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®I'bOY BITO YabSHOBCKUII TOCYIAPCTBEHHBIN YHUBEPCUTET

BAUAHUE AEOEKTOB HA XEMOCOPBLIMIO BOAOPOAA

YIAEPOAHbIMN HAHOTPYBKAMM

Ilocmynuna é pedaxyuro 27.05.2015

OO0HUM U3 BANCHBIX UHCIMPYMEHMO8 YNPABACHUS INEKMPOHHbIMU CEOUCMEAMU YeAepOOHbIX HAHOMPYOOK, nocie 3a6epuleHus
npoueccog ux pocma, A64iemcsa adcopoyus amomos U MoaeKys u3 eneuiHell cpedsl. llpu smom npoueccol dehekmoobpazoearus
makaice 0Ka3vleaiom eausHue Ha adcopbyuro. Jns eny60K0e0 NOHUMAHUS MO0 A6AeHUS 8 OGHHOU padome CMPOUMCcs K8aAHMOBO-
MexXanHuveckas Mooeab Xumu4eckol adcopoyuu 6000poda Ha y2nepooHvie HAHOMPYOKU, 6 Komopbix umeromes degpekmot Cmoyna—
Yauinca. B pesyrbmame pacuemoe nokazaro, umo npu "peeyaaproil” xemocopoyuu 6000pooa sxHepeus adcopoyuu u wupuHa sHep-
2emu4ecKou weau MeHAIOmcs no cpagHeruro ¢ 6e3deghpekmuoii 00HOCMEHHOU HaHOMPYOKOU, HO MEeHOeHYUU OCMAIOMCs HeU3MeH-
HbIMU: € Y@eauueHuem cmenenu 6000p00H020 NOKPbIMUS WUPUHA IHEpeemUUecKoll weau pacmem, a npoeoouMoCcms U dHepeus: ao-

copbyuu (c yuemom 3Haxa) yovieaiom.

Karoueevie caosa: yenepoouvie nanompyoxku, adcopoyus, deghexkm Cmoyna—Yaiinca, snepeusi adcopoyuu, wupuna homo-lumo

wenu

PaszBeTBneHHas ynenbHas noBepxHoctb YHT, moc-
TUTAlOIAs] COTeH KBaJApaTHBIX METPOB HAa IPaMM, OTI-
penessieT UX BBICOKYI0 COPOLIMOHHYIO CIIOCOOHOCTH
[1]. Ona oOecmeumBaeT BO3MOXKHOCTH aacoOpOLIN
OOJIBIINX KOJTMYECTB MHEPTHBIX Ta30B, BOAOPOIA, Me-
TaJIOB, BOJKI U T. A. Mi3ydeHue mpoueccoB ancopoiuu
YIJIEPOIHBIMU HAHOTPYOKaMU, BBISBIEHUE TPUPOIbI
9TUX TMPOLECCOB U OIpeleseHrne UX MapaMmeTpoB —
aKTyajibHass mpobjiema HaHoTexHoJsioruii [2, 3]. An-
copOLMsI mpUMeceil Ha YIJIEPOIHYIO TPYOKY OKa3bIBaeT
CYLLIECTBEHHOE BJIUSIHME Ha €€ 3JIEKTPOHHYIO CTPYKTY-
Py, BIUIOTb O M3MEHEHUs TUIA MPOBOIMMOCTH Ha
MPOTUBOIIOJIOXHBIN. B HayyHOIT TUTepaType UMEIOT-
csl CBEIIEHMS O BIUSIHUU TeX WM WHBIX Ie(eKTOB Ha
mpolecchl agcopouuu [4—6], ogHako poib JedeKToB
B HacTosilllee BpeMsl McclleloBaHa HeI0CTaTOYHO.

B wyactHOcTH, B paboTax [4, 5] yKa3bIBaeTcsl Ha TO,
YTO MPU HAJMYUU B OJHOCTEHHBIX YIJIEPOAHBIX HAHO-
tpyokax (OYHT) ctpykTypHOro aedekra IpuMecHbIe
aTOMbl OXOTHee aJCOpPOMPYIOTCSI UMEHHO Ha 3TUX Je-
¢exTax. B cBsI3M ¢ 3TUM B TaHHOU paboTe UCCaeayeTCs
OIWH M3 BaxXHeHMX aedekToB — nedekt CtoyHa—

Voiinca (nedpext SW). DroT AedekT "moBopoTa cBIA3U"
MPUBOIUT K TOSIBJIEHUIO Ha rpacdeHOBOH IMJIOCKOCTU
OYHT aByx msATUYTOJBHUKOB Y JABYX CEMUYTOJbHM-
KoB. [t uccnenoBaHus ObLIM BHIOpaHbI ABa TUIIA Ha-
HOTPYOOK ¢ xupanbHOoCcTIME (6,0) 1 (8,0) — mImHOIt B
MSTh JIEMEHTAaPHbBIX LIMKIIOB Kaxnasi. JIJs1 YMCcThiX 0e3-
JedeKTHhIX onTUMu3npoBaHHBIX OYHT aTux xupaib-
HOCTell OblIa BbIYMciieHa homo-lumo-ienu: 2,3 3B
st (6,0) m 2,6 3B g (8,0) cooTBeTcTBEeHHO. 15T Ka-
>KI0TO TUIIa HAHOTPYOOK MOAEIMPOBAIOCH 1O JBE CU-
Tyauuu: oauH aedexkt SW u nBa nedexkra SW, pacmo-
JIOKEHHbIE JUAMETPAIIbHO CUMMETPUYHO (puc. 1).

Pacuetn nokazanu, uro st OYHT ¢ ogHuMm nedex-
ToMm (6,0) mIMpuHa 3amnpenieHHoi 30HH — 2,8 9B, a
st OYHT sToro ke Tmna, HO ¢ AByMsI JepeKkTraMu —
3,1 3B. TakuM obpa3oM, n1e(PEKThl YBEIUIMBAIOT 1IN~
PUHY 3allpellleHHON 30HbI WISl TPYOOK ¢ XMpajbHO-
cteio (6,0). Jlist HAaHOTPYOOK ¢ XMpajabHOCTEIO (8,0)
IIMpPUHA 3aMpPeIIeHHON 30HbI ¢ OMHUM W IBYMS Ie-
dexkramu CToyHa— Yoilaca OfMHAKOBA U COCTAaBIISIET
2,6 aB, T. e. HEe U3MEHSIETCHI.
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Puc. 1. Cnesa nanpaBo HaHoTpyOku: (6,0) c onunm aedekrom SW; (6,0) ¢ aByms nedekramu

SW; (8,0) ¢ onnum nedekrom SW, (8,0) ¢ nBymsa aedpekramu SW

Fig. 1. From left to right CNT: (6.0) with one SW defect; with two defects; (8.0) with one SW

defect, with two defects

s uccnenoBaHus MPOLIECCOB XEMOCOPOLIMU BO-
nopoja Ha neeKTHBIX HAaHOTPYOKaX MOAEIUPOBAIOCH
"peryisipHOe” TOKPBITHE HAHOTPYOKW BOZOPOITHBIMU
aToMaMM BIOJIb ee ocu. PaccMaTpuBainch ABe CUTya-
LIMM: OJHA Tapa aTOMOB BOAOPOJA Ha €AMHUYHYIO
sIYeKy U ABE Mapbl aTOMOB Ha Y€Ky HAHOTPYOKMU.
IIpu 5TOM rpaHuYHbIC STYEHKU HE pacCMATPUBAIUCH.
M3 Bcex BO3MOXHBIX BapUaHTOB ITOKPBLITUS MPU O-
HOM M TOM Xe ero BeJWuyrHe Haubosee MpearnoyTu-
TeJIbHBIMM OKa3aJuCh T€, YTO MPeACTaBIeHbI HA pUC. 2.

Pe3ynbTaThl BEIYMCIEHNN XeMocopomu 8 u 16 aTo-
MOB BOJOpPOAAa Ha BHEIIHIOK MOBEPXHOCTb HAHOTPY-
60k xupanbHocTH (6,0) ¢ medekTaMu MpeacTaBIeHbI
B Tabsauie. PacueTsl MOKa3bIBAIOT, YTO XEMOCOPOLIMS
BOIOpOJla Ha BHEIIHEW MOBEPXHOCTU HAHOTPYOKHU
(6,0) yBenmnumBaeT mWMpuHy homo-lumo-1ienn, a 3To

4
bl (ALY

YMEHBIIIaeT TPOBOIUMOCTh CUCTEMBI
B CpaBHEHMU C YUCTOM JeheKTHOM
Tpyokoit. CripaBe/UIMBbI CIIEAYIOLINE
COOTHOIIICHUS:

e g ynuctoi OYHT:

Eg[(6,0)] < Eg(6,0) +

+ 1SW] < Eg[(6,0) + 285W1,

o 11 OYHT c¢ 8 aromamu H:

Eg[(6,0) + 1SW] < Eg[(6,0) +

+ 25W] < Eg[(6,0)],

e 11t OYHT c 16 atomamn H:

Eg[(6,0) + 2SW] < Eg[(6,0) +

+ 1SW] < Eg[(6,0)].

OYHT c¢ xwupansHOCTBIO (6,0),
Ha KOTOPYIO aTOMBbl BOJOpOJa He
ajmcopbupoBaivch (4ucrasi), obaana-
€T MeHbllel dHeprueilt homo-lumo-
LIEJN M, COOTBETCTBEHHO, OOJIBIIICH
npoBoauMocThio, Hexean OYHT ¢
nedexktamu. XeMocopOLMs BOJOPOAa MEHSIET CUTya-
LI1I0; HAHOTpYOKa 0e3 1e(eKTOB YBEIUUNBAECT LLIMPU-
Hy homo-lumo (IpoBOAUMOCTb €€ YMEHbBILAETCs) T10
CpaBHEHUIO ¢ Ae¢heKTHBIMU HAHOTPYOKaMU C TeM Xe
YUCJIOM aICOPOMPOBAHHBIX aTOMOB BOJAOpOJa. DHEp-
rusg agcopounu OYHT (6,0) ¢ medexrtamMu ymeHb-
LIaeTcsl ¢ yBeJIMUYEHWEM MOKPBITUSI, HO BO BCEX CIIY-
Yyasgx 0CTaeTCs BEIIIE SHEPTUM aAcOPOIINY Ha YUCTOU
OVYHT (6,0).

[ns HaHOTPYOOK ¢ xupaibHOCTHIO (8,0) TakKe Ha-
O10maeTCsl YMEHBIIEHEe dHEePTUM aACOpOLIMM C poc-
TOM TOKPBITHSI, HO BO BCEX CIyyasiX OHa OCTAeTCs Bbl-
1re sHepruu agcopounu Ha yuctoit OYHT (8,0).

Takum obpaszom, npucyrctBue aegekroB CToyHa—
Voaiinca BIusieT Ha IPOLIECChl XeMOCOPOLIMY BOJOPOIA.

st "perynsipHoii” xeMocopOIUM BOAOPOAA dHEPTrus

AA

-

1Ly
SESY
LY

Puc. 2. CneBa nanpaBo HaHOTpyOKM: (6,0) ¢ omnum nedpekrom SW u 8 agaromamm; (6,0) ¢ aByms nedekramu SW u 16 anaromamu; (8,0) ¢
onuuM nedekrom SW 8 u amaromamu, (8,0) ¢ neyma nedpekramm SW u 16 anaromamu

Fig. 2. From left to right CNT: (6.0) with one SW defect and 8 adatoms; with two defects and 16 adatoms; (8.0) with one SW defect and § adatoms,

with two defects and 16 adatoms

4
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Pe3ynbTaThl pacyeToB SHEPreTHYECKMX MAPaMeTPoOB NPH AACOPOIMM BOAOPOAA
HA BHEINIHIOI NMOBEPXHOCTh HAHOTPYOOK ¢ XMpaJibHOCTBIO (6,0), comepxkammux onuu u aBa nedekra Croyna— Yaiiica
Results of calculation of the energy parameters during adsorption of hydrogen on the outer surface
of CNT with chirality of (6.0) containing one and two Stone— Wales defects

Hanorpy6ka (6,0) Hanorpy6ka (6,0)
qmg?ﬁgggﬁﬁgﬁﬁglﬁlx ¢ ogHuUM aedexktom SW ¢ aByms nedekrtamu SW HaHg}\?}]%?hSZ? gff?;?m]z
Number of the adsorbed CNT (6.0) with one SW defect CNT (6.0) with two SW defects
atoms of hydrogen Eads, eV Fe, eV Eads, &V Fe, eV Eads, &V Fe, &V
Yucras™*
oo 2.83 3,09 2,30
8 H —2,31 3,00 —2,30 3,22 —2,81 3,64
16 H —2,47 3,35 —2,42 3,24 —3,07 3,65

homo-lumo e 1151 HaHOTPYOOK.

gap for nanotubes.

IIpumeuanue: * yucrasi, Ha KOTOPYIO aTOMBI BOJOpOna He aacopoupoBaHbl, Fads — aHeprust XeMocopOo1mu Bonoponaa; Eg — mmpuHa

Note: The pure one, on which atoms of hydrogen are not adsorbed; Eads — energy of chemisorption of hydrogen; Eg — width of homo-lumo

aacopOoIMM W IIMPUHA DHEPTETUYECKON 1IEJIU U3Me-
HSI0TCSI IO cpaBHeHUIo ¢ Oe3nedexkTHoit OYHT, HO
TEHACHIIMUA OCTAlOTCS HEU3MEHHBIMU: IIIMPUHA SHEpP-
reTUYECKON 11IeJIM PACTET, a MPOBOAUMOCTb U DHEPIUS
agcopouum (C y4eToM 3HaKa) yObIBAIOT MPU yBEIMYE-
HUM BHEIIHETo BOAOPOAHOro MokpbiTus. Mcxons uz
3TOTO0 CIEAYET YUUThIBATh, UTO B YCIOBUSX PEAIbHOTO
9KCIEePUMEHTa C BOAOPOAHOU XeMOCOpOLUEN, B TOM
yyciie NMpyu U3MEPEHUU U aHaM3€ CHEKTPOB TEPMO-
JeCOpPOLMU U BIIEKTPUUECKUX CBOMCTB HAHOTPYOOK,
HaJuuue CTPYKTYPHBbIX AeheKTOB OyaeT OKa3biBaTh
OYEHb CEPHE3HOE BIMSHUE Ha Pe3yJbTaThl SKCIEPU-
MeHTa. BO3MOXHO, 3TO SIBASETCS MPUUYUMHON OOJIb-
1I0TO pa30poca CYIIECTBYIOLINUX IKCIIEPUMEHTATbHBIX
JIaHHBIX TI0 JHEpreTUKe aacopOLMU, TPUBEAEHHBIX
pa3IMYHBIMU aBTOpaMu [4—6].

Paboma ewvinoanena npu noddepicke MunobpHayku
P®D 6 pamxax Tocydapcmeennoii nodoepicku HAy4HuIX
uccaedoganuil.
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Influence of Defects on Chemisorption of Hydrogen by Carbon Nanotubes

An important tool for control of the electronic properties of carbon nanotubes (CNT) after termination of the process of their

growth is adsorption of the atoms and molecules from the environment. At that, the defect-formation processes also have an impact
on adsorption. For a deeper understanding of this phenomenon the authors of the article constructed a quantum-mechanical model
of the chemical adsorption of hydrogen by carbon nanotubes, which have Stone-Wales defects. Calculations show that in case of
a "regular"” chemisorption of hydrogen the energy of adsorption and the energy gap change, compared with a defect-free single-wall
nanotubc, but the trends remain the same: with an increase of hydrogen coating the width of the energy gap grows, and the con-
ductivity and adsorption energy (with account of the sign) decrease.

Keywords: carbon nanotubes, adsorption, Stone—Wales defect, adsorption energy, width of homo-lumo gap
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Ramified specific surface of the carbon nanotubes (CNT)
of hundreds of square meters per one gram determines their
high sorbtion ability [1]. It ensures adsorption of considerable
quantities of the inert gases, hydrogen, metals, water, etc.
Studying of the adsorption of CNT, revealing of their nature
and determination of their parameters is a topical problem of
nanotechnologies [2, 3]. Adsorption of impurities by CNT es-
sentially influences its electronic structure, up to the opposite
change of the conductivity. In literature there are data on the
influence of defects on the adsorption [4—6], however, their
role has not been sufficiently investigated.

In particular, in [4, 5 ] it is pointed out that, if one-wall
carbon nanotubes (OCNT) are present in a structural defect,
the impurity atoms are more easily adsorbed in it. The given
work studies one of the major defects — Stone—Wales defect
(SW defect). This defect of "a bond return" leads to occur-
rence of two pentagons and two heptagons on the graphene
plane of OCNT. For this research two types of CNT were se-
lected — with chiralities of (6.0) and (8.0) and length of five
elementary cycles, each. For pure faultless optimized OCNT
of these chiralities homo-lumo gap was calculated: 2,3 eV for
(6.0) and 2,6 eV for (8.0), accordingly. For each type of CNT
two situations were modeled: one SW defect and two SW de-
fects, diametrically and symmetrically located (fig. 1).

Calculations demonstrated that for OCNT with one defect
(6.0) the width of the forbidden zone was 2,8 eV, and for
OCNT of the same type but with two defects — 3,1 eV. Thus,
the defects increase the width of the forbidden zone for tubes
with chirality of (6.0). For the nanotubes with chirality of
(8.0) the width of the forbidden zone with one and two Stone-
Wales defects is the same and is equal to 2,6 €V, i.e. it does
not change.

For research of the chemisorption of hydrogen its "regu-
lar" coating was modeled on the defective CNT with hydro-
gen atoms along the axis. Two situations were considered: one
pair of atoms of hydrogen per a single cell and two pairs of at-
oms per CNT cell. At that, the boundary cells were not con-
sidered. From the possible versions of coating with the same
size the most preferable were the ones presented in fig. 2.

The results of calculation of the chemisorption of 8§ and
16 atoms of hydrogen on the external surface of CNT with
chirality of (6.0) and with defects are presented in the table.
The calculations show that chemisorption of hydrogen on the
external surface of CNT (6.0) increases the width of the ho-
mo-lumo gap, and this reduces the conductivity of the system
in comparison with a pure defective tube. The following par-
ities are fair:

e for a pure OCNT:

Eg[(6,0)] < Eg[(6,0) + 1SW] < Eg[(6,0) + 25W],
e for OCNT with 8 atoms of H:

Eg[(6,0) + 1SW] < Eg[(6,0) + 25W] < Eg[(6,0)],
e for OCNT with 16 atoms of H:

E,[(6,0) + 25W] < E,[(6,0) + 1SW] < E,[(6,0)].
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OCNT with chirality of (6.0) on which atoms of hydrogen
were not adsorbed (pure), had less energy than the homo-lu-
mo gap and bigger conductivity, than OCNT with defects.
Chemisorption of hydrogen changes the situation: free of de-
fects CNT increases the width of homo-lumo gap (its con-
ductivity decreases), in comparison with the defective CNT
with the same number of the adsorbed atoms of hydrogen.
The energy of adsorption of CNT (6.0) with defects decreases
with an increase of coating, but in all cases it remains higher
than the energy of adsorption on pure CNT (6.0).

For CNT with chirality of (8.0) we also witness a de-
crease of the energy of adsorption with a growth of coating,
but it is still higher than the energy of adsorption on a pure
CNT of (8.0).

Thus, presence of Stone—Wales defects influences the
chemisorption of hydrogen. For a "regular" chemisorption the
energy of adsorption and the width of the energy gap change
in comparison with a defectless OCNT, but the trends are in-
variable: the width of the energy gap grows, while the con-
ductivity and energy of adsorption (with account the sign) de-
crease, if the external hydrogen coating increases.

Proceeding from this it is necessary to take into account,
that in the conditions of a real experiment with hydrogen
chemisorption, including measurement and analysis of the
spectra of the thermal desorption and electric properties of
CNT, the presence of structural defects has a serious impact
on the results of the experiment. Probably, it is the reason for
a wide scatter of the existing experimental data concerning the
energy of adsorption [4—6].

The work was done with support of the Ministry of Education
and Science of RF within the framework of the state support for
scientific research works.
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[lokazano, umo 6 pe3ysbmupyrouull MaeHUMOONMUYECKUL OMKAUK CUCTeMbl MUNA MASHUMOMOMOHHO20 KPUCMAAAA BHOCSM
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a¢hghekmoe paznuuHoeo ypoBHs MpPeXMepHOU CMPYKmYpbl.
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nemau eucmepesuca, nepuoaultecxue 3asucumocmu

BBenenne

B HacTosiiee BpeMsi OAHUM U3 PACIPOCTPAHEHHBIX
METOJI0B MCCJIeA0BaHMSI MATHUTHBIX 1 MAarHUTOONTH -
YECKUX CBOMCTB CTPYKTYP, OCOOEHHO B HAHOMETPOBOM
J1ara3oHe pa3MepoB, SIBJISIIOTCSI MATHUTOOINITUUECKIE
U3MEPEHUS PA3JIMYHBIX XapaKTEPUCTUK, MPEXKIE BCE-
r0 MarHUTOOITUYECKOTO 3KBaTOpUabHOTO 3ddeKkTa
Keppa (MOD3K). OcoOblii MHTEpeC IIpencTaBISIOT
CTPYKTYPBI, 00J1a[Ial0llME CBOMCTBOM IMEPUOAUYHOCTH.
ITonoOHBIE CTPYKTYpPBHl HOCAT Ha3BaHWE MarHUTO-(o-
TOHHBIX KPUCTAJIOB U 00JIaalOT PSIZIOM YHUKAIBbHBIX
cBoiicTB. [1pu onpeneseHHBIX YCIOBUSIX SKCIIEPUMEH -
Ta B HUX HAOJI0JaeTCs PE3KUIA POCT OTKIIMKA CUCTEMBI
Ha BHeEIIIHEe BO3AEHCTBUE 3JEKTPOMAarHUTHBIM WU3JTY-
yeHueM [1, 2]. Takoro poaa ynopsiioueHHbIE CTPYKTY-
PBI MCTIOJIb30BAJIM TaKXKE TSI UCCIIENOBAHUS MPOLIEC-
COB IlepeMarHuYMBaHUsl MUKPOCKOIMMYECKUX MATHUT-
HBIX YacTUIl Ha CyOMUKpOMeTpoBOoM ypoBHe [3]. Ox-
Hako (OpMUPOBaHME MArHUTOONTUYECKOTO OTKJIMKA
MpeACTaBIsIeT CO00I KOMILIEKCHBIN MPOLIeCC HaloxkKe-
HUSI pa3JIMYHbBIX SIBIEHUH, OTpaXkarollnX KaK MarHuT-
Hbl€, TaK U ONTUYECKHE CBOMCTBA CUCTEMBI, a TaAKXKe
HX B3aUMOCBS$I3b, TaK UTO OJHO3HAUHAasl TPAKTOBKA pe-
3yJIbTaTOB IOJOOHBIX U3MEPEHMI IIPEeACTaBIsIET CO0OI
JIOCTaTOYHO HEMNPOCTYI0 npolenypy. bosblroe yncino

¢dyHIaMeHTaJIbHOM HAYYHOI JIUTepaTyphl MOCBSILIEHO
STUM acIieKTaMm [4—6], ogHaKo 3ampochl COBPEMEH-
HOI HayKU CTaBAT Mepea UCCeAoBaTeIIMU HOBbBIE 3a-
Jayu. DTO CBSA3aHO TMPEXIE BCETO C YCIOXKHEHUEM UC-
clieAyeMbIX CTPYKTYP KaK C TOYKU 3pEHUST TOMOJOTUU
TMOBEPXHOCTH, TaK U C TOYKHU 3PEHUs COCTaBa MCCIIe-
JyeMbIX BellleCTB, KOTOpPbIe MOTYT IMPeACTaBIsITh CO-
6011 yepemyrolIecss CIOW HAHOMETPOBOHN TOJIIIWHBI
(cM. Hampumep, [7]).

MarHuToONTUKA U MarHUTHBIE SIBJICHUSI B TOHKUX
U CBEPXTOHKMX TUIEHKAaX MPUBJIEKaOT K cebe ocoboe
BHUMAaHUE B CBSI3U C MOTEHLMAJbHONW BO3MOXXHOCTBIO
WCIIOJIb30BAHUSI B DJIEKTPOHHBIX YCTPONCTBaX HOBBIX
nokoynieHnit [8]. CIIOXXHOCTh MHTEPIIPETALIMU PE3YIb-
TaTOB IJIsI CTPYKTYP C pa3MepaMu MOPSAKa HECKOJb-
KWX JUTMH BOJIH IIJIST KAKOTO-JIN0O N3MEPEHUS COCTOUT
B TOM, YTO B 3TOM CJIydae MPUXOAUTCS MPUHUMAThb BO
BHUMAaHWE BO3MOXHOCTH ITIPOSIBIICHUS Pa3TMIHOTO
pona SIBIeHUI, UMEeIOIINX pa3INuHyIo pupoay. B Ha-
1IeM cJiyyae pa3Mepbl TOMEePEeUYHOro CeUeHUs JeMeH-
TapHBIX paccemBaTeneil 1100 TUIIA BEPTUKAJIBHBIX KO-
JIOHH, 100 B (hopMe BEPTUKAIBHBIX CTEHOK WMEIOT
MOPSIIOK HECKOJBKUX JIJTMH BOJIH MafaloLIero 3JeKTpo-
MarHUTHOTO W3JIYYeHUS, T. €. MOPSIIO0K HECKOIbKUX
MUKPOMETPOB, B TO BpeMsI KaK TOJIIMHA MeTajinye-
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CKOro TMOKPBITUSI BEPXHUX TpaHEW COCTaBJISIET €IU-
HULBI HaHOMETpOB. [logoOGHasg cTpykTypa ucciaeno-
Bajach, B 4YaCTHOCTH, B pabote [3], roe ObLIO ycTa-
HOBJIEHO, YTO TETJIM TUCTEPE3KUCa, MOJYYEHHBIE B 1U-
(GpakIMOHHBIX MaKCUMYMax Pa3JIMYHBIX MOPSIKOB,
coJepxKaT MHOPMaIIMI0O 0 MarHUTHOM CTPYKTYype OT-
JIEJIbHBIX pacCeuBaTescil.

Ocoboe BHUMaHME yaeaseTcss MarHUTHBIM U Mar-
HUTOONITHYECKUM CBOMCTBAM IEPUOANIECKUX CTPYK-
TYP MUKPOMETPOBBIX Y CYyOMUKPOMETPOBBIX Pa3MEPOB
pas3nanuyHoOi (hOpMbI, OCOOEHHO TOUKAaM M IMOJIOCKaM.
M3yyeHue mogoOHBIX MAacCMBOB CYOMMKPOMETPOBBIX
3JIEMEHTOB SIBJISIETCSI OCHOBOM ISl pa3pabOTKU Mar-
HUTHOM NaMSITU U HAHOCTPYKTYPUPOBAHHOM 3aITMCHhI-
Balollleil MH(OpPMaLIMIO Cpelibl, B TO BpeMsl KaK B3au-
MOZAEHCTBHE MEXIY DJIEMEHTaAMU OTIpeaesIeT MPeaeIbl
MHTErpallMM MarHUTHOW MaMsITU W 3aluChIBAOLIMX
cpen. DddeKThl B3aUMOIEHCTBUS MEXKIAY 2JIeMEHTaMU
B MaccHMBax ropasio MeHble MCCIeI0BaHbl MO CpaB-
HeHUI0 ¢ padMepHbIMU 3ddekTamu. JIubpakiimoH-
HBIII MarHuToonTuyeckuit agdext Keppa (AMOIDK)
SIBJISIETCS] HauboJiee MOAXOMSIIMM ISl UCCeA0BaHUS
MoI00HBIX 3(P(HEKTOB, MOCKOJIbKY OHU IIPOSIBIISIIOT BbI-
COKYI0 YYBCTBUTEJBHOCTD K (PUKCALIMY MaJeHILINX 13-
MEHEHMI HaMarHMYEeHHOCTU TOHKMX IUIEHOK M OYEHb
ManbIx aeMeHToB [9]. IMOBK npenocraBisieT LieH-
HyI0 MH(GOPMAIINIO O pacrpeaeieHN HaMarHM4eHHO-
CTU U €€ aHM30TPOIUH BCIEICTBUE HEOOBIYAHOM YyB-
CTBUTEJIbHOCTU METOJa K MarHUTHBIM HEOAHOPOAHO-
ctam [9, 10].

Bo3HukaeTt BaxHas 3agauya 6oJiee 1€TaIbHOTO HC-
clieloBaHUSI CBSI3U Pa3JIMYHBIX JeTajell TOMOJOTUU
MOBEPXHOCTU U CIeLUUDUKU 00pabOTKU ITIOBEPXHO-
CTU U CTPYKTYP € (pOpMUPOBAHUEM PE3YIbTUPYIOLLETO
MarHUTOOIITUYECKOTO OTKJIMKA CIIOXHOW CUCTEMBI,
NPpU HAUIMYUK PA3JIMYHBIX PE30HAHCHBIX, UHTepde-
PEHUMOHHBIX U AN(PPaKIINOHHBIX SBJICHUM BBULY CO-
U3MEPUMOCTH XapaKTePHBIX Pa3MEpPOB CHCTEMBI U
JUTMHBI BOJIHBI BO30YXJAIOIIET0 3JIEKTPOMAarHUTHOTO
WU3TyIeHUS.

B Hacrogieii pabote mokazaHO, YTO B Pe3yJIbTU-
PYIOIUMA MArHUTOOINTUYECKUN OTKJIMK MCCIEAYEMOM
CUCTEeMBbl BHOCSIT BKJIaJ KaK KOJUIEKTUBHbIE MHTEP-
(depeHLIMOHHbIE IBJCHUS OT YIIOPSAOYSHHBIX 3JIEMEH-
TapHBIX paccenBaresieit, Tak U 3 (HeKThl, CBSI3aHHBIE C
INOPaAKIMOHHBIMU OCOOEHHOCTSIMU PacCesiHUs CBETa
Ha OTACIBHOM 3JIEMEHTE CTPYKTYPhI, a TAKXKE HAJTOXE-
Hue 3(p(EKTOB Pa3IMUYHOIO YPOBHSI, BOOOIE TOBODSI,
TPEXMEPHOU CTPYKTYPHI.

TexH0JIOrus M3rOTOBJEHUSA CTPYKTYP
H METOAMKA MpPOBeJeHHs SKCIepuMeHTa

CTpyKTyphbl U3rOTABIMBAIMCH Ha 0a3e CTAHIAPTHBIX
KpeMHMeBBIX acTuH KO®M-4.5 ¢ opuenranmeii (100).
3areM (pOopMHUPOBATUCh BEPTUKAJbHBIE "KOJIOHHHI"
IJIa3MOXMMHUYECKUM TPaBJIeHUEM ITOCPEICTBOM CTaH-
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Puc. 1. KpemuuneBbie cTpyKTYpbl B hopmMe BepTHKAIBHBIX "KPYIbiX"
KOJIOHH C HANBIJIEHHEM CJIO KOOAJIbTa TOJMMHON 6 HM

Fig. 1. Silicon structures in the form of vertical "round” columns with a
layer of cobalt with thickness of 6 nm

nmaptHoro Bosch-miporecca uepe3 xpomosyio (Cr) mac-
Ky ToniiuMHoi 30 HM C KCIOJb30BaHHWEM B3PbIBHOM
sutorpaguu (lift-off lithography). Pe3ynbrar onucaH-
HOI Tmpoleaypbl IpY Pa3IMYHBIX ITapaMeTpax TpaB-
JIeHus mpeacrasieH Ha puc. 1. OtmeTuM, uto Bosch-
npolece SBASIeTCS LHUKIUYECKUM, IABYXCTaAUMHBIM
MpPOLECCOM TpaBJeHUsI, KOTOPBI BKIIOYAET Yepeaylo-
1IMecs MPoLEecChl, B YACTHOCTHU, TPaBJIEHUS B COCTaBe
SF¢ (2...5 ¢) n maccuBaumu B C4Fg (2...5 ¢). Yepeno-
BaHWE 3TUX MPOIECCOB OOYCIOBIMBAET XapaKTEPHYIO
CTPYKTYpPy OOKOBBIX CTE€HOK, C(OPMUPOBAHHBIX IIPU
aHU30TPONHOM TpaBiieHuu [11, 12]. bokoBbie, BepTu-
KaJIbHbIe CTEHKM MPU 3TOM UMEJIM 3aMETHbIE 1IIEPOXO-
BaTOCTH, OTpaxarolle CMEHY CTaIui CJI0XHOTO Mpo-
lecca TpaBieHUs. OTMETUM, UYTO Pe3yJbTaT CHSITUS
BepXHell MacKu M3 XpoMa Ha CTPYKType Ha puc. 1 BbI-
pa3miIcsa KaK B YMEHBIIEHUHN TIOTIEPEUYHBIX Pa3MepoB,
TaK ¥ B HEOOJIBIIIOM TPABICHUM OCTPHIX YIJIOB Y CTOJIO-
YaThIX CTPYKTYpP, TaK YTO KOHEUHas1 popma cedyeHUsI
KOJIOHH OTJIMYaJIach OT MPSIMOYTOJIbHOM 1 ObLIa OJIM3-
Ka K Kkpyrioi. CTpyKTypbl BTOPOro Tvmna B ¢popme To-
JIocok (puc. 2) (opMUPOBATIUCH ITOXOKHUM CITOCOOOM,
HO HMCMOJIb30BaJIaCh Macka M3 MOJMMEPHOIO TMOKpPHI-
THSI, TTO3TOMY M3MEHEHMI CTPYKTYPHI Ha 3TaTIe CHSITHUS
Macku He HaOmomaiaochk. Ha cnemyromem stame mist
CTPYKTYp OOOMX BUIOB HAIIBUISIJICS CJIOK KoOajibTa
TOJILIMHOM 6 HM MarHeTPOHHBIM HamblIeHUeM. Takum
00pa3oM, obpaser] ObIT IMOKPHIT CJI0eM KobabTa (6 HM),
BKJIIOYasi HUXKHEE MPOCTPAHCTBO MEXIY CTPYKTYpaMu
(1HO MaccuBa CTPYKTYp) UM UX CTeHKU. OauH U3 00-
pas3lioB CO CTPYKTypaMu B BUAE MPOAOJbHBIX IOJIO-
COK OTXUTaJICS B BaKyyMe Tocie HarbuieHust ciost Co
tomuuHoi 6 HM npu Temrepatype 400 °C B TeueHue
60 MMH, B TO BpeMs Kak Apyroil obpasew He MoaBep-
rasica orxxury. CronbduaTasi CTpyKTypa TPeThero THIa ¢
MPSIMOYTOJIbHBIMU KOJIOHHaMM, MOKa3aHHAasl Ha puc. 3,




M3TOTaBIMBANIACh TaK Xe, KaK U MepBOro, pa3HuIIa 3a-
KJIIo4yajach B TOM, 4TO TEpel HaHECEHUEM BEpPXHEro
ciost Co CTPYKTypa OKUCIISUIACh W 3aTe€M HAMBUISIICS
cjoit 3os0ta TosuHoi 10 HM. [TonepeuHsie pazmMepsl
CTPYKTYPHBIX 2JIEMEHTOB BCEX TPEX TUIIOB 00pa31IioB, a
TakXe BBICOTA KOJIOHH M MOJioc paznuyaiuch. CTpyk-
TYpbl TUMA KOJOHH HE OTXKUTaJIUCh.

B pabGote wuccienoBaauch YIioBble€ 3aBUCHMOCTH
marHuroonTtuyeckoro agdekra Keppa (MODIK) u
K03 DUILIMEHTOB OTPAXKEHUSI, CHATBIC 151 pa3IMUHBIX
B3aMMHBIX OPUMEHTAIN TTOBEpXHOCTH 00pa3lia M Ha-
MpaBJIeHUs] BHEIITHETO MarHUTHOTO ToJs1. M3MepeHus
MPOBOJMJIMCH NTPU KOMHATHOHN TeMIepaType coriac-
HO MeTOAuKe, AeTaIbHO M3J0XEeHHON B pabote [13].
OO6paszen; moMelaicss MexXay MoJIcaMU JIeKTpoMar-
HUTA, CO3JAI0IIEro MarHuTHoe 1oJie yactoroit 30 '
¢ amrutygou 250 B, 1OCTaTOUYHOM I MAarHUTHO-
ro HaceleHus1 obpasua [13]. TMonasspusoBaHHBIN B
TJTOCKOCTH MafaeHus (p-BOJIHA) JTa3ePHBIN ITyYOK CBeTa
(A = 632 um) guaMetTpoM 1 MM Magan Ha MOBEPXHOCTh
IJIEHKH TI0J pa3HbIMU yIJIAMU U TIPU Pa3HOM OpHeH-
Taluuu o0pa3oB OTHOCUTEBHO IJIOCKOCTU MaAeHUs U
MAarHUTHOTO TIOJISI B CTAHIAPTHON KOH(UTYPAIIUM IS
uzmepenuniit MOBBK. UsmMmepsiiach BeInunHa

& = Al/1(0), (1)

rne Al = I(H) — I(0). 3necy I(H) — WUHTEHCUBHOCTb
CBeTa, OTPAXXEHHOTO OT HAMarHUYEHHOM MTOBEPXHOCTH,
a I(0) — or HeHamMarHU4YeHHoO#, H — HaNpsKeHHOCTh
MarHUTHOrO ToJisd. 3HaueHue Al MPONMOPLYOHAIBHO
MEepEeMEHHON COCTaBJIsIIoNIe ToKa (hOTOMPUEMHUKA,
1(0) — ero nocrosgHHOM cocTtapsoeii. Koadduim-
€HT OTpaxkeHMsI ONpPeaesiICs KaK OTHOLIEHKWE MOCTO-
STHHOW COCTABJISIIOIIEN MHTEHCUBHOCTUA OTPAXXKCHHOW
BOJIHbI /(0) K MHTEHCUBHOCTU [;, Magaouieil BOJIHBbIL:
R = 10)/1,

Date :3 Oct 1pm . WO = 10.7 mm Signal A= InLens: Brightness = 499%
| Time :16:06:40 EMT = 20,00 kv g Width= 1956 ym i
iriasaarer F—1 Mag= 600K X Scan Speed=9 Contrast= 33.4%

| "PSconMMe"  Stage stT= 450° Aperture Site=3D0pm  Ges Vacuus - 8500800 mbar  Sysieem Vscuum - 1,506 905 mbar

Puc. 2. KpemaneBbie CTPYKTYPbI B hopMe HOIOCOK ¢ BEPTHKAJIbHBIMA
CTEHKAMH C HANBUIEHHEM CJIOS KO0AJIbTA TOJIIMHONE 6 HM

Fig. 2. Silicon structures in the form of strips with vertical walls and a
layer of cobalt with thickness of 6 nm

WD= 7.9 mm Signal A= InLens

Date 225 Dec 20139 Brightness = 49.2%

| Time :12:00:33 EHT = 20.00 KV ScanSpeadmy  WISh=1988um Lo ook
SUPRA 40-3151 Mag= 500K X
| “Pscpums  StagemtT= 40° = G Sy 17261806 mbar

Puc. 3. KpemuueBbie CTPYKTYpbl B (hOpME BEPTHKAJIBLHBIX MPAMO-
YrOJIbHBIX KOJIOHH CO CJIO€M OKCH/IA ¥ HANBLIEHNEM CJIOSI 30JI0TA TOJI-
muHoi 10 HM ¥ K00aJbTAa TOJIMHOM 6 HM: OOWMIA BU

Fig. 3. Silicon structures in the form of vertical rectangular colunns with
a layer of oxide and a layer of gold with thickness of 10 nm and cobalt
with thickness of 6 nm: general view

3aBUCUMOCTh BEJUUMHBI & OT HAIPSKEHHOCTH
marHutHoro nosst 8(H) npencrasisiyia coboil MarHu-
TOOMNTHUYECKYIO neTato ructepesuca (MOII). s mo-
CTPOEHUS YIJIOBBIX 3aBUCUMOCTEN BeanunHbl MODBK
UCIIOJIb30BAIOCh aAMILIATYIHOE 3HAYEHHUE 3, = S(H )

OcHOBHbIE KCIHEPHMEHTAIbHbIE PE3YJIbTATHI
H uX 00padoTKa

B xome nmeraabHOTO MCCIeIOBaHUS MArHUTOOI-
TUYECKOro OTKJIMKA B CTaHAAPTHOW KOHdUIypaluu
MODBK mnst cTpykTyp, M300paxkeHHBIX Ha puc. 1
(KpyrIyible KOJOHHBI), pUC. 2 (CTPYKTypa TUIA IMOJIO-
COK C OTXMUIOM U 0e3 OTXura) U Ha puc. 3 (mpsmo-
VIOJIbHbIE KOJIOHHBI), M3MEPSUIMCh MarHUTOOITHYE-
CKUe TIETJIN THUCTepe3nca M KO3(POUIINEHT OTpaskeHUS
MpM yIJIax NmajgeHus B UHTepBaje ot 7 g0 87°. Yron na-
IeHus1 cBeTa m3MeHsuica ¢ marom 0,5°, a B obiractu
cMeHbl 3Haka MODDK — 0,25°. B pe3ynbTrare MHTEP-
(epeHLIMU OT MEPUOIUYECKUX TBYMEPHBIX CTPYKTYP
bopmmpoBanmace MHTepGhEPEeHIIMOHHAS KapTUHA, TaK
yto uccaenoBancss Mmakcumym (0,0), T. e. MaKCUMyM
HyJIeBOTO TIopsaKa. B akcreprMeHTe, Koraa MarHWT-
HOe T0Jie ObLIO HampaBJIeHO MEePIEeHANKYIIPHO 60-
KOBBIM CTEHKaM CTPYKTYP, a IUNIOCKOCTb NMaACHUS JIy-
ya OblIa MepreHIUKYISIpHA MarHUTHOMY TOJIO IS
CTPYKTYP TUIIa KOJIOHH U CTPYKTYp THUIIA MOJOCOK, Ha-
0JIFOIAIOCHh TIEPUOINYECKOE U3MEHEHE BCeX XapaKTe-
PUCTUK, MOJYYEHHBIX ONTUYECKUMU U MAarHUTOONTH -
YeCKUMU U3MepeHnsIMH. [logaepkHeM, 9TO TSI TTOJIO-
COK MarHMTHOE I10JIe HaMpaBJIeHO MePHeHINKYISIPHO
Y3KO# I'paHu, a IJIOCKOCTh MaAeHus Jiyya jiazepa Oblia
HarpasjieHa Baojb nosioc. Haubosee HariasiiHO 3TU
NepuoaNYeCcKre W3MEHEHUs ISl CTPYKTYp IepBOTo
THMa (KPYTJible KOJOHHBI) OTpaXeHbl Ha puc. 4, Ha KO-
TOPOM XOPOIIIO 3aMETHbl U3MEHEHMST (POPMbl METIU
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Puc. 4. Ilepuonnyeckoe usmenenne ¢popmbl neTm rucrepe3nca ot "a" K "d" B 3aBUCHMOCTH OT YIJIa NaJleHHs1 CBETA HA o0pa3el i CTPYKTYP
THNA BEPTUKAJIBHBIX KOJIOHH (mepBoro Tuna). HanpasieHue naaaoiero Jiyya — BAOJb PAIOB KOJOHH. Yroa majenus: a — 57,5°; b — 58,0°;

¢ — 58,5°; d — 59,0°

Fig. 4. Periodic change of the form of a hysteresis loop from "a" to "d" depending on the light angle on a sample for the structures of the vertical columns
type (the first type). The direction of the incidence of beam is along the row of columns. Light angle: a — 57,5% b — 58,0°;, ¢ — 58,5°; d — 59,0°

rucrepesrca. OTM M3MEHEHMST Bbl-
paxkaloTcs B TIEPUOINYECKOM ITOM-
HATAM U OIyCKAHUU BEpxHed u
HMKHEW 4acTe METJIM TUCTEPE3U-
ca, OJM3KUX K HACHILLIEHUIO (CTPYK-
Typ Tuma "rpedHs1" cM. puc. 4, a, d).
Ilepuon xapakTepHBIX N3MEHEHUA
Gopmbl meTIM TUCTepe3uca B AaH-
HOM JAMaIta3oHe YIJIOB TafeHUs CO-
ctaBisieT npumepHo 1,5...2°. Otme-
THM, 4TO C YBeJWYECHHUEM yTIJjia Ta-
IEHUS MEepUod 3TUX OCHMIIALUNMA
yMeHbIaeTcs. [1pn MeHBIIMX yriaax
naneHus: oH 0JM30K K 3°.
Pesynbratbl M3MepeHMit YIJIOBBIX
3aBUCUMOCTEN Koa(dduiieHTa oTpa-
xeHust R(e) u BeauuuHsl MODOK
3(¢) Ha CTpyKTypax BToporo (Io-
JIOCKH) U TpeThero (MpsIMOYTOJib-
HbI€ KOJIOHHBI) TUIIOB TPUBEIECHBI
Ha puc. 5, 6. JIisg obenx CTPyKTyp
YETKO IIPOCIICXKHUBAIOTCS OCIIMJIIS-
MU 3TUX 3aBucumocteit. Ilepuon
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Puc. 5. 3asucumoctp R(¢), 3(¢), R(9) 5,,(¢) Ha CTPYKType THNA NPAMOYTOJbHBIX KOJIOHH.
I110CKOCTh MaJeHnsi CBETA COBNAAAET C HANPABJIEHHEM PSIOB KOJOHH

Fig. 5. Dependence of R(p), &(¢), R(p) 6,,(p) on the structure of the rectangular columns type.
The plane of the incidence of light colncides with the direction of the row of columns




OCUMJUISIIIUIM, KaK W JUIST CTPYKTYPHI
MepBoro Tuna (Kpyrible KOJOHHbI),
YMEHBIIIAeTCS C YBEJIMUCHUEM YTJIA.

W3 puc. 5 u 6 BUIHO, YTO MaK-
CUMYMbl Kod(dduimeHTa oTpaxe-
HUs max R(@) LIsT CTPYKTYPbI BTO-
poro Tuna (IMoJOCKM) COBITaJAIOT C
MUHUMYMaMi MarHUTOONTHUYECKO-
ro (MO) sdpdexra min 3,,(¢), a L1
CTPYKTYPBI TPEThEro THUIA (TIPSIMO-
YTOJIbHBIE KOJIOHHBI) — C €ro Mak-
CUMyMaMu max 3,,(¢), YTO MOXET
CBUIIETEJILCTBOBATh 00 OJMHAKOBOM
npupozae ocuutALnii R(e) u 3,,(9)
U pa3In4yuy ONTUYECKUX U MarHuT-
HBIX CBOMCTB MCCIEAYEMBIX CTPYK-
Typ. Makcumymam R(¢) COOTBET-
ctBoBasii MOIII', moka3aHHbIe Ha
puc. 4, ¢, MmuHumyMam R(9p) — Ha
puc. 4, a, d.

