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Q'lAHOTEXHOAOrMM

1 30HAOBAA MUKPOCKOINA

ANOTECHNOLOGY

AND SCANNING PROBE MICROSCOPY
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B. B. Kaprames, kaHa. ¢u3s.-Mar. HayK, MJI. Hay4. COTp.,

®I'BYH Uuctutyt ipukiamHoit MmatemMaTtuk uM. M. B. Kennprima PAH, Mocksa

M30B6PAXXEHUE HAHOPEABE®A MNMPU UHTEPMPETALIMMU U3MEPEHUIA
METOAOM MMHUTALUMOHHOTIO MOAEAUPOBAHMA

Ilocmynuna ¢ pedaxyuio 20.10.2015

Paccmampusaemces nooxod Kk unmepnpemayuyu UsMepeHuli HaHopeavepa, Komopbii OCHOBAH HA MAMEMAMu4ecKkom mooenu-
posaruu npoyecca ckanuposanus. Qocyxucoaromes ycaoeus, KoOmopvim 00ANCHA Y0081emE0psImb HOBEPXHOCHb, 0 M020 YmobbL
ee 00pa3, NOAYHeHHbIU N0 Pe3yAbMamam MoOeauposanus, u opueunan coenadanu. Jlaemes oyenka mouHocmu npedcmagaeHus Mo-

0envl0 NOBEPXHOCMU PA3AUMHBIX YYACMKO08 HaHopeabveda.

Karoueevie caosa: MYHHENAbHAA MUKPOCKORUA, UMUMAUUOHHOE Moaeﬂupoeaﬂue npouecca M3MepeHlllj, MO4YHOCMb UMEPEHUA

HaHopenveha nosepxHocmu

BBenenune

TyHHeIbHasE MUKPOCKOIUST UCIIOJIb3YeTCs ISl BU-
3yaJIbHOT'O MCCJIe0BaHUS TOBEPXHOCTH C HAHOMETPO-
BbIM paspelieHueM [1]. TouHOCTh MeTOJa 3aBUCUT OT
pa3MepoB OCTpus UIJIbl. PacripocTpaHeHHas TEXHOJIO-
T'Us UBTOTOBJIEHUS UTJ [2, 3] 1TO3BOJISET MOJIyYyaTh OCT-
pUsl TMaMeTPOM 0 HECKOJIbKMX HaHOMETpOB. Takue
WTJIBl IeJIal0T BO3MOXHBIM M3MepeHUe peibeda mo-
BEPXHOCTHU C TOYHOCTBIO 10 5 HM.

IIpu uccnenoBaHM reoMeTpUM OOpa30BaHMIl MEHb-
1Iero pazMepa Heo0X0AMMO MUHTEPIIPETUPOBATh U3MeE-
peHust ¢ yueToM (OpMbl U pa3mMepoB ocTpusi. B atom-
HO-CHJIOBOMI MUKPOCKOIIMM METOI YBEJIMYEHUs pa3-
pelreHus] myTeM yJdeTa TeOMETPHHU OCTPUSI UTJIBI UC-
MOJIb3yeTCsl 1OCTaTOYHO AaBHO [3, 4]. Jlo mocnenHero
BPEMEHU B TYHHEJbHOU MUKPOCKOIIMHU OH HE MpUMe-
HSIJICSI, TaK KaK He CYILECTBOBAJIO JIOCTYITHOTO CIIOCO-
0a onpeneneHus: GopMbl U pa3Mepa OCTpUsl, KOTOPbIi
obecreurBall Obl TOUHOCTb U3MEPEHUS TTOPsIAKa T0Jel
HaHoMeTpa. B pabGote [5] mokazaHO, 4TO 3Ty 3amady
MOXHO PEIIUTb METOJOM UMUTAIIMOHHOIO MOIEINPO-
BaHUs Tpouecca usmMepeHuit. C METOJOM MOXKHO TaK-
JKe MMO3HAKOMUThCS B cTaThe [6].

OCo0eHHOCTH TEXHOJIOTHH nsmepelmﬁ

Hsmepenne penbeda TYHHEILHBIM MUKPOCKOIIOM
MIPOBOAAT MyTeM TepeMellleHUs] UTJIbl Ha HEKOTOPOM
yIJIEHUU OT MOBEPXHOCTU. 3a30p (OOBIYHO JOJU Ha-
HOMETpa) PeTyIUPYETCST CUIION TYHHEJIBHOTO TOKA, 3a-
JlaBaeMOl B ITapaMeTpax CKaHMPOBaHMS. 3a30p BbIUNC-
JISIETCS UCXOMST U3 CUJIbI TYHHEJIBLHOTO TOKA 10 U3BECT-
HbIM (popmynaM. [1py ckaHMPOBAHUM TYHHEIBHBIA TOK
MTOAIEPXKUBAETCS MOCTOSTHHBIM, JIJISI TOTO YTOOBI 00€eC-
MMEYNUTh TOCTOSHCTBO BBICOTHI IBMKCHUSI WMIJIBI HaJ
MTOBEPXHOCTHIO. BBIMIOTHEHNWE 3TOTO YCIIOBHST 0Oecte-
YUBAET COOTBETCTBUE U3MEPEHUI peaIbHOMY pesibedy
MMOBEPXHOCTH.

ITocTOSIHCTBO TYHHEJIBHOTO 3a30pa B IPOIIECCE CKa-
HUPOBaHUS YIOOHO paccMaTpuUBaTh KaK CKOJIbXEHHE
TYHHEJIbHOU 000JI0UKY MO TOBEPXHOCTU. TYHHENbHAs
000JIoYKa — 3TO TUIIOTeTUYecKasl (urypa, KoTopasi
WCMOJIb3YETCA B Mpolecce MoaeaupoBaHusi. Ee mo-
BEPXHOCTh PABHOYIAJIEHA OT MOBEPXHOCTU WMIJIBI Ha
pa3Mep TyHHeJIbHOro 3a3zopa. HempepblBHOCTb Kaca-
HUS TYHHEJIbHOI 000JI0UKOI M3MEePsSIeMOIl ITIOBEPXHO-
CTU TIO3BOJISIET TMPEACTaBUTh HAHOpEIbed MOBEPXHO-
CTbIO (DUTYPBI, ABISAIOLIENCS OOBEAUMHEHUEM BHYTPEH-
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HOCTEI TYHHEJIbHBIX 000JI0UEK BO BCEX TOUKAX CKAHU -
poBaHus. [locTpoeHHass 3TUM METOIOM MOBEPXHOCTh
YUMUTBHIBAET KaK T€OMETPUIO OCTPUSI UIJIbI, TaK U pa3-
Mep TYHHEJBHOTO 3a30pa. 3aMEeTUM, UTO TOBEPXHOCTb,
MOCTPOEHHAs B pe3yJibTaTe HEMOCPEACTBEHHOI BU3ya-
JIM3ALMU U3MEPEHUI, TapaMeTPhI UTJIbI U YCIOBUS U3-
MEPEHUI HE YUYUTHIBACT.

Pazimuns B n300paxkeHnsax HaHopeabeda

CpaBHeHUE U300paKeHUiA, MOTYyYeHHbIX TTPU Hero-
CPEICTBEHHOI BU3yaTM3allMu U3MEPEHUIA U MOCIe yueTa
TE€OMETPUU OCTPUSI WUIJIbI, TTO3BOJISIET CAEIaTh BBIBOA O
CYLIECTBEHHBIX M3MEHEHUSX (POPMbl MEJKHUX 3JIEMEH-
TOB HaHopeJbeda. DTU pasauyusl HETPYIHO 3aMme-
TUTh IIyT€M HETMOCPEICTBEHHOTO CpaBHEHMS puc. 1, a
u puc. 1, b.

Ha puc. 1, a npuBeneHo n300paxeHue yyacTka rno-
BEpPXHOCTU MeIU, KOTopasl Obljia HarmblieHa Ha CTeK-
JITHHYI0 MOJI0XKY. OHO MOCTPOEHO MyTeM IpsMOit
BU3yaIM3aluu u3MepeHuit. OTHOCUTENIbHAsl BbICOTA
TOYKHM COOTBETCTBYET €€ SIPKOCTHU (UeM CBeTIee, TeM
Boiie). Ilepeman BeicoT cocraBisgeT 11 Hm. Ha u3zo-
OpakeHUU YETKO pa3iMurMMbl chepruueckrie 0ObeKThl,
KOTOpbIE CIUIOITHUKOM TTOKPBIBAIOT MOBEPXHOCTh. Pa3-
Mepbl O0BEKTOB CUJIbBHO pasnuyarorcs. Ha pucyHke
JIETKO CPaBHUTb MX pa3Mepbl Ipyr ¢ ApyroMm. TeMmHbie
MPOMEXYTKU MEXIY OO0BbEeKTaMU BBINISIAAT KaK Y3KHe
1LIEJIU, B KOTOPbIE UIJIa HE CMOTJIa IPOHUKHYTb.

Ha puc. 1, b npencraBieHo u3o0paxkeHue pe3yiib-
TaTOB M3MEPEHMI, KOTOPOE MOJIyyaeTcs Mpu MMUTa-
LIMOHHOM MOJIEIMPOBAaHUM Mpolecca CKaHUPOBAHUS.
PesynbTaThl MOmeIMpoOBaHUS TOKA3bIBAIOT, UTO PENib-
e usMepsuicss ocTpueM auaMmeTpoMm 2,0 HM, TYHHE I b-

Puc. 1
Fig. 1
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HbII 3a30p cocTaBiasul 0,5 HM. 3HaHUe (PaKTUYECKO
TeOMETPUM OCTPHS MO3BOJISIET TOUHEE OTOOPA3UTh 13-
MepsSeMYIO TTOBEPXHOCTb.

HemnocpencrBeHHoe cpaBHeHue puc. 1, a m puc. 1, b
MO3BOJISIET JIETKO BBISIBUTH CYIIECTBEHHBIE Pa3IMYUMS B
n3o0paxeHusx HaHopeabeda. Puc. 1, b He comepxuT
cepuyeckux obpazoBaHuii. OH CTPOUTCS U3 MHO-
JKeCTBa JIYHOK, KOTOPhIE TPYIIIUPYIOTCS OKOJIO 3a0CT-
PEHHBIX BO3BBIIIEHHOCTEH, 00pa3yIonX 3aMKHYThIC
CTPYKTYpPHI. [IpUMUMHBI TaKMX N3MEHEHWI yIaeTCs 10~
HSITh, TIPUHSB BO BHUMaHKME OCOOCHHOCTH IIpoliecca
W3MEpPEeHUI, BBIMTOJIHSEMBbIX C TOMOIIBIO TYHHEJbHOTO
MMKpPOCKOIIA.

HNmuTanmonHoe MoaeIMpOBaHKE
npouecca CKAHUPOBAHMS

B MmeTome MMMTAaLIMOHHOTO MOIEIUPOBAHUS TIPO-
liecca CKaHupoBaHUs (opma U pa3Mep OCTPUST UIJIbI
BbIOMPAIOTCS TAKUMU, TTPU KOTOPBIX BIMOJHSIETCS YC-
JIOBUE TMOCTOSIHCTBA TYHHEJILHOIO 3a30pa MEXIy WI-
JIOM U TIOBEPXHOCTBIO.

OTO SKBUBAJIEHTHO TOMY, YTO TyHHeJbHas 000-
JIOUKA HAXOIMUTCS B MTOCTOSTHHOM KOHTaKTE€ CO CKaHHW-
pyeMoOil MOBEPXHOCThIO. PaccMOTpUM ycCliOBUS, TIPU
KOTOPBIX MOJI€JIb CKAHUPYEMOI TTOBEPXHOCTHU, MOTY-
yaeMasli B pacCMaTpuBaeéMOM METOJe UMMUTAIlMOHHO-
ro MOJIEIMPOBaHMUSI, COBINAJAET C U3MEPSIEMbIM HAHO-
penbedom.

ITpu uHTEpIIpETAllNY U3MEPEHUI C YUETOM F€OMET-
pUM UIJIbl B KAYECTBE MOBEPXHOCTU UCCIIENYEMOIO 00-
pasua 6epeTcs IMOBEPXHOCTb (Urypsl Vi

Vr= (xL,Jy)vT o 2,

rae (x, y) — IOJOXEHUE WIJbl B
IIJIOCKOCTH CKaHUPOBAHUS, V(X, y) —
BHYTPEHHSIS YacTb TYHHEJIbHOI 000-
Jouku T Tpu TOJOXEHUM WIJIBI B
TOuKe ¢ KoopauHaTamu (x, y). Ilo-
BEPXHOCTb urypsl Vi (0Vy) obo-
3Ha4yuM uepe3 S Sp = oV .

Bymem roBoputh, 4To penbed S
80CCMAHOBUM, €CJIV YUET TEOMETPUU
WUTJIbI TIPU MHTEPIIpETALIuU U3Mepe-
HUI MO3BOJISIET TOJYYUTh peiibed,
KOTOPBIN COBITAmaeT C MCCIeaye-
MbIM, T. €. Sp = S. Paccmorpum
YCIIOBUSI, TIPU KOTOPBIX 3TO ITOCTHU-
raercs.

HazoBem Touky penbeda A doc-
mudcuMoll, eClIv CYyILIEeCTBYeT TaKoe
MOJIOXKEeHNE TYHHEJIbHOM O0O0JIOYKU
(x, y), Ipu KOTOPOM TOuKa A JEXKUT
Ha €€ MOBEPXHOCTH (A € dvy(x, y)) n
BHYTPU V7(X, y) HET HA OHOM TOUKH




Puc. 2
Fig. 2

penbeda. Moaenb penbeda, Hoiydaroluascs Ipu HH-
TepIIpeTalliy N3MEPEHUI C YIeTOM T€OMETPUH OCTPHS
WUTJIbI, COBIAaJaeT C UCXOAHBIM pelibehoM TOrma u
TOJILKO TOTJA, KOTAa Kaxaas TOuKa UCXOJHOTO pesb-
eda apasieTcs poctkumoil. CripaBeaIMBOCTh 3TOTO
YTBEPKACHUS CIAEAYET U3 YCIOBUS, UTO HA U300paxe-
HUU peJibeda MpeacTaBieHbl T€ U TOJbKO T€ TOUKH IO~
BEPXHOCTH, KOTOPBIX TYHHEIbHAsI 000JI0YKa KOCHYJIACh
MPpU CKaHUPOBAaHUU. 3aMETUM, UTO C(HOPMYIUMPOBAH-
HOE YTBEPXIEHWE He HaKaalblBaeT KaKUX-Iu0o orpa-
HUYEeHUI Ha (GOpMY U pa3Mepbl OCTPUS UTJIBI.

M3 chopMyIMpoBaHHOTO YTBEPXKICHUS CIIEAYyeT,
YTO MCIIOJIb30BAHUE UTJIbI C OCTPUEM BBINYKIION (op-
MbI MIO3BOJISIET OTHO3HAYHO BOCCTAHOBUTH (DOPMY JTIO-
06oro yyactka penbeda, IIOBEepXHOCTb KOTOPOTO SIBJISI-
€TCS BBIITYKJIOM.

Kputepuii TOCTHXKMMOCTU MO3BOJIIET JOCTaTOYHO
MIPOCTO TTPOBEPUTH, OOCCITEUNBAET JIM OITMCAHHEII BI-
e CI0CcOo0 MHTepIpeTaluyd U3MEPEeHUl BOCCTAHOB-
JeHre (QOpMBbI yJacTKa IMOBepXHOCTU. Eciu Kaxkmas
TOYKA y4acTKa JOCTVKMMA TP U3MEPEHUSIX, TO yda-
CTOK BOCCTaHABJIMBAETCS MOJHOCTbIO. YUaCTKM, KO-
TOpBIE COAEPKAT HEIOCTHKUMbIC IJII CKAaHUPOBAHUS
TOYKHW, OMHO3HAYHO BOCCTAHOBJICHHI OBITH HE MOTYT.
B Momenu mMOBEepXHOCTH YYaCTKHU, COAepKallue 3TU
TOYKM, 3aMELIAI0TCS C(hepruuecKoil TOBEPXHOCTHIO TYH-
HEJTbHOI 000109KM. TakKuM1 yJacTKaMU SIBJISIIOTCS TT0-
BEPXHOCTh BIAIMH, JUAMETP KOTOPBIX MEHBIIE aMa-
MeTpa OCTpUsI TYHHEJIbHON 00O0JIOYKU, U OCHOBaHMS
KPYTBIX U3JIOMOB pefibeda MOBEPXHOCTH.

Ha puc. 2 nmokazaH onuH u3 Takux ciaydaeB. Ha
HeM TpeacrtaBieH uzjioM penbeda ABC. TyHHeabHas
000JI04Ka OCTpUS U300paxkeHa B BUIE OKPYXKHOCTHU C
1eHTpoM B Touke O, £ u D — Touku kacaHus. Ok-
py>kHOCTb O HE B COCTOSTHUM KOCHYTbCSI BEPIIUHBI B,
yuacTkoB yria EB u BD. [1pu ckaHupoBaHUM 3Ta 00-
JIaCTh HaHoOpellbe(a oKaxkeTcsl Heu3MepeHHOU. Pelb-
ed EBD Oynet npencrtasieH JyHKoi ED.

PaccMoTpeHHbIe 0COOEHHOCTU M300pakKeHUsl Ha-
Hopenbeda, KOTopbie 00YCIOBIACHBI TEXHOJIOTUEH U3-
MEpeHUsI, HeTpyIHO HaliTh Ha puc. 1, b. U300paxeHue
COAEPXUT AOCTATOUHO OOJBIIOE YUCIIO JTYHOK, KOTO-
pble 3aMellaloT T YYaCTKU MOBEPXHOCTHU, KOTOPhIE He
OBITM TOCTUTHYTHI TIPM CKAaHUPOBAHWU.

Kak oTMeuanoch Bbllile, BBIITYKJIbIE Y4ACTKU Pellib-
eda Bcerma TOCTMXKUMBI HE3aBUCMMO OT MX pa3Mepa.
Ilo »TOif mMpuymMHE Ha M300paKeHWU, MOIYICHHOM
MPY UHTEPIIPETALIMM U3MEPEHMI C YUETOM TeOMETPUU
OCTpHsI UIJIbI, (hopMa M pa3Mepbl BHITYKIIBIX 00pa30-
BaHWI1 COOTBETCTBYIOT PEAIbBHBIM. DTO 00CTOSTENTbCT-
BO IPMBOOUT K YJIYYILIEHUIO BUAMMOCTA HAHOCTPYK-
TYpHI penbeda, 4TO HETPYAHO 3aMETUTh, HETTOCPEICT-
BEHHO CpaBHUBASI M300paXkeHWs, MPeaCTaBJIcHHBIC Ha
puc. 1, a u puc. 1, b.

3akmoueHue

ITpoBeaeHHOE KCCIeIOBAaHUE MOKA3BIBAET, YTO UH-
TepIpeTalus UBMEPEHUI HaHOpeIbeda ¢ yueToM reo-
METPUU OCTPUSI UTJIBI TTIO3BOJISIET BOCCTAHOBUTD PEab-
HyI0 (DOpMY U pa3Mepbl BCEX YYACTKOB MOBEPXHOCTH,
KOTOPBIX TYHHeJIbHasi 000JI04Ka WIJIbl KacaeTcsl Mpu
CKAaHMPOBAaHUU. YUaCTKHU IMMOBEPXHOCTU, KOTOPHIX 000-
JIOUKa KOCHYTbCSI HE B COCTOSIHUM, TPEACTaBJISIIOTCS
cheprnyecKMMHU JyHKaMu. B objactu JyHKM MoOnenb
MOBEPXHOCTU, KOTOPasi CTPOUTCS IO pe3yabTaTaM U3-
MEepeHUI, MOXET OTJIMYAThCS OT peasibHOI MOBEPXHO-
ctu. M300paxeHus, nmojayyaemMble METOAOM HMUTA-
LIMOHHOI'O MOJEIMPOBAHUS Ipoliecca M3MEpPeHUi,
MO3BOJISIIOT TOUHEE BBISIBUTh HAHOCTPYKTYPY MOBEPX-
HOCTH, 4YeM IIpM HENOCPEICTBEHHOM OTOOpaKeHUU
pe3yJbTaTOB U3MEPEHUIA.
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Obtaining of Nanoscale Surface Images by Simulation of STM Measuring Process

The authors propose an approach to STM measurement of the nanoscale surfaces by means of a scanning probe with an extremely
small tip size. Its control system keeps the distance between the tip and the surface with a very high accuracy and makes it possible
to interpret a visualization of the direct measurements as a real image of the surface.

A mathematical simulation of the scanning process allows us to interpret the measurements more accurately, to evaluate the tip
dimensions and then to increase the visualization accuracy by taking the tip geometry into account. The nanoscale images of the
objects, obtained by the simulation process look different from the direct visualization images of the objects. Besides, the local na-
noscale structures of the surfaces seem emphasized compared with their direct visualization.

The authors consider different conditions, which a surface should meet in order to make its simulation image coincide with the vis-
ualization of the original measured image. The article presents estimation of the accuracy of simulation of various sections of surfaces.

Keywords: tunnel microscopy, mathematical simulation of the measuring processes, accuracy of the nanoscale surface meas-

urements

Introduction

For a visual research of the surfaces with a nanom-
eter resolution [1] the tunnel microscopy is used. Its
accuracy depends on the size of a needle point (tip).
A widespread manufacturing technique [2,3] allows us
to obtain tips with diameter up to several nanometers.
Such needles make it possible to measure a surface with
the accuracy up to 5 nm.

During research of the geometry of formations of a
smaller size it is necessary to interpret the measure-
ments taking into account the forms and sizes of a tip.
In the atomic-force microscopy an increase of the res-
olution due to the tip geometry has been used for a long
time [3, 4]. In the tunnel microscopy it was not applied,
because there was no accessible way for definition of the
form and size of a tip, which would ensure the accuracy
of measurement of about shares of a nanometer. In the
work [5] it is demonstrated, that this problem can be
solved by the method of imitation modeling of the
process of measurements. It is also possible to get ac-
quainted with the method in the article [6].

Specific features of the technology of measurements

Measurement of a relief by a tunnel microscope is
done by movement of a needle at a certain distance
from a surface. That distance or gap (shares of a na-
nometer) is controlled by the force of the tunnel current
set within the parameters of scanning. The gap is cal-
culated proceeding from the force of the tunnel current
by the existing formulas. During scanning the tunnel
current is supported by the direct one in order to ensure
a constant height of movement of the needle over the
surface. Implementation of the condition ensures cor-
respondence of the measurements to the real relief of
the surface.

It would be convenient to consider the constancy of
the tunnel gap in the course of scanning as sliding of the
tunnel cover on the surface. The tunnel cover is a hy-
pothetical figure, which is used in the process of mod-
eling. Its surface is equidistant from the needle’s surface
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(the distance is the size of the tunnel gap). The conti-
nuity of the contact of the tunnel cover of the measured
surface allows us to present a nanorelief as the surface
of a figure, which is an integration of the inner tunnel
covers in all the points of scanning. The surface con-
structed by this method takes into account both the ge-
ometry of the needle tip and the size of the tunnel gap.
The surface constructed as a result of visualization of
the measurements, does not take into account the pa-
rameters of a needle and conditions of measurements.

Distinctions in the nanorelief images

A comparison of the images received as a result of
a direct visualization of the measurements and after the
geometry of the needle tip is taken into account allows
us to draw a conclusion concerning the considerable
changes of the forms of small elements of the nanore-
lief. Those distinctions are visible, if we compare fig. 1, a
and fig. 1, b.

Fig. 1 presents a section of the copper surface sput-
tered on a glass substrate. It was constructed by a di-
rect visualization of measurements. Relative height of a
point corresponds to its brightness (the lighter, the
higher). The level difference is 11 nm. In the image cer-
tain spherical objects are distinguishable, which cover
the surface completely. The sizes of the objects differ.
In the figure it is easy to compare their sizes with each
other. The dark intervals between the objects look as nar-
row cracks, into which the needle could not penetrate.

Fig. 1, b presents an image of the measurements,
which is obtained by imitation modeling of scanning.
The results of modeling show, that the relief was meas-
ured by a tip with diameter of 2,0 nm, while the tunnel
gap was equal to 0,5 nm. Knowledge of the actual ge-
ometry of the tip allows us to present the measured sur-
face more accurately.

Comparison of fig. 1, a and fig. 1, b allows us to re-
veal the distinctions in the images of the nanorelief.
Fig. 1, b does not contain any spherical formations. It
comprises a set of dimples, which are grouped around
the pointed heights forming closed structures. The rea-




sons for changes can be understood, if we take into con-
sideration the features of measurements by means of a
tunnel microscope.

Imitation modeling of the scanning process

For imitation modeling of the scanning process the
form and size of the needle tip are selected to satisfy the
condition of constancy for the tunnel gap between the
needle and the surface. This is equivalent to the fact
that the tunnel cover is in a constant contact with the
scanned surface. Let us consider the conditions, under
which the model of the scanned surface, obtained in the
considered imitation modeling, coincides with the
measured nanorelief.

For interpretation of the measurements with ac-
count of the geometry of the needle, the surface of fig-
ure Vris taken as the surface of the investigated sample:

& (xEJy)VT(x’ »:
where (x, y) is position of the needle in the scanning
plane; vp(x, y) is part of the tunnel cover T at position
of the needle in the point with coordinates (x, y). We
will designate the surface of figure V(6 V7) through Sy
S T =0 VT

Let us say, that we will restore relief .S, if the account
of the geometry of the needle for interpretation of
measurements, allows us to receive a relief, coinciding
with investigated one, i.e.: S§7= S. Let us consider the
conditions under which this is reached.

Let us consider point A of the relief as achievable,
if there is a position of tunnel cover (x, y), at which
point A lies on its surface (4 € ovy(x, y)) and inside
vr(x, ) there is no a single point of the relief. During
interpretation of the measurements with account of the
geometry of the needle tip, the relief model coincides
with the initial one only, when each point of the initial
relief is achievable. The statement is justified by the fact
that only those points of the surface are presented on
the relief image, which were touched by the tunnel cov-
er during scanning. It should be noticed, that the for-
mulated statement does not impose any restrictions on
the form and size of the needle tip.

From the statement it follows, that the use of a nee-
dle with a tip of a convex form allows us to restore un-
equivocally the form of any section of the relief, the
surface of which is convex.

The criterion of accessibility allows us to verify sim-
ply enough, whether the described method of interpre-
tation of measurements ensures a restoration of the
form of a section of a surface. If each point of the sec-
tion is achievable during the measurements, the section
is restored completely. The sections, which contain
points, inaccessible for scanning, unequivocally cannot
be restored. In the surface model the sections contain-
ing those points, are replaced with the surface of the
tunnel cover. Such sections are the surfaces of the pits,

the diameter of which is less than the diameter of the
tip of the tunnel cover, and of the bases of the sharp
bends of the surface relief.

Fig. 2 demonstrates one of such cases. It presents
a bend of relief ABC. The tunnel cover of the edge is
presented in the form of a circle with the centre in
point O, E and D is the contact points. Circle O cannot
touch the top of B, sections of corner EB and BD. Dur-
ing scanning this area of the nanorelief will appear not
measured. Relief EBD will be presented by dimple ED.

The considered specific features of the nanorelief
image, determined by the measuring technologies, can
be found easily in fig. 1, . The image contains a rather
big number of dimples, replacing the sections of the
surface, which were not reached during scanning.

As it was noted above, the convex sections of the re-
lief are accessible irrespective of their size. For this rea-
son, during the interpretation of measurements with ac-
count of the geometry of the needle tip, the forms and
the sizes of the convex formations on the image corre-
spond to the real ones. This leads to improvement of the
relief nanostructure, which is easy to notice, if we com-
pare images of fig. 1, ¢ and fig. 1, b.

Conclusion

The research shows, that interpretation of the na-
norelief measurements with account of the geometry of
the needle tip allows to restore the real forms and sizes
of the sections of the surface, which are touched by the
tunnel cover of the needle during scanning. Those sec-
tions, which cannot be touched by the cover, are pre-
sented by the spherical dimples. In the area of a dimple,
the model surface, which is constructed by the results
of measurements, may differ from the real surface. The
images, received by modeling of measurements, allow
us to reveal more precisely the nanostructure of the sur-
faces, than in case of a direct display of the results.
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Mu, nepuoduueckue 3agucumocmu

BBenenune

I[Mlupokoe mpuMeHeHUE HaHOpPa3MEpPHBIX MeTas-
JIMYECKUX YACTULL B BJIEKTPOOINITUYECKUX MUHUATIOP-
HBIX JaTyMKax, MpuOopax Ha OCHOBE IJIA3MOHHBIX
CBOIMCTB HAHOKJIACTEPOB, XMMUUECKUX KaTaJlM3aTo-
pax, Mpu pa3pabOTKe CEHCOPHBIX YCTPOMCTB, B TOM
qyucie Al IeTeKTUPOBaHUsI pa3IMyHOro poaa OuoJio-
TMYECKUX 00BEKTOB, 00YCIOBUIN POCT MHTEpeca K Uc-
CIIEAOBAHUIO METOJOB M TEXHOJIOTUI MOJIydeHUS I10-
IOOHBIX OOBEKTOB, a TAKXKEe K M3YUYCHUIO MX (PU3UKO-
XMMUYEeCKNX CBOMCTB [1, 2]. B3ammoneiicTBue siiek-
TPOMATrHUTHOTO M3JYYeHUSI C YaCTULIAMU MaJbIX pa3-
MEPOB, a TaKXe 3aBUCHUMOCTb CBOMCTB PacCeIHHOTO
CBETa OT BHEIIHETO OKPYXEHUSI pacceMBarolleil Jyac-
TULBl MPEIOCTaBUIM B pacHopsiKeHUe HCcaeaoBa-
TeJe MOILIHBIA apceHand IS ACTAIbHOIO WU3YYEeHUS
MUKpPO- M HAHOOOBEKTOB M 3aKOHOMEPHOCTEH HX
B3aUMOJIECTBUS C BHEIIHUM OKpYyxXeHuem [3, 4]. UH-
Tepec K MUCCAeJOBAaHUIO CBOMCTB HAHOCTPYKTYPUPO-
BaHHBIX ITOBEPXHOCTEI CBSI3aH TaKXke C BO3MOXKHO-
CTbIO CO3JJaHUSI MUHUATIOPHBIX KBAHTOBBIX T€HEPaTO-
poB (y1azepoB) (cM., Hampumep, o00630p [5]). Apyrum
BaXXKHBIM aCIIEKTOM SIBJISIETCSI TOT (baKT, UYTO KPEMHMUIA,
SIBIISISICH 0A30BBIM 3JIEMEHTOM COBPEMEHHOW MUKPO-
3JICKTPOHUKHU, He 00J1agaeT MpsIMO30HHOCThIO SHepTe-
TUYECKOTO MPOCTPAHCTBA, CIACACTBUEM YETO SIBJISIOTCS
HU3Kas U3jaydaTeibHas ClIOCOOHOCTh, OTHOCUTENILHO
MaJjioe ceyeHue TOIVIOLIEeHUSI CBeTa MO CPaBHEHUIO C
MPSIMO30HHBIMU TTOJYIIPOBOIHUKAMU U OPraHUYECKU-
MU KpacuteasiMu. IlepCrieKTMBHBIM HampaBieHUEM
SIBIIIETCS COYeTaHUE (PU3UUECKUX CBOMCTB KBAHTOBBIX
TOYEK C METANIMYECKUMU HaHOYaCTUIIaMU (HAHOKOM -
MO3UTHBIE CUCTEMBbI) JIJI1 BO30YKIEHUS TOKATM30BaH-
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HBIX TIJIA3MOH-TIOJIIPUTOHHBIX Moj, [6]. PasHoro pona
MEeXaHMU3Mbl MOTYT 00ecreyuBaTh yCHJIEHUE ONTUYE-
CKMX CBOMCTB CTPYKTYp "KBaHTOBbIE TOUKU — METaJl-
Jinyeckrue HaHoyacTuubl'. Kpome TOro, mpoucxoaut
YCWICHWE 3JIEKTPUIECKOTO TIOJIST BOIM3KW MeTajUThde-
cKoit HaHovacTULbI (3¢ dekT onmkHero noJjst). Hako-
Hell, UMeeT MECTO HeTOCPeICTBEHHAs reHepalusl HO-
cUTeJIell 3apsiia B MOJYNPOBOAHUKE Oyiarogapsi pac-
MMPOCTPAHEHUIO TTOBEPXHOCTHBIX TJIA3MOHHBIX MOJI.
st ucciienoBaHusT U30JUPOBAHHBIX YACTULL CJIOXK-
HOI reOMETPUM MCIIOJIb3YIOTCS pa3inyHbie TEOPETU-
YyecKHWe MEeTOAbl, HalpuMep, METOA AUCKPETHBIX AU-
nojeit [7, 8]. HecMoTpst Ha TO, YTO MHOTHE aCIEKThI
MpoOJeMbl pacCcesiHMSl CBeTa YacTMLIAMU MaJIbIX pa3-
MepoB xopoliio u3ydyeHnl [9, 10], HanuMe pe3oHaHC-
HBIX SIBJICHMI, TaKWX KaK KOJIJICKTUBHBIC 2JIEKTPOH-
Hble KoJeOaHUs BJIEKTPOHOB MOI JeHCTBMEM CBeTa
(cM. Haripumep, [11]), Ha3BaHHbIE TIJITA3MOHHBIMU BO3-
OyXIEHUSIMU, OTKPBIBAIOT B HACTOSIILIEE BPEMSI HOBbIE
TepCIeKTUBb M HYXIAIOTCSI B 0Oojee IMPUCTATbHOM
WU3YYEHUU, XOTSI UMEeTCsl OOJIbIIOE YUCIO HAayYHbIX U
TEXHOJIOTMUECKUX HapaOOTOK, BOLIEAIINX B TOM YHCIIE
U B yueOHYyI0 JuTepatypy (cMm., Hampumep, [12]).
OmHolf M3 MOCTaTOYHO BaXKHBIX 337a4 COBPEMEH-
HOI BJIEKTPOHUKU SIBJISIETCS] MPEOOpa30BaHUE SHEP-
MU BHEIIIHETrO 3JeKTPOMAarHUTHOTO U3JYYeHUS B TO-
JIE3HYI0O MOLIHOCTb BHEPreTMYEeCKUX UCTOUYHUKOB JIM-
00 B ompeeIeHHOro BUIa CUTHAJbI, YTO MOXKET OBITh
HCII0JIb30BAaHO B HMH(MOPMAILMOHHBIX TEXHOJOTHUSIX.
Pelrenue 3tux W Apyrux 3agady MOXET, B YACTHOCTH,
00ecIeuynTh B3aUMOIEICTBUE CBEeTa C JUHEMHBIMU U
JPYTMMU KJacTepaMu HaHOYaCTHUI. DTO MOXET IO-
3BOJIUTh MHTErPUPOBaTb COBPEMEHHYIO KPEMHUEBYIO
3JIEKTPOHUKY C BBICOKOI(DGHEKTUBHBIMU MJIa3MOHHBI-




MU ycTpoiicTBamMu. TakuMm obpa3om, pu3nyeckKue ac-
MEeKThI, MCCAeayeMble B HACTOSIIEH padoTe, BaKHBI
IUIST TIOHMMaHUsl MPUHUIUIUAIbHBIX MOMEHTOB, OT-
HOCSIIMXCI K KOHBEPTUPOBAHUIO 3JIEKTPOMArHUTHBIX
BOJIH B KaHaJibl C Pe30HAHCHBIMU 3(pdeKTamu B3au-
MOJCHCTBUS CBeTa C BelllecTBOM. Bce aTo Hemocpen-
CTBEHHBIM 00pa30M CBSI3aHO C Pa3pabOTKOI U co3da-
HUEM HOBOTO TMOKOJIEHUSI 3JIEKTPOHHBIX YCTPOMCTB,
0a3upyoIIUXCSI Ha COBPEMEHHBIX HAHOTEXHOJOIMSIX
[1, 2] u coueTarolMX MHTErpajibHbIE CBOMCTBA 3 dek-
TUBHBIX TUJIA3MOHHBIX YCTPOMCTB C XOpOIlIO pa3pabo-
TAaHHOM KPEMHMEBOI 3JIEMEHTHOI 0a30ii.

Bce mnepeuncieHHbIE acIleKThl OOYCIOBIMBAIOT
MpoBeAeHUe 0osiee JeTalbHbIX MCCIAEAOBaHUI B 00-
JJACTU CUHTE3a MEJIKOAUCIIEPCHBIX CPEll M U3YYEHUE UX
B3aUMMOJEHCTBUS C 3JEKTPOMArHUTHBIM U3IyYeHUEM,
0COOEHHO B Arana3oHax, IJe BO3MOXHO BO30YXIeH1e
IUIa3MOHHBIX pe3oHaHcoB. Hacrtosiass pabora Ha-
MpaBjieHa Ha UCIIOJb30BaHUE CUHTE3UPOBAHHBIX XM-
MHUYECKIUM CITOCOOOM pa3JIMIHBIX MEJKOIUCITEPCHBIX
CHCTEM C HaJIMYMeM Pa3HOMACIITA0OHBIX OOBEKTOB IJIsI
MOBBIILIEHUS 3¢ (GEKTUBHOCTU B3aUMOIEHCTBUS BHEIII-
HETO 3JICKTPOMarHMTHOIO U3JIyYeHUsI B 00JIaCTH TL1a3-
MOHHBIX pe30HaHCOB [1, 2].

CylecTByeT 1Ba OCHOBHBIX HaIlpaBJeHUs TOTY-
YEHUS MeTaJJIMYeCKUX HaHOYACTUIl, KOTOPbIE YCIOB-
HO MOXHO pa3leinuTh Ha (pU3UUEeCKUe U XUMUYECKHUE.
IlepBast rpynna — 370 (pU3nYecKrue Mpouecchl Ucma-
peHUsI MeTajlla C MOCJAEAyIolleil KOHAECHCAlUed Ha
pa3IMYHbIe CyOCTpaThl, MEXaHMYECKMI pa3MOJ OTHO-
CUTEJIBHO OOJIBIIMX YaCTUL, B MEJIbHULIAX, YJIBTPa3By-
KoBasi 0o0paboTKa B KOJUIOMAHBIX pacTBOpax M psii
JIPYTMX METOIOB.

Bropas rpymnmna TeXHOJIOTMII MPUTOTOBJIEHUS Ha-
HOYACTHUIl — 3TO XMMUYECKUE, KOJUIOUIHBIE METObI
[1, 2], ocHOBaHHbBIE HA XUMWYECKOM BOCCTaHOBJIEHUU
MOHOB METAJJIOB WJIM 3JeKTPOXMMUUYECKOM PACTBO-
PEeHUU METaJZIMYeCKOro 3JeKTpojia B pacTBOpax, CIo-
CcOOCTBYIOLIUX (POPMUPOBAHUIO METAUIMYECKUX Ha-
HOKJIACTEPOB WJIM arperaToB YacTHUII, a TaKKe dDJIeK-
TPOXMMHMYECKOE OCAXKICHME BelllecTBA B HAHOIIOPH-
CTYIO MaTpUIy U ee cTpaBiuBaHue. OCHOBHBIC YCHIIMS
B MCCJIEIOBAHMSIX XMMUYECKOTO CUHTE3a HAHOKJIACTe-
pPOB CBOIATCS K CTaOWUIM3ALIMK 00pPA3yIOIIMXCS B pe-
aKlIMM HaHOarperaToB ¢ UCIOJIb30BAaHUEM Pa3IUYHbIX
opraHmyeckux crabrmimsaropos [3]. B padote [3] onn-
CaHbl METONbI TOJYyYEeHUs] HAHOUYaCTUIll KoOaibTa W3
xJiopujga KobajbTa B IMPUCYTCTBUM CTaOUJIM3ATOPOB,
Ipu 3TOM (DOPMUPYIOTCA HAHOYACTUIILI C Pa3opOCOM
XapaKTepHBIX pa3MepoB B Tipeaeax 2...11 am. @opma
YaCTHUII B 3HAUMTEJIBHOI Mepe 3aBUCUT OT IapaMeTPOB
CHHTE3A.

Llenbio HACTOSILETO MCCEAOBAHUS SIBJISIETCS CO3-
JaHue TTOTJIOIIAIOINX MOKPBITUIA, 00JIamaroIuX BbI-
COKOI CeJIEKTUBHOCTBIO W TPeoOpasymoInX M3Tyde-

HYe€ B IJIa3MOHHbBIE MOJBI Pa3IUYHBIX JJIUH BOJH, IS
WCMOJIb30BaHUSI, B YACTHOCTU, B (POTOBOJIBTAMYECKUX
YCTpOMCTBAX.

DKcnepuMeHTaJbHAS YaCTh

st cuHTe3a BellecTB, 00J1aJarolInX CeJICKTUBHbBI-
MU MOTJIOLIAIOIIMMHY CBOMCTBAMM, B HACTOSIIEH pabo-
Te ObUIM MCITOJb30BaHbI CAEAYIOLIME XUMUYECKUE pe-
AKTUBBI: METOKCUTIONUAITHIICHIINKOB-550 (MPEG —
methoxy polyethyleneglycol-550, manee — MIIBI)
¢upmbl Fluke, HuTpaT KobajibTa rekcaruapar KBajiu-
duxkanuu XY, Hutpar cepedpa kBanubpukauuu OCY,
Boda aeoHusoBaHHasg 18 MOwm/cMm. CuHTe3 okcuaa
rpacdeHa M ero OYMCTKA MPOBOIMINCH IO METOIUKE,
onucaHHoil B pabote [13]. Bce peakTuBbl ObLIU MC-
TOJIB30BaHBI 0€3 TOMONHUTEIHHOM OYMCTKU. OmHO-
kaHajabHeIl Y® cnektpoporomerp CD-56 dupmbl
"JIOMO" ucnonb3oBaics M UCCAEAOBAHUS CIEK-
TPOB TOIJIOIIEHUS B YIBTPa(pPHUOICTOBOM M BUIUMOM
JIyarna3oHax.

CuHTEe3 HaHOCTPYKTYPUPOBAHHOIO COEIMHEHMUS
KoOasbTa npoBoauics B pactBope MIIDI' u coequHe-
Hus Hutpara Kobanbra Co(NOj),, a TakKe HaTpuii-
nonemoeHsnHeynbgonara (SDBS — sodium dode-
cyl benzene sulfonate). 3aTeM Ha BTOPOiIl CTaauU BO3-
JeicTBoBaIM MUKPOBOJHOBLIM (CBY) u3inyyeHueMm B
teuenue 1...15 mun. [Ing skcno3unnu oopasuos CBY
OblJIa MCIOJIb30BaHa neyb ¢ yactoToi 2,54 I'T mone-
qm PANASONIC NM-GS597M. MouHoOCTh Ieuu
perynupoBajach nHBepTopoM B uHTepBae 1...0,2 KBT.
[nsa uamepeHus: TeMnepaTypbl UCMHOJb30BAIUCH Oec-
KoHTakTHble TepmoMeTphl TESTO-845. JInsa obecrme-
yeHMs1 6e301acHOU paboThl ONITUYECKUI BBOI 1S T€P-
MomeTpoB TESTO B CBY nieub ObL BHINOJHEH B BUIIE
3anpeaeabHOro BOJTHOBOIA ¢ KO3 MUIIMEHTOM OcJ1ab-
nexus B 60 nb.

DTOT cImocod CUHTe3a HAHOCTPYKTYPUPOBAHHOTO
COeIMHEHUS KOoOalbTa MOJYYMJI Ha3BaHUE "MUKPO-
BOJIHOBOTO MOJMOJbHOro" Metona. Mertaniauyeckue
YaCTUIILI, 0Opa3yIolIrecs B X0Ie peakilni BOCCTAHOB-
JIEHUS TIOJIMOJIOM TTOTJIONIAI0T MUKPOBOJIHOBYIO SHEP-
THIO, YTO TIPUBOMIMNT K SIBIICHUIO OBICTPOTO JIOKATEHOTO
pazorpeBa pacTBOpa BOKPYT YaCTHUIIbI, U3BBECTHOI'O KaK
MOBEPXHOCTHAS TOJISIpU3aIns. DTUICHTINKOIb, KakK
cpema IjIsi CHHTEe3a, XOPOIIIO M3BECTEH U SIBIISIETCST O~
HUM U3 LIMPOKO PacCloCTpaHEHHBIX METOIOB Iperna-
pPaTUBHOTO TOJYYCHHWS HAHOpa3MEPHBIX MaTepHayiOB
[14]. DTUNEHIIMKOND IIIMPOKO UCITOIb3YeTCs 1T CUH-
Te3a HAHOYACTUII METAJUIOB BBUAY Habopa YHUKAJb-
HBIX (PU3NYECKUX CBOMCTB: BHICOKOW KOHCTAHTHI M-
9JIEKTPUYECKON MPOHUIIAEMOCTH M, KaK CJEeACTBUE,
pPacTBOPMMOCTHA B HEM MHOTHMX MOHHBIX COCITMHEHUI,
B YACTHOCTH COJIeil METAJIJIOB, BLICOKOM TeMIIEpaTyphl
kuneaus (195 °C npu armMocepHOM AaBJIEHUN), KO-
TOpas TpenarnojaraeT MpoBeAcHUe CUHTEe3a C Heopra-
HUYECKUMM COJISIMU MPU OTHOCUTETBLHO BBICOKMX TEM-
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neparypax. Takum o0pa3oM, STWICHIJIMKOIb SIBISETCS
CWJIBHBIM BOCCTAHABJMBAIOLIUM areHTOM.

OnHol U3 pa3HOBUIHOCTEH MOJMOJIBHOIO CUHTE-
3a SBJISIETCS MCITOJIb30BaHUE MOJIMATUICHIIUKOJEH
(ITBT') pasznuuHOU cTereHW NoJUMepu3aluu, Mpu
3TOM HM3KOMOJIeKY/sIpHbIe TIpencTaButTeau I191-200,
[15I'-400, IIBI'-600 gBagOTCS XKUIKOCTIMH, GoJiee
BBICOKHMX CTETICHEH MOJIMMEPU3AlIU — TBEPIBIMU Be-
mwecrBaMu. OIHUM U3 HanboJiee CUIIbHBIX BOCCTaHAB-
JIMBAIOILIMX areHTOB CPeIU TMOJMOJIOB SIBISIETCS] MOHO-
METWJIOBbI 3(up noaustuieHrukoass — MIIOT,
KOTOpPBI UCMOJIb30BaH B JAaHHOI paboTe 11 CUHTE3a
HaHOMETaJUIMYECKUX KiacTepoB Kobanbra [14] u ce-
pebpa [15]. Xumuueckoe oKpy:KeHHE MOHA MeTajlia B
HavyaJlbHOM CTaAuM peaklMy BOCCTAHOBJIEHUS OIlpe-
JIeJISTIOIIMM 00pa3oM BIIMSIET Ha pa3Mep U AUCIIEPCUI0
pa3sMepoB HAHOKJIACTEPOB METAIOB. B moimoabHOM
npouecce MIISI' (CH;0(CH,CH,0),-H) BricTynaer
1 KaK BOCCTaHOBHTENb, U Kak MsrKas ("soft") maTpuiia
JUIST METaJUIMYeCKMX YacTUll-HaHokIacTepoB. OH re-
HepHUpyeT CBOOOIHBIC paguKaibl Tom meiicTBueM Y®
00JIy4eHMsI, KOTOpble BOCCTAHABAMBAIOT WOHBI Me-
TaJIJIOB.

