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PE3OHAHCHbIE AETEKTOPbI U AHTEHHbI HA OCHOBE YITAEPOAHbIX
HAHOTPYBOK, YIMNPYTO 3AKPEMNAEHHbIX HA ObOMNX KOHLAX

ITlocmynuna ¢ pedaxyuio 18.03.2016

IIposeden ananusz wacmom c600600HbIX KOAEOAHUL CUCMEMbL 08YX YeAepOOHbIX HAHOMPYOOK, YIPYeo 3AKPEeNIeHHbIX CBOUMU KOH-
yamu. Anaau3s yuumoleaem nocmynamenvhule U 6pawamensHvle 08UNCEHUsE HAHOMPYOOK. BbiseneHbl yciosus, npu Komopuix 603-
HUKAOWUL 8 cucmeme pe30HaHC NAA3MOHHbIX KOAeOaHUU HAKAAObIBAemcs HA PE30HAHC NOCMYNAMENbHbIX U 8PAUAMENbHbIX Me-
XAHUYeCKUX K0AeOaHUull HaHOMPYOOK, Ymo NPUOOUmM K NOBLIUEHUI) YYBCMBUMEAbHOCMU De30HAHCH020 JemeKmopa u K yeeau-
YEHUIO YY8CMBUMENbHOCU AUOO MOWHOCMU U3AY4eHUs aHmeHHbl. [Ipednodcenbl cnocobbl mexHu4eckou peatu3auuu Ynpyeux
3aKpenseHull KOHY08 yeaepoOHbIX HAHOMPYOOK U CBA3AHHbIE C IMUM HOBble MOOEAU Pe30HAHCHBIX 0emeKmopo8 U aHMeHH.

Karoueesvie caosa: yenepoonvie Hanompyoku, c60600Hble K0AOAHUS, AHMEHHbL, PE3OHAHC

BBenenne

PazBuTne HAaHOTEXHOJIOTUI B BJIEKTPOHUKE ITOCTE-
MEHHO OXBATUJIO BCE aCIEeKThl CO3JaHUsI CUCTEM Ha
KpUCTaJIe, B TOM YMCJIE M1 aHTEHHbIEe cucTeMbl. Ha-
YUHBIe pabOThl MOCJAEAHUX JIET MOKAa3bIBAIOT, YTO Ha
OCHOBE HAHOTPYOOK MOTYT CO34aBaThCs aHTECHHBI,
WHTEeTPpUPOBAHHEIE C IETEKTOPOM u3nydyeHus. Takue
aHTEeHHbI Ha3bIBalOT peKTeHHamu. B pabote [1] ObL1
MpeIIoXKeH HaHOPa3MEPHbIN AeTeKTOp, COAepKallluii
yraeponHyto HaHoTpyOky (YHT). IlonoGHble ucche-
JIOBaHMSI HAa YPOBHE 3JIEKTPOMEXaHUUECKUX CUCTEM C
HEOOJBIIMM KOHEYHBIM YMCJIOM CTEIeHell CBOOOIBI
UMEIOT 00JIbIIIOe 3HAYEHUE TSI TPOSKTUPOBAHUST (-
(pEeKTUBHBIX ¥ pallMOHAIBHBIX HAHOPa3MePHBIX KOHCT-
PYKLUI, TTOCKOJBbKY BBISIBJSIOT W YYUTHIBAIOT MX
OCHOBHEBIEC TMHAMUYECKME XapaKTepUCTUKU. Pe3yib-
TaT paboThl [1] onmupasncs TOJbKO Ha MeXaHWYecKue
ceoiictBa YHT. DTOT HemocTatok OBLI BBISIBIEH U
YaCTUYHO HCIIpaBjJeH aBTopaMu padoThl [2]. bnuia
paccMOTpeHa MOJIe/Ib PE30HAHCHOTO HAHOPAa3MEPHOTO
TepareploBOro I€TEKTOpa, B KOTOPOM HMCIOJIb3YIOTCS
He TOJIbKO CBOMCTBA MEXaHUUECKOTO pe30HaHCa B ABYX
napaieabHblX YHT, HO M m1a3MOHHBIE PE30HAHCHI,
KOTOpHBIE, KaK OTMe4Yajoch B padorax [3—5], BO3HU-
KkaroT B 3Tux YHT. brina npeanoxeHa KOHCTPYKIMS

