWIydllIde Xapak-
TEPUCTUKH MMeeT TPUTTEp Ha MyJBTUILIEKCOpax, pea-
JIM30BAHHBIN IO OJouHOMY HpuHLMNOY. Ero aHepro-
53¢ GEeKTUBHOCTh caMasi BHICOKAsl M3 BCEX TPUTTEPOB U
MIPEBOCXOAUT 3HEPro3(HeKTUBHOCTh TPUITEPA Ha JIO-
rMYeCcKUX daeMeHTax B 3,6 pasza. Unciio TpaH3nuCTOPOB

3TOro TpUrTepa B 1,5 paza MeHbllle, YeM y TpUIrrepa Ha
JIOTUYECKMX 3JIEMEHTaX, U TaKOro e IMopsiiKa, Kak 1
y APYTUX TUIIOB TPUITEPOB.

HccnenoBanmne paborel D-Tpurrepa ¢ MeMpucTo-
POM II0Ka3ajo, YTO €ro 3Hepro3¢pGeKTUBHOCTD YCTYIa-
€T ABYXCTyIeH4YaTbIM D-Tpurrepam v B 3HaUYUTEJIbHOM
CTEIeHU ONpPeaeseTCs] MHEPIIMOHHOCTbIO MEMPHUCTO-
pa. Ero mpenMyIIecTBO 3aKJII0YAETCSI B SHEPTOHE3aBU -
CUMOI1 maMsTH, 6Jarogapst YeMy Takoi Tpurrep He 60-
UTCS cOOEB B MUTAHWU, MTPOMCXOMSIINX MO Pa3HBIM
MpUYMHAaM: 3aKOHYMJICS 3apsi[i aKKyMyJsiTopa, Ipe-
pBaJicS MUTAIOLIMIT KOHTAKT NIPU BUOpaLUU U 1p.
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Introduction

The most widespread components in the digital in-
tegrated circuits, due to their unique properties, are
CMOS-transistors. The fundamental unit of the se-
quential digital circuits is the D-flip—flop, therefore, a
research of the characteristics of its various modifica-
tions is rather topical now. In the work we consider
both the widely used circuits of the D-flip—flop kind
(for example, with the use of the logic elements), and
the ones designed at the transistor level. Out of all the
variety of the D-flip—flops we will consider only the
master-slave ones, free from the mode of generation
and without dangerous time competitions [1].

D-flip-flop on the logic elements

A circuit of the master-slave D-flip-flop on the
logic elements is presented in [1]. An advantage of the
D-flip-flop is a possibility to use various CAD for de-
signing of complex circuits. However, application of
the standard logic elements envisages redundancy of
CMOS transistors, and hence — an increased power
consumption and occupied space.

Further we will consider the alternative circuits de-
signed at the transistor level.

D-flip-flop with a latch and an asymmetrical
control circuit

A D-flip-flop with a latch and asymmetrical control
circuit is shown in fig. 1.

The first step of it consists of a latch in the form of
two inverters embraced by a positive feedback (DDI,
DD?2 microcircuits) and a control circuit (VI1—VT4
transistors). Such a configuration was embodied in the
S-element (Miller's element) [2, 3], which was used as
a logical "And" with storing.

Let us consider operation of the first step of the
D-flip-flop. In the storage mode (C = 0) the output of
the control circuit is in a high-resistance state and does
not exert impact on the latch. In the recording mode
(C = 1) the control circuit allows a transfer of the in-
formation signal D to the input of the latch. Switching
of the latch happens thanks to the fact that the DD2 in-
verter consists of "weak" transistors having small satu-
ration current, while the control circuit consists of
"strong” transistors with a big saturation current. The
second step of the D-flip-flop is similar to the first one.

At C =1 the first step is open, while the second one
is closed. The information signal of D is recorded into
the first step. At C = 0 the first step is closed, while the
second one is open and the signal from the output of the
first step is recorded in the output of the second step.
Switching of the D-flip-flop happens by the negative
front of the clock pulse.

A drawback of the circuit is that due to introduction
in the circuit of "Reset”, R, and "Set", S, operations the
number of the in-series transistors in the control cell in-
creases, which leads to a loss of speed, especially at the
lowered supply voltage.

D-flip-flop with the clocked transmission gates

In [4, 5] D-flip-flop circuits with the transmission
gates (fig. 2) are presented.

The first step of the D-flip-flop consists of DDI1
buffer inverter, VI1, VT2 transmission gates and a
memory cell made on the DD2, DD3 inverters em-
braced by a positive feedback. Thanks to the heteropolar
clock signals, the transmission gates can be closed and
then the information is saved in the memory cell, or they
can be open and then the information is recorded into
the memory cell. The second step of the D-flip-flop is
similar to the first one, only opening and closing of the
transmission gates is opposite to the first step.

The circuit becomes significantly more complicated,
if the "Reset" and "Set" elements are introduced into it.

D-flip-flop with a latch and symmetric control circuit

In the work [6] it was suggested to control the mem-
ory element (latch) by means of the nMOP-transistors
situated in the lower half-plane of the circuit, symmet-
rically in relation to the latch. An advantage of such
control method is the number of the in-series transis-
tors, which increases the speed of the circuit and allows
it to operate at smaller supply voltages.

The circuit of the D-flip-flop with a symmetric con-
trol circuit is shown in fig. 3.

Let us consider operation of the first step of the
D-flip-flop. In the control circuit the VT1—VT4 tran-
sistors are located only in the lower half-plane. The
latch inverters (DD1, DD2 microcircuits) are made on
"weak" transistors, which switch over under the influ-
ence of the "strong" transistors of the control circuit. At
a high level of the clock signal (C = 1) recording of the
information signal of D in the first step of the D-flip-
flop (VT2, VT4 open transistors) is allowed. At the
same time, the second step of the D-flip-flop is closed
(N =0)). Due to a change of the level of the clock sig-
nal the first step is closed and the information from the
output of the first step is recorded into the second step.
Thus, operation of the D-flip-flop on the front of the
clock signal is carried out.

D-flip-flop on multiplexers

The steadiest latch is the latch on multiplexers [3].
Fig. 4 presents the circuit of the master-slave D-flip-
flop on multiplexers.

By means of the address signal a to the output F of
the multiplexer a signal arrives either from x0 input, or
from x1 input. If x1 signal is supplied to the output of
Q1, then the reading mode is set. If x0 signal is sup-
plied — than the storage mode is set. This mode is
maintained because in the mode of storage the equality
of x0 = QI is carried out in the circuitry. The second
step of the D-flip-flop operates in a similar way, but
thanks to the inverse signal on the address input the
modes of recording and storage exchange their posi-
tions, ensuring the master-slave mode.
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We realize the circuit of the multiplexer by the block
method in accordance with the technique presented in
the work [7]. By means of Karnaugh maps we receive
the equations necessary for synthesis of the circuit of
the multiplexer. The equation for realization of the log-
ic unit has the following appearance:

F(l) = axl + Xoa

The equation for realization of the logical zero has
the following appearance:

FO = (x, + a)(x; + a).

On the basis of the equations we synthesize a sub-
circuit, realizing the logical unit in the lower half-plane
and the logical zero — in the top half-plane. By com-
bining both subcircuits, we receive a block circuit of the
multiplexer with an inverter (fig. 5).

By substituting the values of the signals, we receive
a D-flip-flop on CMOS transistors realized on multi-
plexers (fig. 6).

A distinctive feature of the D-flip-flop circuit is ab-
sence of the memory cells in a direct form. A positive
feedback is formed only at certain levels of the address
signal corresponding to the storage mode.

D-flip-flop with a memristor

A memristor is the resistor with long-term memory.
Under the influence of a heteropolar input signal it
changes the resistance in tens of times. Thus, the D-flip-
flops created on its basis will have a long-term memory
and protection against the power failures. The circuit
of the D-flip-flop with the MR1 memristor is present-
ed in fig. 7.

Information signal D is recorded in the memristor
by means of the "Recording” signal of the positive po-
larity. When the "Recording” signal is equal to a logical
unit, the VT2, VT3, VT10 and VT11 transistors open,
and both the direct D and the inverse D signals come
to the memristor. Depending on the direction of the
course of the current via the memristor, the low or high
resistance of the memristor is established. Duration of
the recording is defined by the inertial processes in the
memristor.

In the "Reading” mode the VT35, VT8 transistors
open and the current goes via the memristor deter-
mined by the VT35 transistor with the set current of sat-
uration of 0.1 mA. Therefore, depending on the mem-
ristor resistance, high or low level pulses will be formed
on it (fig. 8).

The received pulses come to the second step of the
D-flip-flop (VT13—VT16 transistors, DD1, DD2 mi-
crocircuits), where they are memorized in the latch.
The microcircuit of DD3 serves for an increase of the
load ability on the inverse output signal. Duration of the
"Reading" pulse is defined by the speed of the circuit on
CMOS transistors. In the process of the work the du-
ration of the reading pulse is assumed as equal to 0.5 ns.
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VT6, VT7 transistors serve for binding of the outlets
of the memristor to the case at the moment of absence
of the recording and reading signals, when all transis-
tors are in a high resistance state, and are controlled by
the "Write" and "Read" signals.

For modeling of the circuit, the memristor model
presented in fig.9 was used.

The control circuit, which records the information
signal of D in the latch (DD1, DD2 microcircuits), is
made on VT1-VT4 transistors. The latch plays the role
of a long-term memory for the memristor. The chain of
R1, C1 reflects the inertial properties of the memristor.
The key of K1 switches the memristor resistance from
10 kQ; up to 1 MQ. The peak-up voltage of the key is
equal to 2V, the opening voltage is equal to 1 V. Such
a model can be qualified as a formal model. Neverthe-
less, it reflects the main processes happening in the
memristor and allows us to model the circuits contain-
ing the memristors.

Circuitry research of the D-flip-flops’ parameters

The research of the parameters of D-flip-flops was
conducted by the method of the circuitry modeling in
CAD OrCAD with the use of BSIM4 standardized
compact model [8] of the MOS transistors within
0.18 um technology. The supply voltage of the circuits
was equal to 3.3 V, the period of the clock pulses was
equal to 10 ns. The saturation currents of the "strong"
MOS transistors were chosen as equal to 1 mA, and of
the "weak" MOS transistors as equal to 0.3 mA.

The considered D-flip-flops are compared by the
energy efficiency and the number of the transistors in a
circuit. For a quantitative definition of the energy effi-
ciency the generalized power topological criterion of L
[6] is applied, representing a product of the work of
switching A and the number of transistors V:

L=AN= P, N.

Such a presentation of the energy efficiency allows
us to consider both the electric parameters of a circuit
(average scattered power R, a delay of propagation of
a signal 13.p), and the topological parameter — the
number of the transistors in a circuit.

The diagrams of the dependences of the number of
the transistors and the power topological criterion on
the circuitry synthesis of D-flip-flop circuits are pre-
sented in fig. 10.

As it is visible in the diagram, the circuit of the
D-flip-flop on multiplexers in the block version has the
best power topological criterion. The number of tran-
sistors in all the circuits is approximately identical, ex-
cept the circuit on the logical elements, which has a
transistor redundancy. The low energy efficiency of the
D-flip-flop with the memristor (L = 13.8 pJ - piece) is
due, first of all, to a considerable inertia of the mem-
ristor (units of nanoseconds) at the other comparable
parameters (N = 22, R, = 0.3 mW).

. T3.p .




Conclusion

The authors considered circuits of the master-slave
D-flip-flops on the logical elements, with a latch and
symmetrical and asymmetrical control circuits, with the
clocked transmission gates, on multiplexers, and also a
D-flip-flop with the memristor ensuring a long-term
memory. The multiplexer was realized by the block
method, which made it possible to improve its char-
acteristics. The authors demonstrated the specific fea-
tures of connection of a memristor into the circuit of
a D-flip-flop. For its switching over a bridge circuit was
used, which ensured variation of the direction of the
course of the current via the memristor, and by that it
switched over from the low-impedance state into the
high-resistance one and vice versa. A memristor model
was offered, which reflected the main physical process-
es happening in the memristor: its inertial properties,
switching over of the resistance of the memristor.

The results of the circuitry modeling of the D-flip-
flop circuits demonstrated that the D-flip-flop on mul-
tiplexers realized by the block principle had the best
characteristics. Its energy efficiency was the highest of
all the D-flip-flops and it 3.6 times surpassed the energy
efficiency of the D-flip-flop on the logical elements.
The number of the transistors in this D-flip-flop were
1.5 times less, than in a D-flip-flop on the logical ele-
ments, and about the same as in the other types of the
D-flip-flops.

The research of operation of the D-flip-flop with the
memristor demonstrated that its energy efficiency
yielded to the master-slave D-flip-flops and to a great
degree was defined by the inertia of the memristor. Its
advantage was the non-volatile memory, thanks to which
such a D-flip-flop was not liable to the power failures
happening for various reasons: flat batteries; interrup-
tion of a power supply contact due to vibration, etc.
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IIpedaacaemvie areopummvl KOMMYMAUUU MPAH3UCMOPOE CUA0BOU Uenu NPedHA3HAUeHbl 045 UCHOAb308AHUS 8 UCHOUHUKAX
numanus, 060py00BAHHbIX UUPPOBOU cucmemoli ynpasienus. IIpumenenue npedcmasieHHbIX AA0PUMMO8 NO360A5em COKPAMUMb
YPOBeHb 3azpyiceHHocmu Konmpoatepa onepayusmu obwernus ¢ ALIII 0o 40 % u chuszumo ne menee wem 6 2 pasa ypogeHv 1€k -
MPOMASHUMHbBIX NOMEX 8 CPABHEHUU C CYUWeCMBYIOUWUMU AN2OPUMMAMU.