IIporiecc BoccTaHOBIEHUS COJIEH METAJIOB B Me-
TaJIJIMYECKUE HAHOIMOPOILLKU B cpefie TTOJIMO0JI0B, B TOM
Yucje C UCIOJIb30BaHUEM MUKPOBOJHOBOTO M3JTyye-
HUS, XOPOIIIO U3BECTEH, T. €. MPUMEHEHe MIUKPOBOJI-
HOBOI'O Harpesa JJisl CUHTe3a MEeTAJIMYeCKUX HAHO-
YaCTHII IBJIIETCS B HACTOSIIEE BpeMs pa3paboTaHHBIM
MeToaoM. IIpu 3TOM HEOOXOAUMMO OTMETUTH HEKOTO-
pble 0COOEHHOCTH 3TOTO Mpoliecca. DHeprus GoToHa
MMKPOBOJHOBOIO [Maria3oHa COCTaBJIsIeT MOpsiaKa
10° Hx/Monb, uto B 25...40 pa3 MeHbllIe 3HEPTUN pa3-
pbIBa MOJIEKYJISIDHOM CBS3U. DHEPTUsl MUKPOBOJIH aK-
THUBUPYET HEKOTOPBIE KOJieGaTeTbHBIE MOMIBI TPYIIII
CBsI3eil B MOJIEKYJIe, KOTOpbIe MOXHO Ha3BaTh "aHTEH-
HBIMU Tpyrmamu'. HeT HMKAaKOTO WHOTO BIMSHUS
MMKPOBOJIHOBOI 3HEPruM Ha MEXaHU3M MPOTEKaHMSI
XUMHUYECKOW pEeaKIMU, KPOME TETJIOBOM AVCCUTIAIIAN
MMKPOBOJIHOBOI SHEPTUM.

OOpa3ubl MHOTOCJIOMHOrO oKcuiaa rpageHa Obl-
JIU CUHTE3UPOBAHBl MOIMMUIIMPOBAHHBIM METOIOM
XaMmepca M 3aTeM UACHTU(PUIIMPOBAHBI METOTAMU
peHTreHoda3oBoil AudpakLMK, 3JIEMEHTHOTO aHaJIK-
32 C UCIOJb30BAHUEM IHEPrOAUCIIEPCUOHHOIO METO-
Jla, CIIEKTPOCKOMMEH KOMOMHAIIMOHHOIO pacCesHus,
a takke MerogoM UMK-Dypee-cnekrpockonuu. O6-
pasibl MaTepraoB HMCIOJb30BAIUCh B BUIE TMOPOILII-
KOB, TabJeTOK, MmIeHOK. CHeKTpbl KOMOWHAILIMOHHOTO
paccesiHUS okcuaa rpadeHa 3amucaHbl ¢ MCIOJb30-
BaHueM criektpoMmeTpa EnSpector-R532 B nuamnazoHe
140...6030 cm™ ! u paspewenuem 6 cM ™!, uncno cka-
HoB 200...300. PeHTreHotha30Bbli1 aHaIU3 TPOBOAMI-
Csl C MCIOJIb30BAaHMEM TMOPOLIKOBOTO PEHTTEHOBCKOTO
nudpakromerpa ARL XTRA-Termo-Techno. Pe3yib-
TaThl BBIIIENPUBENIEHHbBIX METOIOB aHAIM3a, a TaKXke
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CHUMKM, TIOJTyY€HHBIE C TIOMOIIIBIO 3JIEKTPOHHOTO MUK-
pockomna, CBUIETEJbCTBYIOT O (POPMUPOBAHUM COEIM-
HEeHUs okcuaa rpadeHa.

MeToauka mojydyeHUs] HAHOKJIAaCTEPOB METAJJIOB
B pactBope MIIBI moctaTtouHo mpocra. CHavana Ha-
BeCKa a30THOKMCJIOTo cepedpa, B3BELIEHHAs! C TOYHO-
creio 10741, pacTBopsijiacb B MUHMMAJIbHOM KOJIMYe-
CTBE NEMOHM30BAHHON BOIBI, K PacTBOPY IPUIABA-
JIoch HeobxoauMoe KoandectBo MITOI'. KonueHTtpa-
uusi poObl cocTarisyia 60 MM/ U omnpenensiach
(oTtoMeTpruecku o KanubpoBke. KMAKOCTHAST KiO-
BeTa TOoNIMHON | cM, cHaOXKeHHasT MAarHUTHOU Me-
LIAJIKOM C MCCIeAyeMbIM pacTBOPOM, YCTaHaBJIMBa-
JIach B KIOBETHOE TEPMOCTATUPYEMOE OTIAEICHUE CITeK-
tpodpoTomeTpa CD-56 pupmsl "Jlomo-Cnektp". I1pu-
TOTOBJICHHBI PEAKUIMOHHBINA PACTBOP MCIIOJIb30BAJICS
HeMeJIEHHO, TaK KaK peaklusi MPU KOMHATHOM TeM-
rnepaType UAET OTHOCUTEIbHO ObICTpo. Yepes ompe-
JleJIeHHbIe BpeMEHHbIe MPOMEXYTKM 3alKChiBaAIUCh
CIIEKTPHI MOMJIOIIEHUS a1 pacTBopa. [Ipu ucnonn3o-
BaHMM HUTpaTa KoOajbTa IMpeaBapUTEIbHOTO PacTBO-
peHus B Bolie He TpebyeTcsl (H0CTaTOYHO KpUCTaJIn-
3alIMOHHOI BOJbI), pACTBOPEHUE MTPOMCXOIUT MPSIMO B
MIIBI. 3arem Ha BTOpO# CTaauU MPOBOAUIOCH DKC-
TMOHUPOBAHUE MUKPOBOJHOBBIM M3JTyYeHHEM B Teue-
Hue 1...15 muH npu momHocTH 1 KBT. ITocie Kkaxmoro
SKCITOHUPOBAHUSI CHUMAIUCh CIEKTPhI MOTJIOLIEHUSI.

Kaxnplii aTan BO3AEMCTBUSI MUKPOBOJIHOBOIO M3-
JIy4EHMSI Ha HCCIEAyeMYI0 CHCTEMY COIIPOBOXKIAIICS
CHSITUEM CHEKTPOB IOIJIOLIEHUSI Ha CTaHAAPTHOM ycC-
taHoBKe C®D-56, n3jaydeHre B KOTOPO reHepUpyeTCs
JlaMIlaMyd W pasjiaraeTcsl B CIeKTp AUPpaKIMOHHOMN
peieTkoi. TUNUYHBIN OKOHYATEIbHBIN pe3yIbTaT XU-
MUYECKOIo CUHTE3a C BO3AEHCTBEM MUKPOBOJTHOBBIM
U3JIydyeHueM mnpeacTaBieH Ha puc. 1. Kak xopoiio 3a-
METHO Ha (oTorpadusix, UMEIOT MECTO CTPYKTYPHbIE
00pa3oBaHUs pa3auuHbIX MaciTaboB oT 10...20 HM
BIJIOTH 70 1 MKM, MpuyeM, Kak 3TO MPelCcTaBIeHO Ha
puc. 1, a, BHyTpu 00beKTOB pasMepoM nopsiaka 100 Hm
COIEPXKUTCS OOJIbIIOE YWCJIO TUIOTHOYIMAaKOBaHHbBIX
00bekTOB paszmepoM 10...20 HM, MOKPBITHIX 000JI0Y-
koi. Ha puc. 1, b—d npencrasneH Bua chopMupoBaB-
1eicsl CTPYKTYphl Ha pa3jiMYHbIX Maciiutabax. B 1e-
JioM cchopMUpPOBaHHAsl CTPYKTypa MMEET BUJ HEYIo-
psiioueHHoro (pakrana.

Hanoxmnactepsl cepedpa ¢opMUPOBaINUCh IO CXO-
Xei MeToAuKe, T. €. (POTOIM30M pacTBOpa, CoaepxKa-
1ero MoHkl cepedpa u MIIBIT B npucyTCTBUU BOMBI.
OtMeTtuM, yTo MoJjekyabsl MIIOI' B xone mocnemoBa-
TeJbHBIX 1LIEMOYEeK XMMUYECKUX peaKklMil MpeBpalla-
I0TCS1 B MOLIIHBIN BOCCTaHABJIMBAOUIUI peareHT, CIo-
COOHBII K BOCCTAaHOBJIEHUIO MOHOB cepedpa 10 MeTa-
JIMYECKOTO COCTOSIHUS. BoCCTaHOBJIEHHBIE JO MeTall-
JIMYECKOI0 COCTOSIHUSI aTOMbI cepebpa BBICTYIAIOT B
KayecTBe LEHTPOB HYyKJI€alUMU M POCTa MeTajuinye-
CKHUX KJIACTEPOB 3a CYET BOCCTAHOBJIEHUSI OCTAIOLIMX-




Puc. 1. ®otorpadun KIacTepHbIX CTPYKTYP KOOAIBTA, OJTyYeHHbIE XAMAYECKAM IyTEM, LISt

Pa3jIMYHbIX MACIITA00B

Fig. 1. Photos of the chemically received cluster structures of cobalt for various scales

Puc. 2. @otorpaduu KiacTepHbIX CTPYKTYP cepedpa, Hoay4eHHbIe XHMHYECKHM MyTeM, 1Is
PasHbIX MacIITa00B

Fig. 2. Photos of the chemically received cluster structures of silver for different scales

cs B pacTBOpe MOHOB. DTa CTaaus Mpoliecca HOCUT
aBTOKATaJIMTUUYeCKNii Xapakrep. IloTeHmman BoccTa-
HOBJICHUSI — WOH MeTajljla/aTOM MeTajljla U UOH Me-
TaJuIa/KiIacTep MeTajula — CTaAHOBUTCS OoJiee OTpHIia-
TeJbHbIM, Y€M MOH MeTallJla/MacCUBHBII MeTasl. Pe-
3YJIbTATOM TIOCIIEAOBATEIBHBIX XMMUYECKUX TTPOIIEC-
COB sABJIsIETCSI (DOPMUPOBAHUE KIIACTEPHON CTPYKTYPhI
Metamna. Pororpadun cepeOPSIHBIX HAHOKJIACTEPOB
MpeacTaBleHbl Ha puUc. 2.

CnekTpbl MOIJIOLICHUS JIsI HUTpaTa KoOasbTa,
CHSATBIE MOCJe Kaxa0ro atana ¢opMupoBaHUsI MaTe-
puana NnpM 3KCIOHUPOBAHUM MUKPOBOJHOBBIM W3-
JIy4eHUEM, MPEACTaBICHbI Ha puc. 3, a. Onrtuyeckas

IUIOTHOCTL D, XapakTepu3aylolas
MOTJIOUICHUE TMaJaluIero Mu3ayye-
HHUs, WMEET SBHO BBIpaXXEHHBIE
MaKCUMYMBI, KOTOPBIE B XOJi¢ BO3-
JNEUCTBUS MUKPOBOJHOBOTO W3IIy-
YeHUsS] MOINMUIUPYIOTCSI B CEPHIO
y3KHUX, pe3Kux pe3oHaHcoB. Ha
HavYaJIbHOM CTaIWU CIIEKTP ITOTJIO-
IIEHWS MMeeT JBa XapaKTEepHBIX
MakKCUMyMa B OOJIACTSX TIOpsiaKa
300 m 536 HM, 4TO XapaKTepHO IS
COCIMHEHUs HHUTpaTa KobOaibTa
Co(NOs3),. Ilocne obpaboTku 006-
pasiia MUKPOBOJHOBBEIM MU3Ty4eHU-
€M B Te€YeHUEe HECKOJbKHUX MUHYT
MMPOUCXOINUT XapaKTepHOEe YIIMpe-
HUE MUKa ¢ HayajioM pocTa B 00-
gactu 450 HM, KOTOpBIM 3aKaH-
ypBaeTcd B obGiacti 650 HM (cMm.
puc. 3, a rpa¢uxku ¢ I no &). Cepus
rpaukoB /—& pacrojioxXeHa docC-
TaTOYHO IJIOTHO, TaK YTO HEKOTO-
pble TpadUKU TTPAKTUIECKU Hepas-
JINIMMBI M Ha pHUC. 3, a HE OTMe-
yennl. Ilpm o00paboTke oOpa3sia
MUKPOBOJHOBBIM M3JTy4YEHHEM B Te-
YyeHue npumepHo 15 MuH mpowuc-
XOIAT paavKajJbHble U3MEHEHUS B
CIIEKTpax MOMIOLIEHUS, Ha KOTOPBIX
TOSIBJISIIOTCST HECKOJIBKO Y3KUX pe3-
KX MaKCUMYMOB, MPUYEM OCHOB-
HOM IIMPOKUI 0a30BBIM MaKCUMyM
yiupsietcs npaktudecku ot 300 1o
900 uM (Ha puc. 3, a rpaduxk 9).
CIrieKTpoMeTprUUecKuil Iproop nMe-
eT OrpaHMYeHUEe MO BepXHeMy IMpe-
JIeJly OINTUYECKOM IUIOTHOCTH, IIO-
ATOMY TIpelcTaBjieHHas Ha puc. 3
onTUYecKasl IJIOTHOCTh OOpe3aeTcst
Ha 3HayeHuu D = 7.

B oskcnepumeHTe uM3Mepsiach
OITUYEeCKas TIOTHOCTb MEJKOIUC-
MepCHBIX Cpel Ha OCHOBE CHHTE-
3UPOBAHHBIX coeluHeHUH. OnTuyeckasi TUIOTHOCTb
CBsI3aHAa C MOMIOIIAIOIIMMH U PACCEUBAIOLINMU CBOM-
CTBaMU CpeJbl U OIpeessieTcsl coriacHo dhopmye

D) = 1g(1/T(1)),

rae T(A) — ko3 puieHT mpoIycKaHus; A — JUIMHA
BOJTHBI TTAJAIOLIETO U3TyYeHUS.

BenuunHa ontuyeckoil miuotHocTu D(L) aBasieTcs
CYMMOM MO pa3jIW4YHBIM BKJiIamaM (CM., B YaCTHOCTH,

[16]):
D) = To*(, Rk)'LIfk)lg(e)d, (1)
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Puc. 3. XapakrepHbie CHIEKTDbI NOIJIOMIEHAS IS CAHTE3MPOBAHHOIO 00pa3ia JJisi pacTBopa
MIIST ¢ konuentpamueii 0,075 M/n Co(NOj3), * 6H,O. Bpems 3kcnosuumn MAKpOBOJIHO-

Boro uanyyenusi: / — 0 muH, 2 — 1 muH, 3 — 2 MuH, 4 — 3 MuH, 5 — 5 MUH, 6 — 7 MUH,
7— 10 muH, § — 13 MmuH, 9 — 15 MuH (a@). CrieKTp CUHTE3MPOBAHHOTO KOJUIOMIHOTO pac-
TBOpa C HAHOYACTULIAMU cepedpa ¢ COOTBETCTBYIOIIEH Pa3BEePTKOI MO BpeMeHM (BO3pac-
TaHWe CHU3Yy BBepx): 4, 17, 28, 32 muH (b)

Fig. 3. Characteristic absorption spectra of a synthesized sample for MPEG solution with
concentration of 0,075 M/l Co(NO3), + 6H,0. Time of exposure to a microwave radiation: 1 —
0 min, 2 — 1 min, 3 — 2 min, 4 — 3 min, 5 — 5 min, 6 — 1 min, 7 — 10 min, 8 — 13 min,
9 — 15 min (a). Spectrum of the synthesized colloidal solution with nanoparticles of silver with
the corresponding time sweep (from bottom up) 4, 17, 28, 32 min (b)

rae n;/V — KOHLEHTpalus YacTUL C XapaKTePHBbIM
pasmepoM Ry; d — TomuuHa obpasua, c™ — ceueHue
9KCTUHKIUMU.

TunuuHble CHEKTPhI MOMIOILIEHUS MIsI cHOpMU-
POBAHHOM KJIaCTEPHOI CTPYKTYPhI HA OCHOBE cepebpa
C HaJM4ueM pPe3KOro Makcumyma B oOjactu 423 HM
npeacTaBieHbl Ha puc. 3, b, 4, a (cp. ¢ JaHHBIMU U3
pa6ots [2]). OTMeTUM, YTO CTPYKTypa Ha OCHOBE KJIa-

KoOaJibTa IIpelcTaBiisieT co0oil He-
OIHOPOJHbBIE 10 COCTABY U PACIIOJIO-
KEHHMI0 Kiaactepol (cM. puc. 1, a).
HuHamuka ¢GopMHUpPOBaHUSI MCCIe-
IyeMBIX B JaHHOU paboTe KiacTep-
HBIX CTPYKTYp XapaKTepu3yeTcsl Ha-
JUYUEM psiia SpKO BbIpakKeHHBIX
3TaroB.

Yepe3d A0CTaTOYHO OOJBIION
MPOMEXYTOK BPEMEHU CIIEKTpP KOJI-
JIOUTHOTO pacTBOpa cepedpa MMeeT
TOJIBKO OAWH PE3KUiIl pEe30HAHCHBIN
nuk (puc. 4, a). Takum obpaszom,
JuHaMuka (OPMUPOBAHUS KOJLIO-
WIHBIX PacTBOPOB psila CcoeauHe-
HUU MPOXOAUT 3Tambl, KOTOpbIE
XapakKTepu3yloTCsl  MOCTENEeHHBIM
(bopMupoBaHUEM CTPYKTYp, aKTHB-
HBIX B COOTBETCTBYIONIEH YacTu
3JIEKTPOMAaTHUTHOTO CITeKTpa, WX
B3aUMMOJIENICTBUEM CO CBOUMM OKpY-
KeHWeM, a 3aTeM oOpa3oBaHUEM
JOCTAaTOYHO OJHOPOIHBIX OOBEKTOB.
B coenmHeHMsAX TMIa HUTpaTa KO-
OajibTa OKOHYATEJIbHO CPOpMUpPO-
BaHHAas HAHOCTPYKTYpPUpPOBaHHAas
cpella XxapaKTepu3yeTcsl HECKOJbKM-
MM pe3KMMU MaKCUMyMaMH, a cpeaa
Ha OCHOBE cepeOpsiHbIX HaHochep
IAaeT OAWH PE3KUIA ITUK.

[nst aHanu3a U MHTepnpeTaluu
pe3yabTaTOB TMPOBEACHHBIX HCCIe-
JIOBaHUI HEOOXOAUMO OTMETUTDH He-
CKOJIbKO OOHApY:XKE€HHBIX Ha 3KCIIe-
pUMeHTe 3aKkoHOoMepHocTei. Kak 3To
XOPOILIO BUAHO Ha puc. 1 u 2, cdop-
MUpPOBaHHasl CTPYKTypa MMeeT H0C-
TaTOYHO CJIOKHOE CTPOEHME, TakK
4TO OOBEKTHI 0OJIEe MEJIKOIO pa3Me-
pa GOpPMUPYIOT CTPYKTYPHI C OOJIb-
KM pa3MmepoM. Bua cooTBeTcT-
BYIOIIMX CIEKTPOB TOIJIOLIEHUS,
MpeaCcTaBIeHHBIX Ha pUC. 3, CBUIE-
TEJIbCTBYET O TOM, YTO OIHOBpE-
MEHHO aKTHUBHBIMU SIBJISTIOTCSI He-

CKOJIBKO MOJI C pa3IMYHOM YaCTOTOM, MMEIOIIMX Upe3-
BBIYAIHO MajylO IMMPHUHY, KOTOPbIE DPACIIOJIOXEHbI
Ha 0oJiee IUPOKOU CIEKTPaJIbHO IMHUU (MTPUMEPHO
ot 300 1o 900 HM Ha puc. 3, a). Peakue MakCUMyMbl
MUKOB TIOMIOIIEHUA COOTBETCTBYIOT A; =~ 349 HM
(0~ 538101 ¢! E
(0y~4,43-101° ¢! E =~ 2,99B), 14
(03~3,48-101 ¢!, E~233B), 4y ~ 700 um

425 HM
540 uM

4
Q

3,5 3B), A,

4

CTEepoB cepebpa B 1IEJIOM COCTOMT U3 JIOCTATOYHO
0IM3KMX 10 pa3MepaM cheprudeckKux GopMupoBaHUA
(cM. puc. 2, a), B To BpeMsl KaK CTPYKTypa Ha OCHOBE
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(w4 = 2,69 10 ¢!, E~ 1,8 9B), tie ® u E — uac-
TOTA W DHEPTUS U3JIYYEHHUSA. DTO CBUIAETENBCTBYET O
HaJIW4YUHU TJIa3MOHHBIX PE30HAHCOB B MCCIIELYEMOM




LNLENL L I L BB IR

550

sssfssshssssssdssstanshansiennd

-

Py S F . P G- -

Puc. 4. Cnekrp norjiomennsi CHHTe3MPOBAHHOTO KOJUIOMIHOIO PACTBOPA ¢ HAHOYACTHLIAMH cepedpa yepe3 MOJITOPa Yaca nmocje Hayaia CMHTe3a —
(a). CnexkTpbl norJiomenusi okcuaa rpagena nocje HeCKOJIbKMX CYTOK xpaHenus (b); mocie nepememmBanus Bejen 3a aranom b — (c); mocie
nepemMenIMBaHusA Bejen 3a 3tanom ¢ — (d); mocie pa3oapienus B coorHomenun 1:1 mo odbeMy — (e); cBepxy BHH3 rpa)MKH COOTBETCTBYIOT
MOCJIeI0BATEIbHOMY Pa30aBieHHI0 pacTBopa B cooTHomennu 1:1 no odovemy — (f)

Fig. 4. The absorption spectrum of the synthesized colloidal solution with nanoparticles of silver in one and a half hour after synthesis — (a).
Absorption spectra of the graphene oxide after-several days of storage (b); after hashing after stage b — (c); after hashing after stage ¢ — (d);
after dilution in the ratio of 1:1 by volume — (e); from top down, the diagrams correspond to a consecutive dilution of the solution in the ratio

of 1:1 by volume — (f)

CUCTeME, PaCIIOJIOKEHHBIX B IIPEACTaBIEHHOM MHTEP-
Bajie IIMH BOJH. Puc. 4, b—d nipeacrasisieT naHHBIE,
CBUJETEILCTBYIOLLIME O TOM, UTO TOCJIEe TepeMelBa-
HUSI KOJUIOUJHOIO pacTBOpa oKcuaa rpadeHa coeau-
HEHHE TBEPABLIX YaCTHI] pacTBOpa MHPOMCXOAUT KaxK-
JIbIii pa3 HECKOJbKO IMO-MHOMY, UTO OTpaxkaeTcsl Ha

pa3JIMYHOM PaCMHOJIOKEHUU PE3KUX IMTMKOB B CIIEKTpax
MOMJIOIIEHUsT IJI1 pa3HbIX NepemelrBaHnil. Pa3oas-
JIEHUE pacTBopa okcujaa rpacdeHa NpuBOAUT K MOCTe-
MEHHOMY YMEHBIIEHUIO KaK YKclia pe3KUX MUKOB, TaK
U WX BEJIMYMHBI BIJIOTH OO TMOJHOIO MCUYE3HOBEHMUS

(puc. 4, d—f).
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TeopeTuueckuii aHAIU3 Pe3yJbTATOB

Omnupasicb Ha OOHaApyXE€HHBIE 3KCIIEpUMEHTANIb-
Hble 3aKOHOMEPHOCTU, €CTECTBEHHO IOJOXUTh B OC-
HOBY paccMaTpuBaeMoOii MOJEJM 3aBUCHMOCTb €€ Ta-
paMeTpoB, OOYCJIOBIMBAIOIIMX TOMIOIIEHUE SHEPTUU
WU3JIy9eHUs, T. €. PACITOJIOKEHHNE IMMKOB TTOTJIOMICHMS
1 UX IIMPUHY, KaK OT pa3MepoB paccenBaresieil, Tak u
OT MX B3aUMOMEUCTBUS MexX1y coboii. CI10XHOCTb UH-
TepnpeTaluy MpeacTaBIeHHbIX PE3YJIbTaTOB COCTOUT
B TOM, UTO TPAJAWLIMOHHBIE KJIACCUYECKUE IOAXOIbI,
OoCHoOBaHHbIe Ha Mogensx pyns — Jlopenua — 3oM-
Mepdenbaa, He yYUThIBAIOT Kak pa3MepHble 3(PdeKThl,
00yC/IOBJIEHHBIE MOIMEePEeYHbIMU pa3MepaMy COCTaB-
JISIOIMMNX CHCTEMY YacTHUIl, TaK U B3aUMOICHCTBUS
MEXIY 3TUMM 2JIEMEHTAPHBIMU paccerBaTeISIMU (CM.,
HanpuMmep, [16, 17]). CoBpeMeHHBIE METOMBI, TOCTA-
TOYHO TJTyOOKO pa3paboTaHHbIE B HAyUYHOI JUTEpaTy-
pe, ABISIOTCS TOCIeA0oBaTeIbHBIMU IIIaraMu B OoJee
JETAJIbHOM OIMCAHMM CJIOXHBIX CUCTEM, IMpeaCTaB-
JISIIOLIUX CO0OM aHCaMOIM B3aMMOAEMCTBYIOIIMX pac-
ceuBarelieil ¢ HAHOMETPOBBIMU MOIEPEUYHBIMU pa3Me-
pamu (cMm. [7; 18—21]).

OnHOIl M3 OCHOBHBIX XapaKTEPUCTUK IVCCHUTIIA-
TUBHBIX CBOMCTB Cpelbl SIBJIsSIETCSI KOA(DMUILIMEHT IO-
Jsipu3aluu o.(®), KOTOPbI 3aBUCUT OT YacCTOTHI Ia-
JIAOIEro u3aydeHus. 3amada HaxoxXAeHUs o(w) st
OCCKOHEYHON PEIIeTKU MOJISIPU3YEMbIX ITMCKPETHBIX
auroJieit Oblia pelieHa B pabdore [22]. I[ToayueHHoe
BBIpaxk€HUE 3aBUCUT OT MapaMeTpa, OMUCHIBAIOLIETO
paccTosiHMEe MEXAy pacCceMBalollMMU LIEHTpaMM, a
TakKe OT TMOJISIPU3aIMY MMaNaloiero u3IydyeHus. Boi-
paxeHue I KoddduumreHTa nojasgpuzalud B 3TOM
cllyyae XapakKTepHu3yeTcsl CABUTOM XapaKTepHBIX Yac-
TOT, a TaKXKe BIMSIHUEM BO3AEUCTBUS OKPYKEHUST Ha
IHUCCUTIATUBHBIE CcBoiicTBAa. OTMETHUM, UTO YXKe ISt
KapTUHbI B3aMMOJEHCTBYIOIIUX ITOCPENCTBOM YIIPYTHUX
CWJI KJTACCMYECKUX OCLMILISITOPOB UMEET MECTO pellie-
HUE CO CABUIOM PE30HAHCHOM 4acCTOThl B 3aBUCUMO-
CTM OT WHTEHCHUBHOCTH B3aMMOIEUCTBUS CO CBOUM
okpyxxeHueMm [23]. CiBUr pe3oHaHCHOI YacTOThI TaK-
K€ XapaKTepeH W ISl MOJAEIU CPEJHEro moJisi, OCHO-
BaHHOI Ha cooTHomeHnn Kmaysmyca — Moccotu [24].
OOmiasg uaesl Moaxoda IJIS OLIEHOK pe3yJIbTaTOB Ha-
CTOSIILIe pabOThl OMMpaeTcss Ha acMeKThbl, M3IOXKEH-
Hble B psiie pabOT U, B YaCTHOCTH, B pabote [19], roe
U3JI0XKEH MOAX0J K pacueTy MoJisipu3aliui OTAeJIbHOMU
YaCTUIIBI M CEYEHUS] SKCTUHKIMU B 3aBUCUMOCTH OT
CBOICTB OKpYyXeHUsl paccenBarolieil yactuupl. I1omy-
YEHHBIN pe3ynbTaT CBUIETEIbCTBYET O TOM, UTO UMEET
MECTO CIABUT 4YaCTOThl MaKCMMyMa IOTJIOLIEHUS, a
TaKXe M3MeHEeHWe IMUPUHBI JUHUM crekTpa. boiee
NoApOOHBIN aHAIU3 MOJYYEHHBIX COOTHOLLIEHUU Mpu-
BeJeH B paboTe [25], B KOTOPOM IIpeacTaBIeHO aHa-
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JINTUYECKOE BBIPAXKEHUE I MOJAPU3ALUUA CPEIbI C
y4eTOM B3aMMOJEMCTBUS paccenBalollleil nuccumnamnimn
YaCTHUIIbl CO CBOMM OKpPYXEHHEM. DTO BbIpaxKeHUE
MPUBOIUT K HECUMMMETPUUYHON (opMe JUHUM TIpU
pacuere ee xapakTepucTUK. OKOHYATEIbHBIN pe3ysib-
TaT IJ1s1 ONMCaHMST AMCCUTIATUBHBIX CBOMCTB BCETO aH-
caMOJ1s1 YacTHUII TTOJIyJ9aeTcsl CyMMUPOBAHUEM TI0 BCEM
YacTULaM, PaCcCEUBAIOLLIMM SHEPTUI0 MAAalolIEro u3-
JIy4eHMUSI.

B cTranpapTHOM moaxone, mpemioxxeHHoM Mu, pe-
1IaloTCs ypaBHEHUsT MakKcBesla BHYTpY U BHE MaJIOi
paccemMBalolIel YaCTUIIBI U CIIMBAIOTCSA HAa TpaHUIIE
pelleHust AJisl TI0J1s1 BHYTpU U BHe cepbl. B aToM moa-
XOZe MOXET ObITh ONMMUCAH CIBUT PE30HAHCHOM 4acTo-
THI, @ TAKXXe XapaKTepPUCTUKU 3aTyXaHUsI, T. €. MHUMas
no06aBKa B MOJIIPU3ALIMOHHBIE CBOMCTBA.

CeyeHue paccesiHUS U3JyYEeHUs] Ha MeTajuiuye-
cKoit cdepe, cormacHo Teopuu Mu, MOXeT ObIThb Mpe/I-
ctaBjeHo B Buje [10]

2 o
5 X Qn+ Dilay(x, mx, mP +
mye~n=1

+ |b,(x, mx, m)|, )

sca — 2nc

(o)

1€ ¢ — CKOPOCTb CBETA,

Y, (mx)y ,(x) — my (X)y ,(mx)

a,(x, mx, my = = , ; )
VOG0~ M ()

bn(x, mx, m) — m\lln,(mx)w;«l(x) - Wln(mx)Wn(x) . (4)
m\vn(mx)gn(x) - Qn(x)\vn(mx)

VD = 2@ = B0, 41 )

Go=a@= EHl 00 ©

v,(2), {,(2) — dynkuun Puxkatn — beccena u Puk-
Katu — XaHkend; j,(z), hEll) (2) — chepuueckue PyHK-

uun beccensa u Xankens; J, 4 4 /2(z), H,(ll+) 12 (9 —
¢bynkumnn beccenss u XaHKessl MOJYLEIOro MOPsSIIKa;
X = 2nr/h = 2nrmy /N peuums M = My/my; my, my — 1o-
Kazareu MpejoMiIeHus: cepbl U OKpyKalollieil cpebl
COOTBETCTBEHHO; ¥ — pa3Mep paccerBalolIeil YaCTUIIbI.

B npenene manoro napamerpa x = kr (roe k — BoJ-
HOBOI BEKTOP) U3 MPUBEAECHHbIX BbILIE (POPMYJ TTOTY-
yaem [10]:

a, = isx3(1 + - isx3), b, = isux°, 7
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OrpaHu4uMBasiCh MEPBBIM cjaraeMbiM B (7), TOJy-
yaeM 13 (popmyJsbl (2) U3BECTHOE BhIPAXKEHUE IS Ce-
YeHUsl paccessHUSI cBeTa Ha Majoi cgepe [10]:

212
csSC(l — 87'5_" n — 1 x4’ (9)

3 n2+2

e MPUHATO my = n, my = 1.

B npyrom 1IMpOKO MpeACTaBJI€HHOM B HayYHOM
Jutepatype noaxone (B 3JeKTPOCTaTUUECKOM Ipele-
Jie) ypaBHeHue Kiay3suyca — MoccoTtu (151 BUIUMOTO
CIIEKTpa C y4eTOM YaCTOTHOM AUCIIEPCHU — ypaBHE-
Hue JlopeHT — JlopeHiia) MCIONb3yeTCsl COBMECTHO C
MOJIEJIbIO 3aTyXalolMX OCUWIISATOPOB B MepUoAUYe-
CKOM BHEIITHEM 3JIEKTPOMarHUTHOM IoJjie. B aToit Mo-
JIeJIA JIETKO OOBSICHSIETCSI CABUT PE30OHAHCHOM YaCcTOThI
MPpU B3aUMOJEWCTBUM JIOKAJBHOTO OCLUJUISITOPA CO
CBOMM OKpPYXXEHUEM.

B paGote [26] conocTaBIsI0TCS OTMEUYEHHBIE BhILLIE
nBa nonxoaa. IlonsipusyemMocTb paccenBawollein che-
PUYECKOM YaCcTULBI ¢ YYETOM PagUallMOHHOIO 3aTy-
XaHUSI ¥ TMHAMWYECKOM IeToIIpru3aii BEIpaxkaeTcs
dopmynoit [26]

@ = g (10)

e o) — KBa3MCTaTUYeCKask MOJIAPU3YEMOCTb, OIpe-
JejsieMas COOTHoLIeHueM [25] ag = (e — l)r3/(s + 2);
r — pamnyc cpepruaecKoi 9acTHIIbl; kK — MOIYJIb BOJI-
HOBOI'O BEKTOpa, CBSI3aHHOI'O C YaCTOTOM COOTHOLIE-
HMeM k = o/c; ¢ — IU3JIEKTpHUYecKask IPOHUIIAEMOCTh
yacTuupl. st aucrnepcMOHHON 3aBUCUMOCTU &(m)
KCII0JIb30BajIach CTaHIapTHast Mozaeb Jpyae, Tak 4To
g(o) = 1 —wy/o(o + iy,), nocie yero oipaxeHue (10)
C WCITOIb30BaHUEM YITOMSHYTBIX COOTHOIICHUN TIpe-
obpasyeTcsa K Buay [25]
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e yv; — KO3(PPUUUEHT AUCCUNIALUM; ®) — YACTOTA
00bEMHOr0 IUIa3MOHa.

st mosiydeHus UCXOAHOM (hOpMYJIbl JJISI OLIEHOK
HabomaeMoro 3¢ gexra UCIoab3yeTcs TOT (akT, YTo
B3aMMOJEHCTBUE YaCTUIIbI CO CBOUM OKPYKEHMEM,

T. €. C IPYTUMHU YaCTULIAMU, HAXOISIIMUCS B ee OJIu-
30CTH, NIPUBOAUT K ITOJSIPU3ALIMUA CPEIbI:

P=Ey/(a ! -9,

rae Fy — MHTEHCUBHOCTD 3JIEKTPUYECKOM COCTABIIAIO-
LIEH SJEKTPOMArHUTHOIO MOJIS MNamarolleil BOJIHBIL,
S — cyMma, yuyuThIBalomas JUIOIbLHOE B3aUMOACHUCT-
BUE MEXIY COCEAHUMM yacTulamu [19].

BzaumoneiicTBue Mexmy co0oii, B YaCTHOM CJIy-
yae, peryasipHO pacHOJOXEHHBIX pacCeuBaTeNel JaeT
BKJIaJl KaK B CABUT pe30HAHCHBIX YACTOT, TaK U B AUC-
CUTIATUBHBIE CBOMCTBA CUCTEMBI.

CeyeHUe BKCTUHKUUU MOXET ObITh MPEACTaBICHO
B Buge [19]

oot — Ank 3 Im(E® .- P) (12)
N .
0

rae k — MomyJib BOJTHOBOTO BEKTOpa uanydeHus:; Eq —
aMILIUTYIHOE 3HaUYeHME HAIPSKEeHHOCTU SJIEKTpUYE-
CKOTo ToJist Mazaouieii Bosusl; E7 j — HarpsDKeH-
HOCTb 3JIEKTPUYECKOTO T10JIs1 Majatoleil BoaHsl; Py —
BEKTOp TMOJISIPU3AINU CPEIbl ISl j-ii paccemBaloleit
cBeT vacTulibl; N — o0llee YMCIO0 pacCerBarOIIUX
YacTHII, CYMMUPOBAHNUE BEIETCS IO pacCeUBaIOIINM
YacTULIAM, HyMEPYeMbIM MHAEKCOM j. J1JIs1 OMMHAKOBBIX
YacTUII TOJYYUM CeYeHMe SKCTUHKLMU B Buae [19]

c® = dnNkIm(P/ Ey). (13)

CedeHue 3KCTMHKIIMU B pacyeTe Ha OnHY chepu-
YECKYI0 4acTully o, (CM., Harpumep, [27]) BeIpaxaer-
csl COOTHOIIEHNEM G, = ¢®/N. Tlockonbky P mpo-
MOpLMOHAaIbHA £, TO G, IPONOPLMOHAIBHO TOJISAPU-
syemoctu: P = aky/(1 — af).

IMomyepkHEM, UTO MTPAKTUYECKU BCE MIPEACTABICH-
Hbl€ B HAYYHOM JIMUTepaType MOAXO0Abl MPUBOIST K MO~
XOXel (opMe JTMHUU CIIEKTpa, C Pa3IMIHBIM PacIio-
JIOXXEHMEM MaKCUMyMOB M IIWMPUH JUHUHA. JIMHUS
WMeeT HECMMMETPUYHYI0 (GOopMy, YTO 3aMETHO Ha
npeacraBieHHbIX puc. 3, 4. Ucnonb3yss 3TOT (akr,
MPUXOIUM K MOIEIBHOMY BBIPAXEHUIO UIST BEINUM-
HBI, OTMCHIBAIONICH B3aMMOICHCTBHE CPEIbl C DJIeK-
TPOMArHUTHBIM M3JIyYCHUEM.

BBenem BennuuHy Qe = ce/(47ckr3). BripaxkeHue
st 6e3pa3MepHO BeTMYMHBL 3P PEKTUBHOCTH pac-
cessHUA CcBeTa (), MOXET ObITh MPEOOPa30BaHO K MO-
IeTbHOMY BHIY, comepKalleMy Oe3pa3sMepHBbIC BeJd-
YUHBI:

0, =

[Co(y(o)+c532)+l“§.0)]
R 2 0)2 0 2 0 514
o (1"“1)—1/3—95 o0 +co )+F§ b
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Puc. 5. Paccuurannbiii mo ¢gopmyse (14) croekTp cHcTeMbl Kak
(bynkuus 3¢p(PeKTUBHOCTH OT YACTOTHI MAAAIONUIET0 CBETA B €IHHM-

nax 1015 ¢71

Fig. 5. Calculated by formula (14) the spectrum of the system as the
effectiveness function of the frequency of the incident light in units

]0]5 S_]

IJe CyMMUpPOBaHUE BeAeTCd T10 IapaMeTpaM, COOTBET-
CTBYIOUIMM MAaKCHMyMaM IIOIJIOILIEHUS, @ = o/m;, —
o0e3pa3MepeHHasl YyacToTa Iafalollero >JaeKTpoMar-
HUTHOTO U3JIy4YCHUS; y(O) = y/m;, — 6e3pa3MepHbIi Ma-
paMeTp, ONMUCHIBAIOLIUI 3aTyXaHUE; QE — 0Oe3pas-
MEpHBII TapaMeTp, BKJIIOUAKIIUN pealibHyI 4acTh
B3aVMMOJEVCTBUS BBIAEIEHHOM i-i1 YaCTULIBI CO CBOUM
OKpYX€HHEeM, KOTOpasi UCTIBIThIBAET PE30HAHCHOE I10-
[JIOIIEHUE Ha TAHHOM YacToTe M3JTyYeHUsI; FEO) — 0e3-
pa3MEpHBIN TTapaMeTp, BKIIIOYAIOIIUA MHUMYIO 4acTh
B3aVMIMOJEWCTBUS BBIAEIEHHON i-i1 YaCTULBI CO CBOUM
OKpY>X€HHEM, UCIBIThIBAIOIIE PE30HAHCHOE TOIJIO-
LIEHUE; a, ¢ — Oe3pa3MepHbIe MapaMmeTpbl. BeipakeHne
(14), mo cyTu, coriacyercsi ¢ BhIpaxXeHHUeM 13 pabOThI
[25]. OrMeTuM, 4TO TTapaMeTphl QEO), FEO), conep-
KaT, B 4acTHOCTHU, cooTBeTcTBeHHO Re(S) um Im(S),
OIUCHIBAIOIIIME CYMMapHbIe BKJIaAbl OJM3KO Pacoio-
JKEHHBIX 3JIEMEHTApHBIX paccenBaTelieil, KOTOPhIe MO-
TYT OBITh KaK IOJOXUTEIbHBIMU, TaK U OTpULIATEIb-
HbIMU (CM., Hanpumep, [8, 18, 19]). Dro BripaxeHue
ofpeaesseT NojoxXeHue u (opmMy HabIIOAAEMbIX MaK-
CUMYMOB Ha MPUBEIEHHBIX CIIeKTpax puc. 3, 4. OTme-
TUM, YTO B aHAJOTUYHBIX, JOCTATOYHO YAOOHBIX €au-
HULAX TUIA3MEHHOM 4YacTOThbl ®; U3MEPAIOTCH TaKXe
apryMeHThl B padote [28].

ITonxonpl, OCHOBaHHbIE Ha KBaHTOBO-MeXaHUYe-
CKHX CXeMax, TPeOYIOT HaXOXIeHUsI COOCTBEHHbBIX 3HA-
YEeHWI MaTpull JJis1 orepaTopa AUIOJbHOIO B3aMMO-
IeicTBus Mexay paccensatessiMu [29—31]. 3ateM no
OIpeJeJIEHHOM CXeMe MOXET ObITh paccuMTaHa hopMa
JIMHUM TIOTJIOLIEHMSI, a TaKXkKe pacripeieeHue UHTeH-
CUBHOCTH 3JIEKTPOMAarHUTHOIO MOJIsl MO pacnpenese-
HUIO pacceuBaTteseil. BecoBoil dakTop, onpeaensiio-
Ui popMy JUHUNA CIIEKTPOB, B 3TOM Cllyyae UMeEeT
JlopeHueBckuil Bua. ITogoOHbIe MOAXOAbI AAIOT BO3-
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MOXHOCTh OITMCATh JIOKAJIM30BaHHbIE IJIa3MOHBLI, B
YacTHOCTU BO (hpakTajbHO# cpene [29—31].

Takum 06pa3oM, MOXHO CAEJIaTh BHIBOI, UTO IS
JAHHOTO KJlacca MPoLEeCcCOB UMEET MECTO B LIEJIOM He-
cUMMeTpUYHas (opMa XapaKTepHBbIX JUHUI CIeK-
TPOB, KOTOphIEe NpeiacTaBiaeHbl Ha puc. 3, 4. CaBur
MTOJIOXKEHWST MAaKCUMYMOB ¥ IIWPWHA KaXI0N JTUHUN
oIpeessieTcs] B3aUMOJIEHCTBUEM CO CBOUM OKpYKe-
HUeM. MHOXEeCTBEHHOCTh ITMKOB OMpeaessieTCs U30-
JIMPOBAHHOCTHIO JIOKAJTM30BAaHHBIX B Pa3HBIX MeCTax
CKOIUICHUM 3JIEMEHTAPHbBIX pacCcerBaTeICd.

Pe3ynbTaThl BEIUMCIEHU, TPOBEAEHHbIE COIJIACHO
bopmyite (14), peacraBiaeHbl Ha puc. 5. Makcumy-
MBI BEIMYUHEL O, COBNAJAIOT C MAKCUMYMaMMU CIIEK-
Tpa Ha puc. 2, a Juis KobanbsTa. CieKTp, NpeJacTaBiIeH-
HBIM Ha pHUC. 5, oTpaxkaeT OCHOBHEIE 3aKOHOMEPHO-
CTH 3KCIIEpUMEHTAJIbHO MOJYYeHHON 3aBHMCHUMOCTHU
(cMm. puc. 3, a). O6LIee OCHOBaHUE CIIEKTpa He SIBJsI-
€TCS JIOPEHLIEBCKOW KPUBOM, aHAJIOTUYHO TPUBEIACH-
HOM 3aBUCHMMOCTH Ha 3KCIIEPUMEHTAJbHON KPUBOW
(puc. 3, a). ITapameTpsl QEO), OIMMCHIBAIOLLIUE MOJIO-
SKEHUST MAKCUMYMOB 3aBUCHMOCTH, BXOIAT B BhIpake-
Hue (14) [32]. DT mapaMeTpsl BIIOJHE COTJIACYIOTCS C
UMEIOIUMU (PU3NYECKUIA CMbICT BEJIMYMHAMU, OXBa-
TBIBasI CIIEKTP BEJTMYUH OT ¢AMHUIL 10 HECKOIBKUX JIe-
CATKOB (B €IMHULAX ®) ~ 105 c_l). Bennuuna FE-O),
CBSI3aHHAs ¢ AUCCUNALIMEN DHEPryuM, Ha JBa-TpU IO-
pANIKA MEHBLIE BEJIMYMHBL QI y3KMX IMKOB U B
HECKOJIbKO pa3 MEHBIIIE COOTBETCTBYIOINIE BETMINHBI
JUTST ITMPOKOTO MHKA, SIBJISIIOIIETOCsSI OCHOBaHWEM Beeil
3aBUCUMOCTH. [JIsI LIMPOKOTro M1Ka uMeeT MecTo "Be-
COBOI MHOXMTEND", TaK KaK IMMKU CBI3aHbI C YMCJIOM
YacCTHUIl COOTBETCTBYIOIIMX pa3MepoB U HOPMBbI, a 00-
11Iee OCHOBaHME OOYCJIOBJIEHO B3aMMOJCHCTBUEM CBe-
Ta CO BCEM 0O0pa3loM.