HaHOPa3MEpPHOTO METEeKTOpa, YYBCTBUTEIBHOCTb KO-
TOPOTIO CYILECTBEHHO IPEBBIIIAET YYBCTBUTEIbHOCTD
paHee M3BECTHBIX AeTeKTopoB. OaHAKO B MaTeMaTu-
yecKoi Moaenu [2] MexaHMUeCKUX KoJiebaHUi OTaesb-
Hoit YHT, Bxogasieil B cOCTaB JeTeKTOpa, YUYUThIBA-
eTCsl JIMILb OfHa cTeneHb cBobonbl YHT, oTpaxaroiast
TOJIbKO TOCTyMNaTeJbHOe ABMXKEHUE KaXAOM M3 JIBYX
VHT perexkropa. Takoii moaxon He IIO3BOJISIET pac-
KPBITh BCEX CBOMCTB aHAJIM3UPYEMOIi cucTeMbl. B pa-
Oorax [6—8] paccMOTpeHbI MOJEIN HAHOPAa3MEPHbIX
aHTeHH, cogepxalux YHT, u ycTaHOBJIEHO, UTO yBe-
JIMYEHUE aMIUIATYAbl MeXaHnYecKuxX Konaeoanuiit YHT
AHTCHH OKa3bIBaeT 3HAYMTEILHOE ITOJOXUTEIHHOE
BJIUSTHUE Ha YJIy4llleHWe KauyeCTBEHHbBIX U KOJIUYECT-
BEHHBIX XapaKTepUCTUK HaHOpanuo. YyBCTBHUTENb-
HOCTb NMPUHUMAIOLIE aHTEeHHbI 3aBUCUT OT aMILIU-
TyIbl pe30HaHCHbBIX KoJjiebaHuii YHT cucteMbl, BbI-
3BaHHBIX MOAYJUMPOBAHHBIM BHEIIHUM M3JIyYEHUEM,
1 BO3pacTaeT B ClIy4yae COBMECTHOIO pe3oHaHca Moc-
TyHaTeJIbHBbIX U BpallaTEIbHbIX MEXaHUUYECKUX KOJie-
6anuit ooenx YHT anteHHbl. MOIIHOCTh M3JIy4alo-
1Iell aHTEHHBI TAaKXKe YBEJTMYMBACTCS B C/Tydae COBMeEC-
THOTO pe30HaHca IMOCTYIaTeJbHbIX U BpallaTeIbHbIX
kosnebanuit YHT aHTeHHBI.

B Hacrosieii pabote mcciemyercsl KOHCTPYKLMS
JIETeKTOpa U aHTeHHBI, conepxawas nse YHT, B uc-
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XOJHOM COCTOSIHUU TMapaylJIeJIbHBIX IpyT Apyry. B or-
Jmyue ot padboThl [2], B Kotopoit Kaxnasg YHT Ha on-
HOM KOHIIE 3KeCTKO 3aKperieHa, a Ha ApYroM KOHILIe —
CBOOOJHA, BO-TIEPBLIX, TIpeUIaraeTcs ynpyroe 3akper-
nenne YHT Ha ob6oux KOHIIax, BO-BTOPbIX, U3y4yalOT-
Csl HE TOJIbKO MOCTYIaTelbHble, HO W BpallaTeJIbHbIe
JIBUKEHUST HAHOTPpYOOK. B 3ToM ciyyae BO3MOXKHO
BBIMIOJIHEHUE YCJIOBUII BO3HUKHOBEHUSI COBMECTHOIO
pe30HaHCca He TOJbKO IIa3MOHHBIX KOJIeOaHUI 1 Bbl-
HYXXIEHHBIX PEe30HAHCHBIX MOCTYIATeJIbHBIX KOJjieha-
Huit YHT, HO ¥ BBIHY:KI€HHBIX P€30HAHCHBIX Bpalla-
TeJbHBIX Kosiebanuii atux YHT. Ha ocHoBe 3T0M MO-
JIeJIA CTPOUTCS KOHCTPYKLIMSI HAHOPA3MEPHOTO BbICO-
KOYYBCTBUTEJIBHOTO JETEKTOpA.

Monaenn nepeaaiomei JUHAM,
o0pa3oBanHOil AByMs mapajienabnbiva YHT

B pabote paccmaTpuBaeTCsl AETEKTOp Ha OCHOBE
IByX napasiesbHbix YHT, KoTopble B OTHOM BapuaH-
Te AETEKTOpa SIBJISIIOTCS MOJHOCTBIO OTHOCIOMHBIMU,
a B JIpyTMX BapuaHTax AETEKTOPOB — OJHOCIONHBIMU
B OousblIeil cBoeli yactu. IloaTomy Beien 3a pabortoit
[2], a TakxXe HA OCHOBaHMM Pe3yJIbTaTOB TEOPETUYEC-
KMX ucciaenoBaHuii [14] m 3KCIepUMMEHTAIbHBIX MC-
cJienoBanuii [15], s onmrcaHus IIa3MOHHBIX KoJsie0a-
HUI B KaHajax, 00pa3oBaHHBIX ogHOCHOoHbBIMU YHT,
HCTIONIb3YETCs TeOpUsl KUAKocTh ToMoHarn—JIaTTuH-
xepa (KTJI), B paMKax KOTOpPOii TJIa3MOHHbIE KOJie-
0aHMSI OMMCHIBAIOTCSI MaTeMaTUYECKON MOMAEIbIO CO-
[JIACOBAHHBIX TMepeMeIleHU A MacCUBOB 3JIEKTPOHOB.
Cucrema nuddepeHINaIbHBIX YpaBHEHUI TaKOI Ma-
TEMAaTUYEeCKONH MOJAENU TUIa3MOHHBIX KOJieOaHUil B
repesaroleil TMHUT, TTPEIIOXKEHHOI B padote [16] u
KCIIOJIb30BaHHOU B pabote [2], uMeeT BuUA:

ov _ oi :
5% _'qué}'+ quh

_di o v
2= 2 (1)

roe v = w(g, 1), i = i(z, ) — HalpsDKeHUe U cujia ToKa
B INepeaarolieii JMHUY;