Karoueevie caosa: B6MOPUHHDBIE UCMOYHUKU NUMAHUA, KOMMYMAuUusi mpan3ucmopoes, K803Mp€30HaHCHbIIZ pesncum, 4acmomHo-
UumnynvCHa:A Moay./lﬂL{Llﬂ, nomepu 3Hepeul, 31eKmpomMacHuUmHble nomexu

BTOpH‘IHbIe HCTOYHHUKHM NMUTAHUA U METOIAUKH
KOMMYTAllUM CHJIOBBIX TPAH3HUCTOPOB

IIpu pa3paboTke KOHKYpPEHTOCIOCOOHBIX BTOPUY-
HbIX UcTOUYHUKOB nutanust (MI1) BaxxHeimmmuy napa-
MeTpaMU SIBJISIIOTCSI X rabapuTHBIE pa3Mepbl U KO3d-
¢uuuent noje3Horo aeicteus (KITH). Kak cneactBue,
takue UII obiagaroT BICOKOM yAeIbHONH MOIIHOCTHIO,

KOTOpas BCeleJIO 3aBUCUT OT 0003HAUYEHHBIX TapaMeT-
POB B COOTBETCTBUM C (POPMYIOM

P = P BBIX
ya 78
TIe Pyﬂ — yaenbHast MolHoCcTh UT1, KBT/z[M3; P —

BBIXOJHAs MOILIHOCTh MCTOYHUKA MTUTaHus, KBT, V —
oowem MII, M.
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IToMyuMO THIIA 3IEKTPUYECKON CXEeMBI M KOMIIO-
HEHTOB, Ha KOTOPBIX ITOCTPOEH pa3pabaTbiBaeMblii
HTII, na koHeunble KITI v rabapuTHble pa3Mepbl BIMU-
sIeT METOJ KOMMYTallMyd TPaH3UCTOpa CUJIOBOM LIeTU
(cunoBoii TpaH3ucTOp). Takass KOMMyTalus MOXKET
MPOBOAMUTLCS C pa3HbIM KOJIMYECTBOM pacceruBaeMoii B
TeIUIoTy dHepruu. Tak, KOMMyTalMu CUJIOBOTO TpaH-
3UCTOpPA C TTOCTOSIHHBIM BPEMEHHBIM MHTEPBAJIOM 0e3
peryJMpoBaHusl 5TOT0O MOMEHTA ISl CHUKEHMST SHep-
TeTMYECKMX IOTePh HA3BIBACTCS Hcecmkol KOMMYTa-
mueit [1]. B ciyyae KOppeKTHUPOBKM MOMEHTa mepe-
KJTIOYeHUST TPAH3UCTOPA B 3aBUCMMOCTH OT 3HAYCHUS
KOMMYTHMPYEMOTO HaMpsKeHUsT KOMMYyTalusl OymeT
Ha3bIBaTbCsl Msaekou [2, 3]. Msrkass KommyTaiusi cu-
JIOBBIX TPaH3UCTOPOB TO3BOJIIET CHU3UTHb DHEPIeTH-
yecKue MOoTepU U, KakK CIeICTBUE, Pa3MePbl CUCTEMBbI
OTBOJZIA TEILIOTHI.

Ha naHHBIIf MOMEHT CYIIIECTBYIOT pa3InyHbIe 3apy-
OexkHble U OTEYECTBEHHbIE METOAMKU MSITKONH KOM-
MyTalliH, IIOCTPOCHHBIE Ha aHAJIOTOBBIX M IU(POBBIX
peireHusx. Cpenu 3apyOexkHbIX pellleHuii Haubosee
pacnpocTpaHeHbl METOAWKU HYJIEBOTO TOKA U HYJIEBO-
IO HanpsKeHUs, TIpUMeHeHus1 cHab6GepoB [4—6]. Ore-
YeCTBEHHbIE PellIeHNs PeACTaBIeHbl BApMaHTaMMU MPU-
MEHEHUS CIIeIMaJIUu3UpPOBaHHBIX MUKpocxem [7, 8],
HCIIOJIB30BaHMs KojebaTeIbHbIX KOHTYpPOB [9], BHen-
peHus 1M¢poOBOH CUCTEeMbl KBa3MPE30HAHCHOTO YII-
pasieHust [10].

BHenpeHue 1mugpoBoii cuctembl yrpasieHusl, TIpe-
JlaraeMoe B HEKOTOPBIX METOIMKAX, JaeT BO3MOXHOCTb
peanu3aluuu AOTOJHUTEIbHBIX BO3MOXHOCTE! 3aliu-
Thl WK yHKIMoHUpoBaHus WIT u 6osiee rubKoro yr-
paBJieHus1 B Ipoliecce ero padotsl. [1o atum npuuu-
HaM Takasi MEeTOMKa SIBJSIeTCS MepCIeKTUBHOMA.

B nanHo#t paGote mnpeajararoTcsi OTJWYAIOLIAECS
OT U3BECTHBIX QJITOPUTMbI KOMMYTAIIMU JUISI METOIUK
paspaboTku MIT Ha ocHOBe LU(POBOI CUCTEMBI YII-
paBieHUs1. AJITOPUTMEI MO3BOJISIIOT OCBOOOIUTH Bpe-
MEHHBIE Pecypchl MUKPOKOHTpOJIepa U 00eCIeUUTh
KBa3Mpe30HAHCHOE YIIPaBJIeHNE CUJIOBBIM TPAH3MCTO-
POM C KOPPEKTUPOBKOI B pexKrMe peabHOTO BpEMEHU.

IlocnenoBaTenbHbIi M NPEACKA3bIBAIOIINNA AJITOPHTMBI

AnroputMm padotel MIT ¢ Msarkoit kommyrauuei
CUJIOBOTO TPAH3UCTOpPAa OCHOBAaH Ha U3MEHEHUM Bpe-
MEHU KOMMYTallMU. AJITOPUTM OMpenessieT MOMEHThI
BpeMEHU, KOTJa HamnpsLKeHWe Ha CTOKe TpaH3MCTopa
MUHMMAaJbHO, YTO MMO3BOJISIET CHU3UTh IIOTEPU SHEP-
TMU TIpU TiepekatoueHuu. OmnuchbiBaeMble MOMEHThI
BpPEMEHMU IIpeACTaBlIeHbl Ha puc. 1 1 0003HaYEHBI TepP-
MWHOM "JIOXKOWHBI".

Hnst obecriedyeHUs] ONMMCAHHOTO TEPEeKIIIOYeHUST B
CTPYKTYpe aJIrOpUTMa MOXHO BBIACIUTH CJAEAYIOLINE
OCHOBHBbIE 1Iaru:

1 — cuuTbiBaHUE U (UKcalUs OLU(POBAHHBIX 3HA-
YeHUA KOMMYTHPYEMOIO CUJIOBBIM KJIIOUOM Hampsi-
KEHUS,
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Puc. 1. ®opMa KOMMYTHPYEMOro HANPSKEHUSI CHJIOBOM LENH
Fig. 1. The form of the switched voltage of the power circuit

2 — obpaboTrka onndpoBaHHBIX 3HAYEHUIA;

3 — BBIpabOTKa YIPaBISIONIETO BO3ACHCTBUSI.

Ha nepBom 11are rmpoucxoaut ouugpoBKa (GopMbl
HanpsKeHUs CUJIOBOM LIETIU C 3aJaHHOM YaCTOTOM AUC-
KpeTu3aluuu ¢ nmoMouipio BHyrpeHHero AIIIT Mukpo-
KoHTpoJuiepa. CuuThiBacMble 3HAUYECHUSI (DUKCUPYIOT-
Cs UISl NAJIbHEUILUX OTepaLvid.

Yucao obpamenuii K ALLIT Hanpsimyto BIusieT Ha
KCIIOJIb30BAaHUE PECYpPCOB MUKPOKOHTpoJuiepa. Eciu
0003HaYUTh 1 MOJHYIO 3arpy>K€HHOCTh MUKPOKOHT-
poJsuiepa BBIYMCIUTEbHBIMU OTEpalusMU, TO OMPOC
AIIIT B mpoMeXyTOK BpeMEHM, IpEeACTaBICHHBINA Ha
puc. 2, c Iy MO 1} KaXIOTO MPOMEXKYTKA BPEMEHU, KOT-
Jla TPAaH3UCTOP BBIKJIIOYEH, C TUIIOBOI CKBaXKHOCTBIO
S = 2 cocTaBuUT

T =0,5T,

roe T — 3arpy:XKeHHOCTbh MUKPOKOHTpPOJIIEPA OIlepa-
My yTteHusT JaHHbeix ¢ AL

CooTtBeTcTBeHHO, TTpu obpaieHun K AL g cum-
TBIBAHUSI OLM(POBAHHBLIX 3HAYCHMIA (POPMBI HaAMpsi-
KEHUA B CWJIOBOM LIEMU TOJBKO BO BPEMA C #j IO [y,
JUISL KaXIOW JIEeCATON WJIM COTOM KOMMYTAlLIMU TpaH-
3UCTOpA, 3arpy:KeHHOCTb MUKPOKOHTPOJIJIEpa ornepa-
My obieHus ¢ ALIIT cocraBur:

T, =05-L=r-1L.

10 20°
* _05. L — 7. 1
Tigp = 0,3 100 T 200"

Takum obpa3oM, yeM pexxe MUKPOKOHTPOJIIEP OIl-
pamuBaet ALIII, Tem OoJibllie Yy HErO OCTaeTCs pecyp-
COB Ha JIpyrue 3aauM, HO 1 OOJIbIlIe BpEMEHU CUCTEMA
OyzeT pearupoBaTh HA U3MEHEHMS B (DOpMe HaIIpsiKe-
HUS CUJIOBOU LIETIN.

Yucno obpameHuii Kk ALLTT Takke 3aBUCUT OT CITO-
coba 00pabOTKM MOTYYEHHBIX TaHHBIX WIS (PUKCcaum
NOJIOXKEHUIA JIOXKOUH 1), &, U t;. Ha manHoM sTame
MpejJiaraeMble ajilrOPUTMbl pa3aessioTCsl Ha MOCIen0-




BaTEJIbHBIM aJrOPUTM, OCYIIECTBJISIOIINUI 00paboTKy
BCEr0 MAacCuBa 3HAYEHUH C f, 1O #;, U TPeICKa3biBa-
to1urii [11], BBIOJHSAIOWIMUN MEHbIIIee YUCIO oOpalle-
Huii k ALITI.

[TocnenoBaTesbHbIN aJITOPUTM CXOX C aJITOPUTMOM
paboThl METOAMKHM HyJIEBOTO ToKa. Ero cyliectBeHHOe
OTJIMYME OT aHajiora 3akjroyaercss B (UKCAllMU He
TOJIBKO MEPBOU JIOXKOMHBI, a BCeX, KOTOPbIE YKJIabl-
BaloTCs B (opMe HampsDKeHUs] CUIOBOM LENM JJIs
JajbHel1ero (GpopMUpoOBaHUS IOCAEA0BAaTEIbHOCTHU
VIPABISIOMINX UMITYJIbCOB.

IIpencka3bpiBalOLIMil AJITOPUTM OIPEACNISIET MEHb-
1Iee YMCJ0 9KCTPEMYMOB IO (DopMe HaMpsIKeHUs CU-
JIOBOM 1ienu, IpeacTaBIeHHOM Ha puc. 3.

OnpeneneHue JTOKaJIbHBIX MUHUMYMOB X1—X5 Ha
OTpe3Ke [7, #;] — Lenb 00pabOTKM CYMTHIBAEMbIX 3HA-
YeHUIl aJIrOpUTMOM. B TepBylo ouepenb IpeacKasbl-
BalOLLMIA AJITOPUTM TNIepedOPOM 3HAUCHUI OMpeaesseT
MEePBbI MAaKCUMYM, COOTBETCTBYIONIMM Touke M. Cre-
JIYIOIIUMU OTpeaessioTess MUHUMYM X1 u mocienyio-
i MakcumyM X2. OmpeneneHue 3KCTpeMyMOB M,
X1 u X2 sBasieTcsl 1OCTaTOYHBIM JJISI BBIYMCIECHUS

300
200 9

100 4

Puc. 2. ®opma ouudpoBbIBAEMOro HANPSIKEHUS
Fig. 2. The form of the digitized voltage

— ]
1, us

Puc. 3. Onpenenenue 3kcTpeMyMoB B ¢opmMe HANpPsDKEHUsI CHIOBO#
nenu

Fig. 3. Determination of extrema in the form of power circuit voltage

Puc. 4. ®opma KOMMYTHPYEMOro HANPSIKEHHS CHJIOBOW LENH MO
BO3/I€fiCTBHEM NOCJIEAOBATEILHOCTH YNPABJISIOIMX UMITYJIbCOB

Fig. 4. The shape of the switched voltage of the power circuit under the
influence of a sequence of control pulses

TOJIOXKEHMST TTOCIEAYIOIINUX JOKAJTbHBIX MUHUMYMOB.
ITocne ompeneneHusi skcTpemMymMa X2 3aBepluaeTcs
npouecc padbotsl ¢ ALII. TTocnenyroiirie MUHUMYMBbI
ONpEeNessIIOTCSl UCXOs1 U3 Mepuona 3aTyxalolux Ko-
JlebaHmit, paBHOTO YIBOCHHOMY BPEMEHH MEXKIY DKC-
TpeMymMamu X1 u X2:

T= (th - tXl)Z

ITockobKy MOMEHT Hayaja UMIyJbca #;, GopMu-
PYEMBI CUCTEMOI YIIpaBJIEHUS, U3BECTEH, OMpeIeie-
HUE BPEMEHU SKCTPEMYMOB IMPOMCXOAUT MCXOIs U3
KosmyecTBa BbImaHHBLIX AILIIT 3HaueHUit pu M3BECT-
HOM 4aCTOTE AUCKPETU3ALIMM.