B dopmyne (1), ompenensitoiieit
BemunHy MOO3DK, uncnuress apo-
ou Al = I(H) — 1(0) 3aBucHUT OT mar-
HUTHOTO TIOJISI U B 3TOM CMBICTIE
SIBJIIETCSI MArHUTHOM COCTaBJISIIO-
et apdexra. Benmuuna 1(0), mpo-
MOPLMOHATIbHAS KO3(PPUILIMEHTY OT-
paxkeHUsI, SIBJIIETCS €Tr0 OITHYe-
cKoii coctaBisiomeit.  Ilostomy
eclu BenuunHy sddekra §,,(¢) ym-
HoXuTh Ha R(p) ~ 1(0), To MOXHO
BBIIEIUTh MArHUTHYIO COCTaBIISIIO-
myro MOBSK Al ~ R(9)3,,(¢) 1 o-
CTPOUThL €€ YIJIOBYIO 3aBUCUMOCTD.
DTa 3aBUCUMOCTb JUTSI CTPYKTYP BTO-
pOro 1 TpeThero TUIIOB MoKa3aHa Ha
puc. 5, 6. Y Bcex CTpyKTyp max R(¢)
cosrnazaioT ¢ max (R(9)3,,(9)).

Hawnbonee spko ocumunpyoime
3aBUCMMOCTU BeaunduHbl MODBK
TIPOSIBIIAIOTCS. TIPH  JOIOJTHUTEIb-
HOM 00paboTKe >KCIIepMMEHTallb-
HBIX JaHHBIX, NPUHUWN KOTOPOM
CXEMaTHYHO TIpeICTaBIeH Ha puc. 7.
Kak mnokaszanu mnpoBeneHHbIE Oe-
TaJbHBIC WICCIICIOBAHUS PA3TNIHBIX
BapUaHTOB, OMHOI M3 MH(POPMATUB-
HBIX XapaKTepUCTUK, KoOTopas B
OOJIBIIICH CTeTIEHU OTpaXkaeT Iepuo-
TWYECKYI0 3aBUCMMOCTH MAarHWUTO-
ONITUYECKUX 3aBUCHMOCTEH OT yrIja
MajJeHusl cBeTa, SIBJISIETCS Pa3HOCThb
D = (Gr — Rem).

PesynbTaThl  M3MepeHUd IS
CTPYKTYPHI C KPYTJIBIMU KOJIOHHA-
MU, 00paboTaHHbBIE HA OCHOBE TaKOit
METOIMKM, TIPEICTAaBIICHBI Ha pUC. 8.

-0,4-
-0,6-
—--R
-0,8 — §,2100
—— R*52100
-1

Puc. 6. 3asucumocts R(9), 5(9), R(p) 5,,(p) Ha CTPYKType THNA BEPTHKAJLHBIX HOJIOCOK.
IInocKoCTh MafieHnsl CBETa COBMAAET C HANPABJIEHHEM INOJOCOK

Fig. 6. Dependence of R(p), &(¢), R(p) 5,(p) on the structure of the vertical strips type. The
plane of the incidence of light coincides with the direction of the strips

Gr Rem

H H

Puc. 7. CxemaTH4HOE NpPeICTABIECHHE NET/IM THCTEPE3UCA C H300PAKEHHEM XAPAKTEPHBIX Be-
JINYMH, KOTOPbIe ONTHMAJILHBIM 00Pa30M OTOOPAXKAIOT NEPUOAUYHOCTb H3MEHEHHsI CBOMCTB
MATHHTOONTHYECKOr0 OTKJIMKA CTPYKTYP C M3MEHEHHEM YIJIA MAJEHHs] CBETOBOi BOJIHBI
Fig. 7. Hysteres is loonwith the image of the characteristic sizes, which in the optimal way display
periodicity of the change of properties of the magnetooptical response of the structures with a
change of the angle of sigh of a light wave

- :
~
i
=

Puc. 8. 3aBucumocts Besmuunbl D = (Gr — Rem) ot yria najeHusi ¢ cBeTa AJisi CTPYKTYPbI
nepsoro THna (Kpyrjible KOJOHHbBI)

Fig. 8 Dependence of D = (Gr — Rem) on the light angle ¢ for the structure of the first type
(round columns)
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n300paxkeHHbIE Ha puC. 4, a TaKxkKe
Ha puc. 7, UMEIOT MECTO JIJIsI CTPYK-
TypHl TPEThETO THUMA (IIPSIMOYTOJIb-
HbIe KOJIOHHBI) (CM. puc. 3) U mis
HEOTOXEHHBIX CTPYKTYp BTOpPOTO
TtHma (1mojJocku) (cM. puc. 2) B KOH-
(urypamum, Korga MarHUTHOE TTOJIe
HampaBJIeHO TIePIICHAMKYJISIPHO Y3-
KOl 'paHU CTPYKTYPHI, a TIIOCKOCTh
Jlyda Tafalollero cBeTa HalpaBjeHa
BIOJb mnosiocok. ITomoOGHbIe TeTnu
e ittt . rucTepesnca, (popmMa KOTOPBIX 3aBU-

Puc. 9. CxemMaTH4IHOE IPEACTABICHHAE NET.IH FHCTEPEe3nca ¢ Pa3I0KeHHEeM HA COCTABHbIE JJ1e- CHT OT YIJIa MajJeHKsl, HabJII01al0TCs
MEHTHI (TOHKHE JIMHUK), KOTOPBIE B CYNEPNO3UIUH 1AI0T Pe3y.IbTHPYIONIYI0 32BHCHMOCTD, HA- JIMIIB TIPU OTIPE/ieIeHHBIX OpUEHTa-

0JI01aEeMYI0 HA IKCHepuMeHTe (GKMPHbIE JIMHHH) HSX TUTOCKOCTY TIATEHMUS CBETa OT
Fig. 9. Hysteresis loop with a breakdown in components (thin lines), which in a superposition I A

give the resulting dependence observed in the experiment (thick lines) HOCHUTCJIbHO PSAA0OB KOJIOHH WJIU I10-
JIOCOK.
Ha pucyHke npuBeneHbl JaHHBIE TOJBKO B WHTEPBAJIE OTMeueHHast 3aKOHOMEPHOCTb MOXET ObIThb Mpe/I-
yrioB nageHus oT 40 mo 60°, XOTs u3MepeHusI IIpoBe- CTaBJIEHA B BUJEC HAJIOXEHUS BYX TMETENIb C PAa3JINY-
JIEHbI TTOJTHOCTHIO BO BCEM AuarasoHe yrjioB oT 10 mo HOIl ¢opMOii U TUHAMUKON M3MEHEHUSI B 3aBUCU-
85°, mpuyeM oOHapyKeHHbIE 3aKOHOMEPHOCTHU U3MeE- MOCTH OT yIJIa MaAcHUs CBETA, YTO CXEMATUYHO MO-
HEHHUS XapaKTEPHBIX BEJIMUYMH HAa BCEM M3MEPEHHOM KazaHo Ha puc. 9. PesyapbTupymouime netju ructe-
WHTEpBaje YIJI0B UACHTUYHbBI. OTMETUM, UTO KapTUHBI, pe3uca B 3TOM CJIy4ae ONPEAEISIOTCS CIECAYIOLIUM
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Puc. 10. Iletau rucTepesnca, W3MepeHHbIe HA CTPYKTYpe BTOPOro Tuma (MOJOCKM) NpH yriax magenmsa: a — 52,5° (8) u b — 54,0° (8,); ¢ —
MOIIT Ha yyactke "a" nieHku (8, = §; + 8,G1); d — MOIII Ha yyactke "b" (§;, = & — 8,G)

Fig. 10. Hysteresis loops on the structure of the second type (strips) at the angles of sight: a — 52,5° (5;) and b — 54,0° (5,); ¢ — magnetooptical
hysteresis loop on the sight "a” of the film (5, = 5; + 6,G); d — magnetooptical hysteresis loop on the sight "b" (5, = &; — 5,G_)
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obpasom: npu max R(¢) — 310 §; =35, + 3, NNpu
min R(¢) — 310 8, = 3, — &), e 8; — MOIII nep-
Boro tuna (puc. 4 ¢; 9, a), 8, — MOIII Broporo Tuna
(puc. 4, a, d; 9, b); 5, , — meTIM TUCTEpPE3NCa ABYX
YYaCTKOB IIJIEHKH, Ha KOTOPbIX (DOPMUPYETCS] UHTEP-
(bepeHIIMOHHBIN OTKITHK.

s TIpoBepKu 3TO¥ TMIOTE3BI Ha CTPYKTYpPE BTO-
poro tura (MoJ0CKM) Opajvch NMETAM TUCTepe3uca,
W3MEpPEeHHBIe TIPY ONM3KUX yIilaxX MaJaeHUs, TIPH KO-
TOPBIX HAOJIONANNUCh INETIU MEPBOro (8;) U BTOPOro
(8,) TMIIOB, KOTOPBIE CXEMAaTUYHO TIOKA3aHbI HA pUC. 7,
CTPOMJIMCH NETNN: 5, = &1 + 8,G4, 8 = &) — 8, G_, 111
G, — sMmnupuueckue KoadpduuueHTsl (~1).

Pe3ynbTaT Takoro mocTpoeHUs] TPEACTABICH Ha
puc. 10. 13 puc. 10, ¢, d BUITHO 3HAYUTEIBHOE pPa3-
JIMYMEe MarHUTHBIX CBOMCTB y4yacTKOB, OpMUDPYIO-
wux MO curHai. Benuunnst MOD3OK nipu aToMm pas-
JinyalpTcs Ha nopsnok. IlpuunHoON mociaeaHero Mo-
KeT ObITh pazHasi TojiuHa cjoss Co 3Tux obJyacreil.
Ha marHuToonTuyecKux METISX TMCTepe3uca, M3Me-
PEHHBIX Ha CTPYKTYpe, TOABEPTHYTON OTXUTY, (popma
MeTIM He 3aBrcesia OT yIJa MaaeHUs, YTO CBUIETEb-
CTBOBAJIO 00 OMHAKOBOCTU MarHUTHBIX CBOMCTB yYa-
CTKOB IUIEHKH, (DOPMUPYIOIINX NHTEP(hEPEHIMOHHbII
OTKJTUK.

Ha puc. 6 mi1st cpaBHUTENBHOTO aHajlW3a Ha Ofl-
HOM IrpachvKe MOCTPOEHBI YIJIOBbIE 3aBUCUMOCTH R((),
3,,(9) n ux nmpousseneHus R(¢)3,,(9), U3MEPEHHDIE HA
CTPYKType BTOporo tura (rnojiocku). Kak ato cienyet
13 PUCYHKA, B MpeJesax MorpeirHoCT! U3BMEpeHit 3a-
METHO XOPOIllIee COBMAACHUE SKCTPEMYMOB Pa3HBIX 3a-
Bucumocrteit. ['paduku, npeacrasieHHbIe HA pUC. 5, 6,
CBUJETEILCTBYIOT O TOM, UTO pa3Hble 3((DEKThl Jal0T
CBOI BKJald B OOIIMIT KOHEYHBIN pe3yabTaT MODIDK.
[MocnenHsist 3aBUCUMOCTDb Ha puc. 5, 6 Buna R(¢)3,, (o)
CBUIETEILCTBYET O HAJIMYIMU BKJIaJa MATHUTHOM CO-
CTaBJISIIOIIEH B Pe3yAbTUPYIOIIUI 2D DEKT, MOCKOIb-
Ky 9D ®deKT BAUSHUSA 3HAMEHATeNIsI B BEIpaXKeHUU IS
3aBUCUMOCTH §,,(¢p) KOMIIEHCUDPYETCS MHOXUTEIEM
R(¢). Ocramoujascsd mocjae 3TOro OCLUJUISILUOHHAs
3aBUCHMOCTb CBHUIETEIBCTBYET O BKJIAae B pe3yjabTaT
YUCIUTENSI, OTpaXalolllero MarHUTHbIe CBOMCTBA CUC-
TeMBI. XapaKTepHBIM CBOMCTBOM 3TOI 3aBUCHUMOCTH
SIBJISIETCSI COTJIACOBAHHOCTh C TOM K€ PeryJsipHOCTbIO
XapaKTepHBIX U3MEHEHUI, YTO U IJIST IBYX APYTUX Be-
JuuuH. M3MepeHus, BBIMOJHEHHBIE Ha CTPYKType
TPEThETO THUIIA (TIPSMOYTOJIbHEBIE KOJIOHHBI) TIPH OpH-
€HTalMK TJIOCKOCTU MaJeHUs CBETA Mo yrjoM 45° ot-
HOCHUTEJIbHO HaIpaBJCHUSI PSIIOB KOJOHH, IMOKa3alu
OTCYTCTBME OTMEUYCHHBIX BBIIIC OCHUJUISIIIAI TIPU yT-
Jlax mageHust 6osbuie 15°.

AHAIIN3 NMOJYYeHHBIX Pe3yJIbTATOB

IMomyyeHHBIE 3KCIIEPUMEHTAIBHBIE PE3yJIbTaThI
ObUTM MpPOAHAJIM3UPOBAHBI MJIsS BbIAEJACHUS BKJana B

pe3yabTUpylonuni 3 dekT 1uppakiuMOHHbIX 1 UHTEP-
(bepeHIIMOHHBIX SIBJIEHUN U3-3a PETYJSIPHOU CTPyK-
TYpBI UCCIenyeMbIX cucTeM. OTMETHM, YTO Ha Xapak-
TePUCTUKU IUPPAKIUN, B YACTHOCTH, HA IIUPHHY
JIMHUY OKa3bIBaeT BIWSHUE LENbI psin (HaKTOpPOB.
Bo-nepBbIx, gaxe npu uaeaibHOW CTPYKType AUCIIep-
rupytouiero snemeHTa (D) u oTCyTCTBUM MeXaHU3-
MOB YIIMPEHUSI, CBSI3aHHBIX C €r0 KOHCTPYKUUEH, yr-
JIOBOE paspellieHre Mpudopa orpaHUYEHO BETUYUHOMN
Ag ~ (kRO)_l, rae kK — MoJyJib BOJIHOBOTO BEKTOpa Ia-
JAIOILETO 3JIEKTPOMAarHUTHOTO M3Jy4eHus, R, — Xa-
paKTepHbBIN JTMHEHbIN pa3Mep Maaaroliero jyda (Jiubo
JIYCIEPTYPYIOIIEero 3JIeMeHTa B 3aBUCUMOCTH OT COOT-
HOIIIEHUsI pa3MepoB). Bo-BTOPBIX, KOHEYHAs IIMPUHA
pedekca OyneT o0ycioBieHa KOHEYHOCTBIO pa3MepOB
IUCHeprupylomeil Marpulibl. Tpetuii pakTop, KOTO-
pBIi clieayeT yuecTb MpY OLEHKE YIIMPEeHUs — Heuse-
aJIbHOCTb M3TOTOBJIEHUSI WHAMBUAYAJTbHBIX 3J€MEH-
TapHbIX pacceuBareneir (OP) u pasmeleHus: Uux B y3-
nax pewetku. [TormomieHne B aJieMeHTapHBIX pacceu-
BaTeJIsIX TAKXKe BHOCUT BKJIAJ B yILIMpeHUE pedIeKCOB.

HeiicTBue AByX (PaKTOPOB — HEUAECATBLHOCTU U3r0-
TOBJIEHUS OTIEIbHBIX DP 1 HenmeaabHOCTU pa3Mmellle-
HUS UX B y3JIaX PEIIEeTKH — MOXET OBITh IO MOPSIIKY
BEJIMYMHBI OLIEHEHO 6e3 NeTalbHbIX pacueToB. Tak Kak
JIeiCTBUE CllydyaliHOTO pa30poca 1o JMHEHHbIM pa3Mme-
paM ) SKBUBAJIEHTHO IMOSBICHUIO B y3/1ax /1D HOBBIX
3JIEMEHTOB CO CJIyJYaHBIMU BeJIWYMHAMU TOJISIPU3YE-
MOCTHU, TIpUYeM 3TU 3(peKTUBHbBIC CaydyailHble BeIu-
YMHBI GIYKTYUPYIOT 10 3HAKY Y BeJIMYMHE, TO pa3dopoc
10 7, MPUBOIAMT K TNOSABICHUIO IUDPy3HOro ¢oHa.
Pas6poc pasHoctu das, crenyrownii U3 pasdpoca r,
MpUBEIET K HEOMpeaeJeHHOCTH BOJHOBOIO BEKTOpa
audparupoBaHHOrO Iyyka rnopsuka k(dr,/d), rne d —
paccTosiHue Mexny crtojoukamu. CpeaHeKBagpaTHy-
HOe OTKJIOHeHMe pa3MmelleHus: DP B y3nax dd npuse-
JeT K YIIMPEHUIO TUHUI pedieKCOB COOTBETCTBEHHO
HeoIpeaeaeHHOCTU B k mopsiaka k(8d/d). Tlomuepk-
HEeM, UTO 3aja4ya MpeAcTaBiseT coboii, 1o CyTH, 3a1ady
paccesiHMS Ha TPEXMEPHOM CTPYKType BBUAY AOCTa-
TOYHO MPOTSKEHHBIX MO CPABHEHUIO C JJIMHO BOJHBI
BEPTUKAJIBbHBIX PA3MEPOB CUCTEMBI.

Ecnu paccMoTpeTh 151 TPOCTOTHI HOHUMAaHUS CYTH
SIBJIEHU MHTepDEPEeHILIUN B TPEXMEPHOM CIyJae CHuc-
TEMY U3 PeryJsipHO PacIlOJOXEHHBIX pacCceuBarOLINX
cdep, To NOPSIAOK BeIUIMHEI 11u¢ Gy3HOro hoHa, BO3-
HUKaIOUIEro MPU 3TOM, MOXET ObITh OLIEHEH OJTHOBpE-
MEHHO C YIIUPEHUEM M3-3a KOHEYHOCTH pa3MepoB 1D
cienyroiumM obpaszoM. B mo6oit u3 cxeM pabotsl 1D
(Ha mpocBeT WM OTpaXeHWe) MpearosaraeTcs Ha-
OmoaeHue B (pOKaIbHOMN MIOCKOCTU JIMH3bI, YCTAHOB-
JIEHHOI Ha MyTH audparupoBaHHOTO ITyyka. DTa cxe-
Ma BKBMBAJEHTHA HAOJIOACHUIO U3 OECKOHEUHO yla-
JIEHHOI TOYKU. ENMHCTBEHHBIM TpeOOBaHUEM K yCTa-
HOBKE JIMH3BI SIBJISIETCS TO, YTOOBI OHA (DOKycHpoBaja
MPaKTUYECKU TUIOCKUI (DpOHT. DTO TpeOoBaHUE YI0B-
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JIeTBOpsieTcs mpu R > A, d, toe A — IJIMHA BOJIHBI
nanamluiero u3aydyeHus, R — paccrosiuue mexay 19
U JIMH30H (ImosoxeHueMm HabmoaeHus). Ilore ogHoro
DP, KoTophIii IpeacTaBiseTcsl B BUIC CPeprdecKoit
MOBEPXHOCTH, B 3TOM Cllyyae UMEET BUM (CM., Halpu-
Mmep, [14]):

ikr
E(r) = k“’T f(r, k, E); Q)

fir, k, E) = atnxnxE + a"nx k=R )

rae af, o — ONMUCBHIBAIOT JIEKTPUYECKYIO M MATHUT-
HYIO TOJIIPU3YEMOCTH CPENbl; T — paanyc-BEKTOP Te-
KYLLEHA TOYKHU.

ITone u3nyyeHus Bcero D ecTb cymMma IoJjieili oT
Bcex DOP:

ik|r —r| + ikr,

E(r) = k@f,(r -1,k E)¢ , (4)

]r—r,’

3/I€Ch I; — TOJIOXEHME [-T0 y31a B pewietke 19, npe-
CTaBJISIONIEr0 cO00M Ky0, COCTOSIIINI M3 KyOUUeCKUX
XKe 4eeK, B y3J1aX KOTOPBIX PACIOI0KeHbI TPOBOISI-
uive, pacceuBaroline cepbl paguycoM F, paccTos-
HUE MeXIy KOTOPBIMU paBHO d. JIJIsi BBIUMCIECHUS
MMOTOKA DHEPIUU, PACCESHHOTIO B ONpeAe/ICeHHbIA UH-
TepBaJl HallpaBJIeHUI, YIOOHO Pa3IOXUTh BEKTOP Ha-
MPSDKEHHOCTH 2yieKTpudeckoro 1ojist E(r) Ha miockue
BOJIHBI:

3,
E(r) = Jd—k3 e/kTE, . (5)
(2m)

Torma B HanpaBiaeHuM k mMOTOK 3HEpTUU MepPeHO-
CUTCH TOJBKO Qypbe-KomMrnoHeHTol Ey u mpomop-
unonaneH Ey - E,, rne E;, — KOMIUIEKCHO compsi-
JKeHHasl BeJIMUMHA BEKTOpa HANpPSI)KEHHOCTH 3JIeK-
Tpudeckoro 1o (Ey). BeruucieHHOe TakuM 00pa3om
apdexTnBHOE cedyeHHe IMGPAKIUM OIpeAcsieTcs
dopmynoii [15]:

do

irk'-k)_ |2
do ‘ . ®

= Gi}’ld(k’ k', E)‘Z[:e 6]

a cevyeHUe OIpemesisIeTcsl COIIacHO: ¢ = Jdc, 31eCh
Gj,q — CedyeHue paccessHuss OP, dQ — unTepBan Te-
JIECHBIX YIJIOB OKOJIO BeKTOpa K', dakTop §; y4uThi-
BaeT OTHOCHUTEJIbHBIN pa3bpoc BeanduH af U o or
y3na K y3ny. CpeqHeKBaaApaTUYHbIA pa3dopoc §; CBs-
3aH C BBEJEHHBIM paHblile CpeIHEKBAAPATUYHBIM pa3-

<2
OpocoM dr: ng ~ 38ry/1ry- BenuunHa r; €CTb 1ooxe-

HUE y3JIa B JAHHOM CJIy4yae B TPEXMEPHOM pelIeTKe,
MpeACTaBIIsIoONIei co00l KyD, COCTOSIIIINI U3 KyOude-
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CKHUX sTUeeK, B y3JIaX KOTOPBIX PaCITOJIOXEHBI TTPOBO-
ISIIMe, paccenBaromme cepsor:

rp=A+1-d l=en +en, +en,

Meyo= Tl 22, 0, 12N, (7)

rae N,, Ny, N, — 4ucio y3noB 1D 1o HarpasBIeHUSIM
e, €,, €, COOTBETCTBeHHO. Bennunna A; xapakrepu-
3yeT cyyailHoe OTKJIOHEHUE y371a OT €ro UAeaJbHOro
TTOJIOKEHUSI, KOTOPBIl TIPUMEM PaBHBIM CpeTHEeKBaI-
patTuyHOMY pasopocy &d.

B uneanbHoit cutyaunn A; = 0,8, =1, Ny ), - — o,
cymma B (6) mpeBpaimaeTcss B Habop S-yHKIIWA s
BekTopoB k 1 k', ynoBneTBopsomux yciosuio Jaya:
k’'— k = K, rae K — npou3BoJIbHBII BEKTOP 0OpaTHOM
pEIIeTKH, ONpPEneIsIeMblil BRIpaKEHUEM

K= 2 [me, + mye, + me,]. @®)

Jlist oueHKM Bo3HUKarolero npu §;# 1, A;# 0 nug-
¢y3Horo cdoHa Esdiﬁr 3aJaguMcs U1l HUX TayCCOBBIM
pacripeelieHeM C YKa3aHHBIMM BBIIIE CPeIHEKBAJI-
PaTUYHBIMU OTKJIOHEHUSMU. Torma ycpeaHeHHasl Be-
JIMYMHA G pa300beTCd Ha JIBE YaCTH:

c= Gind(&diff + cNyc)’ )

rae

2
5 )
Sar = NM%OOJ +(%d) (k_k')zdﬂ, (10)

a 6, Oyzmer MpencTaBisATh CO00H cepuio MMKOB mpu K
u K, yIOBJIETBOPSIOIINX YCIOBMIO Jlays 1 yIIMPEeHHBIX

3a CUeT KOHEYHOCTU N, , !

2 sin*(N,dK,/2) .

ir(k;-k))
¢ )
sin"(dK,/2)

/

.2 .2
. Sin (Nyde/2) _sin (deKz/Z)’

2 2 a1
sin (de/2) sin“(dK,/2)

rne K= k| —k,k,, k| — npoexuun cooTBeTCTBYIO-
LIMX BEKTOPOB Ha MJIOCKOCTb CTPYKTYpPhl Xy, OPTOro-
HaJIbHYIO BEPTUKAILHON ocu (7, KOTOpasi HaIpaBJieHa
BIOJIb BEPTUKAJIbHBIX CTEHOK CTPYKTYPHI.

TaxuMm obpa3om, BKJIad B yIIMpeHUe pediiekca, MH-
nekcupyemoro BektopoM K, mpencrapisieTcsi B BUae

d 1, &d , 9
LAK|~» = + 2% + 2 12
2n | ’| N; d "o (12)

BaxxHbIM BBIBOJIOM M3 M3JIOXKEHHOTO BBIIIE SIBJISI-
eTCd HaJIM4ie BKJIANOB B Pe3yIbTUPYIOIIYIO KapTHHY
JIBYX TUIIOB: BO-TIEPBBIX, UHTep(PEPEHIIMOHHOTO BKJIa-
Ja BBUAY HAJIUUYUS PETYISIPHON CTPYKTYpbl, BO-BTO-




pbIX, BKJIala OT UHAUBUAYAIbHBIX 2JIEMEHTAPHBIX pac-
cemBareseil. DTOT Pe3yJIbTaT, BhIPAKEHHBIN (popMysioit
(6), siBJIsIETCSI CTAHAAPTHBIM B ITOAOOHOM CUTYaLIMU U
MPUBOJUTCS B KJIACCUYECKOW HAy4yHOW JIATEpaType
(cM., HatpumMep, [16]). OOBIYHO BTOPOIT MHOXHUTEIH B
dopmyne (6) cBsi3aH ¢ (PaKTOPOM KOT€PEHTHOCTH U
MPOSIBJISIETCS] B YCUJIEHUU 3((HEKTOB TPU BBIMOJIHE-
HUU YCJIOBUM KOTEPEHTHOCTU U UHTEPGHEPEHLIMU.

B HanmpaBieHUMM BIOJb BEPTUKAIBHBIX CTEHOK
CTPYKTYP UMEET MECTO MHasl CUTyallUsl IO CPABHEHUIO
C OTPAXEHUEM CBETa OT IUIOCKOCTH, TaK YTO TPETUIA
COMHOXMUTENb B IpaBoit yactu (11) ciemyeT mckimo-
YUTh U 3aMEHUTH €r0 BBIPAXEHUEM, 0a3UpYyIOLIUMCS
Ha CJIeAYIOIIUX PacCyXIeHUSIX. YCIOBHO 3TO HaNpas-
JleHue OyaeM cuMTaTh HampaBjieHueM BaoJib ocu OZ.
B y3kux KaHajlax MEXIy CTPYKTypaMHU BO3MOXHO MHO-
TOKpaTHOE paccesiHWe CBeTa Mo TUMY UHTepdepeH-
v @a6pu—Ilepo. MoxeT TakKKe MIMETb MECTO U WH-
TepdepeHLINs JIydeii, OTpaXKeHHBIX OT BEPXHEU 1 HIK-
He#l (IHa) TIocKocTel CTpyKTyphl. I1poBeaem aHanu3
BKJIaJja B HaOJiIomaeMble 3aKOHOMEPHOCTHU, KOTOPBIN
BHOCUT MHTeP(hEPEHIIMS CBETa OT BEPXHUX U HIDKHUX
rpaHeil B BUE TIJIOCKHUX YJ4aCTKOB CJIOKHOM Tpexmep-
HOM METaJUIM3UPOBAHHOM MArHUTHBIM MAaTE€pPUAIOM
CTPYKTYpbl. OLIEHUM YIJIOBbIE PACCTOSIHUSI MEXIY
MaKCUMyMaMM (MUHMMYMaMU) B caydae MHTepGhepeH-
LIMA ABYX JIy4ye€l, OJWH M3 KOTOPBIX OTPAXaeTcs OT
BEpXHEl 4acTu CTPYKTYp, U300paxkeHHbIX HA puc. 1—3,
a Ipyro — OT JHA CTPYKTYPHI.

ITockoabky m3Mepsiiacb MHTEHCUBHOCTh AU pak-
LIMOHHOTO MakKCMMyMa HYJIEBOTO MOPSAKAa, a UMEHHO
B HEM COCpelOoTOYeHa WHTEHCUBHOCTb OTpaxKEHHOM
BOJIHBI, TO YroJl HaOitoAeHUs1 (M3MepeHNs) paBHSUICS
VIJIy ManeHus. B 3ToM ciiyyae MOXXHO BOCTIOIb30BaTh-
Csl CTaHAAPTHBIM ITOAXOAOM, W3JIOKEHHBIM, HaIMpU-
Mep, B pabore [16]:

2hcosg,, = tam*, (15)

rJe 4 — BbICOTA CTPYKTYPhI; m* — TMOPSAOK UHTepde-
PEHLIMOHHOrO Makcumyma, m* =0, 1, 2, 3, ...; ¢, —
COOTBETCTBYIOLLIMI €My YTOJI MaaeHMUsI.

ITpu m* = 0 ¢ = 90°. [TockoAbKY yroa He MpPeBbI-
man 85°, To onpeaenuTh MUHUMAJIbHOE 3HAYCHUE m*
3aTpyaHUTEbHO. B 2TOM ciyyae pa3ymMHO OTCUMTHI-
BaTh MOPSIOK MAaKCUMYMOB TTO-IIPYTOMY — CO CTOPO-
Hbl MaJIbIX YIJIOB, T. €. CAeJaTh 3aMeHy m — M — m*,
rne M — makcumaibHoe 3HaueHue m* (M = int(2h/1)).
I'pacmk 3aBUCUMOCTH COS¢,, OT M INPEACTABIAET CO-
0011 yOBIBAIOILIYIO JIMHEHHYIO (QPYHKIIUIO:

cosq,, = (\M — am)/(2h). (16)

ATITIPOKCUMHUPOBAB 3Ty 3aBUCHUMOCTh JTMHEWHOMU
dbyHKUMENH, TT0 TAHTEHCY yria ee HaKJIOHA, paBHOMY
A/(2h), moxHo HaiiTu h. Ha puc. 11 npencraBieHbl
3aBUCUMOCTH COSQ,, OT M JIIsl CTPYKTYPhI BTOPOTO TH -
na (nonocku) g R(e) u 3,,(¢). U3 rpaduxos 6bL10

Puc. 11. 3aBUCHMOCTh KOCHHYCA YIjia MaJeHHS CBETAa, COOTBETCT-
BYIOLIET0 MAKCHMYMaM Ko3(unuenTa orpaxenus R(m) v BeJTMIMHBI
MOBDIDK 6(m) nas cTpykTypsl BTOPOro Tuna (moJ0CKH), OT HOMepa
MaKCHMyMa m

Fig. 11. Dependence of the cosine of the light angle corresponding to the
maxima of the factor of reflexion R(m) and the value of the
magnetooptical equatorial Kerr effect 5(m) for the structure of the second
type (strips) on the maximum number of m

OInpeJieJIeHO 3HaueHue Ay, = 7,0 MKM 11 OCLMILIA-
unit R(e) u hy, = 7,4 MKM Jutd ocumMjuissumii 3,,(¢). 13
puC. 2 MOXHO ONPEIETUThL BBICOTY IOJOCOK /,,, Ha-
0JII01aeMBbIX C TIOMOIIBIO 3JIEKTPOHHOTO MUKPOCKO-
na. ITocKkoJbKy CHUMOK JieJIayiCsI TIof, YIJIoM 28° OTHO-
CUTEJIbHO TUIOCKOCTU IUIEHKHU, TO IOJYyYEHHBbIN pe-
3ynbTar h,, = 6,4 MKM ClieflyeT pasaeauTb Ha cos(28°).
B pesynbTrate £ = 7,2 MKM, 4YTO XOPOILIO COTJIACYeTCsI C
nsMepeHuaMu wid R(e) u §,,(¢).
ITpu Manbix yrnax nageHus us (15) cnemyer:

2h=Mxr, M=0,1,2,3, ..,

2
npuyeM 2Acosp ~ 2%{1 - %j = m*, (17)
m+=20,1, 2,3, ..

ITocne mpeoOpa3oBaHMil TTOJTYUNM:

2h — ho® = m*h, M\ — m*\ = ho® = mh,
m=0,1,2,3, .., (18)

OTKyJda CJICAYCT BbIPpAKCHUEC IOJIA yIja, OIIpCac/IAI0IIC-

0 3KCTPEMYM:
A
o= (19)

KOTOpOe mpu m > 1 IPUBOAUT K BBIPAXKEHUIO

Pm+1~ Om = '(mzl)k_ - /%z%& (20)

OTMeTHM, YTO €CIIM BBIPA3UTh COS®,, HEOCPEACT-
Am*

2h°
KOTOpO€E KpaTHO IOJIOBUHE JJIMHBI BOJHBI. Omnpene-
JICHHBII BKJIaJl BHOCUT NEPUOIUUECKOE TTPOXOKICHUE
¥ OJJOKMPOBKA ITyYKOB CBETa B KaHajiax CTpykTyp. I1o-

BEHHO 13 BbipaxeHus (15), To moayyum: cosp =
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JoXuM: a + b = d, rie a — xapakTepHbIil pa3Mep TOp-
11a CTPYKTYPbI, b — PACCTOSIHUE MEXIY OTACIbHBIMU
CTpYKTYpaMu, d — Tepuoi CTpyKTyp. MeHbliiee OT-
paxkeHue nNpu MHTepdepeHIIMM B KaHajle BepTUKab-
HOW CTPYKTYPbI TPOUCXOAUT TMPU CAECIYIOLIUX YIax:

tgg,, = (%@-ﬂ) b m=0,1,23 .. @I
7 )k
Bosnbliiee oTpaxeHue npyu MHTEpPEPEHIINM B KaHa-
Jie BEPTUKAJILHOW CTPYKTYPHI IPOUCXOMMUT IIPU CJIe-

IYIOLIUX YIJIax:

tgo,, = '%b,

m=20,1,2,3, .. (22)
IIpu nmoacTaHOBKE XapaKTepHBIX pa3MepoOB CTPYK-
Typ B MUKPOMETPOBOM OMamna3oHe, M300pa’keHHBIX
Ha puc. 1—3, ObLJIO TOJYYEHO XOpolliee corjacue B
YHCOBBIX OLICHKaX HabrogaeMbIx 3¢ QeKTOB, IIpeK-
Jie BCETro MepuoANYeCKMX UBMEHEHUI U XapaKTepHOTo
YMEHBIIIEHUS TIepHOa C YBEJIMYCHUEM YTIJIa MaaeHUS
CBETOBOIO JIyya, OTCUMTHIBAEMOTO OT HOpMalud K
TUIOCKOCTU TageHus. MiccnemoBanicsl 3agaHHbBIA YIJIO-
BOIi MHTEPBaJ, U IO MPUBEIECHHBIM BbIle hopMyaaM
BBIUMCJISIIOCH YMCJIO 9KCTPEMYMOB B 3aJaHHOM MHTEP-
Bajie yIJIOB IIaJieHUs U3JydeHUs] Ha oOpasel. BBumy
TOrO, YTO C POCTOM YIJIa MafAeHUs, OTCUUTHIBAEMOTO OT
BEPTUKAIN K IOBEPXHOCTHU, PACCTOSTHUE MEXIY IKC-
TpEMyMaMy YMEHbILIAeTCsl, MOJYYeHHbIE BBIIIE aHa-
JINTAYECKUE 3aBUCUMOCTH JAIOT XOpolliee YUCIEHHOE
coBmaneHue. DTU (pakThl MPUBOAIT K 3aKJIIOUEHMUIO,
YTO BCE OTMEUEHHBIE d3(PPEKTH HEOOXOAMMO YUUTHI-
BaTh MPU aHAIM3E Pe3yJbTaTOB MAarHUTOONTUYECKUX
M3MEPEHUI TTOTOOHBIX CTPYKTYp. Takum obpasom, pe-
3yJBTUPYIOLIUN OTKJIMK CUCTEMBI IIPEeACTaBIIsIeT COO0M
COBOKYITHBIA Pe3yJIbTaT CJOXKHOI0 HAJIOXKEHUSI MUHTEP-
(bepeHIIMOHHBIX M TU(GPAKIIMOHHBIX SIBJICHMUI, a TaK-
K€ COIEPXUT MHGMOPMALIMIO O CBOMCTBAX MHAMBUIY-
aJlbHOTO pacceuBaTessi. B ciyyae korma MarHUTHbIE
CBOICTBA IOBEPXHOCTEH, (POPMUPYIOIIUX MarHUTO-
ONTHUYECKUI OTKIIMK, pa3anyarTcs, hopMa MarHuTo-
OINTUYECKON TeTIM TMCTepe3rca 3aBUCUT OT yIia ma-
JIEHUsI CBETa U ompenessieTcss MHTepdepeHIIued BOJH,
OTpPaXXeHHBIX OT TOPU3OHTAIBHBIX U BEPTUKAIBHBIX
ILUIOCKOCTE! cTyreH4yaToi CTpyKTyphl. Ilpu aToM xa-
paxkTep OCUMJUISILIMIA YIJIOBBIX 3aBUCUMOCTEN BEJIMYM-
Hel MOB3BK u KoadduiimeHTa oTpaxkeHus: omnpeae-
JIsieTCsl OpUeHTalMeill MIOCKOCTU MaJAeHus CBeTa OT-
HOCHUTEJbHO PSANOB KOJOHH UJIY MOJOC MUKPOCTPYK-
Typbl, pasMepaMu CTPYKTYPHBIX 3JE€MEHTOB U He
3aBUCUT OT MarHUTHBIX CBOMCTB MOBEPXHOCTEH.
bonbiioe ynciao HayyHBIX MCCAEIOBAHUI IIUPO-
KOro CIeKTpa acreKTOB MpobJieMbl B3aMOAECTBUS
5JIEKTPOMATHUTHOTO M3JYYEHMS C TeJaMU pa3InyHOM
¢opMBI MPUBOAUT K BBIBOLY O HEOOXOIMMOCTU ydyeTa
IUGPaKLIMOHHBIX SIBJIEHUHN (cM., Harpumep, [16—21]
U JAp.). XapaKTepHbIMU OCOOCHHOCTSMM yuyeTa Audpak-
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LIMOHHBIX 3((HEKTOB SBISIOTCS KBa3UIIEpUOAUYE-
CKMe M3MEHEHUS Pa3IMYHbIX XapaKTepUCTUK pacces-
HUS M3JIy4YEeHUS: JIMOO YIJIOBbIX 3aBMCUMOCTEH, MO0
3aBUCUMOCTHU OT JJIMHBI BOJIHBI Maaalolliero usayde-
HUs. YueT nHTepdhepeHIUOHHBIX 3(P(EKTOB pU pac-
CeSTHUM 2JIEKTPOMArHUTHOIO U3JIyYEeHUST Ha YIOPSI0-
YEHHBIX KJIacTepax LWIMHAPUYECKUX CTPYKTYP TaKxkKe
o0HapyXuBaeT MepPUOINYECKUE WU3MEHEHUs, B YacT-
HOCTU, B AMarpaMmax HampaBJIeHHOCTM ISl YIJIOBOM
3aBUCHIMOCTM MHTEHCUBHOCTH pacCesIHHOIO cBera [22].
IIpu ymMeHbllIEHUH pa3MepoB pacCerBaIOLIMX YITOPSI-
JMIOYeHHBIX CTPYKTYP, KOTJA UX XapaKTepHBIe pa3Mephl
CTAHOBSTCS CPAaBHUMBIMU C JUIMHOI BOJHBI Maaaole-
To U3JTyYeHUsI, HEOOXOAUM yYeT BOZMOXHOCTU BO30Y-
KIACHUS KOJIJIEKTUBHBIX T1J1a3MOH-TIOISIPUTOHHBIX MO
(cM., Haripumep, [2, 23, 24] u Ap.). AHAJIN3 U3JTOXKEH-
HBIX BbIIIE 3(EHEKTOB MPEACTABISIETCS BaXHBIM B
CBSI3U C BKJIQJAOM MOAOOHBIX MEXaHU3MOB, MPU aAK-
TUBALMU COOTBETCTBYIOIIMX MPOLECCOB TagalolM
9JIEKTPOMArHUTHBIM U3JIyYeHUEM, B Cllyyae, KOoraa xa-
paKTepHbIe pa3Mepbl CTPYKTYP CTAHOBSITCSI COU3MEPU -
MBIMHU C JUIMHO# BOJIHBI Majgamouiero ceera [25]. Yka-
3aHHbIE OCOOEHHOCTU MPUBOISIT K BHIBOAY O HEOOXO-
IUMOCTH YYeTa IIIMPOKOTO Kpyra Pa3IudHbIX SIBJICHUI
MPpU aHAJIM3€ MATHUTOONTUYECKOTO OTKJIMKA OT CTPYK-
TYp TUMA MarHUTO(POTOHHHOTO KpUCTajja 1, TPexK-
Iie Bcero, NMMpakiMOHHbIX 3¢ HEKTOB Ha pa3IMYHbIX
VIHOPSIIOYEHHBIX CTPYKTYpax. Psm OTMEeUeHHBIX BBIIIIE
3¢ GEeKTOB MPUBOAUT K KBa3UIIEPUOINYECKM 3aBU-
CUMOCTSIM Pa3IMYHbIX XapaKTePUCTUK PACCESIHHOIO
U3JTydeHUs.

Kak rmokasbiBaeT aHaJI13 COOTHOILEHW, ONMCHIBAIO -
KX AM(pPaKLMOHHBIE SIBJEHUSI, XapaKTEPHbIE OCO-
OCHHOCTH, OIMMCHIBAIOIINE OCLUMIIMPYIOIINE 3aBUCH-
MoOCTU (usnueckux BeauuuH (Hampumep, DIIP, uH-
tepdepeHunn tumna Madbpu—Ilepo u ap.) ABISTIOTCS
WISHTUYHBIMU [J1s1 PA3JIMYHBIX SIBAEHUIH, YTO MPUBO-
JIUT K HaJOXEHUIO 3TUX 3¢¢heKToB B (DOPMUPOBAHUM
pe3yJIbTUPYIOLIEr0 OTKIMKA CPeAbl Ha BHEIIHEE BO3-
JIeCTBUE MaJalollero 3JeKTPOMarHUTHOTO U3Ty4YeHUsI.

OTMeTUM, UYTO MOAYJSLIMS 3aBUCUMOCTH KO3 Pu-
LIMEHTOB OTPaXXKeHMsI, MMPUBEIecHHAs Ha puc. 5, 6, 00-
HapyXHMBaeT MOX0XUe 3aKOHOMEPHOCTU, UTO U YIJIO-
Bble 3aBUcUMOCTU DIIP nnsg mpoBoAsuX UMIWUHL-
pUYECKUX TeJl, TPUBEACHHbIE, HAallpuMep, B padboTax
[25, 26], a UMeHHO TTeprO XapaKTePHbBIX M3MEHEHUIA
yIJIOBBIX 3aBUcuMocTeil DITP ymeHbllaeTcsi ¢ pocToM
yrja najeHus Jydya, U3BMEpsSIeMOro OT OCU LWJIMHIpA.

st petanbHO MHTEpIIpeTaluKU HaOII0JaeMbIX
3¢ {HEKTOB HEOOXOIUMO YUECTh, YTO TSI OTOXKKEHHBIX
00pa3loB CO CTPYKTYpPOI B BUJE IOJOC, U300paKeH-
HBIX Ha pUC. 2, UMEET MECTO XapaKTepHasl 3aBUCH-
MOCTb 0€3 HaJIuuUsl CTPYKTYphbl TUTIA "TpeOHsI" Ha TeT-
JISIX TucTepe3uca. TakuMm odbpa3zoM, MarHUTHHBIE CBOM-
CTBa OTOXCKEHHOM CTPYKTYPHI CTaHOBSITCSI OoJjiee Of-
HOPOIHBIMU TI0 00BEMY, TOTIA KaK Y HEOTOXOKEHHBIX
CTPYKTYP UMEET MECTO pazIMuure MexXITy MarHUTHBIMU




CBOMCTBAMM IJICHKM, HAIIBJIECHHOM Ha BEPXHUE IPaHU
CTPYKTYpPBHI, Y TIJIEHKU Ha OOKOBBIX CTEHKAaX U JHE CO-
OTBETCTBYIOIMX CTPYKTYP. DTOT (PaKT OKa3bIBACT Cy-
IIECTBEHHOE BJIMSIHUE HAa (DOPMUPOBAHUE PE3YJIbTH-
pYIOLLETO OTKJMKAa B MCCIEIyeMbIX, BOOOIlle rOBOpS,
TPpeXMEpPHBIX CTPYKTypax (cMm. puc. 1—3). PesynbTu-
PYIOIIUI OTKJIMK CHUCTEMBbI (hOPMUPYETCS HAOXKEHU-
eM 2(pdeKTOB OT BEPXHUX rpaHeil, HUXXKHUX TpaHel U
OOKOBBIX CTEHOK. EcCiM MarHUTHBbIE CBOWCTBA 3TUX
CJIOeB OTJIMYAIOTCSI APYT OT Apyra, To (popMUPYIOTCS
METJIM, CXeMa KOTOPbIX U300pakeHa Ha puUc. 7, KOTO-
pasi COCTOMT U3 HAJIOXEHWS JBYX Pa3jIMYHBIX METEb
COIJIaCHO CXeMe, M300paxeHHOoM Ha puc. 9.