Hcnionp3yemoe B HACTOsLIEN padoTe ISl UYMCIIEH-
HBIX OLIEHOK 3HAYEHUE ) ~ 1015 ¢! JUTST XapaKTepHOM
YaCTOThI KOJUIEKTUBHBIX IIAa3MEHHEIX KoJjieOaHuii Oa-
3UpyeTcsl Ha HECKOIbKUX COOOPaXKEHUSIX U OTINYAET-
CSI OT OOBIYHO ITPUBOJMMOTO TTOPSIIKA 3TOM BEJTMIMHBI
IJIS METAJUIOB M ~ 27 * 1016 ¢ 1, Bo-nepBoix, hopma
YacTUIL MOXKET OTJIMYAThCA OT chepUIecKOi, IIsl KO-
TOpPOI CIpaBelJIUBbLI NPUBEICHHBIE BhIIIE (DOPMYJIBL.
B ciygae BBITSHYTO# (POPMBI YaCTUIIBI UMEET MECTO
cootHoieHue [10]:

o = Loy /ey, — Lem — DI,

rae L — nnvna BeITAHyTOM YyacTuubl, 0 < L < 1; ¢, —
IUBJIeKTpUYecKasl MPOHULIAEMOCTb Cpefbl, T. €. pe-
30HAHCHAas 4yacToTa OyoeT MEHbIlle 4aCTOThl 00BbeM-
HOTO IIa3MOHa (w;, ~ 27 1016 c_l). 3aBUCUMOCTH pe-
30HAHCHBIX YaCTOT OT (DOPMbI YaCTUll, B YaCTHOCTH,
npuBeAeHbl B padorax [1, 2]. Bo-BTOphIX, MOIYT BO3-
OyXJaThCsl pa3iMyHble MOJbI MIa3MOHHBIX KoJieOa-




HU IS COBOKYITHOCTM HaHOYa-
CTUII, UMEIOIINE Pa3TNYHbIC 3aKOHBI
JUCTIEPCUU Y PE30HAHCHBIE YaCTOThI
[33, 34]. Pe3oHaHCHBIE YaCTOTHI IJIST
pa3IMYHBIX MOJ MPUMEPHO Ha IO-
PANOK MEHbLIE o, [34].

OTMETUM, YTO IIMPUHA TTUKOB,
MIpeICTaBICHHBIX Ha pUC. 5, UMeeT
HECKOJIBKO OOJIBLIME 3HAYEHUS, YEM
3TO CHeAyeT M3 IKCIIepUMEHTAb-
HBIX JaHHBIX (cM. puc. 3, 4). I1pu-
YUHON TIOSIBIICHUS Y3KUX, pe30-
HAHCHBIX TTMKOB MOTYT OBITh TaK:Ke
JIOKAJIM30BaHHbBIE, TUTA3MOHHEBIE MO-
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0.013]
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obl [1]. Kak oTMmedanoch B pabote

[1], umeeTrcs npsiMasi aHAJIOTUST Me- 0.0 "

KAy CHEKTpaMH JIOKAJIU30BaHHBIX
IJIA3MOHOB M CIIEKTpaMH aTOMOB U
Mojekya. PerieHue 3agaum 00 3Hep-
TeTHYECKOM CIIEKTpe 3apssKEHHOTO
cepuyeckoro Kjacrepa MPUBOIUT
K BBIpaXXEHUSIM UISI OCHOBHBIX Xa-
pPaKTEepUCTUK (YPOBHEH OSHEPruu,
BOJIHOBBIX (DYHKIIMIT), aHATOTUYHBIM
TaKOBBIM [IJIsI aTOMOB M MoJjiekyn [1]. B paGote [35]
IIpOBelleH Y4eT OOBIYHO OTOpachiBa€MBIX UYJIEHOB B
Teopur MU paccesTHUSI 3JIeKTPOMAarHUTHOTO M3JIyde-
HUS MaJIBIMM C(hepUIeCKUMU YaCTUIIAMU 1 TIOKa3aHo,
YTO 3TU cjIaraeMble MOTYT OOYCJIOBIMBATL UPE3BHI-
YailHO y3KMe NMUKHU B 3aBUCUMOCTH OT ¢ = an,o/c,
IIIe @ — XapaKTepHBIN pa3Mep YaCTHUIIBI, TIPUYEM Xa-
paxkTepHas IIMpUHA THMKOB OIpEeHessieTCs] COIIAaCHO
Y~ qZH ! (I=1, 2,3, ..). D10 XxapakTepHOe ITOBec-
HUE Ha3BaHO aBTOpaMM paboThl [35] aHOMAalbHBIM
paccesiHUEM.

Kpome Toro, kaxk ato cieayer B 4aCTHOCTH U3 pa-
06oTbl [21], oTmenbHas Moja MJIA3MOHHBIX KoJieba-
HUI B CHCTeMe OUCKPETHBIX paccemBaTeleil MOXET
JlaBaTh MPOCTPAHCTBEHHO pasiejieHHbIC JIOKATU3aluN
HEOMHOPOIHONW KOHIIeHTpaunu Bo30yxneHuit ("hot
spots"). TTogodHble 3(hdekThl HabI0aaI0TCSI, HAPU-
Mep, TPU PacCesIHUM 3JIEKTPOMArHUTHOTO M3JIyde-
Hug Ha ¢dpakrtanax [29—31]. B nmomoOHBbIX ciayyasx
MMEET MECTO JIOKaIM3alusl MJ1a3MOHHOU Moabl. Hau-
0oJjiee BaxXHOI YepTOil pelleHUsI B 3TOM Cllydyae SB-
JISeTCd HaJu4d¥e B 3HAMEHaTeJie pe30HAHCHOTO (hak-
Topa (g, — €(w)) [1, 21]. [Ipu onpeneseHHbIX YacTOTAX
®,, TAKUX 4TO (g, — &(m)) = 0, B cucTEME BO3ZHMKAET
TJTA3MOHHBIN Pe30HAaHC, a B peIIeHUH CTAHOBUTCS CY-
LLIECTBEHHBIM JIMIIb OOWH 4jeH [1]:

[e,EqdV
E~E,+e, (e(0)=1) ¥
(e,—¢&(®)) [eldv
v

: (15)

22 33 44 55 6.6 77 8.8 99

Puc. 6. 3aBHCHMMOCTb CWJIbI OCHHILIATOPA f OT 3HEPrUM COOTBETCTBYIOMIEro nepexona F s
CHEKTPA CHHIJIETHBIX BO30YXK/IEeHHi KOMILIEKCa u3 aToMOB cepedpa. Ha BcTaBke u3o00paxen
pacyeTHbIil KJIacTep aTOMOB cepedpa

Puc. 6. Dependence of the power of oscillator f on the energy of transition E for the spectrum
of the singlet excitations of a complex from the atoms of silver. On the insert — the rated cluster
of the atoms of silver

Ile €, — 3HAYEHUE AUDJIEKTPUUECKON TIPOHULIAEMO-
CTH, COOTBETCTBYIOLIEE COOCTBEHHOM 4YacTOTe ®,;
¢(®) — 3HaUYeHUE AMIJIEKTPUUYECKOIN MTPOHULIAEMOCTHU
Ha yactote o (cM. [1]).

B sToM ciyyae Bo30OyXmaeTcsl JIOKaJIM30BaHHBIN
IJIa3MOH C YaCTOTOM o, U C IPOCTPAHCTBEHHOM CTPYK-
TYpOi, ONKMCHIBAEMO II0JIEM €, KOTOpasi HE 3aBUCUT
OT KOHKpeTHOro matepuana [1, 21]. BaxkHoit ocobeH-
HOCTBIO TIPEACTABAEHHOIO IMOAX0Aa SBJSETCS TO, YTO
CBOICTBA IJIA3MOHOB 3aBUCST TOJBKO OT (hOPMBI Yac-
tul. [IIupuHa pe3oHaHca, Kak (PYHKIIMSI 4acCTOTHI,
3aBMCUT OT MHUMBIX YacTeil €, U e(w), U B CIIy4ae Ha-
HoyacTul MHuMas 4actb Im(e,) ~ (ka)3 CTAaHOBUTCS
OYEHb MaJoW.

OrmetuM, 4TO B pabote [36] mpoBeaeHbl KBAHTOBO-
MeXaHMYeCKHUe pacyeThbl pa3jIMYHbIX KjacTepoB. Pac-
YEeTBI 3JICKTPOHHON CTPYKTYPHI KOMITJIEKCOB C YIETOM
HX pejlakcallii K PaBHOBECHOMY COCTOSIHUIO BBIMOJI-
HEeHBI B pamMKaxX Teopuu (YHKIMOHaNIA TUIOTHOCTH C
rUopuaHBIM (yHKIMOHAI0M. B pab6ore [36] paccum-
TaH 3HEPIeTUYECKHI CIIEKTP HU3KOJIEXKAIINX BO30YXK-
JEHHBIX DJEKTPOHHBIX COCTOSIHUM JJII JUHEUHBIX U
OKTa3IpUUYECKNUX KOMILIEKCOB. [lokazaHO, 4TO TTOHU-
>KEHWe CUMMETPUU TIpU OO0pa3oBaHUM KOMILIEKCOB
TIPUBOJINT K TOSIBIICHUIO B 3JIEKTPOHHOM CITEKTPE BO3-
OY>XJI€HHBIX COCTOSIHUI pa3pelleHHbIX CHUHTJETHBIX
Mepexoa0B, 3alpPEelIeHHBIX B ONTUYECKUX CIIEKTpax
WCXOAHBIX KOMITOHEHT. COOTBETCTBYIOILINE CIEKTPhI
CHUHTJIETHBIX BO30YKIEHHBIX COCTOSSHMI KOMIUIEKCOB
MPeNCTaBIsIOT co0oil ceputo y3kux mukoB. [lpu yc-
JIOXKHEHMHU CTPYKTYpPbl YIOPSIMIOYEHHBIX KJIACTEPOB
YBEJIMUMBACTCSI YUCIIO PE3KUX PE30HAHCHBIX MUKOB B
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CIIEKTpax BO3OYXKIEHHBIX COCTOSHMI pa3pelieHHBIX
CHUHIVIETHBIX ITepexonoB [36].

B HacTos1eit paboTe ObLI MPOBEASH aHATOTUYHBIN
pacueT OTHOCUTEJIbHO HebobIIoro Kiacrepa (15 aro-
MOB), COCTOSIILIETO U3 aTOMOB cepedpa, IJisl 3aBUCUMO-
CTU CUJIbl OCLUJIISATOPA f OT COOTBETCTBYIOILIEH SHEP-
rumu nepexona E. PesynbraThl pacyeTa IpeacTaBIeHbI
Ha puc. 6. I3 aHaim3a YMCIOBBIX 3HAYCHWI MOXKHO
3aMETHUTh, YTO NMPUBEAECHHbIC BEJIUYUHBI TOCTATOUHO
XOPOILIO COMIACYIOTCSI CO 3HAUYEHUSIMA MaKCUMYMOB
IUUIS1 KJIacTepoB KobajibTa, MPUBEAEHHBIX HA pUC. 3, a.
OnHako JMHUM CHEKTPOB OKa3bIBAIOTCS O0JIee 1IUPO-
KMMM, Ye€M 3TO HaOJI0Aal0Ch B 3KCIIEPUMEHTaxX (CM.
puc. 3, 4). OTMETUM, UTO MOJIEKYJISIpDHbIE OPOUTAIN B
Kiactepe (OPMMPYIOTCS B pe3yabTaTeé B3aMMHOIO
MPOHUKHOBEHUST WJIM MHTEPPEPEHLIMU aTOMHBIX Op-
OuTasneil, H0O3TOMY CIIEKTp BO3OYXACHUI MpeacTaBIsi-
€T co00i YPOBHM KOJUIEKTHBA aTOMOB, COCTaBJISIONINX
KjacTep.

Oo0cyxaenne

ITosryyeHHBIE TyTEM XUMUYECKOTO CUHTE3a MEJIKO-
JIUCIIEPCHbIE COEIUHEHUSI Pa3IMYHbIX BELIECTB Jie-
MOHCTPUPYIOT pe3KHe, Y3KHUe TTMKHU B CIIEKTpax ONTH-
YeCKOM TJIOTHOCTU, CBSI3aHHBIE C BO30YXXAECHUEM JIO-
KaJM30BaHHBIX IJIA3MOHHBIX MoJ. Yuclio u BbIcOTa
IMUMKOB M3MEHSIOTCS M0 XOAy IMpoliecca XMMUYECKOTO
CHHTE3a, a TAKXe B 3aBUCUMOCTHU OT KOHTPOJUPYEMbIX
rmapamMeTpoB CUCTEMbI, UTO TMO3BOJISIET CleJIaTh BbIBOJ,
0 HaJuMyuy dTana, Ha KOTOpoM (opMupyeTcss Hau-
Oosibllee YMCIIO U30JMPOBAHHBIX PE30HAHCHBIX MO,
ITomoGHbIE cBOIICTBA MOTYT OBITh MCHOJb30BAHbBI MPU
pa3paboTKe MOKPHLITUI, IIOTJIOLIAIOIIMX U IIpeobdpa-
3YIOIIUX DJIEKTPOMATHUTHOE M3JyYeHUEe B IIMPOKOM
CIIEKTPAILHOM OWama3oHe, B (POTOBOIbTAUMYECKUX
yCTpoiicTBaX. DTO MOXET ObITh MOJIE3HBIM MPU CO3/a-
HUM COJIHEUHBIX 3JIEMEHTOB C BHICOKOI 3(p(heKTUBHO-
CThIO, a TaKXXe B cJIab0oOTpaXkalolluxX MOKPHITUSIX U B
CEJICKTUBHBIX KOHILIEHTPATOpaxX M3JIyYeHMSI.

B pabore [37] mpencTaBieHbl pe3yJIbTaThl CO3IaHUsI
3 HeKTUBHOTO (POTOBONILTANYECKOTO BJIEMEHTa, UC-
MOJIB3YIOLIEr0 B KaueCTBEe KOHLIEHTPATOPOB 3JIEKTPO-
MarHMUTHOTO M3JIyYeHUsS] HAaHOMETPOBbIE MeTaJlInye-
CKME YacCTUlIbl HUKEJIsI, HAaHECeHHbIE Ha MOBEPXHOCTh
YCTPOIMCTBA MOCPEACTBOM BJIEKTPOXMMHUYECKOTO Oca-
XaeHusi. B aToit paboTe ObLIO MPOAEMOHCTPUPOBA-
HO, 4TO 3¢hdEKTUBHOCTh PabOThI TAaKOro 3JeMEeHTa
BbIpOCJIa TIPUMEPHO B JiBa pa3a Mo CPaBHEHUIO C aHa-
JIOTUYHBIM 3JIEMEHTOM 0e3 HaHeCeHUsT HaHOYACTHUII.
Hacrosiiiee uccienoBaHue sBISIETCSI MPOJOTIKEHUEM
9TUX pa3pabOTOK B HaINpaBJIEHUU CO3AaHMUS (POTO-
BOJIbTAMYECKMX BJIEMEHTOB C YJIYUILIEHHBIMU CBOMCT-
BaMU C MCIIOJIb30BAaHMEM MOMIOLIAOIIMX U TTpeodpa-
3YIOIIMX CBET MOKPHLITUiL. Pa3zpaboTke METOAOB IMOJY-
YeHUSs TOAOOHBIX TOKPBITHI U MOCBSIIIEHA TaHHAs pa-
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00Ta, T. €. CUHTE3y BEIleCTB U COCANHEHMI, KOTOPhIE
00J1aa10T CeJIEKTUBHOCTBIO TOIJIOIIEHUSI U paccesi-
HUS CBeTa OIpeaesIeHHBIX JUIMH BOJIH M COIEepKaT Ha-
HOUYACTULIbl U3 Pa3MYHbIX MaTtepuasoB. Ha mpakTu-
YeCKHe YCIIeXW B 3TOM HaIlpaBJICHUU YKa3bIBaeT, B Ya-
CTHOCTM, pabora [36], roe mpuBOIATCS JaHHBIE 00 UC-
MOJB30BAHUM CTPYKTYPUPOBAHHBIX MaTepUaJoB B
COJTHEUHBIX 3JIEMEHTaX.

Kaxk st0 BUIHO Ha puc. 3, a, b, mosIBIIeHUE PE3KUX,
Y3KHX PE30HAHCOB CBSI3aHO C paclIMpPEeHUEM OOILero
OCHOBAaHUS CIIEKTPa 3aBUCUMOCTU ONTHUYECKOM TIIOT-
HOCTU OT JUIMHBI BOJIHBI Maaawouiero usaydeHust D(L).
I'padbuxu D()\) Ha puc. 3, a, b 1EMOHCTPUPYIOT 3aKO-
HOMEPHOCTM Tpollecca CUHTEe3a XMMUYECKUX COEAU-
HEHUI Ha OCHOBe KoOajbTa U cepebpa B IIOC/Ien0Ba-
TEJIbHOM TOpPSIIKE MO BpeMeHU (hOpMUPOBAHUSI, KOTO-
poe Ha OIpeAesIeHHOM 3Tare COIPOBOXIACTCS ITOSIB-
JICHHUEeM PEe30HAHCOB, TOrJIa Kak rpaduKu ISl OKCHaa
rpacdeHa Ha puc. 4, d—f TIpeACTaBISIOT MOCIeA0Ba-
TEJIbHOCTb, CBSI3aHHYIO C MCYE3HOBEHHEM PE30HAHCOB
B CBSI3M C pa30aBJIeHUEM pacTBOpa ACMOHM30BaHHOM
Bogoii. OTMETHM TaK:Ke HaJIW4yue Ha BEpXHUX rpadu-
Kax Ha puc. 3, a v puc. 4, f10CTaTOYHO IJIOTHO cepuu
Oosiee MEJKUX TMMKOB, MCYE3AIOIIMX MPHU MOCIEIyIO-
1eM pa3daBieHUM pacTBOpa C HaHOYACTHUIIAMHU OK-
cuaa rpadeHa Ha HUXKHeM rpaduke puc. 4, f. BBuay
TOTO, YTO MPOCTEWIIUNA MEXAaHUYECKUUN aHaJIOT T0-
JIOOHOM CHUCTEMbI, COCTOSIIIMI U3 ABYX CBSI3aHHBIX
YIPYTMMU CUJIaMU MAasSITHUKOB C COOCTBEHHBIMU Yac-
TOTAMU 1, Oy, IPEACTABIAET COOOI IOJIOCOBOM
(bunapTp, TO pacuiMpeHue OOIIEro OCHOBAHUSI CIEK-
TpoB D()\) Ipu IOSIBJIEHUY CEPUM PE30HAHCHBIX TNKOB
MOXHO paccMaTpuBaTh KaK paclliMpeHre MoJ0Chl yac-
TOT, KOTOPYIO TOMIONIAET CUCTeMa C Pa3IUYHOU CTe-
neHpo 3ddekTuBHOCTU. KMcue3HOBeHME MUKOB pas-
JIMYHOM BEJIMYMHBI TIPUBOAUT K CYKEHHIO ITUPOKOTO
OCHOBAHHUS aHAJOTMYHO U300paXKeHHOMY Ha HUXKHEM
rpacduke puc. 4, f. CyxxeHue IIUPOKOr0 OCHOBAHUS
MPOUCXOAUT AaXe MPU HAaJUYUU OJHOTO PEe3KOro pe-
30HAHCA 10 CPAaBHEHUIO C HAJTMYMEM CEPUM PE30HAH-
coB (cp. BepxHMi1 rpaduk Ha puc. 3, b 1J1s9 YacTull ce-
pebpa u rpacduk Ha puc. 4, a). OTCyTCTBUE KaKUX-JIU-
00 pe30HaHCOB Ha HMXKHMX IpachuKax Ha puc. 3, a 1js
COeIMHEHUI KobOayibTa IpeiacTaBieHO OoJjiee y3KMMU
3aBUCUMOCTSIMU MO0 CPABHEHMIO C 3aBUCUMOCTBIO JJIsI
00l1IeTO OCHOBAaHMSI PE30HAHCOB Ha BEpXHEM rpaduke
Ha puc. 3, @ IpU HAJIMYUM CEPUM Y3KHUX, PE3KUX Pe30-
HaHcoB. [lIupuHa crekTpa oNTUYECKOM MIOTHOCTH Ha
MOJIYBBICOTE ISl HAHOYACTHUI] HA OCHOBE COEAMHEHUI
KoOajbTa MEHSIETCS BO BpeMsl CHMHTE3a B MHTepBaJie
480...580 M B Havaje npouecca u 1o 340...850 HM B
KOHIIe Tpoliecca. 11 cocTaBOB Ha OCHOBE HaHOYa-
CTHII cepebpa Te Xe XapaKTepUCTUKU Jal0T U3MEHE-
HUg npuMmepHo 360...475 HM B Hadasle Ipolecca U 10
340...500 am B KoH1e. [T cocTaBOB Ha OCHOBE Ha-
HOYACTHII OKcuaa rpacdeHa aHaJOTMYHbIE MoKa3aTe-




JIN TIPUBOAST K U3MEHEHUSIM B MHTEpBaJie MPUMEPHO
150...380 1M B Havase mporecca cuHTe3a u 150...650 HM
B KoHIIe. [IpiyeM Havaio CIIEKTPOB B Clydae OKCHIA
rpadeHa 3KCTparnoJIupoBaHO BBUIY TOTO, UTO OHO Jie-
>KUT 3a MpeAeaMy YyBCTBUTEbHOCTY npubdopa. OTcio-
Jla MOXHO CIeJIaTh BBIBOJ, YTO HamboJiee IMUPOKUMU
CMEKTpaMM ONTUYECKON IUIOTHOCTU 00JIagaloT CIeK-
TPHl HAHOYACTHUII Ha OCHOBE COCAMHEHUI KOOaIbTa U
okcuga rpagena (IIMpUHA CHEKTpa Ha IOJYBBICOTE
nopsiaka 500 HM). CrieKTpbl yKa3aHHBIX COSAMHEHUI
JIeXaT B Pa3HBIX OIMala30HaX UTMH BOJH, K TOMY 3Ke
CIIEKTPhl Ha OCHOBE HAHOYACTHUI[ OKCHOa TpadeHa
AMEIOT OOJIBbIIIee YMCIIO PE3KUX MMMKOB IO CPaBHEHUIO
CO CIIEKTpaMU HAHOYACTUIL UISI COEAMHEHUI KOOAb-
Ta. Haauuue MarHUTHO KOMIIOHEHTBI B COEAMHEHUSX
K0OaJbTa, Kak MpaBWJIO, MIPUBOIUT K aKTUBHOMY T1O-
[JIOLLIEHUIO MaTepuajoM B MUKPOMETPOBOM JIHAIla30-
He (CM. HUXe).

Ha ocHoBanum puc. 1 u 2 MOXHO cAeaaTh BHIBO/I,
YTO pazdpoCc pa3MepoB BIEMEHTOB CTPYKTYpPhI B CHUC-
TeMe Ha OCHOBE COeAMHEHUI KoOanbTa OOJbIIE, YeM
JIJIsI CUCTeMBI Ha ocHOBe cepedpa. C atuM (HakToM MO-
XKeT OBbITh CBSA3aHO HajiMyue OoJiee IIMPOKOIO CIIeK-
TpaJbHOTO OCHOBaHUS B 3aBUCUMOCTSIX D(L) mjsi co-
eIMHEeHUI KoOalbTa (BepxHuii rpa¢ukK Ha puc. 3, a)
0 CPaBHEHUIO C OCHOBAHWEM CIEKTPOB IJISI CUCTEMBbI
HaHouacTUll cepedpa (BepxHuii rpaduk Ha puc. 3, b).

OTMETUM TaKXKe, UTO OLICHKU, ITPUBEACHHEIC B pa-
6ote [17], mal0T CyllIeCTBEHHO MEHBIIWHA CABUT YaCTOT
110 OTHOIIEHUIO K YaCTOTE, COOTBETCTBYIOLIEH MaKCH-
MyMY TOIJIOLIEHHA ®), A® = ® — ®(, 33 CYET B3aUMO-
JEMCTBUSI YaCTUIL CO CBOMM OKPYXXEHHEM, YeM 3TO
clieoyeT U3 HacTOSIIMX ucciaeqoBaHuii. C TOYHOCTBIO
JIO claraeMbIX IIepBOTO TMOPSIAKA MaJIOCTM HOPMUPO-
BaHHBII CABMI YacTOThI corjacHo [17] maeTcs BbIpa-
KEeHUEM

3ne .
80 — 5770 LRe(d; - E,. (16)
Yo do|” K

rae E; — BropuuHOe JIOKaJIbHOE MOJIE; Yy — CKOPOCThb
aTOMHOM penakcanuu; d, — JUITONBLHBIA MOMEHT, He
3aBUCSLINIA OT BPEMEHU; &) — AUBJIEKTPUYECKA TPO-
HULIAEMOCTb BAKYYMa; ¢; — BHYTPEHHUI KBAHTOBBIA
BbIxo[. CHBUT 4acTOT B CHUCTeMe, IMpeacTaBIsIolIei
co00i1 aTOMHBIE TUIIONHU, 32 CUET B3aUMOICHCTBUS CO
CBOMM OKPYXEHHMEM ITOCTaTOYHO MaJ M HAXOIUTCS B
npeaenax wMpuHbl auHuu [17]. B Hauiem ciyuae
CIBUTU YACTOT CYILIECTBEHHO OOJIbIlIE, IO3TOMY BaxKeH
Oosiee JeTalbHBINA y4yeT Pe30HAHCHOTO B3aMMOAEICT-
BHSI YACTUIIBI CO CBOMM OKpPYXXEHHEM, OCOOEHHO B yC-
JIOBUSIX PETYJISIPHOIO PacloJ0XEHUsT YaCTUIl B CTPYK-
Type [18, 19], a TakxKe ydyeT 3aBUCUMOCTHU XapaKTe-
PUCTHUK IIOTJIOIIEHMSI OT pa3MepoB 3JIEMEHTapHBIX
pacceusareieit [1, 10]. Kpome Toro, B HalleM cirydae

MMEET MECTO B3aMMOIEHCTBUE MEXIY pe30HAHCHBIMU
KOJIEOAHUSIMU, KOTOPOE MPUBOJAUT K CYLLIECCTBEHHOMY
CIBUTY TIOJIOXEHUIT pe30HAHCOB.

Kaxk ormeuasnock B padotax [34, 38], numnoybHass MO-
JIeJIb 1151 KJacTepa U3 ABYX, TpeX U 0ECKOHEUHOI0 YuC-
JIa yacTUIl paboTaeT, IToKa pacCTOSTHUS MEXXIy LIeHTpa-
MU YacTHUIl B TpM pa3a Oonblie ux pamuyca. B ciygae
MEHBIINX PaCCTOSHUI BO30YKIAIOTCS pa3anyHbIe MO-
Jbl TIJIa3MOHHBIX PE30HAHCOB, MMEIOIIUE Pa3IMUHbIe
3aKOoHbI gucnepcuu [1, 33, 34]. BDhheKTUBHOCTD B3au-
MOJIEMCTBMSI 3TUX MOJ C 3J€KTPOMArHUTHBIM U3JTyde-
HUEM BBILLE, YEM ULl OOBIYHOTO IUIIOJIbHOTO B3aMMO-
nevicteust. Bruan B BemuunHy Q, OT B3aUMOIEHCTBUS
C OKPY>KEHMEM BXOIUT, B YACTHOCTH, ITapaMeTp QE. ) u
MOXET OBbITb OOYCJIOBJEH BO30YXXACHUEM PE30HAHC-
HBIX MO Pa3JWYyHOro THUMa, KOTopble 3(h(HEKTUBHO
B3aMOAEUCTBYIOT ¢ m3nydenuem [1, 33, 34]. Kak or-
Meyasloch, B YaCTHOCTH, B pabore [39], MOHOMEDHI
psiia COeMHEHUM SIBISIIOTCS BbICOKOA((HEKTUBHBIMU
pe3oHaTopaMH, T. €. (hIYKTyalluu JOKAJIbHOTO MOJis B
TaKoOM cpelie CYIIeCTBEHHO BHIIIE, YeM BHEIIHEE BO3-
Oyxnaroiiee 1ojie. I[ToaTomy Ha OCHOBaHMM aHaIM3a
BKCIIEPUMEHTAIBHBIX JAHHBIX HACTOSIIETO MCCIIEI0-
BaHUSI MOXHO C/IeJIaTh BbIBOM, YTO XMUMUYECKUIA CUH-
T€3 PacCCMOTPEHHBLIX B JaHHOW paboTe coeauHEeHUM
MPOXOIUT Yepe3 CTANMIO, BKIIOYAIOLIYI0 0Opa3oBaHue
MMOJIO0OHBIX MOHOMEPOB (THUIIA OJIUTOMEPOB).

Crnaraemble, BXOMSIIKME B ITapaMeTpPbl QE-O) u FEO)
conepxaT MHGOopMalUIo 00 YIOPSIA0UEHUN paccerBa-
Tesiell B pa3IMIHOTO pOoia MPaBWIbHBIE CTPYKTYPBI Kak
OJIHOMEpHbIE, Tak U AByMepHbIe [18, 19]. B cBs3u ¢ atum
ormeruMm caenyroutee. MITSOI' (CH;0(CH,CH,0),—H)
MpeacTaBisieT co00i yHopsiIOUeHHYIO CTPYKTYPY C pe-
TYJISIPHO PacCIOOXEeHHBIMU aTOMaMM KHCI0poaa, 00-
JIaJAIIMMU CUJIBHON MOHHOCTBIO. OTU TOJSIPU30-
BaHHBIE aTOMBI KMCJIOPOIA CIIOCOOHBI TPUTSATHMBATH
aToMbl MeTaia (cepebpa, KobanbTa U Ap.), TaK UTO
pacmooXXeHWe PacCeBalOIIMX METAUIMYECKUX LIeH-
TPOB B TTOJOOHBIX CTPYKTYypax OyneT peryasipHbiM. O0
3TOM, B YaCTHOCTU, CBUIETEIbCTBYET (poTorpacdus
CTPYKTYPBI KJIACTEPOB cepedpa Ha puc. 2, a.

CnenyeTr oOpaTUTh BHUMaHME TakKe Ha JOIOJTHU-
TEJIbHYI0 BO3MOXHOCTb MHTEHCHBHOIO ITOTJIOLIEHUS
BJIEKTPOMAarHUTHOTO W3JIyYeHUs] Ha OJHOYACTUUYHBIX
JIOKQJIBHBIX COCTOSIHUSIX HOCHUTENel 3apsiia, BO3HU-
KamlKUX B OKPECTHOCTH YaCTULIbI (TIU3JIEKTPUIECKON,
MOJYIIPOBOAHUKOBOM) B KBa3UHYJIbMEPHBIX CHCTEMaX
[40]. CuHTe3 MogoOHbBIX reTepoda3HbIX CUCTEM B Ka-
YECTBE CWJIbHO MOMIOIIAIIIMX MaTepUaJloB B J0OCTa-
TOYHO IMMPOKOM IHAIa30He ITMH BOJH, KOTOPBI MOT
Obl BapbMPOBATHCSl B 3aBUCUMOCTH OT BUIA UCITIOJb-
3yeMBIX BEIIeCTB, JAeT HOBBIE BO3MOXHOCTH TIPH CO3-
JaHUY TIONJIOLAIOIIMX M TpeoOpas3ylolux CBeT IOo-
KpoiTuii [40].

OTMeTUM, YTO aHaJOTMYHbIE MCCJIeNOBaHUS IPO-
BOJMJINCh M C MAarHUTHBIMU MaTepuajaMM B LIEJSIX
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MTOJIyYeHUST CIa000TPAKAIOIINX MOKPBITUM B MUKPO-
METPOBOM JIMana3oHe JIUH BojH [41, 42]. Crienudu-
Ka OTKJIMKA KOHAEHCHPOBAHHOW Cpeabl Ha BHEIIHEe
BO3ICHCTBIE U3TyYeHUs B 3HAYUTEIBHON Mepe 3aBU-
CUT KaK OT CBOMCTB CaMOI Cpebl, TaK U OT Auaria3o-
Ha YacToT Majaroiero manydeHus. CyliecTBeHHBIMU
CBOMCTBAMM KOMIIO3UTHOM Cpenbl SBJISIOTCS Xapak-
TEPHBIA pa3Mep COCTABIISIONINX €€ YaCTHIl M CITeI-
¢uKa cocTaBISOIIMX MaTepuaiaoB. Tak, HemocpeacT-
BeHHOE BO30YXIeHWE Y3KUX IJIa3MOHHBIX pe30HAH-
COB BO3MOXHO B HAaHOCTPYKTYPHMPOBAHHOM cpejle ¢
HaJIM4YMeM MeTaJJIOB, O0JamalolInX MajbiM 3aTyXa-
HUeM (30J10TO, cepedpo) B IMana3oHe YacToT MopsiaKa
10151010 ¢ 1, I1pu 3TOM CylIeCTBEHHYIO POJIb UTPACT
9JIeKTpUYecKasl COCTaBJISIONIAsl 3JeKTPOMArHUTHOTO
n3iydeHus. Bo30oyxxmeHne m1a3MOHHBIX KOJIEOaAHU B
OOBIYHBIX KPUCTAJUTMYECKUX BellleCTBAX MAKPOCKOIIM -
YeCKHUX pa3MepoOB BO3MOXKHO TOJBKO TIPYW BHITIOJTHE-
HUU CIeLIMaJIbHbIX YCIOBUIA, TOTAA KaK B HAHOCTPYK-
Typax IJIa3MOHHBIM PE30HAHC BO3HUKAET IPU HEIO-
CPEICTBEHHOM BO3/I€MCTBUU M3JIyYeHUSI HA HAHOCH-
creMy [1]. Jlmama3oH 4acTOT 3J€KTPOMAarHUTHOIO
WU3JIy4eHUs, MCCIIENOBaHHBIN B padorax [41, 42], umen
MTOPSIOK, TUTTMYHBIN 71 JICKTPOHHOTO MapaMarHUT-
HOTO pe30HaHca, T. €. 10°...1010 c_l, a pa3Mep 4acTHull
COCTaBJISZT MUKPOMETpPHI. [Ipy 3TOM CyIeCTBEHHYIO
pOJTb MTpajla MAaTHUTHAsI COCTABIISIONIAsT SJIEKTpOMar-
HUTHOTro u3iay4yeHus. Takum oOpa3oM, BapbUpysl CO-
CTaBJIAIONINE KOMITO3UTHBIX MaTEPUAIOB U UX pa3Me-
pBI, MOXXHO TIOJIyYaTh BEIIECTBA, aKTUBHbBIEC B pas3jiny-
HBIX IMAITa30HaX 3JIeKTPOMArHUTHOTO U3TYICHUS, TSI
pelleHusT pa3IWYHbIX MPaKTUYECKUX 3aday, CBI3aH-
HBIX ¢ KOHBEPTUPOBAHMEM ITAAAIONIETO M3IIyYeHUS B
JIpyTre BUABI BO3OYKICHUIA.

B 3akioueHue ykaxkeM Ha aHAJIOTUIO MEXAy Mexa-
HUYECKOM CUCTEMOM M UCCIIEAYEMOM CTPYKTYpOH, CO-
CTOSIILIEH U3 HAHOKOMITO3UTHOM Cpelibl, KOTOpasi B3au-
MOJIENMCTBYET C MagalolIuM 3JeKTPOMATHUTHBIM W3-
nydyeHreM. CrcTeMa W3 ABYX CBS3aHHBIX YIIPYTHUMU
CHJIaMM MEeXaHUYeCKUX MasATHUKOB, HaXOISIIIUXCS BO
BHEIIHEM IOJIE€ CHJI TSKECTH, 00J1agaeT AByMsI COOCT-
BEHHBIMM YacTOTaMU, CABUHYTHIMU OTHOCHUTEIBHO
HE3aBHUCUMBIX YacTOT M30JMPOBAHHBIX MAasTHUKOB
[43, 43]. Kpome Toro, mpu BO3OYXIEHUM ABYX MOJ
IIApUHA pe30HAHCHOM KPUBOM CTAaHOBHUTCS OoJjiee y3-
KOH |A®,| = y/2 1O CpPaBHEHWIO C IIMPHUHOI JIMHUH,
paBHOM y IS M30JIMPOBAHHOTO ocHmuiaTopa. CBs-
3aHHBIE OCLIWJUISITOPHI SIBJISIIOTCS "TIOJIOCOBBIM (DUJIBT-
poM" — 0cCJIabISIOT BIMSIHUE BHEIIHEH CUJIbI 4acTo-
TOW ©, JIeXallei BHe MHTepBala (®,, ®)), TIE O, 0y —
COOCTBEHHBIE YAaCTOTHl CMCTEMBI CBSI3aHHBIX OCIIUJI-
nsaTopoB [43, 44]. OcHoBa npeoOGpa3zoBaHUsI SHEPTUU
B MEXaHWYECKOM W 3JIEKTPOMArHUTHOM CITydasx 00-
1masi — B3aMMOJACUCTBUE OCUWUIMPYIOLIUX CHCTEM.
Takum 06pa3oM, uccaeayeMblie TTOKPBITHS, TIPEACTaB-
Jistolue co0oil B3aMMOAEHCTBYIOUIME KJIaCTepHbIE

148 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 3, 2016

(opMUpOBaHMS CO CIIOKHBIM CIIEKTPOM TOTJIOIICHUS,
MOIYT CHYXUTb 1 3(DGOEKTUBHOIO TMOIJIOLIEHUST U
MpeoOpa30BaHMs SPHEPTUM BHEITHETO SJIEKTPOMArHUT-
HOTO U3JTyJ4eHUS.

3aKkmouenne

ITpoBenaeHbl MccaeaOBaHMSI ONMTUYECKUX CBOMCTB
CHHTE3UPOBAHHBIX XMMUYECKUM ITYTeM MEJIKOINC-
MEePCHBIX COEAMHEHUIN pa3IMYHBIX BEIIECTB, KOTOPhIC
JIEMOHCTPUPYIOT TOCTATOYHO Pe3Kue, Y3Krue NMUKU B
CHEKTpax ONTUYECKON MIOTHOCTHU, CBSI3aHHBIE C BO3-
OyXXIeHHeM IUIa3MOHHBIX MO, JIOKAJIM30BaHHBIX B
MaJibix oosnactsix. Yucno, BbICOTA U MOJIOKEHUE XapaK-
TEPHBIX MMUKOB M3MEHSIIOTCA B XOJe TMpoliecca XUMU-
YeCKOro CUHTe3a, a Takxke MPpU M3MEHEHUU KOHTPO-
JIMpyeMBIX IapaMeTpoB cucTteMbl. PazBuTta (peHOMEHO-
Jloruyeckasi Teopusi, OCHOBaHHAasl Ha 00O0OILEeHUU CO-
BOKYITHOCTY MMEIOIINUXCS MOIEIBHBIX TTPEACTABICHUIMA
O TIPOLIECCE PAacCesiHUSI CBETa MajlbIMU YaCTULIAMU.
IMTonydyeHnHass o06oOlIeHHas: opmyJia, OMMChIBAIOLIAS
MOMJIOLIEHUE CBETA B CPEle, KOTOpasi COAEPXKUT pac-
ceMBaTesId MaJibIX pa3MepoB, YYMTBHIBAET BKJIAAbl OT
pa3IM4YHbIX 9(P(HEKTOB, B TOM YUCJIE U OT YIOPSIAOUEH-
HBIX 1IETOYEK 2JIeMEHTapHBIX pacceuBaTeseil. DTo
MO3BOJISIET OOBSICHUTh HAIMYME Y3KUX MHTEHCHUBHBIX
MUKOB B creKkTpax mnorioueHusi. [IpoBeneH aHanus
pe3yJbTaTOB C TOUKMU 3pEHUST BO3OYXKIEHUS JTOKAIU-
30BaHHBIX TJIA3MOHHBIX Mon. OOIIMil aHanWU3 TOdy-
YEHHBIX JaHHBIX IO3BOJISIET CHEeJaThb BBIBOJ O TOM,
YTO CBOWCTBAa KOMIIO3UTHON HAHOCTPYKTYpPUPOBAaH-
HOM cpelibl CYIleCTBEHHBIM 00pa3oM 3aBUCST OT BUIA
COCTaBJISIIONIMX CPely MaTepUAIOB, a TAKXKE OT Xapak-
TEPHBIX Pa3MepPOB OTAEIbHBIX COCTABISIOLINX CUCTE-
Mbl. CTPYKTYpBbI, COCTOSIIIME U3 MaTepuajoB, aKTUB-
HBIX TIpU BO30YXIEHWHU IUIA3MOHHBIX PE30HAHCOB,
HMEIOT XapaKTepHble pa3Mephl MOpsiika HAHOMETPOB,
TOrga KakK Marepuajbl, MOIJIOMIAIONINE U3IydYeHHUE B
MUKPOBOJHOBOM JAualia3oHe, COAep>KaT MarHUTHbIE
BellleCTBA M MMEIOT XapaKTepHbIe pa3Mephl MOpsIKa
MUKpoMeTpoB. [lojlydeHHbIe pe3yJbTaThl MO3BOJISIIOT
pa3pabaTbiBaTh ITOKPBITHS, aKTUBHO B3aUMOIEMCT-
BYIOIIIME C 2JIEKTPOMAarHUTHBIM M3JIydeHHWEeM B pa3-
JIMYHBIX AUAIa3oHax JJIWH BOJIH.

DoTtorpaduu CTpyKTyp clellaHbl Ha 000pYAOBAHUM
L KIT "InarHocTMKa MMKpPO- M HAHOCTPYKTYp' IIpH
¢uHaHCOBOI moanepxkke MwuHuUcTepcTBa 00pa3oBa-
Husg U Hayku Poccuiickoit Menepanum.
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Selective Resonance Absorption of Electromagnetic Radiation

by Nanostructured Systems

The authors of the present work investigate the optical properties of fine-dispersed compounds of different substances obtained
by chemical synthesis, which demonstrate sharp narrow peaks in the optical density spectra connected with excitation of the plasmon
modes localized within small regions. The number, amplitude and positions of the peaks change during the chemical synthesis and
also depending on the controlled parameters of the system. The width of the common base of the optical density spectra for the syn-
thetic systems, which consist of nanoparticles, depends on variation of the sizes of the component elements and interaction between
the plasmon resonances. The position and width of the optical density spectra for the synthetic systems varies for different types of
nanoparticles. The phenomenological theory based on generalization of the model concepts concerning light scattering by small par-
ticles was developed. Application of the observed effects in the microelectronic devices especially in photovoltaic cells was analyzed.

Keywords: composite materials, chemical synthesis, plasmon resonances, absorption spectra, Mie theory, periodical dependen-

cies, photovoltaic cells

Introduction

Application of the nanosized metal particles in elec-
tro-optical tiny sensors, the devices based on the plas-
mon properties of nanoclusters, in chemical catalysts,
for development of sensor devices, including for detec-
tion of various biological objects, encourage interest to
the research of the methods and technologies for ob-
taining of such objects and to studying of their physical-
chemical properties [1, 2]. Interaction of the electro-
magnetic radiation with small-sized particles, depend-
ence of the properties of the scattered light on the ex-
ternal environment of a scattering particle provided to
the researchers a powerful arsenal for detailed studying
of the micro- and nano-objects, and laws of their in-
teraction with the external environment [3, 4]. The in-
terest to the research of the nanostructured surfaces is
also connected with feasibility of development of tiny
quantum generators (lasers) (for example, [5]). Another
important aspect is that the silicon, being a base ele-
ment of microelectronics, does not have a direct-zone
energetic space, and a consequence of that is a low ra-
diating ability, rather small section of light absorption
in comparison with the direct-zone semiconductors
and organic dyes. Very promising is a combination of
the physical properties of the quantum dots with metal
nanoparticles (nanocomposite systems) for excitation
of the localized plasmon-polarization modes [6]. Var-
ious mechanisms can ensure strengthening of the opti-
cal properties of the "quantum dots — metal nanopar-
ticles” structures. Besides, strengthening of the electric
field occurs near the metal nanoparticles (a near field
effect). Finally, a direct generation of the charge car-
riers in a semiconductor takes place due to distribution
of the surface plasmon modes.

For the research of the isolated particles of a com-
plex geometry the theoretical methods are used, for ex-
ample, the method of discrete dipoles [7, 8]. Despite
the fact that many aspects of the problem of light scat-
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tering by the particles of small sizes have been studied
[9, 10], the presence of the resonant phenomena, such
as collective electronic fluctuations of electrons under
the influence of light (for example, [11]) — plasmon ex-
citations, open new prospects and require more study-
ing, although there are many scientific and technolog-
ical results included also in the educational literature
(for example, [12]).

One of the important tasks of electronics is trans-
formation of energy of the external electromagnetic ra-
diation into the useful power of the energy sources, or
into certain signals, which can be used in information
technologies. Solution to those problems can ensure, in
particular, interaction of light with the linear and other
clusters of nanoparticles. This will allow us to integrate
the modern silicon electronics with highly effective
plasmon devices. Thus, the physical aspects investigat-
ed in the present work are important for understanding
of the basic moments related to conversion of the elec-
tromagnetic waves into the channels, with the resonant
effects of interaction of light with the substance. All this
is connected with the development of the new electron-
ic devices based on nanotechnologies [1, 2] and com-
bining the integrated properties of the effective plasmon
devices with a silicon element base.

The above enumerated aspects determine carrying
out of a detailed research of the synthesis of the fine-
dispersed environments and studying of their interac-
tion with the electromagnetic radiation in the bands,
where an excitation of the plasmon resonances is pos-
sible. The work is aimed at the use of the chemically
synthesized fine-dispersed systems with presence of
non-uniformly scaled objects for increasing of the effi-
ciency of interaction of the external electromagnetic ra-
diation in the area of the plasmon resonances [1, 2].

There are basic methods of obtaining of metal nan-
oparticles, which can conditionally be divided into
physical and chemical. The first group includes evapo-




ration of metal with the subsequent condensation on
various substrates, mechanical grinding of big particles
in mills, ultrasonic processing in the colloidal solutions,
and a number of other methods. The second group of
the technologies incorporates chemical, colloidal meth-
ods [1, 2], based on a chemical reduction of ions of
metals or electrochemical dissolution of a metal elec-
trode in the solutions encouraging formation of metal
nanoclusters or aggregates of particles, electrochemical
sedimentation of a substance in a nanoporous matrix
and its etch removal. The main efforts in the chemical
synthesis of the nanoclusters boil down to stabilization
of the nanoaggregates, formed in the reaction with the
use of various organic stabilizers. In [3] the methods are
described for reception of nanoparticles of cobalt from
cobalt chloride in the presence of stabilizers, at that,
nanoparticles are formed with a spread of the charac-
teristic sizes within 2...11 nm. The form of the particles
to a great degree depends on the synthesis parameters.