ITonoxeHue BO BpeMEHM JIOXKOMH OTHOCUTEIHLHO
MOMEHTA {) ONIPEAEIAETCS CIEAYIOIUMU POPMYTaMu:

Im = Ixys
m=txnt+T;
t_]'[3 = tXl + 2T

Ha cnenytomeM mare npeackasblBalolMid U MOC-
JIENOBATEJIbHBIN aITOPUTMBbI UCTIOJB3YIOT OJIUHAKOBBIA
BapuaHT (QOPMUPOBAHUS YIPABISIOLIETO CUTHAajA.
Vhpasnsiiolmdii curHai npeacTaBisieT codoil uepeny-
IOIIYIOCSI TTOCJIEA0BATENBHOCTh UMITYJIbCOB C pa3jivy-
Hoi mmmHoM. Ilpenmaraemast KBa3upe3oHaHCHasl CO-
CTaBJISIONIAs] ONPEACNISETCS Ha TaHHOM Iare padoThl
aJITOPUTMOB U 3aKJIIOYAeTCs HE B KOPPEKTUPOBKE MO-
MEHTa KOMMYTallM¥ CHUJIOBOTO KJIIOYa IO TMOJOXEHUIO
MepBOI JTOXKOUHBI, B KOTOPOM MPOUCXOAUT KaXa0e Tie-
peKIIIoueHre, KaK B CYLIECTBYIOIIUX aHajorax [12—15],
a B UyepeJoBaHUM MUMITYJbCOB YIpPaBJIeHUSI C pa3iny-
HBIMU JIJIMHAMU, KOTOPbIE COOTBETCTBYIOT MOJIOXKEHM -
sIM pa3HbIX JJOXOUH (puc. 4).

HNmnynbscam A, Bu C cOOTBETCTBYIOT CUTHAJIbI yII-
PaBJIEHUs JUIMTENBLHOCTBIO fj1q, Iy U I3 COOTBETCT-
BEHHO.

Ha puc. 4 MOXHO OTMETUTD pa3uyHbIC IO BpeMe-
HU TIPOMEXYTKM MEXIy MUMIyJbcaMu. DTO BBI3BAHO
HEOOXOIMMOCTbIO PETYJIMPOBAHUS YPOBHSI 3HEPIUH,
nepenaBaeMoil BO BTOPUUYHYIO OOMOTKY (MpsIMOX0OJ10-
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BOM MCTOYHUK IIMTaHMUS) WJIM HakKaIUIMBaeMoOi B
TpaHcgopMmartope (oopatHoxonoBoit MIT). Hampumep,
st oopatHoxogoBoro MUIT ypoBeHb 3anacaemMoit aHep-
MU JOJIKEH OCTaBaThCsl HEU3MEHHBIM U COOTBETCTBO-
BaTb (hopmyJie
2
——

roe L — WMHOYKTUBHOCTH TpaHcdopmaropa, I'x; [ —
TOK, TPOTEKAIOIIUil B IEPBUYHOI 0OMOTKE TpaHCdOp-
martopa, A.

PexoMmeHnmoBaHHasl MOCIeI0BAaTEIbHOCTD MMITYJIb-
COB 7151 pabOThI AIrOpUTMOB UMeeT Bud: A, B, C, B, A,
B, C, B, .... Takas nocienoBaTeJIbHOCTb MOIy4YeHa K-
CIIEpUMEHTAJIbHBIM IyTEM W obecrieyrMBaeT TMOKYIO
BO3MOXXHOCTb KOPPEKIIMY AJITOPUTMOM ITpoliecca KOM-
MyTtaiuu. Koppekiius 3akioyaercsl B IEpuoanyeckomn

Havano
Start

BobipaboTka ynpaensitoLiero 3aTsopomM
BO34encTBusi Ha paboyert yactote UM
Creating a pulse at the operating frequency

\
v

CyuTbiBaHME JaHHbIX
c Aun
Read data from ADC

v

Mounck «Nox6uH»
Search "valleys”

v

BbluncrieHne CTpyKTypbl ynpaBnsioLLero
BO30ENCTBUSA
Calculation of the control structure

Ectb
paccornacosaHue B

obpartHoi cBa3n?
Valley is not
exact?

Koppekuus ynpaensioLiero
curHana Y/M
PIM control signal
correction

v

BbipaboTka KkBa3npe3oHaHCHOro
ynpaBnsioLLero BO3aencTamns
Development of quasi-resonant
control action

v

3anyck c4yeTymKa MMMynbCOB A0 KOHTPOSIbHOM
NPOBEPKU MOMOXEHUS «NOXOUH»
Starting the pulse counter before the control
check of the “hollows” position

OGHyneHve 1 NpuocTaHoBKa
CueTunk NonoH? cyeTumKa
s the counter full2 Reset and Suspend
counter
L L L L L Ll 4

Puc. 5. CTpykTypa nocjieioBaTeJibHOr0 ajaropuTMa
Fig. 5. The structure of the sequential algorithm
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IIPOBepKe UMITy/Ibca B Ha MOJIOKEeHME TIEPBO JT0XOM-
Hbl U TIOCJIenyIollell KOPPEKTUPOBKE pabOUUX TOUYEK
BCeil mocyieqoBaTeIbHOCTU MPU HEOOXOAUMOCTH.

TumnoBasi pekoMeHayeMasi MOCIeN0BaTENbHOCTD A,
B, C, B, A, B, C, B, ... MOXeT ObITb U3MEHEHA MUK~
POKOHTPOJUIEPOM [JIs1 YBEJIMYEHUSI BBIXOAHON MOILII-
HOCTU MCTOYHUKA MUTAHUS B ylIepd CHWKEHUST Bpe-
MEHHU peaKkiMi CUCTEMbI Ha OTKJIOHEHUE paboueil ToU-
ki uian BpemeHu ompoca ALII. [Jdnsg 3Toro mMoxer
OBITHh MCIIOJIb30BAaHO ABa criocoba.

1. VBenuueHue 4yucia IIUTEJIbHBIX UMITYJILCOB B
noCJaca0BaTCJIbHOCTH.

Hanpumep, pekoMeHayemasl IOCJIeq0BaTeIbHOCTh
MOXKET MPUHSTH CIAEIYIOLINIA BUIIL:

A, B, C, B, A B C B,..>A, B, C A B, C,
A B C, ..—>AC B C A C B, C, ..

Havano
Start

BbipaboTka ynpaBnsitoLero 3aTBopom

BO3MeNCTBUS Ha paboyei yactote UMM

The creation of a pulse at the operating
frequency

v v
CuuTtbiBaHue CuuTbiBaHWe AaHHbIX ¢ ALIM
OaHHbIx ¢ ALM B CY>KEHHOM Auana3oHe
Read data from Reading data from ADC in
ADC the narrowed range
\ |
v
Bbluncnenve
NOSOXeHU
«NOXOUHY
Search «valleys»

v

dopMUpoBaHUE CTPYKTYpPbl YNPaBsioLLero
BO3aeNncTBus
control structure formation

Ectb

KoppektupoBka
paccornacoeaHuve B
» ynpaBnsioLero curHana
obpatHol cBs3n? M

Valley is not
exact?

PIM control signal correction

v

BbipaboTka kBasnpe3oHaHCHOTo
yNpaBnsiioLLero Bo3aencTans
Development of quasi-resonant
control action

v

3anyck cyeT4YMKa MMNynbCOB A0 KOHTPOMNbHOM
NPOBEPKM MOSNOXEHNS «NOXKOUHY
Starting the pulse counter before the control
check of the “hollows” position

- CyeTumK NonoH?

is the counter full?

OB6HyneHve 1 NpuocTaHoBKa
cyeTumKa H
Reset and suspend counter

Puc. 6. CTpykTypa npeacKa3biBalomiero ajaropurma
Fig. 6. The structure of the predictive algorithm




B manHOM ciyyae yeM OoJibllie MJIMTEIbHBIX HM-
ITyJIbCOB HaXOIUTCA MEXIY KOPOTKUMHU KOHTPOJIbHEI-
MM UMITyJIbCaMU B, 10 KOTOPBIM aJrOPUTM MPOBOIUT
KOPPEKLINIO BpeMEHN KOMMYTALIMH, TEM PexXKe TTPONC-
XOIUT 3Ta KOPPEKIIUs M CHUKAETCS BpeMsl peakiuu
CHCTEeMBI Ha CMellleHUe pabodeil TOUKU.

2. Ilepexon anrropurMma K NocjaeaoBaTeIbHOCTU M-
MyJILCOB C JTOMOJHUTENbHON "JT0XOMHONI".

B naHHOM ciyyae BBIMOJHSIETCSI Mepeonpeaee-
HUE CPeIHUX UMIYJIbCOB B B KOPOTKUE UMITYJIbCHI A,
IMHHBIX C B cpemHue B M MPOMCXOOUT yBeTUYeHHE
JMUHHBIX uMnynbcoB C go C+. Umnynbcbl C+ yanu-
HSIIOTCS Ha OAWH Iepuoj KojiebaHui N0 cleayrouiei
"JIOKOUHBI".

IToMrMO OCYIIECTBICHUST MSITKOM KOMMYTAIlUU
IO MpeaCTaBAEHHON MOCIeI0BaTEIbHOCTH aJITOPUTMBI
JIOJDKHBI OCYIIECTBIISITE KOPPEKILMIO TTOCIEIOBATEIb-
HOCTHU ISl CTaOWIM3alMU YPOBHSI BHIXOAHOIO HaIpsi-
XeHus moaKoHTpojabHoro MII. ITocKoabpKy IMpPOTHO-
WMITYJIbCHAsI MOIYJISILIMS B TAaHHOM CJly4yae 3aTpyIHeHa
HaJIMYMEM KBa3UPE30HAHCHOM COCTaBJISIOLIECH, PEKO-
MEHIYeTCsl UCITOJIb30BaTh YaCTOTHO-UMMYJIbCHYIO MO-
LIYJISILUIO.

IMonpIToxXMBast paboTy, Ha puc. 5 U 6 TpUBeIEM
CTPYKTYPHI TTOCJIEIOBATETLHOTO U TIPEICKA3bIBAIOIIETO
aJITOPUTMOB.

CdeTumK, MpeaCcTaBJICHHEINA Ha pHC. 5 1 6, OTCUM-
TBHIBAa€T YMUCJIO KOMMYTAlIMi CHJIOBOTO KJioya 0
MpOBepKN (POPMBI HATIPSDKEHHST CUJIOBOUM I WU
rocJieayolieil KOppeKIrK yIpasisiolleil mocjieaona-
TeJILHOCTHA CUTHAJIOB, BBIpA0ATBIBAEMBIX MUKPOKOHT-
POJLIIEPOM.

B cBoem cocraBe ajaroputM MMeeT BbIAEJICHHbIE
LIBETOM OTIepalliu, UMEIOIIMe MPeACTaBICHHbIC OTIM-
YUTEIbHBIC YePTH B CPABHEHUH C TTOCIIEIOBATEIbHBIM
aJITOPUTMOM.

3akimouenue

ITpencraBiaeHHbIE aITOPUTMBI SIBJISIIOTCS HE €UHCT-
BEHHBIMU JJISI CYIIECTBYIOLIMX METOIMK LIU(PPOBOIO
ynpasiaeHust U1, Ho Mo3BOASIOT CHU3UTD 3arpy>KeH-
HOCTb KOHTpOJIIepa onepauusiMu odiueHus ¢ ALIIT no
40 % B cpaBHEHUH C aJITOPUTMAMM TTOCIIEIOBATEIHLHO-
IO CUMTBHIBAHMS ITOJTHOTO CUTHAaJA.

I[TpuMeHeHHe KBa3MpPEe30HAHCHOIO MOAXOAa CHU-
JKaeT YpOBeHb DJIEKTPOMArHUTHBIX TTomex [16] Ha pa-
Oouell yacToTe MOAKOHTPOJBHOIO MCTOYHMKA IUTa-
HUS He MeHee 4eM B 2 pasza. DTo JOCTUTaeTCsl paciipe-
JieJIeHUeM UMIYJIbCOB B ILIMPOKOM CIIEKTPE YacTOT.

ITocTosiHHBIN KOHTPOJIb paboueil TOUKM 3a CUET
pediiekcru aaropuT™Ma Mo3BoJisieT YIPOCTUTh U YMEHb-
IIATh CUCTEMY OTBOAA TEIUIOTHI KOHTPOJHUPYEMOTO
MII nim BoBce OTKa3aTbCsI OT HEE, YBEJIMYUB YIC/Ib-
HYIO MOIIIHOCTb MocyenHero. I1lpu ycioBUM MCHONb-
30BaHUsI MHTETPUPOBAHHOTO MJaHApHOIO TpaHC)Op-
matopa [17] cauxenue BoicoThl MIT MoXeT Bapbupo-
BaTbCsl B Tmpeaenax 2...15 MM B 3aBUCUMOCTU OT
KOHCTPYKIIMHU.
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Secondary power supplies and switching methods
for power transistors

When developing secondary power sources (PS), the
most important parameters are their overall dimensions
and coefficient of performance (EF). As a result, such PS
have a high power density, which depends entirely on the
indicated parameters in accordance with the formula:

P
_ UBbIX
PYZL - 72

Where:

— Power density of the PS, kW/dm3;

— Output power of the power source, kW,

— Volume of PS, dm3.