OO0cyxaenue u BbIBOIbI

IIpoBemeHHBIE SKCHEPUMEHTHI Ha  Pa3IMIHBIX
CTPYKTYpax TUITa (QOTOHHBIX KPMUCTAJLIOB M aHAJIN3 T10-
JIY4EHHBIX pe3yIbTaTOB CBUAETEILCTBYIOT O TOM, UYTO B
yKa3aHHOM JHara3oHe pa3MepoB BJIEMEHTApHBIX pac-
ceuBatesieil (mopsigka HECKOJbKUX MHUKPOMETPOB),
COCTAaBJISIOLIMX MArHUTO(MPOTOHHBIN KpUCTaJL1, 001b-
IIXX MO CPaBHEHMIO C JJIMHON BOJHBI Nagalollero
9JIEKTPOMAarHUTHOTO M3JyYeHUsI, CTPYKTYpbl BeIyT
cebsd KakK TpexMepHble OOBEKTHI. Pe3ylbTUpylommii
MarHutoonTuieckuii orkauk (MOD3DK) cuctembl TU-
1a MarHUTO(POTOHHOIO KpUCTaJL1a BKIIOYAET KaK KO-
JIEKTUBHbIE UHTEepGhEpPEeHLIMOHHbIE SBJIEHUS OT YIO-
PSIIOYEHHBIX 3JIEMEHTAPHBIX pacceuBaTtelieil, Tak u
3 deKThl, cCBI3aHHbIE C TMPPaAKIIMOHHBIMIA OCOOEH-
HOCTSIMM paccCesiHUsI CBeTa Ha OTAEJbHOM BJIEMEHTE
CTPYKTYPHI, a TaKXKe HaJIoKeHue 3PPEKTOB pa3InIHO-
TO YPOBHS TPEXMEPHOM CTPYKTYpHI. BaxkKHBIM MOMEH-
TOM pacCesTHUsI 3JIeKTPOMArHUTHOTO W3JIy4deHUs Ha
YKa3aHHBIX CTPYKTYpax SIBIISICTCS HaJTW4YMe Pe30OHaHC-
HBIX SIBIICHUI, TIPY BBEITIOJTHEHUH YCIOBUIA, KOTIA NME-
€T MECTO KPaTHOCTb MOJIOBUHE JUTMHEI BOJTHBI T1A1af0-
IIETO 3JIEKTPOMArHUTHOTO M3ITyYeHUST XapaKTepPHBIX
pa3MepoB paccerBaTesieil. DTa xapakTepHasi 0COOeH-
HOCTb CBsI3aHa ¢ TeM (PakToOM, YTO OCHOBY HaOt01ae-
MBIX 3((PEKTOB COCTABIISIIOT MHTEP(GEPEHIIMOHHbBIE 1
IndpakIMOHHEIE SBIeHUS. Bkiam B pe3yabTUpYIO-
IIWA OTKJIMK BHOCSIT MHIMBHMAYaJIbHBIE XapaKTepH-
CTUKM paccemBaTelieil, a Takke MHTepGhepeHIIMOHHBIC
SIBJICHUSI OT Pa3JIMYHBIX JIEMEHTOB CTPYKTYp [25], 00-
JIaJalolnX, BOOOIE TOBOPSI, pa3HBIMU MarHUTHBIMU
cBoiicTBaMM. JleTallbHBII aHaIU3 3KCIIEpUMEHTaJIb-
HBIX JAHHBIX TTO3BOJISIET BBIASIUTD BKJIAAI Pa3TUYHBIX
KOMITIOHEHTOB B Pe3yJIbTUPYIOIIMi OTKIUK. ITomo0OHbIi
BBIBOJ, MOXHO CHeJiaTh MCXOHIsl M3 TOro pakra, 4yTo
OIIMHAKOBO MPUTOTOBJIIEHHBIE 00pPA3libl B BUIE MOJIO-
COK C OTXKUTOM M 0€3 OT>KUTra JIEMOHCTPUPYIOT pas3iny-
HOe TOBeJIeHNEe MarHUTHOTO Tuctepe3uca. B ciayyae ¢
OTXKMIOM He HaOJIoJaeTcs XapakKTepHOro obpa3oBa-
HUs B Buae "rpedHs" (cMm. puc. 4, a, d), 4TO CBUAC-
TEJLCTBYET 00 OMHOPOAHOCTHU MO 00BEMY MAarHUTHBIX
CBOWCTB OTOXCKEHHBIX 00pa3lioB, TOrIa Kak ISl He-

OTOXCKEHHBIX O0pa3lloB MarHUTHbIE CBOMCTBa CJOS
KOOaJIbTa Ha CTEHKAX U Ha IHE CTPYKTYPbl OTIIMYAIOTCS
OT MarHUTHBIX CBOMCTB IUIEHKM Ha BEPXHUX TpaHsIX
CTPYKTYp. DTO OTpaxaeTcsl B MOSIBJCHUM XapakTep-
HOTO "TpeOHS" B CTPYKType MarHMTHOTO THCTepe3nca
MpU ONpPEIEEHHbIX yIaax MaaeHUusl 3JeKTPOMarHuT-
HOTO U3JIy4EeHUSI.

PesynbraThl HacTosIIel pabOThl MOTYT OBITH HC-
MOJIb30BaHbl MPU aHAJIU3€ CUTHAJIOB OT CTPYKTYP CO
CJIOXKHOWM TOTIOJIOTUEM, YTO SBJISIETCSI BAXHBIM JJISI
pa3pabOTK1 KOMIIJIEKCHBIX CUCTEM, COAEPXKAIIMX pa3-
HOPOJHBIE MO CTPYKTYpE M CBOMCTBAM KOMIIOHEHTHI.
[TonyyeHHbIe pe3yabTaThl CBUACTEILCTBYIOT 00 OOIII-
HOCTH MUCCJIEIOBAHHBIX SIBJE€HUIA, OTHOCSIIIMXCS K 111 -
POKOMY KpYIy IMMDPaKIIMOHHBIX U UHTep(EPEHLIMOH -
HBIX TIpO0JIEM, KOTOpbIE HAXOAAT MPUMEHEHUE B pa3-
JIMYHBIX TEXHUYECKUX M HAYUYHBIX acleKTax.

Aemopbl  8bipadicarom ceor0 UCKPEHHIOW HPU3HA-
meavHocmv Amuposy H. H. 3a nomowp 6 uzeomoeienuu
cmpykmyp. Domoepagpuu cmpykmyp cdeaarnvt Ha 060py-
dosanuu LIKII "/luaenocmuxa mukpo- u Hanocmpykmyp"
npu gurancosoll noddepicke Munucmepcmea obpazoea-
Husa u nayku Poccuiickoi @edepayuu.
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Complex Magnetooptical Response from the Expanse Structures

of the Magnetophotonic Crystal Type

The present work demonstrates that the resulting magnetooptical response of the system of magnetophotonic crystal type is the
outcome of the collective interference phenomena from regular elementary dispersers, the effects connected with the diffraction pe-
culiarities of light scattering on a separate element of the structure, as well as superposition of the effects of different levels of a
3D structure. Diffraction and interference result in appearance of oscillating dependence on the magnetooptical characteristics. Mag-
netic loops are changed periodically with respect to the angle variation of the incidence light. A detailed analysis of the experimental
data made it possible to distinguish contributions of different components to the resulting response. The results of the present in-
vestigation can be used for analysis of the signals from different structures with a complex topology, which consist of components with

heterogeneous structures and properties.

Keywords: magnetooptics, magnetooptical Kerr effect, 3D structures, interference, hysteresis loops, periodical dependences

Introduction

The most common methods for the study of magnetic and
magneto-optical structures, especially in the nanometer
range, are magneto-optical measurements of characteristics,
primarily equatorial magneto-optical Kerr effect (MOEAK).
There are structures with periodicity which have particular in-
terest. Such structures are called magneto-photonic crystals
and have a number of unique properties. Under certain con-
ditions they are experiencing a sharp increase in system re-
sponse to external electromagnetic radiation [1, 2]. Such pat-
terns were also used to study of the microscopic magnetiza-
tion reversal of magnetic particles on the submicron level [3].
However, the formation of the magneto-optic response is a
complex process of superposition of different phenomena, re-
flecting magnetic and optical properties of the system and
their interrelationship, so that unambiguous interpretation of
the measurement results is quite a difficult procedure. A large
number of scientific literature is devoted to these aspects
[4—6], however, the questions of science have new challeng-
es. This is primarily due to the increasing complexity of the
studied structures from the point of view of surface topology
and composition of the investigated substances, which may be
nanometric layers [7].
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Magneto-optics and magnetic phenomena in thin and ul-
trathin films have attracted special attention due to the pos-
sibility of their use in an electronic device of new generations
[8]. The complexity of interpreting the results for structures
with dimensions of the order of several wavelengths for any
measurement is that it must take into account the possibility
of existence of various phenomena that have a different na-
ture. In our case, the cross-sectional dimensions of the ele-
mentary scatterers type of vertical columns or in the form of
vertical walls are of the order of several wavelengths of inci-
dent electromagnetic radiation, i.e. a few micrometers, while
the thickness of the metal coating of the top faces is units of
nanometers. This structure was studied in [3], where it is es-
tablished that the hysteresis loop in the diffraction maxima of
different orders contain information about the magnetic
structure of individual scatterers.

Special attention is paid to magnetic and magneto-optical
properties of periodic structures of micrometer and submi-
cron sizes of various shapes, especially the dots and stripes.
The study of arrays of such elements is the basis for the de-
velopment of magnetic memory and nanostructured record-
ing information environment, while the interaction between
the elements determines the limits of integration of the mag-
netic memory and recording media. The interaction effects




between the elements of the arrays are much less studied com-
pared to the size effects. Diffraction magneto-optical Kerr ef-
fect (DMOEK) is the most appropriate to study such effects,
because they show high sensitivity to commit any changes in
the magnetization of thin films and very small elements [9].
DMOEK provides valuable information about the distribu-
tion of the magnetization and the anisotropy due to the ex-
traordinary sensitivity of the method to magnetic inhomo-
geneities [9, 10].

There is a task of a more detailed investigation of the details
of the topology of the surface and the specific surface treatment
and structures with the formation of the resulting magneto-op-
tical response of a complex system, in the presence of reso-
nance, interference and diffraction phenomena due to the com-
mensurability of the characteristic size of the system and the
wavelength of incident electromagnetic radiation.

In the presented work it is shown that in the resulting mag-
neto-optical response of the system contribute to the collective
interference phenomena ordered from elementary scatterers
and the effects associated with diffraction the scattering of light
on a single element of the structure, and the effects of various
levels, generally speaking, three-dimensional structure.

Manufacturing technology structures
and methods of the experiment

Patterns were made on based of standard silicon wafers
KEF-4.5 with orientation (100). Then were formed a vertical
"columns" by plasma etching with through a standard Bosch
process throu chromium (Cr) mask with a thickness of 30 nm
using explosive lithography (lift-off lithography). The result
for various parameters of the etching is presented in fig. 1.
Note that the Bosch process is a cyclic, two — stage of etch-
ing, which includes alternating processes, in particular,
etching in SF¢ (2...5 s) and passivation in C4Fg (2...5 s). The
alternation between them causes the characteristic structure of
the side walls that are formed by anisotropic etching [11, 12].
Lateral, vertical wall had a noticeable roughness, reflecting
the shift stages complex etching. Note that the result of re-
moving the upper mask of chromium on the structure in fig. 1
resulted in the reduction of the transverse dimension and
small etching of sharp corners in columnar structures, so that
the final cross-sectional shape of the columns was different
from rectangular, and was close to round. The structure of the
second type in the form of strips (fig. 2) was formed in a sim-
ilar method, but with the mask from the polymer coating, so
changes in the structure at the stage of removal of the mask
was observed. The next stage for both structures was magne-
tron evaporation layer of cobalt with a thickness of 6 nm.
Thus, the sample was covered with a layer of cobalt (6 nm),
including the lower space between the structures (the bottom
of the array of structures) and their walls. One of the samples
with structures in the form of longitudinal strips annealed in
vacuum after deposition of a layer of Co with a thickness of
6 nm at 400 °C for 60 min, and the other sample was not sub-
jected to annealing. Columnar structure of the third type with
rectangular columns (fig. 3) was made with the same method
as first, the difference consisted in that before applying of the
top layer of Co the structure was oxidized and then was evap-
orated the gold layer thickness of 10 nm. The lateral dimen-
sions of the structural elements of the three samples and the
height of the columns and bands differed. Structure type col-
umns were not annealed.

We investigated the angular dependence of MOEAC and
reflection coefficients for different mutual orientations of the
sample surface and the direction of the external magnetic
field. The measurements were carried out at room temperature
according to the methodology [13]. The sample was placed be-
tween the poles of an electromagnet that created a magnetic
field frequency of 30 Hz with an amplitude of 250 Oe, suf-
ficient for the magnetic saturation of the sample [13]. Po-
larized in the plane of incidence (p-wave) laser light beam
(A = 632 nm) with a diameter of 1 mm was dropped on the
film surface at different angles and at different orientation of
the samples relative to the plane of incidence and the mag-
netic field in the standard configuration for measurements
MOEAK. Was measured value:

s = Al/10), (1)

where Al = I(H) — I(0). Here I(H) is the intensity of light re-
flected from a magnetized surface, and /(0) is the intensity
from nonmagnetic, H — magnetic field strength. A/ is pro-
portional to AC component of the photodetector, /(0) is its
constant component. The reflection coefficient was defined
as the ratio of the DC component of the intensity of the re-
flected wave 1(0) to the intensity /;, of the incident wave:
R = 10)/1,,

The dependence & of the magnetic fild §(H) consisted of
a magneto-optical hysteresis loop (MOHL). To build angular
dependent quantities MOEAK used peak value 3, = 8(H,,5)-
The main experimental results and their processing

The study of the magneto-optical response in a standard
configuration of MOEAK for the structures in fig. 1 (round
columns), fig. 2 (structure type strips with annealing and
without annealing) and fig. 3 (rectangular columns) were
measured magneto-optical hysteresis loops and the reflect-
ance at angles of incidence in the range from 7 to 87°. The an-
gle of light changed with a step of 0,5°, and in the field of sign
changes MOEAK — 0,25°. As a result of interference from
two-dimensional periodic structures formed interference pat-
tern, so we investigated the maximum of zero order (0,0). In
the experiment, when the magnetic field is directed perpen-
dicular to the side walls of the structures, and the plane of in-
cidence of the beam perpendicular to the magnetic field for
structures like columns and structures, such as stripes, was ob-
served periodic variation in the characteristics of the obtained
optical and magneto-optical measurements. We emphasized
that for strips magnetic field is directed normal to the narrow
face and the plane of incidence of the laser beam is directed
along the strips. Most clearly these periodic changes to the
structures of the first type (round columns) is illustrated in
fig. 4. Noticeable changes to the shape of the hysteresis loop.
They are seen in the periodic raising and lowering the upper
and lower parts of the hysteresis loop close to saturation
(structures, such as "comb” — fig. 4, a, d). The period is char-
acterized by changes in the shape of the hysteresis loop in the
range of angles of incidence which approximately 1,5...2°.
Note that with increasing angle of incidence, the period of
these oscillations decreases. At smaller angles of incidence, it
is close to 3°.

The results of measurements of the angular dependences
of the reflection coefficient R(¢) and MOEAK &(p) on the
structures of the second (strips) and third (rectangular col-
umns) of the types shown in fig. 5, 6. For structures are
clearly identifiable oscillations dependencies. The period of
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oscillations, as for the first type (round columns), decreases
with increasing angle.

From fig. 5 and 6 it is seen that the maxima of the reflec-
tion coefficient max R(¢) for the structure of the second type
(strips) coincide with the minima of the magneto-optical
(MO) effect min §,,(¢), and for the structure of the third type
(rectangular columns) — with its highs max §,,(¢) that can
testify to the similar nature of the oscillations of R(¢) and
8,,(¢) and the difference in the optical and magnetic prop-
erties of the structures. The maxima of R(¢) corresponds
MOHL (Fig. 4, ¢); the minima of R(¢) (fig. 4, a, d).

In the formula (1), defining MOAEK, the numerator of
the fraction A/ = I(H) — I(0) depends on the magnetic field
and is the magnetic component of the effect. /(0), is pro-
portional to the reflection coefficient — optical component.
Therefore, if the value of §,,(¢) multiplied by R(¢) ~ 1(0), we
can distinguish magnetic component MOEAK A7 ~ R(9)3,,(¢)
and build its angular dependence. This dependence structures
for the second and third types are shown in fig. 5, 6. All struc-
tures max R(p) coincides with max (R(9)3,,(9)).

Oscillating dependence MOEAK pronounced when ad-
ditional processing of the experimental data, the principle of
which is shown in fig. 7. As shown by a detailed study of the
various options, one of informative features, which reflects
the periodic dependence of the magneto-optical dependen-
cy on the angle of incidence of light, is the difference
D = (Gr — Rem). The measurement results for the structure
with round columns, processed on the basis of the method-
ology in fig. 8. Here’s some data only in the range of angles
of incidence from 40 to 60°, although the measurements were
conducted completely over the entire range of angles from 10
to 85°, and the regularities of the changes in characteristic val-
ues in all the measured range of angles is identical. Note that
in the picture (fig. 4), and (fig. 7) holds for patterns of the
third type (rectangular columns) (see fig. 3) and for not an-
nealed structures of the second type (strips) (see fig. 2) in the
configuration, when the magnetic field is directed normal to
the narrow face of the structure, and the plane of the incident
light beam is directed along the strips. Similar hysteresis loops
shape depending on the angle of incidence are observed only
at certain orientations of the plane of light incidence relative
to the rows of columns or strips.

The pattern can be represented as a superposition of two
loops with different shape and dynamics changes depending
on the angle of light incidence (fig. 9). The resulting hys-
teresis loop in this case is defined: if max R(¢) 8; = §, + 3,
if min R(9) is 8, = 8, — &, where 5; — MOHL of the first
type (Fig. 4, ¢; 9, a), 8, — MOHL of the second type
(Fig. 4, a, d; 9, b); §, , — the hysteresis loop of the two sec-
tions of the film, which is formed by the interference signal.
To verify the hypothesis on the structure of the second type
(strips) were taken of the hysteresis loop, measured at similar
angles of incidence at which was observed first loop (3;) and the
second (3,) types (fig. 7), the loop was built: 5, = §; + 8,G,
8, = 8) — 8,G_, where G, are empirical coefficients (~1).

The result is presented in fig. 10. Fig. 10, ¢, d shows a sig-
nificant difference between the magnetic properties of the
sections forming the MO signal. MOEAK differ considerably.
The last reason may be different Co layer thickness areas. The
magnetooptical hysteresis loops measured on the structure,
subjected to annealing, the shape of the loop is not dependent
on the incidence angle, which indicated the uniformity of the
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magnetic properties of the plots of the film forming the in-
terference signal.

In fig. 6 for the analysis built on the same chart the an-
gular dependence of R(9), 3,,(¢) and the works of R(9)3,,(¢)
measured at the structure of the second type (strips). As can
be seen from the figure, within the error of measurements is
noticeably good coincidence of the extrema of different de-
pendencies. The graphs in fig. 5, 6 show that the different ef-
fects contribute to the overall end result MOEAK. This de-
pendence is of the form (R(¢)8,,(¢)) shows the contribution
of the magnetic component in the net effect, since the effect
of the denominator in the expression for the dependence of
8,,(¢) offset multiplier R(¢). The remaining oscillatory de-
pendence shows the contribution of the numerator reflects the
magnetic properties of the system. Its characteristic feature is
the consistency with the same frequency characteristic chang-
es, and for the other two variables. Measurements on the
structure of the third type (rectangular columns) when the
orientation of the plane of light incidence at an angle of 45°
relative to the direction of rows of columns showed no oscil-
lations noted above at angles of incidence greater than 15°.

Analysis of the obtained results

The experimental results are analyzed to highlight the
contribution of the net effect of diffraction and interference
phenomena in the strength of a regular structure of the sys-
tems studied. On the characteristics of diffraction, in partic-
ular, the line width is influenced by a number of factors. First,
even under ideal structure of the dispersive element (DE) and
the absence of mechanisms for the broadening associated with
its design, the angular resolution of the instrument is limited:
Ap ~ (kRO)fl, where k is the modulus of the wave vector of
the incident electromagnetic radiation, R is the characteristic
linear dimension of the incident beam (or dispersive element,
depending on the aspect ratio). Secondly, the finite width of
the reflex is due to the finiteness of the dimensions of the dis-
persing matrix. The third factor that should be taken into ac-
count in the assessment of broadening the imperfection of the
fabrication of individual elementary scatterers (ES) and plac-
ing them in the lattice sites. Absorption in ES also contributes
to the broadening of the reflexes.

The two factors — ideality of production of certain ES and
placing them in the nodes of the lattice can be in the order
of magnitude estimated without detailed calculations. Since
the effect of random variation in linear dimensions r is equiv-
alent to the appearance of nodes in DE new elements with
random polarization, and these random variables fluctuant in
sign and magnitude, the variation in 7, leads to the appear-
ance of the diffuse background. The variation of the phase dif-
ference resulting from variation of r; will lead to uncertainty
in the wave vector of the diffracted beam of order k(37y/d),
where d is the distance between the columns. The standard
deviation of the placement ES in knots 6d will lead to the
broadening of the lines reflexes, respectively, the uncertainty
in k of order k(8d/d). We emphasize that the task is, in fact,
the scattering of the three-dimensional structure due to the
relatively long compared with the wave length of the vertical
size of the system.

If we consider for the understanding of interference phe-
nomena in a three-dimensional case, a system of regularly
spaced scattering spheres, the magnitude of the arising of the
diffuse background can be estimated simultaneously with the
broadening due to the finite size of the DE as follows. In any




of the schemes of work of DE (transmission or reflection) is
assumed to be observation in the focal plane of the lens
mounted in the path of the diffracted beam. This scheme is
equivalent to the observation of an infinitely distant point.
The only requirement for the installation of the lens is that it
has focused almost flat front. This requirement is met when
R > A\, d, where A — wavelength incident radiation, R is the
distance between DE and the lens (position monitoring). The
ES, which is represented as a spherical surface, in this case has
the form [14]:
ikr
E(r) = k*¢—f(r, k, E); 2)

r

fir, k, E) = anxnxE + amnxll—z,

R
n= =, 3
O
where of, o — describe the electric and magnetic polariza-
bility of the medium, is the radius-vector of the current point.

Radiation field only TR is the sum of the fields from all ES:

ik‘r—r1| +ikr;

E(r) = k2zlf,(r -1,k E)¢ , 4)

[r—r|
here r, is the position of the 1-th node in the lattice of DE,
representing the cube of the cubic cells, whose nodes are con-
ductive, the scattering of a sphere of radius r,, the distance be-
tween which is d. To calculate the energy flow, scattered in
a certain interval of directions, it is convenient to decompose
the electric field intensity vector E(r) for a plane wave:

Ak i
E(r) = [-£5 e™E, (5)
2r

Then in the direction k of the flow of energy is trans-
ferred only by the Fourier component E, and is proportional
to Ey * E,, where E, is a complex conjugate value of the in-
tensity vector the electric field Ey. The calculated effective
cross section of diffraction is determined by the formula [15]

, irk'-k)_ |2
j—g =cmd(k,k,E)‘§e’ 5, . (6)

and the cross-section is determined according to ¢ = [do:
here o;,; — TR scattering cross section, dQ — interval solid
angles about vector of k', factor §, takes into account the rel-

ative variation o and o from node to node. The medium
quadratic variation of &, introduced earlier is associated with

. . . 2
the medium quadratic variation of &r: Jg/ ~ 38ry/ry. The
value of r; is the position of the node in the three-dimensional

lattice representing the cube of the cubic cells, whose nodes
are conductive, the scattering of the sphere:

r=A+1-d l=en ten +en,

Meyo=t1, 2, 12N, , 7)

where N,, Ny, N, is the number of nodes on ES directions, re-
spectively, characterizes the random deviation of the node
from its ideal position, which is equal to the medium quad-
ratic variation of 8d.

In an ideal situation A;= 0, 3, = 1, N, , - — o, the sum
in (6) is transformed into a set §-functions for vectors k u k',
and satisfying the Laue condition: k'— k = K, where K is an

arbitrary vector of the reciprocal lattice is defined by the ex-
pression

_2
K= 71-[ [m]ex + m2ey + mzeZ]. (8)

To assess the arising §,# 1, A;# 0 diffuse background diff »
let’s ask ourselves a Gaussian distribution with the above
mean-square deviations. Then the averaged value ¢ is broken
into two parts:

c= G,-nd(SdIff + 5.), )
where
&, = N{9[6_r0}2 " (@)z(k_k'fdﬂ (10)
dif ¥ d ’
6, will present a series of peaks at k and k'satisfying the Laue
condition and broadened by finity Nx, y.7
2
N eir,(ki—ki) _ sin®(VdK/2)
< sin®(dK,/2)

.2 .2
. Sin (N,dK,/2)  sin"(N dK /2)
sin’(dK,/2)  sin’(dK,/2)

(1T)

where K = k| — k|, k;, k', is the projection of the corre-
sponding vectors on the plane of the structure xOy, orthog-
onal to the vertical axis Oz, which is directed along the ver-
tical walls of the structure. Thus, the contribution to the
broadening of reflex, indexed by a vector of K, represented in
the form:

d 1 5d . 8y
27TA|K,-| *N + 7 P (12)

An important conclusion to be drawn is the existence of
deposits in resulting picture of two types: first, the interfer-
ence due to the presence of regular structure, and secondly,
from an individual DE. This result, expressed by the formula
(6) is standard in such a situation, and is reproduced in the
scientific literature [16]. Usually the second multiplier in the
formula (6) is associated with the coherence factor and man-
ifests itself in increased effects when performing coherence
and interference.

In the vertical direction along the walls of the structures
is a different situation compared to the light reflected from the
plane, so the third factor in the right part of (11) should be
deleted and replaced by the expression based on the following
arguments. Conventionally, this direction will be the direc-
tion along the axis Oz. In the narrow channels between the
multiple scattering of light by type of interference by Fabry—
Perot. Can also occur and the interference of the beams re-
flected from the upper and lower (bottom) planes of the struc-
ture. Let us analyze the contribution to the observed regular-
ities, which makes interference of light from the upper and
lower faces in the form of flat parts with complex three-di-
mensional metallic magnetic material structure. Estimate the
angular distance between the maxima (minima) in the inter-
ference of two beams, one of which is reflected from the top
of the structures (fig. 1—3) and the other from the bottom of
the structure.

Since the measured intensity of the diffraction maximum
of order zero, namely, it focuses the intensity of the reflected
wave, the angle of observation (measurement) is equal to the
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angle of incidence. In this case, you can use the standard ap-
proach [16]:

2hcosg,, = tAm*, (15)
where 4 is the height of the structure; m* — order interfer-
ence maximum, m* = 0, 1, 2, 3, ...; ¢, is the corresponding

angle of incidence.

When m* = 0 ¢ = 90°. Since the angle does not exceed
85°, determine the minimum m* is difficult. It is reasonable
to count the order from the side of small angles, i.e. to make
the replacement m — M — m*, where M is the maximum value
of m* (M = int(2(h/1)). A graph of cosg,, from m, is a de-
creasing linear function:

cosg,, = (\M — am)/(2h). (16)

Approximative this dependence with a linear function on
the tangent of its slope is equal to A/(24), can be found 4. In
dependence of cose,, from m for the structure of the second
type (strips) for R(¢) and §,,(¢) (fig. 11). From the graphs de-
fined Ay, = 7,0 pm for oscillations R(¢) and h,, = 7,4 um for
oscillations &,,(¢). From fig. 2 you can determine the height
of A, strips observed with an electron microscope. Since this
was done under an angle 28 relative to the film plane, the re-
sult is 4, = 6,4 pm should be divided by cos(28°). The result
is A = 7,2 um, which is consistent with measurements for
R(9) and &,,(¢). At small angles of incidence from (15):

dZh=Mr, M=0,1,2,3, ..,
¢’
50 2hcosg ~ 2h(1 - 2) = m*, (17)
m*=0,1,2,3, ..

After transformations we get

2h — ho* = m*n, M\ — m*\ = ho> = mh,
m=0,1,2,3, .. (18)
Whence it follows that the expression for the angle that
defines the extremum:

Om = J%n’ (19)

which, when m > 1 it leads to the expression:

DHx A A
e = L el

Note that if we express cosg,, directly from the expression

*

. rm
15 btain: ==
(15), we obtain: cose 7

wavelength. A specific contribution is made by the periodic
passage and blocking of light beams in the channels of the
structures. Put @ + b = d, where a is the characteristic size of
the end face of the structure, b is the distance between indi-
vidual structures, d is the period of the structures. Less re-
flected in the interference in the channel of the vertical struc-
ture occurs at the corners:

that is a multiple of half the

tgo,, = (2”’2‘“ 1) g, m=0,1,2,3, .. Q1)

More reflection when the interference in the channel of
the vertical structure occurs at the corners:

tgg,, = ’”7” m=0,1,2,3, . (22)

After the substitution of the characteristic structure sizes
in the micrometer range (fig. 1—3) good agreement has been
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obtained in numerical estimates of the effects of periodic
changes and the characteristic of diminishing with increasing
angle of incidence of the light beam measured from the nor-
mal to the plane of incidence. Investigated a predetermined
angular interval, and according to the following formula was
used to calculate the number of extrema in a given range of
angles of radiation incidence on the sample. With increasing
angle of incidence from the vertical to the surface of the dis-
tance between the extrema is reduced, the obtained analytical
dependences give good numerical coincidence. This leads to
the conclusion that all effects must be considered in the anal-
ysis of the magneto-optical measurements of the structures.
Thus, the resulting response of the system represents the cu-
mulative result of a complex superposition of the interference
and diffraction phenomena and contains information on the
individual properties of the lens. When the magnetic proper-
ties of the surfaces forming the magneto-optical response var-
ies, the shape of the magneto-optical hysteresis loop depends
on the angle of incidence of light and is determined by the in-
terference of waves reflected from the horizontal and vertical
planes of the stepped structure. The nature of the oscillations
of the angular dependencies MOEAK and the reflection co-
efficient is determined by the orientation of the plane of light
incidence relative to the rows of columns or strips of the
microstructure, dimensions of structural elements and does
not depend on the magnetic properties of surfaces.

The large number of studies of aspects of the interaction
of electromagnetic radiation with bodies of various shapes
leads to the conclusion about necessity of the account of dif-
fraction phenomena, [16—21]. Characteristic features of ac-
counting of diffraction effects are quasi-periodic changes in
the characteristics of radiation scattering: angular dependent
or dependent on the wavelength of the incident radiation. Ac-
counting for interference effects in the scattering of electro-
magnetic radiation on the ordered clusters of cylindrical
structures also detects periodic changes, in particular, the di-
rectional diagram for the angular dependence of the intensity
of scattered light [22]. When reducing the size of the scatter-
ing of ordered structures when their characteristic dimensions
become comparable to the wavelength of the incident radia-
tion, it is necessary to consider the possibility of excitation of
collective plasmon polarization modes [2, 23, 24]. The anal-
ysis of the described effects seems to be important in connec-
tion with the contribution of such mechanisms, when acti-
vated, the respective processes of incident electromagnetic ra-
diation, when the characteristic structure sizes comparable
with the wavelength of incident light [25]. These features lead
to the conclusion about the necessity of taking into account
a wide range of phenomena in the analysis of the magneto-
optical response of structures such as magneto photonic crystal
and diffraction effects on various ordered structures. A number
of the mentioned effects lead to quasi-periodic dependences
of the characteristics of the scattered radiation.

The analysis shows that the characteristic features describ-
ing an oscillating dependence of physical quantities (EPR,
interference, Fabry—Perot, etc.) are identical for the various
phenomena, which leads to interference effects in the forma-
tion of the resulting response of the medium to external stim-
uli impinging electromagnetic radiation.

Modulation of the dependence of reflectance (fig. 5, 6)
finds similar patterns, and that the angular dependence of the
EPR for conductive cylindrical bodies, is given in [25, 26],
namely, the period is characterized by changes of the angular




dependences of the ESR decreases with increasing angle of
incidence of the beam from the axis of the cylinder.

For a detailed interpretation of the observed effects must
be taken into account that for the annealed samples with the
structure in the form of strips (fig. 2) there is a characteristic
dependence without the presence of structure type "comb" on
the hysteresis loops. The magnetic properties of the annealed
structures are more uniform in volume, while neotogenic
structures there is a difference between the magnetic proper-
ties of the film deposited on the upper face of the structure,
and films on the side walls and the bottom of the relevant
structures. This fact has a significant influence on the forma-
tion of the resulting response in a study, generally speaking,
three-dimensional structures (fig. 1—3). The resulting re-
sponse of the system is formed by the superposition of the ef-
fects from the top faces and bottom faces of the side walls.
If the magnetic properties of the layers differ from each other,
forming a loop, the circuit of which (fig. 7) consists of a su-
perposition of two different loops according to the scheme
(fig. 9).

Discussion and conclusions

Experiments on structures such as photonic crystals and
analysis of the results indicate that in this range of sizes ED
(of the order of several micrometers) of magneto photonic
crystal, large compared with the wavelength of the incident
electromagnetic radiation, the structure behave as three-di-
mensional objects. The resulting MOEAK system type mag-
neto photonic crystal includes collective interference phe-
nomena from an ordered ED and effects associated with dif-
fraction the scattering of light on a single element of the struc-
ture, the effects of different levels of three-dimensional
structure. The important point scattering of electromagnetic
radiation on the structures is the presence of resonance phe-
nomena, if the conditions, when the ratio of half the wave-
length of the incident electromagnetic radiation of the char-
acteristic size of the scatterers. This feature stems from the
fact that the basis of the effects are interference and diffrac-
tion phenomena. Contribution to the result makes individual
response characteristics of the scatterers and interference
phenomena from different elements of the structures [25],
with different magnetic properties. Detailed analysis of exper-
imental data allows to distinguish the contributions of differ-
ent components in the resulting response. A similar conclu-
sion can be drawn from the fact that identically prepared sam-
ples in the form of strips with and without annealing show a
different behavior of magnetic hysteresis. In the case of an-
nealing is not observed characteristic of education in the form
of "comb" (fig. 4, a, d), indicating the homogeneity volume
of the magnetic properties of the annealed samples, whereas
for geotagging samples the magnetic properties of the layer of
cobalt on the walls and bottom of the structure different from
the magnetic properties of the film on the top edges of struc-
tures. This is reflected in the emergence of a "ridge" in the
structure of the magnetic hysteresis at certain angles of inci-
dence of electromagnetic radiation.

The results of this work can be used in the analysis of sig-
nals from structures with complex topology, which is impor-
tant for the development of complex systems containing het-
erogeneous in structure and properties of the components.
The results obtained testify to the generality of the investigat-
ed phenomena related to a wide range of diffraction and in-

terference problems, which, find application in various tech-
nical and scientific aspects.
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3 DenepanrbHOE TOCYTAPCTBEHHOE OIOMKETHOE yUpexkaeHne Hayku HaydHEIil 1IeHTp BOJOKOHHON ONTUKU

Poccuiickoii akagemun Hayk, MockBa

CUHTE3, CBOMCTBA U UCIMTOAb3OBAHUE CTEKOA

B CUCTEME Bi,0,—B,0;—GeO,—MoO,

Ilocmynuna é pedaxyuro 27.04.2015

IIpednoncena mexronoaus cunmesa cmexnooopasuvix 06pasyos 6 cucmeme Bi,03—B,03—GeO,—MoO3 Memodom penmee-
HO(A306020 AHAAU3A NPOEEOCHO UCCAE006aHUE MEXAHU3MA npoyecca meepooghasnoeo é3aumodeiicmeus 6 cucmeme Bi,03—GeO,
npu PazAuMHbIX MEeMREPamypax U YCMaHo8AeHbl ONMUMAAbHbLE YCA08US O CUHmesa eepmanodeaumuna. Ilposedena oyenka no-
BEPXHOCMHOU U 006eMHOU HeOOHOPOOHOCMU CMEKA000PA3HbIX 00PA3Y08, NOAYHEHHbIX C UCHOAb308AHUECM CUHME3UPOBAHHOZ0 2ep-
MAHO36AUMUHA 6 daHHOU cucmeme. Ha ocHosanuu noayueHHvix pe3yivmamos memooom NOAHOPAKMOPHO20 NAAHUPOBAHUS IKC-
nepumenma Oviau 6blI0PaAHbL YCA08US CUHMEe3a 00pa3y0s, 004a0auux Haudoee GbiICOKUM YPO8HeM 0OHOPOOHOCMU.

Karouesnie caosa: cunmes cmeka000pasHbix 00pasy08, meepoodasHuili CUHmMe3, peHmMeeHoQa306bll AHANU3, 2ePMAHOIEAUMUH,
N0BEePXHOCMHASL U 00BeMHAsI HeOOHOPOOHOCMb, CEHCOPHbIE 2emMepOCMPYKMYpbL, IKOA0UHECKUT MOHUMOPUHR

BBenenune

ObGecneyeHre KavyecTBa XKU3HU TPeOyeT co3gaHus
KOMGOPTHBIX YCJIOBUIA CYILLIECTBOBAHUS YeIOBEeKa MpU
WHTEHCUBHOU JeSITeIbHOCTU TMPOMBILIJIEHHBIX MPO-
U3BOIACTB. JlOCTHKEHUE 3TOM 11eIM HEBO3MOXHO 0e3
obecrieueHust 3¢p¢GHEeKTUBHOTO MOHMTOPMHIA COCTaBa
oKpyxKatoliei cpenbl. I pelieHust OaHOM U3 OCHOB-
HBIX MPOOJIeM — KOHTPOJSI COAEPXKAHUS KOMIIOHEH-
TOB BO3IYILIHOM Cpeibl 11eJIeCO00pa3HO UCIOJb30BaTh
XUMUYECKHUE CEHCOPHI, MTO3BOJISAIONINE MTOyYaTh B pe-
aJlbHOM BPE€MEHM U C BBICOKON TOYHOCTBIO ajJeKBar-
HYI0 MHGOPMALIMIO O COAEePKaHUU TOKCUKAHTOB.

B kauecTBe 0a30BbIX 3JIEMEHTOB CEHCOPHbBIX YCT-
POMCTB JOCTaTOYHO MEPCIIEKTUBHBIM SIBJISIETCS] UCITOJIb-
30BaHNE OKCUIHBIX BUCMYTCOACPXKALIUX MAaTePUAJIOB,
0co00e MeCTO cpelu KOTOPBIX 3aHMMAIOT CTEKJI000-
pa3Hbie oOpas3ubl. OHM MOTYT OBITh MCIIOJbH30BaHBI
KaK B LIEJSIX YCTAHOBJICHMSI COACPXKAHUS KOMITOHEH-
TOB B CIIOXHBIX CMecCsX, T. €. B KauecTBe 0Opas3lioB
CpaBHEHHUSI, TaK U B KAUECTBE 3JIEMEHTOB CEHCOPHBIX
retepocTpykryp [1—4].

BBuay toro, 4ro maHHas CHUCTeMa COMEPXHUT OK-
CHUIIBI Pa3INIHBIX 3JIEMEHTOB, KOTOPEIE TUIABATCS TIPU
pa3HBIX TeMIlepaTypaX M MMEIOT BBICOKOE JaBJIeHUE
mapa, Agaxe IIpyd TeMIepaType CYILIEeCTBEHHO Ooiee
HU3KOM, YeM UX TeMIlepaTypa IJIaBJIeHUsI, BO3HUKAIOT
MpoOJIeMbl COXpaHEHUST 3aJaHHOTO COOTHOILIEHUSI KOM-
IMOHEHTOB B COCTaBe 3TUX OKCUIOB U OOECIIeUCHMUS
BBICOKOTO YPOBHSI OMHOPOTHOCTU pacHpeneIeHus die-
MEHTOB I10 00beMy cTekJia. TakuM oOpa3oM, 1Ist ooec-
MevyeHUsI HEOOXOAUMOTO YPOBHSI OAHOPOAHOCTH Ligsie-
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co00pa3Ho IPOBOAUTH IIpeABAPUTEIbHBII CUHTE3 (a3
repMmaHossautuHa (BiyGe;0,) (T, = 1233 K) u da-
3bl repManocuinenura (7, = 1313 K). PacruiaBel ok-
CcHIa BUCMYTa TP IUINTEIBHON BBIAEPKKE 00pa3yioT
MeTacTabuIbHbIe (a3bl, KOTOPbIC JaXe MPU ObICTPOM
OXJIAXICHUH TIPUBOAAT K METaCTaAOUIbHBIM TUarpam-
MaM, KpoMe TOro, BBICOKasl arpecCMBHOCTb OKCMIA
BHCMYTA, TaKe TIPU TUTABJICHUN B TNITATUHOBBIX TUTJISIX,
BbI3bIBAET 0Opa3oBaHME PA3JTMYHOIO poIa KOMILIEK-
COB M KJIACTEPOB, COACPXKAIINX KPOME BUCMYTa U KU-
CJI0pojia B CBOEM COCTaBE MPUMECHbBIEC DJIEMEHTHI, SIB-
JISTIOIIecs] KOMITIOHEHTaMU KOHTeiHepa.

CrexkJa, oJlydeHHBIE TP OOJIBIITNX TeMIlepaTypax
M BpeMeHax BBIIEPKKHU, XapaKTepu3yloTcs 0ojiee TeM-
HBIM IIBETOM, T. €. MMEIOT BHICOKOE¢ 3HAUCHHUE OITH-
YECKOM TIOTHOCTH, O YeM CBUIETEIBbCTBYET CIIEKTD,
TIpUBEICHHBIN Ha puc. 1.

Takue 3HAYEHUS OINTHYECKON IIJIOTHOCTH CBUIIE-
TEJIBCTBYIOT O HU3KOM YPOBHE OMHOPOMTHOCTH CTEKOJI,
YTO HE TO3BOJIIET UCIOIB30BaTh X B Ka4eCTBE CEHCO-
POB, TTO3TOMY BO3HMKAET MpobieMa MoTy4YeHusT CTEKOJT,
MMEIOIINX 0oJiee BEICOKUIT YPOBEHb OMHOPOITHOCTH.

B HacTtosiiiee BpeMst paspaboraHa cxema (puc. 2)
MOJTyYeHNST MHOTOKOMITOHEHTHBIX CTEKOJ B CHCTEMeE
Bi,0;—B,05;—Ge0,—Mo0O; [5].

B cucreme Bi,O3;—GeO, o0OpasyeTcd HECKOJIBKO
CoeMHEHUIt: repmaHocuieHUT Bij,GeO,, Bi,GeOsq,
repMaHosBiuTMH BiyGes;O, u BiyGesOy. Trepao-
(dasubiii cunTes BiyGe;0,, paHee 10CTaTOYHO TOJTHO
ObUI M3y4YeH aBTOpaMu pabot [6, 7], rame ObUIO MOKa-
3aHO, YTO TIpOlIecC MPOTeKaeT B IBe ctamuu. [lepBoii
cTaaueil sBisieTcss odpazoBaHue has3bl repMaHOCUI-
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Puc. 1. CnexTp, noKa3pIBalOIMii 3aBUCHMOCTb ONITHYECKO# NIOTHO-

CTH OT JJIMHBI BOJIHBI /151 00pa3ua, cogepxamero 0,13 r/cM3 Ge, npu
Bpemen Boiaepkku 95 mun u T, = 1400 K. M3mepenns nposenenbt

OTHOCHTEJIbHO 00pa3na CpaBHEHHsI, KOTOPBI He colepxuT B cede Ge
Fig. 1. The spectrum showing dependence of optical density on

wavelength for the sample containing 0,13 g/cm3 of Ge at 95 min. dwell
time and T,,,;, = 1400 K. Measurements were provided with respect fo

sample which doesn’t contain Ge
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Puc. 2. Cxema cHHTe3a CTEK/JIOOOpPa3HBIX 0Opa3NOB B CHCTEMeE

Fig. 2. The scheme of vitreous samples synthesis in Biy03;—B,03—
GeO,—MoOj system

JICHUTA, U TIpoliecc TBepAoda3HOro CMHTE3a HA 3TOM
aTare ITuMuTUpyetcs auddysueit. Bmecte ¢ Tem cie-
IyeT OTMETUTD, YTO MEXaHW3M B3aUMONEUCTBUS, TIPEII-
JIOXKEHHBIN B paborax [6, 7], ObLI oIrcaH HeAOCTAaTOU-
HO 4YeTKO, U pPe3yJibTaThl MPOBEACHHOIO aHalM3a He
SIBJISIIOTCSI OMHO3HAUYHBIMU. Bo-TiepBhIX, B IIpoliecce
mbodysun noHosB Bi B rny6n 3epen GeO, n0mKHO
NPOMCXOAUTH 0OpasoBaHue Ppasbl Bi,Ge;0g, KpucTai-

JIU3YIONIEICS B CTPYKTYpe OEHUTOMTA, HA YTO YKa3bl-
BalOT U camMu aBTopbl. TakuM 00pa3oM, Mpoliecc Mnpo-
TEKaeT B 3TOM CJIyyae aHOMAJbHO IO OTHOIIEHHUIO K
BBbIIBUHYTOMY MpPEANONoXeHU0. Bo-BTOpbIX, HCCe-
JIOBaHME TIpoliecca MPOBOAWIN B OCHOBHOM TP TEM-
nepatypax Boiie 1023 K, yTo Hen30eXXHO IPpUBOIUT K
00pa30BaHUIO IBTEKTUKHU C cOCTaBOM 67 Moja. % OK-
cuna Bucmyra B cucreme Bi,O;—GeO,, Temneparypa
IU1aBjeHus1 KoTopoii coctaniset 1153 K. IToaTtomy aB-
TOpaM, MO-BUANMOMY, HE yIaJloCh M30eXaThb Impolecca
obpazoBaHus (a3bl pacriaBa, YTO U OOYCJIOBUIO BbI-
COKHe 3HAaYeHUs YCTAaHOBJEHHBIX UMU KO3 PulineH-
ToB nuddy3un. TeBepaodas3Hblii CUHTE3 TUTAHOBOTO
anajora spnutuHa BiyTi;O(, mo naHHbIM paboThl [8]
Take MPOUCXOIMT B IBE CTaAWM, Ha TIEPBOM 13 KOTO-
poii nosBisieTest Bij,TiO,, a 3arem B mpouecce audg-
¢dysuu TiO, B 3epHa Bi;,TiO,, npoucxonur obpaso-
BaHue BigTi;0q,.

HeobxonumocTts cuHTE3a OKCUAHOM (ha3bl CO CTPYK-
TypOi TepMaHO3BJIMTHUHA BHICOKOTO KauecTBa TpeOyeT
JUTUTEJIbHOTO BPEMEHM OTKMTa JUISl JOCTHUXKEHUST paB-
HOBecus, Jaxe NMpy peaaus3aluy ABYXCTaIUHHON cxe-
MbI CUHTe3a. B CBsI3M ¢ 3TUM 3aiayeil HacToslIel pa-
OOTHI ABISAIOCH NETAaTbHOE MCCIIeIOBAaHNE 00EeMX CTa-
JIWi TIpoliecca CUHTE3a opTorepMaHara BUCMYTa B
LeJISIX TIOJYyYeHUsI TIPU WMCITOTb30BAHWM 3TOTO MaTe-
puaga BUCMYTCOAEPXKAUIMX OKCHUIHBIX CTEKOJ BbICO-
KOTO KayecTBa.

Mertoasl HCCaea0BaHNS

B kadecTBe WMCXOOHBIX BEIUIECTB [JIsI IOJydYe-
HUf CTEKJIOOOpasHbIX 00pasuos cayxuau: BiyOs,
I'OCT 10216—75; B,05, TY 6-09-3558—78; GeO,,
TV 6-09-1418—76 kBanmudukauuu "o.c.4." u MoOj,
TV 6-09-4471—77 xkBanmndpukauuu "x.4.".

B mporrecce TBepmogasHOro CHMHTE3a HABECKHM OK-
CHUIIOB BUCMYyTa M T€PMaHMSI B MOJHBHOM COOTHOIIIE-
HuM 2:3, wim 74,8 u 25,2 mac. %, COOTBETCTBEHHO, TIe-
peMelIBaIn U MepeTupain B araToBoi crtymke. Ilo-
JIY4EHHYIO CMeCh CITPECCOBBIBAIN B TAOJIETKN AUAMET-
poM 7 MM U BBICOTOM 3 MM moj, naBieHueM 736 MIla.
3aTeM IIMXTYy CIIeKaad B My(eIbHOM Meun B TeUeHUe
24 4 npu Temnepatype 1023 K u oxnaxknmanu 10 KOM-
HaTHOM. Jlajiee TIPOBOIMIIA TTOBTOPHBIN OTKUT 00pa3-
1oB nipu Temmeparypax 903, 943 u 973 K npu paznuu-
HOM BpEMEHU BBIIEPKKHU M 3aJaHHBIX TeMIIepaTypax.