Ly +2Lg . h

L= —2——2: Ry= :
T OIR2C/Co T 42y (1+2C,/Cy)

QJICKTPOCTAaTHYCCKasd €EMKOCTb

nepe

Cp= ——n-—}
In(W/2r,)
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Y
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IIOroHHad KMHETHYCCKasd MHAYKTHUBHOCTb

_ h
Lg= 5

8e"vp

KBaHTOBAas1 EMKOCTb

2

_ 8¢,

Q_ 7.

hvp

gy U [y — COOTBETCTBEHHO IM3JIEKTPUYECKAsd U Mar-
HUTHasI TIOCTOSTHHBIE; € 1 | — COOTBETCTBEHHO M-
9JIEKTpUYECcKasi U MarHMTHAsl MPOHUIIAEMOCTH CPEIb,
B Kotopoil Haxoxsatcst YHT; W — paccrosHue Mexmy
msymst YHT; [, — niHa cBobontoro npobera; vy —
ckopoctb ®epmu; 7, — paguyc YHT.

B pamkax mpeamnoyioxkeHuil 0 rapMOHUYECKOM 3a-
BHCHUMOCTH OT BPEMEHHM BHEIITHETO U3TYICHMS U O Ma-
snoctu aedopmanuii YHT ¢ momolpio 3Toii Moaeau
Ha ocHOBe (1) B paboTe [2] mojryaeHO BbhIpaXkKeHUE IS
AMIUIATYIBI CTOSYEHN BOJIHBI, BO3HMKAIOILIEH B Iepeaa-
Iol1eii IMHUU, 00pa30BaHHOM AByMsI HAHOTpYyOKaMu, B
OKPECTHOCTH Pe30HAHCHOMW YacCTOTHI 2 BEIHYKIEHHBIX
MJIA3MOHHBIX KoJieOaHU

Vo — ViH(0),

rae Vl N ® — COOTBETCTBCHHO aMIUIMTyJa M 4YacToTa
BHCIIHETO CUTHAaJIa,

H) = 0/ 0X(1 - 02 /a)) + 0¥/

— aMIUIUTYIHO-YacTOTHas XapakTepuctuka (AUYX);
Q — no6GPOTHOCTD IJIA3MOHHOTO OCLIMJLISATOpA.

Mogeab CBOOOAHBIX MEXaHHYECKHX
KoJieOaHnil KOHCTPYKIUH

PaccmaTpuBaeTcst JeTeKTop MU aHTeHHa (puc. 1),
COCTOSIIIIME M3 ABYX OOAUHAKOBBIX OMHOCIONHBIX YHT,
VIIPYTo 3aKperuieHHbIX Ha CBOMX KOHIIAX U B Hele-
(bopMUPOBAHHOM COCTOSIHUM CUCTEMBbI TTapaslIeIbHbIX
apyr apyry. 2KecTkocTy NpyKuH rnonapHo pasHbl C| u
(5, macca kaxnoit YHT pasua M. K nsym YHT ne-

Puc. 1. DiekrpoMexaHnyecKas cxemMa JeTeKTopa
Fig. 1. Electromechanical circuit of detector
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Puc. 2. Moaeab a0COJIOTHO KECTKOTO CTePXkKHs, KOTOPbIiA ynpyro
3aKpelJieH Ha KOHIAaX

Fig. 2. Model of a rigid rod which is elastically mounted at the ends

TEKTOpa MPUJIOXKEHO MOCTOSSHHOE HanpsbkeHue Vj, a
TakXe TapMOHUYECKHU U3MEHSIOLIEecs] HaNPsSLKeHUE ¢
aMIUIMTYyI0i V| 1 4acToToil ®, MOpoXIaeMoe BHELI-
HUM U3JTydyeHHeM. MexaHndecKasi 4acTb CUCTEMBI CO-
CTOWT M3 IBYX aOCOJIIOTHO XECTKMX CTepXKHeM, Kaxk-
IIBIA M3 KOTOPBIX UMEET Maccy M, cOCpenoTOYeHHYIO B
TOUKe, JieXallleld Ha OCH CTepKHS W HaXOoIsIIelcs Ha
PacCTOSAHUU /] OT MPYXMUHBI C XeCTKOCThi0o €| U Ha
paccTosiHUU /) = [ — [; OT NPYKUHBI C KeCTKOCTbIO (5.
MoMeHT uHepLuu CTepxXHs J paBeH Mp2, rae p —
paauyc uHepuuu. Kaxnabiii u3 crepxHei MOXeT co-
BepIIaTh KakK ITOCTyNaTeJbHOE IBUXKEHUE BMECTe C
LIEHTPOM Macc, TaK M BpalllaTeJbHOE IBMXEHHE OT-
HOCUTeNbHO Hero. KuHeTMueckass M MOTeHIIMaIbHAS
SHEPruM aOCONIOTHO XECTKOTO CTepxKHs (puc. 2),
MMEIOIIIEeTO IBE CTETEHW CBOOOIBI W JBMXKYILETOCS B
TJTOCKOCTH, 3aITMCHIBAIOTCSI COOTBETCTBEHHO B BUIE:

— Ly(dx)? 1 1 (dow)?.
- e s o
m=1cG+he? + 3G hoY O

rae x(f) — nepemeleHrne TOYKU CTePXKHS, B KOTOPOU
coCpeloToYeHa ero macca, B HallpaBJIeHUH, TepIieH-
JNUKYJISIPHOM UCXOJAHOMY PACIIOJIOXEHUIO OCU CTEPXK-
H$1; @(f) — yros moBOpOTa CTEPXKHS.

CucreMa ypaBHeHUil JlarpaH:ka BTOporo pona

d(aT) _oT _oll _

dt \ox ox Ox ’

b

XapaKTepU3yIOILIUX CBOOOIHBIE KOJEOaHUSI CTEpPKHS,
3anuckiBaeTcst ¢ yuyetoMm (2), (3) B Buae

Mx + Cl(x + l](p) + Cz(x - lz(p) =
= M + (C + Cx + (Cyly — Gyl =0,  (4)

Mp?p + Cy(x + Lio)l; — Cy(x — ho), =
= Mp*§ + (Cily — Col)x + (Ci1)2 + CylbP)o = 0.(5)

OTH ypaBHEHUsI B OOLIEM ciyyae SBJISIOTCS CBSI-
3aHHBIMM JIpyT ¢ apyrom, u ogHa YHT merekropa xa-
paKTepU3yeTCs ABYMSI YaCTOTaMU CBOOOMHBIX KOJie0a-
Huii. OgHaKko B ciydyae, Korma

Cily = G, (6)

M3 TIEPBOTO YpaBHEHMSI CHCTEMBI YXOIUT CJIaragMoe,
cogepxauiee ¢(f), a U3 BTOPOro ypaBHEHUsI — cJiara-
e€Moe, BJIEMEHTOM KOTOporo sipisiercsl x(f). YpaBHe-
HUSI CTAaHOBSITCSI HECBA3aHHBIMU. OTHAKO CITEKTp yac-
TOT CBOOOJHBIX KosebaHuit otaenbHoit YHT nerekro-
pa mpu 3ToM OyaeT coiepxaTb B OOLleM ciydae IBe
pas3IMyHbIE YaCTOThl CBOOOIHBIX KOJEOAHUIA:

Ecnu napametpsl YHT netexkropa BbIOpaTh TaKuM
00pa3oM, YTOOBI BBITTOJTHSIIOCH YCIIOBUE

L = p?, (8)

TO 4YacToTa A CBOOOIHBLIX IMOCTYNATEIbHBIX KOJeba-
HUI x(f) cOBNAIET C YaCTOTOM A, CBOOOMAHBIX Bpallla-
TeJbHBIX KoJiebaHuil ¢(7), T.e.

= \/(C1+C2)1112 _JC+ G
5 = —
Mp2 M

=1y, )]

YTO MPUBEIET K OTHOBPEMEHHOI pean3aliii BhIHYX-
JIEHHbIX PE30HAHCHBIX MOCTYNAaTEIbHBIX U BpalllaTe/b-
HBIX KoJIeOaHuii. YyBCTBUTEILHOCTD TAKOTO JETEKTO-
pa BO3pacTer.

Bo3MOXXHBI pazanyHble CITIOCOOBI BBIITOJIHEHUS YC-
JoBus (9) Mpu KOHCTPYMPOBAHUU JIETEKTOpa MM aH-
TeHHbI. B 0THOM M3 HUX B COCTaB AETEKTOpa BKJIIOUE-
HbI JIBE MapajieJIbHbIE B COCTOSIHUM MOKOST OHOCIOM -
Hble YHT, K KaxXmoil 13 KOTOPBIX IIPUCOECANHEHBI 110
JIBa KOMIIAKTHBIX MaTepUabHbIX 3JIeMEHTA, UMEIOLIIUX
Maccbl M| U pacnoOXEeHHbIX CUMMETPUYHO HA pac-
CTOSIHUSIX @ OTHOCHUTEJIbHO CEepeAMHbI OJHOCIONHOM
YHT, ma xoropoii [} = [, (puc. 3).