In addition to the type of electrical circuit and com-
ponents on which the developed power supply is built,
the switching method of a power transistor (power tran-
sistor) influences the final efficiency and dimensions.
Such switching can be performed with a different
amount of energy dissipated into heat. So, switching a
power transistor with a constant time interval without
controlling this moment to reduce power losses is called
hard switching [1]. In case of correction of the switch-
ing time of the transistor depending on the value of the
switched voltage, the switching will be called soft [2, 3].
Soft switching of power transistors allows reducing
power losses and, as a result, the size of the heat re-
moval system.

At the moment there are various soft switching tech-
niques based on analog and digital solutions. Among
foreign solutions, the most common methods are zero
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current and zero voltage, snabbers applications [4—6].
Domestic solutions are presented by the use of special-
ized chips [7, 8], the use of oscillatory circuits [9], and
the introduction of a digital system of quasi-resonant
control [10].

The introduction of a digital control system, pro-
posed in some methodologies, makes it possible to im-
plement additional capabilities for protecting or oper-
ating an PS and more flexible control during its oper-
ation. For these reasons, this technique is promising.

This paper proposes different from the known
switching algorithms for the development of PS meth-
ods based on a digital control system. The algorithms
allow to free up the time resources of the microcon-
troller and provide quasi-resonant control of the power
transistor with the adjustment in real time.

Sequential and predictive algorithms

The algorithm of PS operation with soft switching of
the power transistor is based on the change of the
switching time. The algorithm determines the points in
time when the voltage on the drain of the transistor is
minimal, which allows to reduce energy losses during
switching. The described times are shown in Fig. 1 and
denoted by the term "hollows".

To ensure the described switch in the structure of
the algorithm, the following basic steps can be distin-
guished:

1 — Reading and recording of digitized values of the
voltage switched by the power key;

2 — Processing digitized values;




3 — Development of control action.

At the first step, the voltage form of the power cir-
cuit is digitized at a predetermined sampling rate using
the internal ADC of the microcontroller. The read val-
ues are fixed for further operations.

The number of accesses to the ADC directly affects
the use of microcontroller resources. If we denote with 7’
the total workload of the microcontroller by computa-
tional operations, then the poll of the ADC in the time
interval presented in fig. 2, from £, to #; for each time
interval when the transistor is turned off, with a typical
duty cycle S = 2 will be:

T =0,5T,

where T is the microcontroller's workload in reading
data from the ADC.

Accordingly, when referring to the ADC for read-
ing the digitized values of the voltage form in the pow-
er circuit only during time from £, to #;, for every tenth
or hundredth switching of the transistor, the micro-
controller's workload of communication with the
ADC will be:

T, =05-L=r-1.

10 20
* _05. L —p. 1
Tigp = 0.3 100 T 200°

Thus, the less often the microcontroller polls the
ADC, the more resources it has left for other tasks, but
the system will respond more to changes in the form of
the power circuit voltage.

The number of calls to the ADC also depends on the
way the data is processed to fix the positions of the hol-
lows 7, t, and £;. At this stage, the proposed algorithms
are divided into a sequential algorithm that processes
the entire array of values from #, to #;, and predicts [11],
performs a smaller number of calls to the ADC.

The sequential algorithm is similar to the algorithm
of the zero current technique. Its essential difference
from the analogue consists in fixing not only the first
trough, but all that fit in the form of a power circuit
voltage for the further formation of a sequence of con-
trol pulses.

The predictive algorithm determines a smaller
number of extrema by the form of the voltage of the
power circuit shown in fig. 3.

The definition of local minima X1-X5 on the interval
[7, %] is the goal of processing the read values by the
algorithm. First of all, the predictive algorithm uses the
search of values to determine the first maximum cor-
responding to the point M. Next, the minimum X1 and
the subsequent maximum X2 are determined. The def-
inition of the extremes M, X1 and X2 is sufficient to
calculate the position of the subsequent local minima.
After determining the extremum X2, the process of
working with the ADC is completed. Subsequent mini-

ma are determined based on the period of damped os-
cillations equal to twice the time between the extremes
X1 and X2:

T= (txz - l‘X])Z

Since the moment of the beginning of the pulse 7,
generated by the control system is known, the time de-
termination of the extremes is based on the number of
values issued by the ADC at a known sampling rate.

The position in time of troughs relative to the mo-
ment 7 is determined by the following formulas:

Im = Ix1s
m=tnt+T;
tﬂ3 = tXl + 2T

At the next step, the predictive and sequential algo-
rithms use the same variant of the formation of the con-
trol signal. The control signal is an alternating sequence
of pulses with different lengths. The proposed quasi-
resonance component is determined at this step of the
algorithms and does not consist in adjusting the switch-
ing time of the power switch according to the position
of the first trough, in which each switch occurs, as in
the existing analogues [12—15], but in alternating con-
trol pulses with different lengths that correspond pro-
visions of different troughs (fig. 4).

Pulses A, B and C correspond to control signals of
duration fy1y, f;; and fjy5 respectively.

In fig. 4, the intervals between pulses can be noted.
This is due to the need to regulate the level of energy
transmitted to the secondary winding (linear power
source) or accumulated in a transformer (flyback). For
example, for the flyback, the level of stored energy
should remain unchanged and correspond to the for-
mula:

2
L-1
W= ==
2 b
where L is the inductance of the transformer, H; I —
the current flowing in the primary winding of the trans-
former, A.

The recommended sequence of pulses for the oper-
ation of the algorithms is: 4, B, C, B, A, B, C, B, ....
Such a sequence is obtained experimentally and pro-
vides a flexible possibility for the switching process to
correct the algorithm. The correction consists of peri-
odically checking the pulse B for the position of the first
hollow and then adjusting the operating points of the
entire sequence if necessary.

Typical recommended sequence A4, B, C, B, A, B, C,
B, ... can be changed by the microcontroller to increase
the power supply output power to the detriment of re-
ducing the system response time to the deviation of the
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operating point or the ADC polling time. There are two
ways to do this:

1. Increasing the number of long pulses in a se-
quence

For example, the recommended sequence may take
the following form:

A, B C B A B C B,..>A, B, C, A B, C,
A B C ..—>A C B C A, C, B, C, ..

In this case, the more long pulses are between the
short control pulses B, according to which the algo-
rithm corrects the switching time, the less often this
correction occurs and the system response time to the
operating point shift decreases.

2. The transition of the algorithm to a sequence of
pulses with an additional "hollow".

In this case, the redefinition of medium pulses B to
short pulses A4, long C to medium B is performed and
an increase of long pulses C to C+ occurs. C+ pulses
are lengthened by one oscillation period to the next
"hollow".

In addition to the implementation of soft commu-
tation according to the sequence presented, the algo-
rithms must perform sequence correction to stabilize
the output voltage level of the controlled PS. Since the
pulse-width modulation in this case is complicated by
the presence of a quasi-resonant component it is rec-
ommended to use frequency-pulse modulation.

Summing up the work, figs. 5 and 6 show the struc-
tures of the sequential and predictive algorithms.

The counter presented on figs. 5 and 6, counts the
number of switching of the power switch before check-
ing the voltage form of the power circuit and the sub-
sequent correction of the control sequence of signals
produced by the microcontroller.

In its composition, the algorithm has operations
highlighted in color, having the presented distinctive
features in comparison with the sequential algorithm.

Conclusion

The presented algorithms are not the only ones for
existing methods of digital control of PS, but they al-
low to reduce the controller's workload with the op-
erations of communication with ADC up to 40 % in
comparison with the algorithms of sequential reading of
the full signal.

The use of a quasi-resonance approach reduces the
level of electromagnetic interference [16] at the oper-
ating frequency of the controlled power source by at
least 2 times. This is achieved by the distribution of
pulses in a wide frequency spectrum.

Constant control of the operating point due to the
reflection of the algorithm allows us to simplify and re-
duce the heat removal system of the controlled power
source or to completely abandon it, increasing the pow-
er density of the latter. Subject to the use of an inte-
grated planar transformer [17], the decrease in the
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height of the PS can vary within 2...15 mm depending
on the design.
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Paccmomper npunyun yavmpaseyKo8020 uccaedo8anus opeaHos ¢ nodeuxcHvimu epanuyamu. Ha ocrnose moougpuxayuu pe-
3YA6MAmMoe Mmeopemu4ecKo20 aHAAU3A NPOXONCOCHUS. U OMPANCCHUS. YAbMPA3EYKA OM HENOOBUICHOU 2PaHULbl pazoena cpeo npeo-
N0XCeH npubaudicenHblll Memood peuleHus 3a0ayu. [loayyeHHbill pe3yasbmam ¢ MOYHOCMbIO 00 MAAbIX K8AOPAMUUHBIX CAA2ACMbIX
n0360Asiem paccuumams OmpajceHue u nPoxXoxcoeHue YIompaseyka yepes no0SUNCHYI0 epanuyy paszoeia cped. [Iposeden ananus

PE30OHAHCHbIX A6/1eHUll 8 ucwzeayeMozi 3adaye.

Karoueesvie caosa: yrompazeykoeoe uccredosanue, nOOGUINICHA ePAHUUA, KOIPGUyUeHm ompaicenus, Kodpduyuenm npo-

HUKHO6€EHUA, Pe30HAHC

BBenenune

Busyanuzauusi BHyTpeHHUX OpPTaHOB B LIeJIsIX dua-
THOCTUKM — BaXXHeHIlas HayYHO-TeXHUYecKasl IMpo-
onema. OgHUM U3 Haubosiee PacIpOCTPAHEHHBIX Me-
TOAOB BU3yaju3alluu SIBJISIETCS YJIbTPa3BYKOBOE MC-
cnegoBanue (Y3M) [1—3]. 1o nuHgpopMaTUBHOCTU B
HacTosiiee BpeMs Metol Y3U He ycTymaeT peHTre-
HoamnarHocTtuke [6]. Ero rmaBHOe MpemMylIlecTBO —
MPAaKTUYECKHU TTOJTHOE OTCYTCTBUE BPEIHBIX JJISI TIAIIH -
eHTa 3((PeKTOB U BO3MOXKXHOCTh HAOJIOACHUSI OpraHa
B Ipolecce ero GyHKIMOHUPOBaHUSI.

IIpn Y3U 00BeXT momBepraloT BO3ACHCTBUIO Ha-
MPaBJIECHHOTO YJIbTPa3ByKOBOTO Jyya U PETUCTPUPYIOT
5XOCUTHAJIbl, OTPAXXEHHBIE OT TPaHUILIbl pa3iesa ABYX
cpell C pa3IMYHbIM aKyCTUYECKUM COMPOTUBJIEHUEM,
OOBIYHO OT TPAHWI] OPTAHOB M OKPYXKAIOIINX TKaHEH
[7—10].

Yaime Bcero HCIOIb3YIOT HMIYJIbCHYIO IOmavy
yJAbTpa3ByKa HU3JIydaTeeM-IMIPUEMHUKOM 4epe3 KOXY
Ha UCCleayeMblii opraH. 3aTeM B IIPOMEXYTKE MEXIY
UMITYJIbCAMM 3TOT XK€ M3JyyaTeab-IMPUEMHUK PErucT-
pUPYET OTpaXkKeHHBIN OT IpaHUIIbI pas3jiesia cpel Yib-
TPa3ByKOBOI UMITYJIbC, TPE0oOpa3ysl ero B 3JeKTpuyec-
kuit curHaj. ITo M3BeCTHOM CKOPOCTU paclpocTpaHe-
HUS yIbTPa3ByKa B TKAHSIX U BPEMEHU 3aIra3dbIBaHMS
OTPaXEHHOTO MMITYJIbca OTHOCUTEJIBHO U3JIyYEHHOTO,
a Takke 1Mo aMIUIUTYIE OTPakEHHOTO MMITYJIbca KOM-
MbIOTEP PACCUUTHIBAET U BbIIAET HA TUCIUICH KapTUHY
BHYTPEHHEro opraHa.
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YcTpoiicTBa 1Sl YIbTPa3BYKOBOTO HCCJIeTOBAHUSA
Opranos

Anmnapatsl Y3U mnoapasznensitoT Ha A-CKaHepbl U
B-ckanepwn [11, 12].