M3meHeHune cocTtaBa 00pa3loB KOHTPOJUPOBAIU
MeToaoM peHTTeHoda3oBoro aHammsa (PDA) ¢ mc-
nosb3oBanuem audpakromerpa JPOH-4 (CuK -u3-
JydeHue, rpaduToBbIil MOHOXpoMaTop). PMA mpoBo-
WY TIOCIe OTKWra oopasioB yepe3 Kaxiabie 10 MuH
TepBBIE TT0JTYaca 1 Yepe3 Kaxable 30 MUH ITOCIeIyO-
mero BpemMeHU. KojnuyecTBeHHOE coaepxKaHWe pas-
JUYHBIX (a3 B oOpasmax ompeAcssyii IO METOMY
Yanra [9].
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IIpu cuHTE3e CTEKJIOBUIAHBIX 00pa3l0B MCIOJIb30-
BaJIU CXeMy, IPUBEJIEHHYIO Ha puc. 2. McxonHble KOM-
ITOHEHTHI TIepe BapKOii TIIATEILHO U3METbYaIN 1 Tie-
peMellMBaIi B araToBO CTYIKe B TeueHue 45 MUH
JIJISI TOMOT€HU3alUU CMECH, TIOCJI€ YETrO TOTOBYIO LIUX-
Ty TOMeIIadu B MPeABApUTEIbHO OTOXCKEHHBINH KO-
PYHIOBBIN TUresb IJis TUlaBieHus. Jlajgee MpUroToB-
JICHHYIO IIMXTY B TUIJIE OTHPABISIA B MyQeIbHYIO
meyb SNOL 6,7/1300 ¢upmer AO "Ymera", Jlutsa.
OnTtuManbHas TeMIlepaTypa BapKu Obljla yCTaHOBJIEHA
9KCIIEpUMEHTAIbHBIM TyTeM B padote [5], Takum 00-
pa3oM, TUTaBJICHWE IIWXTHI TTPOBOIMIIN C BBIAEPKKOM
mpu Temmepatype 1050 K B Teuenue 0,75...1,75 4 u ¢
MIPOMEXYTOUHBIM TtepeMelBanueM depe3 20...30 muH
Tocjie pacruiaBiIeHus.

XapaKTepUCTUKy COCTaBa OMHOPOIHOCTH CTaHAApT-
Horo o6pasua (CO) nucrnepcHOro mMarepuana OlLeHU-
BaJId CIIOCOOOM, OCHOBAaHHBIM HAa MHOTOKPATHBIX 13-
MEpEHUSIX COAEpPKaHUsSI aTTeCTyeMOro KOMIIOHEHTa B
HECKOJIbKMX TMpobax, OTOOpaHHBIX ClydyallHbIM oOpa-
30M oT Bcero Marepuaina CO, ¢ mocieayloieit oopa-
OOTKOI Pe3yIbTaTOB IO cXeMe OTHO(PAKTOPHOTO JVC-
rnepcuoHHoro aHanu3sa [10].

M3mepeHre MUKPOTBEPIOCTH CTEKJIO00pa3HbIX 00-
pasLoB MpoBoAWJIM Ha MUKpoTBepaomepe [IMT-3M c
KCITOJIb30BaHMEM aIMa3HOM nupamMuaku Bukkepca.

CrniekTpooTOMETpUUECKOE OMpeaesieHue Ccoaep-
JKaHUS OKCHJa TepMaHHUsl MPOBOAMIM Ha NBYXJIyye-
BOM cKaHupymouieM crnekrpodoromerpe UV-1650PC.
IIpy mpoBeneHUM MCCIENOBaHUSI Ha CIEKTPOdOTO-
MeTpe TaKoro TUIIa TMOJIydeHHbIe pe3yJbTaThl Mpe-
CTaBJISIIOT COOOM 3HAYEHUS ONTUYECKON IIJIOTHOCTH,
A =1lg(ly/I), tne I, — MHTEHCUBHOCTb MCXOIHOTO
CBETOBOI'O MMOTOKA, BO30YKAato1Iero oopaseir; / — MH-
TEeHCUBHOCTb CBETOBOTO ITOTOKA, MPOLIEIIEro yepes
Marepual.

Pe3yabTaThl H HX 00CYyXKIeHHE

P®A mokaszan, 4TO MCXOOHBIN OKCHJ BHCMYTa
MpeACTaBIsieT co00il CTaOUIBbHYIO MOHOKJIMHHYIO MO-
audukaunio a-Bi,O5. B pouecce TBepaodasHOro cuH-
te3a B npucyrcteun GeO, npoucxomaur ee GbICTPOE, B
teueHue 10...15 mMuH, nipeBpallieHue B a3y co CTPYK-
Typoii y-Bi,O3. Takue Xe npespalieHus Mpyu TBEPIO-
¢a3HOM OTXKHTe ObLIM OTMEUEeHBbI paHee B paboTax
[6, 7]. ®akr crabunuzauuu y-Bi,O3 B mpucyrcTeuu
psina mpumMeceit, Takux kak M = Si, Ge, Fe, Zr, Ce, Tl
u Pb, o6psacHseTCa oOpasoBaHueM a3 Bij, MO, , npu-
HaJUleXalux Kak 1 y-BiO3 K KyOuMuecKoil CHHIOHMH,
np. rp. 123, ¢ mapameTpaMu 3JIEMEHTApHOM STYCUKU B
unrepsaie 10,1...10,3 A [11—13]. B crexuomerpuue-
ckoM Bi;,GeO,, KaTnoHHas U aHMOHHAA MOAPEILETKI
He MMEIOT BaKaHcHuil [12], B cTaOMIM3UPOBAHHON Me-
TactabuIbHOM (ase y-Bi,O; B COOTBETCTBUM C CylllE-
CTBYIOIIIUMM TEOPETUYECKUMM TIPEACTABICHUSIMHU U
9KCMEePUMEHTAbHBIMU JAAHHBIMU TPUCYTCTBYIOT ITO-
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Puc. 3. 3apucumocts cTenenu npespamenus ¢asel o-Bi)03 B dasy
Bi;,GeO,, oT BpemMeHH NpH Pa3IHYHBIX TeMIEPaTypax

Fig. 3. Dependence of a-Bi,0; transformation into Bi;,GeO,, phase
from time at various temperatures

3ULIMM, 3aHATBIC JIMIIbL YaCTUYHO, KOTOPBIE ITOJHO-
CTBIO 3aTOJIHSIIOTCS TIPU 00pa30BaHUM KPHUCTAJUTMYE-
CKUX (a3, comepKalrmx KaTHOHBI BTOPOTO KOMITOHEH-
ta (Ge, Si, Ti u 1. 0.).

AHanu3 AaHHBIX MO COAEPKaHUIO UCXOAHBIX a3
1 00pa30BaBIINXCSA COEAMHEHUN B 3aBUCUMOCTHU OT
TeMIepaTypbl U BpeMEHU TEPMOOOPAOOTKH MO3BOJISIET
cesaTh CJIEAYIOIIUE BbIBOJIBI.

brictpriit poct conepxanus y-BiO3 Ha HayanbHOM
aTarne u mnocieaylollee odopazoBaHue da3bl repMaHo-
cuuleHUTa Ha rpanuue pasgena ¢as GeO,—Bi,0O;
MPOUCXOINUT MPAKTUYECKN OE3bIHAYKIIMOHHO U OII-
peaensieTcsl, Mo-BUAMMOMY, XMMUWYECKOW peakuuei
B3aUMOJIEUCTBUSI MICXOTHBIX KOMIIOHEHTOB:

a-Bi)03 + GeO, — v-Biy03 + GeO,; —

B sTom ciryuae yBemmaeHue conepskaHus (pa3bl CHIT-
JneHuta (G) JOKHO ONpeAessaThCs BpeMEeHEM T U TEM-
repaTypoil mpoBeeHUs npoiecca oTkura: G = K+ ekr,
rane K1 k — HeKoTopble KOHCTaHTbI, XapaKTepU3yto-
1IMe KUHETUKY Ipoliecca oOpa3oBaHUs CUIJICHUTA.
DKCITOHEeHIINAIbHAS 3aBUCUMOCTD, XapaKTepU3YIOIIasT
pOCT KoIn4yecTBa (pa3bl CUIUIEHUTA, MOXKET ObITh pac-
CMOTpEHA U TIPU MCTIOJb30BAaHUM B KAUSCTBE XapaKTe-
PUCTUYECKOTO ITapaMeTpa CTEeNeHU MpeBpalleHus ¢a-
3l a-Bi; O3 B a3y co cTpykTypoii cusuieHura (puc. 3).
CrereHb IIpeBpalleHus o B CJIydae paccMaTpUBaeMOro
MpeBpalIeHus] MOXeT OBITh OTpeleieHa MO COOTHO-
LIEHUIO

V.
a=1— -, (D)

LEN




TI€ vy, — CONEpXaHue ¢asbl a-Bi,O3 npu paccmar-
PUBaEMOM BPEMEHH OTXWTa, & Y, — CO/lepXKaHue da-
3bl a-BiyO3 B MCXOMHOM HEOTOXKKEHHON CMECH.

IIpu U3MeHEeHNU BpeMEHU OTKWIra B 3TOM Ciydae
3aBUCUMOCTh Ina = f(t) (omHOOOpa3ue Jorapu@mMoB)
JIMHEelHa B 00JlacTU, Il MPOLIECC ONMpeAeIsieTCs] Xu-
MUYECKOl peakiueit (puc. 3).

JIMHEHOCTh MOMYYEHHBIX XapaKTEPUCTUK ITO3BO-
JISIeT YTBEPXKIaTh, UYTO XMMUYECKasK CTAAMS OMpeaeisieT
TBepnoda3HbIil MpolecC B TeUeHUE MePBhIX 60 MUH.

Tak kak mpolecc TBepaoda3HOro B3aUMOIEHCT-
BHUS SBJISETCS aKTUBAIIMOHHBIM, MCITOJIb3yS ypaBHE-
HUe AppeHMyca, IO MOJYYEHHBIM SKCIIepUMEHTAb-
HBIM pe3yJIbTaTaM MOXHO PACCUMTATh 3HAYECHHME IHEP-
MU aKTUBALMM CTaAUX OINpEeNeasieMO XUMHUYECKOM
peakuuu AE|. DTo 3HaYeHME OKAa3bIBAECTCS PaBHBIM
AE, = 118 £ 15 x/IX/MO0Jb, 4TO COMOCTaBUMO CO 3Ha-
YEeHUEM DHEPTUHU, XapaKTEePHOM JJIsI XUMUYECKUX MPO-
11€CCOB.

Hocturaemass B KOHIIE aKTUBHOTO XWMMWYECKOTO
B3aMOJEHCTBUS CTeNIEHb MPEeBpalleHUs] OKCUAA BUC-
MyTa B ¢hady CUIICHUTA COCTaBJIsIeT He 6oiee 85 % ot
UCXomHOro cozxepxanusd a-Bi)O3 B cMecu maxe mpu
T=1033 K.

B nmanbHeiiieM xapakTep mpoliecca CylIeCTBEH-
HbIM 00pa3oM U3MEHSIETCS, IMMUTHPYIOLIEH cTanuei,
MO-BUAUMOMY, CTAHOBUTCS AUD Y31, U MPOLIECC OMU-
ChIBaeTCs YK€ CTeNEHHON 3aBUCHMOCTHIO.

Takum obGpa3oM, nepBasi cTaaus Ipolecca, B CBOIO
ouepeab, COCTOMT U3 ABYX ITANOB: XMMUYECKON peak-
MU 1 Auddy3MoHHOro OKOHYaHus mpouecca. [1oBbI-
LIEHUE TeMITepaTypbl MPUBOAUT K YBEJIUYEHUIO KOA(D-
¢uumenToB muddy3un D 1, COOTBETCTBEHHO, K 0oJiee
ObICTPOMY 3aBEpLIECHMIO TTpolLiecca 00pa3oBaHus ¢asbl
CO CTPYKTYpOl CHJICHHUTA.

3HaueHus D, MoayYeHHbIe B MPEANOJ0KEHUU, YTO
CpelHuiA pa3Mep crieKaeMbix yacTull R paBeH 30 MKM,
KOHTPOJMPOBABIIMIACS METOJAaMU ONTUYECKON CIeK-
Tpockomnuu, npu Temnepatypax 903, 943, 973 K co-
crasmstior 0,44 -10713,0,99 1071 1 2,55+ 1071 m?%/c
COOTBETCTBEHHO.

DHeprusg akTUBauMM g IUdGY3MOHHOM cTa-
auu cocrasisgeT AE, = 82 £ 10 xJIX/Mob.

OnHako HU3KOTEMIIEPaTYPHBIN OTKUT HE MTO3BOJIS-
€T TIOJIYUNTh (ha3y 3BIMUTHHA, TIOCKOJBKY, IO BCEIl BU-
JUMOCTU, peaklivs B3aMMOIEHCTBUS MEXAY CUJLIe-
HutoMm u GeO, ¢ ob6pasoBaHneM (asbl SBJIUTUHA TPO-
TeKaeT Mpu 0ojiee BHICOKUX TEMIIepaTypax, a UMEHHO
npu temmneparype, npesbiiatoiieid 1073 K [7]. Tlo
OKOHYAHMU TIePBOI CTaaMU MPOLecca BHICOKOTEMIIE-
paTypHBIE MCCIeIOBAaHUS TBepAOoda3HON peakIuy He
MPEACTABISIOT CI0KHOCTU, MOCKOJIBKY MOAIJIABIECHUS
He TIPOMCXOAMNT, W TIPOIECC IPOXOAUT ITOCPEICTBOM
B3aMOJEHCTBUSI ABYX TBepabix das. Ilpoiecc B3au-
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-

Puc. 4. 3aucumocTs crenenn npespamenns daspi Bij,GeO, B pa3y
3BJMTHHA OT BPEMEHH MPH Pa3JMYHBIX TEMIEPaTypax

Fig. 4. Dependence of Bi;,GeO,, transformation into evlitin phase from
time at various temperatures

MOJICMCTBMSI CUJIJIEHUTA C OKCUAOM I'epMaHusl ¢ oopa-
30BaHMEM BBIMTHHA TaKXKe MOXKET OBITb pacCMOTPEH
KaK XMMWYecKasl peaklust W TP TeMIlepaType BBIIIIe
1073 K (puc. 4), Kak u B ciiydyae TBepaoda3HOro oo6-
pa3oBaHMS CWIJICHUTA B TIEPBEIIT MOMEHT TTPOMCXOINT
XMMUYECKasl peakiusl.

Ha sToif cTagum TIepBBIN 3Tall CYIIECTBEHHO OT-
JINYaeTCcss OT BTOPOTO U MpPHU TeMIlepaTypax, He Tpe-
Beiapmux 1173 K, creneHps npesBpalleHusi CMecu B
MPOLYKTHI peakLMK cocTaBisieT 6oee 60 %, uyto maer
BCE OCHOBAHUS M B 3TOM Cjy4yae MPEeAIOJOXUTb CY-
LLIECTBEHHYIO POJIb XMMUYECKON peakiMu B Mpoliecce
TBepaogasHoro B3aumonaeictus [14].

Ecnu ydecth, 4TO Takasi peakiiusi oOpa3oBaHUs Tep-
MAaHO3BJIMTHHA U3 CMECU MCXOIHBIX OKCUIIOB ITPOMCXO-
JIAT C 3aMETHBIM CaMOpa30TrPeBOM, TO MOXKHO TIPENITO-
JIOXXUTD TOSIBJIEHNE 3aMETHOTO JIOKAJIbHOTO pa3orpesa
rpaHULIBl pa3aeia a3 OTHOCUTEILHO 00beMa 3epHa.
B pesynbrate 10 JOCTUKEHUM TEMIIEPATyphl peaKIuu
00pa3oBaHMsI ABJIUTHHA CO3MAIOTCS YCIOBUS IJIST aK-
TUBHOTO B3aMMOAEHCTBHUSI KOMITOHEHTOB BO BCEM 00b-
eMe ¢ o0pa3oBaHUEM KOHEYHOTOo IpoayKTa. Toraoa cre-
TeHb MPEBpaIeHUs, C YYETOM TOTO, YTO KOMITOHEHTBI
peakuMyu TOJHOCTBIO PacXodyloTcsl Ha obOpa3oBaHUe
SBIIUTHHA, MOXET OBITh pacCUuMTaHa KakK JOJISI KOJIH-
yecTBa 00pa3oBaBIIEroCcs 3BJIMTHHA OT COBOKYITHOTO
comepKaHMSI MCXOTHBIX KOMITIOHEHTOB B cMmecu. Ilo
MOJTY4YEHHBIM 3KCIIEPUMEHTAIbHBIM pe3yJibTaTaM MOXK-
HO paccumTaTh 3HAYCHNE SHePIUH aKTUBALIVK ITpoIiecca
s craguu 1ubdysun AE, = 142 £ 10 kIx/Moinb, n
paccunTaTh 3Ha4eHUs D TIpU pa3HBIX TeMIlepaTypax.
3HaveHus kKosdpduumnenta guddy3un D 1Ipu TeMie-
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0,15

Puc. 5. CnekTp, NoKa3bpIBaIOIIMii 3aBUCHMOCTb ONITHYECKO# MJIOTHO-
CTH OT JJIMHBI BOJIHBI /U151 00pa3ua, coxepxamero 0,13 r/CM3 Ge, npu
BpeMeHH BbiiepKKH 45 MuH. V3MepeHus: npoBeJeHbI OTHOCHTEIbHO
o0pasina cpaBHEHHs1, KOTOPBI He coaepxkuT B cede Ge

Fig. 5. The spectrum showing dependence of optical density on
wavelength for the sample containing 0,13 g/cm3 of Ge at 45 min. dwell
time. Measurements were provided with respect to sample which doesn’t
contain Ge

yE810x +/438
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Puc. 6. I'paduk 3aBUCHMOCTH MHKDPOTBEPIOCTH OT NPOIEHTHOrO
COIepKAHHSA OKCHIA TepMaHHA B COCTaBe BHCMYTCOJEPKAIIMX
CTEKOJI

Fig. 6. Dependence of microhardness measure units on germanium oxide
percentage in the structure of bismuth-containing glasses

parypax 1093, 1113, 1133 K cocrasmsior 9,4 - 10_]5,
19-107° u32-1071 M2/C COOTBETCTBEHHO.

CnenoBaTenbHO, 111 cuHTe3a Oojee 95 % dasbl
BisGe;0(, HE0OX0NMMO NPOBOAMUTL IBYXCTaIUNAHBIN
OTKUT B MydenbHOI neuu mpu temmeparype 1033 K B
TedeHue 12 4 B LesIX MOMYyYEeHUST CWIJICHUTA, a 3aTeM
ele Tpoe cyTok Ipu temmneparype 1133 K mis momy-
yeHUsT 99 %-HOro SBINTHHA.

CUHTE3MpOBaHHBIA TIPU YCTAHOBJIEHHBIX OINTHU-
MaJIBHBIX YCIIOBUSIX TEPMAHOSBIMTUH OBLT MCITOIH30-
BaH B IpOlIeCCe CMHTE3a CTEKJI000pa3HbIX MOATOXKEK
B cucreme Bi,03—B,03—Ge0,—Mo0O;3;, npumense-
MBIX B KQUe€CTBE MaTOUYHBIX 3JIEMEHTOB CEHCOPHBIX I'e-
TEPOCTPYKTYP.

HccnenoBaHre CUHTE3MPOBAHHBIX MO MPEAIOXKEH-
HOI cxeMe 00pa3IloB C MCIOJB30BAaHUEM CITEKTPOGhO-
TOMETPUYECKOro aHaju3a MoKa3aao, 4YTo 3HAYEHMSI OIl-
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TUYECKON IUIOTHOCTU 3aMETHO HUXKE, YeM Ipu 00JIb-
LIKMX TeMmIlepaTypax U BPEMEHM BBIIEPXKKU (puC. 5).

st OLleHKM KaXXKJIO0ro M3 CUHTE3UPOBAHHBIX 00-
pa3uoB ObLIM MPOBEAEHBI U3MEPEHUS MUKPOTBEP/IO-
CTU B Tpex TOYKax ero mobepxHocTH. [1o monyueH-
HBIM CPEeIHMM 3HAaYeHUSIM MUKPOTBepaocTu (Tabi. 1)
OblJTa TIOCTPOEHAa 3aBUCHMOCTh MHMKPOTBEPIOCTH OT
colepXXaHUsT OKCUJA TepMaHUSI B BUCMYTCOAEPXKALIAX
cTekax (puc. 6).

[TonydyeHHasT TpagynMpoBOYHAS 3aBUCUMOCTD JIH-
HellHa, pacCYMTAHHBIN KO3(P(GUIUEHT KOppEeIsaluu
coctapisteT 0,997, 4TO MO3BOJISIET IPOBOIUTH OIIPEIE-
JICHUE COIep>XKaHUSI OKCHUIa TepMaHus BO BCEM MCCIIe-
JIIOBaHHOM WHTepBaje. OTHOCHTETBbHAS TTOTPEITHOCTD
pe3yabTaTOB OIpeAeieHUSI MUKPOTBEPIOCTU COCTAB-
nsteT 4 %.

Taxcxe OBIJIa TTOJTydeHa rpaaydpOBOYHAs 3aBUCH-
MOCTh OIITMYECKON IIJIOTHOCTH OT coaepxkaHust Ge
(puc. 7).

I1pn ananM3e CTEKIOBUAHBIX 00pa3LoB OBIIO yCTa-
HOBJIEHO, 4TO BBeneHne Ge B crekia cucrteMsl 70 %
Bi,O; — 3 % MoO; — 27 % B,03; conposoxnaercs

Ta6auua 1
PesynabTaTsl M3MepeHHs MUKPOTBEPAOCTH
JJIsl CTEKOJ ¢ pa3HbIM coaepxkannem GeO,
Table 1
Microhardness testing for glasses
with different concentrations of GeO,

KoHmeHTparmst 3HaueHe MUKPOTBEPIOCTH, H/MM2
GeO,, % mac. The microhardness, N/mm?
The GeO, concentration, % wt.
Touka 1 | Touka 2 | Touka 3
Point 1 Point 2 Point 3
2 455 458 461
7 489 487 491
12 538 535 538
17 563 564 590
24 624 657 624
Tabnuua 2

Pe3yabTaTsl H3MepeHHs ONTHYECKOI MIIOTHOCTH
JJIS CTEKJIOBHIHBIX 00pPa3loB ¢ pa3auyHbiM conepxannem GeO,
Table 2

Optical density measurements for glassy samples
with different content of GeO,

3HauYeHNUE ONTUYCCKOM

Konuentparuss | KonueHnrpauus IUIOTHOCTH, T/cM>
GeO,, % mac. Ge, r/CM3 Optical density, g/cm3
The GeO, The concentration
concentration, % wt.|  of Ge, g/cm3 Touka 1| Touka 2| Touka 3
Point 1 | Point 2 | Point 3
2 0,128 0,179 | 0,176 | 0,174
7 0,462 0,251 0,249 | 0,257
12 0,804 0,308 | 0,305 | 0,303
17 1,173 0,381 0,385 | 0,377
24 1,704 0,458 | 0,460 | 0,462




. _0__5 __________________________ K OnTuMalibHble YCJIOBUSI CUHTE3a CTEKOJ KOHTPO-
| |
o [rmarheroaer | L || o no e seoneramoens
| R? 50,996 ~ '
: 04 / : POTBEPIAOCTU U CNEKTPOGOTOMETPUUYECKOTO aHaIM3a
I 035 - | coctaBa. CornmacHo T'OCT 8.531 [10] HeomHopoA-
< 03 / : HOCTb S, OLIEHMBAETCA I10 OTHOLICHWIO IapameTpa
' 0 . | OJHOPOJHOCTH K CpeJHEMY 3HAUECHUIO U3MepsieMOii
| | BEJIUYUHBI.
| 02 P : C NoMolIbI0 MOTHO(PAKTOPHOTO METOIA TIJIAHUPO-
015 | BaHUS SKCIIEPUMEHTA OBIJIM YCTaHOBJIEHBI ONTUMAJIb-
L0a : HbIE YCJIOBMSI, COOTBETCTBYIOIIIME OOSCIEUEHUIO MaK-
| 0 05 1 15 2 CUMAaJIbHOTO YPOBHSI OJHOPOJHOCTU B JAaHHON CHUCTe-
L C;“;_e]'_g,f"f ___________ . Me, M MOCTPOEHBbl MTOBEPXHOCTU OTKJIMKA (puc. 8§, 9).
B xauecTBe onTUMU3MpPyeMOro ObLI BEIOpAH ITapaMeTp
Puc. 7. Fpanyuponotmaﬂ 3aBHCHMOCTb ONTHYECKOM ILIOTHOCTH OT
KOHIICHTDAIMHA OKCHIA TEPMAHHS HEOJHOPOJHOCTH, a B KayecTBe BapbUPYyEeMBIX Mapa-
Fig. 7. Calibration dependence of optical density on germanium oxide METPOB — KOHLEHTpALU OKCUIa TepMaHUs] (C(GCOZ))
concentration M BpeMsI BBIIEPXKKU npu Temieparype 1050 K.

MOSIBJISHUEM MaKCUMyMa TIpU IJIH-
He BOJIHHI A, paBHOU 450 M. JlaH-
HbIl pedyabTaT a1 Ge comocra-
BUM CO CIIPAaBOYHBIMM JAHHBIMU
[15]. Takum oGpa3oM, 3HaUEHHE OIT-
TUYECKOH TUIOTHOCTU YCTAHABIMBA-
JIOCh IS JIMHBI BOJHBI B 450 HM.
g MoCcTpoeHUsT rpagyrupoOBOUYHOM
3aBUCUMOCTU M3MEpPEHBI CTEKJIO-
BUIHBIE 00pa3ibl, comepxkaiue 0,13;
0,46; 0,80; 1,17 u 1,70 r/em® Ge,
MOJIyYeHHbIE PEe3yJIbTaThl IIPUBEAC-

W0,0245-0,027
W0,022-0,0245
M0,0195-0,022
®0,017-0,0195

0,0145-0,017

0,012-0,0145

KoHueHTpauua
Ge0,, %

0,75 el

HBI B Tabj. 2. U3mepeHue ontuye-
CKOI1 TUIOTHOCTH TIPOBOIWJIN HA IJIH -

0,92 sl

1,08

1,25

Concentration

Ge0,, %

He BOJIHHEI B 450 HM, SIBISIOLICHCS
XapaKTepHOU ST Kaxaoro oopas-
Ila, TpW pasa, Jajiee pPacCUMThIBA-
JIoch cpefHee apupMeTUYECKOe 3Ha-
yeHue 11 Kaxngoro oopasma. Ot-
HOCHUTEIbHAS TIOTPEIIHOCTh PE3Yib-
TaTOB OIpeAeCHUS ONTUUYECKOM
IJIOTHOCTH COCTaBJISET 6 %.

KoadduuueHt koppensiuuu pa-
BeH 0,996, T. e. OIU30K K eTUHHUIIE,
B CBSI3U C YeM, MOXHO CJIEJIaTh BbI-
BOJII, YTO 3aBUCHUMOCTh JIMHEWHA U
MPUTOIHA JIJisl OTIpeieICHUSI 3Haue-
Huii KoHUeHTpauuu Ge B J1000it
TOUKE C HCIIOJIb30BaHUEM YpaBHE-
HUS IPSIMOM.

ITpoBeneHHBIE UCCIIEIOBAHUS T10-
3BOJIVUIM CHENNATh BEIBOI O TOM, YTO
CUHTE3UPOBaHHBIE O0Opa3lbl MMe-
JOT BBICOKWI YpOBEHb OJHOPOIHO-
CTH, YTO JIeJIaeT NMEePCIEKTUBHBIM UX
HCTIONIb30BAaHUE B KAa4eCTBE MaTOU-
HBIX 3JIEMEHTOB CEHCOPHBIX reTepo-

CTPYKTYP.

Bpema nnaenenus, 4
Melt time, h

Puc. 8. [ToBepxHOCTh OTKJINKA, MOCTPOEHHAS MO Pe3yJbTATAM H3MEPEHHS] MEKPOTBEPIOCTH
Fig. 8. Yield surface constructed on microhardness measurement results
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Puc. 9. IToBepxXHOCTh OTKJIHMKA, MOCTPOECHHAS MO PE3YJIbTATAM CIIEKTPO(HOTOMETPHIECKOTO
aHaJmM3a

Fig. 9. Yield surface constructed on spectrophotometric analysis results
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Ha ocHoBaHMU NpOBEeAEHHBIX UCCAEA0BAHUI OBLIO
YCTaHOBJICHO, YTO MPU BpeMeHU Bapku 1,25 4 U KOH-
ueHrpauun GeO, 8 % mac. mapameTp HEOJHOPOIHO-
CTU JOCTUTaeT MUHUMAJIbHOTO 3HAaYeHMS (Ha MOBEPX-
HOCTSIX OTKJIMKA Bbl€JeHa 00JacTb, COOTBETCTBYIO-
1asi MUMHUMMAaJIbHOMY 3HAa4eHUIO MapaMeTpa HeOmHO-
POIHOCTH).

CHHTEe3MpOBaHHbIE TIPU UCMHOJb30BAHUN OMNTU-
MaJIBHBIX PEXXMMOB CTEKJIA TTO3BOJMIIN MOJYYNUTh CeH-
COpHBIE TE€TePOCTPYKTYPHI IS OAHOBPEMEHHOIO OIl-
penesieHus BOIbI M CEPOBOIOPOIA, O0JagalolINe CTa-
OUJIBHOCTBHIO B T€UEHHUE MPOMEXYTKA BPEMEHU, BIIBOE
MPEBBILIAIOIIETO 00Pa3IbI-IIPOTOTUIIHI.

3akimouyenue

B pesynbTaTe npoBeaeHHOIO MCCAeA0BaHMUS TPO-
Lecca CHMHTe3a CcTekoa B cucreme BiyO3—B,03—
Ge0,—Mo035 B enax obecrneyeHnss BO3MOXHOCTU MX
WCIIOJIb30BaHNSl B KauyecTBE TOJIOXKEK CEHCOPHBIX
3JIEMEHTOB YCTAaHOBJIEHO, YTO (DU3UMYECKUE U XUMUYE-
CKMe CBOMCTBAa MCXOAHBIX KOMIIOHEHTOB CTeKJia Je-
JIAIOT HEOOXOMMMBIM OCYILIECTBJACHUE ONTUMU3ALUU
mpoliecca cuHTe3a. JJI 3TOro mpenioXeHo IMpH Ipo-
BEJICHUU CHHTE3a CTEKOJ TpeOyeMOoro coctaBa ocyle-
CTBJISATH TIPEABAPUTEIBHBIA CHUHTE3 BHCMYTCOAEpKa-
LIMX OKCUIHBIX (ha3 CUJIJIEHUTA U 9BJIUTUHA B TBEPIOM
¢aze. IlokazaHO, YTO IPOLIECC CUHTE3a MPOTEKAeT B
JIBe CTaavM, MepBasi U3 KOTOPBIX SIBJISIETCS XUMUUE-
CKOI1 peakiiyeii, 3aBeplialolieiics B3aumoaudysueit
HMOHOB, BXOSIIUX B COCTaB UCXOJHBIX KOMIIOHEHTOB.
IIpouecc, onpeneaseMblii XUMAYECKOM peakideit, 3a-
Bepiaetcs B TedyeHue 40...60 MUH B 3aBUCUMOCTHU OT
HCTIOJIb3YEMOI TeMIiepaTyphl oTxkura. Hapsimy ¢ atum,
JIOCTUTaeMbIil ypOBEHb 00PA30BaHUsI CUHTE3UPYEMOIt
dasbl cocrapnser Boie 70 % Mac. IIpu sToM peko-
MEHJ0BaHO OCYLIECTBISTh ABYXCTAAMNUHBIA OTXKUI B
MydenbHoI TTeun nipu Temiieparype 1033 K B reueHue
12 4 B 1e/I51X TOJIyYEHUsI CWIJICHUTA, a 3aTEM €l1Ie TPOoe
cyTok npu Temriepatype 1133 K B 1esix moaydyeHust
99 %-HOro 3BIMTHHA.

HccrnenoBaHbl MUKPOTOBEPIOCTh M ONTHYECKAs
IUIOTHOCTh CTEKOJI, ITOJYYEHHBIX MMyTeM 3aKajaKu pac-
IJIaBa OT TeMIlepaTyphl IUIaBJICHUS] B TUTEJb, TEMIIE-
parypa kKotoporo cocrasisuia 623 K. Ob6a atux cBoii-
CTBa MOTYT OBITh MCIOJB30BAaHBI MPU aHAIN3E OIHO-
POIHOCTH JIOKAJLHBIMUA METOJAMM, IJISl 4eTO IpeaJio-
JKEeHBbI METOAVKM JIOKAJTbHOTO aHaJIu3a.

B cooTBeTcTBMYM ¢ BHECEHHLIMU B IIpoecCc CMHTE3a
M3MEHCHUAMM TIIPOBCACHA OIITUMMU3ALUA IIpoLEcCca
CHHTE3a C ITIOMOIIBIO HOJ'IHO(baKTOPHOI"O METOIAa, B KO-
TOPOM B Ka4Y€CTBC€ OTKJIMKA MCIIOJIb30BaHbI 3HAYCHUA
OINITUYECKON TIJIOTHOCTA M MUKPOTBEPAOCTHA CTEKOJI.
HOJ’[y‘ICHHBIe pe3yjabTaTbl CBUACTCIbCTBYIOT, YTO MU-
HUMAJIbHBIM TTapaMETP HEOJTHOPOIHOCTU CTEKJIA COOT-
BE€TCTBYCT BPEMCHU IIJIaBKU 1,25 4 M KOHLCHTpaluun
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GeO, 8 % wmac. IlpemnoxeHa ycoBeplIEeHCTBOBAHHAs
CXeMa CHUHTe3a, CTa0WJIbHO MO3BOJISIONIAsl IMOJIyYaTh
CTEKJIa ¢ BEICOKMM YPOBHEM OIHOPOITHOCTH.
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Synthesis, Properties and Applications of Glasses
in Bi,0;—B,0;—Ge0O,—Mo00O; System

The authors offer technology of synthesis of vitreous samples in Bi;03—B,03—GeO,—Mo Oy system, which included research
of the mechanism of the solid-phase interaction process in Bi,03;—GeO, system at various temperatures by the method of the X-ray
phase analysis. It was demonstrated that the process of formation of a germanoevlitin proceeded in two stages, the first of which was
a chemical reaction with formation in a solid phase compounds with structure of a sillinit. The time of the process limited by the
stage of a chemical reaction at all temperatures did not exceed 60 min, and activation energy calculated by Arrhenius’s equation
was 118 kJ/mol. At the second stage there was a diffusive process of evlitin phase formation due to diffusion of the germanium ions
into the phase grains with a sillinit structure, the diffusion coefficient in the used interval of temperatures increased firom 0,44 - 102
up to 32+ 10~13, and the diffusive process activation energy was ranged from 82 kJ/mol up to 142 kJ/mol. The optimal conditions
for the process of germanoevlitin synthesis were established. Microhardness and optical density values for the glasses received in var-
ious refrigerating and hardening conditions were determined by the developed techniques of microhardness and optical density. It
was demonstrated that with an increase of the after-hardening annealing and time the strength and optical properties of the glasses
improved. Surface and volume heterogeneity estimation of the vitreous samples received with the use of the synthesized germanoevlitin
in this system was carried out. On the basis of the obtained results the conditions of synthesis of the samples possessing of the highest
level of uniformity were selected by a full-factorial planning of the experiment method.

Keywords: vitreous samples synthesis, solid-state synthesis, x-ray diffraction analysis, bismuth germanate, surface and volume

heterogeneity, sensing heterostructures, ecological monitoring

Introduction

Ensuring the quality of life requires the creation of a com-
fortable environment for a man of intense activity of industrial
production. This goal cannot be achieved without effective
monitoring of the composition of the environment. To ad-
dress one of the main problems is control of the content of
components of the air environment it is advisable to use
chemical sensors; which allow to obtain in real time and with
high accuracy adequate information on the content of tox-
icants.

As the basic elements of sensors prospectively there are
used bismuth oxide materials. A special place among them is
occupied glassy samples that can be used to determine the
concentration of components in complex mixtures, i.e. as
comparison samples and the elements touch heterostruc-
tures [1—4].

Due to the fact that the system contains the oxides of the
various elements that melt at different temperatures and have
a high vapor pressure, even at temperatures substantially low-
er than the melting point, problems arise maintain the spec-
ified ratio of the components in these oxides and the uni-
formity of the distribution of elements by volume. To ensure
the necessary level of homogeneity is advisable to carry out
preliminary synthesis phases germano evlitin (BiyGe;04;)
(Ty = 1233 K) and phase germane silicate (Ty = 1313 K).
The molten bismuth oxide during prolonged endurance form
a metastable phase, even during rapid cooling lead to metast-
able diagrams, in addition, the high aggressiveness of bismuth
oxide, even when melted in platinum crucibles, causes the
formation of various complexes and clusters containing bis-
muth and oxygen impurity elements, which are components
of the container.

Glasses, obtained at high temperatures and exposure
times, are characterized by a darker color; i.e. have a high val-

ue of optical density, as evidenced by the spectrum (fig. 1).
This optical density indicates low homogeneity of the glass,
which does not allow to use them as sensors, therefore there
is the problem of obtaining glasses with higher homogeneity.

The scheme (fig. 2) obtaining multicomponent glasses in
the system Bi,O;—B,03;—Ge0,—MoO; [5]. In the system
Bi,0;—GeO, form several connections: germane silicate
Bi;;,GeO,,, BiGeOs, germano evlitin (BiyGe;0(,) and
BiyGe;0y. Solid-phase synthesis BiyGe; 0, adequately stud-
ied in [6, 7], where it is shown that the process proceeds in
two stages. The first is the formation phase germane silicate,
and solid-phase synthesis is limited by diffusion.

However it should be noted that the mechanism of inter-
action in [6, 7] is not clearly described, and the results of the
analysis are mixed. First, in the diffusion of Bi into the grains
of GeO, should happen education of phase of Bi,Ge;Oq,
crystallizing in the structure of benitoit, as indicated by the
authors of the works. Thus, the process occurs abnormally in
relation to the extended assumption. Secondly, the study was
conducted mainly at temperatures above 1023 K, which inev-
itably led to the formation of a eutectic composition 67 mol. %
bismuth oxide in the system Bi,O;—GeO,, the melting point
of which 1153 K. The authors apparently failed to avoid the
formation of the melt, and that led to high diffusion coeffi-
cients. Solid-phase synthesis of titanium evlitin analog
BiyGe;04, by [8] also occurs in two stages, the first of which
appears Bi;,TiO,, and then when diffusion in TiO, grain

The need for a synthesis of the oxide phase with the struc-
ture germane evlitin of high quality requires a long annealing
to achieve equilibrium, even when there is the two-stage syn-
thesis scheme. The objective of the present work is a detailed
study of the stages of synthesis of bismuth ortho germanate to
obtain containing Bi oxide glass of the highest quality.
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Research methods

As starting compounds for obtaining vitreous samples
were: Bi,O3;, GOST 10216—75; B,053, TY 6-09-3558—78;
GeO,, TY 6-09-1418—76 qualifications "O. S. C." and
MoOs3, TY 6-09-4471—77 qualifications "cc".

During solid-phase synthesis of a sample of oxides of bis-
muth and germanium in a molar ratio of 2:3, or 74,8 and
25,2 wt. %, respectively, was stirred and triturated in an agate
mortar. The resulting mixture was pressed into tablets with a
diameter of 7 mm and a height of 3 mm under a pressure of
736 MPa. Then the mixture was sintered in a muffle furnace
for 24 h at 1023 K and cooled to room temperature. Next,
conducted a second annealing of the samples at 903, 943 and
973 K at different time of exposure and given temperatures.

The change in the composition was controlled by x-ray
analysis (XRA) using a diffractometer DRON-4 (CuK-ra-
diation, graphite monochromator). XRA was carried out af-
ter annealing the samples every 10 min of the first half hour
and every subsequent 30 min. The quantitative content of the
phases in the samples was determined by the method of
Chang [9]. In the synthesis of vitreous samples used the
scheme of fig. 2. Raw ingredients before cooking thoroughly
crushed and mixed in an agate mortar for 45 min to homoge-
nize the mixture. Ready the charge was placed in pre-annealed
corundum crucible for melting. Next, the mixture in the cru-
cible was sent in a muffle furnace SNOL 6.7/1300 by firm JSC
"Umega", Lithuania. The optimum temperature of cooking es-
tablished experimentally in [5], thus, melting of the charge was
performed by holding at 1050 K For of 0,75..1,75 h and inter-
mediate stirring after 20...30 min after melting.

Characterization of the homogeneity of the standard sam-
ple (SS), particulate material was assessed by repeated meas-
urement of the content of the investigated component in the
samples, randomly selected from all of the material, with sub-
sequent processing of the results according to the scheme of
single-factor analysis of variance [10].

Microhardness testing of the glassy samples was per-
formed using microhardness PMT-3M using a diamond Vick-
ers pyramid.

Spectrophotometric determination of oxide of Ge was con-
ducted on a dual beam scanning spectrophotometer UV-RS.
In the study on the spectrophotometer, the results represent
the values of optical density, A = Ig(/,/1) where I is the in-
tensity of the initial light flux of the exciting the sample; [/ is
the light intensity transmitted through the material.

Results and discussion

XRA showed that the source of the bismuth oxide is a sta-
ble monoclinic modification of a-BiyO3. During solid-phase
synthesis in the presence of GeO, is quick, within 10...15 min,
the conversion of a phase in a phase with the structure of
v-Bi,05. The same solid phase transformation during anneal-
ing was described in [6, 7]. Stabilization of y-Bi,O5 in the
presence of a number of impurities, such as M = Si, Ge, Fe,
Zr, Ce, Tl and Pb, due to the formation of phases Bi;,MO,,
belonging as y-Bi,O5 to the cubic system, etc. gr. 123, with
unit cell parameters in the range...10,1 10,3 A [11—13]. In
stoichiometric Bi;,GeO,, cation and anion sublattices do
not have the vacancies [12], in stable and metastable phase
y-Bi,O5. In accordance with the theoretical concepts and ex-
perimental data of the present position, only partially occupied;
completely filled during the formation of crystalline phases
containing cations of the second component (Ge, Si, Ti, etc.).
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Analysis of data on the content of initial phases and com-
pounds formed depending on the temperature and time of
heat treatment allow to draw the following conclusions.

The rapid growth of the content of y-Bi,O5 at the initial
stage and formation germane silicate on the phase boundary
Bi,0;—GeO, occurs almost free of diffusion and determined,
apparently, by the interaction of the initial components.

(x-BiZO3 + G602 e ’Y-B1203 + GCOZ -
- BilZGelfxOZO + XGCOz —> BilZGEOZO‘

In this case, the increase in the content of the sillenite
phase (G) should be determined by the time (t) and the an-
nealing temperature: G = K- ekT, where K and k are constants
characterizing the kinetics of sillenite. The exponential de-
pendence, which characterizes the increase of sillenite phases,
may be considered and used as a characteristic parameter of
the degree of phase transformation of a-Bi,O5 with sillenite
structure (fig. 3). The degree of transformation o in the case
of the transformation may be determined by the ratio

a=1-— Y—T", (1)
Ve,

where y. — the phase content of a-Bi,O3 at the considered
1
time of annealing is, v, ~— the phase content of a-Bi,O; not

annealed in the source mixture.

When changing the annealing time dependence of
Ina = f(r) (monotony logarithms) linear in the field, where
the process is determined by the chemical reaction (fig. 3).
The linearity characteristics allow to suggest that the chemical
stage determines the solid-phase process for the first 60 min.

Since solid-phase interaction of activation, using the Ar-
rhenius equation, the obtained experimental results it is pos-
sible to calculate the activation energy for the phase deter-
mined by the reaction AE]. It is AE; = 118 = 15 kJ/mol,
which is comparable with the value of the characteristic en-
ergy of chemical processes.

Achieved at the end of the active interaction between the
degree of transformation of bismuth oxide is not more than
85 % of the content of a-Bi,O5 in the mixture even at 1033 K.

The process is significantly changed and limiting, appar-
ently, is the diffusion, and the process already described by
exponential law.

Thus, the first stage in turn consists of two stages: chem-
ical reactions and the diffusion ending.

The temperature increase leads to the increase of diffusion
coefficients D and, consequently, more rapid completion of
the phase with sillenite structure. D, obtained under the as-
sumption that the controlled methods of optical spectroscopy
the average size of the sintered particles R is equal to 30 pm
at 903, 943, 973 K, consists of 0,44 - 10712, 0,99 - 10~ and
2,55~ 1071 mz/s, respectively. The activation energy for dif-
fusion stage, the activation energy is AE, = 82 = 10 kJ/mol.

However, low-temperature annealing is not possible to
obtain the phase evlitin because, apparently, the reaction be-
tween sillenite and with the formation of GeO, phase evlitin
proceeds at higher temperatures above 1073 K [7]. At the end
of the first stage high-temperature studies of solid-phase re-
actions are not as the melting does not occur, and the process
goes through the interaction of two solid phases. Interaction
with sillenite oxide Ge with the formation of evlitin can also be
viewed as a chemical reaction that occurs at temperatures above
1073 K (fig. 4), as in the case of solid-phase formation of sil-




lenite, for the first time. At this stage, the first stage is substan-
tially different from the second and at temperatures not higher
than 1173 K, the degree of conversion of the mixture in the re-
action products is more than 60 %, which suggests a significant
role of chemical reactions in solid-phase interaction [14].

If we consider that the reaction of education germane ev-
litin source of oxides occurs with appreciable self-heating, it
is possible to assume the appearance of appreciable local heat-
ing of the phase boundary relative to the volume of the grain.
As a result, upon reaching the reaction temperature of for-
mation of evlitin creates conditions for active interaction of
components in the volume with the formation of the final
product. Then the degree of transformation, given the fact
that components are fully spent on formation of evlitin, can
be calculated as a proportion of the resulting evlitin of the to-
tal content of the initial components in the mixture. Accord-
ing to the experimental results it is possible to calculate the
activation energy for diffusion stage AE, = 142 + 10 kJ/mol,
calculate D at different temperatures. The values of the dif-
fusion coefficient D in 1093, 1113, 1133 K, are 9,4+ 1071,
19-107 P and 32-1071 mz/s, respectively.

Therefore, for the synthesis of more than 95 % of phase
Bi,Ge; O, necessary to conduct the two-stage annealing in a
muffle furnace at 1033 K for 12 h to obtain the sillenite, and
then three more days at 1133 K for obtaining 99 % evlitin.

Synthesized under optimal conditions germane evlitin
used in the synthesis of glassy substrates in the system
Bi,05;—B,03—Ge0,—Mo0O; used as the fallopian touch
heterostructures. The study samples using spectrophotometric
analysis showed that the optical density value is markedly
lower than at high temperatures and exposure time (fig. 5).

To evaluate each of the samples were measured micro-
hardness at three points of their surface. The obtained average
values of microhardness (table 1), we constructed the depend-
ence of microhardness on the content of the oxide of germa-
nium in Bi-containing glasses (fig. 6).

The obtained calibration dependence is linear, the corre-
lation coefficient is 0,997, which allows to determine the con-
tent of oxide of Ge within the whole studied range. The rel-
ative error of determination of microhardness is 4 %.

Also obtained calibration dependence of optical density
on the Ge content is on fig. 7. In the analysis of vitreous sam-
ples established that the introduction of Ge in the glass system
70 % of Bi,O3 — 3 % MoO3; — 27 % B,0j5 is accompanied
by the appearance of a maximum at a wavelength of A equal
to 450 nm, for Ge comparable with the reference data [15].
Thus, the absorbance value was set for the wavelength of
450 nm. To construct the calibration according to the meas-
ured vitreous samples containing 0,13; 0,46; 0,80; 1,17 and
1,70 g/cm? Ge. The results are shown in table 2. Optical den-
sity measurements were performed at a wavelength of 450 nm,
characteristic for each sample, three times, then the arithme-
tic mean was calculated for each sample. The relative error in
the determination of the optical density is 6 %.