The aim of the present research is development of
the absorbing coatings with high selectivity and trans-
forming radiation into the plasmon modes of various
wavelengths for application in the photovoltaic devices,
in particular.

Experimental part

For synthesis of the substances with selective ab-
sorbing properties the following chemical reagents were
used: MPEG — methoxy polyethyleneglycol — 550
from Fluke Co., cobalt nitrate hexahydrate of HCh
qualification, silver nitrate of OSCh qualification,
deionized water 18 MQ/cm. Synthesis of the graphene
oxide and its cleaning were done by the method [13].
All the reagents were used without additional cleaning.
Single-channel UV SF-56 spectrophotometer from
LOMO Co. was used for research of the absorption
spectra in the ultraviolet and visible ranges.

Synthesis of a nanostructured cobalt compound
was done in MPEG solution and compound of cobalt
nitrate Co(NOs3),, and also SDBS — sodium dodecyl
benzene sulfonate. Then it was subjected to radiation
during 1...15 min. For this purpose PANASONIC
NM-GS597M microwave oven was used with frequen-
cy of 2,54 GHz. The power of the oven was controlled
by an inverter within the range of 1 kW...0,2 kW. For
temperature measurement TESTO-845 contactless ther-
mometers were used. For safety of operation, the TESTO
optical input for thermometers in the microwave oven
was implemented in the form of a beyond-cutoff
waveguide with the attenuation coefficient of 60 dB.

This synthesis of the nanostructured compound of
cobalt acquired the name of "microwave polyol". Dur-
ing reaction of reduction by means of polyol the metal
particles absorb the microwave energy, which leads to
a fast local warming of the solution around a particle,
known as surface polarization. Ethylene glycol is well-

known as a synthesis environment and is widely used
for preparatory obtaining of the nanosized materials
[14]. Ethylene glycol is widely used for synthesis of na-
noparticles of metals due to its unique physical prop-
erties: high constant of dielectric permeability and, as a
consequence, solubility of many ionic compounds in it,
in particular, of the salts of metals, high boiling tem-
perature (195 °C at the atmospheric pressure), which
allows a synthesis with the inorganic salts at rather high
temperatures. Thus, ethylene glycol is a strong reduc-
ing agent.

One of the versions of polyol synthesis is the use of
polyethylene glycoles (PEG) of various polymeriza-
tions, at that low-molecular PEG-200, PEG-400 and
PEG-600 are liquids, while higher degrees of polymer-
ization are solid substances. One of the strongest reduc-
ing agents among the polyols is the monomethyl aether
of polyethylene glycole — MPEG, which was used in
the work for synthesis of the nanometal clusters of co-
balt [14] and silver [15]. The chemical environment of
ion of a metal at the initial stage of reaction of reduc-
tion influences the size and dispersion of the sizes of the
nanoclusters of metals. In the polyol process MPEG
(CH;0(CH,CH,0),—H) acts as both a reducing agent
and as a soft matrix for the metal particles-nanoclusters.
Under the influence of UV irradiation it generates free
radicals, which restore ions of metals.

Reduction of the salts of metals into the metal na-
nopowders in a polyol environment, including with the
use of a microwave radiation, is well-known, i.e. appli-
cation of a microwave heating for the synthesis of metal
nanoparticles is a well-developed method. Thus, it is
necessary to single out certain features of the process.
Energy of a photon of a microwave range is about
1037 /mol, which is 25—40 times less than the energy
of rupture of a molecular bond. Energy of the micro-
waves activates the oscillatory modes of groups of bonds
in a molecule, which can be dubbed "antenna groups".
There is no other influence of the microwave energy on
the mechanism of the course of a chemical reaction,
except the thermal dissipation of the microwave energy.

Samples of the multilayered grapheme oxide were
synthesized by the modified method of Hammers and
identified by X-ray phase diffraction, element analysis
with the use of the energy-dispersion method, spectros-
copy of combinational dispersion, and also IR-Fourier
spectroscopy: The samples were used in the form of
powders, tablets and films. The spectra of combination-
al scattering of the graphene oxide were recorded with
the use of EnSpector-R532 spectrometer within the
range of 140...6030 cm ™!, and resolution of 6 cm ™!, the
number of scans were 20...300. The X-ray-phase analysis
was done with the use of ARL XTRA-Termo-Techno
powder diffractometer. The results of the analysis, and
also the pictures received by means of an electronic mi-
croscope, testify to formation of a graphene oxide com-
pound.
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The method for reception of nanoclusters of metals
in MPEG solution is simple enough. At first a portion
of silver nitrate, weighed with the accuracy of 1074 g,
was dissolved in a minimum quantity of deionized wa-
ter, then, a necessary quantity of MPEG was added to
the solution; Concentration of the test was 60 mM/1
and was determined photometrically. Liquid cuvette
with thickness of 1 cm with a magnetic mixer filled with
the investigated solution was fixed in the cuvette ther-
mostating section of SF-56 spectrophotometer from
Lomo-Spektr Company. The prepared reactionary so-
lution was used immediately, because at a room tem-
perature the reaction proceeds rather quickly. The
spectra of the absorption for the solution were recorded
with certain time intervals. If cobalt nitrate is used, a
preliminary dissolution in water is not required (crys-
tallized water is enough), dissolution occurs directly in
MPEG. Then it was exposed to 1 kW-power microwave
radiation within 1—15 min. After each exposure the ab-
sorption spectra were filmed.

Each stage of the influence of the microwave radi-
ation on the system was accompanied by recording of
the absorption spectra on SF-56 standard installation,
radiation in which was generated by lamps and scanned
into the spectrum by a diffraction lattice. The typical fi-
nal result of a synthesis influenced by a microwave radi-
ation is presented in fig. 1. As is visible, there are struc-
tural formations of various scales from 10...20 nm up to
1 um, at that, (fig. 1) inside the objects with the size of
about 100 nm there are many close-packed and cov-
ered objects with the sizes of 10...20 nm. Fig. 1, b—1, d
presents a kind of the formed structure of various scales.
As a whole, the structure looks like a disordered fractal.

Nanoclusters of silver are formed by a similar tech-
nique, that is, photolysis of a solution containing ions
of silver and MPEG in the presence of water. During
a consecutive chain of reactions MPEG molecules turn
into a powerful reduction reagent, capable to reduce the
ions of silver up to the metal state. Such atoms act as
centers of nucleation and growth of the metal clusters
due to reduction of the ions remaining in the solution.
This stage has an autocatalytic character. The reduction
potential — an ion of metal/atom of metal and an ion
of metal/cluster of metal — becomes more negative
than the ion of a metal/massive metal. The result is for-
mation of a cluster metal structure. Photos of the silver
nanoclusters are presented in fig. 2.

The spectra of absorption of cobalt nitrate after each
stage of formation of a material due to exposure by a
microwave radiation are presented in fig. 3, a. The op-
tical density D characterizing the absorption of the in-
cident radiation, has obviously expressed maxima, which
under the microwave radiation are modified into a se-
ries of narrow, sharp resonances. At the initial stage the
absorption spectrum has two characteristic maxima in
the areas of 300 and 536 nm, which is typical for the
compound of cobalt nitrate Co(NO3),. After processing
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of a sample by the microwave radiation within several
minutes broadening of the peak occurs with the begin-
ning of growth in the range of 450 nm, which comes to
an end in the range of 650 nm (fig. 3, a, diagrams —§).
The series of diagrams /—&is located rather densely, so
some of them are practically indiscernible and are not
marked (fig. 3, a). During processing of a sample by mi-
crowave radiation within approximately 15 min, radical
changes take place in the absorption spectra, on which
there are several narrow sharp maxima, at that, the ba-
sic wide base maximum broadens practically from 300 up
to 900 nm (fig. 3, a, diagram 9). The spectrometer de-
vice has a top limit of the optical density, therefore, the
optical density is cut off at D = 7 (fig. 3).

During the experiment measurements were done of
the optical density of the fine-dispersed environments
on the basis of the synthesized compounds, which was
connected with the absorbing and disseminating prop-
erties of the environment and defined under the formula

D(x) = 1g(1/T(w)),

where T(L) — is transmission coefficient; A — wave-
length of the incident radiation. Optical density D(})
is the sum total of various contributions (for example,

[16]):
D() = To™ (., Rk)'l’i(-ylik—)lg(e)d, (1)

where n;/V is concentration of the particles with the
characteristic size Ry; d — thickness of a sample; o™ —
section of extinction.

Typical spectra of absorption for the cluster struc-
tures on the basis of silver with a sharp maximum in the
range of 423 nm are presented in fig. 3, b, 4, a (compare
them with the data from [2]). Let us point out, that the
structure on the basis of the silver clusters as a whole
consists of spherical formations, rather close by their
sizes (see fig. 2, a), while the structure on the basis of
cobalt represents clusters, non-uniform by their struc-
ture and arrangement (see fig. 1, a). The dynamics of
formation of the investigated cluster structures is char-
acterized by the presence of a number of strongly pro-
nounced stages.

After a rather big time interval the spectrum of a col-
loidal silver solution acquires one sharp resonant peak
(see fig. 4, a). Thus, the dynamics of formation of the
colloidal solutions of some compounds passes the stag-
es, which are characterized by a gradual formation of
the structures, active in the corresponding part of the
electromagnetic spectrum, their interaction with the
environment, and formation of rather homogeneous
objects.

In the compounds of cobalt nitrate type the finally
formed nanostructured environment is characterized by
several sharp maxima, while the environment on the
basis of silver nanospheres gives one sharp peak.




For analysis and interpretation of the undertaken
research it is necessary to note several discovered reg-
ularities. As one can see in fig. 1 and 2, the generated
structure is rather complex, so that the objects of a
smaller size form structures with those of a bigger
size. View of the corresponding spectra of absorption
(fig. 3) testifies to the fact that several modes of various
frequency, and extremely small width, located on a
wider spectral line (approximately from 300 up to
900 nm — fig. 3, @) are simultaneously active. Sharp
maxima of the absorption peaks respond to A; ~ 349 nm
(0 ~ 5,38-101° s, E ~ 3,5 eV), &) ~ 425 nm
(0y~4,43-10" 571 E ~ 2,9 eV), &3 ~ 540 nm
(03~3,48-10" 1 E ~ 2,3 eV), 44 = 700 nm
(04 22,69+ 101571 E~ 1,8 eV) where © and E — are
frequency and energy of radiation. This testifies to the
presence of the plasmon resonances in the investigated
system, in the presented interval of the wavelengths.
Fig. 4, b—d testifies that after agitation of the colloidal
solution of the graphene oxide, the junction of the solid
particles of the solution each time occurs a little bit dif-
ferently, which is reflected in the varied arrangement of
the sharp peaks in the absorption spectra for different
agitations. Dilution of the solution of the graphene ox-
ide leads to a gradual reduction of the number of sharp
peaks and their sizes up to their complete disappear-
ance (see fig. 4, d—f).

Q

Q

Q

Theoretical analysis of the results

Leaning on the experimental laws, it is natural to
base the considered model on the dependence of the
parameters, which determine absorption of the radia-
tion energy, i.e., the arrangement of the peaks of ab-
sorption and their width on the sizes of the scatterers
and their interaction among themselves. The complex-
ity of interpretation of the results consists in the fact
that the traditional classical approaches based on mod-
els of Drude—Lorents—Sommerfeld do not take into ac-
count the dimensional effects, determined by the cross-
section sizes of the particles, forming the system, and
interactions between those elementary scatterers (for
example, [16, 17]). The modern methods, developed
deeply enough in literature, are the consecutive steps in
a more detailed description of the complex systems rep-
resenting the ensembles of the interacting scatterers
with the nanometer cross-section sizes [7; 18—21].

One of the basic characteristics of the dissipative
properties of the environment is the polarization factor
o(w), depending on the frequency of the incident radi-
ation. The problem of finding a(w) for the infinite lat-
tice of the polarizable discrete dipoles is solved in [22].
The expression depends on the parameter, describing
the distance between the scatterting centers, and also
on the polarization of the incident radiation. The ex-
pression for the polarization factor is characterized by
a shift of the characteristic frequencies, and also influ-

ence of the environment on the dissipative properties.
Let us point out, that already for the classical oscilla-
tors, interacting by means of the elastic forces, there is
a solution with a shift of the resonant frequency de-
pending on the intensity of interaction with the envi-
ronment [23]. The shift of the resonant frequency is al-
so characteristic for the model of the average field based
on Clausius—Mossotti correlation [24]. The general
idea of the approach to estimation of the results of the
present work leans on the aspects stated, in particular,
in [19], where an approach is given to calculation of the
polarization of a separate particle and extinction sec-
tion, depending on the properties of the environment of
a scattering particle. The result testifies to the fact that
a shift of frequency of the absorption maximum takes
place, as well as a change of the width of the spectrum.
A more detailed analysis of the correlations is presented
in [25], where an analytical expression is given for the
polarization of the environment with account of inter-
action of the scattering dissipation of a particle with the
environment. This expression leads to an asymmetrical
form of the line for calculation of its characteristics.
The final result for description of the dissipative prop-
erties of an ensemble of particles is obtained by sum-
mation for all the particles, scattering the energy of the
incident radiation.

In the standard approach proposed by Mie, the
Maxwell equations are solved inside and outside of the
small scattering particle and are sewed on the border of
the solution for the field inside and outside of the
sphere. In this approach the shift of the resonant fre-
quency and also the attenuation characteristics, that is,
an imaginary additive to the polarizing properties, can
be described.

According to Mie theory, the cross-section of scat-
tering of radiation on a metal sphere can be presented
in the following form [10]:

2 o

5% = 21 5 oy 4 D{la,(x, mx, m)? +
mzﬁ) n=1

+ [b,(x, mx, m)|, )

where c is the speed of light;

Y, (mx)y ,(x) = my ,(X)y ,(mx)

a,(x, mx, m) = - - ; (3)
Wn(mx)gn(x) - mgn(x)\yn(mx)

bn(x, mx’ m) — m\vn,(mx)\‘r]n(x) - W’n(mx)Wn(x) ’ (4)
mWn(mx)Cn(x) - Cn(x)\lln(mx)

vn(2) = 2jy(2) = JT-TQ-Z In +172(2); %)

aa=a@= [EH 00 ©
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v,(2), €,(2) are functions of Riccati—Bessel and Ricca-
ti—Hankel; j,(z), hg) () — spherical functions of Bes-

sel and Hankel; J, 1 | 2(2), H, functions of

o 1/2 () —
Bessel and Hankel of a half-integral order; x = 2nr/A =
= 2nrmy/ A geyums M = mMy/my, my, my, — indicators of
the refraction of the sphere and environment, accord-
ingly; r — size of the scattering particle.

Within the limit of small parameter x = kr (where k

is the wave vector) from the presented formulas we
get [10]:

a; = is°(1 + o — isx®), by = isux’, (7)
where
2 2
_2m -1 _3m -2 1 2
s=2 ;1= D u= - (mr+2). (8
3m2+2 5m2+2 0

Being limited by the first summand in (7), from the
formula (2) we receive the known expression for the
section of light scattering on a small sphere [10]:

n2—1
n2+2

2
8nr
54 =

4
- <, ©)

where it is assumed that: m; = n, m, = 1.

In another widely presented approach (in the elec-
trostatic limit) the equation of Clausius-Mossotti (for
the visible spectrum with account of the frequency dis-
persion — the equation of Lorentts-Lorents) is used to-
gether with the model of fading oscillators in the peri-
odic external electromagnetic field. This model ex-
plains easily a shift of the resonant frequency during in-
teraction of a local oscillator with the environment. In
[26] the two above approaches are compared. Polariz-
ability of the scattering spherical particle with account
of the radiation damping and dynamic depolarization is
expressed by the formula [26]:

%

. —. (10)
l—k ao/r—2/3lk O(,O

o=

where ay is quasi-static polarlzablllty defined by the
correlation [25]: oy = (e — l)r /(e + 2), r — radius of
a spherical particle, k — module of the wave vector
connected with the frequency by correlation k£ = o/c,
¢ — dielectric permeability of a particle. For a disperse
dependence £(w) the standard model of Drude is used,
$0, g(w) = 1 — 0p/o(o + iy,). After that the expression
(10) with the use of the above correlations is trans-
formed into the following form [25]:

23
B /302
o ) 7550 (D

2
r r
3c c
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where v, is the dissipation factor; o, — frequency of the
volume plasmon.

For reception of the initial formula for estimation of
the observable effect, the fact is used, that interaction
of a particle with the environment, that is, with the oth-
er particles, which are in its affinity, results for polari-
zation of the environment in:

P=Ey(a ' —9),

where E| is intensity of the electric component of an
electromagnetic field of the incident wave; .§ — the sum
with account of the dipole interaction between the
neighboring particles [19].

In that specific case, interaction among themselves
of the regularly located scatterers, contributes to the
shift of the resonant frequencies and exerts influence on
the dissipative properties of the system.

The extinction cross-section can be presented in the
following form [19]

N

dnk P), (12)
\E0| =

incj

where k is the module of the wave vector of radiation;
Ey is a peak value of the intensity of electric field of the
incident wave; E’, inc.i 18 the intensity of the electric field
of the incident wave; Pj is the vector of polarization of
the environment for j light scattering particle; N is the
total number of the scattering particles, the summa-
tion is done by the scattering particles numbered with
index j. For identical particles we will receive extinction

cross-section in the following form [19]:

o™ = 4nNkIm(P/Ey). (13)

The extinction cross-section per one spherical fre-
quency o, (see, for example, [27]) is expressed by corre-
lation: 6, = /. Since Pis proportional to £, then o,
is proportional to polarizability: P = aEy/(1 — a.§).

Practically all the approaches presented in literature
lead to a similar form of a spectrum line with different
arrangement of the maxima and width of the lines. The
line form is asymmetrical, which is visible in fig. 3, 4.
Using this fact, we come to a modeling expression for
the value, describing the interaction of the environment
with the electromagnetic radla‘uon Let us introduce
value equal to: Q, = cse/(4nkr ). The expression for the
dimentionless value of the efficiency of light scattering
Q, can be transformed to the model kind, containing
the dimentionless values:

Qe =
[(B(y(o) + c&)2) + 1"5-0)]
> 2 0).2 0 2 0 7 (19
"[® (1+a)—1/3—Q§ )] +[o(y +co )+F§. )]




where summation is done by the parameters, corre-
sponding to the maxima of absorption, ® = w/w, — is
the dimentionless frequency of the incident electro-
magnetic radiation, y(o) = y/o, — the dimensionless
parameter describing attenuation; Q; "’ — dimension-
less parameter including a real part of interaction of the
allocated i-particle with the environment, which tests
the resonant absorption on the frequency of radiation,
FEO) — dimensionless parameter including an imagi-
nary part of the interaction of the allocated i-particle
with its environment, testing the resonant absorption;
a, ¢ — dimensionless parameters. Expression (14) agrees
with the expression from [25]. We should point out, that
parameters Q.°’, T';"’, contain, in particular, accord-
ingly, Re(S) and Im(S), describing the total contribu-
tions of the closely situated elementary scatterers, which
can be positive and negative (for example, [8, 18, 19]).
This expression determines the position and form of the
observable maxima in spectra in fig. 3, 4. We should
point out, that similar rather convenient units of the
plasma frequency o, are also used for measurement of
arguments in [28].

The approaches based on the quantum-mechanical
schemes demand a finding of the own values of matrix-
es for the operator of the dipole interaction between the
scatterers [29—31]. Then the form of a line of absorp-
tion, distribution of the intensity of the electromagnetic
field by distribution of the scatterers can be calculated.
The weight factor, defining the form of the lines of the
spectra, in this case has a Lorents character. Similar ap-
proaches provide an opportunity to describe the local-
ized plasmons, in particular, in the fractal environment
[29—31].

It is possible to draw a conclusion, that for the given
processes there is in general an asymmetrical form of
the characteristic spectra lines (fig. 3, 4). Shift of the
maxima and the width of each line are determined by
the interaction with the environment. Plurality of peaks
is defined by isolation of the agglomerations of the el-
ementary scatterers, localized in different places.

The results of the calculations done in accordance
with formula (14) are presented in fig. 5. Maxima of Q,
coinside with the maxima of the spectrum (fig. 2). The
spectrum (fig. 5) reflects the basic regularities of the re-
ceived dependence (fig. 3, @). The common basis of the
spectrum is not a Lorents curve, similar to the present-
ed dependence on the experimental curve (fig. 3, a).
Parameters QE. , describing the positions of the maxi-
ma of the dependence, are included into expression
(14) [32]. They agree with the values having a physical
sense, embracing the spectrum of the values from units
up to several tens of units (in units o, ~ 101 s_l). FEO) ,
connected with the dissipation energy, is by two or three

(0)
orders less than Q;° for the narrow peaks and several
times less, than the value for a wide peak, which is the
basis for all the dependence. For a wide peak there is

"a weight multiplier”, because the peaks are connected
with a number of particles with the corresponding sizes
and forms, and the common basis is determined by the
interaction of light with a sample.

Value of w;, ~ 10'° s~! used in the work for numer-
ical estimations for the characteristic frequency of the
collective plasma fluctuations is based on several rea-
sons and differs from the usually applied order of this
value for metals o, ~ 2n - 1016 71, Firstly, the form of
the particles may differ from the spherical one, for
which the above formulas are fair. In case of an extend-
ed form of a particle the correlation [10] takes place:

o = Loy /[ey — Lie, — DI,

where L — is the length of the extended particle;
0 < L<1, e, — dielectric penetrability of the envi-
ronment, that is, the resonance frequency will be
lower, than the frequency of the volume plasmon
(o ~ 2m- 1016 s_l), the dependency of the resonance
frequencies on the forms of the particles, in particular
[1, 2]. Secondly, various modes of plasmon fluctuations
may be excited for the sum total of the particles, having
various laws of dispersion and resonant frequencies
[33, 34]. The resonant frequencies for various modes
are approximately 10 times less than o, [34].

The width of the peaks (fig. 5) has somewhat bigger
values, than from the experiment (see fig. 3, 4). The
reason for occurrence of the narrow, resonant peaks
can be the localized, plasmon modes [1]. As it is men-
tioned in [1], there is a direct analogy between the spec-
tra of the localized plasmons and the spectra of the at-
oms and molecules. Solution to the task of the energy
spectrum of the charged spherical cluster leads to the
expressions for the basic characteristics (levels of ener-
gy, wave functions), similar to those for the atoms and
molecules [1]. In [35] an account was done of the usu-
ally rejected members in Mie theory of dispersion of
the electromagnetic radiation by small spherical par-
ticles, and it was demonstrated, that the summands
can determine extremely narrow peaks depending on
q = an,o/c, where a — is characteristic size of a par-
ticle, while the characteristic width of the peaks is de-
fined according to v, ~ ¢ * 1 (1=1, 2, 3, ...). This
characteristic behavior was dubbed by the authors [35]
as an abnormal scattering.

Besides, as it follows, in particular, from [21], a sep-
arate mode of the plasmon fluctuations in the system of
the discrete scatterers can ensure spatially divided lo-
calizations of the non-uniform concentration of exci-
tations ("hot spots"). Similar effects are observed, for
example, during scattering of the electromagnetic radi-
ation on the fractals [29—31]. In such cases localization
of the plasmon modes takes place. The most important
feature of the solution is the presence of a resonant fac-
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tor in the denominator (g, — &(®)) [1, 21]. At certain
frequencies of w,, such as (¢, — &(0)) = 0 a plasmon
resonance appears in the system, and in the solution
only one member is essential [1]:

e, EydV
E~E)+e, E@-DYV : (15)
(Sn—S((D)) J'efldV
V

where ¢, is dielectric permeability, corresponding to the
own frequency of w,, while e(w) is the dielectric per-
meability on the frequency of o (see [1]).

In this case the localized plasmon with frequency o,,
is excited also with the spatial structure described by
field e, which does not depend on a concrete material
[1, 21]. An important feature of the approach is that the
properties of the plasmons depend only on the form of
the particles. The width of the resonance as a frequency
function depends on the imaginary parts of &, and &(w)
and in a case of the nanoparticles the imaginary part
Im(e,) ~ (ka)® is very small.

In [36] the quantum-mechanical calculations of
various clusters were carried out. Calculations of the
electronic structures of the complexes taking into ac-
count their relaxation to the equilibrium state were
done within the framework of the functional density
theory with a hybrid functional. The energy spectrum of
the low-lying excited electronic states for the linear and
octahedral complexes was calculated. Lowering of the
symmetry during formation of the complexes leads to
appearance in the electronic spectrum of the excited
states of the allowed singlet transitions, forbidden in the
optical spectra of the initial components. The corre-
sponding spectra of the singlet excited states of the
complexes represent a series of narrow peaks. During
a complication of the structure of the ordered clusters
the number of the sharp resonant peaks in the spectra
of the excited states of the allowed singlet transitions in-
creases [36].

In the present work a similar calculation was done
of a relatively small cluster (15 atoms) consisting of the
atoms of silver, for the dependence of the oscillator
force f on the transition energy (F). The results of the
calculation are presented in fig. 6. From the analysis of
the numerical values one can see, that the resulted val-
ues agree well enough with the maxima values of the
cobalt clusters presented in fig. 3, a. However, the lines
of the spectra appear to be wider-than they were ob-
served in the experiments (see fig. 3, 4). We should
point out, that the molecular orbitals in a cluster are
formed as a result of a mutual penetration or an inter-
ference of the atomic orbitals, therefore, the spectrum
of the excitements represents the levels of a collective
of atoms forming a cluster.
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Discussion

The fine-dispersed compounds received by a chem-
ical synthesis show sharp, narrow peaks in the spectra
of the optical density, connected with the excitation of
the localized plasmon modes. The number and height
of the peaks change in the course of the chemical syn-
thesis, and also depending on the controllable param-
eters of the system, which allows us to draw a conclu-
sion on availability of a stage, at which the greatest
number of the isolated resonant modes is formed. Such
properties can be used for development of the coatings,
which absorb and transform the electromagnetic radi-
ation in a wide spectral range in the photovoltaic de-
vices. This may be useful for development of high-ef-
ficiency solar elements, and also in the poorly reflecting
coatings and in the selective concentrators of radiation.

In [37] the results are presented of development of
a photovoltaic element using as concentrators of the
electromagnetic radiation the nanometer metal parti-
cles of nickel, deposited the on the surface of the de-
vices by means of electrochemical deposition. This
demonstrates that the efficiency of such an element has
roughly doubled in comparison with a similar element
without a deposition of nanoparticles. The research is a
continuation of those works for development of the
photovoltaic elements with improved properties and
use of the light absorbing and transforming coatings.
The given work is devoted to development of such coat-
ings, that is, synthesis of the substances and com-
pounds, which possess selectivity of absorption and dis-
persion of light of certain wavelengths and contain na-
noparticles from various materials. The data, presented
in [36] about the use of the structured materials in the
solar elements, testify to the practical success in this di-
rection.

As is visible in fig. 3, a, b, appearance of sharp, nar-
row resonances is connected with the expansion of the
common basis of the spectrum of dependence of the
optical density on the wavelength of the incident radi-
ation D(L). Diagrams D(A) in fig. 3, a, b demonstrate
the laws of synthesis of the chemical compounds on the
basis of cobalt and silver in a consecutive order by the
time of formation, which at a certain stage is accom-
panied by occurrence of the resonances, whereas the
diagrams for the graphene oxide in fig. 4, d—frepresent
a sequence connected with disappearance of the reso-
nances due to dilution of a solution with the deionized
water. Let us note the presence on the top diagrams in
fig. 3, a and fig. 4, f of a rather dense series of smaller
peaks, which disappear during a subsequent dilution of
the solution with the nanoparticles of the graphene ox-
ide on the bottom diagram of fig. 4, f. Due to the fact
that an elementary mechanical analogue of the system
consisting of two pendulums connected by the elastic
forces with the own frequencies of ®;, w, represents a




strip filter, the expansion of the common basis of the
spectra D()\) during appearance of a series of the reso-
nant peaks can be considered as an expansion of the
frequency band, which is absorbed by the system with
a varied degree of efficiency. Disappearance of the
peaks of various values leads to a narrowing of the wide
basis similarly to the one presented in the bottom dia-
gram of fig. 4, £. Such a narrowing occurs even in the
presence of one sharp resonance in comparison with
the availability of a series of the resonances (compare
the top diagram in fig. 3, b for the silver particles and
the diagram in fig. 4, a).

Absence of any resonances in the bottom diagrams
in fig. 3, a for cobalt compounds is presented by the de-
pendences narrower in comparison with the depend-
ence for the common basis of the resonances on the top
diagram in fig. 3, a in the presence of a series of the nar-
row, sharp resonances. The width of the spectrum of
the optical density at the semiheight for the nanopar-
ticles on the basis of the cobalt compounds varies dur-
ing the synthesis within the range of 480...580 nm in the
beginning and up to 340...850 nm in the end. For the
compositions on the basis of the nanoparticles of silver
the same characteristics demonstrate changes of ap-
proximately 360...475 nm in the beginning and up to
340...500 nm in the end. For the compositions on the
basis of the nanoparticles of the graphene oxide similar
indicators lead to the changes within an interval of ap-
proximately 150...380 nm in the beginning of the syn-
thesis and 150...650 nm in the end. At that, the begin-
ning of the spectra in case of the graphene oxide is ex-
trapolated, because it lies in the region beyond the sen-
sitivity of the device. It is possible to draw a conclusion
that the widest spectra of the optical density are the
spectra of the nanoparticles on the basis of the com-
pounds of cobalt and graphene oxide (the width of the
spectrum at a semiheight is about 500 nm). The spectra
of the above compounds lie in different ranges of the
wavelengths, besides, the spectra on the basis of the na-
noparticles of graphene oxide have a bigger quantity of
sharp peaks in comparison with the spectra of the na-
noparticles for the cobalt compounds. Availability of a
magnetic component in the cobalt compounds, as a
rule, leads to an active absorption by the material in the
micrometer range.

On the basis of fig. 1 and 2 it is possible to draw a
conclusion that the spread of the sizes of the structure
elements in the system on the basis of the cobalt com-
pounds is wider than that of the system on the basis of
silver. This fact may explain the presence of a wider
spectral basis in dependences D(}) for the cobalt com-
pounds (top diagram in fig. 3, @) in comparison with the
basis of the spectra for the nanoparticles of silver (top
diagram in fig. 3, b).

We should also point out that the assessments sited
in [17] give a substantially smaller shift in relation to the

frequency, corresponding to the maximum of absorp-
tion oy, Ao = ® — wy due to interaction of the particles
with their environment, than it follows from the present
study. According to [17], with the accuracy up to the
summands of the first order of infinitesimality, the nor-
malized frequency shift is given by the expression:

3ne .
80 — 5770 LRe(d; - E,. (16)
0 Ak

where E; is the secondary local field; y, — speed of
atomic relaxation; dy — dipole moment, not depending
on time; gy — dielectric permeability of vacuum; ¢; —
inner quantum output. Shift of the frequencies in the
system representing nuclear dipoles, due to interaction
with its environment, is rather small and is within the
limits of the width of a line [17].

In our case the shifts of frequencies are considerably
bigger, therefore it is important to have a detailed ac-
count of the resonant interaction of a particle with the
environment, especially in the conditions of a regular
arrangement of the particles in the structure [18, 19],
and also an account of the dependence of the absorp-
tion characteristics on the sizes of the elementary scat-
terers [1, 10]. Besides, an interaction between the res-
onant fluctuations, which leads to an essential shift of
the positions of resonances, takes place.

As it is pointed out in [34, 38], the dipole model for
a cluster of two, three and infinite number of particles,
works while the distances between the centers of the
particles are three times bigger, than their radiuses. In
case of smaller distances, various modes of the plasmon
resonances with various laws of dispersion [1, 33, 34]
get excited. The efficiency of interaction of those modes
with the electromagnetic radiation is higher, than for a
regular dipole interaction. Contribution to Q, from the
interaction with the environment to parameter Q; " in
particular, may be determined by the excitement of the
resonance modes of various kinds, which interact effi-
ciently with radiation [1, 33, 34]. As it was marked, in
particular, in [39], the monomers of a number of com-
pounds are highly effective resonators, that is, the fluc-
tuations of the local field in such an environment are
essentially higher, than the external exciting field.
Therefore, on the basis of the analysis of the experi-
mental data it is possible to draw a conclusion that the
synthesis of the compounds considered in the given
work goes through the stage of formation of the mon-
omers (of oligomer type).

The summands, which are part of QE-O) and 1"5-0),
contain information on streamlining of the scatterers
into various kinds of the right structures, both one-di-
mensional, and two-dimensional [18, 19]. We should
notice that MPEG (CH;0O(CH,CH,0),—H) repre-
sents an ordered structure with regularly located atoms
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of oxygen with a strong ionization. Those polarized at-
oms of oxygen can attract the atoms of a metal (silver,
cobalt, etc.), so that the arrangement of the scattering
metal centers in such structures is regular. The photo of
the structure of the silver clusters testifies to this (fig. 2).

It is necessary to pay attention to an additional op-
portunity of an intensive absorption of the electromag-
netic radiation on the one-particle local states of the
charge carriers, arising in the vicinity of a particle (di-
electric, semi-conductor) in the quasi-zero-dimension-
al systems [40]. Synthesis of such heterophase systems
as strongly absorbing materials in a rather wide range of
the wavelengths could vary, depending on the kind of
the used substances, and it provides new opportunities
for development of the light absorbing and transforming
coatings [40].

We should point out, that similar research works
were done also with the magnetic materials for obtain-
ing of the weakly reflecting coatings in the micrometer
range of the wavelengths [41, 42]. Specificity of the re-
sponse of the condensed environment to the external
influence of radiation depends on the properties of the
environment itself and on the range of the frequencies
of the incident radiation. Essential properties of the
composite environment are the characteristic sizes of
the particles, which make part of it, and the specificity
of the component materials. Thus, a direct excitation of
the narrow plasmon resonances is possible in a nano-
structured environment with the presence of the metals
possessing small attenuation (gold, silver) in the range
of frequencies of 1055..10'° s~ 1. An important role is
played by the electric component of the electromagnet-
ic radiation. Excitation of the plasmon fluctuations in
the regular crystal substances of the macroscopic sizes
is possible only under special conditions, whereas in the
nanostructures the plasmon resonance arises under a
direct influence of radiation on a nanosystem [1]. The
range of the frequencies of the electromagnetic radia-
tion, investigated in [41, 42], had an order, typical for an
electronic paramagnetic resonance, i.e. 10°...1010 s_l,
while the size of the particles was measured by microm-
eters. An essential role was played by the magnetic
component of the electromagnetic radiation. Thus, by
varying the components of the composite materials and
their sizes, it was possible to receive the substances, ac-
tive in various ranges of the electromagnetic radiation,
for solving of various tasks, connected with a conver-
sion of the incident radiation into the other kinds of ex-
citements.

In conclusion, we will point to the analogy between
the mechanical system and the investigated structure
from the nanocomposite environment, which interacts
with the incident electromagnetic radiation. The system
consisting of two mechanical pendulums, connected by
the elastic forces in the external field of gravity, has two
own frequencies shifted in relation to the independent
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frequencies of the isolated pendulums [43, 43]. Besides,
during excitement of the two modes, the width of the
resonant curve is more narrow |Ao,| = v/2, compared
with the width of the line, equal to y for an isolated os-
cillator. The connected oscillators are a kind of "a band
filter", they weaken the influence of the external force
with frequency o, which is beyond the interval (w5, ),
where o, w, are the own frequencies of the system of
the connected oscillators [43, 44]. The basis of the
transformation of energy in the mechanical and elec-
tromagnetic cases is common — it is an interaction of
the oscillating systems. Thus, the investigated coatings,
which represent interacting cluster formations with a
complex spectrum of absorption, can serve for an ef-
fective absorption and transformation of the energy of
the external electromagnetic radiation.

Conclusion

Research was done of the optical properties of the
synthesized fine-disperse compounds of various sub-
stances, which demonstrated rather sharp, narrow
peaks in the spectra of the optical density, connected
with excitation of the plasmon modes, localized in
small areas. The number, height and position of the
characteristic peaks changed during the synthesis, and
also due to the changes of the controllable parameters
of the system. The phenomenological theory of gener-
alization of a set of the available modeling notions
about the process of dispersion of light by small parti-
cles was developed. The received generalized formula,
describing the absorption of light in the environment,
which contains scatterers of small sizes, takes into ac-
count the contributions of various effects, including the
ordered chains of the elementary scatterers. This allows
us to explain the presence of the narrow intensive peaks
in the absorption spectra. An analysis was done from
the point of view of excitation of the localized plasmon
modes. A bulk analysis allows us to draw a conclusion
that the properties of the composite nano structured
environment essentially depend on the kind of the ma-
terials and the characteristic sizes of the separate com-
ponents of the system. The structures from the materi-
als, active during excitation of the plasmon resonances,
have the characteristic sizes of nanometers, whereas the
materials absorbing the radiation in the microwave
range contain magnetic substances and have the char-
acteristic sizes of micrometers. The received results al-
low us to develop the coatings, which would interact
actively with the electromagnetic radiation in various
ranges of the wavelengths.

The photos of the structures were made with the use of
the equipment of Diagnostics of Micro- and Nanostructurs
Co. and with the financial support of the Ministry of Ed-
ucation and Science of the Russian Federation.
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M3MEPEHMUE NMPOYHOCTHbIX CBOMCTB AATE3MOHHbIX COEAMHEHUMH,
NMOAYYEHHbLIX METOAOM TEPMOKOMITPECCMOHHOIO CPALLMBAHUA
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Ilpedcmasnena memoouxka usmepenust NPOYHOCMU A02e3UOHHbIX COCOUHEHUL, NOAYHEHHbIX NymeM MepMOKOMAPEcCUOHHO20
CpawUBanHus 08yX KpPeMHUEBbIX NAACMUH C UCNOAb308AHUEeM Medu 8 Kayecmee ougqysuonnozo caos. Memoduka ocHoéana Ha
CMAHOAPMHOM UCNbIMAHUU 00pa3y08 Ha paspule. B memoduky enecenvt nonpasku, 00yci061eHHble MUNOM U pa3mepom 00pasya,
e20 ceoticmeamu U mpebosaHuUsMu K MOYHOCMU U 80CHPOU3B00UMOCMU Pe3YAbMAMOo8 UCAbIMAHUS, XAPAKMEPHbIMU 045 A02e3u-
OHHbIX COCOUHEHUU INEMEHMO8 MUKPOINEKMPOMEXAHUYECKUX YCMPOUCMS.

Karoueevie caosa: MOMC, kopnycupoganue, mepmMoKOMNPECCUOHHOe cpauueanue, Ouddy3uonusli caoi, NPOHHOCMb cOeou-
HeHusl, Kodpguyuenm Kpumu4eckol UHmMeHCU8HOCMU HANPAICCHUS

BBenenune

B HacTosiiee BpeMsi TeXHOJIOTMU MPOM3BOJCTBA U
MPAKTUYECKOTO MPUMEHEHUSI MUKPO3JIEKTPOMEXaHU -
YeCKUX YyBCTBUTENbHBIX 3JIeMeHTOB (MOM YD), sB-
JISIIOIIMXCSI OCHOBHBIMM 3JIEMEHTaMU MUKPO3JIEKTPO-
MexaHndeckux cucreM (MOMC), pa3BUBalOTCs OYEHb
WHTEHCUBHO. Takue 3JIeMEHThl BBIMIOJIHSIOT pa3iny-
Hble (YHKIMHU B Pa3TUYHBIX YCIOBUSAX U Cpelax M 3a-
HUMAIOT Bce 0oJibliiee MECTO B >KM3HM yesioBeka. K oc-
HOBHBIM TUIIaM TaKWUX CHUCTEM MOXHO OTHECTH, Ha-
npuMep, AaTuuku aasieHus, MK ceHcopsl, gaTuynku
JIBUXEHUST (MUKpOaKCeIepoOMeTpbl U MUKPOTUPOCKO-
I1bI), BEICOKOJIOOPOTHBIE Pe30HATOPHI, OOJIOMETPHI U TIP.
ITpu nmpou3sBoaCcTBe MOAOOHBIX 2JE€MEHTOB OJHUM U3
CaMBIX CJIOXKHBIX 3TAllOB TEXHOJIOTMYECKOTO TIpoliecca
SIBJISIETCSI KOPITYCUPOBaHUE, TaK KakK MpOoLecC ero pea-
JIN3aLIMY B KOHEYHOM CUeTe BIMSIET Ha XapaKTePUCTH-
KU yctpoictBa. Ilpy KOpmycHMpoBaHUM 3JIEeMEHTa B
HEM MOTYT CO3[1aBaThCsl U3OBITOUHOE NABJIEHUE, OIpe-
JleJIeHHas1 ra3oBasl cpena Wi BakyyM. Ilpu atoM s
TOrO UTOOBI XapaKTepUCTUKU TaKUX JIEMEHTOB OCTa-
BAJIUCh TTOCTOSTHHBIMUA M HE MEHSUIMCh CO BPEMEHEM,
KOPITyC 3JIeMEHTAa JI0JIKEH ObITh TepMETUYEH, YASPXKU-
BaTh M30BITOYHOE JABJICHNUE WIH OIPENEICHHYIO CPemy
BHYTpU.
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B cBs3u ¢ 3TUM BaxkHOH MpOOJIEMOIl CTAaHOBUTCS
KOHTPOJIb XapakKTepuCTUK obpasuoB YD mocie mpo-
1iecca kopnycupoBaHus. B HacTosiiiee Bpemsi U3BECT-
HO HECKOJIbKO CITIOCOOOB KOPIYCUPOBAHUS: HA YPOBHE
OTIEIbHBIX 2JIEMEHTOB M Ha YPOBHE TIJIAaCTUH (MaTpUd-
Hoe KoprycupoBaHue) [1, 2]. Heo6xonuMo KOHTpOIu-
pOBaTh HE TOJIBKO TEPMETUYHOCTh 00pas3La, HO 1 MpoY-
HOCTb ITOJIYYEHHOTO COeTMHEHUS, TAaK KaK Ha pa3HbIe
UMbl YD MOryT BO3/1€iCTBOBATh Pa3jiMuHbIe HArpy3-
KU M pa3nyHasg cpeaa. B HacTosee Bpems CylecT-
BYET HEOOJBLIOE YUCIO METOAMK, C IMOMOILLIBIO KOTO-
PBIX MOXHO KOHTPOJUPOBATh MPOYHOCTh MOJYYEHHO-
o COeIMHEHHUs B cllydyae peaqu3alyu TeXHOJOTuu
KOPIyCHpOBaHUs Ha ypOBHE IUIACTUHBI. Bce oHM nme-
10T CBOM IUIIOCHI 1 MUHYCHI, a TaKXe OIpeneeHHbIe
OrpaHUYEHUs B crieliMduKe ux MpUMEHEHUs, 3TO 3a-
BUCUT U OT TUIA 00pa3lia, U OT TPEOOBAHUI K TOUHO-
CTH U3MEPEHUS.

B nmaHHOI# cTaThe NMpuBeneHa METOAMKA KOHTPOJIS
MPOYHOCTHBIX CBOMCTB aATe3MOHHBIX COeAMHEHUI 00-
pasloB Iocje Mpolecca KOPMYCUPOBaHUS, KOTOpas,
Ha Halll B3IJIs1, HauboJiee ONTUMaJIbHA MPU WCIIbITa-
Huu YD MuKpoakceaepoMeTpa U MHUKPOTHPOCKOIIA.
OO6pasLbl KOPITYCUPOBAIUCH C TTIOMOIIBI0O TEPMOKOM-
MPECCUOHHOIO COeAMHEHUS (CpalliBaHMSI) C UCTIONb-




30BaHMEM TOKOIIPOBOMISIIEIO TIPO-
MeXYyTOUHOTro ciosi. B kauectBe To-
KOIIpOBOIS1IEro 1 1upPy3noHHOTO
CJIOS1 UCTIOJIb30BaJIaCh ME/Ib.

OO0BEKThI 1 METOABI HCCIETOBAHUS

dna ucciaenoBaHUs TPOYHOCTH
aAre3MOHHBIX COEAUHEHUMN, TOJy-
YEHHBIX METOJIOM TEPMOKOMITPECCH-
OHHOTO CpallluBaHUs1, UCITOJIb30BAIU
00pa3upl, MOJyYEHHbIE MYTEM Cpa-
IIMBaHMUST ABYX KPEMHUEBBIX ILja-
CTUH C TIPUMEHEHUEM MEAU B Kaue-
ctBe nuddy3nonHoro cios. Cxema-
TUYECKOE U300pakeHUEe TECTOBOTO
KpHCTajljia IMoKa3aHo Ha puc. 1.

TectoBble 00pa3upbl ObUIM BBIMOA- "~~~ ——~~~ ~

HEeHBI U3 KPEMHHUEBBIX TUIACTHH, Cpa-
LLIEHHBIX MeXay coOoi uepe3 Cioil
MeIM W TIOpe3aHHBIX Ha KPUCTAJUTHL
TonurHa KpeMHUEBBIX TUIACTUH (4
u hy) cocrasnsa 380 MkM (puc. 1, a). Pasmep kpucrai-
Ja mocie pe3ku: W= 10 mm, B = 10 mm (puc. 1, b).
Kpucrann cpammBaics He MOJTHOCTbIO, a TOJABKO €ro
4acTh, KaK II0Ka3aHo Ha puc. 1. BTo HeoOXoauMo mIst
TOro, 4YTOOBI TOJYYEHHbIE CTATUCTUYECKUE HTaHHbIC
ObLTM OO0JIee TOYHBIMM, TaK KaK B TAKOM CJIydae pas3-
PBIB TUTACTUH OyIeT HAUMHATLCS BCETAa B OMHOM 1 TOM
Ke Mecte. Yroi 6 = 90°, paccTossHue OT Kpasl Kpu-
CTajjla 10 CpalleHHOM 4acT IUIaCTUHBI (ap) 1 MM.
dna ynydireHusT aare3uy MeAu K KPEeMHHIO TOTIOJI-
HUTEJIBbHO TIACTMHBI OKUCIISIUCh M HAa HUX HaIlbI-
JIsiIcs cyioid TaHTana. ToauHa ¢iost Meau COCTaBs-
na 300 HM, ToOIIMHA TTOACIOS TaHTaaa oKoao 50 HM,
TOJIMHA OKCUAHOro cjost 100 HM (puc. 2, CM. TPeThio
CTOPOHY OO0JIOXKM).