B A-ckaHepax pe3yJbTaTOM MCClIeI0BaAHMS SIBJISIET-
cd OJHOMEpHAas KpUBas 3aBUCUMOCTU aMILUIUTYH A
OTPaXXeHHBIX UMITYJIbCOB YJIBTPa3ByKa OT BpeMeHU 1/2
MIPOXOXKIEHUST UMITYJIbca IO TPaHMIIBI pas3iesia Cpem.
Ha puc. 1 nmoka3zaHbl u3nyyaeMblii UMITYJbC I, UM-
MyJIBCHL 2, 3, OTpakeHHBIC OT TPAHMIL pas3melia Cpel.
PacctosiHue § BblUMCSIETCS UCXOAs W3 M3BECTHOM
CKOPOCTH ¢ YJIbTpa3ByKa B TKaHSIX OpTaHU3Ma 1o Gop-

MYJIC S = g, rae ¢t — BpeMs OT Haydaja U3jydyaeMoro

2
uMnyiabca I 10 Havyaa rmpreMa OTPaXKeHHOTO UMITYJIb-
ca. B coBpeMeHHBIX A-CKaHepax Mo Ocu abCcLKcC Yyac-
TO CTaBST BBIYMCIEHHOE paccTtosiHue 5. I1pu aToM uc-
MOJIB3YETCS CPEAHSIS CKOPOCTh C YYeTOM IJIMH IyTei
MPOXOXIEHUS YJAbTpa3ByKa IO Pa3MYHBIM cpelam,

Puc. 1. AMIIIATYABI yIbTPa3BYKOBBIX CMTHAJIOB B A-CKaHepe
Fig. 1. Amplitudes of the ultrasonic signals in the A-scanner
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Puc. 2. Baok-cxema B-ckaHepa
Fig. 2. Flowchart of the B-scanner

Puc. 3. Dxorpamma cepaua
Fig. 3. Heart echogram

Hampumep, JJs Tjaasa (poroBulia, XpycTajlMK, CTEK-
JIOBUJHOE TEJIO).

A-cKaHepbl UCTIOJIb3YIOT TTPU CKAHWPOBAHUM T'OJIOB-
HOTO MO3Ta, B odTanbMojioruu (3xoodTanorpadsr),
I7ie ¢ UX TOMOIIbI0O MOXHO OIpeaenuTh Haauurue 60-
Jiee TUIOTHBIX BKJIIOUEHUN B CTEKJIOBHIHOM Tele, OT-
CJIOMKY CETYATKH U T.[.

B-ckaHepnl AaloT IByMepHOe H3o0paxkeHue opra-
HoB. Ha puc. 2 nokazaHa 6yiok-cxema B-ckaHepa, Tie
JIByMepHOe Hn300paxkeHue (pOopMHUPYETCS Ha dKpaHe
JIUCILIes] KOMITbIOTepa.

Ha puc. 2 nokasaH Takxe MccieayeMblii opraH 1,
KOTOpBbI 00JIydyaeTcs yJAbTPa3ByKOBBIM JIyYOM J3 C
MOMOIIIbIO U3Jy4yaTeasi-pueMHuKa 2. YJIbTpa3ByKoO-
BbI€ JIyUM BBIXOAST U3 U3JTydyaTesi-MpueMHUKa 2 B BU-
Ie KoHyca. M3nydyeHue oCyIIeCTBISIETCS MMITYJIbCHO.
JnuTenbHOCTh MMMYJIbca, MOKa3aHHOTO Ha rpaduke
peXruMa M3Ty4eHUs, paBHA ~3 MKC, IJIUTEIbHOCTD T1a-
y3bl ~1 Mc. OOBIYHO MCHOJIB3YETCS YIBTPA3BYK 4acTO-
toit v = 0,5...15 MT1.

Ha 610k-cxeme annapata Y3M oTMeueHbl reHepa-
TOP BBICOKOYACTOTHBIX 3JEKTPUUYECKUX CUTHAJIOB 4,
KOTOpbIE TIOJIAl0TCSl Ha U3JTydaTesb-TIPUEMHUK YJIbTpa-
3ByKa Z; TaiiMep 5 CIIy>XKUT IJIS1 3aJaHUsI UMIIYJIbCHOTO
pexuMma usnydeHus. [lokazaHbl yCUTUTEb JIEKTPU-
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YECKUX CUTHAJIOB 7, UAYLIMX OT U3JTydaresisi-Ipuem-
HUKa 2, U KOMIIbIOTEp 6, a TakKe MPUMEPHBIA BUJ
5XOTpaMMbl OpraHa &, KOTOpbIif HaOIIOdAeTCs Ha TUC-
TJiee KOMIIbloTepa.

M3obpaxxeHre BO3HUKAET BCJAEACTBUE TOrO, 4TO
IpaHULIBI pa3ena cpel y pa3IuyHBIX OPTaHOB UMEIOT
paznnyHbie KO3hOULMEHTb OTPaKEHUSI B 3aBUCUMOC-
TH OT OTHOIICHWSI aKyCTUYECKHUX COMPOTHBICHUM o
OKpY2Kalolllell TKaHU W opraHa.

B tabnauue gaHbl KoadduimeHTsl oTpaxeHus: R B
MPOLICHTAX JJIST pa3IMYHBIX TPAHUIL pa3ielia cpel, KO-
TOpPbI€ BBIYMCIISIIOTCS O (hopMmyJie

rae /. — MHTEHCUBHOCTD 3ByKa, OTPAXEHHOTO OT Irpa-
HULBI Cpefbl, a [, — MHTEHCUBHOCTbL 3BYyKa, Iajaro-
IIIETO Ha Cpemy.

Anmnapatsl Y3U, coBMellleHHbIE C IOIMJIEPOBCKUM
HU3MEPUTEIEM CKOPOCTU KPOBOTOKA, MO3BOJISIIOT OM-
peaenuTh HalpaBlieHue U CKOPOCTh KPOBM B COCYAaX
[13—135]. ITpu 3TOM Ha 3KpaHe AUCILIes] KOMITbIOTepa
HamnpaBJeHUEe KPOBOTOKA K H3JIydaTeao-TIPUEMHUKY
OKpalllMBaeTCsl B KPacHbBIM 1IBET, a OT U3JIydaTesisi-
npueMHHKa — B cuHuUi. CieBa OT yJIbTPa3ByKOBOTO
KOHYyCa Ha 3KpaHe § IUCILIes] UMeeTCs LIBeToBasl 1IKa-
Jla IOIJIEPOBCKOTO M3MEPHTENsI CKOpocTH. LIBeToBast
raMMa MeEHsSIeTCSI OT WHTEHCUBHO KpPacHOW BBEPXY
LIKaJIbl 10 UHTEHCUBHO CUHEW BHU3Y. PS1OM C OTTEeH-
KOM 1IBETa Ha IIIKaJIe YKa3bIBAETCsS CKOPOCTh KPOBO-
Toka. CnenoBaTebHO, MO LBETY MU MHTEHCUBHOCTU
OKpPAaCKM IBUXYIIEHCS B COCyle KPOBM MOXKHO OIpe-
JeJIUTh €e HampaBJieHue U cKkopocTb. Kpome Toro, ok-
packa IBUXKYIIEHCS KPOBU MTO3BOJISET JIYYIlle BBISIBUTh
HapyllleHUsI KpPOBOTOKA, CTEHO3bl COCYJIOB U T.1.

Ha sxorpamMe MoXXHO Ha0JI0AaTh ABUXKEHUE KPO-
BU MO cocyaaM, paboTy KJIallaHOB cepilia, CTPYKTYpPY
MOYKHU, MOYEBOTO MY3bIPSI U T.J.

Ha puc. 3 noka3aHa sxorpamma cepaia. XopoIiio
BUIHBI 00J1aCTH JIeBOTO Xenyaouka LV, mpasoro xe-
nynouka RV, neBoro npeacepaus LA, npaBoro mpen-
cepaus RA. Mexy JIeBbIM MpeacepareM U JIEBBIM Ke-
JIyIOYKOM MOXHO XOPOIIO BUIETh OJUH U3 JIETIECTKOB
MuUTpalibHOTrO KiamnaHa. IIpu aToM KapTrHa Habmoga-
€TCsl B TMHAMMKE, YTO 3HAYMTEIbHO YBEJIMYUBAET €€
MH(OPMATUBHOCTbD.

KoaddunmeHrt orpaxenus: R, %
Coefficient of reflection R, %

['paHnua pasnena cpen
Boundaries of the environments

[leyeHb — KaMHM TEYEHU 3
Liver — liver stones

MpIia — KocThb 33,5
Muscle — a bone

Mo3r — KocTH yeperna 34,8
Brain — skull bones

KpoBb — mouka 0,04

Blood — kidney




MaremaTHiecKne OCHOBBI YJIbTPa3BYKOBOIO
HCCJIEOBAHUS OPraHOB C NMOJABHKHBIMH I'DAHULIIAMH

Ipu Y3U cepaua umeercss psii OCOOEHHOCTEM.
IIpexne Bcero, oTpaxkeHue yabTpa3ByKa MPOUCXOIUT
OT MOABUXHOM MOBEPXHOCTU, UTO TPEeOYET NOMOJTHU-
TEJLHOTO aHAJIU3a MPOLECCa MOTYYeHUS U300paKEeHNS.

ITonoOHyt0 3agauyy aHaAJIU3UPOBAIU B psiie padoT.
Hanpumep, B padote [7] 3amady pellan ¢ IOMOIIbIO
rnepexojia B CUCTEMY OTCYETa, CBSI3aHHYIO C MOIBUXK-
Hoii rpaHulieii. [ToaydeHHbIEe B 3TOM CUCTEME OTCcUeTa
pEe3yJbTaThl HE TIEPEBENCHBI B HEMOIBVIKHYIO CUCTEMY,
YTO 3aTPyAHSIET UX aHAJIU3 U UCIoJb30BaHue. B pabo-
Tax [8, 14] oTCyTCTBYeT aHAJIM3 BO3MOXKHBIX PE30HAH-
CHBIX SIBJICHUI TIPU Tepexoe 3BYKOBOW BOJIHOW IO~
BWXXKHOU TPaHUIIBI.

PaccMoTpuM maneHue 3BYKOBOM BOJIHBI M3 Ofl-
HOI cpelbl B IPYTYIO0 B HAIPaBJ€HUU KOOPAUHATHI X
(puc. 4). Unnpekc e 6ynet 0003HaYaTh XapaKTePUCTUKH
Hagarolei BOJIHbI, MHAEKC j — MPOLUEIIEH, a ¥ — OT-
PaXeHHOU BOJIHBI.

Ilyctb pjcy U pycy — AKYCTUYECKUE COIIPOTUBIIE-
HUS NIEPBOI U BTOPOM Cpell, T p; — IUIOTHOCTD Iep-
BOM Cpeibl; ¢; — CKOPOCTb 3ByKa B IIEPBOI1 cpelie, aHa-
JIOTUYHO IS BTOPOM CpEMbI.

IIpyumeM mepBOHaYaJIbHO, YTO rpaHMlIa pasjiena
cpen HeroABrxkHa [16]. B aToM ciiydyae 3ByKOBO€E IaB-
JIeHHUEe B TOUYKE A, T.€. B IIEPBOI cpejie y TPaHUILIbl pa3-
Jieja cpell, paBHO 3ByKOBOMY JABJICHUIO B TOUKe A’ BO
BTOpOI CpeJie Y TpaHULIbl pa3jeia Cpe:

PA'ZPA. (1)

Ecnu ObI 3T0 yc10oBUE HE COOMI0IAIOCH, TO BOZHUK
ObI Tiepenan AaBjleHU Mexay Toukamu A u A'u rpa-
HUILIA pa3jfena cpel Hauaja apuraTthes. Ilpu paccMor-
pEHUM OTPaXXeHMST OT HETTOABYDKHOM TPAaHUIIBI MCIIOJb-
3yeM aMILUIUTYIHbIE 3HAUEHUSI BOJIHOBBIX BEJIMYMH.

CireroBaTeIbHO
P=P,+ P, 2

rue Pj — 3BYKOBO€ JaBJIEHME BO BTOpOii cpene; P, —
COCTaBJISIIONIAs 3ByKOBOTO JABJICHUS B MEPBOI Cpene
3a CYET Najarolleil 3ByKOBOM BOJIHbBI; P, — cocraBis-
fol1as 3ByKOBOIO JABJIEHUSI B MEPBOW Cpele 3a CUET
OTpaXk€HHOI 3BYKOBOU BOJIHBI. 3BYKOBbIE JaBJIEHUS B
MEepBOM cpeie CKIIaAbIBAIOTCS, TAK KaK 3TO HE BEKTOP-
Hbl€ BeJIMUMHbI, (PAKTUUECKU SIBJISIIOLLIMECS] SHEPIeTH -
YECKUMU XapaKTEePUCTUKAMU BOJIHBI.

HomycTuM, 4TO I'paHMlA pa3zesa Cpel coBepliaeT
OTHOCUTEJILHO MEJJIEHHOE KOJeOaTeIbHOE NBMXXEHUE
C LUMKJIMYECKOI 4acToTOi ®; BROIb ocu X (puc. 4),
TakK, YTO CKOPOCTb KOJieOaHU1 paBHa

Vl = alsin(!)lt, (3)

rae a; — aMIuIMTyla CKOPOCTH;, ! — BpeMs.

5,8,
—

| s

Puc. 4. Cxema oTpazkeHus yJIbTPA3BYKOBOI BOJHbI OT IPAHMIbI Pa3-
aena cpex

Fig. 4. Reflection of an ultrasonic wave from the boundary of the
environments

MrHoBeHHOe 3HaueHMe 3ByKOBOT'O AaBJIeHUS B Ta-
JAIolleil Ha TpaHMIy pasieia cpel 3BYKOBOW BOJIHE
paBHO

Pe = Pexpi(k,X — o,), 4)

— BOJIHOBOC YMCJIO M IHUKINYCCKas

_0)6‘
rae k, = L

1
4yacToTa Majamlleil 3ByKOBO BOJIHBI.