The correlation coefficient is equal to 0,996, i.e., close to
unity, therefore, we can conclude that the dependence is lin-
ear and suitable for determining the concentration of Ge at
any point using the equation of the line.

Studies have concluded that the synthesized samples have
a high level of homogeneity, which makes long-term use as
uterine of the touch heterostructures.

The optimal conditions of synthesis of the glasses are con-
trolled according to the characteristic of heterogeneity on the

results of microhardness measurement and spectrophotomet-
ric analysis of the composition. According to GOST 8.531
[10] heterogeneity S, is evaluated in terms of the homogeneity
parameter to the average value of the measured value.
Using fulfactors planning of the experiment determined
the optimal conditions corresponding to the maximum level
of homogeneity in this system, and constructed a response
surface (fig. 8, 9). Optimizing the selected parameter hetero-
geneity, and variable parameters is the concentration of oxide

Ge CGe02 and dwell time at 1050 K.

Based on the studies found that when cooking time of
1,25 h and GeO, concentration of 8 % by weight, parameter
heterogeneity is minimal (on the surfaces of the response of
the selected area corresponding to the minimum parameter
heterogeneity).

Synthesized at optimum conditions of glass allowed to get
touch heterostructures for the simultaneous determination of
water and hydrogen sulfide, stable over time, exceeding twice
the samples prototypes was done.

Conclusion

The study of the synthesis of glasses in the system
Bi,0;—B,03;—Ge0,—Mo0j5 to ensure their use as substrates
of sensor elements is established that physical and chemical
properties of the components of the glass do the necessary op-
timization of the synthesis. Proposed in the synthesis of glass
of desired composition to carry out a preliminary synthesis of
bi containing oxide phases sillenite and evlitin in the solid
phase. It is shown that the synthesis proceeds in two stages,
the first of which is a chemical reaction that culminates in in-
teraction of ions included in the composition of the starting
components. The process is determined by the chemical re-
action is completed within 40...60 min depending on the an-
nealing temperature. Along with this, the achieved level of ed-
ucation of the synthesized phase above 70 wt. %. This is rec-
ommended to carry out two-stage annealing in a muffle fur-
nace at 1033 K for 12 h in order to obtain sillenite, and then
three days at 1133 K for obtaining 99 % evlitin.

Investigated microhardness and optical density of the
glasses obtained by quenching the melt from the melting point
in a crucible whose temperature was 623 K. Both properties
can be used in the analysis of homogeneity of local methods.
What is the proposed method of local analysis. In accordance
with the changes optimization of synthesis using full factors
method in which in response used the optical density and mi-
crohardness of glasses. The results show that the minimum
parameter heterogeneity glass conform melting time of 1,25 h
and GeO, concentration of 8 % by weight. The improved cir-
cuit synthesis is allow to obtain stable glass with a high level
of homogeneity.
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2 HoBocubupckuii rocynapcTBeHHbIN TEXHUYECKUI YHUBEPCUTET

MCCAEAOBAHUE 3AKOHOMEPHOCTEM ®OPMUPOBAHUSA
3D OCTPOBKOBbIX CTPYKTYP Si (100) NP TPABAEHUU

B BOAHOM PACTBOPE KOH

Ilocmynuna ¢ pedaxkyuro 27.04.2015

Hccnedosan npoyecc noayuenus ocmpogkosvix 3D-cmpykmyp ¢ V-kanaskoil, pacnosojiceHHol Ha Jcecmiom yermpe npogu-
AUPOBAHHOU KPEeMHUEBOU MeMOPAHbL YNpye02o dAeMeHma KpeMHUe802o GomosareKkmpuueckoeo cencopa dasrenus. Paspabomana
monoaoeus ¢ KOMneHcayuell mpasienus HeUWHUX Y2108 ocmposkogol cmpykmypsl, U- u V-kanasok. B xo0e mpasaenus 6 600HOM
pacmeope KOH 6bis161eHbl 0OCHOBHYBIE 3AKOHOMEPHOCMU Npoyecca opMUpo8aHus ocmpoeKoeou cmpykmypeol ¢ V-kanaeiou. Ilo-
JAYYeHbL 3A8UCUMOCIU CKOPOCMEU mpasieHus epaneli KOMREeHCamopos eHeuHux yei08 u V-kaunasok. Onpedesena 3a8ucumocms
8bICOMBL 3YOUAMBIX CMPYKMYP, GOpMUPYIOWUXCA HA Kpasx V-kanaeku é npouyecce mpasienus KOMNEHCAmMopos, Om 2ayOuHbl
mpaeaenus. Ilpedaoxcena memoduka oyeHKU ONMUMANBHORO 8DEMEHU MPABAeHUS.

Karoueevie caosa: kpemuuesnlil homoasexkmpuueckutl ceHcop 0agaeHus, Onmogoao0KHO, 0CMposKogas cmpykmypa, V-kanae-

Ka, KomneHcamop, aHuzomponroe mpaenrernue ¢ KOH

BBenenue

MUKPOOITORIEKTPOMEXaHUUECKHE CEHCOPbI
(MOBMC) umerT omnpeaejeHHbIE MperMyllecTBa
10 CPAaBHEHUIO C TPATULIMOHHBIMU (T€H30PE3UCTUB-
HBIMU, eMKOCTHBIMU, IThe303JIEKTPHUYECKIMU 1 PEe30-
HAaHCHBIMM), TaK1E KaK HEUYBCTBUTECIBHOCTD K 3JIEK-
TPOMArHUTHBIM IIOMeXaM, BO3MOXHOCTh PaGOTHI BO
B3pBIBO- M MOXApPOOMACHBIX Cpeaax, MOTeHINATbHO
BBICOKAsI YYBCTBUTEIBHOCTD.

K Hacrosiemy BpeMeHU uMeeTcsl psifi COOOLIEHUI
0 pa3paboTKe KOHCTPYKILIMK U MCCIeIOBaHUI Xapak-
TepucTuk MOBDMC-ceHCcopoB naBieHUs], BUOpaluu,
YCKOpPEHUsI, yCTpoiicTB Mukpodmonauku [1—4]. Ipu
CO3/IaHUM TaKWX CEHCOPOB BO3HUKaeT IpobiemMa co-
MPSDKEHUST orepalivu GopMUPOBAHUS B KpEMHUU V-Ka-
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HaBOK [JIs1 pa3MelIeHUsT ONTOBOJOKHA U 3D-ocTpoB-
KOBBIX CTPYKTYpP ONTOMEXaHUYECKOIO y3ja CEHCopa.
Ha puc. 1 npuBeneHa uaeanu3upoBaHHasl CTPYK-
Typa ONTOMEXaHUYECKOTO y3Ja KPeMHMEBOIO CEHCO-
pa naBneHus [4] ¢ OCTPOBKOBOU CTPYKTYpOUl B LIeH-
Tpe KBaJgpaTHOII MeMOpaHbl. V-KaHaBKa MPOXOIUT Ye-
pe3 XKeCcTKYI0 paMKy MeMOpaHbl U LIEHTP OCTPOBKOBOM
cTpyKTyphl. [lon melicTBMEM M3MEpSeMOTO OaBJICHMS
KpeMHUeBasi MeMOpaHa U3rudaeTcs U nepeMelaeT 1o
BEPTHKAJIM OCTPOBKOBYIO CTPYKTYPY M pa3MeIllecHHOe
Ha Heil onToBOJIOKHO. CBETOBOM Jy4, BbIXOIS U3 He-
3aKpErJIEHHOro KOHIIAa ONTOBOJOKHA M3MEHSET TLI0-
1aab 3aCBETKM (DOTOIMOIOB, HAXOASIIIMXCS HAPOTUB
TOpIla ONTOBOJIOKHA, KaK HalpuMep, B padore [3].
Haubonee maccoBeiM crocoboM (GopMUpOBaHUS
OINTOMEXaHWYECKOTO y3Ja SIBJSETCS aHU30TPOIHOE




Puc. 1. Uneanu3upoBaHHasi CTPYKTYpPa ONTOMEXAHHYECKOTO Y312 KPEMHHEBOTO CEHCOPA AaB-
nennd (a): [ — KpeMHMEBBI KpUCTaJLT; 2 — OCTPOBKOBAsI CTPYKTYpa, BbITPABJICHHASI C TJIa-
HapHOU cTopoHbl; 3 — V-kaHaBku; 4 — U-kaHaBKa; 5 — pamka. Macka TOmoJorum om-
ToMeXaHn4eckoro y3aa (b), rume / — KOMIIEHCAaTOPBl BHEIITHUX YIJIOB; 2 — KOMITIEHCATOPBI
V-KkaHaBOK

Fig. 1. Ideal structure of an optomechanical node of a silicon pressure sensor (a) (1 — silicon
crystal; 2 — island-type structure etched from the planar side; 3 — V-grooves; 4 — U-groove;
5 — frame), mask of topology of the optomechanical node (1 — expansion joints for outside

corners; 2 — joints V-grooves) (b)

TpaBJIeHUE KPEMHHEBOI MOMJIOXKU B BOZHOM PacTBO-
pe KOH. Ero ocoGeHHOCTBIO SIBIISIETCS XOpOllee BOC-
MpOU3BeJeHUE BHYTPEHHUX YIJIOB Npu hOpMUpOBa-
HUM YIIYOJeHUM M CUWIbHOE MCKaxXeHue QOopMEbl
BHEIIHUX YIJIOB BcaencTsue adexra 60KOBOro Mmoji-
TpaBIMBaHUA. Pa3IMyHBIMU aBTOpaMU MIPEIJIOKEH
psII TUTIOB KOMIIEHCATOPOB M METOMIOB MX pacueTa s
3alUThl BHEILIHUX YIJOB OT pacTpaBJIMBaHUS B TPO-
1ecce OPMUPOBAHUS BJIEMEHTOB CEHCOPHBIX CTPYK-
Typ [5—8].

Cnyyaii ogHOBpPEMEHHOro (OopMHPOBAHUS IBYX
TUIIOB COMPSIKEHHBIX CTPYKTYP, HANpUMep, OCTPOB-
KOBOM CTPYKTYpbl U V-KaHaBKM Ha Held, MO0 yriayo-
JIeHUsI U V-KaHaBKU, TpeOyeT CreIMaIbHOTO pacCMOT-
peHUsI BBUIY YCJIOXHEHHOU TOIOJOTMU M CUJIBLHOTO
BIUSHUSI GOKOBOTO ToaTpaBiauBaHus. B paGorte [6]
MpOaHaTU3UPOBAH TEOPETUUYECKU U UCCIIeI0BaH IKC-
MepUMEHTAJIbHO clydyaii opMUpOBaHUS B BOTHOM
pactBope KOH kanama V-kaHaBKM M KBaapaTHO
arepTypsl IS CUCTEMbI MUKPOMIIIOMINKHI, KOTIa YHC-
JIO BHEIIIHUX YIJIOB, TPeOYIOIIMX KOMIEHCAlluY, PaB-
Ho nByM. @opMUpoBaHNE OCTPOBKOBOI CTPYKTYPHI U
V-KaHaBKM /151 ONITOBOJIOKHA Ha HE#l 10 CHX MOp dKC-
MepuMeHTaJIbHO He MccieaoBaHo. B aToM ciydae cy-
IIECTBYIOT ABE XapaKTepHbIE OCOOEHHOCTH:

1) mpsiMmoyroJibHasi OCTPOBKOBAsI CTPYKTypa ¢ V-Ka-
HaBKOI MMeeT BOCEMb BHEIITHUX YIJIOB, OOKOBOE IO -
TpaBJIMBaHUE KOTOPBIX 3aTPYAHSIET MOJydeHUE CTPYK-
Typbl ONTOMEXaHUYECKOTO y3J1a C HEOOXOAUMOI Teo-
MeTpueil U TpeOyeT UCMOAb30BaHUSI KOMIIEHCATOPOB;

2) OTHOlIeHWE pa3Mepa CTOPOHBI OCTPOBKOBOM
CTPYKTYPHI K TIONIEPEUYHOMY padMepy V-KaHaBKU MO-
KeT OBbITh CYILIECTBEHHO MEHbIlEe, YeM OTHOILIEHUE
CTOPOHBI KBAaIpaTHOTO YIIYOJeHUS K aHAJIOTUYHOMY
pasMepy V-KaHaBKH, pacCMOTPEHHOMY B pabote [6],

YTO MPUBOIUT K cCreuruduyeckon
TOIMOJIOTUUA KOMITEHCATOPOB 11 OCT-
POBKOBBIX CTPYKTYD.

Llenblo naHHO pabOTHI SABISAET-
CSl 9KCIEPUMEHTAIBHOE MCCIEN0BA-
HHE 0COOEHHOCTEN (hopMUPOBAHUS
KPEMHUEBOM OCTPOBKOBOM CTPYKTY-
pbl ¢ V-KaHaBKOK sl ONTOBOJIOK-
Ha, BXOIILIEH B COCTaB OINTOMEXa-
HUYECKOTO y3JIa CEHCOPAa AABJICHUS,
U3TOTAaBJIMBAEMOIO Ha MOMJIOXKAX
kpemHus1 opueHTtauuu (100).

HUcxonnas cTpykTypa
H YCJIOBHS 3KCIEepUMEHTA

OKCIIepUMEHTAJbHOE HCCIEH0-
BaHWE MPOBOAMIM Ha IPOTOTUIIE
yIpyroro 3jaeMeHTa (YD) ontomexa-
HUYECKOro y3Jia KPEMHUEBOIO CEeH-
copa masieHus [4], oOlmii BUI KO-
TOpPOro IpuBeAcH Ha puc. 1, a. Y-
pPYTUii 3JIEMEHT COCTOSIT U3:

a) KBaJIpaTHOM XKEeCTKOI pPaMKU TOJIIMHOM 475 MKM,
B KOTOpoli chopMupoBaHa V-KaHaBKa IOJ XKeCTKO 3a-
KperieHHOe ONTOoBOoJIOKHO U U-KaHaBKa i1 cBOOO/I-
Horo topua mmpuHoit 500 MKM;

0) mMeMOpaHbl pazMepamMud 2X2 MM U TOJILIMHOM
70 MKM;

B) OCTPOBKOBOM CTPYKTYyphl pasmepamu 750 %
X 1000 MKM MO OCHOBaHHUIO ¢ V-KaHaBKOI B LIEHTpE
mwpuHo# 118 MKM U riyouHON 84 MKM;

I) CTOPOHBI OPUEHTUPOBAHBI BIOJb HANPaBICHUS
<110>, obmme pa3mepsl 4 X4 MM.

st co3manus YD MCNoNIb30BaIv IBYCTOPOHHE I10-
JupoBaHHble T1acTUHBI KO®M4.5 nuamerpom 100 mm
n tonmmmHou 475 £ 5 mxMm. B kauecTBe Macku st
TpaBJeHUS MPUMEHsIach KoMOuHauug cinoes SiO,
(0,4 mxm) u SizNy, (0,18 Mkm). TpaBiaeHue npoBo-
JWIM Ha TIyouHy a0 225 MKM B 33 %-HOM BOIHOM
pactBope KOH B tepmocrate LOIP LT-124a npu
temnepatype 80 = 0,5 °C co cKOpOCTbIO TpaBJIeHUS
Vioo) = 1,1...1,25 MkM/MuH, uT0 obecrieqnBaso npu-
eMJIEMYIO ITUTEJIBHOCTh TIpollecca MpOopUINpOBa-
Hus. B 1ensix oTciiexxvBaHUs TPOMEXKYTOUHBIX 3TAIoB
TpaBJIeHUSI TIPOBOJIUIIN BUAEO-, (hOTOUKCALIUS U U3-
MepeHue JaTepaJbHbIX pa3MEpPOB AJIEMEHTOB CTPYKTY-
PbI 1 TJIyOMHBI TpaBjeHUsI ¢ mepuoaoM B 15 muH. [y-
OuHa V-KaHaBKU ONpeAesuiach YCIOBUEM CMbIKAHUS
miockocteit (111), a rmybuHa U-kaHaBKU COOTBETCT-
BoBajia oOllell TyOuHe TpaBaeHUs.

Ha puc. 1, 6 npeacrtaBjieHa TOIOJOIUS MAacku C
KOMIIEeHCATOpaMM TpaBJieHWsI BHEIIHUX yTJoB. [Ipu
oIpeieJIeHUM pa3MepoB KOMIIEHCATOPOB Oblia MC-
MOJIb30BaHa METOJIMKA pacyera, onucaHHasi B padbore
[6], cormacHO KOTOpOIi KITIOUEBYIO POJIb IIPU pacTpaB-
JIMBAaHWM BHEIIHMX YTJIOB UTPAIOT TJIOCKOCTH CeMEi-
ctBa (411) 1 OTHOILIIEHHE CKOPOCTE! TpaBIEeHUS IIJI0C-
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Kocteit ¥i411)/V(100)- Kak mokasano B pabore [5], aT0
OTHOULIEHME TIOCTOSIHHO B JMala3oHe TeMIepaTyp
tpasiaeHus 60...100 °C u npu pacuyeTe KOMIIEHCATO-
POB OHO ObLIO MPUHATO PaBHBIM V{411y/V(100) = 1,319.
C y4yeToM 3TOro M TpedyeMbIX KOHEUHBIX Pa3MEpOB
OCTPOBKOBOM CTPYKTYpbl KOMIIEHCATOPHI UISI LIEH-
TpaJIbHOU V-KaHaBKM OIpenesIeHbl TIPSIMOYTOJIbHBIMU
mo ¢opme ¢ pasmepamu 243 X 324 MKM; IJI OCTaJlb-
HbIX BHEILIHUX YIJIOB OCTPOBKOBOI CTPYKTYpbI pa3mep
KOMIIEHCATOpPOB ompeaeieH Kak 374 X 374 mxm. Kom-
neHcaropbl U- n V-KaHaBKH, pacrojioKeHHbIE Ha paM-
K€, UMEJIA TAKUE XKE pa3Mephl.

PesyabTaThl M3MepeHMid

M3mMepeHue NJIMHBI TpaHell MepeceyeHusl IIoC-
KOCTel TPOBOAWIIM MOCJE IOLIArOBOTO TPABJICHMUS.
JImmHEBI rpaHeil GUKCUPOBAIM C TIOMOIILIO TM(GPOBOIA
Kamepsbl 11 Mmukpockorna DCMS510. TouHocTh u3me-
peHust coctaBuia =2 mkMm. Ha puc. 2, a (cM. TpeTbio
CTOPOHY OOJIOKKM) MPUBENEHbI 3aBUCUMOCTU JUTMHBI
rpaHeit Tuna <110> a, b, ¢ u d, AT OCTPOBKOBOM
CTPYKTYPbl C HaYaJbHBIMU TOMOJOTMYECKUMU pa3me-
pamu 374, 187, 243 u 324 MKM, COOTBETCTBEHHO, OT
BpemeHu TpasieHus f. Kommnencaropsl U- u V-kaHa-
BOK, PacCITOJIOXKEHHBIE HA paMKe, UMEIOT aHAJIOTUYHbIE
pa3mepsl, 1 obo3HaueHH! Kak aU, bU, ¢V, u dV, coot-
BETCTBEHHO, KaK MOKa3aHo Ha puc. 2, b. [Tepeceuenue
miockocreit (100) u (111) cozmaer rpanu Tuma <110>,
anepeceueHue (100) u (411) — rpanu Tuna <410>. Ha
HavyaJbHOM 3Tale TpaBJIeHUs MPOSBISINCh TpaHU
<110> m <410>, a xomIteHcaTOphl UMeau GopMmy,
O0JIM3KYI0 K TOIOJOIMYECKOMY PUCYHKY MAacKu. YBe-
JIMYEHUE BPEMEHU TPaBJICHUS TTO-Pa3HOMY BJIMSIIO Ha
JIJIMHBI TpaHeil 1 KOMIICHCATOPOB.

Jnunbl rpaHei Tuma <110> yMmMeHbIIaIUCh OT Ha-
YaJIbHOTO TOMOJOTMYEeCKOro padMepa A0 Hyjs. TaH-
TFeHC yIrja HaKJIOHa TPSIMBbIX, alllPOKCUMUPYIOIINX
9KCIIepUMEHTAJIbHbIe TOUKM, UMEET CMBICJ CKOPOCTU

WD1Bmm  S550 x110 100pm
0000 21 Oct 2014 gmpls

SEI 206V WD13mm 5550

Puc. 4. Oco0eHHOCTH TPaBJIeHNS JKHAKOCTHOTO TPaBJIEHHs CTPYKTYP: A — OCTaTOYHBIE 3y0-
yaTble CTPYKTYPbI Ha KOHLIAX V-KaHABOK: @ — Ha XXECTKOM LICHTPEe; b — Ha XeCTKOM pamKe
MeMOpaHbl; B — 11epoXoBaTOCTH, HEe MMEIOIINE YeTKOW KpucTayuiorpapuueckoil opueH-

Talun

Fig. 4. Features of the etching liquid of structures: A — Residual pinnacle structures at the ends
of V-grooves: a — on the hard center; b — on tne hard frame of membrane: a — hard centre;
b — on a rigid frame of the membrane; B — the roughness, with no clear crystallographic

orientation
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U3MEHEHMSs JUIMHBL TpaHu. VI3 puc. 2 o4eBUIHO, YTO
CKOPOCTU U3MEHEHUSI I'paHelt ¢ NIByMsI BHEIIIHUMU yT-
JnamMu Ha Kpasx (a, d, aU, dV) oka3bIBalOTCs BBIIIIE,
yeM TakKoBbIe 1J1s rpaHeit (b, ¢, dU, cV), uMerolux c
OJIHOU CTOPOHBI BHYTPEHHUU yrojl. DTO MOXHO CBSI-
3aThb C T€M, YTO BHYTPEHHUI yroj, oOpa3oBaHHBII
iockocTsiMu (111) ¢ Mayioif CKOPOCTbIO TpaBJIeHMUS,
JaeT BO3MOXHOCTb YMEHBILECHUs IJIMHBI MpUIIeraio-
el rpaHu TOJbKO C OMHOI CTOpoHbl. M3 pesynbTa-
TOB U3MepeHuil (puc. 2, a) cleayeT, YTO CKOPOCTU U3-
MEHEHMUSI JJIMH IpaHeil paBHbl Va = —5,51 MKM/MUH,
Vb = —2,53 mxm/mMuH, Ve = —2,73 mxm/MuH n Vd =
= —5,21 MKM/MUH. BUIHO, 4TO BHITTOJHSIIOTCS paBeH-
ctBa Va~ Vdwu Vb~ Ve ~ 1/2 Va. AHanornuHasi cu-
Tyalus HabmogaeTcs s komrieHcaTopoB U- u V-ka-
HaBOK Ha paMKe.

I'panu tuna <410> yBenuyuBaauCh OT HYJISI 10 MO-
MEHTa IMOJHOTO CTpaBiuBaHus rpaHeit <110>, u na-
Jiee HAYMHAIOT YMEHbIIIAThCS, KaK ITOKa3aHo Ha puc. 3
(cM. TpeTblo CTOPOHY 00J103KKM). Ha BcTaBKe K pUCYH-
Ky TIpMBeJeHbl 0003HaUeHus1 rpaHeit k, j, m OCTpPOB-
KOBOi1 CTPYKTYphl. 'paHU KOMIIEHCATOPOB Ha paMKe
obo3HaueHbl kU, jV, mV nna U- u V-kaHaBOK co-
OTBETCTBEHHO. MOMEHT MOOCTHXEHMS MaKCHUMallb-
HOW UTMHBI 3aBUCUT KaK OT UCXOIHOW IJIMHBI TpaHel
<110>, TaKk ¥ OT HAIMYUS WU OTCYTCTBUS BHEIIHUX
yrioB. KoMneHcarop V-KaHaBKM UMEET MPSIMOYTOJIb-
Hy10 (opMy U I'paHU TUNA m U mV AOCTUTAIOT Hau-
OOJbLLEN UTUHBI.

Ha Bocxopsiiiem yyacTtke 3aBUcUMOCTel (puc. 3)
CKOPOCTb U3MEHEHMSI JUIMH BCeX IpaHel cocTaBWJIa B
cpenHeM V'~ 1,9 MKM/MWH, Ha HUCXOMASIIEM YYacTKe —
V=~ 1,2 mxm/MuH. OgHaKo I rpaHeit Tuna m u mV
NpU BpeMEHU TpaBieHUs ¢ > 150 MUH CKOpOCTh U3-
MEHEHHUS IUIMHEL TpaHeit <410> yBenmnmuuBaeTcsi. DTO
CBSI3aHO ¢ MOMEHTOM "BCKpBITUSI" V-KaHaBKU, KOTaa
KOMIIEHCAaTOp MPUHUMAET TPEYrojbHYyl0 (Gopmy, Kak
MOKa3aHo Ha BCTaBKe cIIpaBa Ha puc. 3. Ha kpasx rpa-
Hu <110>, oOpa3symlleil Tpeyrojb-
HYIO CTPYKTYpy, B MecTe, 00O3Ha-
YeHHOM Kak F, (hopMupyrOTCs TI10C-
koctu (411), 4TO IPUBOAUT K AOIIOJ-
HUTEJIbHOMY YBEJIMYEHUIO CKOPOCTHU
U3MEHEHMs rpaHeit m u mV.

Ilpu r1yOuHe TpaBiaeHMs], OJIM3-
KO K TIyOMHE CMbIKaHUSI TJIOCKO-
creit (111) V-kaHaBOK, Ha BBIXOJIAX
nocaeTHIX (POPMUPYIOTCS 3y0UaThie
CTPYKTYpPBI, B COCTaB TpaHeil KOTO-
PBIX BXOJST OCTaTOUYHBIE TJIOCKOCTU
411) u (771), popmMupoBaHue KOTO-
pBIX obcyxpaiock B pabote [6].
M300paxeHus1 BHEILIHETO Buaa 3y0-
YyaThIX CTPYKTYp, MOJydeHHBbIE Ha
CKaHUPYIOLLIEM 3JIEKTPOHHOM MMUK-
pockomne (COM) JEOL JSM 6510A,
npejacTtaBieHbl Ha puc. 4. Ha sTtom
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Puc. 5. i3MeHeHue BLICOTBI 3y04aTOli CTPYKTYPBI OT IJTyOWHBI TPaBeHHus: /, 2 — MOIIIAroBoe
TpaBieHue; 3, 4, 5 — HemnpepbiBHOe TpaBieHue. Pexumsbl: 1 — t = 150 mun, 7= 80 °C;
2—t=175mvun, T=280°C; 3— =180 mun, T= 80 °C; 4 — t = 871 muH, T =52 °C;
5 — t =957 mun, T =52 °C. Ha BcTaBKe 1MOKa3aH CKOJ KpHUCTaJlIa Yepe3 LIEHTPAIbHYIO
V-kaHaBKy: A — 3y04aTbie CTPYKTYphI; B — cMbIKaHUe V-KaHaBKU

Fig. 5. Change of the height of the pinnacle structure depending on the depth of etching 1, 2 — step
etching; 3, 4, 5 — continuous etching. Modes: 1 — t = 150 min, T =80 °C; 2 — t = 175 min,
T=80°C; 3—t=180 min, T=80 °C; 4 — t =871 min, T =52 °C; 5 — t = 957 min,
T = 52 °C. Inset shows the cleavage of the crystal through the central V-groove: A — gear

BYIOLLIE JaHHOW IJIyOMHE TpaBlie-
HUSI, TIpeAcTaBiieH Ha puc. 6. [pu
pellleHn BOMpOca O CTEIEeHU yha-
JIeHUs 3y0UaToil CTPYKTYphl HEO0XO-
JUMO YYUTBIBATh CJEIYIOLINE MO-
MEHTBI.

1. TnyOuHy TpaBieHUSI OCTPOB-
KOBOI CTPYKTYpBI XeJIaTeJIbHO MHU-
HUMM3UPOBATh, a TOJIIUHY MEM-
OpaHBbI YIIPYTOro 3JeMeHTa 3a1aBaTh
U3MEHEHWEM [JIyOMHBI TpaBJIeHUS
MeMOpaHbl ¢ OOpaTHOW CTOPOHBI,
TaK KaK Ha Hei OTCYTCTBYIOT BHEIII-
HUe€ YIJIbI.

2. V-KaHaBKM Ha paMKe U OCT-
POBKOBOI CTPYKType IpeaHa3Haye-
HBl I (QUKcAalMM OITOBOJOKHA
nuametpoM d. Eciu MakcuMaibHbIA
TIOTIePEYHBIN pa3Mep V-KaHaBKM pa-
BeH L, TO MEXIy ee THOM U OMTOBO-
JIOKHOM BO3HUKAET 3a30p /, paBHbII

structure; B — closure V-groove

PHUCYHKE OTYETIIMBO BHUIHO Havyaao (hOPMUPOBAHMS
miockocrteit (771). BHellHsIs1 orpaHKa OCTPOBKOBOM
CTPYKTYpBbI onpeaensiercs ruockoctsamu (111) u (411).

Hnsa ucciaenoBaHus 3y0UaThiX CTPYKTYP Ha pa3HbIX
aTamax TpaBJIeHUs KPUCTALIBI ONTOMEXaHMYECKOTO
y3J1a ceHCopa pacKajbIBaJIMCh BAOJAb V-KaHaBKU. 3a-
TE€M BBICOTY 3yOUATHIX CTPYKTYp n3Mepsuin Ha COM,
npuueM 3a "0" OB TIPUHAT YPOBEHb CMBLIKAHUS
miockocrteit (111) V-kaHaBku. Pe3ynabTaThl u3dmMepe-
HUI nmokasaHbl Ha puc. 5. IIpu rnybuHe TpaBiaeHUs
202...207 MKkM BbIcOTa 3yOUaTOii CTPYKTYPHI COCTaB-
JsieT 5...9 MKM OTHOCHUTEJIbHO MpenebHOW TTyOUHbI
V-KaHaBKM B peXHME MOLIAroBoro tpasieHus. Ilpu
HEeTIPePBIBHOM PeXUMe TPaBICHUS Ha Ty XXe TIIyOuHy
BBICOTA 3y04aTON CTPYKTYPBI COCTAaBISIET 3...6 MKM.
Ha puc. 5 nmokazaHa 3aBUCMMOCTb BBICOTHI 3y04aToOi
CTPYKTYpPBI OT TJIYOMHBI TpaBJIICHUsI, KOTOpas HOCUT
JIMHEWHBIA XapakTep U MOXET ObITh CBeleHa K HYJIIO,
TOTIOTHATEILHO TIOKAa3aHBI Pe3yJbTaThl TpaBIICHUS,
MoJlydeHHbIe TIpu Temrieparype 52 = 0,5 °C. Kak Bua-
HO M3 PHC. 5, BBICOTA 3y0UaTON CTPYKTYPHI HE 3aBUCUT
OT BbIOOpa TeMIlepaTyphbl TPABJIEHUS U COTJIACyeTCs C
pesyabratamu, noaydeHHeiMu npu 80 °C.

B xome TpaBieHus, HampaBJICHHOTO Ha IIOJHOE
yoajeHue 3y0JaToil CTPYKTYPBI, B TOUKE CXOXKICHUS
riockocteit (411) HauMHaET BBISIBJISITHCS TUIOCKOCTh
(100). Jdannbiii mpouecc GopMUpPOBAHUS TIJIOCKOCTU
(100) paccMmoTpeH B pabore [6]. I1pu riayduHe TpaBie-
Hus 215...225 MKM TJI01aAKa TIJIOCKOCTA UMEeT pas-
Mepsl 60 X 52 MKM, 1 HaxoguTcst Ha ypoBHe 10...12 MM
HIKE YPOBHS CMbIKaHMsI V-KaHaBKU. Peiabed ocTpoB-
KOBOI CTPYKTYPHI C BEIXOIOM V-KaHAaBKH, COOTBETCT-

1= 40x =1+ 14,

roe x = L/d, npuuem L < d.

7151 BEIOpaHHBIX B 9KCIIEPUMEHTE pa3Mepax OITO-
BoJIokHAa d = 125 mxm u L = 118 MKM, 3a30p cocTaB-
nsieT ~40 MKM. DTO ompenesseT NpeaeabHYIO BEICOTY
3y04YaToil CTPYKTYphl I MUHMMAJIbHOE BpeMsI TpaBiie-
Hus. MakcuManbHOe BpeMsl TpaBJIeHMS U TIyOMHA oIl -
pEemeIIOTC MOMEHTOM IIOJTHOTO CTPaBJIMBaHMS 3y0-
4YaTOl CTPYKTYPHI.

3. BBuay HeOOJbILIMX MONEPEYHBIX PA3MEPOB 3y0-
yaToil CTPYKTYphl €€ BJIMSIHME Ha IPOTUd YIPYroro
BJIeMEHTa TI0f ACHCTBHEM IABJICHUS TIPEACTABIISICTCS
HEe3HAUYUTEJbHBIM.

SEl 20kV WD3%mm SS50 x120
Sample 0000

100pm  —

11 Dec 2014

Puc. 6. OcrpoBkoBasi CTpyKTypa ¢ oopa3zoBanueM miomaaku (100)
HAa MecTe 3y04aToii CTPYKTYpbI

Fig. 6. The island-type structure with formation of a platform (100) on
the place of the pinnacle structure
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Hcxons u3 3Tux coodpaxxeHui, MOXKHO ONTUMU3U--
poBaTh BpeMsl TpaBJEHUSI OCTPOBKOBOI CTPYKTYPHI C
V-KaHaBKaMu.

3akmouenne

B naHHoI1 paboTe ObUIM SKCIIEPUMEHTAIbHO UCCIe-
JIOBaHbl OCOOEHHOCTU (POPMUPOBAHUSI KPEeMHUEBOM
OCTPOBKOBOI CTPYKTYpPHI ¢ V-KaHAaBKOU 1JisI ONTOBO-
JnokHa B MODMC-ceHcope naBiaeHus. [1oayyeHsl 3a-
BHUCUMOCTH W3MEHEHUS IIMH rpaHeit tumna <110> u
<410>, 0Opa3yrolIUX KOMIIEHCATOPhI TPaBJICHUS BHEIII-
HUX YTJIOB U yYacCTBYIOILIMX B Tpolecce popMUpOBa-
HUs penbeda OCTPOBKOBOM CTPYKTYphl. OTipeneeHbl
YCJIOBUSI yaaJieHUs1 3y04aThIX CTPYKTYpP Ha BbIXOJE
V-KaHaBOK.

Aesmopbt evipadicarom baaeooaprocms ITpuduunoii E. 11,
u Camopodogy A. JI. 3a nomoup 6 nposedeHulu 3Kcnepu-
MeHmMOo8 No MpasieHur.

Paboma evinoanena npu purarcosoil noddepicke
Munucmepcmea obpaszoeanus u nayku P® ¢ pamkax
peanuzayuu HUP "Hccaedosarnue nepcnekmueubix KOH-
CMPYKUUU U MexXHOA02UHeCKUX NPUHYUNOE opmMuposa-
HUSL ONMOIAeKMPOHHBIX NPUOOPO8 HOB020 NOKOAEHUs.
(KpemHueesblll homosnekmpuueckuill damuux daeireHus)"”
(I'K Ne 14.430.12.0005).
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A Study of Regularities in Formation of the Island-Type 3D Structures
During Anisotropic Etching of Si (100) in Aqueous KOH

This paper presents a study of formation of the island-type 3D structures with a V-groove in the hard center of the shaped silicon
diaphragm. A structure layout was developed, which includes a compensation for the anisotropic etching of the convex corners of
an island-type structure, as well as U- and V-grooves. Certain basic regularities in formation of the island-type structure with a
V-groove during the anisotropic etching in aqueous KOH were discovered. Anisotropic etch rate dependences for the compensation
structures at the convex corners of the island-type structure and V-grooves were obtained. Dependency of the heights of the pinnacle
structures, formed on the edges of V-grooves during anisotropic etching, on the depth of etching were determined. A methodology
was proposed for evaluation of the optimal etching time.

Keywords: silicon photoelectrical pressure sensor, optical fiber, island-type structure, V-groove, compensation structures, ani-
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Introduction

Micro-opto-electro-mechanical sensors (MOEMS) have
the following advantages in comparison with the traditional
ones (tensoresistive, capacitor, piezoelectric and resonant
sensors): insensitivity to the electromagnetic interferences,
possible operation in the explosive- and fire-hazardous envi-
ronments, potentially high sensitivity.

There is information about development of the designs
and research of MOEMS characteristics of pressure, vibra-
tion, acceleration, and of the microfluid devices [1—4]. In the
process of development a problem appears of conjugation of
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the formation of the V-grooves in silicon for placement of an
optical fiber and 3D island-type structures of the optome-
chanical node.

Fig. 1 presents an ideal structure of an optomechanical
node of a pressure sensor [4] of an island-type structure in the
center of a square membrane. A V-groove passes through its
hard frame and center of the island-type structure. Under the
influence of pressure the silicon membrane bends and moves
the island-type structure and the optical fiber on it along the
vertical line. The light beam, leaving the loose end of the optical
fiber changes the area of the spotlight of the photo diodes,
situated opposite to the end face of the optical fiber, as in [3].




A mass way for formation of an optomechanical node is
anisotropic etching of a silicon substrate in an aqueous KOH.
Its specific feature is good reproduction of the internal corner
s during formation of deepenings and strong distortion of the
form of the convex corners ojwing to the lateral undercutting.
Types of compensators and methods for their calculation were
proposed for protection of the convex corners from etching
during formation of the structure elements [51—8].

Simultaneous formation of two types of the conjugated
structures, for example island-type structure and a V-groove on
it, or deepening and V-groove, demands a special consideration
in view of the complicated topology and strong influence of the
lateral undercutting. In [6] the authors analyzed theoretically
and studied experimentally the formation of a V-groove chan-
nel and square aperture for microfluidity in the aqueous KOH,
when there are two convex corners demanding a compensation.
Formation of the island-type structures and V-groove for an
optical fiber on it has not been experimentally investigated up
till now. The process has two prominent features:

1. The rectangular island-type structure with a V-groove
has eight convex corners, the lateral undercutting of which
hinders obtaining of an optomechanical node of the necessary
geometry and demands employment of compensators;

2. The relation of a side of the island-type structure to the
cross-section size of a V-groove can be considerably less, than
the relation of a side of a square deepening to the similar Size
of a V-groove [6], which results in a specific topology of the
compensators for the island-type structures.

The aim of the given work is an experimental research of
the formation of the silicon island-type structure with a
V-groove for an optical fiber, which is a part of the optome-
chanical node of the pressure sensor on the substrates of a sil-
icon orientation (100).

The initial structure and experiment conditions

The experimental research was done on a prototype of the
elastic element (EE) of the optomechanical node of a silicon
pressure sensor [4] (fig. 1, a). The elastic element consisted
from:

a) a square hard frame with thickness of 475 um, in which
a V-groove was formed for the rigidly fixed optical fiber and
an U-groove for the loose end face with the width of 500 um,;

b) a membrane with the size of 2 X2 mm and thickness of
70 pm;

¢) an island-type structure with the of size 750 X 1000 um
in its base with a V-groove in the centre with the width of
118 pm and depth of 84 um;

d) the sides oriented along the direction <110>, general
dimensions of 4 X4 mm.

For creation of EE the double-sided KEF4.5 polished
plates were used with diameter of 100 mm and thickness of
475 = 5 um. The applied mask was a combination of the lay-
ers of SiO, (0,4 um) and SizN, (0,18 pm). Etching was
done at the depth up to 225 um in 33 % aqueous KOH in
LOIP LT-124a thermostat at 80 £ 0,5 °C with a speed
Viooy = 1,1...1,25 pm/min, which ensured an acceptable du-
ration of the profiling process. In order to monitor the inter-
mediate processes of etching the video and photo fixation was
done as well as measurement of the lateral dimensions of the
structure elements and depth of etching with an interval of
15 min. The depth of a V-groove was determined by the con-
dition of convergence of the planes (111), while the depth of
U-groove corresponded to the general depth of etching.

Fig. 1, b presents the topology of a mask with compensa-
tors for etching of the convex corners. For determination of
their dimensions a calculation procedure [6] was used, ac-
cording to which the key role in etching of the convex corners
was played by the planes of family (411) and the relation of
the speeds of etching of planes V{41 1y/V{1¢0)- As [5] shows, this
relation is permanent within the range of the etching tem-
peratures of 60...100 °C and in the calculations it is accepted
as equal to Vi4y1y/V(100) = 1,319. Taking into account the
above stated and the demanded dimensions of the island-type
structure, the compensators for the central V-groove were de-
termined as rectangular in their form with dimensions of
243 % 324 um; for the other convex corners of the island-type
structure the dimensions of the compensators were defined as
374 %374 um. The compensators of U- and V-grooves on the
frame were of the same sizes.

Results of measurements

Measurement of the lengths of the sides of crossing of the
planes was done after a step-by-step etching. Their lengths
were recorded by a digital camera for DCM510 microscope.
The accuracy of measurement was 2 um. Fig. 2, a (look at
the figure on the 3-rd page of the cover) presents the depend-
encies of the lengths of facets <110> a, b, ¢ and d for the is-
land-type structure with the initial topological dimensions of
374, 187, 243 and 324 um, accordingly, on the time of etch-
ing . The compensators of U- and V-grooves located on the
frame, had similar dimensions, and were accordingly marked
asaU, bU, cV, and dV (fig. 2, b). Crossing of planes (100) and
(111) created facets <110>, while crossing (100) and (411) —
facets <410>. At the initial stage of etching facets <110> and
<410> appeared, and the compensators had a form close to
the topological drawing of the mask. An increase of the etch-
ing time influenced the lengths of the facets and compensators
in different ways.

The lengths of facets <110> decreased from the initial
size down to zero. The inclination tangent of the straight
lines approximating the experimental points had the sense of
the speed of changing of the facet’s length. From fig. 2 (look
at the figure on the 3-rd page of the cover) it is obvious, that
these speeds for facets with two convex corners at the edges
(a, d, aU, dV) are higher, than for facets (b, c, dU, cV),
which have a convex corner on one side. This can be ex-
plained by the fact that the internal corner formed by
planes (111) with a small speed of etching, gives a chance to
reduce the length of the adjoining facet only on one side.
From measurements (fig. 2, a) it follows, that the speeds
of change of the lengths of the facets were equal to Va =
= —5,51 um/min., Vb = —2,53 um/min., Ve = —2,73 um/min.
and Vd = —5,2 um/min. It is visible, that the equalities Va ~ Vd
and Vb~ Ve~ 1/2Va were carried out. A similar situation was
observed for the compensators of U- and V-grooves on the
frame.

Facets <410> increased from zero up to the moment of
complete etch removal of facets <110>, and then decreased
(fig. 3, look at the figure on the 3-rd page of the cover). The in-
set to fig. 3 presents keys of facets k, j, m of the island-typc
structure. The facets of the compensators in the frame were
marked as kU, jV, mV for U- and V-grooves, accordingly. The
moment of achievement of the maximal length depended on
the initial length of the facets <110> and availability or absence
of the convex corners. Compensator of V-groove had a rectan-
gular form and facets m and mV reached their greatest lengths.
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On the ascending site of the dependences (fig. 3, look at
the figure on the 3-rd page of the cover) the speed of change
of the lengths of all facets on average was V'~ 1,9 um/min.,
on the descending site — V'~ 1,2 um/min. However for facets
m and mV with the etching time of ¢ > 150 min. the speed of
change of the lengths of the facets <410> increased. This was
due to the moment of opening of V-groove, when the com-
pensator acquired a triangular form, as is shown in the insert,
right, fig. 3. On the edges of facet <110>, forming a triangular
structure, in the point designated as F the planes (411) were
formed, which led to an additional increase of the speed of the
change of the lengths of facets m and mV.

In case the depth of etching was close to the depth of con-
vergence of planes (111) of the V-grooves, at the outlet of the
latter pinnacle structures were formed, the facets of which in-
cluded residual planes (411) and (771), formation of which
was discussed in [6]. The view of the pinnacle structures was
obtained on JEOL JSM 6510A scanning electron microscope
(SEM) (fig. 4). The beginning of formation of planes (771) is
clearly visible. The external facet of the island-type structure
was determined by planes (111) and (411).

For research of the pinnacle structures at different stages
of etching the crystals of the optomechanical sensor node
were split along the V-groove. Then the height of the pinnacle
structures were measured on SEM, at that, the level of closing
of planes (111) of V-groove was accepted as "0". The results
of the measurements are presented in fig. 5. At the depth of
etching of 202...207 um the height of the pinnacle structure
was 5...9 um in relation to the limiting depth of the V-groove
in the mode of a step-by-step etching. In case of a continuous
etching on the same depth the height of the pinnacle structure
was 3...6 um. Fig. 5 presents the dependence of the height of
the pinnacle structure on the depth of etching, which has a
linear character and can be brought to zero. Additionally the
results of etching at 52 = 0,5 °C are shown. As one can see
from fig. 5, the height of the pinnacle structure does not de-
pend on choice of temperature of etching and well agrees with
the results at 80 °C.

During the etching aimed at complete removal of the pin-
nacle structure, in the point of convergence of the planes
(411) the plane (100) came to light. Formation of the plane
(100) was considered in [6]. At the depth of etching of
215...225 um the plane platform had the size of 60x52 pum,
and was situated at the level of 10...12 pm below the level of
convergence of the V-groove. The relief of the island-type
structure with the outlet of the V-groove, corresponding to the
given depth of etching, is presented in fig. 6. A decision on the
degree of removal of the pinnacle structure should take into
account the following:

1. The depth of etching of the island-type structure should
be minimized, and the thickness of a membrane of an elastic
element should be set by a change of depth of etching of a
membrane from the reverse side, because it has no convex
corners.

2. V-groove on the frame and the island-type structure
are intended for fixing of the optical fiber with diameter d.
If the maximal cross-section size of a V-groove is equal to
L, then gap / appears between its bottom and the optical fiber,

equal to
1=41ax—1+ 124,

where x = L/d, and L < d.
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For the dimensions of the optical fiber of d = 125 um and
L = 118 um selected for the experiment the gap was ~40 um.
This determined the limiting height of the pinnacle structure
and minimal time of etching. The maximal time of etching
and its depth were determined by the moment of a complete
etch removal of the pinnacle structure.

3. Due to the small cross-section size of the pinnacle
structure its influence on deflection of the elastic element un-
der pressure seems insignificant.

Proceeding from these considerations, it is possible to
optimize the etching time of the island-type structures with
V-grooves.