B xauecTBe OCHOBBI [JIs1 0Opa3lOB MCIOIb30BAIU
IJIACTUHB MOHOKPUCTAJTMYECKOTO KPEeMHUS MapKU
KB5C-0,007 muamerpom 100 MMm. OTMBIBKY IJIACTUH
repe, HaHeceHWeM (PYHKIIMOHABHBIX CIIOEB MTPOBO-
WA Ha NBYXKAMEPHOU YCTAHOBKE XUMUYECKOW OT-
mbiBKM mactuH SAT-2080 (215P) CCE. OTMbIBKY
BBITIOJTHSITM B TeUeHME 23 MUH IIPH YaCTOTE BpaIlleHUS
800 muH .

OKucaeHne TIIACTUH TPOBOIWIM B MHOTO(DYHK-
unoHanbHoi Tmeun ATV PEO 603 B kuciaopomHoi
cpene nipu remmneparype 1100 °C u3 pacuera 45 MuH Ha
100 uM okcupa. Pacxon kucnopona cocraBui 1,5 1/MuH.

Crnou TaHTasa U Menu GHOPMUPOBAIM METOAOM
MarHeTpoHHOro pacmnbuieHus Ha yctaHoBKe AKTAH
BMMY-200 (VSM200). OcaxneHue MeTaaaoB IMPo-
BOAMJIM B Ta30BOM CMeCH a30Ta M aproHa. 3HaueHUe
TOKa MarHeTpoHa BbIOMpaiu B auarazoHe 1...5 A.
OObeMHBII pacxoj a30Ta BapbUPOBaJIU B Avara3oHe
1,08...1,44 n/4, mpu 3TOM pacxoi aproHa MOIAePKU-
BaJicsl TIOCTOSTHHBIM Ha ypoBHe 0,36 /4.

CpaméHHEBIT yIacTOK
Bonded interface

Puc. 1. CxemaTHyecKoe M300pakeHrHe TECTOBOT0 KPUCTAJLIA, MOJYYeHHOTO METOIOM Tep-
MOKOMIIPECCHOHHOTO cpamuBanus [3]

Fig. 1. Scheme of the test crystal obtained by thermocompression splicing [3]

Tononoruyeckuii pucyHoK (hOPMUPOBATIU METOIOM
KOHTaKTHOM JuTOorpacuu ¢ NMPUMEHEHUEM YCTAaHOBKU
coBMeleHUs 1 aKcrmonmpoBanust SUSS MA6/BA6 c wic-
MoJib30BaHUEM (OTOIIA0IOHA, ITOKA3aHHOTO Ha puc. 3.
Tornonornyeckrii pUCyHOK COCTaBJIEH TaKUM 00pa3oM,
YTOOBI pa3pbiB aAr€3MOHHbBIX COENMHEHUI BCeraa Hauu-
HaJICS C OIHOTO MECTa Y MPOMCXOIWJ 10 ONHOU U TOM
K€ CXeMe B KaxXXJ0M MocieayoueM oopasiie.

TpasiieHre MeTaI0B IS TTOJYyYEHUS TOTIOJIOTHYE-
CKOI'0 pUCYHKA MTPOBOAUIN B YCTAHOBKE XXUIKOCTHOIO
TpaBiaeHuss KC-1 ¢ momonipio (TOpHUCTOBOOOPOAHOIM
KkucyoThl. Bech nponecc Tpasnenud amuarcd 10...15 MuH
IpU KOMHATHOU TeMmeparType.

CoBMellleHHe M CpalllMBaHME TUIACTMH MPOBOIMIN
Ha YCTaHOBKE COBMELLEHUS U CpalllMBAaHUSI KPUCTAILIIOB
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Puc. 3. @®oromadion 1isi NOJyYeHHs] TONOJIOrHYECKOr0 PUCYHKA HA
KPEMHMEBBIX IIACTHHAX

Fig. 3. Photo mask for obtaining of the topological pattern on the silicon
wafers
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Puc. 4. TunoBasi quarpaMma 3aBMCHMOCTH CABHIa OT NMPUJIAraeMoro
yeunuas [3]

Fig. 4. Typical dependence graph of the shift from the applied force [3]

AML AWB-04 npu noctosinHHom agasienuu 18 000 H
n temieparype 450 °C. Bpems nponecca 60 MuH.

Pe3ky mosydyeHHBIX Mociie CpalllMBaHUsS TJIACTUH
Ha KpUCTaJUTbl MPOBOAWIN C TPUMEHEHUEM JIa3ePHOTO
eHTpa MexaHoobpabotku LMS 3000 Series/LD.

IIpoyHOCTh CpalllEHHOTO COEAWHEHUS TOJIy4YeH-
HbIX 00pa3lOB MCCIEeN0BAIM HU YHUBEPCAIbHOU MC-
neiTaTeabHOM MaiuuHe Inspekt 5 table blue. CkopocTb
pacTsSKeHUsI PU UCMBITAHUM Ha Pa3pblB COCTaBIsIa
0,1 MmM/MuH. B pe3ynbrare UCIBITAHUS CTPOWIIN JTHA-
rpaMMy 3aBMCUMOCTM CIOBMIa OT IPUJIAraeMoro ycu-
JIMS1, IO KOTOPOM ONpeaesisijii MaKCUMaJIbHYIO Harpys3-
KY F.x KOTOPYIO BblAEPXUBAaeT oOpasel (puc. 4).

ITocne onpeneneHuss MaKCUMaIbHON Harpy3Ku pac-
CUMTBHIBAIM TIPOYHOCTL COeAUHEHUA G uepe3 Kod(-
(ULIMEeHT KPUTHYECKO MHTEHCUBHOCTMU HaIpsixke-
Hua Ky
2

Ge= 12X Kie, (1)
rne £ — monynb FOHra; v — koadgdunuenr Ilyaccona
JUUIsI MaTepuaa, MCIojib3yeMoro B KauecTse nuddy3u-
OHHOTO CJIOS.

B cBo1o ouepenp koapOUIIMEHT KPUTUIECKON MH-
TEHCUBHOCTM HaMNpPSIKEHMST paCCUMTHIBATIM Yepe3 MaK-
CUMaJIbHYI0 Harpy3ky, MOJyUYeHHYIO MO Iuarpamme
YCUJIUS C Pa3pbIBHOM MallIMHBI, 110 YPaBHEHUIO

F

Kic= B%Ymin’ ()
rae Bu W — reomerpudeckue rmapaMeTphbl 00pasia (CM.
puc. 1, b); Y,;; — MUHUMAJIBLHOE 3HAYECHUE TEOMET-
puyecKoil (pyHKIIMM, pacCUYUThIBaeMasl 1o popmyiie

Yoo = (24,42 + 81,230,) X

(-2,91) (-2,91)
% [htotaln] " [htotal] , (3)
I1+mn I+n
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IZie o) — OTHOLUEHME UIMHBI TPEIIUHEI (o = ap/ W)
(em. puc. 1, b); h;y,, — obOlasg ToamMHA OOpasla
(Miptar hy + hy); m — COOTHOLIEHHE TOJILUH
(m = hy/hy); hy 1 hy — TOMUMHBI KPEMHUEBBIX ILIa-
CTUH (cM. puc. 1, a).

ITocne ucnbiTaHus odpasiia Ha pa3pblB TPOBOAUIN
aHAJIN3 €r0 MOBEPXHOCTU B MECTE pa3pbiBa C UCIIOJb-
30BaHUEM aHAJTUTUIECKOTO aBTOIMUCCUOHHOTO 3JIEK-
TpoHHoro mukpockora Carl Zeiss Crossbeam Neon 60.
DTO HEOOXOAMMO IS OTIpeieSIeHUsT MecTa, B KOTOPOM
MPOU30IIENT Pa3pbiB CpallleHHOTo coennHeHus. Kak
MOKa3aHO Ha pUC. 5 (CM. TPEThbIO CTOPOHY OOJIOXKKH),
paspylieHre oopasiia MOXeT IMTOUTH He TOJBKO TI0 Tpa-
HUILIE CpalllMBaHUsI, HO M B CJIO€ MeTajljla, B JaHHOM
ciaydyae Meau, uiun no rpanuute Ta—Cu B ciayyae mio-
XOi anre3uu MertauioB. IlocnemHue BapuaHTBI MOTYT
CBUIETEILCTBOBATh O KaKMX-MOO HeaoueTax Wiu Ha-
PYILIEHUSX B TEXHOJIOTMM HAHECEHUs CJIOEB MeTajuia
Ha KpEMHUEBbIE TIACTUHBI.

Bo3MoxKHOCTH METOAMKH B pe3yabTaThl €€ UCIBITAHUA

PaccMoTpeHHass MeTOAMKa TI03BOJSIET OLEHUTH
MMPOYHOCTHBIE CBOMCTBA CpaIlleHHBIX KPUCTAJUIOB C
pa3IMyHOi KOH(pUIypaluei TOMOJOrMYecKoro pu-
CyHKa U C HMCIIOJb30BaHUEM JIJISI CpalllMBaHUs pa3-
JIMYHBIX METALJIOB. TOMOJIOTMYECKU PUCYHOK MOXET
MpeACTaBIsATh CO00M KaK HEKYIO paMKy M3 MeTallja,
TaK 1 00Jiee CIOXHBII PUCYHOK WK (OpMYy, OOYCIIOB-
JICHHYI0 KOHCTpyKlMell oOpa3lioB, M3roTaBIMBaeMbIX
C IPUMEHEHHUEM TEePMOKOMIIPECCMOHHOIO CpallluiBa-
HUS WIM KopIlycupoBaHus oOpasua UYD. Meroguka
MTO3BOJISIET OLICHUTD IMPOYHOCTHBIE CBOMCTBA KPHCTAJI-
JIOB, MIPU CpalllMBaHUX KOTOPBIX B KAYECTBE MaTepua-
Jia JUISi KOPIYyCUPOBaHUSI MOTYT MCITOJb30BaThCsl Kak
TOKOMPOBOISIIME METa/UIbl (30J10TO, Melb, ATIOMU-
HUIi), TaK U HETTPOBOISIIIME SJIEKTPUIYECKUI TOK TIPO-
MEXYTOUYHBIE CJIOU (CYCIIEH3UM CTEKJIOIOPOIIKa, OK-
cuabl KpeMHUS, aJlOMUHUS U ILUPKOHUSI, HUTPUI
KpPEeMHU U OPYrue HeOpraHM4eCKUe 3JICKTPOU30JISI-
LIMOHHbIE MaTePHUabl).

C moMOILbIO TAHHOW METOIUKU MOXKHO TakKe ITpo-
BECTU MaTeMaTMYeCKOe MOJeIMpPOBAaHUE pPOCTa Tpe-
IIMHBI B COENMHUTEILHOM CJI0€ WM CMOJAEIUPOBATH
JAHHBIN TIpoIlecC TS 3JIEMEHTHOTO aHaliM3a B IPO-
rpamMax tura SolidWorks nim ANSYS. [Ins aToro uc-
MTOJTB3YIOT 0Opas3IIbl, TTOKAa3aHHbIe Ha puUC. 1, M3MeHSS
IUIOILAAbL CPAILEHHOTO COeAMHEHUS (MEHsA ay OT 1 10
4 MM). DTO TIOMOXET YCKOPUTb M ONTUMU3UPOBATh
MpolIecC BEIOOPOB PEXXMMOB TTOATOTOBKH M CpallldBa-
HUSI 00pa3loB MyTeM MpeaBapyTEILHOIO aHaau3a U
WCKITIOUCHMST 3aBEIOMO HEIOIMYCTUMBIX BapHaHTOB.
IIpumep Momenu ISl 3JEeMEHTHOTO aHajau3a ToKa3aH
Ha puc. 6.

[Ipn TecTUpOBaHUM METOMA UCIOJB30BAIU 00pa3-
LIBI, TIOKa3aHHBIE Ha pucC. 1, MOJYyYEeHHBIE METOIOM
TEPMOKOMITPECCUMOHHOTO cpallluBaHusl ¢ auddy3u-




Puc. 6. Mogeiib 3JIeMEHTHOTO aHAJIM3a CPANIEHHBIX KpUCTALIOB [3]
Fig. 6. Elemental analysis model of the spliced crystals [3]

OHHBIM CJIOEM U3 MeAu. M3roToBJIeHHbIE KPUCTALIBI
TTOIBepTrajii pa3phbiBy C AAJbHEUIINM aHAIM30M II10-
BEpXHOCTHM M COCTaBa MeTajUla IT0 TLIOIIAIM pa3phiBa.
PesynbraThl ucnbeiTaHus o6pasiia Ha MPOYHOCTh MPU-
BeIeHBI Ha pHUC. 7, pe3yJbTaThl aHAJIN3a TTOBEPXHOCTU
CJI0$1 TIOCJIe pa3pbiBa — Ha pUC. 8 (CM. TPEThIO CTOPOHY
00JIOXKKM).

OcHoBbIBasiCh Ha ypaBHeHUSIX (1)—(3), MOXHO BbI-
pasuTh 3HAYCHNE TTPOYHOCTH TIOJYIEHHOTO COEIMHE-
HUS JUISE MEIU Yepe3 MaKCMMaJIbHYIO Harpy3ky. Ilomy-
gaercs, 4T0 G = 0,05F,,,. C yueToM I1aHHBIX, MTOJIYy-
YEHHBIX TIPY UCITBITAHWHM 00paslia Ha pa3phiB, MPOY-
HOCTb coenuHeHus1 coctapisier ~0,19 H/MMz. H3
JIAaHHBIX, MPEICTaBIEHHbIX Ha pUC. 8 (CM. TPETbIO CTO-
POHY 00JIOKKH), BUTHO, YTO Pa3phbiB MPOU3OIIIES B CJIOE
MeI¥, O YeM CBHIETEIbCTBYET XMMWUYECKUU aHaIU3
MoBepXHOCTHU (puc. 8, b).

Bce maHHBIE OBITN TTOTYYEHBI TSI TECTOBBIX 00pa3-
LIOB, TIPU TIOJIyYeHUN KOTOPBIX HE TTPOBOIMIIACH ITOJI-

Puc. 7. Tunosbie 1aHHbIE, NOJYYEHHbIE B PE3YJbTATE UCIILITAHUSA 00-
pa3ua Ha pa3pbiB
Fig. 7. Typical data obtained at tensile test of the sample

CpaméHHBIIT y9aCTOK

Hasl oTpaboTKa TIpoliecca TepMO-
KOMIIPECCUOHHOTO CpallluBaHUsI C
HCITOJIb30BaHNEM MU B KauyecTBE
auddysnonHoro cnosi. He nposo-
JIUJIACh TIOJTHAS TTOA00PKA PEXMMOB
cpalllMBaHMS U MOATOTOBKM 00Opa3-
moB. [lpm mpoBeAeHWM MOKHBIM
0o0pa3oM Bcero Ipoliecca Ioayde-
HUs 00pa3l0B JaHHbIE OYAYT Cylle-
CTBEHHO pa3iamyaThcsi. OCHOBHOI
LIeJIbIO MCIbITaHUs Oblia MpoBepKa
paboTOCOCOOHOCT METOIMKU UC-

mmetry plane
: ey ciaenoBaHus. JlaHHbIe MPUBEACHBI C
1 > g I'pannuia pasnoma LIEJIBIO TTOKA3aTh TUIIOBBIE PE3YJIbTa-
[‘l\]\ ' Crack front ThI, KOTOpbIE MOJIYYaloTCs TPU HUC-
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B cratbe onucaHa Metoauka or-
peneleHusT TPOYHOCTH COCTUHEHMS
00pasloB, MOJYYEHHBIX MyTeM Tep-

MOKOMITPECCUMOHHOTO CpalllMBaHWsl C UCMOJb30BaAHU-
eM MeIM B KadecTBe nuddy3noHHoro cios. HdaHHas
MeTOJMKAa MOAXOAUT U JIJIsi 00pa3lioB, B KOTOPBIX B Ka-
yecTBe A1UPDY3MOHHOTO CJI0sI UCIIOJIb30BaINUCh U APY-
rve MeTajlibl (30JI0TO, MeNlb, AJJIOMUHUI) WX HE TIPO-
BOZSIINE DJICKTPUUECKUI TOK TPOMEXYTOUHBIC CIIOU
(CycIneH3uu CTEKJIONOPOIIKa, OKCUAbI KPEMHMSI, alto-
MWHUS U OUPKOHUS, HUTPUA KPEMHUS U ApyTHe He-
OpraHuYeckKue 2JIeKTPOU3OISILIMOHHbIE MaTepUaJbl).

[aHHble ¥ 3HaUeHUSsI, IPUBEJIEHHbIe B paboTe, Mo-
JIy4eHBI C TECTOBBIX OOpa3lOB U IMpeaHa3HAYEHbI IS
JEMOHCTpPALIMM PabOTOCMOCOOHOCTU ONMUCAHHON Me-
Tonuku. B ciiyyae oTpa®oTKu mpoliecca cpalllBaHUs
WIM TIPOBEACHUS UCCIEI0BaHUI Ha oOpaslax, mosuy-
YEHHBIX TI0 OTPAOOTAHHBIM TEXHOJIOTHSIM, PE3yIbTaThI
OyIyT OTJMYAThCS OT TE€X, YTO MPEACTABICHBI B TaHHOM
CTaThe.
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Measurement of the Strength Properties of the Adhesive Junctions Obtained
by Thermocompression Wafer Bonding for Manufacture of MEMS

The text below describes the technique of measuring of the bond strength of the adhesive junctions obtained by thermocompression
bonding of two silicon wafers with the use of copper as a diffusion layer. The method is based on a standard fracture test of the bonded
samples. The method was improved with amendments determined by the type and size of the samples, their properties and require-
ments to the accuracy and reproducibility of the test results, typical for the adhesive junctions of the parts of MEMS devices.

Keywords: MEMS, packaging, thermocompression bonding, diffusion layer, bond strength, critical stress intensity factors

Introduction

The technologies of production and application of
MEMS sensor elements (MEMS SE), which are the
main elements of the microelectromechanical systems
(MEMS), develop rapidly. Such elements have differ-
ent functions in different conditions and environments,
and occupy an important place in human life. In gen-
eral, the systems include, for example, pressure sensors,
infrared sensors, motion sensors (microaccelerometers
and gyroscopes), high-quality resonators, bolometers
and other. Packaging is one of the most difficult stages
of the technology in the production of these, since its
implementation ultimately affects on the devices’ char-
acteristics. At packaging on an element, it can create ex-
cessive pressure, gas atmosphere or vacuum. In an effort
to the characteristics of the elements remain constant
and did not change over time, the case must be sealed,
can keep the overpressure or specific environment.

An important problem is the control of characteris-
tics of SE samples after packaging. Several methods of
packaging are known: at the level of individual elements
and at the level of the wafers (matrix packaging) [1, 2].
It is necessary to control the tightness of a sample and
the strength of the resulting junction, since various
loads and environments can affect on different SE
types. There are techniques that can be used to control
the strength of the resulting junction in case of the wa-
fer-level packaging technology. All of them have ad-
vantages and disadvantages, and also some specific lim-
itations in the application; it depends on the type of a
sample and on required accuracy.

This article describes a method of controlling of the
strength properties of the adhesive junctions of the sam-
ples after packaging that most optimal for testing of SE
of a microaccelerometer and a gyroscope. The samples
were packaged using thermocompression bonding
(splicing) using the conductive intermediate layer. The
copper was used as the conductive and diffusion layer.

Objects and methods of research

The samples obtained by splicing of two silicon wa-
fers using copper as a diffusion layer were used to in-
vestigate the strength of the joints, obtained by the ther-
mocompression jointing. The image of the test chip is
shown in fig. 1.

The test specimens are made of silicon wafers, spliced
together via a layer of copper and cut into crystals. The
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wafer’s thickness (4 and £,) is 380 pm (fig. 1, a). The
crystal size after cutting: W= 10 mm, B = 10 mm
(fig. 1, b). The crystal is spliced not completely, but on-
ly partially (fig. 1). It is necessary that the resulting sta-
tistics are more accurate as the gap of the wafers will al-
ways start in the same place. The angle 6 = 90°, the dis-
tance from the edge of the crystal to the spliced part of
the wafer (a;) — 1 mm. To improve the adhesion of the
copper to the silicon, wafers were oxidized and the tan-
talum layer was sputtered on them. The thickness of the
copper layer was 300 nm, the thickness of the tantalum
underlayer was 50 nm, the thickness of the oxide layer —
100 nm (fig. 2, see 3-rd side of cover).

The single-crystal silicon wafers of CES 0,007 with the
diameter of 100 mm were used as the basis. The cleaning
of the wafers prior to application of the functional layers
was carried out on a two-chamber installation of chemical
cleaning of wafers SAT-2080 (215P) CCE. The washing
was performed for 23 min at a speed of 800 min~ .

The oxidation of the wafers was carried out in an ov-
en ATV PEO 603 in an oxygen environment at a rate
of 1100 °C for 45 min for 100 nm of oxide. The oxygen
flow rate was 1,5 1/min.

The layers of tantalum and copper were formed
by magnetron sputtering on the installation AKTAN
VMIU-200 (VSM200). The deposition of metals was
carried out in a gaseous mixture of nitrogen and argon.
The magnetron current was selected in the range of
1...5 A. The volumetric flow rate of nitrogen was varied
in the range of 1,08...1,44 1/h. The argon flow was
maintained constant at 0,36 1/hr.

The topological pattern was formed by contact li-
thography using the alignment and exposure installa-
tion SUSS MA6/BA6 using a mask (fig. 3). The topo-
logical pattern was formed in such a way as to the break
of the adhesive joints started from one place and was de-
veloped by the same pattern in each subsequent sample.

Etching of metals for topological pattern was per-
formed in the installation of wet etching KS-1 with hy-
drofluoric acid. The etching lasts for 10...15 min at
room temperature.

Joining and splicing of the wafers was carried on the
installation AML AWB-04 at a constant pressure of
18 000 N and temperature of 450 °C. Time — 60 min.

The cutting of the wafers obtained after splicing on
the crystals was carried out using laser machining center
LMS 3000 Series/LD.




Bond strength of the samples was examined in the test-
ing machine Inspekt 5 table blue. The stretching speed in
the tension test was 0,1 mm/min. As a result of the test,
the dependence of the shift from the attached force was
calculated, by which the maximum load F,,, was deter-
mined, withstood by the sample (fig. 4). After determining
of the maximum load, the bond strength G was calcu-
lated through the critical stress intensity factor Kj:

2

— 2
Go= 1 Y- Kic, (1)

where £ — Young’s modulus; v — Poisson’s ratio for the
material used as a diffusion layer. In turn, the critical stress
intensity factor was calculated by the maximum load,
obtained on the forces chart from the testing machine,

F
KIC = E"Jn}'—%;Ymin’ ()
where B and W — the geometrical parameters of the
sample (see. fig. 1, b); Y,,;, — minimal geometric func-
tion, which is calculated by the formula
Yoin = (24,42 + 81,230) X

(-2,91) (-2,91)
% (htotaln] + (htotal] , (3)
1+n 1+n

where o, is the ratio of the crack length (o = ay/W)
(see. fig. 1, b); h,,;,; — the total thickness of the sample
(Myptq1 = hy T+ hy); m — thickness ratio (n = hy/hy), hy
and A, — thickness of the silicon wafers (fig. 1, a).
After the tensile test, the specimen’s surface in the
rupture place was analyzed using analytical field-emis-
sion electron microscope Carl Zeiss Crossbeam Neon 60
to determine the point at which the joint was broken. The
destruction of the sample can go over the boundary of the
splice and in the metal layer, in this case — copper, or
along the border Ta—Cu metal in case of poor adhesion
of metals (fig. 5, see 3-rd side of cover). The last versions
may indicate the disadvantages or violations in the tech-
nology of metal layers application on the silicon wafers.

Features of the technique and the results of its tests

The reviewed procedure enables to evaluate the me-
chanical properties of the spliced crystals with a differ-
ent configuration of the topological pattern and using
different metals. The pattern can be a kind of a frame
made of metal or more complex pattern or shape due
to the design of the samples produced using thermo-
compression jointing or packaging of SE. The method
allow to evaluate the strength properties of the crystals,
where the conductive metals (gold, copper, aluminum)
and intermediate layers non-conductive to electrical cur-
rent (slurry of glass powder, silica, alumina-zirconia, sil-
icon nitride and other inorganic insulating materials)
can be used as the packaging materials at their spicing.

The technique can also perform simulation of the
crack growth in the joining layer or simulate process for
elementary analysis in SolidWorks and ANSYS soft-
ware packages. For this purpose, the samples are used
(fig. 1), changing the area of spliced joint (varying a,
from 1 to 4 mm). This will help to speed up and to op-

timize the selection of preparation modes and splicing
of samples in the preliminary analysis, excluding obvi-
ously unacceptable options. The example of the model
of the elementary analysis is shown in fig. 6.

In the tests we used the samples (fig. 1) obtained by
thermocompression jointing with the diffusion layer of
copper. The produced crystals were broken with the
analysis of the surface and the composition of the metal
on the breaking area. The results of the strength test are
shown in fig. 7, and the analysis of the layer’s surface
test after the disruption — in fig. 8.

Based on equations (1)—(3), we can express the
strength of the resulted joint for copper through the
maximum load. G = 0,05F,,,,. Taking into account
the data obtained in the tensile test of the sample, the
bond strength is about ~0,19 N/mmz. The data (fig. 8,
see 3-rd side of cover) shows that the happened in the
copper layer, as indicated by chemical analysis of the
surface (fig. 8, b).

All data were obtained for the test samples, which
were not exposed to full testing of thermocompression
jointing using copper as a diffusion layer. A full selection
of splicing modes and sample preparation were not con-
ducted. The data vary significantly during the entire proc-
ess. The main purpose of testing is the performance ver-
ification of the technique. The data is intended to show
the typical results, which are obtained when using it.

Conclusion

The article describes the method of determining of
the bond strength of the samples obtained during ther-
mocompression splicing using copper as a diffusion lay-
er. It is suitable for the samples in which other metals
(gold, copper, aluminum) or a nonconductive interme-
diate layers (slurry of glass powder, silica, alumina-zir-
conia, silicon nitride and other inorganic insulating
materials) are used as the diffusion layer.

The data and the values, given in the work, were ob-
tained from the test samples and are intended to dem-
onstrate the performance of the described technique. In
developing of the spicing or studies on samples obtained
by the developed technology, the results will differ from
those presented in this article.
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Paccmompen memoo cunmesa yHKUUOHAABHBIX O10KO8 CAMOCUHXPOHHBIX CXeM, 006e0UHAIOWUX 8 cebe KOMOUHAUUOHHYIO
@ynxyuio u pecucmp xpanenus. Ha eévixode makux @yHKyUoOHANbHbIX 010K08 opmupyemcs HeobX00UMas QYHKYUA ¢ NOMOUsbIO
08yx cxem na n-MOII-mpan3ucmopax, pacnonodiceHHbIX 6 160U U NPABOU NAOCKOCHAX OMHOCUMENbHO d1emenma namamu. Ilpu-
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BBenenue

CamocuHxpoHHbIe cxeMbl (CC-cxemMbl) B HacTOSI-
1ee BpeMsl 3aBOE€BbIBAIOT MPUCTAIbHOE BHUMAHUE CO
CTOPOHBI yueHbIX. Takoe mojoxeHue aesl o0yclIoBe-
HO CJEOYIOIIMMHU TMPEUMYIIECTBAMU, KOTOPBIMU OTHU
cxeMbl obnanarot [1]:

e OTCYTCTBME CUCTEMbl CUHXPOHM3allMU, pa3BETBIICH-
HOCTb KOTOPOI YBeJUUMBAeTCsl MPpU YKPYITHEHUU
CXeM, YTO COKpallaeT pacXobl Ha peaar3aluio arn-
napatypbi;

e 3HAUYWTEJbHOE yBEJIWYEHUE OBICTPOAEHCTBUS CXe-
MBI B CPAaBHEHUH C CHHXPOHHBIMHM aHAJIOTaMU, KO-
TOpPOE OTPAaHUYMBACTCS YCIOBHSAMM 3KCILTyaTalluN
1 PUBNICCKUMH TTapaMeTpaMu;

e VBEJIMYEHHBIN CPOK CIY>KObI BCIASACTBUE YCTOMYUM-
BOCTHU K CTapEHUIO 110 CPABHEHUIO C CHHXPOHHBIMU
aHaJIOTaMu;

e CaMOIIPOBEPSIEMOCTb M CaMOAMAarHOCTUPYEMOCTb
TaKHUX CXEM;

e TMpekpalleHue paboThl B MOMEHT OTKa3a dJIEMEHTa,
YTO MCKJIIOYAET BbIIAYy OLIMOOYHBIX JAHHBIX, a TaK-
K€ JaeT BO3MOXKHOCTh JIOKAJM30BaTh MECTO BO3-
HUKHOBEHUSI HEMCIIPABHOCTH, OJlarogapsi 4eMy co-
KpaluaeTcsi BpeMsi UCIIpaBIeHUST HEMOJaAKU U TOo-
BTOPHOTI'O 3aMycKa CUCTEMBI;
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e CYHICCTBEHHO MCHbIIAA MOIIHOCTL pacCCAHUA U
PaBHOMECPHOCTDb TOKOHOTpe6J'[CHI/I$I I10 CpaBHCHUIO
C CMHXpPOHHbBIMM aHaJloraMu.

HOCTpOBHHe CaMOCHHXPOHHOﬁ CXEMbI

CaMocuHXpOHHas1 cxeMa [2] MOXET COCTOSATh M3
0JI0KOB, TTOKa3aHHBIX Ha puc. 1.

B CC-cxeMy BXomgT: 3allOMUHAIOIIUAI 3JIEMEHT
(aCMHXPOHHBINA PETHUCTP), OCYIIECTBIISIONINIA XpaHe-
HU€ JaHHBIX Ha BpeMsI 00pabOTKM; OJIOK KOMOMHALIM-
OHHOI (YHKIIMU, KOTOPBIA BBIMOJHIET 00pabOTKY
MAHHBIX; MHAWKATOp TEPEXOTHOTO Tpoliecca, BhIpa-
OaThIBaIOIIMI CUTHAJ, IJIUTEIbHOCTh KOTOPOIO paBHA
JUTMTETLHOCTH TIePEeXOMTHOTO TIPoIiecca; cXxeMa yrpaB-
JIeHus1, Belgatomas curian "Crapt"” s MHULUUPOBa-
HUS TIpoliecca; OJIOK pa3pelieHrs Tepenadyr JaHHbBIX.
ITpu paspemienun pabotel CC-cxemsl (curHan "Crapt”
paBeH Joruyeckoi "1") OJ0K paspelleHUs] rnepeaadyun
JMaHHBIX TepeaaeT JaHHbIe Ha aCHHXPOHHBIN PEerucTp,
KOTOPBIA 3allOMMHAET BXOAHYI0 MHGopManuio. Ha-
yajio Tpollecca ycTaHaBnuBaeT curHan "Crapt" B co-
crossHUU Joruyeckoro "0", B pe3ynbTaTe 4ero BCe CUT-
HaJTBl Ha BBIXOAE OJIOKA pa3pellcHMS Tepemayd JTaH-
HBIX CTAHOBSITCS PaBHBIMU HYJIO. 3allOMHEHHbBIE B
ACMHXPOHHOM pEeTMCTpe 3HAYeHWS CUTHAJIOB 00pa-
OaTpiBaeT 610K KOMOMHAUMOHHOK pyHKuUMU. [Tocne
OKOHYaHMS TepexoaHoro mpoiecca curHan "Crapt"
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Puc. 1. IlocTpoeHne caMOCMHXPOHHOI CXeMbl
Fig. 1. Construction of self-timed circuit

CTAaHOBUTCSI PaBHBIM Jornyeckoil "1" M HauumHaeTcs
00paboTKa ciaeayoolIeil MopUry CUTHaI0B. TakuM 00-
pa3oM, cxeMa He TpeOyeT BHeIlIHel CMHXPOHMU3ALUY U
CHHXPOHU3UPYETCS BHYTPEHHUM CUTHAJIOM OKOHYA-
HUS TepexonHoro mpouecca. Teoprsi cuHTe3a KOMOU-
HAllMOHHON (DYHKIIMU — MHAMKATOpa Ipoliecca 1u-
pOKO TipeacTaBieHa B aurepaTtype [3—5]. biok paspe-
IIEHUST U CXeMa YIpPaBJICHUS JIETKO Pealu3yloTcsl Ha
ajieMeHTax "ynorndeckoe M". ACMHXPOHHBIN PETUCTP
He MOXeT OBbITh peanusoBaH Ha yioruke DCVSL [6],
TaK KaK OOHYJIEHWE BCeX BXOTHBIX CUTHAJIOB IIPUBOIUT
K OTKJIIOUEHUIO HArpy30K, IMPU 3TOM BBIXOTHOM CHUT-
HaJl B TpUITepe OyIeT He 3alIOMUHATBCS, a pa3pyllaTh-
cs. Hmke paccmaTpwBaeTcss CMHTE3 3aIlIOMUHAIOIINX
ACHMHXPOHHBIX PETUCTPOB.

Cnoco6 ¢opMHpOBaHHS 3aMIOMHHAEMOTO CHIHAJIA

PaccMmoTpuM CTpYyKTypHYIO cXeMy, MOKa3aHHYIO Ha
puc. 2.

Cxema CUMMETpHMYHA U MIPeACTaBIeHa IBYMSI IpyIl-
nmamu n-MOII-tpansucropos. JleBast rpynmna n-MOII-
TPAH3UCTOPOB OTHOCUTCSI K (DOPMUPOBATENISIM €IUHULL
Ha BbIxoJe (, MpaBasl Ipynra — K (GopMupoBaTesiM
HyJeil. Mexay co0oil OHM COEOMHSIIOTCS ABYMSI MH-
BEpTOpaMU, BKJIIOUEHHBIMM BCTPEUHO-TIApaJIICIbHO,
T. €. 3auienkoi. IIpu mogaye Ha Bce BXOHbl Mpeja-
raeMoii cxemsbl "norudyeckoro 0", 3HayeHHe CUTHaJIa Ha
BBIXOJaX HE W3MEHMTCS, T. €. 3aroMHUTCs. Takoe
CBOMCTBO YKa3aHHOM CXe€MbI IO3BOJIMT MCII0Jb30BaTh
€e B KauecTBe aCMHXpOHHOro peructpa. C MoMolbio
TAaKOM CXeMbl MOXHO 3alTOMMHATh OJMHOUHBIEC CUTHA-
Il (puc. 3).

Ho nipu Takom noctpoeHuu CC-cxema OKa3bIBaeT-
¢S rpoMo31aKoii. bojiee BBIromHO (hyHKIIMIO 3aIIOMUHA-
HUS "BCTPOUTL' BO BXOIHBIE KacKaabl KOMOMHAIIMOH-
HOIi cxeMbl. B KauecTBe mpumepa B JaHHOI paboTe
pPaccMOTPUM YCTPOMCTBO aCUMHXPOHHOTO KOMIapaTopa
C DJIEMEHTOM ITaMSITU BO BXOIHBIX LIETISIX KOMOWHALIM -
OHHOTO 0JI0Ka.

CuHTe3 CXeMbl, BHINOJHSAIONIEH Onepanuio
CPaBHEHMS HA "PaBHO" B ACMHXPOHHOM
JBYXTIPOBOJAHOM KOMIAapaTope

Komnaparopsl ABIISIIOTCS YCTPOMCTBAMMU CpaBHE-
HMSI, KOTOPBIE OIPEICISIOT OTHOLIEHUS MEXIY IBYMSI
cioBaMi. OCHOBHBIMM OTHOLIEHHWAMH, YEPE3 KOTOPLIE
MOXHO BBIPa3UTh OCTaJIbHbIE, MOXHO CYMTAThL JBA —
"paBHO" M "Oobuie” [7]. JIis KoMIlapaTtopa crpaBe-
JIMBBI CJIEAYIOIIME KPUTEPUU: €CIA (DYHKLMUSI CpaBHe-
HUS TIPUHUMAET eINHUYHOE 3HAYE€HUE, TO YCIOBHE
VCTUHHO, €CJIA HYJIEBOE 3HAYEHHUE — YCIIOBUE JIOXKHO.

eIHHMIL HyJ1eii
(Creator of (Creator of
logical one) logical zero)
ok ok

| |
| |
| |
| |
| |
| |
| |
I |®opmupoBaTelb ®opmupoBaTesb| |
| |
| |
| |
| |
| |
| |
| I

Puc. 2. Cnocod ¢opmupoBanus Bbixoguoro curaajga ma n-MOII-
TPaH3UCTOPAX

Fig. 2. Generating of an output signal on the n-MOS transistors

Puc. 3. Cxema 119 3an0MHHAHHS OJMHOYHBIX CHTHAJIOB
Fig. 3. Scheme for storing of single signals
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Fig. 4. Map of minterms for signal r; (a) and the inverted map (b)

Jnst pyHKUMY, TIPOBOMSILIEN CpaBHEHUE Pa3psiaoB
Ha "paBHO", CIIpaBeIJIMBO CJieayiollee BoIpaxkeHue [7]:

(1

Eciu Bce pas3psiabl OMHOTO CJIOBa OYIYT paBHEI CO-
OTBETCTBYIOIIMM pa3psiaM IPYyroro cjioBa, TO CJIOBa
paBHEL. BrIpaxkeHue, sBisIONIeecs MPU3HAKOM paBeH-
CTBa CJIOB, UM€ET BUII:

ry = ao@bo =ao'bo+ 6_10'270.

FAfB=rn_1'rn_2'...'r0. (2)

PaccMoTpuM CHHTE3 OTHOPA3PSIIHONM CXEMBbI CPaB-

HeHUs Ha "paBHO", cocTosiieil u3 (GopMupoBaTeseit
noruyeckoro "0" u "1" Ha n-MOII-TpaH3ucTopax.

st morydeHus: moacxeMbl (hOpMUPOBAHUS JIOTHYE-

CKUX HyJIell COCTaBUM KapTy MUHTEPMOB UTSI BEIXOITHO-

roO CUTHaJa ry ucxons u3 Bbipaxenus (1) (puc. 4, a).
3ateM 3Ha4YeHWs] MMHTEPMOB B KaXXIOM KJIETKE 3a-

MEHMM Ha MPOTUBOIOJOXHbIe (puc. 4, b). I3 kapThl

MUHTEPMOB, M300pakeHHOI Ha puc. 4, b, 3anuiieM

CWUTHAIl F(; B BUIE CyMMbI MUHTEPMOB:

ro = ay by + ag by (3)
dopMupoBaTen eIMHULL U HYJIeil MOTYT OBITh pea-

JIM30BaHbl HermocpeacTBeHHo 1o ¢opmynam (1), (3),

10 CJCOYIOIIMM IpaBuUiaM [6]:

e JIOTUYECKOE YMHOXEHHE — B BUIC MOCJIEI0BATEb-
HO coeauHeHHBIX MOII-Tpan3ucTopoB (wiaud ma-
pajienbHbIX CTpYKTYp U3 MOTI-TpaH3UCTOPOB);

e JIOTMYECKOE CIOXKEHWE — B BUJE MapasuieibHO CO-
enrHeHHbIX MOII-TpaH3ucTOpoB (MM nocieaoBa-
TEJIbHBIX CTPYKTYp U3 MOII-TpaH3uCTOPOB).
IIprMeHuB 3TU IpaBWiIa U UCIOAbL3YS opMyJbl (1),

(3), cuHTE3UpyeM CXEMY, BBITIOJHSIOULYIO (DYHKIIUIO

CcpaBHEHHMS Ha "paBHO" B aCHHXPOHHOM IBYXIIPOBOI-

HOM KOMIIapaTope UIsl OnHOro paspsiaa (puc. 5, a). Ha

puc. 5, b mokazaHo ee yCJIOBHOe 0003HauYEHME.
PesynbraThl MomenupoBaHUS pPabOThl AAaHHOIO

(byHKUMOHAIBHOTO OJI0Ka TMpeACTaBIeHbl Ha pucC. 6.

=) L @ —
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Puc. 5. CunTe3upoBanHasi cxeMa ONEPAlMA CPABHEHWS HA "DaBHO" B ACHHXPOHHOM ABYXIPOBOJHOM KOMNApaTope IJisi OOHOTO pa3psaa (a) u

ee ycJioBHOe 0003HaYeHue (b)

Fig. 5. Flow diagram of comparison on "equal” in the asynchronous two-conductor comparator for one bit (a) and its symbol (b)

®a3a 3anoMuHaHWs
(Phase of storage)

I I
I I
I I
I I
I L} 1 1 1 1 L} 1 1 1 1} 1 1} 1 1 1 1} 1 1} 1 1} 1 1 ‘
| A ' I I e 1 e e I e e I
|ﬂ E 1 ' 1 ' [l [l ' ' ' [l 1 1 ' ' ' [ 1 |
T S oy SN ey SN S S T T !
T R 1 ) ! oy I gy LA B 14 ‘
B e e R e T I e e e e I B s B B e I e I
[ P : § i g i A A A R T w
I A HEE oo R R I i w4 R i e I
| 0s hins 80ns 120ns 160ns 200ns 240ns 280ns 320ns |

Puc. 6. PaGora (hyHKuMOHAJILHOrO 0J10Ka 0JHOPA3PSAIHOIO ACHHXPOHHOTO KOMIIAPATOPA C MAMSATHIO, BINOJIHSIONIEr0 ONEPaIMIo CPaBHEHNs Ha "PaBHO”
Fig. 6. Operation of unit of the one-bit asynchronous comparator with memory, performing the comparison operation on "equal”
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Puc. 7. CunTe3upoBaHHas CXeMa, BbINOJIHAIOMAS (PYHKIUIO CPABHE-
nuA F,_p B 3aNOMHHAIONIEM ACHHXPOHHOM KOMNIApaTope AJis MHO-

rOpa3psiIHOro CJIOBA
Fig. 7. Synthesized circuit, performing the comparison function F,_p in
the memorizing asynchronous comparator for multi-bit word

BbixomgHo# curHai Ha puc. 6 U3BMEHSIETCSI B IIOJTHOM
CcooTBeTCTBUM ¢ hopmyroit (1) u umeet PyHKIIUIO 3a-
ITOMWHAHUS TIPY OOHYJICHUU BXOTHBIX CUTHAJIOB.

B MHOropaspsmHOM CJIOBE IJISI CO3TAHUSI CXEMBI,
BBINOJIHAOLIEH (YHKUUIO cpaBHeHUs F,_p, BBIXOI
KaxJ0To pa3psiaa Ha "paBHO" HEOOXOOUMO COSOAUHUTh
snemeHToMm "MN" (puc. 7).

3nayenue GyHKUMU Fy— p 11 GYHKLUHMOHAIBLHOTO
0JI0Ka IBYXpa3psITHOTO KOMIIapaTopa OIPeeIsieTCs
BbIpaXkeHUEM

FAsz(ao'b0+ C_lo'i)o)'(al’b]+6_ll'771) (4)

®aza 3anomuHaHuA
(Phase of storage)

Ha puc. 8 moxka3aHbl pe3ybTaThl MOAEIUPOBAHUS
paboThl (YHKIIMOHAIBLHOTO OJi0Ka ABYXPa3psaHOIO
ACMHXPOHHOTO KOMIIapaTopa, BEITIOTHSIIOIIETO oIepa-
LIMI0 CpaBHEHMs Ha "paBHO", peaIM30BaHHOIO cOorjac-
HO CTPYKTYPHOM cxeme puc. 7.

I'paduk BbIxOnHOM (yHKLMKU Fy_ p COOTBETCTBYET
BeipaxeHuto (4). CurHansl "morndeckoro 0", mpuxo-
JSIIIMEe Ha BCe BXOMBI CXeMBI (TTPSIMbIE M MHBEPCHBIE)
OIHOBPEMEHHO, TTPMU3BaHBI TOKA3aTh, YTO B 3TO BPEeMsI
MPOMCXOAUT 3aITOMUHAHME MPEIBIIYIINX COCTOSHUIA
Ha BBIXOJAX CXEMBI.

CunTe3 cxeMbl, BBINOJHAIONIEH onepanuio
cpasHenust F 5 p B aCHHXPOHHOM JIBYXIPOBOJHOM
KoMmaparope

Onepauust Ha "0oJjblue” AJIsI OOHOTO pa3psiia OIMu-
CBIBAaeTCS BBIPAKCHHEM:

FA>B=al~' bi' (5)

ITocTpouM ¢ ITOMOIIIBIO paCCMaTPUBAEMOIO METO-

Jla CHHTEe3a aCHHXPOHHBIX CXEM C TTaMSIThIO HAa OCHOBE

BhIpaxkeHHus1 (5) cxemMy cpaBHeHUsS Ha "Gosblie" B

ACMHXPOHHOM KoMIapaTope IIJIsi OMHOTO pa3psaa. ITo

MOCTPOCHKE BBHITIOJIHAM IO TeM K€ IpaBWJIaM, 4TO U

JJISI CUHTe3a CXeMbl Ollepalii CpaBHEHUS Ha "paBHO".

CuHTE3MpOBaHHAsI CXeMa U €€ YyCIOBHOE 0003HaueHe
MpUBEACHBI HA puc. 9.

-

Puc. 8. Padora (pyHkumoHanbHOro 0,10Ka JBYXpa3psAAHOro aCHHXPOHHOTO KOMNAPATOPA, BBHIMOJHSAIOUMIET0 ONEPANMIO CPaBHEHHS HA "paBHO"
Fig. 8. Operation of unit of the two-bit asynchronous comparator, performing the comparison operation on "equal”

a |
bo_FA:*BM FA>B i
i —TFn |
i Fos |

Puc. 9. Cunre3upoBanHas cxeMa Ha "0oJible” aCMHHXPOHHOrO KOMIAapaTopa AJisi OXHOro paspsna (a) u ee ycjioBHoe odo3Hauenue (D)
Fig. 9. Synthesized circuit on "more"” of the asynchronous comparator for a single bit (a) and its symbol (b)
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Puc. 10. CunTe3upoBaHHas cxema Jisi CPaBHEHHsA HAa "00JblIe” B aCHHXPOHHOM KOMIapaTope ISl JBYXPa3psAAHOTo CJioBa (@) U ee YCJIOBHOE

o0o3Hauenue (D)

Fig. 10. Synthesized circuit for comparison on "more” of the asynchronous comparator for two-bit word (a) and its symbol (b)
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Puc. 11. Pabora ¢ynkuponanbHoro 0;10Ka AByXpaspsaaHOro aCHHXPOHHOrO KOMNApaTopa, BHINOJIHSAIONIEro onepauuio cpasnenus F p

Fig. 11. Operation of unit of the two-bit asynchronous comparator, performing the comparison operation F,p

st cmoBa, COCTOSIIETO M3 ABYX pa3psiioB, BeIpa-
KeHMe JJIs1 cpaBHEeHUS Ha "0oJblie” MpuMeT BUI

FA>B=01'Z71+7‘1'00'7)0. (6)

OCHOBBIBasICh Ha BhIpakeHUM (6), MOXKHO ITOCTPO-
UTh CXeMy cpaBHeHMSsI Ha "Oojbiie” (puc. 10).

s mpoBepKU MNpPaBUIBHOCTU PaOOTHI IBYyXpa3-
psAIHOrO (GYHKUMOHAILHOIO OJI0Ka aCUHXPOHHOTO
KOMITIapaTopa, BBEITIOTHSIONIETO OIePaIuio CPAaBHEHMS
F 4~ p, IPEACTaBUM PpE3YJIBTATHl €0 MOJIEIMPOBAHUSA
(puc. 11).