IMagatoiiast 3ByKoBasi BOJIHA BbI3BIBAET BHICOKOYAC-
TOTHBIE KOJIeOAHUS TpaHULBI paszaena cpea. MoXHO
CUUTATh I'PAHUILYy pasieia cpel IMOABMXKHBIM HaOJI0-
nmareneM. IToaTomy, cormacHo addekry Jdormiepa, oHa
HayHeT KO0Je0aThCsl C YaCTOTOM

_ ( Vlj
Oy = 0,/ 1+—1. (5)
‘

3HaK IUIIOC B CKOOKAaX TOSIBIISIETCS, €CJIU TpaHuLia
B JAaHHbI MOMEHT JIBUXETCS MPOTUB HaIlpaBICHMSI
JIBWXKEHMSI BOJIHBI (BBEepX Ha puc. 4), a MUHYC IO Ha-
MpaBJIEHUIO ABUXEHUST BOJHBI (BHU3 Ha puc. 4).

Bo3HuKIIIME BEICOKOUACTOTHBIE KOJe0aHUsI TpaHU-
LBl pasfeiia cpel TeHEepUPYIOT OTPaKEHHYIO U IIpO-
LIELIYIO BOJHBI. MOXHO CUMTATh, YTO OTpakeHHast U
MpolleaiIas BOJHEI, corjacHo 3¢ dexry Jdormepa, n3-
JIy4aroTCs MOABUXHBIM UCTOUHUKOM. C y4eTOM BhIpa-
KeHusl (5) yacToTa OTpakKeHHOM BOJIHBI:

itV
1 — o 1

H Vl ecliV2'
A

Mexny 4yacToToil magaroleil BOJIHbI ©®, U 4acTO-
TOM OTPaX€HHOM BOJIHBI », BO3HUKAET JAOIJIEPOBCKUIMA
CIBUT YacCTOT:

W, = O

(6)

A c1+V1
0=, 0, 0, — 0, =

c-n

2w, 2w

(7

= ~ ®
e e >
-V ¢

Ie TPUHATO ¢ > V.
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CHC,ZLOBaTCJIbHO, MI'HOBE€HHO€ 3HA4YC€HHEC IaBJICHUA
B OTpa)KCHHOfI BOJIHC

p, = Pexpitk.X — o,0), (8)

rae k.= o,/c; 1 ®, — BOJHOBOE YACJIO U LIMKIUYECKasd
4acToTa OTPaKEHHOM 3BYKOBOIl BOJIHBI.

B nepBoii cpene 3a cueT CiIoXeHUs NpsIMON U OT-
pakeHHON BOJH BO3HMKAET CTOSYasi BOJIHA. Y3eJ CTO-
siYeil BOJTHBI HAXOJAUTCS Ha rpaHulle pasaena cped. Ha
puc. 4 nokazaHbl TpaduKku (He peajbHble Hampasse-
HUs, TaK KaK 3BYKOBasl BOJIHA IPOAOJIbHAsI) CMellle-
HUS S 4acTHull B BOJHE.

CkopocTu KojiebaHUIi YacTull cpel B Toukax A u A
U3 YCJOBUSI HEPa3pPbIBHOCTU CpeAbl PaBHbI MEXIy
co0oii:

’

VA’ = VA’ (9)

e V, = Vj — aMIUIATYJIHOE 3HAYEHUE CKOPOCTU KO-
JIe0aHUI1 YacTUIl B MpPOILIEIIIeid BOJTHE.

CkopocTr KojieOaHMIA YacTUIl B IPSIMON M OTpa-
JXEHHOU BOJIHAX MEPBOM CpPEIbl HAMPABJICHBI MPOTU-
BOMOJIOXXHO Jpyr apyry. [Toatomy:

Vi=V,= V. (10)
YyutbiBasi CBSI3b MEXIY CKOPOCTSIMU KojiebaHUI

P .
HacCTull Cp€abl N1 3BYKOBbBIM JABJICHHUEM V= — , HAanaemM
pc

P; P P
I =_"e 1 (11
P26y P1€ P1¢y

BBopst oTHoOlIEHHE aKyCTMYECKUX COIPOTUBIICHUI
_ P1€
cpen oo = —— , MOJAy4YaeM
P26
aP;=P,~ P, (12)

Pewas cucremy ypaBHeHuit (2) u (12), Haxogum

(13)

YuutbiBast CBSI3b MCXKIY MHTCHCHUBHOCTbBIO 3BYyKa 1
1N aMIUIMTYOHBIM 3BYKOBBIM JaBJICHUEM P, 3almumemM

2 2 2
P P P;
=5 L=5 =51 (14

KoadpuumeHToM NPOHUKHOBEHMSI 3BYKOBOIT BOJI-
HbI B Ha3bIBA€TCSl OTHOILLIEHUE UHTEHCUBHOCTHU 3BYKa,
MPOIIEAIIEeTO B Cpely, K MTHTEHCUMBHOCTH 3BYKa, Taja-
IOIIEro Ha Cpedy:

2
B={Z=o{§zj = A (15)
e (I+a)

e

IMonyyennas ¢opmyna nias koadduumreHta npo-
HUKHOBEHUSI 3BYKOBOIl BOJIHBI HOCUT Ha3BaHUe (Hop-
MyJsibl Pases.

KoadpduumenToMm oTrpaxeHus: 3ByKOBOM BOJHBI R
Ha3bIBaeTCs OTHOILIEHEe MHTEHCUBHOCTU 3ByKa, OTpa-
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>KEHHOTO OT I'paHuULBbl paszaena cpel (1), K THTEHCUB-
HOCTH 3BYyKa, MaJarollero Ha cpeny (/,):

2
_ L (P _(1-a)\?
w7 l7) - o

3aMmeTuM, uyTo B + R= 1. DTO yclIoBUE OTpaxaer 3a-
KOH COXpaHEeHWsI 3HEPTUM TIPU TIPOXOXICHUU 3BYKa
yepes3 TpaHuLy pasjielia Cpel.

Ecau akycthueckue CONMpPOTHMBICHUS CPell PaBHBI
MeXIy coboi, T.e. o = 1, To u3 popmynsl Panes (15)
cienyeT, 4To KoahGUIIMEHT MPOHUKHOBEHUS 3BYKO-
BOi1 BOJIHBI B = 1, a KoaddulmeHT oTpaxeHust R = 0.
DTO 03HAYaeT, YTO OTPAKEHUE 3BYKOBOI BOJIHBI OT-
cyTcTByeT. Ecim MMeeTcst oueHb OOJBIIIOE pa3Tniue B
aKyCTUYECKUX COMPOTUBICHUSX cpef, T.e. o — 0, TO U3
dopmynsl Panes cienyer, 4To KoaPOUIIMEHT TPOHUK-
HOBEHUS 3ByKOBOM BOJIHBL 3 — 0, a R — 1. BT0 03Ha-
YaeT, YTO 3BYK HE MPOXOJIUT B OoJiee IJIOTHYIO Cpeny,
a TIOJTHOCTBIO OTpakaeTcs OT TPAHUIIBI pa3zielia Cpel.

Ilepeitnem K pacCMOTPEHUIO IPOIIECCOB OTpaxKe-
HUS M TIPOXOXIEHUST 3BYKOBOI BOJHBI B ClTydae ITOMI-
BIDKHOM TPaHUIIBI pasaesia cpel. JJIsi TOYHOTO pelieHUs
TaKoM 3a7a4uM HY>KHO pellaTh HEeJIMHEHbIE ypaBHEHUS
IBYDKEHMST CITJIOIITHOWM cpedbl ¢ 3aJaHHBIMM TpaHWY-
HbIMU ycaoBusaMHU [17]. Mbl orpaHUYMMCS TIPUOJIU-
JKEHHBIM METOIOM, OCHOBAaHHBIM Ha MOAM(PUKAIINH
OpeabIaylIei 3agauu MPOXOXKICHUS 3ByKOBOM BOJIHBI
yepes HeMOABMKHYIO I'paHully pazaena cped. OLueHuM
TakXXe BeJIMUMHY TIPUHSITOTO MPUOIIKEHUS.

MoauduimpoBaHHbIi 6agaHc (2) MTHOBEHHBIX 3HA-
YeHWH 3BYKOBBIX AaBJICHWIT MOXHO 3aITcaTh B BHIE:

;=PI =Dt D (17)

ITpu 3anucu (17) OpUHAT MOMEHT ABUXKEHUS Tpa-
HUILIBI pa3liesa cpel BBEpX MPOTUB HampaBjieHUs Ma-
Jarolieit (M mpolleaineii) 3ByKOBbIX BOJH. B atom
cliydae JaBJICHWE BO BTOPOM Cpele YMEHBIIAETCS Ha
BEJIMYUHY p;, UMEIOLLYIO KOJIEOATEeNbHBIA XapakTep.
HM3meHeHue naBieHUs] B MEPBOM Cpele 3a cueT majaa-
IOLIEH M OTPAXXEHHOM BOJIH IIPU IBUXEHUU T'PAHULIBI
pasjena cpel MpUOJMXKEeHHO B3aMMHO YHUUYTOXAIOTCS.

B otinuue ot (10) GajlaHC MTHOBEHHBIX 3HAYEHUI
CKOPOCTEM B Mamaroleil, OTPaXXKEHHOMW Y NPOIUEAIIEA
BOJIHAX HY>XXHO 3alucaTh B BUJIE:

vtV =v, v, (18)

[ns magalolieid M OTpakeHHOW BOJH 100aBKU B
BUJE€ CKOPOCTM IBVKEHMs TpaHMILIBI pa3aena cpen (3)
NpUOIMKEHHO B3aMMHO yHUYTOXatoTcs. Kak u B ciy-
yae OanaHca AABICHUIA, paccMaTpUBa€M MOMEHT Bpe-
MEHU, KOrJa rpaHuliia pa3aesia cpel IBUXKETCS MPOTUB
najgaroiei (M mpoueae) BOJIHbI.

Hcrons3yeM CBsI3b MTHOBEHHOTO 3HAYEHUS 3BYKO-
BOI'O JaBJ€HUSI U CKOPOCTU JABUXKEHUS YACTHUL CPEb




v= ﬁc . B pesynbrate hopmyna (18) Oyaet umeTs cie-
P

JIYIOLIWI BUI:

_pL+V1=pe_pr (19)

b

P2C2 P1€1 P14
WK, TI0 aHanoruu ¢ (12), moaydyum

Peiraem coBmectHo ypaBHeHus (17) u (20). B or-
Juuue oT (13), Haxoaum:

o2 P g
p. atl v (atl) platl])

p _ Vi op

Pr _ G a) _ L L (2
Do + o v(l+a) platl)

MrHoBeHHbIN KO3(hMULIMEHT NMPOHMKHOBEHMS 3BY-
KOBOM BOJIHBI Y€pe3 MOABMXKHYIO TpaHULy pasaeiia
cpen OyneT paBeH:

. 2 v 2
i a+tl v (a+1) pla+]l)

2
Vi »p
_4_0°2[1_2_1+2_1J , (23)

(I+a) Ve <P

MrHoBeHHbIT KO3(P(PUIMEHT OTpaxkKeHUsI 3BYKO-
BOI BOJIHBI

. 2 2
R=lr_ Prl _[l-a Vi o _
] l+a v,(l+a) pla+l)

e

2
N2 V. o
(o L AP .23
1+ao v(l-a) p,(1-a)
B dopmynax (23) u (24) ucrosib30BaHbl Malible
OYKBBI 17151 0003HAYEHMST MTHOBEHHBIX 3HAUeHUH WH-
TEHCHUBHOCTE! 3BYKOBBIX BOJH B Cpeax.

CkiagpiBaeM KO3(PPULIMEHTHI TPOHUKHOBEHMS (23)
U oTpaxeHus (24) 3ByKOBBIX BOJIH:

~
~

~

2
p+R= —1 ({2J&+J&(ﬁ+%j} +

(1+a)?
2
+{la+[ﬁ0ﬂn J=
ve pe
v 2
=———L—-—2q«/&(l———lj+ﬁ[l+.{j} +
(1+a) Ve p
2
+K1_EJ—O{1+QHJ=1— 2 Ny
v, D, (I+a) v

1 V 2 200 P p ?
1 o 1 o 1
+(1+a)(v_ej (1+a)ﬁ+(l+a)(1ZJ . (25)

B dopmyie (25) uMeroTcs ciaraeMbie, 3aBUCSIIAE
OT CKOpPOCTeW U HaBJIC€HUI, KaK JUHEWHBbIE, TaK U
KBaZpaTUIHEIE.

Haiinem cBsI3b MeXIy CKOPOCTbIO I'PaHUIIbI pas3fie-
Ja cpel V| U ODaBleHUEM p; IION 3TOM IpaHULEH BO
BTOpOi1 cpejie 3a CUeT 3TON CKOpPOCTU. 3a Bpems df
BO3MYylllalollee NelcTBUE ABUXEHUS TPaHMLbI ILJIO-
A0 § PacrpoOCTPAaHUTCS HA OOBEM CPelbl JUTMHOM
cydt. Macca a1oro obbema paBHa dm = p,Sc,dt. U3-
MEHEHUE MMITYJIbCa 3TOW MacChl [0 BTOPOMY 3aKOHY
Hrrotona pasno dmV, = Fdt, rne F — cuna, neicrBy-
Jolllasi Ha cpeny 3a cueT ABMKeHMS rpaHulibl. Cieno-
BaTENIbHO, p,ScydtV) = Fdf, a naBnenue p; = p,o) V).