Conclusion

The given work presents experimental research of the for-
mation of a silicon island-type structure with a V-groove for
the optical fiber in MOEMS pressure. Dependences of the
change of the lengths of facets <110> and <410>, forming
compensators of etching of the convex corners and partici-
pating in the relief formation of the island-type structures
were obtained. Conditions for removal of the pinnacle struc-
tures on the outlet of V-groove were determined.
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orodov A. L. for their help provided in carrying out of the etching
experiments.
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PESUCTUBHDIE NMEPEKAIOYEHNA B MEMPUCTOPHDbBIX CTPYKTYPAX
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Jlan 0630p 0cHOBHBIX NOOX0008 K ONUCAHUIO I(h(heKmOo8 nepeKatoueHUs 8 3NeMeHmax pe3UCMUGHOU dHepeoHe3a8UCUMOL na-
mamu. [lodpobHoe usyueHue mMexanuzmos 048 pe3UCMUBHO20 NEPEKAIOUeHUs ABAAEMCA AKMYANbHOU U Heobx00umou 3adauetl 045
mMo20, Ymoodbl ONMUMUZUPOBAMb NPUOOPHBIE XAPAKMEPUCMUKU PE3UCIUBGHOU IHEP2OHEe3ABUCUMOU NAMAMU, 0becheyums pazgumue

OCHOBHbBIX NPUHUUNOB HadexcHocmu u 6ocnpou3806wvtocmu.

Karoueevie caosa: mempucmop, ReRAM, CeRAM, pezucmusHoe nepekaioueHue

BBenenue

15t 00BbSICHEHUSI IIPUYMH PE3UCTUBHOTO MEPEKII0-
YeHHUsI B TOHKOIUJIEHOUHBIX CTPYKTypax MCHOJIb3YIOT
pasnuuHble dusndeckue spiaeHus [1]. s kiaccu-
dukanuu 3¢pPeKToB MepeKIIOYeHUST MPUMEHSIIOT Clie-
JYIOLIKE MOJIOXKEHUS.

1. CyllecTBYIOT KaK OUIOJSIPHBIN, TaK U YHUIO-
JIIpHBIM MexaHM3Mbl TiepekitoueHust. [lepBblii xapak-
TEPU3YETCS TEM, YTO MOJISIPHOCTH HAMNPSDKEHUS Tepe-
KJIIOUEHUSI MEXIY HU3KWMM U BBICOKMM CONPOTUBJIE-
HUEM OOpaTHO MPOTUBOIOJOXHBI. Bo BTOpoM cityyae
00e orepaly ycTaHOBKa (sef) /cOpoc (resef) BBHITION-
HSIFOTCSI TIPU OJIMHAKOBOW IOJISIPHOCTU HAMPSLKEHUS,
HO TIpU pa3HOM ero 3HaueHuu. IIpeanoureHue orna-
€TCsI OUITOJIIPHOMY MEPEKITIOYEHUIO STYCHKM Oj1aroga-
psi OoJblIEe CTOMKOCTU K ITOMEXaM.

2. Hexotophble a3 deKThl Ipu MepekiIioueHUun ¢op-
MUPYIOT HECKOJIbKO TOHKMX HMTEH ITPOBOAMMOCTH,
MPUYEM TOJBKO HEKOTOPBIE U3 HUX HAXOAITCS B IPO-
BOJSILLIEM COCTOSIHUU, a Apyrue 3¢ dheKThl MepeKoye-
HUSI (POPMUPYIOT TOMOT€HHbBIE 30HbI BMECTO HUTEIA.

BrInosiHEHHBIE B HACTOSIIEE BPEMS MCCIIEIOBAHUS,
MOCBSIILIEHHbIE U3YUYEHUI0O MEXAaHU3MOB PE3UCTUBHO-
TO TIEPEKITIOYECHUS B TOHKOTUIEHOYHBIX CTPYKTYpax, He
JIal0T OJJHO3HAYHBIX OOBSICHEHUI MPUPOIbI STOTO SIB-
JieHusi. B Hacrosueir pabote MpearnpuHsITa MOIMbITKA

cUcTeMaTU3alMy MOJIeieil Pe3UCTUBHOIO MepPeKoYe-
HUS B MEMPUCTOPHBIX CTPYKTYpax.

OcHoBHbIE MOJEH IJIsi ONUCAHUS
3((eKTa pe3uCTUBHBIX NEePEKTI0YCHHIH
B MEMPHUCTOPHBIX CTPYKTypax

OnHa u3 Mmoaenei st onucaHus 3¢gdekra pe3u-
CTUBHBIX TIEpeKIIIOYEHUI NpuBeAcHa B padore [2], B
KOTOPOI TIpeAIoIaraeTcsi, YTo aKTUBHASI 30HA MEMPU-
cTopa pa3MepoM L, B KOTOPOIl IMPOUCXOAST JIEKTPO-
MUTPALIMOHHBIE TTPOLIECChI, COCTOUT U3 JABYX OJHOMEP-
HBIX YYaCTKOB, Pa3lejeHHBbIX MPOCTPAHCTBEHHO — C
HUBKUM p,,, U BBICOKHM p YACTBHBIMU COIPOTUBJIC-
HustMU. Torma ob1ee CONMPOTURICHNE aKTUBHOM 30-
HBI paBHO

rae w(f) — 3aBUCsIIAsl OT BpEMEHU ¢ LIMPUHA BTOPOIO
yuacTka. [Ipu npoxoxaeHuu yepe3 odpasel Toka I(7)
MMEET MEeCTO Apeid KUCIOpOAHBIX BAKAHCHUIA CO CKO-
poctbio dw(f)/dt, nponoplMOHATBLHON HaNpPSIKEHHO-
CTU JIEKTPUYECKOTO MOJISI HA BTOPOM yJacTKe ¢ 00Jb-
LM YMCJIOM KUCJIOPOIHBIX BaKaHCU

dw(n)/dt = w, [(Dp,, F(w(1)), )
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II€ |, — TIOABMXHOCTb KHUCJIOPOJHBIX BaKaHCHIA;
dynkuusa F(w(r)), BuI KoTopoii, BooOIe ToBOpsI, He-
HU3BECTEH, YUUTHIBAET TOT (paKT, YTO CKOPOCTH Aperida
BaKaHCU MaKCHUMaJbHa B cepeHe aKTUBHOM 30HbI U
oOpallaercs B HyJIb IO KpasiM.

[ caMoro mpocToro ciayyasi Imojydyaem:

i) =, "2 (o) 3)
W= 22 g0, @

e g(f) — 3apsa, NpouIeIIIni yepe3 MeMpucTop. Bel-
paxeHue JJIs1 moKasarels nepekimoueHust M ("mempu-
CTUBHOCTH") (C YUETOM p,,, K p,s) UMEET BUL

P 2"”q(f)} . (5)
L

M= pOff(1 —

M3 dopmynsl (5) cieayer, 4TO MEMPUCTUBHOCTh
3aBHUCUT OT MPOLIEAIIEro CyMMapHOro 3apsiaa, a Takxke
OT TIOABIKHOCTHA BaKaHCUI M pa3MepOB MEMPHUCTOPA.

Bonbr-amnepHas xapaktepuctuka (BAX) mempu-
cTopa TIpY TPUJIOKEHNN CUHYCOMTATBEHOTO HATIPSTKe -
HUS OTpeAeSICHHOI YacTOThI UMEeT BUI, HAlIOMUHAIO-
wuit ¢purypy Jlnuccaxy c LIeHTpOM B Hauajie KOOpAU-
Hat. C yBeJTMYeHUEM YaCTOThI 3Ta TUCTEPe3rCcHast Kpy-
Basl BHIPOKIAETCS B MPSIMYIO JTMHUIO.

JI1st 0OBbsSICHEHUST MEXaHM3Ma PEe3UCTUBHOIO I1epe-
KJTIOYEHUSI B CTPYKTYpax MCITOIb3yeTCs MOAeb (hop-
MMPOBAHUS U Pa3pyIICHUS IMPOBOISIILIETO METAIINYE -
CKOTO KaHajla B OKCUJIHOM CTpyKType [3].

M3HavyanmpHO CTPYKTYPBl HAXOOSTCS B HMCXOTHOM
BBICOKOOMHOM COCTOSIHUU U HE JTEMOHCTPUPYIOT 3(h-
(dekTa pe3CcTUBHOTO TepeKIIIoYeHMsI. B pesynbrarte
npoiecca GOPMOBKU CTPYKTypa MepPexXoauT B HU3KO-
OMHO€ COCTOSTHUE BCJIEACTBHE 00pa30BaHMS ITPOBOIS -
1IEro MeTaLIMYeCKOro KaHasa B MaTpulle okcuaa (st
KOHKPETU3AINY PAaCCMATPUBAIUCh OKCUABI HHOOMUS,
TaHTajla WK LMPKOHUS).

IMonaras, yTo 0O0pa30BaHHBINM ITPOBOASIINAI KaHAI
MpeACTaBISIET COO0N METALIMYECKUI IIHYp HUOOMUS,
TaHTaJla WM IIUPKOHMS, U3 U3MEPEHHBIX B XO/IE 3KC-
MepUMEHTa 3HAYEeHU I COMTPOTUBJICHUS CTPYKTYPHI T10-
ciie GOpMOBKH MOXKHO OIICHUTh pamnyc KaHaa:

= .&1
a= |22, (6)

rae R — compoTtuBjieHue; /| — UIMHA KaHaja;, p —
yIeJbHOE 3JIEKTpUUYECKOe comnpotusicHue. [Ipemmo-
JlaraeM, 4TO JJTMHA KaHaJla paBHA TOJIIWHE MOJTyYeH-
HBIX TUIEHOK, a KaHaJl COCTOUT M3 YMCTOIO MeTaJla,
pamuyc KaHaja HaxomutTcd B aumamnasoHe 10...20 HM.
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DTO HAXOAMTCS B XOPOILIEM COOTBETCTBUU C CYIIECT-
BYIOIIIMMU JIUTEPATYPHBIMU JaHHBIMU [4] TIO OLIeHKaM
CeYeHMS KaHaJa.

O6pa3oBaHHBIN KaHa IMPOBOIUMOCTH CTAHOBHUTCS
JOMWHAHTHBIM YYAaCTKOM IUISI MIPOTEKAaHMST TOKA U, B
pes3ysbTare, HarpeBaeTcs 3a cueT JIKOyaeBOi TEIUIOTHI.
[T10THOCTH MOLIHOCTH Pp - MPSIMOTO Harpesa MpoTe-
KaloIUM TOKOM OIIPENENSIETCH BHIPAKEHUEM

_IcVe
Ppc= —, (7
v

rme v — o0beM jJoMeHa (chopMUPOBAHHBINA KaHal
nposoaumoctn); I, Vo — TOK M HamnpsbkeHUe Ha
CTPYKTYpE.

st OIIeHKW TIPOCTPaHCTBEHHO-BPEMEHHOTO pac-
TIpefieJIeHUs] TeMITepaTyphl OyIeM CUYUTaTh, YTO TETUIO-
BBIICJICHE OTPAHWYCHO IIPOBOISIIUM ILIMIMHIPOM.
3HaueHUe TeMIepaTypbl MOXET ObITh OLIEHEHO C I10-
MOIIIBIO YPaBHEHUS TEIJIONMPOBOIHOCTH B LUJIUHIPU-
YeCKMX KOOpAMHATAX C JJMHEHHBIM UCTOUHUKOM TeTl-
notel Q¢ = E¢/v) B1oab ocu umnuHapa, ¢ 7= 0 npu
r=dwu dT/dr= 0 npu r= 0 [5]. 3necb E- — BblIe-
JIMBILUASCSA SHEPTUSl B KaHaje IMPOBOIUMOCTHU; Ty —
JUTMTEJILHOCTh MMITYJIbCa TOKa B KaHase. Torma

_ 2TCdKNb205A TC

Oc= In(d/r) ®)

3aech KszO5 [BT/cM *°] — mocTostHHas Teruio-

MPOBOJHOCTU MATOM OKMCU Huobus. Ilpu KNb205 =

= 0,04 Bt/cM - ° [6] moydInM yBeTMUEHIE TEMITepaTyphI
Ha rpanuue 1Hypa r AT =~ 7400 °C, yTO mpeBbIIaeT

TeMIlepaTypy IUiaBaeHust okcuna T mNb,O5 1490 °C.

TermnoBass TOCTOSHHAs BPEMEHH CHUCTEMBI CO-
CTaBJISIET Ty~ 8§ ° 10719 ¢. Takum o0pa3oM, 3a BpeMs
pa3psiia eMKOCTH IOCTMTAlOTCS CTallMOHAapHBIE YC-
JioBus. Bpems naBieHus okcuia HUOOUS COCTaBUIIO
Ly~ 10710 ¢. Takum obpasom, 3a Bpemst (GOPMOBKU Ka-
HaJI MPOBOJMMOCTU M HEKOTOpPas MpuJieraroias K He-
My 00JIaCTh YCIIEBAIOT MEPEUTU B pacijiaBIeHHOE CO-
crossHue. Takoe MoBbILIEHNEe TeMITepaTypbl CIIOCOOCT-
BYeT MPOTEKAHUIO peakivil B HampaBJIeHUU IUCCO-
Hualuu okcuaa. Jlajgee mpoucxoauT Murpauust doee
nerkoro sneMeHTa (O) K mepudepun, a 0ojee ToKe-
Joro (Nb) — K ueHTpy. IIpu yctaHOBJIEHMU paBHOBE-
cUsl M3-3a OOMEHa KMCJIOpOJOM C BHEIIHEH cpenou
obpasyeTcs Tak Ha3biBaemoe cocTosiHue Cope [7] ¢ 00-
JIaCThIO, 00OrallleHHOM HMOOMEM, B LIEHTPE pacIliaBa.
BosMmoxxHOCTh ycTaHOBIeHUsI cocTossHUs Cope Toa-
TBep>KIaeTcsl pe3yJbTaTaMU MCCIEI0BaHUSI CTPYKTYp
METOJIOM MacC-CIEeKTPOCKOIMUM BTOPUYHBIX MOHOB [8].




Ha nocnenneit craguu ¢opMOBKM, KOTIa 3aKaHYM -
BaeTCs pa3psid eMKOCTH, TeMIlepaTypa HarpeToil 4acTh
OKCHJIA JOJIKHA 33 BPEMS Ty ~ 10710 ¢ ckaukom uame-
HUTBCS IO 3HAYEHUS, OTPEIesIsIeMOro TeTIOBhIIENe-
HUEM 3a cYeT nporekaHus Toka /.. Temneparypa B
nmaHHoM cirydae He npeBwimaer 100 °C. PaccunranHoe
BpeMs 3aTBepleBaHUs pacijiaBa MpPU PelIeHUU COOT-
BeTcTBYyIOLIEH 3amaun CredaHa Ik JAHHON CUCTEMBI
tg~ 1071 e, 1. e MMPOUCXOAUT OBICTpast 3aKaiKa IIHY-
pa Nb B Marpuiie okcuaa. Takum obpa3om, obpasyer-
¢ CTabUJIbHOE MEeTa/UIMYeCKOe HU3KOOMHOE pe3u-
CTUBHOE COCTOSTHME OKCUIHOM CTPYKTYPHI TTOCTIE CHSI-
TUS HaTPsKeHUS.

ITpu nepexone uz HC (HU3KOOMHOIO COCTOSIHMS,
LRS) B BC (BoicokoomHoe coctossHue, HRS) npouc-
XOIUT JIOKAJIbHOE pa3pylleHre KaHajga W 00pa3yeTcs
HETPOBOJSIIMIA CJION M3 OKCHAA METala B MECTE ero
pa3peiBa. BeiemerBue mManoro pasmepa KaHaia IUIOT-
HOCTb TOKA, IPOTEKAIOIIETO Yepe3 CTPYKTYPhI MPHU Te-
PEKIIIOYEHNH, BeJIMKA U COCTABJISIET j = 2 10° A/CM2
(tok /=6 MA). Ilpn Takux 3HaYEHUSIX TIOTHOCTEI
TOKa 0COOYIO POJIb MPH MPOTEKAHUM TOKAa B MeTajUIe
urpaeT npouecc 3nekrpoaguddysum [9]. Berencreue
B3aMOJEHCTBUSI 3JICKTPOHOB, IBIDKYIIMXCS B IIPO-
BOAHUKE C MOHAMU MeTajia (Tlepeaada MMITYJIbca OT
MOTOKA B3JIEKTPOHOB MOHaM), BO3MOXHA MUTpaLMs
aTOMOB MeTajijla B CTOPOHY OIHOTO M3 3JIEKTPOIOB
(anoma). B MecTe oOpa3zoBaHuUSI pa3pbiBa BO3HUKAET
BJIEKTpUUECKOE T10Jie, KOTopoe objieryaeT nudysuto
HMOHOB KHUCJIopoaa U3 od0beMa OKcuaa B 00JacTh pas-
pBIBa KaHaJIa, TIPOVMCXOMUT PEaKIINs OKUCICHUS U 00-
pasoBaHMs cyosl okcuaa. TakuMm o6pa3oM, OCYIIECTB-
JISIeTCS TIEPEXOd CTPYKTYPHI B BEICOKOOMHOE COCTOSI-
Hue. [pyrue mpoiiecchl — BBICOKOTEMIIEpATYypHOE
OKHCIIeHHWE, KOHIIEHTpallMoHHas nuddy3usi, TepMu-
yecKasi MUTpalMsi — UTpaloT He3HAUYUTEIbHYIO POJib
BCJIEZICTBIE HU3KUX TEMIIepaTyp U MEUIEHHOM CKOpO-
CTU WX MPOTEKAHUS.

IMepexmouenne u3 HRS B LRS sBnsiercs moBTope-
HHUeM TIporecca GOpPMOBKH, HO TIPOXOANT B MEHBIIIEM
00beMe CTPYKTYpPhI, a UMEHHO B 00JIaCT OOphIBa Me-
Tayymmdyeckoro mHypa. LRS xapakrepusyercss yacToT-
HOHE3aBUCHUMBIM MOBEACHNEM UMIIeaHCca, B TO BpeMs
kak 3aBucuMoctu misi HRS (no u mocie hopmMoBKHM)
MPOSIBIISIIOT eMKOCTHOM XapakTep.

IpuBeneHHBIE MOIEIM ONMCHIBAIOT MEMPUCTOP-
HbI 3dEKT B CTPYKTYypax, comepxkaliux 00JacTu He-
CTEXHOMETPUUYECKOTO OKCHIIA TIEPEXOMIHOTO MeTajlia.

Mogeanb "necoyHbIx 4acos”

OO0BsICHEHNE TIpollecca TEPEKITIOYCHUS TIPOBOIS-
ILIEr0 COCTOSIHUSI HUTEBUAHOIO KaHaja B aMOpdHOM
cnoe HfO, npy HU3KKMX TOKAX MOXET OBbITh BBIIOJIHE-
HO ¢ TTOMOIIbIo Mozaeaun "mrecoyHbix yacos” [10]. ITpo-

HfOx HfOx
1 CrmmaembIn
Hf02 | HUTEBWAHLIA
KaHan
HfOZ [==5= ! ~ailmmm (Compressed
thradlike
channel)

TiN TiN

BepxHuin pesepeyap (TR)

lopnoeuHa C

(Mouth C)

HuwxHuit pesepeyap (BR)

Mopenb "necoyHbIX YacoB", MO3BOJISAIOMAS MOJEJMPOBATH NMPOLECC
nepPeKIIOYeHHsI CONPOTHBIIEHHS HUTEBUIHOTO KAHAJIA: ¢ — MHOTO-
CJIoliHasl CTPYKTypa siueiikum; b — (dopMUpOBaHME HUTEBUIHON
MPOBOJSILEN TOPOXKKHU U €€ CKaTHhe; ¢ — MOJIyYeHUe Y3KOi ropso-
BUHBI MEXIY ABYMsI pe3epByapaMu BaKaHCHIA

Hourglass model allowing to simulate the resistance switching of the
thread-like channel: a — multilayered cell structure; b — formation of
thread-like conductive path and its compression; ¢ — obtaining of a
narrow neck between the two reservoirs of vacancies

BOJSIIME HUTEBUIHbBIE JOPOXKKU (DOPMUPYIOTCS BAOJIb
nedeKToB OoKcuaa, HallpuMEp, BIOJb T'PaHULL 3epeH
nosukpucragnnyeckoro HfO,, muiotHocTs nedexToB
u KoapduuneHT Aud@Py3un Kuciaopoga KOTOPOro
OoJiblie, yeM y 06beMHOro Marepuana. J1opoxkku Mo-
TYT ObITh Pa3pyLIEHbI UJIM BOCCTAHOBJIEHBI 33 CYET MU-
rpauMy KHMCJIOpoJa M €ro BaKaHCUUl Toj AeiCTBUEM
BIIEKTPUUECKOTO TOJISI U/UAN JIOKaJbHOI nuddy3uu.
Mogenb onuchiBaeT MPOLECChl pa3pylleHUs U BOCCTa-
HOBJIEHUS B pe3yJibTaTe TMHAMWYECKOro Tepemelle-
HUS BaKaHCUI KUCJIOpoAa MEXIy ABYMS pe3epByapa-
MU BaKaHCUM, COEAMHEHHBIX Y3KOU TOPJIOBUHOM, Ha-
nonobue rmecka B IMECOYHBIX Yacax, OTKyJa U Ha3BaHUE
MoJieJIn (CM. PUCYHOK).

HuteBuaHblit IpoBOASIIUI KaHal paccMaTpuBa-
€Tcsl B MOJEM KaK 00JIacTh CyOCTEXHMOMETPUYECKOTO
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HfO,, pacnionoxeHHas Mexay ra@HMUEBBIM 3JEKTPO-
aoM u HfO, — nusnektpukom. BoccraHoBieHue uc-
XOIHOTO (HEeIIPOBOIILEIr0) KaHaua O0ObSICHSIETCS yCcTa-
HOBJIEHMEM OajlaHca MeXay TNepeMelleHUsIMU BaKaH-
CUIi B MPOTUBOIIOJOXHBIX HAMPABJIECHUSX, & MPOLECC
o0pa3zoBaHUsI TIPOBOJSIIETO KaHajla — KakK pe3yjabTaT
HecOaJTaHCMPOBAHHOTO TlepeMelleHs] BaKaHCUI, 3a-
BUCSILLIETO OT TJIOTHOCTU AeekToB. IlonydyeHHbIE C
MOMOLIbIO MOJIEJIU BPEMEHHbIE 3ABUCUMOCTHU, 3aBUCH -
MOCTU OT HaIpSIKEHUsI U YCI0BUI (popMUpOBaHUS TO-
koBeaylux gopoxek 1TIR ReRAM-aieMeHTOB co
crpykrypoii TiN/HfO,/Hf/TiN xopoiuo coriacoBbi-
BQJIUCh C DKCHEPUMEHTAIBHBIMU PE3YJIbTATAMMU.
MoaenupoBaHUe CXeMbl HA OCHOBE 3TOI aHAJIUTU-
YECKOM MOJEN MO3BOJIMIJIO TTOJIYYUTh CBEAEHUS O T0-
BeneHun ReRAM-cxeM B 00JbIIMX cUCTeMax, (pyHK-
LIMOHUPYIOLIMX B Pa3IMYHbIX YCIoBUsX. [IpennoxeH-
Has Mojejib MO3BOJIMJIAa OOBSICHUTH SIBJIEHUE Hapy-
LIEHUST pa0OThl MaMATU NPYU HU3KUX 3HAYEHUSX TOKa
3aMeJIJIEHHBIM POCTOM MpPOBOAsAIIMX Aopoxkek. [Toka-
3aHO, YTO YCTaJIOCTHBIN OTKa3 CXeMbl BbI3BaH JIOKAJIb-
HOI pejlakcalueil aToMoB npu (pOpMUPOBAHUU TOPO-
K€K BCJIEJICTBUE BBICOKOW TeMMepaTyphl, BbI3BAaHHOM
JIXXoyJieBOIi TEIUIOTOM, BBIAEISIEMON IIPU MEPEKIIO-
yeHUU. B Momenb MOTyT ObITh BKJIIOUEHBI JAHHBIE O
GIIOKTyaluMsIX MepeMelleHUA BaKaHCHU, YTO MO3BO-
JIUT TOYHO MOJIEJIMPOBATh U3MEHEHUE COMTPOTUBICHUS
SYEHKM B COCTOSIHUSIX "BKJIIOUEHO/BBIKITIOUEHO".

Mogaemm MOBEPXHOCTHOI0 THIA NMPOBOAUMOCTH

Paznuuue mexnmy KaHadbHBIM M TTOBEPXHOCTHBIM
TUIIAMU PE3UCTUBHOIO MEPEKIIOYEHUs] MOXHO ycTa-
HOBUTb MPU PACCMOTPEHUM 3aBUCUMOCTH COMPOTUB-
JIeHUsI OT Tiowanu siyeku. YToObl 0ObSICHUT Me-
XaHU3M i1 TTOBEPXHOCTHOI'O PE3WCTUBHOIO Mepe-
KJIIOYEHUSI, HEOOXOAUMO Pa3bsICHUTH TMPOUCXOXK]e-
HUE COIPOTUBIIEHUSI KOHTaKTa, KOTOPOEe MOXET OBbITh
U3MEHEHO MpU NMPUMEHEHUU 3JIEKTPUUYECKOTrO TOJs.
YyutbiBasg, UTO sg4Yeiika MamsITA MpeacTaBiseTr coboi
KOHIEHCATOPHYIO CTPYKTYPY, COCTOSIIYIO M3 TUBJIEK-
TPUUYECKOTO WJIM MOJYIPOBOAHUKOBOIO OKCUAA MEXIY
MeTaNIMYECKUMU 3JieKTpoaaMu, 6apbep IIoTTKM B-
JisieTcsl Haubosiee BEpOSTHON MPUYMHONW HaTUUUS CO-
MIPOTUBJIEHUST KOHTaKTa.

[MpenyioxkeHO HECKOJBKO MOIEeel IJis OMUCaHUs
MeXaHHU3Ma Pe3UCTUBHOIO MEPEeKIIOYEHUSI HA OCHOBE
MOBEPXHOCTHON TPOBOAMMOCTU, TaKMe Kak: 3JIeK-
TpoxuMmuueckass Iud@y3uss KUCIOPOIHBIX BaKaHCUI
[11—14], ocaxkaeHue HocUTeNel Ha JOBYLIKU (ABIPKU
WJIN 971eKTpOoHBI) [15—17] 1 mepexon Mota, BbI3BaHHbII
JIETUPYEMOI MPUMECHIO Ha ToBepXHOCTH [18—20].

B cnyyae MmoBepXHOCTHOIrO pPE3UCTUBHOIO Iiepe-
KJTIOYeHUS OOJTBIIOE BIMSHUE Ha XapaKTePUCTUKM Tie-
PEKJIIOYEHUST OKA3bIBAIOT 2JIEKTPOHHBIE CBOMCTBA OK-
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cuaa BOau3u nosepxHocTu [21]. MccnenoBanus moka-
3aJIM, 4TO TOJIEBOI npelich MOHOB KUCIOPOMHBIX Ba-
KaHCUIA OKOJIO MOBEPXHOCTU BEAECT K PE3UCTUBHOMY
nepekytoyeHuto. Hamnpumep, TepMUUECKOE OKUCIIEHUE
slYeeK ImaMsITy, KaK IMoKa3aHo B pabdore [22], uaMeHsieT
XapaKTEePUCTUKN PE3UCTUBHOTO MEePEKITIOYCHUS.

Pe3uctuBHas namats Tuma CeRAM

Komnanuu ARM Holdings v Symetrix, yHuBepcute-
Tl Konopano u Texaca B HacTosiiee BpeMs IIPOBOISIT
uccienoBaHusl sHeproHezaBucumoit mamsatu CeRAM
(correlated electron random access memory). B otnuuue
oT ReRAM, CeRAM sBisieTcs pe3MCTUBHON MaMSIThIO,
B KOTOPOI MCITOJIB3YIOTCS T€ K€ OKCHUIBI TIEPEXOTHBIX
metauioB (TMO), takue kak NiO, HO TIpyA 3TOM TIO-
naratoT, yto B CeRAM-namsatu Ha0i10Aa0TCsl KBaH-
TOBBIE 9(P(HEKTH KOPPESIINN TTO3ULNIN 3JIeKTPOHOB,
OTKyJa OHa W MOJIyunyia CBOe Ha3BaHue. B cTpykType
CeRAM Brigengercsa aktuBHas obimacte TMO, KoTO-
pas pazaensieT asa nmpoBoasux ciaoss TMO, Torna kak
B ReRAM okcua nepexoqHoro Metauiia 3aHUMaeT MoJI-
HOCTBIO BCIO 00J1acTh MeXny ciiosiMu Metauia. TMO
MMEIOT HEeMOJIHbIE aTOMHBIE 00010uku 3d unu 4d, Ko-
TOpPHIE TIPOXOMASAT Yepe3 Mepexo "MeTalI—U30IsATop .
B cnygae ¢ NiO moctatouHo HampsokeHus 0,6 B mis
3alMCU U30JIMPOBAHHOrO cocTossHUS U 1,2 B mist 3a-
TIMCH TIPOBOASIIETO cocTosTHUA. [Ipr aTOM He Tpeby-
IOTCS HUKaKWe TepMoIMHamMudeckue (a3oBble Iepe-
XOIbl, KaK B TpaguuoHHoii ReRAM. CkopocTh me-
pexntoueHust styeek CeRAM-naMsTu MOXET IOCTH-
raTh IeCSITKU (PEeMTOCEKYHA, a HAMpPsDKEHUE MUATAHUS
MPpU YTEHUM cocTasisgeT Bcero okoso 0,1...0,2 B. Co-
CTOSTHUE TTaMSITH OCTaeTCs CTAOMJIBHBIM Iaxke TPy Ha-
rpese BI1oTh 10 400 °C [10, 23]. B cTpykTypax tuma
TiN/NiO/Pt Hutpua tutaHa TiN crnocob6eH obpaTu-
MBIM 00pa30M TIOTJIONIATh M BEICBOOOXIATH MOHBI K-
clopoga (OeicTByeT KakK KUCIOPOMHBIM pe3epByap),
noatomy MeMpuctopsl ¢ TiN-ajnekTpogoMm o0JagaioT
XOPOILIO BOCHPOU3BOAMMBIM 3(PDEKTOM PE3UCTUBHOTO
MepeKIIIoYeHns. DJieKTpo 13 Pt B maHHOM cirydae obec-
MeYrBaeT UHEPTHYIO IPAHUILy C AUDJEKTPUKOM [24].

Tun pe3uctuHo mamsatu CeRAM orianuaercst ot
TPaIMUMOHHON OMHOKPUCTAIBbHOM 2JIEKTPOHUKHU, KO-
TOpasli onMpaeTcsl Ha MOCTOSTHCTBO TJIOTHOCTU COCTOSI -
HUI1; 3TO 0003HAYAET, UTO AEUCTBUE MPUCATOK HE 13-
MEHSIET TTOTHOCTU COCTOSTHHIA pacTBopa (T. €. KpeM-
HUS B ceromHsiuHeir snektpoHuke). Jdngs CeRAM
TUIOTHOCTb COCTOSIHMI HE TMOCTOSIHHA, U €€ U3MeHe-
HUS SIBJISTIOTCST KITIOYOM K OOBSICHEHUIO IBYX COCTOSI-
HUU COTPOTUBJICHMS TP HOBOM TTOIXOIIE.

OpHa M3 YHUKaJIbHBIX OCOOEHHOCTEd pabOThI
CeRAM — 5T0 BO3MOXHOCTb MIPOTEKAHMS Oarogaps
TYHHEJIbHOMY 3(deKTy peakiuit OKWMCIEHUST U BOC-




CTaHOBJICHUS (MOTEPU U IIPUOOPETEHUST DJIEKTPOHA)
Ha OIHOM Y3Ji¢ pEIIeTKH.

B pabote [25] Obl1 mpemyiokeH (HE HUTEBUIHBIN)
¢duznyecKrii MexaHu3M oOpa30BaHUS IIPOBOMASIIETO 1
HerpoBojsiiero cocrosinuii B CeRAM. BripaxeHust
nnst BAX Obuiv moy4YeHbl TTOACTaHOBKOM IPUOIN3U-
TeJIbHBIX PEellICHNI MoIean Xab0apaa B TpaHCIIOPTHOE
ypaBHEHME TlepeHoca 3apsKeHHBIX yacTull Meiipa—
Bunrpena. Mopens Xa66apaa [26], 1oCTOMHCTBAMU
KOTOPOH SIBISIIOTCSA MPOCTOTA U (pU3NIeCcKast coaepKa-
TEJIbHOCTD, SIBJISIETCSI OCHOBHOM MOJIENBIO JUIST OIMCa-
HUs (a30BOT0 nepexoda "memani—oudsekmpux”. Dta
MOZENIb pacCMaTPUBAaeT ABAa MeXaHW3Ma, OIPEIeIsio-
IIMX MOBeJeHUE 3JeKTPOHOB. [lepBblii — 3TO TyH-
HEJBHBIN TIEpeXo 3JIEKTPOHA C OPOUTAIIA OMHOTO aTo-
Ma Ha opOUTaIb IPYTOTO, TaK Ha3bIBAEMBIil MIEPECKOK.
DJIEeKTPONIPOBOIHOCTh B KpHCTallIe 00sI3aHa WMEHHO
5TOMY MeXaHU3My. BTOpoil, KOTOpBI MPernsiTCTBYEeT
SJIEKTPUUECKOMY TOKY, — 3TO KYJIOHOBCKOE OTTAJIKM-
BaHME 2JIEKTPOHOB, KOTOPOE HA3bIBA€TCSI BHYTPUY3JIO-
BbIM OTTaJIKUBAaHMEM. B 3aBUCHMMOCTH OT BHEIITHUX YC-
JIOBUII mpeBajaupyeT JUOO TOT, MO0 IPYyroil mexa-
HU3M, YTO U OOECIeUYnBaeT IIepexXoabl U3 OJHOTO CO-
CTOSTHUS B ApPYTOE.

3akmoyeHue

ITogpobHOe n3yyeHre MEXaHM3MOB ST PE3UCTUB-
HOTO TePeKIIIOUEHMUS SIBJISIETCS] aKTyaJbHOI U HE00XO-
IUMOI 3amayel i1 TOro, 4YToObl ONTUMU3UPOBATH
MPUOOPHBIE XapaKTEPUCTUKU PE3VCTUBHOI 3HEPTOHE-
3aBUCUMOI TTaMsITH, 00eCTIeUNTh Pa3BUTHUE OCHOBHBIX
MPUHIATIOB HAIEXXHOCTHU U BOCITPOM3BOJUMOCTH.

DTO 00eCHeYnT IOSIBICHNE HOBBIX (QPYHKIIMOHAIb-
HBIX BJIEMEHTOB U TIPUBEAECT K MEPEeCMOTPY TeXHUYE-
CKOI1 0a3bl BO MHOTHUX O0JIACTSIX DJIEKTPOHUKH.
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Resistive Switchings in the Memristor Structures

The article contains a review of the basic approaches to description of the effects of switching in the elements of the resistive non-
volatile memory. Detailed studying of the mechanisms for resistive switching is an important task, necessary for optimization of the
instrument characteristics of the resistive non-volatile memory and for development of the main principles of reliability and repro-

ducibility.
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Introduction

A variety of physical phenomena is used for an explana-
tion of the resistive switching in the thin-film structures [1].
The following provisions are used to classify the effects of
switching:

1. There are unipolar and bipolar mechanisms. The first is
characterized by the reason, that the voltage polarities of
switching between the low and high resistance are back-op-
posite. In the second case two the operation set/reset proce-
dures are performed at the same polarity, but with its different
value. The preference is given to the bipolar switching of a cell
due to the greater resistance to interferences.

2. Some of the effects form several thin conductivity
threads, and only some of them are in a conducting state and
the other are forming the homogenous areas instead the
threads.

The completed studies devoted to the resistive switching in
thin-film structures do not give unambiguous explanations of
the nature of this phenomenon. An attempt to systematize the
models of resistive switching in the memristor structures is
given in this paper.

Basic models for description of the resistive switching
in the memristor structures

One of the models of the resistive switching is given in [2],
in which it is assumed that the active area of the memristor
with the size L, where the electromigration processes occur,
consists of two one-dimensional sections, space-separated —
with low p,, and high p,, specific electrical resistance.
Then, the total resistance of the core is equal to

R = poplL = w(D)] + pogw(?), o))

where w(7) — the width of the second area depending on the
time ¢. The drift of the oxygen vacancies with the velocity of
dw(?)/dt, which is proportional to the electric-field intensity
in the second area with a large number of oxygen vacancies,
occurs during passage of the current /() through the sample

dw(t)/dt = p, I(Dp ,, FOW(1), )

where p, — the mobility of oxygen vacancies, a function
F(w(?)), which form is unknown and it takes into account the
fact that the drift velocity of vacancies is maximal in the mid-
dle of the core and vanishes at the edges.

For a simple case we obtain:

dw(t) = 1,2 1(0); 3)
w = 1,22 (0, 4)
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where ¢(#) — a charge that has passed through the memristor.
The expression for the switching indicator ("memristivity")
(takin into account p,, < p,s) has the form

M= poff[l - “VL;"qm] . 5)

From the formula (5) it follows, that the memristivity de-
pends on the passed total charge, as well as on the mobility
of vacancies and the size of the memristor.

The current-voltage characteristic (CVC) of a memristor
at applying of a sinusoidal voltage of a certain frequency has
a type, similar to a Lissajous pattern with a center at the origin
of coordinates. With increasing frequency, this curve degen-
erates into a straight line.

A model of formation and destruction of the conductive
metal channel in the oxide structure [3] is used to explain the
mechanism of resistive switching model in the structures. In-
itially, the structures are in high-resistance state and do not
show the resistive switching. As a result of forming, the struc-
ture goes into a low-impedance state due to formation of the
conductive metal channel in the oxide matrix (the oxides of
niobium, tantalum or zirconium were considered).

We assume that the formed channel conductive represents
a metallic cord of niobium, tantalum or zirconium. The chan-
nel radius can be estimated on the measured values of the
structure resistance after forming:

_ /
a= B, (6)
where R — a resistance, / — a channel length, p — specific elec-
trical resistance. We assume, that the channel length is equal
to the thickness of the obtained films, and the channel con-
sists of pure metal and its radius is in the range of 10...20 nm.
It closely corresponds to the existing data [4] on the estima-
tions of the channel cross section.
The conductance channel becomes the dominant site for
a current and becomes heated by Joule heat. The power den-
sity Ppc of the direct heating by the flowing current is

_IcVe
V b

Ppc (7)

where v — a volume of the domain (formed conductance
channel); /-, V- — a current and a voltage on the structure.

To estimate the spatial-temporal distribution of tempera-
ture, we assume that the heat conductivity is limited by a con-
ductive cylinder. The temperature can be estimated using the
heat-transfer equation in cylindrical coordinates with a line
source of heat Q- = E /7y — along the axis of the cylinder,




with T= 0, r = dand dT/dr = 0 at r = 0 [5]. E-— a released
energy in the conductivity channel, and 1y — the duration of
the current pulse in it. Then

. 2ndKNb205A TC
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where Kyp,, o, [W/em -] — the thermal conductivity con-

stant of niobium oxide. At Ky, o, = 0,04 W/cm-* [6], we

obtain the temperature increase on the cable border r
AT = 7400 °C, which is higher than the melting point of the

oxide T),np,0, = 1490 °C.

The thermal time constant of the system is t~ 8 - 107105,
The steady conditions becomes reached during the discharge
of a capacity. Melting time of niobium oxide is #,, 10710,
Thus, the conductance channel and some of the adjacent area
during the molding have time to go into a molten state. This
temperature increase promotes the reaction of the oxide dis-
sociation. Further there is a migration of the light element (O)
to a periphery, while the heavier (Nb) — to the center. At the
equilibrium, the Cope [7] state [7] with the niobium-rich area
in the center of the melt becomes formed due to the oxygen
exchange with the environment. The possibility of establish-
ing of the state Cope is confirmed by studies of the structures
by mass spectroscopy of secondary ions [§].

At the last stage of molding, when the capacitive discharge
occurs, the temperature of the heated part of the oxide should
to change abruptly for time t,~ 107195 to a value determined
by the heat emission due to flow of the current /. The tem-
perature does not exceed 100 °C. The calculated time of so-
lidification of the melt in the solution of the Stefan problem
for the system is zg ~ 10_“, i.e. there is a rapid hardening of
the Nb cord in the oxide matrix. Thus, a stable low-resistance
metal resistive state of the oxide structure occurs after stress
removal of a voltage.

A local destruction of the channel occurs in the transition
from the low-resistance state (LRS) into the high-resistance
state (HRS), and the non-conductive layer of a metal oxide
at the break site becomes formed. Due to the small size of the
channel, the current density through the structures at switch-
ing is large and amounts j =2 - 10° A/cm2 (current /=6 mA).
Under these current densities, the electrodiffusion process
plays a special role in a current flow in the metal [9]. Due to
the interaction of electrons in a conductor with metal ions
(the flow of electrons transfer impulse to the ions), the metal
atoms may migrate towards the anode. An electric field occurs
in the rupture site, which facilitates the diffusion of oxygen
ions from the oxide capacity into the channel rupture site. An
oxide layer becomes formed and oxidized. Thus, a structure
transition into the high resistance state becomes performed.
Other processes play a minor role (high-temperature oxida-
tion, concentration diffusion, thermal migration), due to the
low temperatures and the slow speed of their behavior.

Switching from the HRS into the LRS is a repetition of
molding, but extends in a lesser volume of the structure,
namely in the metal cord breakage area. The LRS is charac-
terized by allpass impedance behavior, but the HRS behavior
(before and after molding) display capacitive character.

The given models describe the memristor effect in the
structures, containing the regions of a nonstoichiometric ox-
ide of a transition metal.

Hourglass model

The explanation of switching of the conducting state of the
thread-like channel in the amorphous layer of HfO, at low
currents can be performed using the hourglass model [10].
The conductive thread-like paths becomes formed along the
oxide defects, for example, along the grain boundaries of
polycrystalline HfO,, the defects density and the coefficient
of oxygen diffusion are greater than that of the bulk material.
The paths may be recovered or destroyed due to the migration
of oxygen and its vacancies under the influence of an electric
field and/or the local diffusion. The model describes the de-
struction and recovery as a result of the dynamic movement
of oxygen vacancies between the two tanks, connected by a
narrow neck, like the sand in the hourglass, where the name
of the model (see fig.).

The thread-like conducting channel is regarded as a region
of substoichiometric HfO,, located between the hafnium
electrode and the HfO,-dielectric. Restoring of the original
(non-conductive) channel is caused by the balance between
the vacancies displacement in opposite directions, and for-
mation of the conductive channel — as a result of the unbal-
anced vacancies displacement, depending on the density of de-
fects. The resulting time dependences, dependences on a volt-
age and conditions of formation of conducting paths of ITIR
ReRAM-elements with the structure TiN/HfO,/Hf/TiN are
in good agreement with the experiment.

The simulation of a circuit based on this analytical model
allowed to obtain information about the behavior of ReRAM-
circuits in large-scale systems that operate in different envi-
ronments. The proposed model explains the phenomenon of
violations of the memory at low currents by slow growth of the
conductive paths. It is shown that the circuit fatigue failure is
caused by local relaxation of the atoms in formation of the
paths under the influence of high temperature caused by Joule
heat, released at the switching. The model can include the da-
ta on fluctuations of movements of the vacancies that will al-
low to accurately simulate the change in the resistance of the
cell in the "on/off states.

Models of surface conductivity type

The difference between the channel and the surface types
of the resistive switching can be found when considering the
dependence of the resistance to the cell’s area. To explain the
mechanism for a surface resistive switching, it is necessary to
clarify the origin of the contact resistance, which can be
changed, while applying an electric field. Taking into account
that the memory cell represents a capacitor structure, which
comprises a dielectric or semiconductor oxide between the
metal electrodes, a Schottky barrier is the most likely reason
of presence of the contact resistance.

Several models for description of the resistive switching
mechanism based on surface conductivity are offered, such as
electro-chemical diffusion of oxygen vacancies [11—14], the
carriers’ deposition on the traps (holes or electrons) [15—17]
and Mott transition, caused by alloyed impurity on the sur-
face [18—20].
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The electronic properties of the oxide near the surface im-
pacts great influence on the switching characteristics in the
case of the surface of resistive switching [21]. The studies have
shown that the field drift of ions of the oxygen vacancies near
the surface leads to the resistive switching. For example, the
thermal oxidation of memory cells, as shown in [22], changes
the resistive switching characteristics.

Resistive memory of CeRAM-type

Companies ARM Holdings and Symetrix, the Universities
of Colorado and Texas are currently conducting a study of
non-volatile memory CeRAM (correlated electron random
access memory). Unlike to ReRAM, CeRAM is a resistive
memory which uses the same transition metal oxides (TMO),
such as NiQ, but it is believed that the quantum effects of
electrons’ positions correlation are observed in CeRAM-
memory, from where it got its name. The active TMO region
is allocated in the structure of CeRAM, which separates two
conducting TMO layers, while the oxide of a transition metal
in ReRAM completely covers the entire area between the
metal layers. TMO have an incomplete atomic shells 3d or 4d,
which pass through the "metal-insulator" border. In the case
of NiO, the voltage of 0,6 V is enough for writing of an iso-
lated state and 1,2 V for writing of a conductive state. It does
not require any thermodynamic phase transitions, as in tra-
ditional ReRAM. The switching speed of the CeRAM-mem-
ory cells can reach tens of femtoseconds, and the reading volt-
age is only about 0,1...0,2 V. The memory remains stable even
when heated up to 400 °C [10, 23]. The titanium nitride TiN
in the structures such as TiN/NiO/Pt is capable of reversibly
absorb and release the oxygen ions (acts as an oxygen tank),
so the memristors with TiN electrode have well-reproducible
effect of the resistive switching. The electrode of Pt in this
case provides a border with inert dielectric [24].

The resistive memory of CeRAM-type differs from the
traditional single-chip electronics, which relies on the con-
stancy of the states’ densities; this indicates that the effect of
the additives does not change the state density of the solution
(i.e., silicon in the today’s electronics). For CeRAM, the den-
sity of states is not constant, and its changes are the key for
explanation of the two states of resistance at a new approach.

One of the unique features of CeRAM’s work is the ability
of oxidation and reduction reactions to flow due to the tunnel
effect (electrons’ losses and gains) on one point of lattice.

The physical mechanism of conducting and non-conduct-
ing states in CeRAM has been proposed (not thread-like) in
[25]. The expressions for CVC were obtained by substituting
the approximate solutions of the Hubbard model in the trans-
port equation of charged particles transfer of Meir-Wingren.
The Hubbard model [26], which advantages are the simplicity
and physical meaning, is the basic model for description of
the phase transition "metal—dielectric". This model considers
two mechanisms that determine the behavior of electrons.
The first is a tunnel transition of an electron from the orbital
of one atom to the orbital of another, so-called tunneling
jump. The conductivity in a crystal owes this mechanism. The
second, which blocks the electrical current, is the Coulomb
repulsion of electrons, which is called intranodal repulsion.
Either one or the other mechanism is prevailing depending on
the ambient conditions, that provides transitions from one
state to another.
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Conclusion

A detailed study of the mechanisms for the resistive
switching is an urgent and necessary task in order to optimize
the instrumental characteristics of the resistive nonvolatile
memory, to ensure the development of the basic principles of
reliability and reproducibility.

This will ensure the emergence of new functional ele-
ments, and will lead to a revision of the technical base in
many areas of the electronics.
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COMNMNPOTUBAEHUE HU3KOOMHOI'O NAEHOYHOI O PE3UCTOPA

Ilomynuaa é pedaxyuro 24.02.2015

Ilocmpoena anasumuueckas modeab NPIMOY204bHO0 HUZKOOMHO20 HAEHOYHO20 Pe3UCHOpa Npu NPOU3BONbHOM OMHOUEHUU
VOenbHbIX NOBEPXHOCMHbIX CONPOMUBACHUU PE3UCIUBHOU U NPOBOOsUeU NAEHOK U NPOU3BOALHOM PACNOA0NCEHUU KOHMAKMO8 NO0-
KAIO4eHUs no 0aune 31eKkmpodos. Hccaedosanvl yacmomHbie C8OUCMBA PACCMOMPEHHO20 Pe3UCmopd.