Ha rpadwuke ¢pyHkius Rl BeiumMcasiach no ¢op-
myne r| = a;+b, + a; - b,. V3 puc. 11 BumHo, 40
curHai F s, p U3MEHAETCH B COOTBETCTBUU € POPMYJIOi
(6), a mpuxon curHama "normdeckuii 0" Ha BCe BXOIBI
CXeMbI TTOKa3bIBaeT, YTO paccMaTpuBaeMas cxema 00-
JTagaeT CBOMCTBOM 3alTOMUHAHWSI.

OtmeTuM, 4To PYHKUUA F| CTAPLIETO Pa3psAa HyX-
Ha JJIs1 oTiepalliu cpaBHeHUs Ha "paBHO" U Ha "0OJIb-
1re", oHa MOXeT OBbITh B3sITa B TOTOBOM Buie. Benb ec-
JM a; = by y cTapllero paspsaa, TO pe3yJabTaT elle He-
M3BECTEH U TpeOyeTcs aHalIu3 Cleaylouiero (Miaaaiie-
ro) paspsiia o TOMY e aJlTOPUTMY.
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Boo0iue, nast oOuiero ciyyasi n-pa3psiiHbIX CJIOB
umeeM [7]

Fosp=ay,— 1" b,y try—q17a,-5b, 5 ..
...+rn_1'rn_2...'rl'a0'b0. (7)

CxemMa CMHTE3UPOBAHHOIO (PYHKIIMOHATBHOIO 0J10-
Ka, BBITIOJIHAIONIAs ONepaluio F s p, UMEET ISl OHO-
pa3psIIHOTO CJIOBA YeThIpe BX0Oa, ISl ABYXPa3psIHO-
ro — 10 BxonoB. [1pu yBeanueHUM pa3psiTHOCTU CJIOB
(OT Tpex pa3psiioB M BbIlIE) YKCIO BXOJAOB B paccMar-
puBaeMoM 0JI0Ke HEMUHYEMO OyIeT pacTh. DTO MpHU-
BeJeT K U30bITouHOMY uuciy #-MOII-TpaH3ucTOpOB B
HUXKHEN 4acTH CXeMbl U, €CTECTBEHHO, K YXYIILIEHUIO
ee rmapaMeTpoB (ObICTpoaeiicTBUE, MOTpebasieMast MOLLL -
HocTb). [ToaToMy 11e1eco00pa3HO UCIOIb30BaATh CXE-
My IJIST IBYXPa3psaHOTO CJIOBA, BHITTOIHSIONIYIO CPaB-
HeHue Ha "Oouble”, KaK 3J€MEHTapHbIA (DYHKIIMO-
HaJIbHBIN OJIOK B CTPYKTYpe MHOTOPAa3psiAHON CXEeMBbl
orepauuu cpaBHeHus Fys p. PaccMoTpuM nocrpoeHue
(byHKIIMOHATBHOTO 0JIOKa BOCBMMPA3PSIIHOIO aCHH-
XpPOHHOTO KOMIIapaTopa, BBITIOJHSIONIETO OTIePAIUio
CpaBHEHUA F s p.
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Puc. 12. CuntesnpoBanHas cxema, BhINOJIHAIOmAA QYHKUMIO cpaBHeHus F -, p B aCHHXPOHHOM KOMIapaTope 115 BOCbMHPAa3pPAIHOro CJIoBa

Fig. 12. Synthesized circuit, performing the comparison function F,p in an asynchronous comparator for eight-bit word

Pesynbrar cpaBHeHUsT Ha "Oojbiie" 119 BOCBMU
pa3psiioB onpeaesseTcs: u3 BoipaxkeHus (7) npit n = 8:

F(g)A>B=a7°i)7 +r7'a6'7)6 +r7'r6'a5'275 + ..
(¥)

Hanee crpynnupyeM B BhIpaxXeHMU (8) cilaraeMbie
TaKUM 006pa3oM, YTOOBI MOXXHO OBLIO BEIHECTH OOIINIA
MHOXUTEJIb 777 33 0011YI0 (GUTYPHYIO CKOOKY. BHyTpUM
(UTypHOI1 CKOOKM, BBIHECSI MHOXUTEINN F5fy U 315 32
Mpeaeabl CKOOOK, MOTYyYNM

...+r7-r6-r5-r4-r3-r2-rl'a0'Z)O.

Fgya>= (a7 by + 17+ ag* be) + ry* 1+ {(as* bs +
trstaytby) trstrgcl(ayc by trstaytby) +

+r3ory(ap by + oyt ay: by)l} 9)

OGo3Ha4MB BbIpakeHust B (9) az* by + ;- ag* b =F,

05'55 + r‘5'a4'B4 = FS, 03'53 + I‘3'52 = F3,

ay- by +ry-ay by = Fy, nonyunm
Fv(8)A>B = F7 + r7'r6'[F5 + r5'r4'(F3 + r3-r2'F1)].(10)

Beipaxenusa F;, Fs, F3 u F| peanusyiorca B BUIE
3JIeMEHTApHBIX (YHKIIMOHAIBHBIX OJIOKOB, O KOTOPHIX
TOBOPWJIOCH BBILIE, JUI ONEpaluu CpaBHEHUs Fj s p
JIBYXpa3psiiHbIX cjioB. CHMHTE3MpOBaHHAsI Ha OCHOBE
BoIpaxeHus (10) cxema mpuBeaeHa Ha puc. 12.

ITosHas cxeMa CHHTE3HPOBAHHOIO IBYXPa3PAAHOrO
ACHHXPOHHOTO JBYXINPOBOJIHOTO KOMIAPAaTOpa

CobpaB BOEIWHO PacCMOTPEHHBIE BBILIE CXEMBI,
MMOJIYYMM TIOJTHYIO CXeMY CUHTE3MPOBAHHOIO JBYXpa3-
PSIIHOTO ACUMHXPOHHOTO KoMItapaTopa (puc. 13).
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Omnepanust cpaBHEHUSI Ha "MeHbIE" BhIpaxkaeTcs
4yepe3 OCHOBHBbIE OTHouleHus F,_p u Fjs p cienyro-
LM 00pa3oM:

an

Kak BuaHo 13 puc. 13, cxeMa aCUHXpOHHOI'O KOM-
napaTtopa JUisl AByXpa3psiiHbIX CJIOB UMEET JABYXITPO-
BOJHYIO peajiu3alyio W 3allOMUHAIOIIME BJIEMEHTHI,
Oysarogapsi KOTOpPbIM TeKylllee 3HAaUeHUE BBIXOAHOIO
CUTHaJIa COXpaHseTcs 10 Mpuxoaa ciemytoiero. K to-
MY X€ paccMaTpUBaeMblii KOMIIapaToOp COCTOUT JIUIIIb
u3 50 TpaH3ucTopoB. [Jis1 cpaBHEHUSI, cXeMa KOMOU-

Fyep=Fp—p Fpop-

A=B

Fis

Puc. 13. Cunre3upoBaHHbIii ACHHXPOHHBI KOMIAPAaTOp IS ABYX-
Pa3pAIHBIX CJIOB, 00JANAIONINI CIIOCOOHOCTBIO COXPAHATH TEKYyIIee
3HAYEHHEe JAHHBIX

Fig. 13. Synthesized asynchronous comparator for two-bit words, having
the ability to save the current value of the data
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Puc. 14. KoMOMHAIMOHHBII KOMIIAPATOP IS IBYXPA3PAAHBIX CJIOB
Fig. 14. Combination comparator for two-bit words

HAllMOHHOIOo Kommaparopa [7] misl ABYXpa3psaHBIX
cloB ¢ mapadga3HbIMUA CUTHAJTAMU COCTOUT YXE U3
66 TpPaH3UCTOPOB U He 00JIaJaeT CBOMCTBOM 3aITOMMU-
HaHUs TeKylllero sHayeHus (puc. 14).

st mccrenoBaHusI KOMITapaToOpOB, TTOKAa3aHHBIX Ha
puc. 13 u 14, 6n1a BeIOpaHa nmporpamma OrCad 16.6
u SPICE-MonenupoBaHue. J[lns MoaeaupoBaHUs
KMOII-TpaH3ucTopoB UCIOIb30BaIu Moaeiab BSIM3
[8, 9], Texnomorust 180 HM. MHTEpBal moCTymIeHUS
CUTHAJIOB Ha Bxoj BbIOpaH paBHbIM 10 Hc. Tomonoru-
yeckue pasmepbl MOII-TpaH3UCTOPOB B CxeMaX BbI-
OpaHbl TAKUMU, YTOOBI BXOIHBIE TPAH3UCTOPHI MOTJIN
MepekIoyaTh 3allejKy ¢ MMUHUMaJIbHBIM BpeMEeHEM
3aJIEPKKU, He TOTPedIsisl Mpy 3TOM Upe3MepHO 0O0JIb-
IIUX MOILIHOCTEM. J1 3TOr0 TPaH3UCTOPhI, HA KOTO-
pble MOJAIOTCSl BXOAHBIE CUTHAJIbl, UMEIOT LLIUPUHY
3arBopa 2,0 u 1,2 MKM ([JIs1 p- U n-KaHaJbHBIX TPaH-
3UCTOPOB COOTBETCTBEHHO). TpaH3UCTOPBI 3alleKu
UMeIOT IKUpUHY 3aTBopa 0,8 MKM (p-KaHaJbHBIM TpaH-
suctop) u 0,45 MKM (n-KaHaJIbHBIN TpaH3ucTop). Uc-
cJIeoBaHWE aCMHXPOHHOTO KOMITapaTopa, o0Jiamaro-
IIEr0 CHOCOOHOCTBIO COXPAHSITh TEKYllee 3HayeHUe
JNAHHBIX, JJIS JBYXPa3psiIHOTO CJIOBA B PEXUME HYyJle-
BOTro crieiicepa mpoBoAWIn B nuara3zoHe 320 HC Tipu
E e = 5 B. [lng Hero ObUIM NOTyY€EHbI CIIEAYIOLIKE T1a-
paMeTphl: paccerBaeMasi MOIIHOCTb Pcp = 0,042 mBrT,
3ajepxka pacnpocrpaHenust t,, = 0,5 He, uucio
TpaH3UCTOPOB B cxeMe N = 50 1UT, 3HEProTOIOJIOTH-
yeckuit kputepuit L = 1,05 mlx * mT.

Bce TepMBbl cXeMbl aCHHXpPOHHOTO KOMIIapaTopa ¢
BO3MOXHOCTBIO COXPaHSTh TeKylllee 3HAYeHHE OIlpe-
JIeJIeHbI, TT0O3TOMY OHAa MOXET ObITh MCITOJIb30BaHa KakK
KoMOMHalMoHHas1 cxema. McciaepoBaHue KOMOWHa-
LIMOHHOTO KOMIIapaTopa U CUHTE3UPOBAHHOIO aCHH-
XPOHHOTO B pexXuMe KOMOMHALIMOHHOW cxembl (0e3
HCTIOJIb30BaHUsI OOHYJIEHMS) TTPOBOAMIN NIPU TEX XKe
YCIIOBUSIX.

Pe3ynbTaThl MOmenmMpoBaHUs TOKa3ajiu, YTO TIPU
E e = 5 B, 06e cxeMbl UMEIOT OJUHAKOBBII 3HEPro-
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Toronoruyeckuii kpurepuii (L = 1,81 nJIx - mr).
ACHHXPOHHBI KOMMapaTop HMMeEeT MEHblllee YHCI0
TpaH3ucTopoB (Ha 24,2 % MeHblle). 3amepkKa pac-
MPOCTPaHEHUsI 3TUX CXeM OJMHAKOBa (Ts.p = 0,5 HC).
M mume paccemBaeMasi MOIIHOCTH ACMHXPOHHOTO
CHHTE3UPOBAHHOTO KOMIIapaTopa B pexXuMe pabOThI
koMOuHanmoHHoit cxembl (0,074 MBT) Gounbliie pac-
cerBaeMOil MOIITHOCTM KOMOWHAIIMOHHOTO KOMIlapa-
topa (0,061 MBt) Ha 17,6 %.

3akmoueHne

PaccMorpen MeTom cuHTe3a (OYHKIMOHAIBHBIX
0JIOKOB CAMOCHHXPOHHBIX CXeM, OOBbEIMHSIIOIIUX B Ce-
0e KOMOMHALIMOHHYIO (DYHKIIMIO U PETUCTP XpaHEHUS
naHHbiX. [TokazaHbl 0COOEHHOCTU MOCTPOEHUS DYHK-
LIMOHAJIBHBIX OJIOKOB KOMITApaTOpa, BBIITOTHSIONIETO
olepalyy cpaBHeHUS Ha "paBHO", "0oJiblle” U "MeHb-
me" B MHOTOPa3psIHOM CJIOBe. 3aMeUYeHO, YTO CHHTE-
3UPOBAHHBIA ACMHXPOHHBIA KOMIIApaTop C BO3MOX-
HOCTBbIO 3allOMUHaHUSI MOXET paboTaTh B pEXUMeE
KOMOMHAIIMOHHOM (PYHKIMM, TaK KaK BCE TE€PMBI €T0
CXeMBbI oMnpeeseHbl. Pe3yabTaThl MOAEIUPOBAHUS pa-
00Tbl (PyHKIIMOHAIbHBIX OJIOKOB CXEM MOATBEPXKIAIOT
MPaBWIbHOCTh TPEMIOKEHHON METONMKU CUHTE3a.
CuHTe3MpoOBaHHas cxeMa MCCedoBaHa TakKxKe B pe-
>XKMMe KOMOMHALIMOHHOM CXeMbI M CpaBHEHa ¢ aHaJIo-
roM — KOMOMHAIIMOHHBIM KOMITapaTopoM. Pe3ysbTa-
ThI MCCJIEAOBAHMS MOJYYEHBI C UCIIOIb30BaHUEM 000-
pynoBaHusi lleHTpa KOJJIEKTUBHOI'O MOJIb30BAaHUSI U
HayuHo-o6pa3oBarenbHoro ueHrpa "HaHorexHoso-
run”" MHCTUTYTa HAHOTEXHOJOTUM, IJEKTPOHUKU U
npubopoctpoeHus HOxHoro ¢eaepalbHOTO0 YHUBEP-
cuteta (r. TaraHpor).
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Method for Synthesis of the Storage Elements for the Self-Synchronizing Circuits

The author presents the method for synthesis of the functional units of the self-synchronizing circuits, integrating the combina-
tional function and storage register. The necessary function is formed at the output of such functional units by means of two circuits
on n-MOS transistors, located in the left and right planes in relation to the memory element. The rules of synthesis of the functional
units of the self-synchronizing circuits are presented on the example of implementation of a multibit comparison element. The validity
of the proposed method of synthesis was proved by the simulation synthesis schemes within OrCAD 16,6 program.
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comparison element, modeling

Introduction

Self-timed circuits (ST-circuits) are gaining atten-
tion of scientists. This is caused by the to the following
advantages, which they possess [1]:

— the absence of synchronization system, which
branching increases at the integration of the circuit, which
reduces the cost of implementation of the apparatus;

— significantly increase in the speed of the circuit in
comparison with synchronous analogues, which is limit-
ed by the operating conditions and physical parameters;

— increased service life due to resistance to aging
compared with synchronous analogues; — self-testing
and self-checking of such circuits;

— termination of work at the time of element failure
that excludes the issuance of erroneous data, and also
makes it possible to locate the location of the fault,
thereby reducing the time to fix the problem and restart
the system;

— significantly lower power dissipation and uni-
formity of current consumption as compared with syn-
chronous analogues.

Construction of self-timed circuit

Self-timed circuit (ST-circuit) [2] may be composed
of blocks as it shown in fig. 1. The ST-circuit includes:
a memory element (asynchronous register), which per-
forms data storage at processing time, the combination-
al function that performs the processing of data, the in-
dicator of the transition process, which generates a sig-
nal, the duration of which is equal to the duration of the
transition process, the control circuit, giving the signal
"Start" to initiate the process, and the block for permis-
sion of data transmission. With starting of ST-circuit
("Start" is a logical "1"), the data transmission permis-
sion unit transmits data to the asynchronous register
which stores the input information. Starting of the
process sets the signal "Start” to logic "0", resulting in
all the signals at the output of the data transmission per-
mission becomes zero. The stored values of the signals
in asynchronous register are processed by the function
of combination. After the transient process, the signal
"Start" becomes a logical "1" and the processing of the
next portion of the signal begins. The circuit does not

require external synchronization signal and synchroniz-
es by the internal signal of the end of the transition
process. The theory of the synthesis of the combinatory
function of indicator is widely presented [3—5]. The
permission unit and control circuit can be easily imple-
mented on the elements of "logical AND". Asynchro-
nous register cannot be implemented on the logic
DCVSL [6], since the reset of the input signals turns off
the loads, while the output signal in the trigger will not
be remembered, but to break down. Below we consider
the synthesis of the asynchronous memory registers.

Method to form the memorized signal

Consider the block diagram in fig. 2. The circuit is
symmetrical and includes two groups of n-MOS tran-
sistors. Left their group forms the Q units at output, the
right — forms the zeros. Between themselves they con-
nected by two inverters, installed anti-parallely, i.e. as
a latch. When the "logical 0" is applied the inputs of the
circuit, the output signal is not changed, it mean that
it is remembered. This feature of the mentioned circuit
allows to use it as an asynchronous register.

The single signals may be stored with such a scheme
(fig. 3). But at this construction ST — circuit appears
cumbersome. It is more profitable to "embed" the
memory function in the input stages of the combination
unit. As an example, consider a device of asynchronous
comparator with the memory element in the input cir-
cuits of the combination unit.

Synthesis of a circuit performing comparison
operation on the "equal” in the asynchronous
two-conductor comparator

The comparators are the comparing devices that de-
fine the relationship between the two words. The key
relationships through which we can express the others
are "equal” and "more" [7]. The following criteria valid
for comparator: if the comparison function takes a sin-
gle value, the condition is true, if it takes the value ze-
ro — the condition is false. For the function, conduct-
ing comparison of bits on "equal” we have the following
expression [7]:

r0=ao@b0=ao'b0+210'50. (l)
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If all the bits of the first word are equal to the cor-
responding bits of another word, the words are the
same. The expression, which is a sign of equality of the
words is as follows:

FA=B=rn_1‘rn_2'...'r0. (2)

Consider the synthesis of single-bit comparison cir-
cuits to "equal”, consisting of generators of logical "0"
and "1" on the n-MOS transistors.

To obtain the subcircuit to form the logical zeros we
create a minterm map of the output signal ry from the
expression (1) (fig. 4, a). Then the values of minterms
in each cell will replace by the opposite (fig. 4, b). From
the image of minterm map write signal r; as the sum
of minterms:

ro = ag* by + ag -+ by. 3)

The formers of unities and zeros can be implement-
ed directly by the formulas (1), (3) according to the fol-
lowing rules [6]:

— logical multiplication — in the form of serially-
connected MOS transistors (or parallel structures of
MOS transistors);

— logical addition — in the form of MOS transistors
connected in parallel (or serial structures of MOS tran-
sistors).

Applying these rules and using the formula (1), (3),
we synthesize the circuit serving as a comparison func-
tion on "equal"” in the asynchronous two-conductor com-
parator for one category (fig. 5, a). Fig. 5, b shows its
symbolic notation. The simulation results of the work of
the functional block are shown in fig. 6. The output sig-
nal is changed in compliance with the formula (1) and
has a memory function at zeroing of input signals.

In the multi-bit word, the output of each category
on "equal" must be connected to an element "AND"
(fig. 7) to create a circuit that performs a comparison
function F,—p. The value of function for F,_p for
function block of the two-conductor comparator is giv-
en by the expression:

Fuep=(ag-by+ ay-by)(a;-b; + a,-by). (4

Fig. 8 shows the simulating results of operation of
the functional unit of two-conductor asynchronous
comparator, which performs the comparison opera-
tion on "equal”, implemented in accordance with the
scheme in fig. 7.

The graph of the output function F,_ 5 corresponds
to the expression (4). The signals of the "logical 0" com-
ing to the inputs of the circuit (direct and inverse) at the
same time, designed to show that at this time there re-
membering of the previous state occurs at the outputs.

Synthesis of the circuit performing comparison operation
F 4 g in the two-conductor asynchronous comparator

Operation on "more" for one bit is described by the
expression:

FA>B=al~' bi' (5)
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Let’s build the comparison circuit on "more" in the
asynchronous comparator for a single bit with the help
of the method of synthesis of asynchronous circuits
with the memory based on the expression (5). The con-
struction will perform by the same rules as for the syn-
thesis of the circuit for operation of comparison on
"equal”. The circuit and its symbol are shown in fig. 9.

For a word consisting of two digits, the expression
for comparison on "more" becomes:

FA>B=01'Bl+r1'ao'i)0. (6)

Basing on the expression (6), we can construct a cir-
cuit for comparison on "more" (fig. 10).

To verify the correct operation of two-bit asynchro-
nous comparator function block that performs the com-
parison operation Fj p, let us present the results of its
simulation (fig. 11). The function R1 on the graph was
calculated according to the formula r, = a; - b + a, - b;.
It can be seen that the signal F . p is changed in ac-
cordance with the formula (6), and the arrival of signal
of the "logic 0" on all inputs of the circuit shows that
this circuit has the memorization feature.

We can note, that the function r; of the high-order
bit is needed for comparison operations to "equal” and
"more"; it can be taken out-of-the-box. If a; = b, at the
high-order bit, the result is still unknown and it requires
an analysis of the next (younger) bit on the same algo-
rithm. Generally, for the general case of n-bit words we
have [7]:

FA>B= ap—1° bn—l + Frp—1"8y,-2" bn—2
...+rn_1'rn_2...'r1'ao'b0. (7)

The circuit of the synthesized function block that
performs the operation F p has for one-bit word the
four inputs, for the two-digit — 10 inputs. At increasing
of the word bits (three bits and above), the number of
inputs in this block will inevitably grow. This will lead
to an excessive number of n-MOS transistors in the
lower part of the circuit and to deterioration of its pa-
rameters (speed, power consumption). Therefore, it is
advisable to use the circuit for two-bit word, which per-
forms a comparison on "more" as an elementary func-
tion block in the structure of a multi-bit circuit of com-
parison operation F p. Consider the construction of a
functional block of eight-bits asynchronous comparator
performing comparison operation Fj p. The result of
the comparison on "more" for the eight bits is deter-
mined from the expression (7) for n = 8:

F(S)A>B=a7°b7 +r7'a6'b6 +r7'r6'(15'b5 + ..
ot rs g3yt ayt by (8)

Next, group the terms in the expression (8), to be
able to take out of the curly brackets a common factor




for r;rg. Inside the curly brackets, taken outside the fac-
tors r5ry and r3r, the brackets, we get:

Figyasp = (a7* by + 1y ag* bg) + ry-rg-{(as* bs +

+ r5'a4' 54) + r5'r4'[(a3' 53 + r3°az° Bz) +

+ 3 ryc(ap by ot aye byl 9)

We denote the expressions in (9) a;-b; +

+ r7'a6'56 =F7, 05' BS +r5°a4° 54 =F5, a3' 53 +

+ rycap- Bz =F3, a . Bl +r1 tay -’ BO =F1,WeObtain:

Fyasp= 7t rporg [Fs + rsry (F3 + 13-y F)].(10)

F;, F5, F5 and Fj are realized in the form of elemen-

tary functional units described above, for comparison op-

erations £ p for two digit word. The synthesized circuit
based on the expression (10) is shown in fig. 12.

Full circuit of the synthesized two-bit asynchronous
two-conductor comparator

By bringing together the above circuits, we obtain
the full circuit of synthesized two-bit asynchronous
comparator (fig. 13).

Operation of comparison on "less" is expressed
through relationships F,—p and F p as follows:

Fpep= Fy=p " Fp>p- (1D

As can be seen, the circuit for asynchronous com-
parator for two-digit word has two-wire implementa-
tion and the storage elements by which the current val-
ue of the output signal becomes saved until the next.
The reviewed comparator consists of only 50 transis-
tors. For comparison, the circuit of combination com-
parator [7] for two-digit words with paraphase signals
consists already of 66 transistors and has the feature of
storing of the current value (fig. 14).

The software packages OrCad 16.6 and SPICE sim-
ulation were selected to investigate the comparator
(figs. 13 and 14). The model BSIM3 [8, 9], 180 nm tech-
nology was used for modeling of CMOS transistors. The
interval of signals at the input was selected to be 10 ns.
The topological dimensions of MOS transistors in the
circuits were selected such that the input transistors can
switch the latch with a minimum delay time without
consuming of unconscionable capacities. For this pur-
pose, the transistors, which were supplied with inputs
have the gate width of 2,0 and 1,2 um (for p- and n-chan-
nel transistors, respectively). Latch transistors have the
width of 0,8 um (p-channel transistor) and 0,45 um
(n-channel transistor). The study of the asynchronous
comparator having the ability to save the current value
of the data for the two-bit word in zero spacer mode
was held in the range of 320 ns at £, = 5 V. The fol-
lowing parameters were obtained for it: dissipation
power Py, = 0,042 mW, propagation delay Tpd = 0.5 ns,
the number of transistors in the circuit N = 50 units,
energy-topological criterion L = 1,05 pJ - pcs.

All terms of the circuit of the asynchronous compa-
rator with the ability to store the current value were de-
fined, so it can be used as a combinational circuit. The
investigation of the combination comparator and the
synthesized asynchronous comparator in the mode of
combinational circuit (without zeroization) was con-
ducted under the same conditions. The simulation re-
sults showed that when Eg,; = 5V, both circuits have
the same energy-topological criterion (L = 1,81 pJ - pcs).
The asynchronous comparator has fewer transistors
(24,2 % less). The propagation delay of the circuit is the
same (Tpd = 0,5 ns). Only the power dissipation of the
synthesized asynchronous comparator in the mode of
combinational circuit (0,074 MW) is greater than the
dissipation power of the combination comparator
(0,061 MW) by 17,6 %.

Conclusion

The method of synthesis of the functional blocks of
self-timed circuits that combine a combinational func-
tion and the data storage register was reviewed. The
features of construction of the comparator’s function
blocks performing comparison operations on "equal”,
"greater than" and "less than" in the multi-bit word were
shown. It was noticed that the synthesized asynchro-
nous comparator with the ability to store can work in
combination function as all its terms are defined. The
simulation results of the functional blocks of the circuit
confirm the correctness of the proposed method of syn-
thesis. The synthesized circuit was also studied in the
mode of combinational circuit and compared with an-
alogue — combinational comparator.

The results were obtained using the equipment of the
Center for Collective Use and the Research and Education
Center "Nanotechnologies" of the Institute of Nanotech-
nologies, Electronics and Instrumentation of the Southern
Federal University (Taganrog).
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Ymounsromes oyenku omrkazoycmouMueocmuy NOKOMNOHEHMHO Pe3epP8UPOGAHHBIX MUKPOCXeM U NPedaazaromces OUeHKU OmKa-
30ycmouHueocmuy k-Kpamno MajicopumapHo pe3epeupo8aHHbiX MUKpocxem npu ux obayuenuu. Ilpueodsmcs oyeHKu OmKazo-
YCMOUYUBOCIU HEPe3ePEUPOBAHHBIX U NOKOMNOHEHMHO 0YOAUPOBAHHBIX MAXNCOPUMADPHBIX KAANAH08. [laromcs cpagHumenvHble
OUEHKU OMKA30YCMOUMUBOCIU HePe3ep8UPOBaAHHOU, NOKOMHOHEHMHO OYOAUPOBAHHOU U K-KPAMHO MANCOPUMAPHO Pe3epP8UpPO8aH-
Hou mukpocxem. [lokasano, ymo omKasoycmou4ueocms NOKOMHOHEHMHO OYOAUPOBAHHBIX MUKPOCXEM OKA3bl6AeMCs Gbiule Om-

Ica30ycmoﬁuueocmu MpoupoBaHHbvIX MUKPOCXEM.

Karoueevie caosa: Hanod1eKMPOHUKA, MUKPOINEKMPOHUKA, OMKA30YCMOUYUBOCMb, OMKA3, Pe3ePEUPOBAHUe 6 INeKMPOHHbBIX
cucmemax, 0yoauposanue, Ma3copumapHoe pe3epeuposanue, MajicopumapHvie KAanaHol

BBenenue

BoaneiicTBue pagpauuy Ha 3J€KTPOHHBIE KOMITO-
HEHTBI — 3TO CJIOXHBIN MPOLIECC, 3aBUCILMI OT MHO-
>XKecTBa mapamMeTpoB. B ux 4uciio BXOAUT TUN paaua-
IMOHHOTO BO3IEMCTBYS, SHEPTUS YACTHUII, MaTepHal U
TEXHOJIOTUSI CO3JaHUsI MPUOOPOB, UX pa3Mep U MHO-
roe npyroe. [ToaToMy KpaliHe BaskHBI METOIBI OLICHKH
9TOr0 BO3MEUCTBUS Ha OTKa30yCTOMYMBOCTH LIU(DPO-
BBIX MUKpocxeM. B Hammx pa6orax [1—5] ObLT TIpen-
JIOXEH METOA OLEHKM OTKAa30yCTOMYMBOCTH STHUX
MUKPOCXEM T10 UX IUIOLIAASIM, KOTOPBIA MOXHO MpU-
MEHUTH IIJISI CPAaBHUTEIPHON OIIEHKHW OTKa30yCTONIM-
BOCTU MUKPOCXEM MpPU MCIOJIb30BAaHUU Pa3IUUHBIX
CITOCOOOB Pe3epBUPOBAHUS. DTOT METOI MOXET OBITh
MMPUMEHEH U B HAHOBJIEKTPOHUKE, U B MUKPOIJIEKTPO-
HVKE TIPU pa3IUYHBIX BUJAX OOIydEeHMUSI.

B pabore [1] Hamu ObLI pa3BUT METOI OLIEHKU OT-
Ka30yCTOMUYMBOCTU O0JIydaeMbIX MUKpPOCXeM "TIO ILIO-
maasaM”, pacCMOTPEHHBIN B paboTtax [2—5] u mpume-
HEHHBIN IJISI OLIEHKM IMPEIJIOXKEHHOIO B 3TUX padoTax
cnoco0a MOKOMITOHEHTHOTO IYOJIMpPOBAaHUSI MUKPO-
cxeM 0e3 MCHOIb30BaHUS CIeIUAIbHBIX JIOTMYECKUX
CPEeACTB AJIsl BBIOOpA BEPHBIX CUTHAJIOB.
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B nanHoO#t paboTe 3TOT MeTOH IIPUMEHSIETCS IS
OILIEHKN MaXXOPHUTapHOTO pEe3epPBUPOBAHMUSI MHMKPO-
CXeM, MO KOTOpbIM OydeM MNOHUMATh k-KpaTHOE
(k > 3 — HeyeTHOE) MOCTOSIHHOE pPe3epPBUPOBaHUE C
HCIOJIb30BAHMEM MaKOPUTApHBIX KianmaHoB [6—S§].
3aech 1oj k-KpaTHBIM MOCTOSIHHBIM Pe3epBUPOBAHU-
eM (k-tuple redundancy) nmoHumaeTcsl pe3epBUpPOBaHUE
k ameMeHTOB (KOMIIOHEHTOB, y3J10B, MoayJeii) [8].

Ha ocHoBaHuM 3TOTO MeTOA 3/IeCh JAaOTCSI CpaB-
HUTEJbHbIE OLIEHKU OTKa30yCTOMYMBOCTU k-KpaTHO
MaXXOPUTApHO Pe3ePBUPOBAHHBIX MUKPOCXEM U TOKOM -
MMOHEHTHO IyOJIMPOBAHHON MUKPOCXEMBI, TTOCTPOCH-
HOM crocoOoM, MpeajaoKeHHbIM B padortax [1—35] u
TTO3BOJISTIOIINM aBTOMATUIEeCKY BbIIABAaTh BEPHBIIA BHI-
XOJHOW CUTHAJI MPU OTKa3e OMHOM U3 IBYX sTYeeK B OJI-
HOM JyOJUPOBAaHHOM KOMITOHEHTE.

Ho cHauana yToYHMM CpaBHUTEIBHYIO OLICHKY OT-
Ka30yCTOMYMBOCTU HEPE3epPBUPOBAHHON U MOKOMIIO-
HEHTHO AyOJIMPOBAHHOW MUKPOCXEM, IMTPUBEAECHHYIO B
pabote [1], ¢ y4eTOM TOTO, UTO MPU k-KPaTHOM MaxKO-
PUTApPHOM pe3epBUPOBAHUM MPUACTCS AaBaThb OLEHKY
OTKAa30yCTOMYMBOCTA HEPE3BUPOBAHHBIX M AYyOJIMPO-
BaHHBIX MaXKOPUTAPHBIX KJIAMaHOB, COASPXKAIIUX 3Ha-
YUTEJIBHO MEHbIIIE KOMIIOHEHTOB, YeM Hepe3epBUPO-
BaHHas MUKpOCXeMa.




1. YTouneHnne CpaBHUTEJbHOW OLEHKH
0TKAa30yCTOYMBOCTH Hepe3epPBUPOBAHHOIA
H MOKOMIIOHEHTHO Iy0JIMPOBAHHOH MHKPOCXEM

Mogenb Hepe3epBUPOBAHHONW MUKPOCXEMBI, OIMU-
caHHas B pabote [1, c. 11], cocTtout u3 N siueek, oau-
HAKOBBIX IO TUIOLIAAM W COAEpPXAalIUX IO OZHOMY
HEpe3epBUPOBAHHOMY KOMIIOHEHTY, COAEpXaHWe U
(byHKIIMM KOTOpPOro Mbl He paccMaTpuBaeM. OTKa3oM
9TOM MUKPOCXEMbl OydeM CcuuTaThb OTKa3 OIHOI ee
STYEUKU, COOTBETCTBYIOIUI OTKAa3y COIEPXKALIErocs B
Heli komnoHeHTa. Kak 1 B pabote [1] mpumem, 4yTo
JUJIS. 3TOM MOJZEJIM BEPOSITHOCTh OTKa3a HEpPE3EepPBUPO-
BaHHOW MUKPOCXEMbI OyaeT

Po~®, S, W< 1, (1.1)

rae @, u S,; — COOTBETCTEHHO (IIOEHC U IJIoLaLb
HEpPEe3ePBUPOBAHHOMN MUKpPOCXeMbI; W — BepOSITHOCTh
OTKa3a Hepe3epBUPOBAHHOU YaCTU MUKPOCXEMBI, pac-
MOJIOXKEHHOW Ha eIVHUIIE TUIOLIAAN, TTPYU MOoNagaHun
B Hee OfIHOI YacTulbl (moapobHee o BeauuruHe Wu ee
BeuucieHuu [cm. 1, c. 12, 13, ¢opmyna (1.12)].
®opmyna (1.1) BeiBemeHa B pabote [1, c. 11, 12,
dopmyna (1.11)] st cryyast pacapenesieHUs] Koaude-
CTBA MOBPEXKAECHUN KAXION AYEMKA B MUKPOCXEME T10
3aKOHY Hyacconal. ITpu 3TOM OBLIO MPUHATO, YTO OT-
Ka3 MUKPOCXEMbI, colepKallieii 0oJIbIlIoe YUCTIO sTue-
€K, MUMEeT MECTO IIpM OTKa3e XOTSI Obl OJHOI STUYEeHKMU.
DTO NPOUCXOAUT MPU OYEHb MAJIOM UKCJIE MOBPEXIE-
HUM B SYeKaX MUKPOCXEMBbI, KOTOPOE YMCIIEHHO PaB-
HO MaTeMaTU4eCKOMY OXMWIAHWIO KOJIMYECTBA TTOBPEX-
neHuit npu pacnpeaeneHun Ilyaccona. IToatomy Hac
MHTEPECYIOT TOJBKO Te 3HaueHus QJiioeHca, s Ko-
TOPBIX OTKA3 OJHON STYEMKU MUKPOCXEMbI COCTOSIIICS] U
npu Kotopeix P, < 1. Ilpu nanbHememM o61y4eHUN
MMKPOCXEMBI MIOCJIE OTKA3a OJHON STYENKU, KOTUYECT-
BO MOBPEXICHUIN B HEW HAKAIUIMBAETCS, HO OHU YXE
HE UMEIOT OTHOLIEHUS K BEPOSITHOCTU COCTOSIBLIETOCS
MEPBOTO OTKA3a OIHOM AYEHKM, T. €. K BEPOATHOCTH P,
PaccmoTpuM Tenepb BEpPOSITHOCTh OTKa3a MOKOM-
MOHEHTHO AyOJIMPOBAHHOW MUKPOCXEMBI, MOJEIb KO-
TOpoi1 onrcana B padore [1, c. 13, 14]. Dta Monenb co-
nepXut N 1y0aMpoBaHHBIX KOMIIOHEHTOB, KaXIbIi U3
KOTOPBIX COCTOMT M3 JABYX IYyOJMPYIOLIMX APYT Apyra
Hepe3epBMPOBAHHBIX KOMIIOHEHTOB, KaXablii U3 KO-
TOPBIX 3aHUMAET, KaK U B HEPE3€pPBUPOBAHHON MUK-
pocxeme, OfHY siueiiky. Takum oOpa3om, 3Ta MOJENb
COACPXKUT MHOXECTBO 2N IyOIUpYIOLINX KOMIIOHEH-
TOB, 3aHMMalo1IMX 2 /N OIMHAKOBBIX 10 pa3Mepy siueeK.
Ot1ka3zoM ny0JIMpOBaHHON MUKPOCXEMbI CUMTAETCS OT-
Ka3 JIto00i apbl COOTBETCTBYIOLLIMX JIPYT APYTY sUeeK,
T. €. apbl g4eeK, oOpa3ylolux BMecTe AyOJIMpOBaH-
HBIIi KOMIOHEHT. BeposTHOCTH TonanaHusl YacTUll B

! AHaJIOTMYHBIA TTOIXOL C MCIIONB30BAHMEM DACTIPEACIICHMSI
ITyaccoHa K BBIYMCIIEHUIO BEPOSTHOCTY TTOBPEXIEHUI 00bEeKTa MpU
€ro o0JIy4eHUH UCITOb3YeTCsl B APYTUX 00JaCTsIX, B YACTHOCTU MUK-
POIO30METPUH, TP pellIeHNU MOA0OHBIX 3amau [10—12].

pas3nuyYHble SYEHKU OyOJIMPOBAHHOU MUKPOCXEMBI
OIVMHAKOBBI Y HE 3aBUCST APYT OT Apyra.

B sT10i1 MOgeau MHOXeCTBO Bcex 2N siueek ayOsm-
POBaHHOI MHKPOCXEMBI IPEACTABISIETCS B BUOE ABYX
HETIEPECEKAIOLIMXCS MEXIY COO0M MOAMHOXECTB M,
u M,, conepxaiux o N gueex, He 00be IMHAIOINXC
MeXXAay co0oii B Imaphl, oOpa3ylole AyoapoBaHHEIE
KOMMOOHEHTHI. OTKa30M Iy0IMpOBaHHONH MUKPOCXEMBbI
SIBJISIETCS OTKa3 JII00OI Mapbl COOTBETCTBYIOLIUX JIPYT
JIpyTy si4eeK, OlHA M3 KOTOPBIX MPUHAIJIEKUT IOMI-
MHOXeCTBY M|, a Ipyrasg — IOAMHOXECTBY M,.

BepositHOCTh OTKAa3a XOTsI ObI OAHON STYEKU B Of-

HOM M3 MOAMHOXeCTB M| u M, 3a Bpemsl f, , 001y-
yeHUs1 1o aHajoruu ¢ opmysnoit (1.1) Oymer
Pp=0,-5 - W<, (1.2)

rae ®; — MakKCUMAJIbHO JOMYCTUMBIA (IIIOeHC st
IyOIMPOBAHHON MUKPOCXEMBI; .S, | — TUIOIIA/lb TUTIO-
TETUYECKON HEPe3epBUPOBAHHON MUKPOCXEMBI, CO-
Jepxaiieil N siueek, paBHasi MOJOBUHE TUTOLIAAU 1y0-
JIMPOBaHHON MUKPOCXeMbI; W — BepOSITHOCTh OTKa3a
OIHOM STYEWKM TMpU TOMaJaHUU B HEe YaCTULIbI, YKa-
3aHHas B ¢opmyie (1.1).

ITockonpky miowanb sSiYEHKU B AyOJUPOBAHHOM
MMKpOCxeMe OOJIbIlle, YeM B Hepe3epBUPOBAHHOM MUK-
pocxeMe, TO MPUMEM, YTO

Sin = b8 (1.3)
re S, — IUIoLab Hepe3epBUPOBAHHON MUKpOCXe-
MbI; b>1 — Ko3pdULMEHT, NOKa3bIBAIOUINilI BO

CKOJIBKO pa3 IUIolanb AyOJUpPyeMOro KOMIIOHEHTA
MpeBbIIIAeT UIOIAAL HEPe3epBUPOBAHHOIO KOMIIO-
HeHTa; b = 1, Koraa ay0aMpyemMblii KOMIOHEHT SIBJISI-
eTcsl TpaH3UCTOpoM, W b > 1, xorga IyOauUpyeMblid
KOMITOHEHT MPEACTaBISIET COOOM JIOTMYECKMIA 3Jie-
MEHT; B IIOCJIEIHEM Ciydyae 3HaueHUe KO3 GULIMeH-
Ta b 3aBUCUT OT YMCJIa BXOAOB JJOTMYECKOI0 DJIeMEHTA,
€r0 CXeMbl 1 Pe3ePBUPOBAHUST BXOISIIINX B HETO KOM-
TOHEHTOB.

BenuunHa Pﬁ — 3TO BEPOSITHOCTH MPOU3BEICHUS
JIBYX HE3aBHMCHUMBIX COOBITUI, OJHO M3 KOTOPBIX CO-
CTOUT B OTKa3e XOTsI Obl OMHOM SYeKN B MOAMHOXE-
cTBE M|, a Ipyroe — B OTKa3€ XOTs Obl ONHOM AYeHKU
B noamMHoxectse M,. Ilpu sToM ciyyau nonagaHus
YaCcTUIl B ONHY M Ty XK€ STYeHKy KaXIOoro M3 MOIMHO-
XKecTB M| u M, 111 MIHTEPECYIOLLMX HAC MAKCUMAaJIbHO
momycTuMbIx (itoeHCOB @ HET HEOOXOAMMOCTHU pac-
CMaTpuBaTh U YYUTHIBATb.

Yucno ciayyaeB momamgaHWs IBYX YaCTHIl B ONWH
KOMITIOHEHT IyOJIMPOBAaHHONH MUKPOCXEMBI, COCTOSI-
LU U3 ABYX slU€eK, HAXOMSIIIUXCS B pa3HbIX MOJIMHO-
XectBax M; u M,, 6ynet paBHO N — 4KCILy TAKUX KOM-
TMIOHEHTOB B AYOJMPOBAHHON MUKpPOCXEME.

Yuco cnyyaeB MomajgaHus IBYX YaCTUIL B pa3HbIe
KOMITOHEHTHI 1yOJIMPOBaHHON MUKPOCXEMBI, T. €. YUC-
JIO cllydaeB, KOTJa OJHa U3 3TUX YACTUIL MOIajgaeT B
OIMH KOMIIOHEHT MUKPOCXEMBbI, a Apyras — B IpYrou
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€€ KOMIIOHEHT, OyneT paBHO C]%, — YHUCITy COYeTaHUM
u3 N 2JIeMEHTOB MO 2:

CX = NY/[2!- (N = 2). (1.4)

Torna obiiiee YKMCIO CayvyaeB IMoOMaaaHusl C paBHOM
BEPOSITHOCTBIO JABYX YaCTUIL (TIEPBO U BTOPOIi) B JIIO-
Oble siueiiku nyOoJMPOBAaHHOU MUKPOCXEMbI OyneT

G=N+ Cy. (1.5)

OTHocUTeNbHAsI BEPOSTHOCTh TOTO, YTO C BEpPOSIT-
HOCTBIO Pl2 OTKaXYT JIBE STYEMKU OJTHOTO TyOJIUpPOBaH-
HOro KOMITOHEHTA, PacIoJOoKeHHbIE B IMOAMHOXECT-
Bax M| u M,, Gyner

H= N/G. (1.6)

IMoncraBus (1.5) B (1.6) m pa3menuB YUCIUTETb U

3HaMeHaTedb Ha N, MOoIy4YuM:

H=1/1+ C}/N).
IMoncraBum Teneps (1.4) B (1.7):

(1.7)

H=1/{1+ N/[2'- (N —2)!] - 1/N}, (1.8)
OTKyJa Tocjie peoOdpa3oBaHU MOJIyYUM
H=1/(1 + 0,5N). (1.9)

IIpu N > 2 u3 (1.9) nonyyum:
H~1/0,5N, (1.10)

YTO BIBOE MEHbIIIE, YeM OTHOCUTEJIbHAsI BEPOSITHOCTh
1/N, ucrionb30BaHHAasI TIPU BLIYMCIEHUU BEPOSITHO-
ctu P, oTKasa ny0iMpOBaHHOM MUKPOCXEMBI B paboTe
[1], dopmymna (2.7)].