Kpome Toro, ucrnosibdyeM CBsI3b MEXIY AaBICHUEM
B 3ByKOBOI BOJIHE B IMEPBOI Cpelie U CKOPOCThIO Yac-
TULL B BUIE p, = p|CiU,. B 3TOM ciryyae MOXHO 3amu-
caTh clieaylolliee paBeHCTBO:

apy _ P11 P4V _ 5 (26)
Pe P2y P1C1Ve Ve

IIpu 3TOM yCIIOBMM MIHOBEHHBIN KO3(DGUIIMEHT

MPOHUKHOBEHMUS

(1+a) 2v, 2ov
2
_ 4o Vi(l-a
(1+a) (HQ——%(T)) ' @)

MrHoOBeHHbBII KO3(DPUIMEHT OTpaxkKeHUSI 3BYKO-
BOM BOJIHBI

2
1—o)? 2V,
R= 1- . 28
(1+0L) ( V(1 -a) (28)
JluHeitHble ciaaraembie B (25) B3aMMHO YHUUTOXA-
1o1cs. B pesynbraTte nmomydum:

2 2

1 5 4o P} o
(1+ao)\v, (1+a)(p,
2\ (p,) )

_ a a ||P1] = Pr|
H((1+a)+(1+a)j(pj Ha(pj

2
=1+ l[ﬁ} ] (29)

B+R=1+

OLUe

C TOYHOCTBIO 10 KBaAPaTUIHOIO CJIATaéMOI0 CyM-
Ma KO3(p(PULHMEHTOB MPOHUKHOBEHUSI U OTPaKECHUS
3BYKOBBIX BOJIH paBHA €IMHUIIE.

YuuThIBas, YTO B COOTBETCTBHU C 3aKOHOM COXpa-
HEHMSI DHEPTUM 3Ta CyMMa JOJIKHA ObITh paBHA €Iu-
HUIIe, IeTaeM 3aKTI0YeHIEe, YTO IIPUMEHEHNE TIPeJTO-
JKEHHOTO MeTO/la aHaJiu3a TMPOXOXIECHUs 3BYKOBOI
BOJTHBI Yepe3 MOABIKHYIO TpaHUILY pasieiia Cpell sB-
JIIETCSl JOTTYCTUMBIM C TOYHOCTBIO IO CIaraeMbIX BTO-
poro mopsiika MajiocTH.
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IMpu V; = v, KosPuumenr orpaxenus (28) R=1,
T. €. BOJIHA HE MPOXOAMUT BO BTOPYIO Cpey.

Pe3onancHbie SBJIeHAS NPH KOJEOAHAN IPAHAIIBI
pasnena cpen

OnHaxko npubIMKEHUE p| = p,c;y V), mo-BUIMMOMY,
cauikom rpyooe. KosiebaHue BTOpoil cpenbl IIpouc-
XOJIUT KaK IO AEWCTBUEM JIBUKEHUS TPAHULIBI CPEABI,
TaK ¥ NoA ACHCTBMEM IaHalOIIEi 3BYKOBOM BOJIHBI.
DT KosebaHusl MPOUCXOIST C Pa3HbIMU YaCTOTaMM,
MO3TOMY JOJDKHBI HAOIIOAAThCSI PE3OHAHCHBIC SIBJIE-
Hus. BenencrBue yero 6oJiee MpaBUIIBHO BOCMOJIb30-
BaThCs caeayoluM auddepeHIaJbHbIM YpaBHEHU -
€M KoJieOaHWIA:

d2
TP 1 02y = pyeyo V. (30)

dr*

B sToit (hopMysie He YIMTHIBACTCS COMTPOTUBJICHHE
IEePBOI Cpelbl IBMKEHUIO IPAHMIILI Pa3aesia Cpel.

YuuTtsiBag (3), MOJydnuM ypaBHEHUE BBIHYKICHHBIX
KOJIe0aHUIA:

2
d_’;l + @5 p| = pycrn asino, . (31)
drt

YacTHOE peleHre 3TOTO YpaBHEHUS UMEET BUI:

P2CI0Na) prcr0p
P = 5 sineyr = ———-. (32)
Oy~ 0 Oy~ 0

IMoatomy dopmymy (26) HYKHO YTOUYHUTH:
— == (33)

B sToM ciydae ko3 @uUILIMEeHT TPOHUKHOBEHUS 3BY-
KOBOI1 BOJHBI (23) mipeobpasyeTcs K BUAY:

B= __ifl__( __Ifl_(l_l(_ffi_Djz. (34)
(1+ay L 20l gl o)

Puc. 5. 3asucumocts Ko3(¢unmenTa oTpakeHusi yJIbTPa3BYKOBOI
BOJIHBI OT rPaHuUIbI pasaena cpex npu o = 0,9
Fig. 5. Dependence of the coefficient of reflection of an ultrasonic wave
on the boundary of the environments at a. = 0,9
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Koadpduuuent orpaxenus (24) oymet

R=(l=o)[__1 N[, —mi 2 35
_(m) [ (l—oc)v_e[ +m2 ZD . (35

o 91

Ha puc. 5 nmokazaH rpaduk 3aBUCUMOCTH R =
= f(o;/®,), mocTpoeHHblii 10 ¢opmyne (35) npu
V) < ¢, 6. 0y = @, [cM. (5)], ¥ IpU pa3TUYHOM OT-
HoLEHUU cKopocteil V) /v,.

MakcumanabHOe 3HadeHue KoadduimeHTa oTpa-
JKeHUS He JOJDKHO TIPEBBILLIATEL eAMHUILY. BeIcoKoe 3Ha-
yeHue KoahduureHTa orpaxenus R > 1 npu o; - o,
CBSI3aHO C OTCYTCTBMEM Y4YeTa COIPOTHUBIICHUS Cpel
JIBMXKEHUIO IPaHUIIbl pa3zena.

Ilpn peasbHOM YIBTPAa3BYyKOBOM WCCIICIOBAHUU,
HanpuMep cepiua, OTHoIIEHUE o/w, K 0,5, T. e. 3a-
BEIOMO HaXOIMUTCSI BHE pe30HaHCHOW obsacTu. On-
HaKO TIPH TIOSIBJICHUM B YJIBTPAa3BYKOBOM JIy4e HU3KO-
YaCcTOTHOW MOAYJMpYIOLIeld TapMOHUKHW, HaIrpuMmep,
BCJICAICTBME HEWCIIPABHOCTU W3JIydaTessi, pe30HaHC-
Hble SIBJIEHMSI MOTYT MCKa3uTb KapTUHY Ha B3KpaHe
KOMITBIOTEpA BCIICACTBUE BEIpAaBHUBAHUSA KO3(MUIIM-
€HTa OTpPaXXeHHUs OT Pa3IMYHbIX TPAHUII pa3nesia Cpel.
DTO TIpUBEIET K HETOYHOCTSIM B IMArHOCTHKE COCTO-
SIHUST OpraHa.

3akmouenne

VbTpa3ByKOBOI METOM MCCIeIOBAHUS CTPYKTYp C
MOJABVXKHBIMU TpaHULIAMU SIBIsIeTCS 3(PDEeKTUBHBIM
METOJOM MOJIyYeHUSI U300paXKEHUN 3TUX CTPYKTYD.

AHanu3 MPOULECCOB OTPAXEHUS U TPOXOXIECHMUS
VJIBTPa3BYKOBBIX BOJIH YEPE3 MOABUXKHYIO TPAaHUILLY pa3-
Jiea cpell MOKa3bIBAET, YTO MOMYCTUMO MPUOIUKEH-
HOE pellleHUe 3aJauM myTeM MoauduKauuy 6aaaHCOB
CKOpocCTell KojebaHWUil 4JacTUll cpel W JaBJeHUN B
aTux cpenax. [Ipy 3ToM 3aKOH COXpaHEHUSs] SIHEPTUU
co0JII01aeTCsl ¢ TOUHOCTBHIO 0 MaJibIX KBaApaTUUHbBIX
cJlaraeMbiX.

Pe3oHaHCHBIE sIBJIEHMSI IIpU OOJIYyYEHUU MOABMXK-
HOW T'paHUIbI YJIBTPA3BYKOBOM BOJTHOU TaKXXE MOXHO
HCCIeNOBaTh C IOMOILbIO MPEIIOXKEHHOTO MpPUOIK-
>KEHHOTO METOo.A.
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Introduction

Visualization of the internals for diagnostics is a ma-
jor problem. One of the most widespread visualization
methods is ultrasonography [1—5]. By its information
content the ultrasonography method does not concede
to radiodiagnosis [6]. Its main advantage is almost a to-
tal absence of the effects, harmful to a patient, and a
possibility of observation of a body in the course of its
functioning.

During the ultrasonography an object is subjected to
the influence of a directed ultrasonic ray and the echo
signals are recorded reflected from the boundary of two
environments with various acoustic resistances, usually
from the borders of the organs and the surrounding tis-
sues [7—10].

Most frequently used is the ultrasound emitted by
pulses from a radiator-receiver through a skin into the
studied organ. Then in an interval between the pulses
the same radiator-receiver records an ultrasonic pulse

reflected from the boundary of the environments, trans-
forming it into an electric signal. By the known speed
of propagation of the ultrasound in the tissues and the
time of delay of the reflected pulse in relation to the ra-
diated one and also by the amplitude of the reflected
pulse, the computer calculates and provides a picture of
an internal organ on the display.

Devices for the ultrasonic examination of organs

The ultrasonography devices are subdivided into
A-scanners and B-scanners [11, 12].

In A-scanners the result of a research is a one-di-
mensional curve of the dependence of amplitudes A of
the reflected ultrasound pulses on the time #/2 of trans-
mission of a pulse up to the boundary of the environ-
ments. Fig. 1 presents a radiated pulse 1, pulses 2, 3 re-
flected from the boundary of the environments. The
distance S is calculated proceeding from the known
speed ¢ of the ultrasound in the body tissues according
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to formula §' = %t, where ¢ — time from the beginning

of the radiated pulse / up to reception of the reflected
pulse. In the modern A-scanners the calculated S dis-
tance is often put on the abscissa axis. At the same time,
the average speed is used taking into account the
lengths of the ways of transmission of the ultrasound via
various environments, for example, for an eye (cornea,
crystalline lens, vitreous body).

A-scanners are used for brain scanning in ophthal-
mology (echoophthalmograph). With their help it is
possible to define the existence of the denser inclusions
in a vitreous body, an exfoliation of a retina, etc.

B-scanners provide two-dimensional images of the
organs. Fig. 2 presents a flowchart of a B-scanner,
where a two-dimensional image is formed on the screen
of the computer display.

Fig. 2 also presents an examined organ / which was
irradiated with an ultrasonic beam 3 by means of a ra-
diator-receiver 2. The ultrasonic beams leave the radi-
ator-receiver 2 in the form of a cone. The radiation is
carried out in pulses. Duration of the pulse shown in the
graphics of the radiation mode is equal to ~3 ps, the
pause duration ~ up to 1 ms. Usually, the ultrasound
with frequency v = 0.5...15 MHz is used.

The flowchart of the ultrasonography device
presents a generator of the high-frequency electric sig-
nals 4, which are supplied to the radiator-receiver of the
ultrasound 2; timer 5 serves for setting of the pulse
mode of radiation. Also shown are the amplifier of the
electric signals 7 coming from the radiator-receiver 2
and computer 6, and also an approximate type of an or-
gan echogram &, which is observed on the display of the
computer.

An image arises because the boundaries of the en-
vironments of various organs have different coefficients
of reflection depending on the relation of the acoustic
resistance o of the surrounding tissue and the organ.

The table presents coefficients of reflection R in per-
centage for various boundaries of the environments
which are calculated according to the following formula

R%=§:=(ﬁ)2,

where /. — intensity of the sound reflected from the
boundary of the environment, and /, — intensity of the
sound falling on the environment.

The ultrasonography devices combined with a Dop-
pler instrument for measuring of the speed of the blood
flow allow us to define the direction and the speed of
the blood in vessels [13—15]. At that, on the screen of
the computer display the direction of the blood flow to
the radiator-receiver is shown in red color, while from
the radiator-receiver — in blue. To the left of the ul-
trasonic cone on screen 8§ of the display there is a color
scale of the Doppler speed measuring instrument. The
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color scale changes from a saturated red at the top of
the scale up to a saturated blue below. Near the color
shade on the scale the speed of the blood flow is spec-
ified. Therefore, by the color and the intensity of color-
ing of the blood moving in a vessel, it is possible to de-
fine its direction and speed. Besides, the color of the
moving blood allows us to reveal better abnormalities of
a blood flow, angiostenosis, etc.

On the echogram it is possible to observe the move-
ment of blood in vessels, work of the heart valves, struc-
ture of a kidney, bladder, etc.

Fig. 3 presents a heart echogram. The areas of the
left ventricle, LV, right ventricle, RV, the left auricle,
LA, the right auricle, RA, are visible well. Between the
left auricle and the left ventricle it is possible to see
clearly one of the petals of the mitral valve. At the same
time, the picture is observed in dynamics, which in-
creases its information content considerably.

Mathematical foundations of the ultrasonic
examination of the organs with moving boundaries

Ultrasonography of heart has a number of specific
features. First of all, a reflection of the ultrasound
comes from a moving surface, which demands an ad-
ditional analysis of the process of image obtaining.