CymmapHas macca YHT u aByX JOMOJHUTENbHBIX
KOMIIAaKTHBIX TeJl paBHa (M + 2 M), X MOMEHT UHEp-
1LIMA OTHOCUTEJIbHO OCU, IPOXONSIIEH Yepe3 cepenu-

w4
=

Puc. 3. Mopeab cTepKHs C OTArOIEHUSIMH, KOTOPbIi yYNpyro
3aKpeIUieH HA KOHIAX

Fig. 3. Model of a rod with weights, which is elastically fixed at the ends
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Puc. 4. Moaenb CTEpKHS ¢ JONOJHUTEIbHBIMA IPYy3aMH HA KOHIAX
Fig. 4. Model of a rod with additional weights on the ends

uy YHT, pasen (MI%/12 + 2M,d%). Ypasuenus Jlar-
paHXxa, onmuchIBalole cBoOomHbIe Kojaebanuss YHT,
COBMEILIEHHOM C ABYMSI KOMITAKTHBIMM TeJIaMU, UMe-
IOT BUI

M+ 2Mp)x + (C) + Gx +

(MP/12 + 2Ma®)p%§ + (Cyl; — Cyly)x +
+ (G 12 + GhY)e =0 (11)
1 aarT yCJIOBUA

C1+C2

_ (Ci+ CLL,
M+2M1

MI*/12+2M,a

Clll = Czlz, 5 (12)

MPU BBHIITOJTHEHUM KOTOPBIX YaCTOTHI CBOOOMHBIX I1OC-
TyNaTeJbHBIX M BpalllaTeIbHBIX KOJIeOaHUIA OYayT COB-
nanatb. Bropoe ycinosue (12), npyHUMaplee B CIy-
yae /; =, = I/2 Bun

M, /6
— = ——1=, (13)
M a2 Pn

HaKJIaAbIBaeT Ha MapamMeTp a orpaHudyeHue a > [/2.
Iycts @ = 1/2 + [/100 = 51//100, T.e. KOMITaKTHbBIE
Tesa mpucoeauHsitorcsa K YHT Ha ee koHuax (puc. 4).
B sToMm ciyyae

M, 2500

M 303 °
Mogaeib BbIHYKIEHHBIX 3J1EKTPOMEXAHHYECKHX
Ko0JIe0aHnil KOHCTPYKIHH

IToronHast TOHAEPOMOTOPHAs CUjia, BO3HUKAIOIAS
B Kaxnoit n3 n18yx YHT gerexropa miam aHTEHHBI TTOJ,
BIIMSTHUEM BHEIIHETO W3JIyUeHUSI, XapaKTepU3yeTcCs
BBhIpaxkeHneM [2]

- _dCE V2 Z Cm
fiz =-—LL (1+20,c050,,+ L), (14)

e ® — HeCyllasl 4acToTa BHEIIHEro curnana Mz, 1) =
= MNz)cosol(l + a,,co8m,,); ®,, o, — COOTBETCTBEH-
HO 4aCTOTa U IJlyOMHa ero MOIYJISILUU.
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VpaBHeHUs BhIHYKIeHHbIX Kojieoanuii YHT koHc-
TPYKLIMM, BBI3BAHHBIX BHELIHUM usilyueHuem (14), c
YU4EeTOM JUCCUMALMU UMEIOT CIAEAYIOIIA BUI;

2
. . 2 o, Vgl dCg
- + =22 ;
X + 2y x + A]x I+ 200 dWCOSmmt, (15)
b + 20 + 150 = —HUOL (¢
(MI*/12+2M,a")p

TIC Yy Yo — KO3 DULMEHTHI 3aTyXaHUsI MeXaHUYec-
KHUX TIOCTYMNaTeJbHbIX M BpalllaTeJIbHbIX KOJeOaHWIA;
u[f(z, )] — MOMEHT NMOHIEPOMOTOPHBIX CUJI OTHOCH-
TEJIbHO OCU, MPOXOJSIIEN YEPE3 TOUKY PACTIONOXKEHUS
COCpeI0TOYeHHOU Macchl M, KOTOPBII BEIYUCISIETCS C
YYETOM 3aBUCUMOCTUA W OT KOOpAMHATHI, OTCUUTHIBA-
eMOli BIOJIb IpoaoabHoi ocu YHT.

B ciyyae o,, = Ay = A, BO3HUKHYT PE30HAHCHBIE
MEXaHWYECKHUE MOCTyNnaTe/lbHble U BpalllaTebHbIE KO-
nedanus obdeux YHT. Eciau npu 3TOoM Hecyiias yac-
TOTa » BHELIHETO CUTHaja COBMAAACT C Q, TO 9TU Me-
XaHUYEeCKUEe KojebdaHusi COBMEIIAIOTCS C PEe30HaHC-
HbIMM TUIa3MOHHBIMU KOJIEOAHUSIMU, U B pe3yJibTaTe
YYBCTBUTEJIbHOCTb I€TEKTOpa, 3aBUCSIIAS OT aMILIM-
TyIbl MexaHu4Yeckux Kojiebanuii n1syx YHT, Bo3pac-
TaeT. DTO SBJISIETCS CJAEACTBUEM CIEAYIOLIUX OOCTOSI-
TeJbCTB. YyBCTBUTEIBHOCTD JAETEKTOPA OMPENCISIETCS
dopmynoii [2]

R=12 (17)

B KOTOpPOH P — MOLIHOCTb M3JIy4€HUs, TIPUHMIMAE-
MOTI'O JAETeKTOpOM; AJ — aMIUIMTyIa TOKa B IIENH Je-
TEeKTOpa, 3aBUCSILAs] OT aMIUIUTYAbl AX MEXaHUYECKUX
konebanuii YHT [2].