BeposiTHOCT OTKa3a ITIOKOMIIOHEHTHO IyOJIMpO-
BaHHOUW MUKPOCXEMbI MPEACTaBUM B BUIE:

Py= P> H. (1.11)

st coBpeMeHHbIX MUKpocxeM Bcerna N >> 2. [lpu
BBINOJIHEHUHU 3TOro ycaoBus noactasus (1.10) B (1.11),
TTOJTYYUM

Py = P2/0,5N. (1.12)

OpHako 111 OTHEIbHBIX Y3JI0B MUKPOCXEMbI, Ha-
MpuMep IS MaXKOPUTAPHOIO KjaraHa, HEPaBeHCTBO
N > 2 moxeT He cobmogatbes. JIis Takoro ciydast
MOJIyUuM

Py = P2/(1+0,5N). (1.13)
Mockonbky P, < 1, To mpu N > 2
P, < 1/0,5N, (1.14)

A B ciyyae HecoOoneHuss HepaBeHCcTBa N > 2
P, < 1/(1 + 0,5N). (1.15)

ITpownmoctpupyem nonyquHHe COOTHO]_HGHI/IH
YHCJIECHHBIM IIPUMEPOM. Hpn N =102 u P, = 1073
(1.12) nonyyum Py = 2+ 10718

OlieHUM yMeHbIIeHEe BEPOSITHOCTUM OTKasza ITo-
KOMITOHEHTHO Iy0IMPOBAaHHON MUKPOCXEMBI ITO CPaB-
HEHUIO C BEPOSITHOCTBHIO HEPE3EPBUPOBAHHON MUKPO-
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CXEMBI C IIOMOUIBIO TI0KA3aTeNIA Oy, U3MEHEHUA OTKA-
30yCTOMYUBOCTH:
Oy = P, H/ P, 2>

IJIe BCE BEJIMUMHBI OMpPENeSIeHbl BbILIE.

IMoacraBuB nonyyeHHOE 3HaquMe P, n npunaAToe
HpI/I6JII/DKeHHOC 3HaueHue P, ~ 10738 (1.16), MOIYYUM

~0,5- 1013, IIpn N = 10 u P, ~ 1072 MOJIYYUM

ocH2 ~0,5-10'%. Cnenosarensno, oTkazoycTOMIMBOCT
MOKOMITOHEHTHO NyOJIMPOBAHHOU MUKPOCXEMbI MHO-
ro Bblllle, YeM Y Hepe3epBUPOBAHHON MUKPOCXEMBI.

Takue OoyblLIMEe 3HAYEHUSA TIOKA3ATENA Oy, KAXY-
1recs: HepeajabHbIMU, 00YCIOBIIEHBI TEM, YTO (hopMy-
na (1.12) BeIBemeHa Ha OCHOBE BeCbMa YIIPOIIEHHOM
MOJIEJN OTKa3a MUKpocxeMbl. Ho oHa wiuttoctpupyet
3HAUYUTEIbHOE YMEHbBIIEHNE BEPOSITHOCTU OTKa3a 1y0-
JIMPOBAHHOU MMKPOCXEMBI 110 CPABHEHUIO C HEPE3ep-
BUPOBAHHOM MUKPOCXEMOIA.

(1.16)

2. Crpykrypa k-KpaTHO pe3epBHpPOBAHHOI
MHKPOCXEMBI C MAXKOPUTAPHbIMH KJIANAHAME

Ilepeitnem K pacCMOTPEHUIO MaXKOPUTAPHO pe3ep-
BUPOBAHHBIX MUKPOCXEM M MOMpPoOyeM MpeACTaBUTD
BCE MHOTro00pa3ue UX CTPYKTYp B BUAE O00OOILEHHO
CTPYKTYpPBI, UTOOBI 3aT€M Ha €€ OCHOBE B pa3i. 3 Ipe/-
JIOXXUTh pacueTHYIO MOJIE/Ib U OLIEHKY OTKa30yCTONYM-
BOCTH 3THUX MUKPOCXEM.

2.1. Obwee onucanue cmpykmypbl
MaNCopumapHo pe3epeuposanHoll MUKpocxemol

B obmieM ciayyae mMaxkopuTapHO pe3epBUpPOBaHHAs
MUKPOCXEMa MOXET COIepXKaTh HEOAMHAKOBbIE K-KpaT-
HO pPE3epBUPOBAHHBIE Y3JIbl, BBIMOJHSIOIINE pPa3HbIe
¢bysuxkumu. OnHako Ui yNpolueHUs: OyaeM CUuTaTh,
4yTO k-KpaTHO MaxKOpUTapHO pe3epBUpPOBAHHAs MUK-
pocxema conepxkuT U, OIMHAKOBBIX K-KPaTHO pesep-
BUPOBaHHbLIX y3710B. Kaxablii Takoi y3ea [ cComepXuT
k-XpaTHbIA MaxKOpUTapHBINA KJlanaH 2 ¥ yCTaHOBJIEH-
Hble Ha €ro BXOAaX K OJMHAKOBBIX KOHTPOJUPYEMbIX
JIOTUYeCKMX OJIOKOB 3, pe3epBUPYIOLLIMX APYT Apyra
(puc. 1). bBynem cuutaTh, YTO MaXKOpUTAPHbBINA KJ1amaH

Puc. 1. Cxema k-kpaTHO pe3epBHpYeMOro y3jia
Fig. 1. Circuit of a k-fold reserved node




U KOHTPOJHMpPYEMBIE JIOTUYECKHE OJIOKM COCTOST U3
OMIMHAKOBBIX 3JIEeMEHTapHBIX KOMIIOHEHTOB, B Ka4eCT-
B& KOTOPBIX MOTYT BBICTYIIATh JIMOO JIOTMYECKUE DJIe-
MEHTHI, T10O0 cofepKaIlrecs: B HUX TpaH3UCTOpHL. O6-
IIee YMCII0 3JIeMEHTAPHBIX KOMIIOHEHTOB (B JTajbHE-
IIEM IIPOCTO — KOMIIOHEHTOB) BO BCEX JIOTMYECKUX
0JIOKaxX, comepKalIlxcsd BO BCEX y3lIax k-KpaTHO pe-
3epBUPOBAHHOM MUKPOCXEMbI OYyIeT:

Nk= Uk'k'lk, (21)

rae /;, — 4KuCI0 KOMIIOHEHTOB B OJHOM JIOTMYECKOM
00Ke mpu k-KpaTHOM pe3epBUPOBAHMU; OCTaJbHEIE
BEJMYMHBI OTpeAeeHbI BbILIE.

Yucnao KOMIIOHEHTOB B HEPE3epBUPOBAHHON MUK-
pocxeMme OyneT

N= U, . (2.2)
M3 (2.1) u (2.2) nonyuum
N, = N-k. (2.3)

C yuerom (2.3) oOlllee 4KCIO KOMIIOHEHTOB B
k-XpaTHO pe3epBHUPOBAHHON MHUKpOcCXeMe OymeT

NkM=N.k+ Ukmk, (24)
rane mj; — 4YUCJIO KOMIIOHEHTOB B k-KpaTHOM Mazopu-
TapHOM KJalaHe, WiIW, MHayY€ roBops, 00BEM Maxo-
puUTapHOro KjariaHa.

2.2. Maxcopumapuwiii Kkaranau

Kak u3zBecTHO, MaxKOopUTapHbIi KjanaH s k-Kpart-
HOTO pe3epBUPOBAHUS, WJIM, UHAYe TOBOpPs, k-Kpar-
HBIM MaXOpHUTapHBIA KJjallaH, MMEEeT kK IBOUYHBIX
BX0A0B (k — HeueTHOE) U POPMUPYET BHIXOAHOM JI0-
TAYECKUIN CUTHAJI, PABHBIA 3HAYEHUIO CUTHAJla Ha
OOJIBLLIMHCTBE 3TUX BXOAOB. Jlornyeckast GyHKIMS Ma-
JKOpUTApHOTO KjalaHa MOXeT ObITh peajiM3oBaHa Ha
JIIOOBIX JIOTUYECKUX BJIEMEHTaX, B YACTHOCTH Ha 3Jie-
meHTax UJIU-HE, nnbo na snemenrax M-HE. B nanb-
HeileM I NpuMepoB OyaeM OpPHUEHTUPOBATHCS Ha
MaXKOpUTapHbIe KJIalaHbl, BHIMOJHEHHbIE HA 3JIEMEH-
tax UJIN-HE.

MoXHO ToKa3aTh, UTO kK-KpaTHBI MaXKOpUTapHbI
KJIanaH MpeAcCTaBiIsieT co00i JOTUYECKYIO CXEMY, IO
CBOEl JIOrnyeckol (PYHKIHUMW 3KBUBAJEHTHYIO CXeMe,
coJiepkaliei C,Z noruueckux anemeHToB UJIMN-HE
Ha 7 BXOJIOB KaXIbIi U OAWH JIOTMYECKUI 2JIeMEHT
WJIN-HE Ha C} Bxonos. 3nech C; — YKCIIO codera-
Huit u3 ko r, rae r = (k+ 1)/2, k — HedeTHOE YUCIIO.
C y4eToM 3TOTro MMEeM:

Cp = KAk + 1)/21- [(k — 1)/2]'}.

Ipu k=3 umeeM r =2 u C,Z = 3. B aToM ciyuae
Joruyeckass QyHKUUS y3, GOopMUpyeMas Ha BBIXOZIE
MaxkOpUTAPHOTO KJIamaHa, OyaeT paBHa

y3 ZXI'X2 +XI'X3 +X2'X3,

X1 X3 X1 X3 X2 X3 2

i i e
=

Puc. 2. Cxema k-kpatHoro (npu k = 3) MaKOPHTAPHOro KjamaHa,
peaau3oBanHoro Ha 3jementax UJIN-HE

Fig. 2. Circuit of a k-fold (at k = 3) majority valve realized on OR-NOT
elements

TI€ X{, Xy, X3 — BXOJHBIE IBOMYHbIE CUTHAJIBI MaXO-
PUMTapHOro KJaraHa, 3Haku * M + — 3HaKu JIoTh4e-
CKOI0 YMHOXEHMSI (KOHBIOHKIIMU) U JIOTMYECKOTO
CJIOXeHUs (IU3BIOHKIIUN).

B xauecTBe mpumepa Ha puc. 2 IoKazaHa cxema
k-KpaTHOTO MaXXOpUTapHOTo KJjanaHa 2 mpu k = 3,
peanuzoBaHHoro Ha ajemeHTax UJIM-HE. OH conep-
JKUT TPU BXOIHBIX NBYXBXOMOBBIX 271eMeHTa MJIM-HE
W OAWH BBIXOAHOM TpexBxogoBoil anmemeHT UJIN-HE.
IIpyumeMm, 4YTO BXOMHOIM ABYXBXOJOBOI 3JIEMEHT
MNIIN-HE B MaxopuTapHOM KJlallaHE COIEPXXUT TpHU
TPaH3UCTOPA, a BBIXOJMHON TPEXBXOJOBOU BIIEMEHT
MNJIN-HE storo kinanaHa, IMpUrOAHBIM 11T 1yOaMpo-
BaHUsI, COIEPKUT 1IECTh TPaH3UCTOPOB. Toraa odiiee
YUCJIO TPAH3UCTOPOB B 3TOM HeAyOIMpPOBAaHHOM KJla-
naHe OyzmeT 15, a myOaMpOBaHHBIA MaXXOPUTAPHBINA
KJ1anaH oyaeT conepxkaTh 30 TpaH3UCTOPOB. DTU YKCIa
ABJIAIOTCA IPUMEPAMU 3HAYEHUI 00beMa m;, MaxKopu-
TapHOro KiarmaHa npu k = 3. B atux npumepax cpen-
Hee YMCJI0 TPaH3UCTOPOB HA JIOTMYECKUU 3J€MEHT B
HEpe3epBUPOBAHHOM MaKOPUTApHOM KJIallaHe, Coaep-
XKauem deteipe anemeHta HE-UJIN, oyner 3,75.

AHaJIOTUYHBIM 00pa3oM npu kK = 5 umeeM ¥ = 3 "
Cp =10, anpu k=7 umeem r =4 u C; = 35.

Peanuzanus MaxkopuTapHbIX KJIamaHOB Npu k = 5
u k = 7 MoxeT ObITb O0Jiee pa3HOOOpPa3HON, YeM TMpU
k = 3, B 3aBUCMMOCTHM OT MCIOJIb3YEMBIX JIOTUYECKUX
ajieMeHTOB. Hanpumep, 11 peanuzanyuu HeayoImpo-
BaHHOTO MaxKOPMTApHOTO KJjarnaHa Mpu kK = 5 MOXeT
norpedoBarbcst 13 anementoB UJIM-HE Ha Tpu Bxona
MO 4YeThbIpe TPAH3MCTOpPa B KaxKJAOM, OAWH 3JEMEHT
MNIJIN-HE Ha yeThipe BXxoaa, CoAepKallluii IsITh TpaH-
3HUCTOPOB, T. €. BCero 57 TpaH3UCTOpPOB. A IS pea-
JIM3alMU HeayOIMPOBAaHHOTO MaXKOPUTAPHOTO KJjia-
rnmaHa npu k = 7 MoxeT nmoTpedoBaThcs 44 syeMeHTa
MNIJIN-HE Ha yeTbipe BXoja Mo MsATh TPaH3UCTOPOB B
KaxaoMm, oguH 3nemeHT UJIV-HE Ha tpu Bxoma, co-
JIepXXallluii 1o 4YeThbIpe TpaH3MCTOpa, T. €. BCEro
224 tpaH3ucTOpa.
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2.3. Bowbop uucaa Uy, y3108 MUKpocxembvl, Kaxicoblil
U3 KOMOPbIX CO0epICUm 00UH MANCOPUMAPHLU KAANAH

IIpencraBnsiercsi pa3yMHbIM, YTOObI CyMMAapHBbIH
00beM JIOTUUECKUX OJIOKOB, KOHTPOJIUPYEMbIX OJHUM
MakOpUTapHBIM KJIallaHOM, ObLII 00JIbllie 00beMa 3TO-
ro MaXXOpUTapHOTO KjalaHa, T. €., YTOObI BBIMOJIHSI -
JIOCh CIIeNyIoliee yCIOBUeE:

OTKyna
N3 (2.2) umeeMm
U, = N/1, 2.7
rae U, — uenoe.
C yuerom (2.6) monyunm u3 (2.7):
U, < N-k/my. (2.8)

Ycnosue Uy = 1 cOOTBETCTBYET TaK Ha3bIBAEMOMY
MaXXOpUTAPHOMY Pe3epBUPOBAHUIO C "TIePEIICTCHHOM
U30BITOYHOCTBIO", KOTOpPOE MO Ha3BaHUeM "inter-
woven redundancy” npennoxeHo B padorte [8]. [Tpu uc-
TTOJTb30BaHUM 3TOTO CIIOco0a pe3epBUpOBaHHAS MUK-
pocxeMa COCTOMT U3 k pe3epBUPYIOIINX APYT APyTa JIO-
TMYECKUX OJJOKOB U OTHOTO MaXKOPUTAPHOTO KJIallaHa.

Ycnosue Uy, > 1 COOTBETCTBYET Clly4alo, KOraa MUK-
pocxeMa conepxutT Uy pe3epBUPOBaHHBIX Y3J10B, KaX-
IIbIII 13 KOTOPBIX COCTOUT M3 k PEe3ePBUPYIOIIMX IPYT
JIpyTra JJOTUYECKNUX 6JOKOB M OTHOTO MasKOPUTaApPHOTO
KJIanaHa.

Harmmmrem Bmecto (2.6), 4to

L= q-m/k, (2.9)
rme g > 1.
Torma Bmecto (2.8) 3amuiiem
U,= N-k/(q* my). (2.10)

IMpunsas nas npumepa g =4 u N = 1012 TpaH3U-
CTOPOB, HaiiieM NpuMepHoe 3HaueHue U, mpu pas-
HbIX k. Ilpu k = 3, m; = 30 TpaH3UCTOPOB IOJIYYUM
U,=0,25- 10, Ilpu k=35, m; = 51 TpaH3UCTOPOB
nonyuum U, =~ 0,245- 10, IMpn k=7, m; = 238
TPAaH3UCTOPOB TTOIYYUM

U, ~0,735-10'°,

3. BepoaTHocTh 0TKa3a k-KPaTHO MaXKOPUTAPHO
pe3epBUPOBAHHON MMKPOCXEMBI

3.1. Modeav k-kpamHo pe3ep8upo8anHoil MUKpocxembl
C Ma@CoOpUMapHsiMu KAananamu

B cooTBeTCTBMU €O CTPYKTYpOil k-KpaTHO pe3ep-
BUPOBAHHOI MUKPOCXEMbI C MaXKOpPUTApPHBIMM KJlama-
HaMU, OTIMCaHHOM BhbIllIEe, OYIeM CUMTaTh, YTO MOJAEJb
3TON MUKPOCXEeMBbI COCTOUT U3 JABYX yacTeii: Habopa
OMHAKOBBIX PE3ePBUPYEMBIX JOTMYECKUX OJIOKOB,
KOHTPOJUPYEMbIX MaXOpPUTApHBIMU KJjallaHaMU, U
Habopa 3TUX MaXKOpUTapHbIX KiaanaHoB. OTKa3 pe3ep-
BUPOBAHHON MMKPOCXEMbI MOXET MPOU30UTH BCIIEI-
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CTBME OTKa3a B HaboOpe pe3epBUPYEMBIX JIOTMYECKUX
0JIOKOB MJIM OTKa3a B HaOOpe MaxkKOpUTapHBIX KJiara-
HOB. 151 ympolileHust OyaeM CUMTaThb 3TU BUILI OTKA-
30B HECOBMECTHBIMM COOBITUSIMU, YTO HE IIOBIUSIET
KayeCTBEHHO Ha XapaKTep KOHEUHBIX pe3yJIbTaTOB.

PesepBupyemMbie normyeckue OJIOKM, OObeIMHSIC-
MbI€ B OIUH k-KpaTHO pPe3epBUPOBAHHBINA y3el, T. €.
KOHTPOJIMPYyeMble OJIHUM MaxKOPUTApHBIM KJIallaHOM,
OyaeM Ha3biBaTb OAHOY3JOBbIMU Ojl0KaMu. B Kaxmom
pe3epBUPOBAHHOM Y3Jie COAEPKUTCS kK OIHOY3JIOBBIX
0JI0KOB, paccMaTpHUBaeMBIX KaK KopTex OmokoB. Ha-
00p pe3epBUPYEMBIX JTOTUYECKUX OJIOKOB MOXKHO Mpe/-
CTaBUTb KaK MHOXECTBO KOPTeXel OTHOY3/I0BbIX 0J10-
KOB, B KOTOPOM YMCJIO 3TUX KOpTexXel paBHO uuciy Uy
pe3epBUPOBAHHBIX Y3J0B. DTO MHOXECTBO KOPTEXeil
MPeICTaBUM B BUIE k HEMepeceKamoInXcs MeXIy CO-
601t mogMHoOXecTB M, M,, ..., M}, conepxalmx Ka-
xk1oe 1o Uy, HemapHbIX OJIOKOB, T. €. OJIOKOB, HUKaKas
rmapa KOTOPBIX HE BXOAUT B OAUH y3ead. Jipyrumu cio-
BaMU, B KaXKJIOM M3 3THX MTOAMHOXECTB HE ColepKaT-
csl HUKaKue ABa 0JI0Ka, SIBISIOLIUECST OJIHOY3/IOBbIMU.
OTKa3oM pe3epBUPOBAHHOM MUKPOCXEMBbI SIBJISETCS
OTKa3 OOJIBIIMHCTBA OJIOKOB, BXOISIINX B KaKOM-T1100
OJIMH y3eJ, T. €. 0TKa3 He MeHee, ueM (k + 1)/2 oaHo-
Y3JIOBBIX OJIOKOB, T. €. 0JIOKOB, BXOASIIMX B ONUH KOP-
tex. [Tpu aToM OGJ10KM, BXOASIIME B ONUH KOPTEX, MO-
T'YT OTKa3aThb MO/ BO3ACHCTBUEM PAa3HBIX YACTUIL JINOO
B pasHoe BpeMs, IM00 OJHOBPEMEHHO.

B teueHue BpemMeHM OOJIydyeHUsI pPe3epBUPOBAHHOM
MUKPOCXEMbI OT HayaJbHOTO MOMEHTa, MPUHSITOTO
3a HOJIb, 10 HACTYIUICHUS] MOMCHTA [y, , OTKa3a 9TOH
MMKPOCXEMBI C BEpOSITHOCTBIO, KOTOpasl OyaeT orperne-
JIEHA HUXE, B KAXIOM U3 MOAMHOXECTB M|, M, ..., M),
MOXET OKa3aThCsl 0oJiee OJHOrO OTKa3aBlIero 0J10Ka u
YUCJIO OTKa3aBIIMX OJOKOB B 3THX MOJAMHOXECTBax B
ob1eM ciiyyae OyaeT HeoOAMHaKoBbIM. OgHAKO IIpU
5TOM pe3epBUPOBAHHAsI cXeMa TpoaoJiKaeT paboTaTh
BepHO. OHa OTKaXeT TOJIbKO B MOMEHT BpeMeHU fork.p?
KOrJa B OIHOM KopTexe mosiButcs (k + 1)/2 unu 60-
Jiee OTKAa3aBIIMX OJHOY3JIOBBIX OJIOKOB, BXOISIIUX B
pasHble monMHoxecTBa M, M,, ..., M;, HO HeoOA3a-
TeJIbHO BO BceX M3 HUX. OTKa3 TaKoro 4ucia OgHOY3-
JIOBBIX OJIOKOB B KOpTeXe OyaeM HasbIBaTh OTKa30M
KOpTeXa, B KOTOPbI 3TU OsoKu BXomsT. OTKa3 Kop-
TexXa SIBIISIETCS] OTKA30M MUKPOCXEeMbI. 3aMETUM, YTO
MOJ, BO3AEWCTBUEM Pa3HBIX YACTUIL MOTYT MOSIBUTHCS
HECKOJIbKO OTKAa3aBIIMX KOopTexeil. Bo3aMoXHO, 4TO B
OJHMX TaKUX KOpTeXax cHayajla oTKaxeT OJIOK, coaep-
XKaluiicsa B OJHOM ITOJMHOXECTBE, HaIpUMep B M|,
a B JpYrMx TaKMX KOpTeXax CHayajla OTKaXeT OJIOK,
coJepalluiics B ApyroM MoAMHOXECTBe, HalpuMep
B M. Kaxnoe u3 3TUX IOIAMHOXECTB MOXHO pac-
cMaTpuBaTh KaK TMIOTETUYECKYHO Hepe3epBUPOBaH-
HYI0O MUKPOCXEMY, COOTBETCTBYlolylo 1/k yactu 06-
1LIETO YKrclia OJIOKOB pe3epBUPOBAHHON MUKPOCXEMBI U
coznepxaiyio U HenmapHBIX OJI0KOB, T. €. OJIOKOB, HU-
Kakasi Tlapa KOTOPbIX He SIBJISIETCSI OTHOY3JIOBOIA.




OTMETHM, YTO IO CPABHEHUIO C IIOKOMITOHEHTHBIM
IyOnMpoBaHMEM 3alaya yyeTa OTKa30B MeXXCOeIMHe-
HUM MpU 00TyYeHUN MaXKOPUTAPHO pe3€PBUPOBAHHbBIX
MMKPOCXEM YIPOLIAETCS IO CJAEAYIOIIUM MPUYMHAM.
CoeavHeHUsT MEXAY y3JlaMU U COCAMHEHUS] MEXIY
0JI0OKaMU ¥ MakKOpUTApHBIMU KJIallaHaMU B y3J1€ OTHO-
CSITCS K BHEIITHUM MEXCOEAUHEHUSIM, KOTOPbIe MOTYT
OBITh CAeIaHbl 0€30TKA3HBIMU IIpU O0JIyYeHUU OJIaro-
Japsl YBEJIMYEHUIO MX LIMPUHBI WM MX AyOauMpoBa-
Huio. OLIMOKKU BCJIENCTBME OTKA30B MEXCOEAUHEHU
BHYTPU DPE3EPBUPYEMbIX OJOKOB, KaK M BCJIEICTBUE
JIIOOBIX IPYTMX OTKAa30B BHYTPU 3TUX OJIOKOB, MCIIpaB-
JISTIOTCS MaKOPUTapHBIMU KianaHaMmu. Y TOJIbKO mpu
MOCTPOCHUU MaXKOPUTAPHBIX KJIAallaHOB HEOOXOAMMO
o0patuth ocoboe BHMMaHMUE Ha OOeCIleueHuEe BHICO-
KOl 0TKa30yCTOMYMBOCTU MEKCOCIMHEHU BHYTPU HUX
MyTeM YBEIMUEHUsS UX IIMPUHBI WIN TyOJIMpPOBaHUS.

3.2. Ouenka eeposmunocmu omkasa k-Kpamuo
MaXicopumapHo pe3epeupo8anHoli MUKPOCXeMbl
ecaedcmeue omKasa pe3epeupyembix A102u4ecKux 06,10K08

OlleHMM CHayajla BEpOSITHOCTh Pg OTKa3a XoTs1 Obl
OZIHOTO OJIOKA B OTHOM M3 MIOAMHOXECTB My, M,, ..., M},
conepxaiem U HemapHbIX OJIOKOB, 3a BpeMms I,
Oo0JTy4eHUsI.

ITo ananoruu ¢ BbIBogOM (hopmyibl (1.1) BeposiT-
HOCTU OTKa3a ISl Hepe3epBUPOBAHHONM MUKPOCXEMBI,
MpuBeJeHHBIM B padote [1], MOXHO MoOKa3aTb, 4TO
TP pacrpeaeIeHN KOJINYeCTBa MOBPEXIEHUI Kaxk-
J0ro 6J10Ka B OHOM noaMHoxectse M; (i =1, 2, ..., k)
no 3akoHy IlyaccoHa, BEpOSITHOCTD Pg Oyner

Py= - S, W,

TK k

(3.1)

rae ®, — ¢uoeHe 114 k-KpaTHO pe3epBMPOBAHHOI
MaKOPUTapHO MUKPOCXEMBI 3a BpeMs I, , O0Jyde-
HUsl; S, — IUIOLIANb TUTIOTETHYECKON Hepe3epBUPO-
BaHHOI MUKpPOCXeMBbI, coiepxauieir U, HemapHBIX
0JI0KOB (9ma naouwiads pasua 1/k naowadu, 3anumaemori
6cem Habopom noeuveckux 6A0K08 8 MANCOPUMAPHO pe-
3epeuposannol mukpocxeme); W — BepOSITHOCTh OTKa-
3a Hepe3epBMPOBAHHOM YaCTM MUKPOCXEMbBI, PacIio-
JIOKEHHOM Ha eIMHMUIIE €€ TUIOLIAAN, TIPU TToNagaHuu
YaCTULBI B 3Ty €AWHUILY TJIOIIAIMN.

dmoeHc 71T MaXXOPUTAPHO pe3ePBUPOBAHHON MUK-
POCXEMEBI TIPEICTaBUM B CIIEAYIOIIEM BHJIE:

q)k =1 tOTKk’ (3-2)

rae I — VHTEHCUBHOCTb M3JIYYEHUS; fyp, ;. — BPEMA
00JTydeHMs 10 MOMEHTAa O0TKa3a k-KpaTHO pe3epBUPO-
BaHHOI MMKPOCXEMbI C BEPOSITHOCTbIO, KOTOpasi OyaeT
orpeneseHa HUXe.
[Tynolaab TUMOTETUYECKON Hepe3epBUPOBAHHOM
MUKPOCXEMEI OyIeT
Se =151 Ups (3.3)

rze §s; — IUIOLIAb JIOTMYECKOro OJI0Ka, COAepKalIero /
KOMIIOHEHTOB NP1 K-KpPaTHOM pe3epBupoBanuu; U, —
YHCJIO HEeMapHbIX OJJOKOB B TMITOTETUYECKOM Hepesep-

BUPOBAaHHON MUKpOCXeMe, paBHOE YMCIY y3JI0B B pe-
3epBUPOBAHHON MUKPOCXEME.

OTMeTHM, UYTO II0CJIE OTKa3a XOTsI Obl OTHOrO OJI0Ka
B [TIOJIMHOXECTBE M; C BEPOATHOCTLIO Pg < 1 obnyue-
HHUE MUKPOCXEMBI MPOAOJIKAETCS, HO HaKaIlJIMBaeMoe
BCJIEICTBME DTOI0 KOJMUYECTBO €€ MOBPEXKICHUN Hac
HE MHTEPECYET, MOCKOJbKY OTKa3 COCTOSICS.

Haiinem tenepn BepoATHOCTL Py, OTKasa k-KpaTHO
pe3epBUPOBAHHON MUKPOCXEMBI BCJIEICTBHE OTKA30B
B pe3epBUPYEMBIX JIOTUUECKMX OJIOKax Mpy MCHpaB-
HBIX MaXXOPUTApHBIX KianaHax. OTKa3 TaKoi MHKPO-
CXEMBbI ITPOU3OMIET NMPU OTKasze ogHoro us U, ee ys3-
JIOB, T. €. IPU OTKa3e XOTsl Obl OMHOTO COYeTaHus Mo F
0JIOKOB M3 k B 9TOM Yy3Je. PaccMOTpuM cHayaia BbI-
YKUCJIEHUE BEPOATHOCTU Pp; IPU TPOMPOBAHUU, T. €.
npu k = 3. O603HaUNM BEPOSITHOCTU P, otkasa xoTst
Obl OHOrO 0JI0KA B OIHOM M3 MOAMHOXeCTB M|, M,,
M3 cooTBeTCTBEHHO uepe3 Py, Py, Py. Torna c yue-
TOM TOTO, YTO B COYETAHUM JBa OTKa3aBILIMX OJ0Ka U
OIMH WCIpaBHbI, JUOO TpU OTKa3aBLIMX OjJ0Ka, Be-
POATHOCTb Py, ipy k = 3 MOXHO NPEICTaBUTh B BULIE:

Pb3 = [Pgl'sz'(l - Pg3) + Pgl'Pg3°(1 _sz) +
+ PgZ.Pg3'(1 _Pgl) + Pgl'PgZ'Pg3]/U3‘
HoncraBus B 510 BIpaxeHue Py = Py = Py = P,

T1I0CJIC Hp606pa3OBaHI/II7I IToJyuymm
Py =(3- P} =2 P))/Us,
OTKyIa MpHr Pg < 1 nmojyyum
Py~ (3+ P)/Us.

3neck 1/U; — oTHOCUTENbHAS BEPOATHOCTD TOTO, YTO
3a BpeMsl 00JlydeHHUs IO OTKa3za TPOUPOBAHHON MUK-
pOCXeMbI OTKaXXeT OJUH y3eJl.

O060061IMM 3TOT IPUMEP BbIUUCIEHUS Pj3 Ha ciy-
yay JI00BIX HEUYETHBIX k > 3. BeIuncieHne BepOsSITHO-
CTU Py, OCHOBBIBAETCA HA TOM, YTO BEPOSATHOCTb OT-
Kaza OJHOro y3jla OMNpeAeysieTcsl CyMMOU BepOSITHO-
CTeil OTKA30B COYeTaHUil OJIOKOB B 3TOM y3Jie. XOTs
OTKa3bl pa3HbIX COYETAHUU OJIOKOB B OJHOM Yy3Jie —
COOBITHSI COBMECTHBIE, MOXHO IJISI YIPOILIEHUS ¢ 00JIb-
LIOK CTEMEeHbIO MPUOIMKEHUSI CUMTATh 3TU COOBITUS
HECOBMECTHBIMH. [Ipy 3TOM yCIIOBUM HaiimeM

Py, = Cp - P}/U, (3.4)

rae C,i — YKCJIO COYETAHUM U3 k MO ¥, paBHOE YUCTY
7 KOMOMHALIMI CHUTHAJOB U3 k BXOOHBIX CUTHAJIOB
k-KpaTHOTO MaxKOpUTapHOTO KjaraHa, Wi, MHaJe ro-
BOpSI, YMCJTYy F-BXOJIOBBIX BXOIHBIX JIOTMYECKUX 3Jie-
MeHTOB (Hanpumep, aaemeHToB UJIM-HE k-kpaTHoro
MaXXOPUTAPHOTrO KJIallaHa) OCTaJbHbIe BEIWYUHBI OIl-
peleneHbl BbILIIE.

3necy 1/U, — oTHOCUTENbHAs BEPOSATHOCTDL TOTO,
YTO 3a BpeMsl 00JyYeHUs 10 OTKa3a k-KpaTHO MaxKo-
PUTAPHO PE3ePBUPOBAHHON MHUKPOCXEMBI OTKaXeT
OIVH y3eJl.
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HecmoTpss Ha MHOXUTEb C,C, IpU BBIYMCIIEHUN
BEPOATHOCTU Py, [IOJKHO COOJIONATLCS YCIOBUE
Py <1, yemy cnocob¢rByer orpaHmyenue P, < 1.
IMonctaBus (3.1) B (3.4), ¢ yuetoMm (3.3) moayuyum

Pbk= C;; '((Dk'S[' Uk' W)r/Uk < 1. (35)
3nech

S] = SH * lk’ (36)

sg = Sy/N, (3.7)

rze S, — MJIOIIAAb YeKU (KOMIIOHEHTa) HePEe3ePBHU-
POBAaHHOI MUKPOCXEMBI; /; — YHMCJIO KOMIIOHEHTOB B
JIOTUYECKOM OJIOKE TIpU k-KpaTHOM pe3epBUpOBa-
HUU; S, — TUIOLLAb HEPE3EPBUPOBAHHON MUKPOCXE-
Mbl; N — 4ucio ssyeek (KOMIIOHEHTOB) B HEPE3EpPBU-
pPOBaHHOI MHUKpPOCXEME.

IMoncrasus (2.7) u (3.4) B (3.5) BmecTO (5;° Up), ¢
yuyeToM (3.7) moayuyum

Py = Cp - (D S," W)/U, < 1. (3.8)
3.3. Ouenka éeposmuocmu omkasa

k-KpamHo pe3epeupo8anHoli MUKpOCXembl 6cAe0Cmeue
OMKA3a MANCOPUMAPHBIX KAANAHOB

Cayuaii Hepe3epeupoBaAHHbLIX MANCOPUMAPHLIX KAd-
nanog. BepoaTHocTh Py 0TKa3a XOTs ObI OHOIO KJla-
maHa u3 Habopa Hepe3epBUPOBAHHBIX MaXKOPUTAPHBIX
KJIaIIaHOB B k-KpaTHO pe3epBUPOBAHHOI MUKPOCXEME
Oynmer

PMkz(Dk.SMk.W<< 1, (39)

rae ®; — GaoeHe Uid K-KpaTHO Pe3epBUMPOBAHHOM
MUKPOCXEMBI 3a BPEMS . . OONyUeHUH; Sy — TUIO-
1aab, 3aHMMaeMasi HabOpOM Hepe3epBUPOBAHHbBIX
k-KpaTHBIX MaxKOpUTapHBIX KJIallaHOB B k-KpaTHO pe-
3epBUPOBAHHOM MUKpocxeme; BeauuuHa W — ompe-
JleJieHa BBIIIE KaK BEPOSITHOCTh OTKa3a Hepe3epBHPO-
BaHHOI YaCTU MUKPOCXEMbI Ha €IMHULLY €€ TIIOIAIN,
IIpH TIOTIANaHWUW YaCTUIIBI B €AWHUILY TLTOIIAIN.
IMnowans S, 3aHMMaeMasd HaOGOPOM HEpe3epBU-
POBaHHBIX K-KpaTHBIX MAaXXOPUTAPHLIX KJIAIlAHOB B
k-KpaTHO pe3epBUPOBAHHOI MUKpoOcxeme, OyaeT

(3.10)

TIe S, — TUIOWAAb OJHOIO HEpPEe3epBMPOBAHHOIO
k-KpaTHOro MaxopuTapHOro kiamnaHa; U, — uucio
k-KpaTHBIX MaXOPUTApPHBIX KJIAITAHOB B MUKPOCXEME,
paBHOE YKCJIY y3JIOB B Hell. 31ech

Suk = Smk”* U

(3.11)

Smk = Mku " Sa»

TO€ My, — YKUCIO KOMIIOHEHTOB B HEPE3EPBUMPOBaH-

HOM K-KPaTHOM MaXOPUTapHOM KJalaHe; s, — IUIO-

1aab, 3aHUMaeMasl OMHOMI STYeiiKoil (KOMIIOHEHTOM) B

HEPE3EPBUPOBAHHON MUKDPOCXEME W OIpeesieMas
dopmynoii (3.7).

IToncrasus (3.10) B (3.9), nonyyum ¢ yuetom (3.11):

PMk = (Dk'mkH' (SH/N) ° Uk' I’V, (312)
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u ¢ yuetoM (2.7):

PMk = (Dk' mkH * (SH/lk) - W. (313)

Cayuaii 0y6.4upo6aHHbIX MANCOPUMAPHBIX KAANAHOE.
Ilo aHamorum c OLIEHKOW BEpPOSTHOCTH OTKa3a IIO-
KOMIIOHEHTHO TyOJIMpOBAaHHON MUKPOCXEMbl HaiieM
BEPOATHOCTb Py, OTKaza Habopa ayOJuMpOBaHHBIX
k-KpaTHBIX MaXKOpPUTApHBIX KJIalaHOB, a UMEHHO IO
anajornu ¢ (1.12) mpu ycnosun U, > 2, T. e. npu
OosbiIKX 3HaYeHUAX Uy:

Pyka = Piyic/0.5U,,

IJIe 10 MpPeXHEMY Py — BEPOATHOCTL OTKa3a Habopa
Hepe3epPBUPOBAHHBEIX MaKOPUTAPHBIX KIIAIIaHOB B
k-KpaTHO pe3epBHPOBAHHON MHMKPOCXEME, OIpenesIcH-
Hag B (3.9), U, — 4ucio y3jaoB B 3TOI MUKPOCXEME.

ITono6HBIM e 00pa3oM HalIeM BEPOATHOCTD Py
no aHajoruu ¢ (1.13) mpu HecoOMOAECHUN YCIOBUS
U, > 2, 1. e. ipy MablX 3HaYeHUAX Uy

(3.14)

Pya = Pai /(1 +0,5U)). (3.15)

Haiinem oTHOIIEHMST BEpOSITHOCTH OTKa3a Hepesep-
BUPOBAHHOTO MaKOPUTAPHOTO KJjlallaHa K BEPOSITHO-
CTH OTKa3a MyOoaMpOBaHHOTO MasKOPUTAPHOTO KJIallaHa:

B = P/ Ppiia- (3.16)

Eciu npunsare, yro Uy, = 0,25+ 1010, TO C Yy4ETOM
(3.14) ipu Py = 1073, k=3, momyunm B = 1,25+ 1013,
OTKyZJa BUIHO, YTO MCIIOJb30BaHUE ITyOJIMPOBAHHBIX
MaKOpPUTApPHBIX KJIAITAHOB TO3BOJISIET CHU3WTh BEpO-
SITHOCTh OTKAa3a Habopa MaXOPUTApHBIX KJIallaHOB Ha
MOPSIIKY TI0 CPAaBHEHUIO CO CIIy4aeM HCIIOJb30BaHUS
Hepe3epBUPOBAHHBIX MAXXOPUTAPHBIX KJIAIIAaHOB.

Ecau npunate, uto Uy, = 1, 10 ¢ yueTom (3.15) npu
Py = 10_3, k= 3 nomyyum g =1,5- 103, T. €. B 1aH-
HOM cJTy4Jae BEpOSITHOCTb OTKa3a Habopa AyOoJupoBaH-
HBIX MaXOPMTapHBIX KJIallaHOB YMEHbIIIAETCS IIPH-
MEpHO Ha TPH TOPSIIKa.

JanpHeilnee CHIDKEHME BEPOSITHOCTH OTKasza Ma-
JKOpUTAPHBIX KJIaaHOB o0ecrevynBaeTcsl 0oJiee CI0X-
HBIM METOIOM MX Pe3€PBUPOBAHUS, OIMCAHHBIM B Ha-
mem Hoy-Xay [9].

3.4. OueHnka noaHol 6epossmHoCmMU 0MKA3a
k-KpamHo pe3epeupoeanHoll MUKpOCXeMbl 6caedcmeue
O0MKA3a MANCOPUMAPHBIX KAANAHO8

U pe3zepeupyembix A02uteckux 010K06

Kax roBopwiocs BhIIIIe, OyneM CUMTaTh OTKA3 pe3ep-
BUPOBAHHOI'O JIOTUYECKOTrO OJI0KA Y 0TKA3 MaxKOpUTap-
HOTO KJIallaHa B k-KpaTHO pe3epBUPOBAHHOII MUKPO-
cxeMe COOBITUSIMU HeCOBMeCTHbhIMU. C y4eTOM 3TOro
TIOJIHYIO BEPOATHOCTD P OTKa3a K-KpaTHO Pe3epBUPO-
BaHHOM MMKPOCXEMbI MOXHO IPEACTaBUTh B BUJE:




rae Py, — BEPOATHOCTb OTKa3a K-KpPaTHO PE3epBUPO-
BaHHOW MUKPOCXEMbI BCJIEICTBUE OTKAa3a pe3epBUpye-
MBIX OJIOKOB TIpYU MCIIPaBHBIX MaKOPUTAPHBIX KiIara-
Hax, npeacrasieHHas popmyinoii (3.8); Py, — BeposT-
HOCTh OTKa3a Habopa MaskOPUTAPHBIX KJIAITaHOB.

B xayecTBe BepOATHOCTH Pj; UCITONIB3YETCH BEPOAT-
HOCTb OTKa3a MaKOPUTApHBIX KJIaraHOB, COOTBETCT-
BYIOIIIas YPOBHIO X pe3epBUPOBaHUS. Tak, ecim Maxko-
pUTapHbIe KJIaNlaHbl HE PE3ePBUPOBAHLL, TO Py, = Py,
B cootBeTcTBUU ¢ (hopmynoit (3.13). Ecau maxopu-
TapHbIe KJanaHbl 1yOIUpoOBaHbl, T0 Py, = Py, B co-
oTBeTCcTBUU ¢ dopmynoii (3.14), nubo ¢ opmyoii
(3.15) B 3aBUCMMOCTH OT BBITTOJHEHMST WY HEBBITION-
HeHusd ycaosusa U, > 2.

XKenaTeapbHO MCIOB30BaTh HACTOJBKO HAJAEXKHbIE
MaXkopHTapHbIe KJIaIllaHbl, YTOOBI BBITIONHSIIOCH YC-
JIOBUE

Py < Py (3.18)

B sToM cityuae P~ Py

Haiinem BeposATHOCTb OTKa3a k-KpaTHO pe3€pBHU-
POBAaHHOI MUKPOCXEMBI C UCIIOJIb30BAHUEM 1yOIMpO-
BaHHBIX Ma>XOPUTAPHBIX KJIAMAHOB NPU BBIIIOJIHEHUU
ycnosust Uy > 2.

Moncrasus (3.8) u (3.14) B (3.17) ipu Py = Pyyys
HOJTy4UM

Py = Cp - (@ Sy WY/U + Piy /05U, (3.19)

IIe BCE BEJIMYMHBI OIpEAEIeHBI BHILIE.
IMoncraBum teneps (3.13) B (3.19):

sz C]’;.((Dk.SH. W)r/Uk+

+ [ Dy myyyc (Sy/l) W]z/O,SUk. (3.20)

Hanpumep, nipu k = 3, r = 2, C,? = 3 mpumMeM, 4TO
My, = 15 TPaH3UCTOPOB, 061)eM JIyOIMPOBAaHHOIO MaXKO-
puTapHoro kKianasa my,; = 30 TpaHsuctopos, N = 10'2,
IMpumem g = 4. Y13 (2.9) npu m;, = my; = 30 Haiinem,
uto [, = 40, u3 (2.7) Haiizem, uto Uy, = 3,3+ 10!, Ton-
CTaBUB 3HAUYE€HMSI 3TUX BeJuuuH B (3.19), nmoayuyum

Py=[3+ (0 Sy W)? +

+ (D 15+ (S,/40) - W)2-21/3,3- 1011, (3.21)

nin

Py = (DS, W)2-0,99- 1071, (3.22)

AHAJIOTMYHBIM TyTEM MOXHO HAaWTH BeJMYUHY Pj
171 MaJIbIX 3HaueHuit Uy, T. e. 11 cirydast HEBBINOJ-
HeHud ycaosusa U, > 2.

4. CpaBHeHHe O0TKAa30yCTOMYMBOCTH MUKPOCXEM
NpPH Pa3JMYHbIX METOJAX MX Pe3epPBHPOBAHHSA

CpaBHMM OTKa30yCTOMUYMBOCTh MaXKOPUTAPHO pe-
3epBUPOBAHHBIX MUKPOCXEM C OTKA30yCTONYMBOCTEIO
IMOKOMITOHEHTHO AyOJMpPOBaHHON U HEpe3epBUPOBAH-
HOI MUKPOCXEM MO BEPOSITHOCTSIM UX OTKAa30B.

M3 (3.19) u (3.22) BUAHO, YTO BKJIaA MaxKopuTap-
HBIX KJIA[TAaHOB B OLIEHKY BEPOSITHOCTU OTKa3a MaXKo-
pPUTApHO pe3epBUPOBAHHBIX MUKPOCXEM BeCbMa He3Ha-
yutesieH. [TosToMy 11 yripolieHus: OyiaeM cpaBHUBATh
OTKa30yCTOMYMBOCTh MOKOMITOHEHTHO IyOJMpOBaH-
HOM MHKPOCXEMBI C OTKAa30yCTOMYUBOCTBIO MaXXOPHU-
TapHO Pe3epBUPOBAHHON MUKPOCXEMBI C MCIOJIb30Ba-
HUEM MealbHbIX (0€30TKa3HbIX) MaXKOPUTAPHBIX KJIa-
MaHOB, T. €. MPUMEM, YTO BEPOSITHOCTb OTKa3a Maxo-
PUTApHO PE3EPBUPOBAHHON MMKDPOCXEMBI OymeT Py,
cornacHo (3.8).

CpaBHUM CcHauyajla Mexay coboil 0TKa3oyCcTonuu-
BOCTb k-KpaTHO MaxkOpUTApHO Pe3epBUPOBAHHBIX MUK-
pocxeM 1ipu kK = 3, 5, 7. JIns aToro HalimeM mokasare-
M a3 5 M 013 7 MIBMEHEHHST OTKa30yCTONYNBOCTH:

a3 5 = Pp3/Pys;
a37 = Pp3/Py;.

4.1
(4.2)

st BEIUKMCIIEHUST 9TUX TToKazareneit npu k = 3, 5, 7
MPUMEM, UTO Uk Unodo, =0 I[.T[H BCEX YKa3aHHBIX k
nuro S, =1 emiu W= 1 ,5+-1077. Torna mocie npe-
O6paSOBaHI/H/I MOJIyYuM

035 =0,2107/d, (4.3)
a3z = 0,038-10"/0?. (4.4)

B kauectBe ® npumMem GuiroeHC D, HepeBBI/IpOBaH—
HOI Mukpocxembl u3 (1.1) npu P, = =103 u Tex xe
3HAYEeHUAX BeJMYMH S, U W, yKasaHHBIX BbILLE, T. €.

= 0,667 - 10*. HOI[CTaBI/IB 3To 3HaueHue B (4. 3) 171
(4.4), HOJTYYUM 03 5 = =0,3" 103 u a3y = =0,85- 10°.