Karoueevie caosa: conpomuenenue HU3KOOMHO020 NAEHOYHO020 pe3ucmopd, KOHmAaKmHoe COnpomueneHue, cxema 3ameu,enus

NAEHOYHO020 pe3ucmopa

Beenenune

HuszkooMHbI€ TIJIEHOUHBIE PE3UCTOPHI C BHICOKOM
TeMIlepaTypHOl 1 BPEMEHHOU CTaOWIbHOCTbIO, HU3-
KUM YPOBHEM IIIYMOB, BBICOKMMU YaCTOTHO-MOIIHO-
CTHBIMU XapaKTePUCTUKAMU U MaJiOi MOTPELIHOCTHIO
BOCIIPOU3BEJACHUSI HOMMHAJa IIMPOKO HCIIOJb3YIOT
B KauyecTBe AATYMKOB TOKa B CXeMax CTaOMIM3aluu,
KOHTPOJISI, TEMJI0BOM MU TOKOBOW 3alllUTHI, OTCIEXM-
BaHMSI DHEProIoTpedseHus, BpeMeH! paboThl U T. II.
[1—3]. Pa3zpaboTKa TaKuX pe3uCTOPOB, BHITIOJHSIEMBbIX
Ha MOMJIOXKE B paMKax TOHKOTUJIEHOYHOM WJIU TOJICTO-
IUIEHOYHOM TEXHOJIOTHIA, TpeOyeT TIIATeJILHOIO ydyeTa
KOHTAaKTHBIX COMPOTUBJICHUI [4].

Ilon KOHTaKTHBIM CONPOTUBJIEHWEM TOHUMAETCS
COIMPOTUBJIEHNE MeXAY TOYKaMM BXOJa TOKa B 3JieK-
TPOI KOHTAKTa U BbIxoaa U3 Hero. OHO BKJIIOUAET B ce-
0s1 COMPOTUBJIEHNE COOCTBEHHO BJIEKTPO/a KOHTAaKTa
U JOTOJHUTEIBHOE COMPOTUBIIEHUE OOJACTU MEPEXO-
Jla TOKa U3 MPOBOSILEH MIEHKU B Pe3UCTUBHYIO U Ha-
o6opot. IlocinenHee oOycClOBIEHO Pe3KOW HepaBHO-
MEPHOCTbhIO TOKa BOJIM3M 00JIaCTH Mepexoaa Kak I1o
JUTMHE, TaK W MO TOJIIMHE YKa3aHHBIX TUIEHOK U, KaK

mokasaHo B pabote [4], Beramcisiercst B padore [3] ¢
HEeTpUeMJIEMOM JJIs1 MPAKTUKU MOTPELIHOCTHIO.

B camoii pabote [4] Kak COMPOTUBJIEHUE BJIEK-
TPOJOB, TaK U MEPEXOIHOE KOHTAKTHOE COMPOTHUBJIE-
HUE MOXHO BBEIYMCIIHTH ITO TIPOCTEUIIINM DopMyIaM
0e3 yyeTa pealbHON CTPYKTYpPHI IOJISI TTIOTEHLUAIOB
¥ TOKOB.

Metoauka pacyera

B HacTos1eit paboTte mocTpoeHa aHaJIUTUUYeCKas
MOJIEIb MPSIMOYTOJBHOTO HU3KOOMHOTO pPE3UCTOpa
MPU MPOM3BOJIBLHOM PACITONIOKEHUM KOHTAKTOB IMOMI-
KJIIOUEHUS MO JJIMHE 3JeKTPOoAOB. BbISIBIEHBI YyCJ0-
BMSI, IPM KOTOPBIX T'paHULA pasiesa MPOBOASIIEH U
PE3UCTUBHOM TUIEHOK MOXET CUMTATbCsl SKBUITOTEH-
uManbHOM. 17151 9TOro ciaydas mpeaioxeHa pacueTHast
MeToArKa, MCMOJb3YIollasl amnmnapar TeOpurd aHajliu-
THYeCcKUX ¢yHKUMA. [IpoBeneH aHalu3 YaCTOTHBIX
CBONCTB HU3KOOMHBIX PE3UCTOPOB, HEOOXOAUMMbIN 1151
paboTHl B UMITYJIbCHBIX YCTpOMCTBaxX [J].

ITpocTeiiiiie CTPYKTYpbl HUBKOOMHBIX TJIEHOYHBIX
Pe3ncTopoB (pp,, Py — VACIbHBIC MOBEPXHOCTHBIE CO-
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Puc. 1. CTpyKTypa HM3KOOMHBIX IIEHOYHBIX PE3HCTOPOB C KOHTAK-
TAMH NOAKJIIOYEHNS, PACHOIOKEHHBIMA POM3BOJILHO 1O JuTiHE (a)
KpasiM 3J1eKTpoaoB (b): [ v 2 — pe3ucTuBHAs U MPOBOAsIas (3J1eK-
TPOM) TUIeHKU; 3 — KOHTAaKThI MOIKITIOYEHUS

Fig. 1. Structure of the low-resistance film resistors with the contacts of
connection located along the length (a) and edges of the electrodes (b):
1 and 2 — resistive and conducting (electrode] films;, 3 — connection
contacts

MIPOTUBJIEHUSI PE3UCTUBHOW Y TIPOBOMSIICH TIJIEHOK
COOTBETCTBEHHO, Q = p,/py,) MPHUBEICHBI Ha puc. 1.
MeTonoM KOHEUYHBIX 2JIEMEHTOB IMPOBENEHBI pac-
YeThl COTMPOTUBJICHUSI R pe3mcTOpoOB BHIA, TTOKAa3aH-
Horo Ha puc. 1, (b, e, a — JUIMHA Y IIMPUHA PE3UCTUB-
HOW TUIEHKW, IMMPUHA SJIEKTPOIOB COOTBETCTBEHHO)
IUISL IIMPOKOTO Jvana3oHa OTHOLIEHUWI IapaMeTpoB
B3<b/a<30, 1<e/a<s 30<Q<5000) npu
pacrnoNoXKeHUU KOHTAaKTHBIX TUIOIIAAOK IO LEHTPY
(puc. 1, a), B KpailHUX MOJIOXEHUSIX C OMHOK CTOPOHBI
(BEpXHMI U HUXXKHUN KOHTAKThl MOJKIIOUEHHUS] 00a B
KpaifHeM TIpaBOM WUJIM JIEBOM ITIOJIOXXEHUN) U C TIPOTH -
BOIOJIOXKHBIX CTOPOH (BEpXHUI KOHTAKT MOAKJIIOYE-
HUSI B KpaliHEM IMPaBOM IOJIOXKECHUU, HUXKHUNA KOH-
TakT B KpaiiHEM JIEBOM WJIM KpaiiHeM MpaBoM).
BrisicHeHO, 4TO Jaxe IMpU JOCTATOYHO OOJIBILIOM
OTHOIIIEHNH YIEIbHBIX ITOBEPXHOCTHBIX COIPOTHUBIIE-
HUI pe3MCTUBHOI M TIpOBOAAIICH TJIeHOK (Q ~ 700)
IpaHUIIA TTICHOK MOXET OBITh He SKBUITOTCHITNATLHOM
no ee pauHe (puc. 2, b/a = 15, e/a = 1,5), a cTpyK-
Typa IO TIOTEHIIMAIOB B PE3MCTUBHON TUIEHKE —
IByMepHo#i (puc. 3). DTo He TO3BOJSET pas3ieibHO
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paccMaTpuBaTh O0JIAaCTU U CONPOTUBJIEHUS DJIEKTPO-
IOB R, 1 Pe3UCTUBHOIA IUICHKU R,

Ecau mpu mocTpoeHMM WMHXEHEPHOW METOAMKU
BBIYMCIIATH CONPOTUBIIEHUE PE3UCTUBHOM TUIEHKM I10
CcTaHAapTHOU (opMyJie

Ry = pye/b, (1)

YyTO JeJaloT Bce aBTOphl [1—4], TO compoTuBlieHUE
KOHTaKTOB OyIeT

R =R— Ry=2(R, + Ry). )

PesynbpraThl pacueToB (COIPOTUBIEHME KOHTAaK-
TOB IOAKJIIOYEHUSA R, paBHOE 2p., UCKIIIOYEHO), a
TakXXe pacyeToB B COOTBETCTBUU C [4] myst pe3ucropa
(cM. puc. 1, a, e/a = 1,5) c KoHTakTamu 110 puc. 3, b
B 3aBUCUMOCTH OT b/a u Q nipuBeAeHbl HA puc. 4. s
pe3uCTOpPOB, MOKa3aHHbIX Ha puc. 1, 6 u puc. 1, a, c
JIPYTMM TIOJOXEHHEM KOHTAKTOB XapakKTep 3aBUCH-
MocTel aHasormdeH. st 0GIIHOCTH pe3yIbTaTOB CO-
MIPOTUBJIEHUE NTPOBOAALIEH IUIEHKU p,; IPUHATO PaB-
HeiM 1 Om/0O (3HaueHust R, v R, st 3alaHHOTO Q 1
KOHKPETHOIO p,, YMEHBLIAIOTCA BO CTOJIBKO Pa3, BO
CKOJIBKO p; MeHblIe 1 Om/0O).

YBeauuyeHue COnpoTUBICHUs JIEKTPOIOB B CTPYK-
Type puc. 1, a mpu nepeMeIieHu KOHTAKTOB TTOIKITIO-
YeHMs OT LeHTpa B KpailHUe MOJIOXKEeHMSI (B OJHY CTO-
pPOHY, B TIPOTUBOITOJIOXXHBIE CTOPOHBI) HE TIPEBHIIIIACT
3,5 pa3. Ctpykrypa puc. 1, 6 MeeT o CpaBHEHUIO CO
CTPYKTYpoli puc. 1, a (KOHTAKTHI ¢ TIPOTHBOITOIOKHBIX
CTOpOH) npuMepHo Ha 10 % Gosnbliiee KOHTAKTHOE CO-
TIPOTUBJICHHUE.

Comnporusrienue snekrpona R, 3aBucsdiiee or Q,
b/a, e/a n CTPyKTypbl JIETKO TIPEACTaBUMO B aHAJIUTU-
YECKOM BUJIE C MOTPELIHOCThIO MeHee 3 %:

R, = kb/a + C; 3)

k= k,JnQ + ¢,; C=m,lInQ + n,, 4)
i€ BEJIUYUHLI k,, C,, m, U n, Ui CTPYKTYp puc. 1, 0,
puc. 1, a ¢ KOHTaKTHBIMHU TUIOIIAAKAMU TI0 LEHTPY,
C OJHOW CTOPOHBI U C MPOTUBOIOJOXHBIX CTOPOH
BBIUMCIISIIOTCSI, COOTBETCTBEHHO, CIEAYIOLIUM 0o0pa-
30M (pe3yabTaThl AJisl JI000ro MpPOMEXYTOYHOTrO MO-
JIOXKEHUSI KOHTaKTHBIX TUIOLIAAOK TPU JaHHBIX O,
b/a, e/a c norpemrHocThI0O MeHee 10 % mosydaem Ju-
HEWHOM alIpoKCUMAIIUEN HUXKE IPUBENCHHBIX 3aBU-
CUMOCTEM):

k, = —0,0011n(e/a) + 0,008;
¢, = 0,0111In(e/a) + 0,27;
m, = 0,013In(e/a) — 0,047

n, = —0,104In(e/a) + 0,442;
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Puc. 2. Pacnpenesienie noTeHnuana BaoJb PAHAIBI POBOISAIIET0 H PE3UCTUBHOTO CJIOEB B 3aBUCHMOCTH OT Q JJIsA CTPYKTYp puc. 1: a — nipu
TOJIOXKEHUM KOHTAKTOB IOAKIIIOUEHUS MO puc. 1, b; b — ¢ IPOTUBOIIOJIOXHBIX CTOPOH; ¢ — MO LIEHTPY; d — C OMHOI CTOPOHHI MO puc. 1, a:
Q =30 (1); 100 (2); 250 (3); 750 (4); 1500 (5); 5000 (6)

Fig. 2. Distribution of the potential along the border of the conducting and resistive layers in dependence on Q for the structures fig. 1: a — position
of the connection contacts in fig. 1, b; b — on the opposite sides; ¢ — in the center; d — on one side in fig. 1, a: 2 = 30 (1); 100 (2); 250 (3);
750 (4); 1500 (5); 5000 (6)

LTI T 4 [ [T ] L IV ]
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Puc. 3. KapTunsl nosisi noTeHNMANOB HCCIEAYEMBIX PE3UCTHBHBIX CTPYKTYp npu Q = 250 (Bepxumii psaa) u Q = 2000 (AmKauil psx)
Fig. 3. Pictures of the field of potentials of the investigated resistive structures at 2 = 250 (the top line) and 2000 (the bottom line)
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Puc. 4. 3aBacMMOCTb CONPOTHBJIEHNSI KOHTAKTA pe3ucTopa puc. 1, a
ot b/a npyn N0JI0KEHNH KOHTAKTOB NMOAKIIOYEHHS C MPOTHBOMOIOXK-
HbIX cTOPOH (Mo puc. 3, b) u Q = 30 (1); 100 (2); 250 (3); 750 (4);
1500 (5); 5000 (6) u mo pacueram padorsi [4] (7)

Fig. 4. Dependence of the contact resistance of the resistor fig. 1, a on
b/a with position of the contacts of connection on the opposite sides
(fig. 3, b) and 2 = 30 (1); 100 (2); 250 (3); 750 (4); 1500 (5);
5000 (6) and in [4] (7)

k, = —0,002In(e/a) + 0,007,
¢, = 0,02In(e/a) + 0,02;

m, = 0,011In(e/a) — 0,041;

n, = —0,128In(e/a) + 0,563;

e

k, = —0,0131n(e/a) + 0,047;

¢, = 0,113In(e/a) — 0,063;

m, = 0,052In(e/a) — 0,251;

n, = —0,515In(e/a) + 1,867;

e

k,

e

¢, = 0,011n(e/a) + 0,262;

—0,0011In(e/a) + 0,007;

m, = 0,012In(e/a) — 0,052;
n, = —0,114In(e/a) + 0,181.

K nmonyyeHHoMy 3HaueHMIO R, HEOOXOAMMO J0-
0aBUTH €llle NIEPEX0IHOEe KOHTAKTHOE COMPOTUBIICHNE
R, OOYCIIOBIIEHHOE HEPABHOMEPHOCTLIO TOKa IIO
TOJIIIMHE TNIEHOK B 00JIaCTH X KOHTAaKTa [6], KoTopoe
onpeaensiercs [7] caeayroluM oOpa3om:

R — 2In2

KIT TCb

ppAp + pnAn

(ppAp + pnAn) ~ 075 b s (5)
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rae A,, Ay, — TOJIIMHA PE3UCTUBHOU M IPOBOIMILEHA
TJIEHOK COOTBETCTBEHHO; b — HX IIMPUHA.

OKOHYaTeJlbHO COMPOTUBJIEHUE R HU3KOOMHOIO
pe3uctopa (cM. puc. 1) ¢ IByMsI KOHTaKTaMU OIIpe/ie-
Jutcs no ¢opmysam (1)—(4):

R=R,+2(R, + Ry (6)

Pabota MOIIHBIX HUBKOOMHBIX PE3UCTOPOB CBSI3a-
Ha ¢ MPOTEKaHWEM 4Yepe3 HUX JTOCTATOYHO OOJbIINX
TOKOB, YTO TPEOYET MUCMOJIb30BAHUSI B KAUECTBE DJIEK-
TPOAOB MPOBOAMIIMX TJIEHOK TOJIIMHOK 50 MKM U
oonee [1, 3, 5]. [Ipu 3TOM OTHOLLIEHUE YAETbHBIX TO-
BEPXHOCTHBIX COTIPOTUBIICHUU PE3NUCTUBHOW U MPO-
BOJSIIEH MJIEHOK  CYLIECTBEHHO IPEBHIIIAET 103,
rpaHulla TJIEHOK CTAHOBUTCS MPAKTUYECKW SKBUITO-
TEHUMAJIbHOM, YTO TO3BOJSET OTAEIBHO paccMaTpu-
BaTb COIPOTUBJIEHUSI KOHTAaKTOB R, M pE3UCTUBHONI
TUIEHKH Rp.

CooTHollIeHHUs, CBSI3bIBAlOLLIME TapaMeTphl b/a, e/a
1 Q, TIPU BHIMOJHEHUN KOTOPBIX I'PaHULIA C MOTPEL-
HOCTBIO MeHee 2 % MOXEeT CUMTAThCsS SKBUITOTCHIIV-
aJIbHOM, N1 CTPYKTYpP, MPUBEACHHBIX HA puUc. 3, UMe-
IOT CJICOYIOLUMIA BU:

O,21(e/a)0’52(20’5 — JJ1s1 puc. 3, a,
-0,12 0,5
_10,72(e/a) Q7" — nng puc. 3, b,
b/a =
O,36(e/a)0’45£20’45 — g puc. 3, c,
0,36(e/a)0’590’44 — st puc. 3, d.

B aTOoM cnyyae pacuer Jerko IpOBECTM METOAOM
KOH(MOPMHBIX 0TOOpaxeHui [8].

s BBIYMCIIEHUS COMPOTUBIEHUS BJIEKTpoAa pe-
3ucTopa puc. 1, a oTobpa3uM BHYTPEHHOCTb MPSMO-
yroJbHUKa Ha puc. 5, a (rae a u b — lMpuHa 1 JyIMHa

|
|
|
|
|
|
|
| |
! - © 1, m, mo My |
| M:.B -1k -1 0 p
:MMO X :
L a2 0 a2 l
| |
9 b :

Puc. 5. OTo0paxkeHue npsAMOyroJibHO# CTPYKTYpbI B IIOCKOCTH Z (a)
HA BEPXHIOI0 NoJymiockocts W (b)

Fig. 5. Display of the rectangular structure in plane Z (a) on top half-
plane W (b)




BJIEKTPOAA; ¢ — INMMPUHA KOHTAKTa IOAKIIOUEHUS, B
o011eM cilyyae OTJIMYHasi OT BeJIWYMHBI a; d — pac-
CTOSTHME KOHTAKTa TMOAKIIOUEHUS OT Kpas 3JeKTPO-
J1a) B MUIOCKOCTU Z Ha BEPXHIOK MOJYIIOCKOCTh W
(puc. 5, b) c momMo1IbIO PYHKIIUU

w= sn(yzzl(, k), (7)

rae BequuuHbl K W k Haxomar u3 ycnoBus K/K =
= b/(a/2).
— d _ d+c
Torma o = l/dn(ml(, k). B l/dn(ml(, k).
Ipu b/(a/2) > 1

o = ch(nd/a), B = chin(d+ c)/a] (8)

R, = p,K(0o/B)/ K (a/B). 9)

31ech MCIONb30BaHbBI 0003HAYEHMSI, IIPUHSTHIE B
TEOPUM DJUIUNITUUECKUX (PYHKIUI W TOJHBIX 3JIIAII-
TUYECKUX MHTETpaJioB 1-ro poaa [8].

IIpy cUMMETPUYHOM TIOJIOKEHUM KOHTAKTHOM
wiomanku d = b — ¢/2, nias ee MOJIOXKEHUST Ha Kpalo
d=0.

Beruncnenne comportuBiaeHust R, CTPYKTypbl
puc. 1, b mpoBOONTCS aHAJIOTUYHBIM O0pPa3oM M NPH
b/(a/2) > 1 nomyyaeM

R, = p,K[th(nc/2a)]/K'[th(rc/2a)]. (10)

Hckomoe conpotuBiaeHne pe3nucTopa R BbIYUCISI-
em 1o ¢popmyie (6), R, — mo (1), Ry, — mo (5). Be-
JM4nHy R, BbrumcaseM no gopmynam (3), (4). Ilpu
Q> 103 wia CTPYKTYpHI puc. 1, a R, MOXHO ormpe-
gensatb mo ¢opmynaMm (8), (9), a miaa CTPYKTyphl
puc. 1, b — 1o (10).

DKBUBaJICHTHasI cXeMa 3aMeIleHUsI HU3KOOMHOTO
pe3ucTopa MOXET ObITh MpeACTaBiIcHa B BUAE Iapa-
JIEILHOTO coeanHeHus eMKOCcTH C U IT0C/Ie10BaTeIbHO
COCVHEHHBIX COMPOTUBIICHUS! R WM WHAYKTUBHOCTU
L =2L,+ L, tae L| — UHAYKTUBHOCTb OJHOIO 3JIEK-
Tpona; L, — B3aMMHas MHAYKTUBHOCTH [9]:

_ b b a+r),
L=t (lna+t+l,l93+0,2235 . );

2
x{lnﬂ_ era 11,0 ___1____2}
e+a b 4 a 12(1+a/e)

rae ¢ — TOJIIMHA TIPOBOIMIIENA TJIEHKU.

[ i —

Puc. 6. I'pedenyaras (BCTpeYHO-IUTHIPEBasA) CTPYKTYPa, COCTABJICH-
Has 43 pe3ucTopos puc. 1, b

Fig. 6. Comb-shaped (interdigital) structure made of resistors fig. 1, b

Puc.7. 3aBucuMOCTb HOPMHPOBAHHOIO UMIEAAHCA TPEOEHYATOrO pe-
3ucTopa ¢ pasmepamu 2 %X 1,25x0,5 mm u3 20 pe3uctopos puc. 1, b
(a=e=0,02 mm, b = 1,12 mm) ¢ conporusienusvmu 0,05 (I);
0,2 (2); 0,4 (3D;1(4Hn2 (5 O0m

Fig. 7. Dependence of the normalized impedance of the comb-shaped
resistor with the size of 2% 1,25%0,5 mm from 20 resistors fig. 1, b
(a =e = 0,02mm, b = 1,12 mm) with resistances of 0,05 (1); 0,2 (2);
0,4 (3); 1(4) and 2 (5) Ohm

EMKOCTb cucTeMbl IBYX 3JIEKTPOIOB Ha TMOI0XKE
TOJIILMHON d ¥ IUBJIEKTPUUYECKON MPOHUIIAEMOCTDIO &
HaxXoAUM METOJ0M KOH(MOPMHBIX OTOOpaxeHui [8]:

C = eK(m)]/K(m),
m = th(re/4d)/th[n(e + 2a)/4d).

11 HOpMUPOBAHHOM Ha COIPOTUBJIEHUE R 4acToT-
HOI 3aBUCHMOCTH UMIIeIaHCa Pe3UCcTopa Mnojaydyaem

1+/2nfL/R
1 +27fRC-(2nf)°LC

Z/R=

IMapamiebHBIM COEAMHEHUEM pPE3UCTOPOB BHIA
puc. 1, b (IUTpUXOBbIC JTUHUU Pa3ACNISIIOT OTAEIbHBIC
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pe3UCTOPhl) MOXKHO CO37aTh IpedeHYaThie (BCTPEYHO-
IITBEIPEBBIE) CTPYKTYPHI (prc. 6), obecrieunBarolne
ele MeHbIIMe COoIpoTuBaeHUs [5]. OTMeTUM, 4TO
OJIMHAKOBOE paclnpeesieHe TOKa IO BCeM PEe3UCTO-
paM o0ecIieuynBaeTCsl TOJBKO TPH IIMPUHE KpaHMX
3JIEKTPOAOB B 2 pa3a MEHbIICH IMUPUHEI 3JeKTPOIOB
BHYTPU IpeOEeHYATON CTPYKTYPHI.

Pe3ynbTaThl MomenMpoOBaHUs TaKOM CTPYKTYPHI C
pasMmepamu 2% 1,25 mm u3 20 pesucropoB puc. 1, b
(a=e=10,02 MM, b = 1,12 MM) C yIeITbHBIMU COMPO-
TUBJICHUSIMU PE3UCTUBHON TUIeHKU 2,5 (KpuBasi 1),
10 (xpuBas 2), 20 (xkpuBas 3), 50 (kpuBast 4), 100
(kpuBas 5) OMm/0O Ha TTOJMKOPOBOM MOIJIOXKKE TOJIIN-
Hoil 0,5 MM (3HaueHUsI CONMPOTUBJIECHUI COOTBETCT-
BenHo 0,05; 0,2; 0,4; 1 u 2 Om) npuBeneHbI HA puUC. 7
1 TMO3BOJISIIOT MO AONMYCTUMOMY M3MEHEHHUIO 3Haue-
HUs HOPMHPOBAHHOTO WMITeAaHCa OIEHUTh YacTOT-
HbII JMana3oH MCMOJb30BaHUSI TAKUX PE3UCTOPOB.

3akimouyenue

ITocTpoeHa MaTemMaTUuecKasi MOAE]Ib HU3KOOMHO-
r'o IPSIMOYTOJIBHOTO MJIEHOYHOTO Pe3UCcTOpa Mpu IMpo-
U3BOJIbHOM OTHOLIEHUM VYIEJIbHBIX MOBEPXHOCTHBIX
COTIPOTUBJICHNI pe3UCTUBHOM 1 POBOISIIEH MJICHOK
U IPOM3BOJILHOM PACIIOJIOKEHUU KOHTAKTOB TTOIKIIIO-
YeHMs 110 JJIMHE 3JIEKTpoAdoB. B Momenu ydTeHBI He
TOJILKO COIPOTUBJICHMSI JIEKTPOAOB, HO U IIepexo-
HBIE COIPOTUBJICHUS, OOYCIOBIICHHBICE HEpaBHOMEP-
HOCTBIO TOKA 110 JUIMHE U TOJIIIMHE IUIEHOK B 00J1aCTH
MX KOHTaKTa.

BoisiBieHBI yCIOBMSI SKBMIIOTEHIIMAJIBLHOCTU Tpa-
HULIBI MPOBOISIIEH U Pe3UCTUBHON IIJIEHOK, MTPY BbI-

IIOJIHCHUM KOTOPBIX COIIPOTHUBJIICHUA OSJIEKTPOJOB M
pC3PICTI/IBHOﬁ IINICHKW MOXHO CTpOro paccMarpuBaTb
OTACIbHO. HOCTpOCHa CX€Ma 3aMCIICHUA U UCCIIEN0-
BaHBbI YaCTOTHBIE CBOMCTBA PaCcCMOTPEHHBIX PE3NUCTO-
POB, IIMPOKO HMCIIOJBb3YEMbIX B Kay€CTBE IAaTYMKOB
TOKa.
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Resistance of Low-Resistance Film Resistor

Analytical model of a rectangular low-resistance film resistor was constructed for an arbitrary correlation of the specific surface
resistance of the resistive and conducting films and arbitrary arrangement of the connection contacts along the length of the elec-
trodes. The frequency characteristics of the considered resistor were investigated.

Keywords: resistance of a low-impedance film resistor, contact resistance, equivalent circuit of the film resistor

Introduction

Low-resistance film resistors with high temperature and
time stability, low noise level, high frequency-power charac-
teristics and small reproduction error are widely used in the
current sensors, in the circuits for stabilization, control, ther-
mal and current protection, tracing of energy consumption
and operating time [1—3]. Their development for the sub-
strates in the thin- or thick-film technologies demands a care-
ful account of the contact resistances [4].

A contact resistance is understood as the resistance be-
tween the points of current input in a contact electrode and
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output from it. It includes resistance of the proper contact
electrode and additional resistance of the area of transition of
current from the conducting film into the resistive one and
back. The latter is determined by non-uniformity of the cur-
rent near the transition area by the length and thickness of the
specified films in [4] and is calculated [3] with an unaccept-
able error.

In [4] it is demonstrated, that the resistance of the elec-
trodes and the transitive contact resistance can be calculated
without account of the real structure of the field of the po-
tentials and currents.




Calculation methods

The work presents an analytical model of a rectangular
low-resistance resistor with an arbitrary arrangement of con-
tacts of connection along the length of the electrodes. It de-
termines the conditions, at which the border between the
conducting and resistive films is considered equipotential. It
also offers a technique using the device of the theory of an-
alytical functions and presents an analysis of the frequency
properties of the low-resistance resistors, necessary for work
in the pulse devices [5]. By the method of the final elements
the resistances R of resistors of the kind (fig. 1) (b and e, a —
length and width of the resistive film, width of electrodes)
were calculated for a wide range of relations of parametres
(B<b/a<30, 1<e/a<5, 30 <Q <5000) for arrangement
of the contact platforms in the centre (fig. 1, @), in the ex-
treme positions on one side (the top and bottom contacts of
connections are both in the extreme right or left position) and
on the opposite sides (the top contact of connection is in the
extreme right position, the bottom contact is in the extreme
left or extreme right).

The elementary structures of the low-resistance film re-
sistors (pp, p, — specific surface resistances of the resistive
and conducting films, Q = pp/pn) are presented in fig. 1.

It was discovered, that in case of a big enough relation of
the specific surface resistances of the resistive and conducting
films (Q =~ 700) their border can be not equipotential by its
length (fig. 2, b/a = 15, e/a = 1,5), and the field structure of
the potentials in the resistive film — two-dimensional (fig. 3).
This does not allow us to consider separately the areas and re-
sistances of electrodes R, and resistive film R,

If during construction of an engineering technique we cal-
culate the resistance of the resistive film according to the
standard formula [1—4]

R, = pye/b, )
the resistance of contacts will be
R, =R- Rp =2(R, + R 2)

Calculations (resistance of the contacts of connection
Ry, equal to 2p,, is excluded), and also calculations ac-
cording to [4] for the resistor (see fig. 1, a, e/a = 1,5) with
contacts in fig. 3, b depending on b/a and Q are presented in
fig. 4. For resistors (fig. 1, a, b) with other positions of con-
tacts the character of the dependences is similar. For the gen-
erality of the results the resistance of the conducting film p
is accepted as equal to 1 Ohm/O (R, and R, for the set Q and
concrete p,, decrease in so many times, in how p, is less than
1 Ohm/O).

The increase in resistance of the electrodes in the structure
(fig. 1, a) during movement of contacts of connection from
the centre to the extreme positions (to one or to opposite
sides) does not exceed 3,5 times. The structure (fig. 1, b) has
contact resistance by approximately 10 % higher in compar-
ison with (fig. 1, a) (contacts on the opposite sides).

The resistance of electrode R, depending on Q, b/a, e/a
and the structure can be presented easily in an analytical form
with an error less than 3 %:

R, = kbja + C 3)

k= k,JnQ + c,; C=m,InQ + n,, “4)

wher values k,, c,, m, and n, for the structures fig. 1, b,
fig. 1, a with the contact platforms in the center, on one side
and on the opposite sides are calculated, accordingly, in the
following way (for each intermediate position of the contact
platforms and data of Q, b/a, e/a with error less than 10 %
we get a linear approximation of the presented dependences):

k, = —0,0011n(e/a) + 0,008;
¢, = 0,0111n(e/a) + 0,27;

. = 0,013In(e/a) — 0,047,
n, = —0,104In(e/a) + 0,442;
k, = —0,0021n(e/a) + 0,007;
¢, = 0,02In(e/a) + 0,02;

m, = 0,011In(e/a) — 0,041;
n, = —0,1281n(e/a) + 0,563;
k, = —0,013In(e/a) + 0,047,
¢, = 0,1131n(e/a) — 0,063;
m, = 0,052In(e/a) — 0,251;
n, = —0,515In(e/a) + 1,867,
k, = —0,0011n(e/a) + 0,007;
¢, = 0,011In(e/a) + 0,262;
m, = 0,012In(e/a) — 0,052;
n, = —0,114In(e/a) + 0,181.

m

To the received R, it is necessary to add the transitive con-
tact resistance R, caused by non-uniformity of the current in
the thickness of films in the area of their contact [6], which
is determined [7] as follows:

= 2In2 p2p n (5)
b b
where A,, A, — thickness of the resistive and conducting
films, accordingly; b — their width.

Finally the resistance R of the low-resistance resistor
(see fig. 1) with two contacts is determined under the for-
mulas (1)—(4):

R=R,+ 2(R, + R). (6)

A, +p A
(P + Pudy) = 0,522 =P

Operation of powerful low-resistance resistors is connect-
ed with high currents passing through them, which demands
the use of the conducting films with thickness up to 50 mi-
crometers [1, 3, 5] as electrodes. The relation of the specific
surface resistance of the resistive and conducting films Q es-
sentially exceeds 103 , their border is practically equipotential,
which allows us to consider separately the resistance of con-
tacts R, and resistive film R,

The correlations connecting b/a, e/a and Q, during im-
plementation of which a border with an error less than 2 %
can be considered as equipotential for the structures (fig. 3),
look like the following:

0,21(e/a)"?Q™ — for fig. 3, a,
0,72(e/ay Q" — for fig. 3, b,
0,36(¢/a)"* Q" — for fig. 3, ¢,
0,36(e/a)>Q"* — for fig. 3, d.

b/a =
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In this case calculation can be easy done by the method
of conformal displays [8].

For calculation of the resistance of the electrode of the re-
sistor (fig. 1, a) let us display the rectangle interior in fig. 5
(where a and b — the width and length of the electrode; ¢ —
the width of the contact of connection, generally distinct
from a; d — distance of contact of connection from the elec-
trode edge) in plane Z on the top half-plane W (fig. 5, b) by
means of function

w= sn(FzzK, ) 7

where values of K u k are found from the condition
K/K = b/(a/2).

Then o = 1/dn( - K k)., p = 1/dn( 52K k).

a/2 a/?
At b/(a/2) < 1
o = ch(nd/a), B = chln(d + ¢)/a] (8)
and
R, = pK(a/B)/K(a/B). )

Here we use the designations from the theory of elliptic
functions and full elliptic integrals of the 1st kind [8].

If the contact platform is symmetrical, d = b — ¢/2 for its
position on the edge d = 0.

Calculation of resistance R, of the structure fig. 1, b is
done in a similar way and at b/(a/2) > 1 we get

R, = p,K[th(rc/2a)]/K [th(rc/2a)]. (10)

Resistance of resistor R is calculated by formula (6), R,—
by (1), R, — by (5). R, is calculated by (3), (4). At Q > 103
for the structure (fig. 1, a) R, can be determined by (8), (9),
and for the structure (fig. 1, b) by (10).

An equivalent circuit of a low-resistance resistor can be
presented in the form of a parallel connection of capacity C
and consecutive resistance R and inductance L = 2L + L,,
where L; — inductance of one electrode, L, — mutual in-
ductance [9]:

_ b b atry.
=" (lna+t+l,l93+0,2235 : E
[ = “Lb[lnﬁ_l

B 2n

2
+M_l(] +g) +;2:|’
e+a b 4 a 12(1+a/e)
where ¢ — thickness of the conducting film.

We find the capacitance of the system of two electrodes on
a substrate with thickness d and dielectric permeability ¢ by
the method of conformal displays [8]:

C = eK(m)]/K(m), m = th(ne/Ad)/th[x(e + 2a)/4d].

For normalized on resistance R frequency dependence of
the resistor impedance we get:

1+2nfL/R

7Z/R= 5 .
1 +2nfRC-(2nf)"LC

By a parallel connection of the resistors of the kind
(fig. 1, b) (dashed lines divide separate resistors) it is possible
to create comb-shaped (interdigital) structures (fig. 6), which
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ensure even smaller resistance [5]. It should be pointed out
that an even distribution of current in all resistors is ensured
only with the width of the extreme electrodes twice smaller
than their width inside the comb-shaped structure.

The results of modeling of such a structure of the size
2%1,25 mm from 20 resistors fig. 1, b (a = e = 0,02 mm,
b = 1,12 mm) with specific resistance of the resistive film
of 2,5 Ohm (/7), 10 Ohm (2), 20 Ohm (3), 50 Ohm (4),
100 (5) Ohm/O on a polycore substrate with thickness of
0,5 mm (values of resistance, accordingly, 0,05; 0,2; 0,4; 1
and 2 Ohm) are presented in fig. 7 and allow us to estimate
by the admissible change of the value of the normalized im-
pedance the frequency range of the use of such resistors.

Conclusion

An model of low-resistance rectangular film resistor was
constructed with an arbitrary relation of the specific surface
resistance of the resistive and conducting films and arrange-
ment of the contacts of connection along the length of the
electrodes. Resistance of the electrodes and the transitive re-
sistances caused by non-uniformity of the current by the
length and thickness of films in the area of their contact were
taken into account.

Conditions were revealed for the equipotentiality of the
border of the conducting and resistive films, at which resist-
ance of the electrodes and resistive film can be considered
strictly separately. An equivalent circuit was constructed and
the frequency properties of the considered resistors widely
used as current sensors were studied.

References

1. Sedakov A. Ju., Smolin V. K. Tonkoplenochnye jelementy
v mikrojelektronike: osnovy proektirovanija i izgotovlenija (Thin-
film elements in microelectronics: fundamentals of design and
manufacturing), Moscow, Radiotehnika, 2011, 168 p. (in Rus-
sian).

2. Lugin A. N. Konstruktorsko-tehnologicheskie osnovy
proektirovanija tonkoplenochnyh precizionnyh rezistorov (Design
and technological basis of designing thin film precision resistors),
Penza, PenzGU, 2008, 288 p. (in Russian).

3. Ge’mutdinov A. H., Ermolaev Ju. P. Modeli ocenki so-
protivienija plenochnyh kontaktov i rezistorov s raspredelennymi
parametrami (Model evaluation of the resistance of the film con-
tacts and resistors with distributed parameters), Kazan, Novoe
znanie, 2005, 76 p. (in Russian).

4. Spirin V. G. Nano and microsystem technique, 2008, no. 7,
pp. 19—24 (in Russian).

5. Kolpakov A. Jelektronnye komponenty, 2004, no. 2,
pp. 77—383 (in Russian).

6. Lugin A. N. Peferburgskij zhurnal jelektroniki, 2012, no. 1,
pp. 41—45 (in Russian).

7. Sadkov V. D., Eremeev Ju. V., Jakimov D. Ju. [zvestija
vuzov. Jelektronika, 2011, no. 3, pp. 44—49 (in Russian).

8. Jampurin N. P., Shirokov L. V., Sadkov V. D. Sovremen-
nye voprosy radiojelektroniki s pozicij teorii konformnyh oto-
brazhenij, Arzamas, AGPI, 2014, 209 p. (in Russian).

9. Danilin V. N., Kushnirenko A. 1., Petrov G. V. Analogovye
poluprovodnikovye integral’'nye shemy SVCh (Analog semiconduc-
tor microwave integrated circuits), Moscow. Radio i svjaz, 1985,
216 p. (in Russian).




YK 621.3.049.77; 621.316.56

A. A. Anrtonos' 2, acIMpaHT, MHXeHep-KOHCTpykTop 2 KaT., M. C. KapnoBuy

I WHXEHEP-KOHCTPYKTOp 2 Kar.,

H. B. l'ln-lymﬂl, WHXEHep-KOHCTpyKTOp 2 KaT., B. 1O. Bacuibes 2, II-p XMM. HayK, 3aM. T€H. TUPEKTOPA,

e-mail: vasiliev@sib-is.ru
1000 "Cu6MC", HoBocnbupek

2 HoBocubupckuii rocygapCcTBEeHHBIN TeXHUYECKU yHuBepcuTeT, HoBocubupck

PA3PABOTKA U BEPUDUKALIMA UHTETPAABHOM MUKPOCXEMbI
APAMBEPA "MATKON" KOMMYTALIMM CUAOBbIX KAKOYEN
AASl MOUWHbLIX UCTOYHUKOB SAEKTPOTNMMTAHUA
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IIpedcmaenen onbim pazpabomu u UCcae008aHUS IKCHEPUMEHMANbHBIX 00PA3U08 MeCho8oi CYOMUKPOMEMPOBOU UHMe2PaLb-
HOU MUKpocxembl dpaiieepa "Maekou" KomMmymayuu cuioevix Karoueu Zero Voltage Switch, npednasnaueHHoOU 019 NPUMEHEHUS 6
MOUHBIX BbICOKOIPPEKMUBHBIX UCMOYHUKAX 8MOPUYHOZ0 IAEKMPONUMAHUSL.

Karoueenie caosa: umnynschulii cmabuau3amop Hanpadjcenus, UCMOYHUKY I1eKmponumanus, "Maekan” KoMmMymauus cua08bix
Karoueil, Zero Voltage Switch (ZVS), unmeepanvhas mukpocxema, monosoeus UC, KMOII, BCD

BBenenune

IIpeoGpa3oBareny MOITHOCTY WU UCTOYHUKH BTO-
puyHoro anexkrpormutanus (UBOII), peanusyembie B
BapuaHTtax AC/DC u DC/DC, saBASI0TCSI HEOTHEM-
JIEMO#1 4acThI0 PaIMO3JIEKTPOHHBIX KOMIIJIEKCOB, OBI-
TOBOI 3JIEKTPOHUKM, CUCTEM OecriepedoitHOoro nura-
HUST WHQOPMAIIMOHHBIX M TEJCKOMMYHUKAIIMOHHBIX
KOMILJIEKCOB, aBTOMOOUJIBLHON 3JIEKTPOHUKHU, MPeod-
pasoBaTelieil SHEPTUN BO30OHOBISIEMBIX NCTOYHUKOB,
MHOTHX TPOMBILIUIEHHBIX WHTEJUIEKTYaJbHbIX CUCTEM
U T. 1. B Xome aKkcruryatanmm B cOCTaBe KOMILIEKCOB
MBOSII momxHBI 00ecIieuynBaTh BHICOKYIO CTEIIEHb Ha-
JIEKHOCTH, YIIPaBISIeMOCTh, YCTOMYMBOCTh B TUHAMU-
YEeCKMX peXMMax, TpeOyeMblll ypoBeHb 3JIEKTpoMar-
HUTHOU COBMECTUMOCTH.

B MupoBoii TIpakTHKE TMOCJIEIHEro AeCATUICTUS
ornpeeeHbl OCHOBHbIE TeHAeHLMU pa3BuTust AC/DC
MB3BII Ha 6a3e UMITYJIbCHBIX BBICOKOYACTOTHBIX TEX-
HOJIOTU ¢ UCMOJIb30BAHUEM CITOCOOOB "MSITKOI KOM-
MyTtanun” (manee — MK, 1o 3apy6exxHol TepMUHOJIO-
ruu — "soft switching" [1]) CUIOBBIX KJIIOUEli B peXXUMe
pe3oHaHca. Cytb ugeonornu MK cBoautcs K mpsmo-
MY WJIX KOCBEHHOMY KOHTPOJIIO TEKYIIUX MapaMeTpoB
CHJIOBOTO KJII0Ya (HAIpsIKeHUsI, CUJIbI TOKA, HATps-
JKeHUSI HACBILLEHUST, CKOPOCTU UBMEHEHUSI HaTpsixKe-
HUsI) U (POPMUPOBAHUIO COOTBETCTBYIOILEH KOppeK-
LMK 0a30BbIX YIIPABISIOIIMX BO3ACHCTBUM IsI CHUKE-
HUSI AMHAMUYECKUX TOTeph MPU KOMMYTALIMU CUJIO-
BBIX KJIIOUEH, yJydllleHUs ToKa3areei 6e30TKa3HOro
(DYHKIIMOHMPOBAHUSI U CHUXEHUS YPOBHSI BJIEKTPO-
MarHUTHBIX MmoMmeX. IlocienHee KpailHe BaxKHO sl
pPagMOTEXHUYECKUX U TeJIEKOMMYHUKAIIMOHHBIX KOM-
miekcoB. DYHKIINY KOHTPOJIS W YIIPaBICHUs obecTie-
YHBAIOTCS APaiiBEPOM CUJIOBOTO KJItoya.

ITomuMo pe3oHaHCHBIX pexumoB MK paznuua-
oTcs pexxuMbl MK, COOTBETCTBYIOLINME BKJIIOYEHUIO
CUJIOBOTO TpaH3UCTOpa MPU HyJeBOM YpoBHe Toka (/)
(o 3apyb6exHoit TepMuHojoruum — Zero Current
Switch, ZCS) n/unu BEIKIIOYSHUIO TIPU HYJICBOM Ha-
npskeHuun (U) (mo 3apyOekHOlt TepMMHOJIOTUNA —
Zero Voltage Switch, ZVS) [2]. Texnonoruss MK cu-
JIoBBIX Kioueir ZVS [1, 2] npennoyiaraeT opraHu3a-
LIMIO YCIOBUI IJIs TIepeBoda TOKa W3 IOJIYIIPOBOI-
HUKOBOW 30HBI 3alTMPacMoOro KiIoda B Tepudepuii-
Hble LENW M BKJIIOYEHHE TpaH3UCTOpa IpU HyJe
(GIM3KOM K HYJII0) HaIPsSIKEHMsI Ha €ro CUJIOBBIX 3a-
xumax (puc. 1). Ha pucynke o6o3HaueHsl: Ug — mo-

i 3
i Uk ] 3
| Up Ip Up |
i I = T 3
i Eon Ip Eorr 3
| N\ -

Puc. 1. XapakrepucTuka pexmma ZVS
Fig. 1. Characteristic of ZVS mode
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CTOSIHHOE HaIpspKeHMe NEPBUYHOIO UCTOYHMKA, [; —
MaKCUMMaJIbHBII PacueTHbIM TOK Kitova, Up — Hanps-
KeHMe "KOJUIEKTOp— 3MUTTep” ("CTOK—UCTOK"), Ip —
TOK Kimoya, Egy U Eppp — NOTEPU SHEPIUU NIpU
BKJIIOYCHUM W BBIKIIOYEHUM TpaH3UCTOpa. Takum
00pa3oM, HU3Koe (OJIM3KOE K HYJII0) HanpsxeHue Uy
MPY BKJIOYEHUN M BBIKIIOYEHUU TPAH3UCTOpPA SIBJISI-
eTcsi 00s13aTe/IbHBIM YCIOBMEM MUHUMU3ALIMU OTEPh
sHeprun Egy n Eqpp.