AMIUIMTYAa CyMMapHBIX MEXaHWYeCKMX KoJeba-
HUU OpoNnopuMOHalIbHA KBagpaTy aMILIMTYIHO-Yac-
ToTHO# XapaktepucTuku (AYX) H(w) II1a3MOHHOIO
pe3oHaTopa, a Takxke rponopuuoHanbHa AYX H (w,,)
MeXaHMYEeCKUX IOCTyHaTelbHbIX Koyiebanuii YHT u
AUX H(P(mm) MEXaHWYEeCKUX BpallaTeJbHbIX Kojeba-
Huii YHT. CrienoBaTenbHO, aMIUIMTyAa CYMMapHbIX
MeXaHMYeCKMX KojebaHuii cuctembl n1ByX YHT Ha ux
COBMECTHOM 3JIEKTPOMEXaHUUYECKOM pe30HaHCe Tpo-
MOpLMOHATbHA — KBagpaTry HOOPOTHOCTM ILIa3-
MOHHOIO pe30HaTopa, a Takxe O, — 100POTHOCTU Me-
XaHWYECKOTO TIOCTYIaTeJIbHOTO pe30HaTopa M Q(p —
JOOPOTHOCTM MEXaHUYECKOTo BpalllaTeJIbHOTO Pe30-
Haropa, T.€.

Ax o HX(0)H(o,,) H (0,) » 0*0,0,. (18)

Takum oOpasom, yBelMUeHUE aMIUIUTYAbl MeXa-
HU4YeCcKuX KojiebaHuit (18) mpu coBmageHUM HUIIIUX
YacTOT HECBSI3aHHBIX MOCTYINAaTENbHbIX U BpallaTelb-




HBIX CBOOOIHBIX KOJeOaHUIl BedeT K 3HAYUTEIbHO-
My BO3pacTaHMIO YYBCTBUTEIbHOCTHU (17) metekropa.
HeiCTBUTEIBHO, TTYCTh PACCTOSTHIE MEXIy IBYMS Tia-
pajuleIbHBIMUA B McxogHOM TonoxeHun YHT paBHo
10 um, mmua kaxmoil YHT pasna 500 HMm, pammyc
VHT paBeH 1 HM 1 aMIIMTyAa IMIOCTYNATEIbHOIO IBU-
xkenus Kaxnoir YHT cocrasnser nmopsinka 2 aMm. Torna
BpauareabHbie Kojebanusa YHT mpu manaoMm yrie mx
noBopota nopsaka 0,5° ganyT AOMOJHUTEIbHbIE JTU-
HelHbIe nepeMeleHns KoHLIoB Kaxaoi YHT mopsia-
Ka 2,2 HM, YTO BMECTE C MOCTYIMAaTeJbHbIM MepeMelle-
HueM YHT BbIBOAUT CUCTEMY IMOUYTH Ha TPEAeIbHO
JIONYCTUMbIE CyMMapHble IepeMelneHus1 asyx YHT,
He MPUBOJISIINE K UX KOHTAKTY.