Taxum 06pa3oM, 0TKa30yCTONUMBOCTb NSITUKPATHO
pe3epBUPOBAHHOI MUKPOCXEMBI IIPMMEPHO Ha JBa IO-
psiIKa BEIIIe OTKA30yCTOMYMBOCTH TPOUPOBAHHOM MUK-
POCXEMBI, a OTKa30yCTOMYMBOCTbh CEMUKPATHO pe3ep-
BUPOBAHHOW MHUKPOCXEMbI Ha IITh MOPSAKOB BBIIIE
OTKA30yCTOMYMBOCTU MSATUKPATHO PE3E€PBUPOBAHHONM
MMKPOCXEMBI.

CpaBHUM Tenepb OTKA30yCTOMUYUBOCTb TPOUPOBAH-
HOM ¥ MOKOMIIOHEHTHO AYOJIMPOBAaHHOMA MUKPOCXEM.
Jl1s1 5TOrO HailaeM MoKasareib o3 , UBMEHEHMs OTKa-
30YCTOMYUBOCTH: ’

(1,3 2= Pb3/P2 (45)

IMoncraBus (1.12) ¢ yuetom (1.2), (1.3) u (3.8) nipu

k=3, C/C = 3B (4.5) u npuHsB, 4yTO B popmynax (1.2)
u (2.8) @, = O3 = O, MONTYyIUM

az, = 1,5+ N/b*- Us. (4.6)

Mpu N=10"2 u U;=10,25-10"" (cm. mpumep K
dopmyre (2.10)) mocae nmpeodbpazoBaHU MOJTYYUM

a3, = 60/6%, 4.7

OTKyJa IS ciiydasl IyOoJIMpoBaHUs TPaH3UCTOPOB (TIpu
b= 1) monyuum oy 2= = 60, a WIg cay4as gyoaupoBa-
HUS IBYXBXOIOBBIX JIOTMUECKUX 3JIEMEHTOB C TyOJINpO-
BaHUEM UX CTPYKTYpHI (ipu b = 2,3) moayuum 11, 32.
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Takum o0pa3oM, OTKa30yCTOMYMBOCTh MOKOMIIO-
HEHTHO JYOJMPOBAHHON MMKPOCXEMbl OKa3bIBAETCSI
MIPUMEPHO Ha TOPSIOK BBIIIE, YeM y TPOMPOBAHHOM
MMKPOCXEMBI.

Haiinem tenepb nokasaresb o3 U3MEHEHHs OTKa-
30yCTOMYMBOCTH:

oy = Py/Pps. (4.8)

IMonctaBus (1.1) u (3.8) npu k= 3, r= 2, C,i =3
B (4.8) 1 nipuHsB, 4TO B (3.8) ©3 = @, NOIYYUM

ayz = U3/(OP,). 4.9)

Hanpuwmep, npn U; = 0,25+ 101, P, = 1073 u3 (4.8)
HAIEM a3 ~ 0,3+ 1012,

TakuM 06pa3oM, OTKa30yCTOMYMBOCTb TPOUPOBAH -
HOIl MUKPOCXeMbl HA MHOTO MOPSIAKOB BbIlIE OTKA30-
YCTOMYMBOCTU HEPE3EPBUPOBAHHON MUKPOCXEMBI.

3akmouenne

PesynbTaThl CpaBHEHUST OLIEHOK OTKa30yCTOMYMBO-
CTU crtoco0a MaXXOPUTAPHOTO PE3EPBUPOBAHUS, MPE/I-
JIOXXEHHOro Ccrocoda MOKOMIIOHEHTHOro AybaupoBa-
HUSI MMKPOCXEM UM OTKa30yCTOMYMBOCTU HEpPE3Ep-
BUPOBAHHON MUKPOCXEMbI MIPU UX OOJyYeHUU A
HECKOJIbKO HEeOXMIaHHbIe pe3yabTaThl. CoriacHo Obl-
TYIOLLUM TPEeICTaBACHUSIM HauOOJIbIIYIO OTKA30yCTOM -
YUBOCTb 00ECIEUMBAIOT CITIOCOOBI MaXKOPUTAPHOTO pe-
36pBUPOBAHUS, & U3 HUX — CIIOCOOBI ¢ OosbLIEl KpaT-
HOCTBIO pe3epBUpPOBaHUS. TaKk OHO U 0Ka3ajaoch MpU
CPaBHEHUM OTKa30yCTOMYMBOCTU CHOCOOOB MaxKOpH-
TapHOTO PEe3epPBUPOBAHUSI MEXIy COOOW M C OTKa30-
YCTOMUMBOCTBIO HEPE3CPBUPOBAHHON MUMKPOCXEMBI.
OpHako pe3y/bTaThl CpaBHEHMS MMOKa3allk, 4TO Tpe-
JIOXKEHHBIU CIoco0 MOKOMITOHEHTHOTO AyOIMpPOBaHUS
MOBBIIAET OTKA30YCTOMYMBOCTb IO CPAaBHEHMUIO CO
cnocoboM TpoupoBaHMsl (B MPUBEIEHHOM MpUMeEpe
NPpUOIM3UTENBHO Ha MOPsINOoK). OTMETUM, YTO OLICHKHU
MOBBILLIEHUS] 0TKa30yCTOMUYMBOCTHU CIIOCOOOB MaxKOpH -
TapHOTO PE3€PBUPOBAHUS NABAIUCH TIPU HIEATbHBIX
(6e30TKa3HbIX) MaxKOPUTAPHBIX KjalaHax, a Mpu yue-
T€ OTKA30yCTOMUYMBOCTH 3TUX KJIANIAHOB 3TU OLIEHKU
JIOJIKHBI OBITh HECKOJIBKO XYXKE.

Boicokue cpaBHUTEBHBIE OLIEHKU MPEMNTOXEHHOTO
crnoco6a MOKOMITOHEHTHOTO AyOJIMPOBaHUSI OOBSICHS -
[0TCSI ABYMSI IPUYMHAMM:

e IIPU MCHOJB30BAHUU 3TOr0 criocoda BHIOOpP BEPHO-
IO CUTHaja Npu OTKa3e OJHOro AyOJIMpyeMoro Jio-
TMYECKOTO 3JIEMEHTA OCYLIECTBISIETCS aBTOMAaTH-
yecku 0€3 MCIOJIb30BaHUS CIIELAAIbHBIX CPEACTB
(MaxxopuTapHBIX KJIAIIAHOB) 3a CYET TOTO, YTO B Ka-
XKIOM JOyOJIMpyeMOM JIOTMYECKOM BJIEMEHTE yCTa-
HOBJIEH CIlellMaJIbHbIN BBIXOAHOM Kackal, Tpebyto-
IIMA HE3HAYMTEJbHBIX 3aTpaT anmnaparyphbl;

e TIPM MAXOPUTAPHOM PE3EPBUPOBAHUU UHUCIO DPe-
3epPBUPYEMBIX KOMIOHEHTOB (Y3JI0B) CHMXKaeTcs,
MMOCKOJIBKY CYMMapHBIiA 00beM pe3epBUPYEMBIX 0JI0-
KOB B KaXJIOM U3 3TUX Y3JIOB IOJIKEH OBITH OOJIbIIIE
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o0beMa MaxKOpPUTaApHOTO KJlallaHa, MCITOJIb3yeMOTO

B OTOM Y3JI€e.

HelicTBUE TOMOJHUTEIBLHOIO BBIXOJHOIO KacKana
KaXIoro IyGIMpyeMOro JIOTMYECKOTO 3JIeMEHTa IT10-
3BOJISIET OOOUTHUCH 0€3 CHeUMaTbHOro JIOTMYECKOIO
CPENCTBa, BHIOMPAIOLIETO BEPHBIN BBIXOAHON CUTHAI,
TaK KaK COeIMHEHNE 3TUX KaCKaIoB B IyOJIMPOBAaHHOM
JIOTUYECKOM 2JIEMEHTE HE JaeT BO3MOXHOCTH IOSIB-
JICHWS Ha €ro BBIXOAEe HeBEPHOTO CUTHAJA TIPH TTOSIB-
JICHUM B OJHOM M3 Iapbl AYOJIMPYEMBIX 2JIEMEHTOB
OIMHOYHBIX Ae(eKTOB THUIA "OOpPBIB" U HEKOTOPHIX
JIeeKTOB THUIAa "KOPOTKOE 3aMbIKaHUe", a B cXeMax
JIOTUYECKNX B3JIEMEHTOB C TTOJTHBIM IyOJIUpOBaHUEM
TPaAH3UCTOPOB U TIPU TMOSBIEHUU B HUX JIFOOBIX OIM-
HOYHBIX e(heKTOB TUMA "KOPOTKOE 3aMbIKaHue".

IIpu peireHuu Borpoca 06 UCII0JIb30BaHUU KAaKO-
ro-nmubo crocoba pe3epBUPOBAHUS BCErma IPOBO-
IUTCSI OIlEHKa TpeOyeMOTo KOJHWUYecTBa amnmapaTypbl
(B TaHHOM clTy4ae — 9YKCiIa TPaH3UCTOPOB B Pe3epPBU-
poBaHHOI MHKpocxeMe). ITOHSITHO, 4TO IIpy MOKOM-
MOHEHTHOM AYOJMPOBAHUM KOJMYECTBO armIapaTyphbl
OymeT MEHBIIIE, YeM TP IPYTUX CITOCcO0ax pe3epBUPO-
BaHus. OIHAKO MCIIOJIb30BaHWE IMOKOMIIOHEHTHOTO
IyOoIMpOBaHUS He BCEra BO3MOXHO TIpU AyOIMpoBa-
HUU BJIEMEHTOB NaMsITU. Tak, OHO He TpeACTaBISIETCS
BO3MOXHEIM TIPH TTOCTPOSHUN MUKPOCXEM TTaMSITH.

OTMeTHMM, 4YTO TIOJYyYeHHble B JIaHHOW paboTe
OLIEHKU CAEJIaHbl HA OCHOBE YITPOIIEHHBIX U TOBOJBHO
rpyObIX pacuyeTHBIX Mojiesieil. B nanbHeimx nccieno-
BaHUSIX BO3MOXHBI YTOYHEHMS OLICHOK TIPU COBEp-
IIEHCTBOBAHWU PACUETHBIX MOJEJe U MCIOJb30Ba-
HUM BMecTO 3akoHa IlyaccoHa npyrux 3aKOHOB pac-
OpeaeaeHus BEPOSITHOCTEN MOBPEXICHUI, BO3ZHUKAIO-
IIMX TpU OOJyYEHUU.

CnECOK MTEepaTyphbl

1. Anekcannpos II. A., Bynaparun B. B., Kyk B. U., Jlut-
suHOB B. JI. OTKa30yCTOMYMBOCTh MOKOMITOHEHTHO IyOJIMpO-
BaHHOI MMKpOCXeMbI Tipu obsrydenuu // HaHo- m mukpocuc-
TeMHas TexHuka. 2015. Ne 3. C. 10—23.

2. Anekcanapos I1. A., XKyk B. WU., JInuteunos B. JI. Crioco6
MOCTOSIHHOTO TO3JIEMEHTHOTO AyOJIMPOBaHUSI B JUCKPETHBIX
3JIEKTPOHHBIX cucTeMaX (BapuaHThI). [1ateHT P® Ha m3o6peTe-
Hue No 2475820 or 10.08.2011, xmaccet MITK GO6F11/16,
HO3K 19/007.

3. Anekcanapos I1. A., Bynaparun B. B., XKyk B. B., JIursu-
HoB B. JI., Ceeunukos A. B. [leiicTBue u3inyyeHnii Ha MaTepua-
JIbl, TPUOOPBI U CXEMbl HAHORJIEKTPOHUKM // SnepHas dpusuka
u uxkuHupuHr. 2013. Tom 4, Ne 6. C. 590—596.

4. Anekcanapos I1. A., Bynaparun B. B., Kyk B. B., JIutsu-
HoB B. JI. O6 0TKa30yCTOIYMBOCTY HAHOIJIEKTPOHHBIX WHTE-
IpajibHbIX CXeM Mpu obsydyeHuu // HaHo- u MUKpocucTeMHas
texauka. 2014. Ne 1. C. 1—14.

5. Anekcannpos II. A., Kyk B. U., Jlureunos B. JI. HaHo-
anekTpoHuka u paguanus // [pupoma. 2015. Ne 1. C. 14—21.

6. Han J., Jonker P. A Fault-Tolerant Technique for Nano-
computers: NAND Multiplexing // In Proc. ASCI 2002. The
Eighth Annual Conference of the Advanced School for Comput-
ing and Imaging. 2002. P. 59—66.

7. Bhaduri D., Shukla S., Graham P., Gokhate M. Compar-
ing Reliability-Redudancy Trade-offs for Two Von Neuman




Multeplexing Architectures // IEEE Trans. on Nanotechnology.
2007. Vol. 6, Ne 3. P. 265—279.

8. Han J., Jonker P. A. From Massively Parallel Image Proc-
essor to Fault Tolerant Nanocomputers. // Proc. 17 th. Int. Conf.
on Pattern Recognition (ICPR17). 2004. Vol. 3. P. 2—7.

9. Anekcannpos I1. A., XKyk B. ., Jluteunos B. JI. Crioco6
pe3epBUPOBaHUSI MaXXopUTapHbIX KiaamaHoB. M.: HUII "Kypua-
toBckuii nHCTUTYT". 2014. Hoy-xay Ne 183/2014.

10. Gereth R., Haitz H. Effects of Single Neutron-Induced
Displacement Clusters in Special Silicon Diodes // Journal of
Applied Physics. 1965. Vol. 36, No. 12. P. 3884—3894.

11. Asanos B. U., JIsicuos B. H., I'youn A. T. CripaBouHoe
DPYKOBOJICTBO MO MUKpPOAO30MeTpuu. M.: DHeproaromusnar,
1986. C. 123—125.

12. Kyapsmos 0. B. Pagnanmonnas Ouodwusuka (MOHU3H-
pytouue uznydeHust). — M.: @usmarrus, 2004. C. 92—101.

P. A. Aleksandrov, D. Sc., Director, V. V. Budaragin, Ph. D., Senior Researcher,
V. 1. Zhuk, Ph. D., Leading Researcher, V. L. Litvinov, D. Sc., Leading Researcher, S. E. Stelmak, Researcher
Institute of Information Technologies, National Research Center Kurchatov Institute, Moscow,

alexandrov_pa@nrcki.ru

Comparative Assessments of the Fault-tolerance of the Majority Redundant
and Component-Wise Dublicated Microcircuits under Irradiation

The authors provide assessments of the fault-tolerance of the component-wise duplicated microcircuits and the fault-tolerance
of the majority of the redundant microcircuits under irradiation. They also give comparative assessments of the fault-tolerance of
the nonredundant, component-wise duplicated and majority redundant microcircuits under irradiation. The fault-tolerance of the
component-wise duplicated microcircuits is proved to be higher than that of the triplicated microcircuits.

Keywords: nanoelectronics, microelectronics, fault-tolerance, failure, redundancy in electronic systems, duplication, majority

redundancy; majority gates

Introduction

Influence of radiation on the electronic components
is a complex process depending on numerous param-
eters. Among them are a type of radiation influence,
energy of particles, material and technology for devel-
opment of the devices, their size, etc. Therefore, the
methods for assessment of that influence on the fault
tolerance of the digital microcircuits are extremely im-
portant. In [1—3] an assessment of the fault tolerance
of microcircuits by their areas is offered, which can be
used for various redundancies. This method can be ap-
plied in nanoelectronics, in microelectronics under var-
ious irradiations.

In [1] the method was developed for assessment of
the fault tolerance of the irradiated microcircuits "by
the areas”, considered in [2—5] and applied for assess-
ment of the componentwise duplications of microcir-
cuits without special logic means for selection of the
true signals.

In the given work the method is applied for assess-
ment of the majority redundancy of the microcircuits,
under which we will understand k-fold (k > 3 — odd)
constant redundancy with the use of the majority gates
[6—8]. This (k-fold redundancy) is understood as a re-
dundancy of k£ elements (components, nodes, mod-
ules) [8].

Here we provide comparisons of the fault tolerances
of the redundant microcircuits and the component-
wise duplicated microcircuit designed in the way, of-
fered in [1—35] and allowing to provide automatically a
true output signal in case of a fault of one or two cells
in one duplicated component.

First, we will specify assessment of the fault toler-
ance of the nonredundant and component-wise dupli-
cated microcircuits [1], taking into account the fact
that in case of k-fold majority redundancy it will be
necessary to estimate the fault tolerance of the nonre-
dundant and the duplicated majority gates containing
considerably less components, than a nonredundant
microcircuit.

1. Specification of the comparative assessments
of the fault tolerance of the nonredundant
and component-wise duplicated microcircuits

The model of a nonredundant microcircuit [1] con-
sists of N cells, identical by their areas and each con-
taining one nonredundant component, the content and
functions of which are not considered. As a fault of a
microcircuit we will consider a fault of one of its cells,
corresponding to the fault of a component containing
in it. As in [1], we will assume, that for this model the
fault probability of a nonredundant microcircuit will be

P, @, S, W< 1, (1.1)

where @, and S,, — are correspondingly the fluence and
the area of the nonredundant microcircuit; W — prob-
ability of a fault of the nonredundant part of the mi-
crocircuit located on a unit of the area, when hit by a
particle (for more details about W and its calculation
see [1].

The formula (1.1) [1] was derived for distribution of
the number of faults in each cell in a microcircuit by the
Poisson’s law!. At that it is assumed, that a fault of a mi-
crocircuit containing a big number of cells, takes place
in case of a fault of at least of one cell. This occurs in
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case of a very small number of damages in the micro-
circuit cells, numerically equal to the mathematical ex-
pectation of the number of damages during the distri-
bution of Poisson. We are interested only in those val-
ues of the fluence, for which a fault of one cell of a mi-
crocircuit has taken place and at which P, < 1. In case
of the further irradiation of a microcircuit after a fault
of one cell, the number of the damages in it accumu-
lates, but they already do not relate to the probability of
the first fault of one cell, i.e. to probability P,.

Let us consider a probability of a fault of the com-
ponent-wise duplicated microcircuit, the model of
which is described in [1]. This model contains N of the
duplicated components, each of which consists of two
duplicating each other nonredundant components, oc-
cupying one cell, just like in a nonredundant microcir-
cuit. Thus, this model contains numerous 2N duplicat-
ing components occupying 2N of the cells identical by
their size. A fault of a duplicated microcircuit is con-
sidered as a fault, if it is a fault of any pair of the cells
corresponding to each other and forming together a du-
plicated component. The probabilities of the particles’
hit in various cells of the duplicated microcircuit are
identical and do not depend on each other.

In this model the set of 2N cells of the duplicated
microcircuit is presented in the form of two non-inter-
secting subsets M; and M,, containing N cells, not in-
tegrated into pairs, forming duplicated components.
A fault of the duplicated microcircuit is a fault of any
pair of the cells corresponding to each other, one of
which belongs to the subset M;, and another — to M,.

By analogy with formula (1.1), the probability of a
fault of at least one cell in one of the subsets M, and M,
during #5,;, irradiation will be

Py= 0y Sy, W<, (1.2)

where ®; — is the maximal admissible fluence for the
duplicated microcircuit; Sd,p — is the area of the hy-
pothetical nonredundant microcircuit containing N of
cells, equal to half of the area of the duplicated micro-
circuit; W — is the probability of a fault of one cell,
when hit by a particle — formula (1.1).

Since the cell area in the duplicated microcircuit is
more than in the nonredundant microcircuit, we will
assume that

Sip="b"5Sp (1.3)

where S, — is the area of the nonredundant microcir-
cuit; b > 1 — is the factor showing in how many times
the area of the duplicated component exceeds the area
of the nonredundant component; » = 1, when the du-
plicated component is a transistor, and b > 1, when the
duplicated component represents a logic element; in

A similar approach with the use of distribution of Poisson for
calculation of the probability of damage to an object due to its irra-
diation is also applied in the other areas, in microdosimetry, in par-
ticular, for solving of similar tasks [10—12].
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the latter case the factor b depends on the number of
the inputs of a logic element, its circuit and redundancy
of the components integrated into it.

Pj — is the probability of the product of two inde-
pendent events, one of which consists in a fault of at
least one cell in the subset M;, and another — of a fault
of at least one cell in the subset M,. At that, there is no
necessity to take into consideration hits of the particles
in the same cell of each of the subsets for the maximal
admissible fluences @ ;.

The number of the cases, when two particles hit one
component of the duplicated microcircuit consisting of
two cells located in different subsets M| and M, is equal
to N — the number of such components in the dupli-
cated microcircuit.

The number of the cases, when two particles hit dif-
ferent components of the duplicated microcircuit, when
one cell hits into one component of the microcircuit,
and the other into another component, equals to C,%, —
the number of combinations from N elements by 2:

C¥ = NY/[2!- (N = 2). (1.4)

Then the total number of the hit cases with equal
probability of the two particles (the first and the second
ones) into any cells of the duplicated microcircuit will be:

G=N+ Cy. (1.5)

A relative probability of the fact that with probability
P12 two cells will fail of one duplicated component lo-
cated in the subsets M; and M,,

H= N/G. (1.6)

By placing (1.5) in (1.6) and dividing the numerator
and the denominator by N, we will receive:

H=1/(1+ C}/N). (1.7)
By placing (1.4) in (1.7):
H=1/{1+ NY[2!-(N—2)!]-1/N}, (1.8)
After transformation we will get:
H=1/(1+ 0,5N). (1.9)
At N > 2 from (1.9):
H~=~1/0,5N, (1.10)

which is only a half of the relative probability of 1/N,
used for calculation of probability P, of a fault of the
duplicated microcircuit [1].

We will present a fault probability of a component-
wise duplicated microcircuit in the following form:

Py= P} - H. (1.11)

For the modern microcircuits always N > 2. If the
condition is met, by placing (1.10) in (1.11) we will re-
ceive

Py= P} /0.5N. (1.12)




However, for separate nodes of the microcircuit, for
example, for the majority gates, inequality of N > 2
may not be observed. For this

= P2/(1 + 0,5N). (1.13)
Since P, <1, at N> 2
P, < 1/0,5N. (1.14)

And in case the inequality N > 2 is not observed,
P, < 1/(1 +0,5N). (1.15)

Let us illustrate the received correlations with a nu-
merical example.

At N=10"and P,= 107 from (1.12) P,=2-107'%,

Let us estimate lowering of the fault probability of
the component-wise duplicated microcircuit in com-
parison with that probability of a nonredundant micro-
circuit by means of indicator o, , of changing of the
fault tolerance ’

P,/P,,

where all the values were determined above.

By placmg P, and the accepted approximated value
ofP 3in (1.16), wewﬂlgeta 2~05 101, At

= 10 and P, ~ 1072 =~ 0,5 010 . Hence, the
fault tolerance of a componentw1se duphcated micro-
circuit is much higher than that of a nonredundant one.

Such big, seeming unreal, indicators of o, , are due
to the fact that the formula (1.12) was derived on the
basis of a simplified fault model of a microcircuit. But
it illustrates a considerable reduction of the fault prob-
ability of a duplicated microcircuit in comparison with
a nonredundant microcircuit.

(1.16)

2. Structure of k-fold redundant microcircuit
with the majority gates

Let us proceed to consideration of the majority re-
dundant microcircuits and present all the variety of the
structures in the form of a generalized structure, and
then to propose on its basis a calculated model and as-
sessment of the fault tolerance of those microcircuits.

2.1. General description of the structure
of a majority redundant microcircuit

In a general case a majority redundant microcircuit
can contain unequal k-fold redundant nodes, which
carry out different functions. For simplification rea-
sons, we will consider, that a k-fold redundant micro-
circuit contains U, of identical k-fold redundant nodes.
Each such node I contains k-fold majority gate 2 and
k of the identical controllable logic units 3 fixed on its
inputs and reserving each other (fig. 1). We will assume
that the majority gate and the controllable logic units
consist of identical elementary components, the role of
which can be played by the logic elements or transistors
containing in them. The total number of the elementary

components in all the logic units containing in all the
nodes of k-fold redundant microcircuit is equal to:

Nk= Uk'k'lk, (21)

where /,, — is the number of components in one logic
unit at k-fold redundancy; the other values were de-
fined above.

The number of components in a nonredundant mi-
crocircuit is:

N=U.I. 2.2)
From (2.1) and (2.2) we get
N, = N-k. 2.3)

With account of (2.3) the total number of compo-
nents in k-fold redundant microcircuit b is:

NkM= Nk + Ukmk, (24)

where m; — is the number of components in k-fold ma-
jority gate, or the volume of the majority gate.

2.2. Majority gate

As is known, the majority gate for k-fold redundan-
cy, or k-fold majority gate, has k of the binary inputs
(k — is an odd number) and forms the output logic sig-
nal equal to the signal on the majority of those inputs.
The logic function of the majority gate can be realized
on any logic elements, in particular on "OR-NOT", or
"AND-NOT" elements. Further, we will be guided by
the examples of the majority gates made on "OR-NOT"
elements.

It is possible to demonstrate that k-fold majority
gate is a logic circuit, equivalent by its function to the
circuit, containing C,g of OR-NOT logic elements on r
inputs each, and one OR-NOT logic element on C,ﬁ
inputs. Here C,i — is the number of combinations
from k of r, where r = (k+ 1)/2, k — is an odd number.
With account of this we have:

Cy = KAk + 1)/21- [(k — 1)/2]'}.
At k = 3 we have r = 2 and C,Z = 3. In this case the

logic function ys, formed at the output of the majority
gate, is equal to

V3= Xt X XXy T XX,

where Xy, x,, x3 — are entrance binary signals of the
majority gate, signs + and + — are the signs of the logic
multiplication (conjunction) and logic addition (dis-
junction).

Fig. 2 presents a circuit of the k-fold majority gate 2
at k = 3, realized on OR-NOT elements. It contains
three input 2-input OR-NOT elements and one output
3-input OR-NOT element. At that, let us assume that
the input 2-input OR-NOT element in the majority
gate contains three transistors, while the output 3-input
OR-NOT element of this gate, suitable for duplication,
contains six transistors. Then the total number of the
transistors in the unduplicated gate will be 15, while the
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duplicated majority gate contains 30 transistors. Those
numbers are examples of the values of volume m,_of the
majority gate at kK = 3. In those examples the average
number of transistors per a logic element in the non-
redundant majority gate containing four NOT-OR el-
ements, will be 3, 75.

Similarly, at k = 5 we have r = 3 and C,’; = 10, and
at k=7 we have r =4 and C; = 35.

Realization of the majority gates at k = Sand k = 7
can be more varied, than at £ = 3, depending on the
applied logic elements. For example, realization of the
unduplicated majority gate at £k = 5 may require 13
OR-NOT elements per three inputs with four transis-
tors in each, 1 OR-NOT element per four inputs, con-
taining five transistors, that is, a total of 57 transistors.
And realization of the unduplicated majority gate at
k = 7 may require 44 OR-NOT elements per four in-
puts with five transistors in each, one OR-NOT ele-
ment per three inputs, containing four transistors each,
that is, a total of 224 transistors.

2.3. Selection of the number of U, nodes of a microcircuit,
each of which contains one majority gate

It seems reasonable that the total volume of the logic
units controlled by one majority gate would be more
than the volume of this majority gate, i.e. that the fol-
lowing condition would be satisfied:

k-l > my, (2.5)
From which:

L, > m/k. (2.6)
From (2.2) we have:

Uk = N/Zk, (27)

where U, — is a whole value.
With account of (2.6) from (2.7) we will get:
U, < N-k/my. (2.8)

Condition U, = 1 corresponds to the majority re-
dundancy with "the interwoven redundancy"”, which
was proposed in [8]. During the use of this method the
redundant microcircuit consists of k logic units, reserv-
ing each other, and one majority gate.

Condition Uy, corresponds to the case, when a mi-
crocircuit contains Uy, of the redundant nodes, each of
which consists of k logic units, reserving each other,
and one majority gate.

Let us instead of (2.6) write down that

where g > 1.
Then instead of (2.8) we will write down
U,= N-k/(q-my). (2.10)

By accepting ¢ =4 and N = 1012 transistors, we
will find the approximate value of U, at different k. At
k=3, my =30 transistors we will receive U, =
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=0,25-10'". At k = 5, m; = 51 transistors we will re-
ceive U, ~ 0,245+ 10!, At k = 7, m; = 238 transistors
we will receive U, ~ 0,735+ 1010,

3. Probability of fault of a k-fold majority redundant
microcircuit

3.1. Model of a k-fold redundant microcircuit
with the majority gates

According to the structure of a k-fold redundant mi-
crocircuit with the majority gates, we will assume, that
a model of this microcircuit consists of two parts: a set
of the identical redundant logic units controlled by the
majority gates, and a set of those gates. A fault of a re-
dundant microcircuit can occur due to a fault in the set
of the redundant logic units or a fault in the set of the
majority gates. For simplification reasons, we will as-
sume that those faults are incompatible events, which
will not affect qualitatively the final results.

The redundant logic units integrated in one k-fold
redundant node, i.e. controlled by one majority gate,
we will call one-node units. Each redundant node con-
tains k of the one-node units considered as a tuple of
units. A set of the redundant logic units can be present-
ed as a set of tuples of one-node units, in which the
number of tuples is equal to the number of U, of the re-
dundant nodes. We will present this set of tuples in the
form of k of nonintersecting subsets of M}, M,, ..., M},
each containing U, of the unpaired units, that is the
units, no pairs of which are integrated into one node.
In other words, in each of those subsets there are no two
units, which are the one-node ones. A fault of a redun-
dant microcircuit is a fault of the majority of the units
integrated into any one node, i.e. a fault of not less,
than (k + 1)/2 of the one-node units, i.e. the units in-
tegrated into one tuple. At that, such units may expe-
rience a fault under the influence of different particles,
either in different periods of time, or simultaneously.

During the period of irradiation of a redundant mi-
crocircuit, from the initial moment accepted as zero,
till the moment of 7., , of a fault of the microcircuit
with a probability, which will be defined below, in each
of the subsets M, M,, ..., M; more than one failed unit
can appear, and the numbers of the failed units in those
subsets will be unequal. However, at that, the redun-
dant circuit continues to operate correctly. It will fail
only during the moment of fork, p> when in one given tu-
ple (k + 1)/2 or more of one-node units fail, the units
integrated into different subsets M}, M,, ..., M}, but not
obligatory into all of them. We will call a fault of such
a number of one-node units in a tuple, a fault of the tu-
ple, into which the units are integrated. A tuple fault is
a microcircuit fault. We should point out, that under
the influence of different particles several tuple faults
may appear. It is possible that, at first, it will be a fault
of one unit in one subset, say, in M;, while in the other
tuples it will be a fault of a unit in the other subset, for




example, in M,. Each of those subsets can be consid-
ered as a hypothetical nonredundant microcircuit corre-
sponding to 1/k part of the total number of the units of
the redundant microcircuit and containing U, of the un-
paired units, in which not a single pair is a one-node pair.

We should point out, that in comparison with a
component-wise duplication the task of accounting of
the faults of the interconnections under an irradiation
of the majority of the redundant microcircuits becomes
simpler. The connections between the nodes and be-
tween the units and the majority gates in a node belong
to the external interconnections, which can be made
trouble-free under an irradiation thanks to an increase
of their width or duplication. Errors owing to the faults
of interconnections inside the redundant units, as well
as owing to any other faults inside the units, are cor-
rected by the majority gates. But during construction of
the majority gates it is necessary to ensure a high fault
tolerance of the interconnections inside of them by in-
creasing their width or duplication.

3.2. Assessment of a fault probability of a k-fold
majoritarian redundant microcircuit gue
to a fault of the redundant logic units

Let us estimate the fault probability P, of at least one
unit in one of the subsets M, M, ..., My, containing Uj,
of unpaired units, during the period #;, , of irradiation.
By analogy with the formula (1.1) of a fault probability
for an nonredundant microcircuit [1] it is possible to
show; that during distribution of the number of dam-
ages of each unit in one subset M; (i = 1, 2, ..., k) under
Poisson law, probability Pg will be:

Py= 0 S, WL, (3.1)

where @, — is a fluence for k-fold redundant majority
microcircuit in the period #; , of irradiation; S, — is
the area of a hypothetical nonredundant microcircuit
containing U, of the unpaired units (the area is equal to
1/k of the area occupied by all the set of the logic units
in the majority redundant microcircuit); W — is prob-
ability of a fault of an nonredundant part of the micro-
circuit located on a unit of its area, when a particle hits
in the area unit.

We will present the fluence for the majority redun-
dant microcircuit in the following form:

(3.2)

where / — is radiation intensity; f#; , — period of ir-
radiation till the fault moment of k-fold redundant mi-
crocircuit with a probability, which will be defined below.

The area a hypothetical nonredundant microcircuit:
ng Sl' Uk’ (33)

Oy = 1+ fgjp ko

where s; — is the area of a logic unit; containing /, of
components at k-fold redundancy; U, — is the number
of the unpaired units in a hypothetical nonredundant

microcircuit, equal to the number of nodes in a redun-
dant microcircuit.

We should point out, that after a fault of at least one
unit in subset M; with probability P, <1 the irradiation
of a microcircuit proceeds, but the accumulated
number of its damages does not interest us, because a
fault is already a fact.

Now, let us find probability P, of a fault of k-fold
redundant microcircuit because of the faults in the re-
dundant logic units with the operable majority gates.
A microcircuit fault will occur in case of a fault of one
of its Uy nodes, i.e. in case of a fault of at least one com-
bination of r units from & in that node. Let us consider
calculation of the probability of Py in case of a tripli-
cated value, i.e. at kK = 3. We will designate the prob-
abilities Pg of a fault of at least one unit in one of the
subsets My, M,, M5 accordingly through Pgl, Pg , Pg3.
Then taking into account the fact that in a combination
of two failed and one serviceable, or three failed units,
the probability of Py, at k = 3 is possible to present in
the following way:

Pb3=[Pgl'Pg2'(1_Pg3)+Pgl'Pg3.(l_Pg2)+

By placing Pgl = Pg = Pg3 = Pg in this expression
after transformations we will receive:

Py = (3P} =2+ P)/Uj,
from where at P, <1
Py~ (3 P})/Us.

Here 1/U; — is a relative probability that during the
period of irradiation till the fault of a triplicated micro-
circuit one node will fail.

Let us generalize an example of calculation of Py;
for any odd cases of k£ > 3. Calculation of probability
Py, is based on the fact that the probability of a fault of
one node is determined by the sum of the probabilities
of faults of combinations of units in this node. Although
the faults of different combinations of the units in one
node are compatible events, for simplification reasons
and with a big degree of approximation, it is possible
to consider these events as incompatible. Under this
condition:

Pbk = C]Z * Pgr/Uk, (34)

where C,g — is the number of combinations from k on
r, equal to r number of combinations from k input signals
of k-fold majority gate, in other words, to the number of
r-input of input of the logic elements (OR-NOT ele-
ments) of k-fold majority gate), the other values were
defined above. Here 1/ U, — is a relative probability that
during an irradiation till a fault of k-fold majority re-
dundant microcircuit, one node will fail.

During calculation of probability of Py, notwith-
standing multiplier C,’; , the condition of Py, < 1 should
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be observed, to which limit of P{g < 1 contributes. By
placing (3.1) in (3.4), with account of (3.3) we get

Pbk= CIZ '(d)k'sl' Uk' W)r/Uk < 1. (35)
Here

§p= S¢° lk’ (36)

5, = S,/N, (3.7)

where s, — is the area of a cell (component) of a non-
redundant microcircuit; /, — is the number of compo-
nents in the logic unit at k-fold redundancy; S, — is the
area of a nonredundant microcircuit; N — is the number
of cells (components) in a nonredundant microcircuit.

By placing (2.7) and (3.4) in (3.5) instead of (s;* U)),
with account of (3.7) we will get:

Py = C,i (D S, W)'/U, < 1. (3.8)
3.3. Assessment of a fault probability

of k-fold nonredundant microcircuit due to a fault

of the majority gates

Case of the nonredundant majority gates. Fault
probability P, of at least one gate from a set of the
nonredundant majority gates in a k-fold redundant mi-
crocircuit will be:

PMk=(Dk'SMk'W<< 1, (39)

where @, — is the fluence for k-fold redundant micro-
circuit in the period 7z , of irradiation; Sy, — is the
area occupied by a set of nonredundant k-fold majority
gates in a k-fold redundant microcircuit; the value of W
was defined above as the probability of a fault of a non-
redundant part of the microcircuit per unit of its area,
when a particle hits in the area unit.

The area of Sy, occupied by a set of nonredundant
k-fold majority gates in k-fold redundant microcircuit,
will be

where s,,, — is the area of one nonredundant k-fold
majority gate; U, — is the number of k-fold majority
gates in a microcircuit, equal to the number of the
nodes in it. Here

Sk = My * Ses (3.11)

where my,, — is the number of components in the non-
redundant k-fold majority gate, s, — is the area occu-
pied by one cell (component) in the nonredundant mi-
crocircuit and defined by formula (3.7).

By placing (3.10) in (3.9) with account of (3.11) we
will receive:

Py = @ - my, = (S,/N) - U+ W. (3.12)
And with account of (2.7):
Py = @ my,* (S,/0) - W. (3.13)

Case of the duplicated majority gates. By analogy
with the assessment of a fault probability of a compo-
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nent-wise duplicated microcircuit we will find proba-
bility Py, of a fault of a set of the duplicated k-fold
majority gates, namely by analogy with (1.12) under
condition of Uy > 2, i.e. at greater values of Uj:

Pya= Phi/0.3U; (3.14)

where P,y — is still a fault probability of a set of non-
redundant majority gates in k-fold redundant microcir-
cuit, defined in (3.9), U, — is the number of nodes in
a microcircuit.

In a similar way we will find probability P, by
analogy with (1.13) with a non-observance of condition
U, > 2, i.e. at small values of Uj:

Pyka = Phyc /(1 + 0,5U)). (3.15)

We will find a relation of a fault probability of the
nonredundant majority gate to a fault probability of the
duplicated majority gate:

B = Pui/ Pk (3.16)

If we accept, that U, = 0,25- 10'0, with account
of (3.14) at Py, = 1073, k = 3 we will receive
B=1,25" 1013, whence it is visible, that the use of the
duplicated majority gates allows us to lower the fault
probability of a set of the majority gates many times in
comparison with the case of the use of the nonredun-
dant majority gates.

If we assume that U, = 1, with account of (3.15) at
Py = 1073, k=3,p = 1,5+ 103, i.e. the probability of
a fault of a set of the duplicated majority gates decreases
approximately by three orders.

The further decrease of the fault probability of the
majority gates is ensured by a more complex method of
their redundancy described in our know-how [9].

3.4. Assessment of a full fault probability
of a k-fold redundant microcircuit because of a fault
of the majority gates and the redundant logic units

As it was said above, we will assume that a fault of
the redundant logic unit and a fault of the majority gate
in a k-fold redundant microcircuit are incompatible
events. With account of this and full probability of fault
P, of a k-fold redundant microcircuit, it is possible to
present the following:

where Py, — is a fault probability of k-fold redundant
microcircuit because of a fault of the redundant units
with the operable majority gates, presented by formula
(3.8); Py, — is a fault probability of a set of the majority
gates.

As probability P, we use the fault probability of the
majority gates, corresponding to the redundancy level.
So, if the majority gates are nonredundant, then
Py, = Py according to the formula (3.13). If the ma-
jority gates are duplicated, then Py, = P, according




to the formula (3.14), or the formula (3.15), depending
on implementation or not implementation of the con-
dition U > 2.

It is desirable to use such reliable majority gates,
which would ensure implementation of the condition

Py < Py (3.18)

In this case P = Py.

Let us find the fault probability of a k-fold redun-
dant microcircuit with the use of the duplicated major-
ity gates, when condition U, > 2 is implemented.

By placing (3.8) and (3.14) in (3.17) at Py, = Pypy
we get:

Py = Ch (D Sy WY/U + P, /0,5U;, (3.19)

where the values were defined above.
Now let us place (3.13) in (3.19):

Py = Cp - (S, W)/U; +

+ @y - my,+ (S,/1) - WI%/0,5U,. (3.20)

For example, at k = 3, r = 2, C,C = 3 let us assume
that my,, = 15 transistors, the volume of the dupllcated
majority gate m;,; = 30 transistors, N = 10'2. Let us
assume that ¢ = 4. From (2.9) at m; = my,; = 30 we
w111 find, that /, = 40, from (2.7) we will find, that

=3,3-10'L By placing these values in (3.19) we get:

Py=1[3 (@ S,- W) +

+ (@, 15+ (S,/40)- W)?-21/3,3- 101, (3.21)

or

Py = (D S,- W)2-0,99-107 1, (3.22)

In a similar way it is possible to find P; for small val-
ues of Uy, i.e. for the case of unimplemented condition
of Uy > 2.

4. Comparison of the fault tolerances of microcircuits
in various methods of their redundancy

Let us compare the fault tolerances of the majority
redundant microcircuits with the fault tolerance of the
component-wise duplicated and nonredundant micro-
circuits by the probabilities of their faults.

From (3.19) and (3.22) it is visible, that the contri-
bution of the majority gates to the assessment of a fault
probability of the majority redundant microcircuits is
insignificant. Therefore, for simplification reasons, we
will compare the fault tolerance of the component-wise
duplicated microcircuit with the fault tolerance of the
majority redundant microcircuit with the use of the ide-
al (trouble-free) majority gates, i.e. we will assume, that
the fault probability of the majority redundant micro-
circuits Py, is in accordance with (3.8).

First, let us compare among themselves the fault tol-
erances of the k-fold majority redundant microcircuits

at k = 3, 5, 7. For this purpose we will find indicators
of a3 5 and as 7 of the changes of the fault tolerance:

o35 = Pp3/Pys; 4.1)
03 7 Pb3/Pb7 (42)

For calculation of the indicators at k = 3, 5, 7 we
will assume, that U, = U and @, = @ for all the spec-
ified k and that S, = 1 cm?and W= 1 e 1077, Then,
after transformatlons we will have:

azs=0,2-10"/0, (4.3)
a3z = 0,038+ 10'4/0?. (4.4)

As @ we will assume fluence @, of the nonredundant
microcircuit from (1.1) at P, = 10 and the same val-
ues of S, and W, ie. ® = O 667 - 10*. By placing thls
value in (4 3) and (4 4) we will receive a3 5 = 0,3 103
and o3 7 = 0,85~ 10°.

Thus the fault tolerance of the 5-fold redundant mi-
crocircuit is approximately by four orders higher than
the fault tolerance of the triplicated microcircuit, while
the fault tolerance of the 7-fold redundant microcircuit
is by five orders higher, than the fault tolerance of the
5-fold redundant microcircuit.

Now, let us compare the fault tolerances of the trip-
licated and the component-wise duplicated microcir-
cuits. For this purpose we will find indicator o, of
changes of the fault tolerance: ’

(1,3 2= Pb3/P2 (45)

By placing (1.12) with account of (1.2), (1.3) and
(3.8) at k = 3, C,i = 3 in (4.5) assuming, that in for-
mulas (1.2) and (2.8) ®, = @3 = ®,, we get

azy = 1,5+ N/b*- Us. (4.6)

At N =10'% and U; =0,25- 101! (see the example
to the formula (2.10)) after transformations we have

a3, = 60/6%, 4.7

whence for duplication of the transistors (b = 1) we will
receive a3 5 = 60, and for duplication of the two-input
logic elements with a structure duplication (b=12,3)we
will receive 11, 32.

Thus, the fault tolerance of the component-wise
duplicated microcircuit appears to be approximately
10 times higher, than that of the triplicated one.

Now, let us find indicator a,,3 of the fault tolerance
changes:

a3 = Pn/Pb3 (48)

By placing (1.1) and (3.8) at k=3, r=2, C;, =3
in (4.8) and assuming that in (3.8) @3 = @,
= U3/(9P)). (4.9)

For example, at U3 =0,25-10'1, P, =10~ 3 from
(4.8) we will find o3 ~ 0,3+ 10'2, Thus, the fault tol-
erance of a triplicated microcircuit is by many orders
higher, than the fault tolerance of a nonredundant mi-
crocircuit.
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Conclusion

Results of the comparison of the assessments of the
fault tolerance of the method of the majority redundan-
cy, of the proposed method of the component-wise du-
plication of microcircuits and of the fault tolerance of
a nonredundant microcircuit under irradiation have
yielded somewhat unexpected results. According to the
expectations, the greatest fault tolerance was ensured by
the majority redundancy methods, and out of them —
the methods with a higher fold of redundancy. And that
was proved by the comparison of the fault tolerance of
the methods of the majority redundancy among them-
selves and with the fault tolerance of a nonredundant
microcircuit. However, the results demonstrated, that
the proposed method of the componentwise duplica-
tion raises the fault tolerance in comparison with trip-
licated method (in the presented example the result was
approximately 10 times higher). We should point out
that the assessments of the increase of the fault toler-
ance methods of the majority redundancy were ob-
tained with the ideal (trouble-free) majority gates, while
with the account of the fault tolerance of those gates
those assessments should be a little bit worse.

The high comparative assessments of the proposed
method of the component-wise duplication are ex-
plained by two reasons:

— when this method is used, the selection of the true
signal at a fault of one duplicated logic element is car-
ried out automatically, without any special means (ma-
jority gates), because in each duplicated logic element
a special output cascade is installed, demanding only
insignificant costs for equipment;

— in case of the majority redundancy, the number
of the redundant components (nodes) decreases, be-
cause the total volume of the redundant units in each
of those nodes should be more than the volume of the
majority gate applied in that node.

Action of the additional output cascade of each du-
plicated logic element allows to do without a special
logic means, which chooses the true output signal, be-
cause the connection of the cascades in a duplicated
logic element prevents occurrence on its output of an
incorrect signal at occurrence in one of the pairs of the
duplicated elements of single defects of "breakage" type
and some defects of "short circuit”" type, and in the cir-
cuits of logic elements with full duplication of transis-
tors — and at occurrence in them of any single defects
of "short circuit" type.

For solving of the question concerning the use of any
method of redundancy always an assessment is done of

the demanded quantity of the equipment (in this case —
the number of transistors in the redundant microcir-
cuit). It is clear, that in case of a component-wise du-
plication the quantity of the equipment will be less,
than in case of the other methods of redundancy. How-
ever, the use of a component-wise duplication is not al-
ways possible for duplication of the memory elements.
So it is not obviously possible for construction of the
memory microcircuits.

Let us point out, that the assessments received dur-
ing the work were made on the basis of simplified and
rather rough calculated models. In future the assess-
ments can be specified due to improvement of the cal-
culated models and use of the other laws of distribution
of probabilities of the damages arising because of irra-
diation, instead of Poisson’s law.
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