B MoHorpacduu [3] paccMOTpeH IIMPOKUI Kpyr
BOIIPOCOB IO TMpobyieMaM pa3paboTKu 3(PHeKTUBHBIX
AC/DC MBO3II, Bkiouarolmnx pe3yabTaThbl aHaan3a
MHGOPMaIIMOHHBIX MAaTEPUAJIOB M OCHOBHBIX Xapak-
TEePUCTUK HEKOTOPBLIX TUMOB MoAyJIbHbIXx WMBOII,
TEOpPEeTUYECKHE U PaCYeTHbIE COOTHOILIEHHS TTapaMeT-
POB LieTIei ISl BBIMTOJIHEHUS YCIOBUM pexkumMoB ZVS.
[IpuBeneHbl pe3ynbTaThl pa3pabOTKM, U3TOTOBJIECHUS
U UCCIIe0BaHUSI OCHOBHBIX XapaKTEPHUCTUK MaKeTOB
MBOBII, BbINOJHEHHBIX C UCIOJIb30BAHUEM TEXHOJIO-
ruu ZVS, pacyeToB U 3KCNIEPUMEHTAIBLHOTO HCCIIEeNO0-
BaHHWS MakeToB ApaiiBepoB MK 1s1 MOLIHBIX UCTOY-
HUKOB M CUCTEM BTOPUYHOTO 3JIeKTponuTaHus. Takxke
MPOBEJCHO MCCIEeI0BAHUE BO3MOXHOCTHU M3TOTOBJIE-
HUS B MHTETPATbHOM MCIIOJTHEHNH alalTUBHBIX dpaii-
BEPOB yIpaB/leHU KiloyaMu B pexxume ZVS. B Hammx
npeapaylunx padorax [4, 5] ObUIM IIpeacTaBlIeHbl pe-
3yJbTaThl pa3pabOTKX TECTOBOM MHTErpajlbHOM MUK-
pocxembl (MMC) uHTeNIeKTyaJlbHOTO aAdalTUBHOTO
npaiiepa MK cunoBbIx Kimoueit B pexxume ZVS (nma-
Jee gpaiiBep ZVS), npenHa3HAYeHHOTO JJI UCIOIb-
30BaHUSI B MOIIHbBIX BbICOKOI(P(EKTUBHBIX MOIYJIb-
Hbeix UBOII, a uMeHHO: pe3ynbTaTbl MOJACIMPOBAHMS,
MaKEeTUPOBAHMUS U DKCIIEPUMEHTATILHOU MTPOBEPKU pe-
JKMMOB paboOThI IpaiiBepa Ha MakeTe IMOJIyMOCTOBOTO
WHBEPTOpA; pe3yIbTaTbl MOIEIUPOBAHUS, OTIAEIbHbIC
BOIPOCHI pa3pabOTKN KOHCTPYKIIMM U TOITOJIOTUHU TeC-
toBoii UMC pnpaiiBepa, BKITIOYAIOIICH TaKXKe CXEMBI

3allUTHI 2JIeMeHTOB BBoJa-BbiBoga MMC ot 31eKTpo-
CTaTUYECKOTO pa3psja.

B HacTos1eit pabote, SIBISIOLIEHACS MTPOIOJIKEHM -
eM paborT [4, 5], paccMaTpUBarOTCS pe3yJIbTaThl pa3pa-
OOTKHU, TIPOBEPKMU PAOOTOCIIOCOOHOCTA U MCCJIeIOBa-
HUSI BKCNEPUMEHTAIBHBIX 00pa3iuoB TectoBoit UMC
IpaiiBepa ZVS, M3roTOBJICHHBIX 10 CYOMUKPOMETPO-
Bo#1 BbICOKOBOJIbTHOM KMOII-TexHoI0r1u ¢ npoexT-
HO-TEeXHOJOrn4ecKMMu HopMaMu 0,18 MKM.

Paspabotka Tectosoii UMC napaiisepa ZVS

Pa3BuTHe CUTOBOI 3JIEKTPOHUKU UIET T10 MyTH CO-
BMEIIEHMST HA OMHOM KPUCTAJUIe CUIOBBIX TPAH3UCTO-
POB M CONMYTCTBYIOIIMX UM MUKPO3JIEKTPOHHBIX CUC-
TeM yrpapiaeHusi. CyliecTByeT psili MpUYMH, 10 KOTO-
pPBIM pazfieibHasl peaju3alivsl CUJIOBOro Kioua U y3ia
VIpaBJICHUS YCTYIaeT B HaIeXKHOCTU MHTErPabHOMY
HMCTIOTHEHUIO, TIPM KOTOPOM CTAaHOBUTCS BO3MOX-
HBIM peau3alusl ObICTPOACHCTBYIOIIUX UHTEIEKTY-
aJBHBIX CHCTEM 3alllUTHI OT TIePerpy30K M Meperpena,
a TakxXe JOMOJHUTENbHBIX CIOCOO0B KOMMYTAlMU U
VIpaBIeHUs] CUJIOBBEIM TpaH3UCTOpPOM. Takue cucre-
Mbl, peaJIM30BaHHbIE HA OHOM KpHUCTajljle, HOCST Ha-
3BaHME "MHTEJUIEKTYAIbHBIX CUJIOBBIX Kiodeit” [6].

[Tpu paszpabotke TectoBoit UMC npaiiBepa ZVS
MPOBOAMIOCH MaKETUPOBAHME M TEXHOJIOTUYECKOE
MOJIeIMPOBaHUE C UCITOJIb30BaHUEM TTporpamMm "Sen-
taurus TCAD" pns ompeneneHus mapaMeTpoOB Y3JIOB
MMC npaiiBepa B MHTerpaJbHOM UCIOJHeHUHU [4, 5].
ITociie BcecTopoHHEro aHaIM3a COBPEMEHHBIX TEXHO-
JIOTUYECKUX BO3MOxHocTelt peanuzauuu MUMC Hau-
0oJice IIpueMIEMbIM BapUaHTOM JIs1 pa3paboTKu Tec-
toBoit UMC npaiiBepa ZVS 6bu1a npuznana KMOTI-
TEXHOJOTHUSI MAacCOBOTO IIPOM3BOICTBA CYOMHUKPO-
MeTpoBbIXx UMC mpoeKTHO-TEXHOJIOTUYECKOTO YPOB-
Hs 0,18 MKM, nMelolLast Habop JTOMOJHUTEIbHBIX KOH-
CTPYKTUBHO-TEXHOJIOTUYECKUX W,
MpeXae BCEro, — BBICOKOBOJIBTHBIX
ormumii. B cooTrBeTCTBUM € mpemoc-
TaBJIEeHHBIMU (haOPUKON-NU3rOTOBU-

AAA
VWY
A

Puc. 2. Brok-cxema pa3padorannoii Tecrosoit UMC npaiisepa ZVS (cM. pacumdposky

0003HAYEHUii B TEKCTE)

Fig. 2. Block diagram of the test TIM of ZVS driver (deciphering the designations in the text)
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TeJieM MpaBUJIaMU TPOEKTUPOBAHUS
(Process Design Kit) 6bu1a pazpabo-
taHa TectoBasi UMC npaiiepa ZVS.

Ha puc. 2 npuBeneHa OJIOK-cxe-

paMu 0003HAUYEHBI CJEAYIOLIUE DJIe-
MEHTBI: I — OJIOK JeTeKTUPOBaHUSI
HampsiKEHUsI Ha CUJOBOM KJIIOYE;
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2 — OJIOK ympaBlIeHUsI TPUCTAOUIIb-
HbIM OydepHbIM ycunuteneM (TBY);
3 — onok ThY; 4 — 610K HacTpoii-
KM MmapaMeTpoB M pexuma ¢yHK-
LMOHMPOBAHUSI; 5 — OJIOK pa3psiaa
eMKocTH Mwuiepa; 6 — JaT4YuK TO-
Ka CWJIOBOIO Kjwoua; 7 — OJIOK IO0-

|
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|
|
|
|
|
l
: ma tectoBoii UMC ppaiiBepa. HHud-
|
|
|
|
|
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HWXKEHUST HANPSKEHUST BBICOKOBOJIBTHOM IMHBI (SIB-
JISIeTCsl BHEILIHUM BBUAY HEBO3MOXHOCTU BbIOpaHHOM
texHosorunu MMC obecrieyuth AUIIEKTPUUECKYIO
M30JISLINIO 3JIeMeHTOB CcBEITe 600 B).

Ha puc. 3, a (cM. 4eTBepTyIO CTOPOHY OOJIOKKM)
MPUBEJEH TOMOJIOTMYECKUI prucyHOK TecToBoii UMC
npaiiBepa ZVS, pa3Mep KpucTaljia KOTOPOi COCTaB-
nsteT 2,3 X 2,3 mm. Pazpaborannas UMC umeer cie-
Jyloue MPOCKTHbIE DJIEKTPUUYECKUE XapaKTePUCTU -
KH: pabouee HAMpPsKeHWE MUKPOCXeMBI (ITUTaHUS U
BeixogHoe) 10...30 B, yacrora (yHKIMOHUPOBAHUS
0,03...1 MI'u, MakcCUMaJbHbIA MUMIYJIbCHBII BBIXOI-
HOM TOK MUKPOCXeMBI (TIpY HATIPSKEHUHW TTATAHUS
15 B, emxocTtHoi1 Harpy3ke 0ysoka TBY HomuHamom
15 a®) — 15 A, Tok motpebiaennss UMC (Ha yacToTte
200 xI'u, HanpspkeHuy uTanus 15 B, Harpyske 15 HO,
MaKCHMaJbHOM BBIXOAHOM Toke) — 10 200 MA.

HeobGxonuMocTh co3aaHUsI KOHTAKTHBIX TJIOIIA-
JIOK C TIOBBIIIEHHOW TOKOBOM HArpy3KoM MOCTaBUJIO
3amayy pa3paboTKM HOBOM METOAMKM IMPOEKTUPOBA-
HUS IUTOLIAAoK BBoja-BeiBoga UMC mist ux mpume-
HEHUS B PA3IMYHbIX TPUIOXKEHUSIX: HU3KOYACTOTHBIX,
C MOBBIIIEHHOW TOKOBOW HAarpy3Koi, ¢ MOBBIIIEHHON
3alIMTON OT CTATUYECKOro BJIEKTPUYECTBA, BbICOKO-
YacTOTHBIX C MOBBILLIEHHOUW TOKOBOH Harpy3koit. B xo-
Jle peuieHus] JaHHOM 3amaur ObUTM pa3paboTaHbl Ma-
TEeMaTUYeCKHe MOIEIN IUIOIIANOK W METOOWUKU MX
MpoeKkTupoBaHusl. B coctaB pazpaboTaHHOI TeCTOBO
MMC BBeneH psia aHAJOrOBBIX ILJIOIIANOK BBOJA-BhI-
BoIa, pa3pabOTaHHBIX B paMKaX COOCTBEHHON METO-
JOJIOTUY WX TIPOEKTUpOBaHUs. Pe3ynabTaTel mccieno-
BaHWIA TUTOLIAIOK BBOIA-BEIBOAA OYIYT pacCMOTPEHBI
OTHEeabHO. 7151 pOeKTUPOBAaHMS TOIOJOTMHU UCIIONb-
30BaJicsl MakeT MmporpaMmMHoro odecrieueHust "Cadence
Virtuoso". DKcrepuMeHTalbHbIe 00pa3lbl TECTOBOM
MMC npaiiBepa ZVS ¢ pazpaboTaHHBIMU TLIOIIAAKA-
MM U 3JIeMEHTaMU BBOJIa-BbIBOAA U3TOTOBJICHBI IO BbI-
cokoBoJibTHOIT KMOII-TexHOoM0run ¢ MpoOeKTHO-TeX-
HojiornyeckumMu HopMmamu 0,18 MKM Ha 3apyOexkHO
dabpuke Silterra Ha MPW (Multi-Project Wafer).

TecroBass UMC umeet 44 mioiiaaku BBOAA-BbIBO-
na. Ha puc. 3, 6 (cM. 4eTBepTyI0 CTOPOHY OOJIOXKKU)
npeAcTaBieHa ororpadus BHEIIHETO BUIA U3TOTOB-
JeHHoro kpuctasia tectoBoi UMC ppaiiBepa ZVS,
pasBapeHHoro B kopnyc H16.48-2B. Heobxomumo ort-
METUTb, YTO JAHHBIN KOPITYC HE UMEET CIEeIINaTbHOTO
TeTUI00TBOJA.

PesyabTaThl m3mepennii Tectopoiit UMC
napaiisepa ZVS

Hamepenus tectoBoit UMC npoBoauan ¢ UCTIONb-
30BaHME€M COBPEMEHHBIX KOHTPOJIbHO-U3MEPUTEb-
HBIX CPEICTB Ha CIelMaIbHO pa3pabOTaHHOM CTEHJE.
PesynbTaThl M3MepeHUil OJOKOB, TMPUBEACHHBIX Ha
puc. 2, mokasaiau ciaenyloiee. bjaok gereKTupoBaHuUs

HaIpsDKeHUs] Ha CWJIOBOM Kiltoue | KOppeKTHO OIpe-
JIeJISIeT MOMEHTHI ITOHVXKEHUST HAMPsSDKEHUsT Ha CUJI0-
BOM KJIIOYE, OCYILUECTBIISIET 3aIlyCK OCTAJIbHOI 4acTu
CXeMbI, cOpachIBaeTCs B PEXXKUM OXUAAHUS MTPU MOBbI-
LIIEHUU HaMpPsDKEHUSI Ha CUJIOBOM KJTI0YE IIOCIIE 3aBep-
meHus1 padbodero nukia. biox ynpasnenus TBY 2
(YHKLIMOHMPYET, KOPPEKTHO OTpadaThIBasl TECTOBbIE
BXOoOHBIe Bo3aeicTBus. binok ThY 3 pyHKkumoHupyer,
obecrnieunBas nmapametpbl TBY, npuBeneHHble B Tad-
Juie (MOJIHOCTBIO COOTBETCTBYIOIIME MaTeMaTuye-
ckoit monenu THY).

I'paduk, xapakTepusyloliydii TOK IIOTpeOJIeHUs
TBY B 3aBUCMMOCTH OT 4YacCTOTHI (PYHKIIMOHHPOBA-
HUSI IPU Pa3IMYHBIX BBIXOAHBIX TOKax, IIPeACTaBIeH
Ha puc. 4. JlaHHbIe OBLIA MOJIYYEHEI TIPU CACAYIOIINX
YCJIOBMSIX: HaIlpsDKeHue nmuTaHus 15 B, eMKocTh Ha-
rpy3ku 15 H®D, orpaHMYeHNEe MaKCHUMAaJIbHOTO TOKa
Harpy3ku Ha ypoBHe 50 MA, 5 A, 7,5 A. OTMeTuM, 4TO
BBUJLY OTCYTCTBUS crienuanibHoro Kopnyca MMC ¢ Te-
IUIOOTBOJOM MAaKCHUMAJIbHBIIA TOK IPU M3MEPEHUSIX
COCTaBJISITI IIPUMEPHO TMOJIOBUHY OT PpacuyeTHOTOo 15 A,

ITapamerpm TBY
TBA parameters

ITapamerp 3Ha“§' En.
Parameter Hme VISM.
Value Unit
Bpems napactanus ¢ponta Upypix 60 HC
Rising front time of Ugyr ns
Bpems cnananus ¢ponra Upgpx €0 HC
Falling front time of Ugyt ns
3azmepxka HapactaHus pponta Ugprx A0 HC
Rising front delay of Uyt ns
3amepxka crnaganus GpoHta Uppix 40 HC
Falling front delay of Ugyr ns
3anepxkKa CUTHaJIA Pa3peleHUst 50 HC
"Enable" setup delay ns
3anepxkKa CHITHSI CUTHAJIa pa3peLeHust HC
" " 50
'Enable” remove delay ns
Brixonnoe conportusienue npu Uppx = "1" L06 Om
Output resistance, Ugyr = “1” ’ Ohm
Beixomnoe conporusnenue npu Ugpx = "0" q Om
Output resistance, Ugyr = “0” Ohm
Tlpumeuanue. * — 3HavyeHUs MOTYYEHBI IPU CIIELYIOILUX YC-
JIOBUSIX: HaTpspkeHue utaHus 15 B, emkocts Harpysku 15 HD,
yacroTa 200 kI'11, orpannyeHue Toka 7,5 A.
Comment. * — These values obtained under following
conditions: supply voltage is 15 V, load capacitance is 15 nF,
operating frequency is 200 kHz, current limit is 7,5 A.
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Puc. 4. U3smepennoe norpedaenne 010ka TBY B 3aBucumoctd oT
4acTOThl (PYHKIMOHUPOBAHUSA NPH PA3JTHYHBIX BBIXOIHBIX TOKAX TeC-
ToBoit UMC

Fig. 4. The measured consumption of TBA unit depending on the
frequency of functioning with various output currents of the test TIM

YTO MPEICTABISIIOCHh JOCTATOYHBIM 151 TPOBEPKU pa-
6oTtocrocodHocTu TectoBoii UMC.

Bnok HacTpoiiKu mapaMeTpoB U pexkrMa (YyHKIMO-
HUpoBaHUsI 4 (CM. puC. 2) U OJIOK paspsiia eMKOCTU
Muepa 5, BBIIOJIHEHHbIE B €IMHOM MOIYJE B €I1-
HOM JoMmeHe Ha kpuctamie UMC, ¢pyHKIIMOHUPOBaIU
YacTUYHO. BhISBIIEHO pacxoxkaeHUe MaTeMaTUUecKoit
MOJIEJIM M peajbHOro 0J10Ka B cocTaBe TecToBO UMC:
JIETEKTUPOBAHHBIC BXOIHBIE MapaMeTpbl U PE3yIbTH-
pyIOILIMA OTKIIMK OKa3aJuCh HEe COBMAAAIOLIMMMU.

JlaTymk TOKa CHJIOBOTO KJIto4Ya 6 (PYHKIIMOHHPYET
KOPPEKTHO 0e3 JIOXKHBIX cpadaThIBaHUIA.

O0cyxkaenue pe3yabTaToB H3MepeHHi
u uccaenosanmii tecroBoiit UMC napaiiepa ZVS

IIudposbie 010KM, BBIMOJHEHHbIE MO BBICOKO-
BosbTHOI KMOII-TexHonoruu, padoTaloT B COOTBET-
CTBUU C MaTemMaTUyecKuMU monesisiMu 0joka ThY 3
(cM. puc. 2), 6J10Ka IeTEeKTUPOBAHUS HAMPSKEHUS Ha
cua0BOM Kitoue [, 6ioka ympapieHust TbY 2. JlaH-
HbIe OJIOKM B MakeTe ApaiiBepa ZVS ObLJIY BBITIOJIHEHBI
B JMCKPETHOM HCIOJHEHUU U COCTOSUIM MpeuMylle-
ctBeHHO U3 KMOII-ycTpoicTB, ¢ HEOOJBIIUM 4YHC-
JIOM OUMOJISIPHBIX TPAH3UCTOPOB BO BCIIOMOTaTeIbHbIX
cTpykTypax. B tecroBoit UMC oHM ObUIM peann3oBa-
HBI To1bK0 B KMOII-cTpykTypax ¢ COOTBETCTBYIOLIEH
Moaudukamuein ueneit. [lonyyeHHble TaHHBIE yKa-
3pIBaIOT, 4To TecTtoBast UM C mpaliBepa ITO3BOJISIET MC-
MOJIb30BaTh €€ B KaUeCTBE MOILIHOTO TPUCTaOUIbHOTO
Oy(epHOTO YCUJIMTENISI C BHIIEYKa3aHHBIMU XapaKTe-
puctukamu (cM. Tabauiy u puc. 4). Ha puc. 5 (cM. yet-
BEPTYI0O CTOPOHY OOJOXKM) IIPEACTaBJICHBI 3MIOPHI
BXOJHOTO 1 BbIXOAHOro curHajia ThY, moaydeHHbIe Ipu
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CJIEAYIOLIMX YCJIOBUSIX: HaIpskeHue nutaHus 15 B,
yactota 1 MI', BeIXogHO¥# TOK 7,5 A.

PesynbraThl [Ojis1 aHAJIOrOBBIX OJIOKOB TECTOBOM
MMC otnuyamoTcs oT pe3ysbTaToB LUGPOBBIX 0J10-
KoB. Tak, aHanoroBbIi 010K JATYMKA TOKA CUJIOBOTO
KTo4a 6 (CM. puc. 2), BBIIOJHEHHBIN C MUCIIOIb30Ba-
HUEM B TeXHOJIOTUH BbicOKOBOJbTHOIT KMOII pomor-
HUTENBHBIX OUIIOJISIPHBIX TPAaH3UCTOPOB, pabOTaeT B
COOTBETCTBMM C MaTeMaTU4yecKoi momelsibio. OgHaKo
aHAJIOTOBBIE OJIOKM HACTPONKHU TTapaMeTPOB M PEKU-
Ma (YHKLIMOHUPOBaHUS 4 U pa3psiia eMKOCcTU MuJ-
Jiepa 5, BBINOJIHEHHBIE IO BhICOKOBOJILTHOIT KMOII-
TEXHOJIOTUM 0€3 MCMHOJb30BaHUSI JOMOJTHUTEIbHbBIX
OUMOJISIPHBIX CTPYKTYP, GYHKILIMOHUPYIOT HEKOPPEKT-
Ho. JlaHHBIe OJJOKM B MakeTe apaiiBepa ZVS cocTosi-
JIM TIPEMMYIIIECTBEHHO M3 OMIIOJSIPHBIX TPaH3UCTO-
poB. Ilpu pa3pabotke UMC naHHbIe 0J0KM OBUIN T1e-
pepaboTaHbl JJIs1 BBIIIOJHEHUSI IO BBICOKOBOJLTHOM
KMOII-texHonoruu (pa3paboTaHbl MTPUHLMUIIMATIBHO
paszInyapIImecs 3JeKTPUUECKUE CXEMBI ¢ OOJIBIINM
YHMCJIOM yCUJIMTesIel). MakeTnupoBaHue nepepadoTaH-
HOM CXeMOTEXHUKU HE MPOBOAUIIOCH.

HMccnenoBaHue TectoBbix obpasuoB UMC, B Ko-
TOPBIX OJIOKM 4 M 5 OBIIM cOOpaHbl HAa TMCKPETHBIX
BJIEMEHTaX U MOAKIIOYEHBI CHAPYXXKU K MUKPOCXEMeE
(3aMeHa BHYTPEHHUX OJIOKOB BHELIHUMH), MOKA3aJ10
¢yHkumroHupoBaHue tecrooiit UMC B pexume ZVS
(puc. 6, cM. 4eTBEpPTYIO CTOPOHY OOJIOKKH), UTO TTOMI-
TBEPXKIACT MPABUILHOCTb BEIOPAHHOTIO KOHCTPYKTHUB-
HOTO pelleHUs.

KoHcTpykuus paspaboranHoit MMC npaiiBepa
ZVS coueTaeT B CBOEM COCTaBe CUJIbHOTOYHEIE OBICT-
pOAEHCTBYIONINE YCTPONCTBA U OBICTPOIACICTBYIOLINE
BBICOKOTOYHEIE aHAJIOTOBKIE Iien. [1ommbITKa peaan3a-
1y aHaigoroBoit yactu UMC no TexHOJOrMu BbICO-
koBOJIbTHOTO KMOIT (0TMETHM, UTO OT€UECTBEHHOIO
aHajora JaHHOM TEXHOJIOTUM B HACTOSI1IEe BPEMSI HET)
COBMECTHO C CHUJIbHOTOUHBIMU YCTPONCTBAMHU ITTOKA-
3ajia ciaenymooliee. Bo-mepBbIX, 3aMeHa KJIaCCUYECKUX
OUMOJISIPHBIX CTPYKTYP Ha CXEMOTEXHUUYECKHUE pelle-
Hus B paMkax KMOII, uMerwlire B CBoeM cOCTaBe
YCUJIUTENIU, MpUBea K U3MEHEHUIO YCIOBUIl (hyHK-
LIMOHUPOBaHUSI Moayieit. Bo-BTOphIX, pacnojoxeHue
PSIIOM C CHJIbHOTOYHBIMM YCTPOMCTBAMU, MHXKEKTH-
PYIOIIUMHU TOKH B TIOMJIOXKY, a TAKXKe BBI3BIBAIOIINMHU
JIOKQJIbHBIIA TeperpeB, [IeCcTaOWIM3UPOBAJIO pPadoTy
qyBCTBUTENBHEIX 1etteil UMC (6510K0B 4, 5, cM. puc. 2).
ITonyyeHHBIE pe3yabTaThl YKa3bIBalOT Ha CYILIECTBO-
BaHUe NpoOJeM TIpU peanu3allud CUJIbHOTOUHBIX
aHasoroBo-LudpoBbix UMC no texnonorun KMOIT.
Bo3MoXXHO, OMHUM W3 BapMAHTOB PEIICHUSI MOT OBl
CTaTh JaJIbHEHIIINI MOUCK U DKCIIEpUMEHTAIbHAS OIl-
TUMU3AINSI CXeMOTEXHUYECKUX PEIIeHU yKa3aHHBIX
0JIOKOB B paMKaX TOM e TEeXHOJOTMM U3TOTOBJICHUS
MMC. OpgHako HEraTUBHOI CTOPOHOI TaKOTO MOAXO-
Ja "MOATOHKY KOHCTPYKLIMY MO TEXHOJOTUIO" MOXKET




OBbITh BOBHUKHOBEHUE (DYHKIIMOHAJIBHBIX OrpaHMYEC-
Huit UMC B cpaBHeHUM C MAaKETOM, BBITOJIHEHHBIM
Ha JUCKPETHBIX DJIEMEHTaX.

B cBs13u ¢ 3TUM OoJiee nepcneKTUBHBIM BapUaHTOM
nopabotku TectoBoii UMC 10 monmHO(pYHKIMOHAb-
Hoit UMC pnpaiiBepa ZVS npencrasisieTcsl TIOUCK ApY-
TOM COBPEMEHHOU TEXHOJIOTUU U3TOTOBJIEHUS] UHTE-
rpajbHbIX MUKPOCXEM, TMO3BOJISIIOLIEN peaan30BaTh
YCTPOMCTBA C MOBBIIIEHHOW TOKOBOI HArpy3kom co-
BMECTHO C YYBCTBUTEJIbHOW aHAJOTOBOM YacThblO Ha
MUHUMaNbHOM mioiaau kpucramia UMC. MuHumu-
zauus miowmanu UMC saBisercs cylecTBEeHHON IIpo-
onemolii nipu paszpabdotke tonosorun UMC, Tak Kak,
BO-TIEPBbIX, HAJIMUKUE CUIbHOTOUHBIX 3JIEMEHTOB Tpe-
OyeT BbIAENEHUST OONBIION TIIOLIAAN, BO-BTOPBIX, HE-
00X0IMMO pean30BaTh aHAJOTOBYIO YaCTh (HaTYUKU),
3alUIIEHHYIO OT HEraTUBHBIX 3(h(PEKTOB, CBI3aHHbBIX
¢ GYHKLIMOHMPOBAHUEM HA €AMHOM MOIJIOXKE CUJIb-
HOTOYHBIX YCTPOMCTB (HEpaBHOMEPHBIN HarpeB U J0-
KJIbHBI TEperpeB KpucTajlila, WHXEKIUS B TIOA-
JIOXKKY).

BapuantoMm pelleHuss AaHHOI MHpoOJIEeMbl MOXET
OBITh MCMOJb30BAaHME TEXHOJOTMYECKOIo IIpoliecca,
n3BectHoro kak BCD (Bipolar-CMOS-DMOS) [7, 8].
MupoBasi MpakThKa IO CO3JaHUI0 CUJIbHOTOUHBIX
MMC nokazana, yTo pa3padoTKa CrielMaIu3uPOBaHHbBIX
TEXHOJIOTMIA, JonoaHeHue TexHoiaorun KMOIT monHo-
LIEHHbIMU OunosgpHbiMu cTpyktypamu (bMKMOIT)
U JajibHelilllee pacliupeHue JlaTepaJbHbIMU CTPYKTY-
pamu (BCD [7]), mo3BoJsieT peluuTh MpooaeMbl, BO3-
HUKaIKE MPU pa3paboTKe CUIIbHOTOYHBIX aHAJIO0TO-
Bo-1MGpoBbix UMC, a Takke N10OUTbCSI 9KOHOMUYE-
CKOM BBITO/Ibl (HECMOTPs Ha (PaKTUYECKOE YCIOXKHE-
HUE M, CliefoBaTe/IbHO, YAOPOXaHWe TEeXHOJOTUH)
MOCPEICTBOM YMEHblIeHUs Iioianu kpuctamia UMC.

BriBoapl

Pa3paboTraHa, M3roToBjeHa IO CTaHAAPTHOM CyO-
MUKPOMETPOBOI BbICOKOBONBTHON KMOII-TexHonorun
C MPOEKTHO-TeXHoJornyeckumu Hopmamu 0,18 MKm
u ucciaemoBaHa tectoBass MMC ppaiiBepa ZVS. Oc-
HoBHas yacTh TecToBoii UMC ¢ nmdpoBeIMHI OJI0KaM1
TTOJTHOCTBIO COOTBETCTBYeT MakeTy. MyHKIIMOHUPO-
BaHME aHAJOTOBBIX OJIOKOB HACTPONKHM IMapaMeTpoB U
pexuma (GYHKUIMOHMPOBAHUS U pa3psna e€MKOCTU
Muiepa pacxoauTcsl ¢ pe3yabTaTaMM, MOJydeHHbIMU
B XOJIe MCCIeIOBAaHUI MaKeTa ApaiiBepa, B CBS3U C YEM
HCIoNIb30BaHUe pa3paboranHoit UMC pgpaiiBepa B
pexume ZVS BO3MOXKHO € MCIOJIb30BAHUEM BHEIITHUX
BCITOMOTaTEIbHBIX LIETIEH.

TecroBass UMC npaiiBepa ZVS 103BOJISIET UCITOJIb-
30BaTh €€ B KayeCTBe MOIIHOTO TPUCTaOMJILHOTO OYy-
(hepHOrO YyCUIMTENS IS YIIpaBIEHUS KJIl0oUaMu, BXO-
ISIIMMUY B cocTaB cloBBIX Monyneit UBOII, dyHk-

HUoHMpYIIMX B auana3doHe yactoT 30 kIm...1 MI'n
MOCPEACTBOM YIpaBiaeHus 1o merony LIV M.

ITpoBeaeHHOE HCCenOBaHUE I10KA3aj0, YTO BhI-
nojiHeHue UUdpoBbIX 0J10KOB TecToBoit UMC apaii-
Bepa ZVS 1o BbicokoBoabTHOU KMOII-TexHomornm
peanu3yeTcsl YCIEIIHO, OAHAKO BBLINIOJIHEHUE aHaJlo-
TOBBIX 0JIOKOB B paMKax JaHHOW TEXHOJOIMU COIPO-
BOXIAETCS CYLIECTBEHHBIMU TPYIHOCTSIMU, KOTOpbIE
MOTYT MPUBECTU K OrpaHUYCHUSIM (PYHKIIMOHUPOBA-
HUSI gaHHBIX 0710KOB B coctraBe MMC. Pa3paboTky
MUMC panHOro THMNA 1I€J€CO00pa3HO IPOBOAWTH IO
TEXHOJIOTUSIM, COYETAIOIIMM MOIIHbIE BBICOKOBOJIBT-
Hele, a”Hajgorosele 1 KMOII-ycTpoiictBa. OgHoli 13
TaKUX TEXHOJIOTUI sABJIeTcsl TexHojorust BCD.

Asmopusi sbipaxcarom baazodaprocms npogh. 10. /1. Kos-
asesy u cm. Hayu. comp. 10. E. Cemenosy 3a naodomeop-
Hble QUCKYCCUU U YeHHble COBeMbl, 8bICKA3AHHblE NPU Bbl-
noaHeHuu pabomoi.

Paboma evinonnena npu @urancosoli noddepiicke
Munucmepcmea obpazosanus u Hayku P® e pamxax
peanu3ayuu nPUKAAOH020 HAYHHOO UCCAe008AHUS U IKC-
NnepuUMeHmanbHol paspabomKu ¢ YHUKAAbHbIM UOeHmU-
guxamopom RFMEFI57914X0089.

CnuECOK MTEepaTyphl

1. Wintrich A., Nicolai U., Tursky W., Reimann T. Applica-
tion Manual Power Semiconductors. Ilmenau, Germany: ISLE
Verlag 2011. 466 p.

2. Mohan N., Undeland T. M., Robbins W. P. Power elec-
tronics. Converters, applications and design. USA: John Wiley
and Sons, Inc., 2003. P. 249—298.

3. ICTOYHHKH BTOPUYHOTO D3JICKTPOIIUTAHMUS C "MSTKOI"
KoMMyTauueil cunoBbix kimoueii / [Mox pen. npog. 0. 1. Kos-
nseBa. HoBocubupck. Mzn. CO PAH. 2014. 113 c.

4. Auronos A. A., Kapnosnu M. C., ITmuyrun 1. B., Kypaen-
Ko A. A., BacmibeB B. 10. MHTerpanbHasg MUKpocxeMa ApaiiBe-
pa "MSTKOI" KOMMYTAllUM CUJIOBBIX KJTIOUEHl IJIST MOIIHBIX MC-
TOYHUKOB 3jIeKTponiuTaHus // HaHo- U MUKpOCHCTeMHasT TeX-
Huka. 2014. Ne 6. C. 37—42.

5. Antonov A. A., Karpovich M. S., Kozlyaev Yu. D., Seme-
nov Yu. E., Vasilyev V. Yu. Integrated Circuit Test Chip for
Power Transistor Operation in AC/DC Power Supply Units in
Zero Voltage Switching Mode // Proc. 15" International Con-
ference of Young Specialists on Micro/Nanotechnologies and
Electron Devices EDM. 2014. P. 419—423.

6. Tpyauosckas E., Jlaryn A., Mamesuu II., Bopoobes A.,
CnankoB M., JIykpsiHoB A., Taboakun A. MHTeN1eKTyaabHbIE
CUJIOBbIE KJIIOUU. TeXHOIOTrMYEeCKHUE U CXeMOTEXHUYECKHUE PO~
OseMbl MOHOJNUTHOM WHTerpauuu // CusoBasi 3JIEKTPOHHUKA.
2011. Bem. 4. C. 60—064.

7. Contiero C., Andreini A., Galbiati P. Roadmap Differenti-
ation and Emerging Trends in BCD Technology // ESSDERC.
2002. P. 275—282.

8. TSMC web page, section "Power IC" (a1exTpoHHBIN pe-
cypc). URL: http://www.tsmc.com/english/dedicatedFoundry/
technology/power_ic.htm

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 9, 2015 61



A. A. Antonov" 2, Postgraduate Student, Design Engineer, M. S. Karpovichl, Design Engineer,
I. V. Pichuginl, Design Engineer, V. Yu. Vasilyevl’ 2, D. Sc., Professor, Deputy Director, vasiliev@sib-is.ru

I SibIS Co., Novosibirsk, Russia

2 Novosibirsk State Technical University, Novosibirsk, Russia

Development and Experimental Verification of the Driver Integrated Circuit
for Power Key Soft-Switching in Power Converters

This paper presents the results obtained in development and experimental verification of the submicron integrated circuit driver
for Zero Voltage Switch (ZVS), power key soft switching, intended for use in high-power high-efficiency power converters. A chip
has been designed for High-Voltage 0,18 um CMOS technology. Die size is 2,3 mm?; there are 44 analogue 1/0 pads of the pack-
age selected for this IC test chip. The IC test chip meets the following requirements: its operational voltage is 10—30 V, operational
frequency — 30— 700 kHz, maximal pulsed output current at 15 V supply source and 15 nF load — 15 A, consumption current
at 15 V supply source and 200 kHz operating frequency does not exceed 200 mA. Full characteristics of the driver test chip of IC
most complicated element, tristable buffer amplifier, is presented. The IC driver can function in two different modes: as a buffer de-
vice for PWM control (reduced functionality) and as ZV'S driver for ZVS mode (full functionality).

Keywords: switching-mode power supply, SMPS, power converters, power key soft switching, Zero Voltage Switch (ZVS), in-

tegrated circuits, IC layout, CMOS, BCD

Introduction

Power converters or sources of secondary power supplies
(SSPS) in AC/DC and DC/DC versions are an integral part
of the household electronics, systems of uninterrupted power
supply for information and telecommunication complexes,
automobile electronics, power converters for the renewable
sources, many industrial intellectual systems. During opera-
tion as a part of the complexes SSPS are to ensure high reli-
ability, controllability, stability in the dynamic modes, and
the required level of electromagnetic compatibility.

In practice the basic trend in development of AC/DC
SSPS on the basis of pulse high-frequency technologies with
the use of power key soft switching [1]) in the resonance mode
were defined. The essence of SS boils down to a direct or in-
direct control of the qurrent parameters of the power key
(voltage, current strength, saturation voltage, speed of its
change) and formation of correction of the base operating in-
fluences for a decrease of the dynamic losses during switching
of the power keys, improvement of the indicators of the trou-
ble-free functioning and decrease of the level of electromag-
netic interference. The latter is extremely important for the
radio engineering and telecommunication complexes. The
control functions are ensured by the power key driver.

Besides the resonant SS modes there are modes corre-
sponding to switching of the power transistor at a zero current
(1) (Zero Current Switch, ZCS) and/or to switching off at ze-
ro voltage (U) (Zero Voltage Switch, ZVS) [2]. SS technology
of the power keys of ZVS [1, 2] assumes provision of the con-
ditions for a current transfer from a semi-conductor zone of
a locked key into the peripheral circuits and switching of a
transistor at zero (close to zero) voltage on its power terminals
(fig. 1). Fig.: Uy — constant voltage of the primary source,
I; — maximal estimated key current, U — collector-emitter
voltage (source), Ip — key current, Egy U Eqpp — losses of
energy due switching on/off of the transistor. So, the low
(close to zero) voltage U during switching on/off of the tran-
sistor is the necessary condition for minimization of the losses
of energy Eqy and Egpp.
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In [3] the authors consider a wide range of questions con-
cerning development of effective AC/DC SSPS, including
analysis of information materials and basic characteristics of
certain modular SSPS, theoretical and estimated correlations
of the parameters of the circuits for implementation of the
conditions of ZVS modes. It also contains R & D, manufac-
turing techniques of the basic breadboard models of SSPS
made with the use of ZVS technology, calculations and ex-
perimental research of the breadboard models of SS drivers
for powerful sources and systems of secondary power supplies.
The authors also study opportunities for manufacture in an
integral version of the adaptive drivers for control of keys in
ZVS mode [4, 5] present the results of development of a test
integrated microcircuit (TIM), intellectual adaptive SS driver
of power keys in ZVS mode (ZVS driver) for powerful highly
effective modular SSPS: the results of modeling, prototyping
and experimental testing of the operating modes of the driver
on a breadboard model of the semibridge inverter; results of
modeling, questions of development of the design and to-
pology test of the TIM driver, including circuits for protec-
tion of elements of TIM input-output from an electrostatic
discharge.

In the present work, which is continuation of [4, 5], the
authors consider development, operability and research of the
experimental test TIM samples of ZVS driver, made by sub-
micrometer high-voltage CMOS technology with technolog-
ical norms of 0,18 um.

Development of test TIM of ZVS driver

Prospects for development of power electronics are linked
with a combination on one crystal of the power transistors and
microelectronic control systems accompanying them. There
are reasons why a separate realization of a power key and a
control node concedes in reliability to an integrated version,
which makes it possible to implement the high-speed intel-
lectual systems of protection against overloads and an over-
heat is possible, as well as additional ways of switching and
control of the power transistor. Such systems realized on one
crystal are dubbed "intellectual power keys" [6].




During development of test TIM of ZVS driver certain
products were modeled and marketed with the use of Sen-
taums TCAD programs for determination of the parameters
of TIM nodes of the driver in the integrated version [4, 5]. Af-
ter an analysis of the modern technological opportunities for
realization of TIM the recognized as the most acceptable ver-
sion of test TIM of ZVS driver was CMOS for mass pro-
duction of submicrometer TIM of the technological level of
0,18 um with a set of design-technological and high-voltage
options. In accordance with the designing rules of the man-
ufacturer (Process Design Kit) a test TIM of ZVS driver was
developed.

Fig. 2 presents a unit diagram of the test TIM driver. Fig-
ures designate the units: / — detection of pressure on a power
key; 2— control of tristable buffer amplifier (TBA); 3 — TBA;
4 — adjustment of parameters and functioning mode; 5 —
Miller capacitive discharge; 6 — current sensor for the power
key; 7— undervoltage of a high-voltage bus (it is external be-
cause the selected TIM technology cannot ensure a dielectric
isolation of the elements above 600 V).

Fig. 3, a (see the 4-th side cover) presents a topological
drawing of a test TIM of ZVS driver, with the size of the
crystal of 2,3%2,3 mm. TIM has the design electric charac-
teristics: working voltage of the microcircuit (power and out-
put) 10...30 V, frequency of functioning 0,03...1 MHz, the
maximal pulse output current (at power voltage of 15V, ca-
pacitive load of TBA with nominal value of 15 nF) — 15 A,
current consumption (on frequency of 200 kHz, power volt-
age of 15V, load of 15 nF, maximal output current) — up to
200 mA.

The necessity in contact platforms with a raised current
load set the task of development of a technique for designing
of platforms for TIM input-output for their use in applica-
tions: low-frequency, with a raised current load, with im-
proved protection against the static electricity, high-frequen-
cy with a raised current load. In the process of solving the
problem models of platforms and techniques for their design-
ing were developed. A number of analogue input-output plat-
forms developed within the framework of the own method-
ology of their designing were included in the composition of
the developed test TIM. Results of the research of the input-
output platforms will be considered separately. For topology
designing Cadence Virtuoso software package was used. Ex-
perimental samples of the test TIM of ZVS driver with the
input-output platforms and elements were made by high-
voltage technology with the design-technological norms of
0,18 um in Silterra factory (Malaysia) on MPW (Multi-Project
Wafer).

Test TIM has 44 input-output platforms. Fig. 3, b (see the
4-th side cover) presents photo of the crystal of the test TIM
of ZVS driver, made in case of N16.48-2V. It should be point-
ed out that the given case has no special heat sink.

Results of measurements of test TIM of ZVS driver

Measurements of TIM were done with the use of control
and measuring devices on a specially developed stand. The
results of measurements of the units (fig. 2) demonstrated
the following. The unit for detecting of voltage on the power
key (1) correctly determined the moments of voltage decline
on the power key, carried out the start of the other parts of
the circuit, and was turned into an expectation mode, when

the voltage increased on the power key after the end of the
running cycle. TBA control unit (2) functioned correctly cor-
responding to the test input influences. TBA unit (3) func-
tioned, providing TBA parameters presented in the table and
fully corresponding to the mathematical model.

The schedule of the TBA current of consumption de-
pending on the frequency of functioning at various output
currents is presented in fig. 4. The data were obtained at pow-
er supply voltage of 15 V, capacitive load of 15 nF, and re-
striction of the maximal current of load at the level of 50 mA,
5 A, 7.5 A. It should be pointed out that, that due to absence
of a special TIM case with a heat sink the maximal current
was about a half of the estimated 15 A, which seemed suffi-
cient for checking of the operability of the test TIM.

The units for adjustment of the parameters and function-
ing mode 4 (see fig. 2) and Miller capacitive discharge 5in a
single module and one domain on TIM crystal functioned
partially. A divergence between the model and the real unit,
a part of test TIM, was revealed: the detected input parame-
ters and the resulting response did not coincide. The current
sensor of the power key 6 functioned correctly without false
operations.

Discussion of the results of measurements
and research of the test TIM of ZVS driver

The digital units made by high-voltage CMOS technol-
ogy worked in accordance with the mathematical models of
TBA 3 units, voltage detecting unit on the power key I, con-
trol of TBA 2. These units in the model of ZVS driver were
made in a discrete version and consisted primarily from
CMOS devices with a small number of bipolar transistors in
the auxiliary structures. In the test TIM they were realized on-
ly in CMOS structures with an updating of circuits. Data
point to the fact that the test TIM of the driver allows us to
use it as a powerful tristable buffer amplifier with the above-
stated characteristics (see the table and fig.4). Fig. 5 (see the
4-th side cover) presents diagrams of the input and output sig-
nals of TBA at the power supply voltage of 15 V, frequency
of 1 MHz, and output current of 7,5 A.

The results for the analogue units of test TIM were differ
from the results of the digital units. Thus, the analogue unit
of the current sensor of the power key 6 (see fig. 2), made with
the use of high-voltage CMOS technology of additional bi-
polar transistors, worked in accordance with the mathemati-
cal model. However, the analogue units for adjustment of the
parameters and functioning mode 4 and the Miller capacitive
discharge 5, made by high-voltage CMOS technologies with-
out additional bipolar structures, function incorrectly. These
units in ZVS driver breadboard model consisted mainly of bi-
polar transistors. During development of TIM they are proc-
essed for high-voltage CMOS technology (essentially differ-
ing electric circuits with a big number of amplifiers were de-
veloped). Breadboarding of such circuitry was not done.

Research of the test TIM samples, in which units 4 and 5
were assembled on discrete elements and connected from
outside to a microcircuit (replacement of the internal units
with the external ones) demonstrated functioning of the test
TIM in ZVS mode (fig. 6, see the 4-th side cover), which
proved the chosen solution.

Design of TIM of ZVS driver combined in its composition
high-current high-speed devices and high-precision analogue
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circuits. An attempt to implement the analogue part of TIM
by technology of a high-voltage CMOS (there were no do-
mestic analogues of the given technology) together with high-
current devices demonstrated the following results. Firstly, re-
placement of the classical bipolar structures with the circuit
solutions within the framework of CMOS with amplifiers, re-
sulted in a change of the conditions of functioning of the
modules. Secondly, their arrangement near the high-current
devices, injecting currents into the substrate and causing a lo-
cal overheat, destabilized operation of the sensitive TIM cir-
cuits (units 4, 5, see fig. 2). The results pointed to the prob-
lems in realization of high-current analogue-digital TIM by
CMOS technology. Probably, a possible solution could be the
further search for and optimization of the circuit solutions of
the above units within the framework of the same techniques
for manufacture of TIM. However, a negative side of the ap-
proach of "the design adjustment to technology" could be oc-
currence of functional restrictions of TIM in comparison with
the breadboard model on the discrete elements.

A more promising way for improvement of the test TIM
up to a full-function TIM of ZVS driver is a search for another
manufacturing techniques of the integrated microcircuits, al-
lowing us to realize devices with a raised current load together
with a sensitive analogue part on a minimal area of a crystal.
Minimization of the area of TIM is a problem for develop-
ment of its topology, because, firstly, presence of high-current
elements requires a big area, sccondly, it is necessary to re-
alize the analogue part (sensors) protected from the negative
effectjs, connected with functioning on a uniform substrate of
high-current devices (non-uniform heating and local overheat
of a crystal, injection in a substrate).

The technical process, known as BCD (Bipolar-CMOS-
DMOS) [7, 8] could be a way for solving the problem. Cre-
ation of a high-current TIM had demonstrated, that develop-
ment of specialized technologies, complementation of CMOS
technology with high-grade bipolar structures (BICMOS) and
the further expansion of the lateral structures (BCD, [7]), al-
lowed us to solve the problems in development of high-cur-
rent analogue-digital TIM and to achieve an economic gain
(despite the actual complications, and, hence, higher cost of
the technology) by means of reduction of the area of the TIM
crystal.

Conclusions

Test TIM of ZVS driver was developed by standard sub-
micrometer high-voltage CMOS technology with technolog-
ical norms of 0,18 micrometers, and then investigated. Its ba-
sic part with the digital units fully corresponded to the bread-
board model. Functioning of the analogue units for adjust-
ment of the parameters and mode of functioning, and Miller
capacitive discharge differed from the results received during
research of the breadboard model of the driver, and in this
connection the use of TIM of the driver in ZVS mode was
possible with the external auxiliary circuits.

Test TIM of ZVS driver allowed us to use it as a powerful
tristable buffer amplifier for control of the keys, which were
a part of SSPS power modules, functioning in frequencies
within the range of 30 kHz...1 MHz by means of control by
PDM method.

The research demonstrated that implementation of the
digital units of test TIM of ZVS driver on high-voltage CMOS
technology was realized successfully, however, performance
of the analogue units within the framework of the given tech-
nology was accompanied with difficulties, which could lead to
restrictions in functioning of the given units within the TIM
composition. Development of a TIM of the given type is ex-
pedient in accordance with the technologies combining pow-
erful high-voltage, analogue and CMOS devices. One of them
is BCD technology.
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