TexnnuecKne peajnu3anuy YOPYrux 3aKperieHuid
konnos YHT

IIpennaraemoe B paboTe yIpyroe 3akpervieHue (3a-
LIeMJICHKME) TepPBOro THINA SIBJISIETCS pa3BUTUEM MpPU-
MEHSIEMOr0 B CYILIECTBYIOIINX TEXHUYECKUX YCTPOICT-
Bax XecTKoro 3akperuieHuss koHuoB YHT. Hu ogna
TeXHUYEeCcKasl peajn3alus TaK Ha3bIBaeMOI0 XXECTKOTO
3aKPEIUIEHUS B AEUCTBUTELHOCTU HE NAET UACATIbHOMU
XecTkoil (pukcanum KoHoB YHT kak mo mx jmHen-
HBIM TIepeMellIeHUsIM, TaK U 10 UX TTOBOPOTaM OTHO-
CUTEJIBHO KOOPAMHATHBIX oceil. TBepmast nedpopMupy-
eMasl CBSI3b, KOTOpasl SIBJISIETCS BHEIIHEI 10 OTHOIIIE-
Huio K YHT u HasbpiBaeTCs KECTKMM 3aKpeIlJICHUEM,
Bcerga o0JiamaeT HEKOTOPO YIIPYTOCThIO KaK 3a CUeT
VIPYTOCTU CTEHKHU, B KOTOPOM 3aKperuisieTcsl KOHel|
VHT, tak u 3a cueTr mepopMailiOHHON YIIPYTOCTH 3a-
KperuieHHoro KoHiia camoii YHT. Takum oOpaszom,
J1000€ KeCTKOe 3aKperjieHHe B HEKOTOpPOUl CTeNeHU
00y1aaeT CBOCTBAMHU YIIPYrOro 3aKperuieHus 1, cie-
JIOBaTEJIbHO, MIPaKTUUECKNE peain3aliiy YIIpyroro 3a-
KpeIUICHUS CYLLIECTBYIOT. YBeJIUUEHUE CTEIIEHU yIIpy-
TOCTU CBSI3U MPUOJIMXKAET peaibHOE KECTKOe 3aKperl-
JIEHME T10 €T0 CBOMCTBAM K MACaJTbHOMY YIIPYTOMY 3a-
KpeIUICHUI0, TIPpU 3TOM OO0EeCHe4YMBaeTCs IMPOYHOCTh
CBSI3U 3a CUYET COXPaHEHUSI HEKOTOPBIX CBOMCTB "XKeCT-
Koro 3akperuieHus1". [{nsa ocnabiieHUs! CBOMCTBA XKeCT-
KOCTHM BHEIIIHEH CBSI3W W [IJIsI YCUJICHUSI CBOIICTBa ce
YIPYTOCTH TIpeJjiaraeTcsl B MUJIUHAPUICCKOM MOJIOCTH
CTEHKM BBIPACTUTh ABYXCTEHHYIO HAaHOTPYOKY M yaa-
JINTb €€ BHEIIHIOIO CTEHKY.

3akimouyeHue

B manHoOI#i paboTe mmoKa3zaHO BO3MOXHOE HaIlpaB-
JIeHVe AaJIbHEHIIEero COBEpILIEHCTBOBAHMSI HaHOpPA3-
MEpPHBIX JE€TEeKTOPOB M aHTEHH, OCHOBAaHHOE Ha MC-
MOJIb30BAaHUU YIPYrux 3akperuieHuii koHuos YHT u
Ha aHaJIU3e CMEeKTpa YacTOT CBOOOJHBIX MEXaHUYecC-
KMX KOJieOaHUII HaHOpa3MepHBIX KOHCTpyKuuit. I1pen-
JIOXXEeH crocod TEeXHWYECKOW peanu3aluu YIpyroro
3akperieHnus: KoHua YHT. 3a cueT KOHCTpYKTUBHBIX
W3MEHEHUI AeTeKTopa WM aHTEHHbI, ITyTeM BBE/AE-

HUS JOTOJTHUTEIBLHBIX MacC MOXHO peaan3oBaTh YC-
soBus (6)—(9) omHOBpEeMEHHOTO pe30HaHCca MOCTYIIa-
TEJbHBIX U BpallaTeJbHbIX KojebaHuit (4), (5), (10),
(11), (15), (16). Takasg MomepHU3ALUSI KOHCTPYKLINU
MPUBOJIUT K U3MEHEHUIO CIIeKTpa KojeOaHUii U MOBbI-
LIEHUIO TOOPOTHOCTH DJEKTPOMEXaHUUYECKUX OCIIMII-
JnstopoB. [IpuBeAeHHBIN TTpUMep KOHCTPYKLIMU TO-
Ka3bIBaeT BO3pacTaHME YYBCTBUTEJIBbHOCTH AECTEKTOpPA
WY MPUHUMAIOILEH aHTEHHBI B Clydyae BHELIHETO 13-
JIy4eHMSI, a TaKKe BO3pacTaHWE MOIIMHOCTH B Clydae
U3Tyyaroueir aHTeHHBI.

Boinmonxenue yciaosuii (6)—(9), (12), (13) moxer
ObITb JOCTUTHYTO HE TOJIbKO BKJIIOUYEHHEM B KOHC-
TPYKIHWIO KOMIIAKTHBIX TEJ, HO U MCITOJIb30BaHUEM
MHorocioiHbix YHT, clionm KOTOpBHIX paciojioKeHbI
HEPABHOMEPHO BIOJIb OCU Kax/10ii HAaHOTPYOKU. MHoO-
TOCJIOMHOCTh NOJKHA IIPOSIBISITBCS OJIMXKE K 000MM
koHnaMm YHT, npuuem 4ucio cioeB JOKHO BO3pac-
TaTh IO Mepe NpUOIMKEHUS K KOHILY TpyOKH. YBeIu-
YyeHue HepaBHOMEPHOI MOroHHOM Macchl Takoi YHT
clenaeT 3HaueHue MoMeHTa uHepuuu Y HT HacTosibKo
OOJIbIIMM, YTO BBIMOJIHEHUE BTOPOTo ycaoBus (12) Oy-
JIeT obecrieueHo.