A similar task was analyzed in a number of works.
For example, in the work [7] the problem was solved by
means of transition to the reference system connected
with a moving boundary. The results received in this ref-
erence system were not transferred to a motionless sys-
tem, which complicated their analysis and use. In [8, 14]
there is no analysis of the possible resonant phenomena
during crossing of the moving boundary by a sound wave.

Let us consider falling of a sound wave from one
environment into another, in the direction of coordi-
nate X (fig. 4). The index e will designate characteristics
of the falling wave, j — of the transmitted wave, and » —
of the reflected wave.

Let us assume that p;c; and p,c, are acoustic resist-
ances of the first and second environments, where p; —
density of the first environment; ¢; — sound speed in
the first environment, and similarly for the second en-
vironment.

Let us assume originally that the boundary of the en-
vironments is not moving [16]. In this case the sound
pressure in point A, i.e. in the first environment at the
boundary of the environments, is equal to the sound
pressure in point A'in the second environment at the
boundary of the environments:

If this condition was not met, then there would be
a difference of pressures between points 4 and A’ and
the boundary of the environments would begin to move.
During consideration of the reflection from the mo-




tionless boundary we will use the amplitude values of
the waves.
There fore:

P;=P,+ P, (2)

where P; — sound pressure in the second environment;
P, — component of the sound pressure in the first en-
vironment at the expense of the falling sound wave,
P. — component of the sound pressure in the first en-
vironment at the expense of the reflected sound wave.
The sound pressures in the first environment are added,
because they are not vector values which are actually
power characteristics of a wave.

Let us assume that the boundary of the environ-
ments makes rather slow oscillating motion with a cy-
clic frequency o along axis X (fig. 4), so the speed of
the fluctuations is equal to

Vl = GISin(S)lt, (3)

where a; — amplitude of the speed, r — time.

The instant value of the sound pressure in the sound
wave falling upon the boundary of the environments is
equal to:

Do = Pexpi(k, X — w,1), 4)

where k, = %; o, — the wave number and the cyclic
1
frequency of the falling sound wave.

The falling sound wave causes high-frequency fluc-
tuations of the boundary of the environments. It is pos-
sible to consider the boundary of the environments as
a moving observer. Therefore, according to Doppler ef-
fect, it will begin to fluctuate with the following fre-
quency:

Vl
Oy = 0,/ 1+—1. (3)

|

The sign of plus in brackets appears, if at the present
moment against the boundary moves in the direction
opposite to the wave movement (upwards in fig. 4), and
the sign of minus — if it moves in the direction of the
movement of the wave (down in fig. 4).

The arising high-frequency fluctuations of the
boundary of the environments generate the reflected
and the transmitted waves. It is possible to consider that
the reflected and the transmitted waves, according to
Doppler effect, are radiated by a moving source. Taking
into account expression (5) the frequency of the reflect-
ed wave will be:

1 g+
‘-1,

(6)

Between the frequency of the falling wave w, and the
frequency of the reflected wave o, a Doppler shift of
the frequencies appears:

A gtV
W=, 0,—0 — W, =
r e eclfVl e
_ 2 2V,
o) 0,—, (7)

e ~ W,
-V ¢

where we accept ¢ > V).
Therefore, an instant value of pressure in the reflect-
ed wave is equal to:

p, = PexpitkX — 1), (8)

where &, = (;ir and o, — wave number and cyclic fre-
1
quency of the reflected sound wave.

In the first environment, due to addition of the di-
rect and the reflected waves, a standing wave appears.
The node of the standing wave is on the boundary of the
environments. Fig. 4 shows the diagrams (not the real
directions, because a sound wave is longitudinal) of
shifts .§ of particles in a wave.

The speeds of fluctuations of the particles of the en-
vironments in points 4 and A’ proceeding from the
condition of continuity of the environment, are equal
among themselves:

VA' = VA’ (9)

where V= Vj — amplitude value of the speed of fluc-
tuations of the particles in the transmitted wave.

The speeds of fluctuations of the particles in the di-
rect and the reflected waves of the first environment are
directed opposite to each other. Therefore:

Vi=V,= V, (10)

Considering the bond between the speeds of fluctu-
ations of the particles of the environment and the sound

pressure V' = 2 , we will find:

pc
P. P P

L=_¢ — (11)
P26y P1€ P1<

By introducing the relation of the acoustic resistanc-

c
es of the environments o = P14 , We get:
P22
af;=P,— P, (12)

By solving the system of equations (2) and (12),
we find

—

—Q
—2 P, (13)

- 2 —
P= mPeandPr—

—
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Considering the bond between the sound intensity /
and the amplitude sound pressure P, we will write
down:

2 2 2
P P P;
1, = e . I= . I = —L (14)
2pycy 2pycy 2p56)

The coefficient of penetration of a sound wave B is
called the relation of the intensity of the sound, which
came into the environment, to the intensity of the
sound falling on the environment:

2
I P; 4
P Ie O{P j (1+0()2‘ ()

e

The received formula for the coefficient of penetra-
tion of a sound wave is called Rayleigh formula.

The coefficient of reflection of the sound wave R is
called the relation of the intensity of the sound reflected
from the boundary of the environments (/,) to the in-
tensity of the sound falling on the environment (/,).

2
R= 5_’ = (?J = (ﬁ)z (16)

Let us point out that § + R= 1. This condition reflects
the law of the energy conservation, when a sound is
transmitted through the boundary of the environments.

If the acoustic resistances of the environments are
equal among themselves, i.e. o = 1, then from Rayleigh
formula (15) it follows that the coefficient of penetra-
tion of a sound wave B = 1, and the reflection coeffi-
cient R = 0. This means that there is no reflection of a
sound wave. If there is a very big difference between the
acoustic resistances of the environments, i.e. o — 0,
then from Rayleigh formula it follows that the coefficient
of penetration of a sound wave B — 0, and R — 1. This
means that the sound does not penetrate into a denser
environment, but is reflected completely from the
boundary of the environments.

Let us pass to consideration of the processes of re-
flection and transmission of a sound wave in case of a
moving boundary of the environments. For an exact so-
lution to such a task it is necessary to solve the nonlin-
ear equations of the movement of a continuous envi-
ronment with the set boundary conditions [17]. We will
limit ourselves to an approximate method based on
modification of the previous task of transmission of a
sound wave through a motionless boundary of the en-
vironments. Let us estimate also the value of the ac-
cepted approximation.

The modified balance (2) of the instant values of the
sound pressures can be written down as:

P = P1 =Pt D (17)

During recording (17) we accepted the moment of
movement of the boundary of the environments up-
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wards against the direction of the falling (and the trans-
mitted) sound waves. In this case the pressure in the
second environment decreases by value p;, which has
an oscillatory character. Change of pressure in the first
environment at the expense of the falling and the reflect-
ed waves during the movement of the boundary of the
environments are approximately mutually eliminated.

Unlike (10), the balance of the instant values of the
speeds in the falling, reflected and transmitted waves,
should be written down in the following way:

vtV =v,— v, (18)

For the falling and the reflected additive waves, in
the form of the speed of the movement of the boundary
of the environments (3), are approximately mutually
eliminated. Just like in case of the balance of pressures,
we consider the moment of time, when the boundary of
the environments moves against the falling (and trans-
mitted) waves.

We use the bond of the instant value of the sound
pressure and the speed of the movement of the particles
of the environment v = pﬁc . As a result, the formula
(18) will have the following appearance:

_I)L.q-[/l:pe_pr’ (19)
P22 P11 P14
or, by analogy with (12), we will get:

ap; + pic Vi = pe — b, (20)

We solve jointly equations (17) and (20). Unlike (13),
we find:

pi_ 2 __¥W [ _nm

; 21
p, otl v (at+l) pya+l)’ 20
p _ V op
o) - L - L ()
Do +a v(l+a) pla+]l)

The instant coefficient of penetration of a sound
wave through a moving boundary of the environments
will be equal to:

. 2 v 2
i Do atl v(a+tl) pla+l)

e
2
= _4o 1__Ii1_+£_1_ (23)

The instant coefficient of reflection of a sound wave:

. 2 2
(2t ) -
[, e I+a v,(l+a) pyla+l)

2
_(l-a 2 Vi op
(m) (lve(la)pean @

=
Il
I~

-~




In formulas (23) and (24) the small letters are used
for designation of the instant values of the intensity of
the sound waves in the environments.

We put together the coefficients of penetration (23)
and reflection (24) of the sound waves:

2

p+R= 1 ({2J&+J&(_ﬁ+1)_j} +
(1+0)° ve P

= 1 2({&[1&)
(1+a) Ve
2
+ 1——V—1 —al-&-& =1- 2 ._V_1+
v, Pe (1+a) v,

% 2 2

sl s+ atsll)

(1+ao)\v, (1+a)p, (1+a)\p,

In formula (25) there are items, depending on the
speeds and pressures, both linear, and quadratic ones.

Let us find the bond between the speed of the
boundary of the environments V; and pressure p; under
this boundary in the second environment at the expense
of this speed. During time df the perturbation action of
the movement of the boundary of S square will extend
to the volume of the environment with length c,dr. The
mass of this volume is equal to dm = p,Sc,dt. According
to the second law of Newton the change of a pulse of
this mass under is equal to dm V| = Fdt, where F — force
operating on the environment due to the movement of
the boundary. Therefore p,Sc,dtV, = Fdt, and pressure
1= PN

Besides, we use the connection between the pressure
in the sound wave in the first environment and the
speed of the particles in the form of p, = pyc v,. In this
case it is possible to write down the following equality:

a c ¢,V V.
“Py _ P11 P9 _ M1 (26)
Pe P22 P1C1Ve Ve
At that condition the instant coefficient of penetra-
tion equals to:

% 2
= fo (1 sl aj) . 27)
The instant coefficient of reflection of the sound
wave:
1 2 2V, 2
R=(—%)"|1- L. 2
(l+(x) ( ve(loc)] (28)

The linear items in (25) are mutually annulled. As a
result, we will get:

2 2

1 5 + ¢ AN -

(1+a)\v, (1+a)(p,

2 () nY

_ a o 1| — i
1+[<1+a)+(1+a)j (pj Ha(pj

2
=1+l(_V_'J . (29)

With accuracy up to a quadratic item the sum of the
coefficients of penetration and reflection of the sound
waves is equal to a unit.

Considering the fact that according to the law of en-
ergy conservation this sum should be equal to a unit, we
make a conclusion that application of the offered meth-
od for the analysis of transmission of a sound wave
through a moving boundary of the environments is ad-
missible with accuracy up to the items of the second or-
der of smallness.

At V| = v, the reflection coefficient (28) R= 1, i.e.
a wave does not transmit to the second environment.

B+R=1+

The resonant phenomena during fluctuation
of the boundary of the environments

However, p; = p,c, V| approximation is, apparently,
too rough. The fluctuation of the second environment
happens both under the influence of the movement of
the boundary of the environment, and under the influ-
ence of the falling sound wave. These fluctuations hap-
pen with different frequencies, therefore, the resonant
phenomena must be observed. Owing to that it would
be more correct to use the following differential equa-
tion of the fluctuations:

d2
—pzl + (Dipl = p2c2(x)i Vl‘ (30)
dt

In this formula (30) the resistance of the first envi-
ronment to the movement of the boundary of the en-
vironments is not taken into account.

Considering (3), we will get the following equation
of the compelled fluctuations:

d2
?pzl + (012_1p1 = poz(,Olz_l alsinmlt. (31)

A private solution to this equation has the following
appearance:

p cy0la p oV,

_ P6oyay _ P&y ¥y

n=—S—x sinwq# - (32)
0, - 0] O, - 0]
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Therefore, formula (26) needs to be specified:
2
9P _ _®u 5 (33)

3 .
pe (J)H—O)] Ue

In this case the coefficient of penetration of the
sound wave (23) will be transformed to the following
form:

B= 4_0‘( _ﬁ( _l(“)—iDjz (34)
(1+OL)2 2v, « o)i—co% .

The reflection coefficient (24) will be

_(1-a)? 1 " o )
R—(m) (1_(1_@?(“;__2}) . (35)

€ H™ @

Fig. 5 presents a diagram of the dependence R =

= f{m—j , constructed according to formula (35) at
(0]

V) < ey, ie., o4 = 0, (see (5)), and at various corre-

. Vi

lations of speeds — .
Ue

The maximal value of the reflection coefficient
should not exceed a unit. High value of the reflection
coefficient R > 1 at ; - o, is connected with absence
of the accounting of the resistance of the environments
to the boundary movement.

In case of a real ultrasonography of a heart, for ex-

()
ample, relation 1« 0,5, i.e. it obviously is out of the

('Oe

resonant area. However, if a low-frequency modulating
harmonica appears in the ultrasonic beam, for example,
owing to a malfunction of the radiator, the resonant
phenomena can distort the picture on the computer
display, owing to alignment of the reflection coeffi-
cients from various boundaries of the environments.
This will result in inaccuracies in the diagnostics of the
state of an organ.

Conclusion

The ultrasonic method of research of the structures
with the moving boundaries is an effective method for
obtaining of images of these structures.

Analysis of the processes of reflection and transmis-
sion of the ultrasonic waves through a moving boundary
of the environments shows that an approximate solu-
tion to the task by modification of the balances of the

speeds of fluctuations of the particles of the environ-
ments and pressure in these environments is admissible.
At the same time the law of the energy conservation is
observed with the accuracy up to small square items.
The resonant phenomena during radiation of a mov-
ing boundary by an ultrasonic wave can also be inves-
tigated by means of the proposed approximate method.
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