Paboma evinoanena npu noddepicke Munucmepcmea
obpazosanus u Hayku P® e pamkax 2ocyoapcmeeHHOU
nooodepicku Hay4HbIX UCCAe008aHUU.
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Resonant Detectors and Antennas Based on the Carbon Nanotubes,

Resiliently Fixed at Both Ends

The authors analyzed the system of two carbon nanotubes, resiliently fixed by their ends with account of the fact that the carbon
nanotubes can perform the onward and rotational movements. The conditions were revealed, in which the resonance of the plasmon
oscillations, arising in the system, coincided with the onward and rotational mechanical vibrations of the nanotubes, resulting in a
higher sensitivity of the resonance detector or an increase of the radiation power of the antenna. The authors propose methods for
technical realization of a resilient fixation of the ends of the carbon nanotubes and related new models of the resonant detectors and

antennas.

Keywords: carbon nanotubes, free oscillations, antenna resonance

Introduction

Development of nanotechnology in electronics gradually
spread to all aspects of systems-on-chip, including the anten-
na systems. The works show that the antenna integrated with
a radiation detector can be created on the basis of nanotubes.
Such antennas are called rectennas. A nanoscale detector
with carbon nanotube (CNT) is offered in [1]. Similar stud-
ies on the level of electromechanical systems with small finite
number of degrees of freedom are of great importance for the
design of effective and efficient nanoscale structures, as they
identify and address their basic dynamic performance. The re-
sult of work [1] relied only with special mechanical properties
of CNTs. This deficiency was partially identified and correct-
ed in [2]. A model of the nano-sized terahertz resonant de-
tector, in which the properties of the mechanical resonance
in two parallel CNTs and plasmon resonances are used,
which, as noted in [3—5], occur in the CNT. The design of
a nano-sized detector whose sensitivity is significantly over
the sensitive in prior art detectors is offered. However, in the
mathematical model [2] of the mechanical vibrations of a sep-
arate CNT embedded in the detector, a degree of freedom of
the CNT, which reflects only the forward movement of each
of the two CNT detector is taken into account. This approach
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did not reveal all the properties of the system being analyzed.
In [6—8], the models of nanoscale antennas containing CNTs
are reviewed and it found that an increase in the amplitude of
the mechanical vibrations of the nanotube antenna has a sig-
nificant positive impact on the improvement of qualitative
and quantitative characteristics of nano-radio. The sensitivity
of the receiving antenna depends on the amplitude of the res-
onance vibrations of CNT system caused by the modulation
by external radiation, and increases in the case of co-trans-
lational and rotational resonance of mechanical oscillations of
both CNTs of the antenna. Power of the irradiating antenna
also increases in the case of co-translational and rotational
resonance vibrations of CNT of the antenna.

The design of the detector or the antenna comprising of two
nanotubes in the initial state parallel to each other is studied in
this paper. In contrast to [2], in which each nanotube at one
end is rigidly fixed and at the other end is free, the elastic fas-
tening of CNTs at both ends is offered. Not only translational
movement but also rotational nanotubes are studied there. You
may see joint resonance not only plasmon oscillations and
forced resonant translational vibrations of CNTs, but also
forced resonant rotational vibrations of CNTs. The design of
the nano-sized high-sensitivity detector is based on the model.




Model of the transmission line formed
by two parallel CNTs

The detector on the basis of two parallel CNTs that are in
one version are entirely single layer, and in other versions of
the detectors are single layered in most of the versions, is stud-
ied in this paper. Therefore, following [2], as well as on the
basis of theoretical [14] and experimental studies [15], the lig-
uid theory of Tomonaga-Luttinger (LTL) is used for descrip-
tion of the plasmon oscillations in the channels formed by sin-
gle-walled CNTs, in which the plasmon oscillations are de-
scribed by the model of agreed movements of electrons’ sets.
The system of differential equations of such mathematical
model of the plasmon oscillations in the transmission line,
proposed in [16] and used in [2], is as follows:

ov oi
L LS
oz ot

.8 _ 0Oy
Reﬁrl, (—3—z - CEé—t’ (1)

where v= (g, 1), i = i(z, f) — voltage and current in the trans-

mission line;
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T AR2C,/C T 4, (+20,/Cy)
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Cp= m(W/2ry)’

magnetic inductance per unit length
Ly = " in(wy2r);
Y

kinetic inductance per unit length

— _h
Ly=——;
8e vy
quantum capacitance
2
8e
Co= —;
0 hvp

g and p — dielectric and magnetic constants; e and p — di-
electric and magnetic permeability of the medium in which
the CNTs are placed; W — the distance between two CNTs;
by sp — free path; vp — Fermi’s velocity; r, — radius of
the CNT.

The expression for the standing wave amplitude that oc-
curs in the transmission line formed by two nanotubes, in the
vicinity of the resonance frequency Q of forced plasmon os-
cillations was obtained by means of this model on the basis of
(1) in work [2] as a part of the assumptions about the har-
monic function of the time of external radiation and the
smallness of the nanotube deformations:

Vo — (o),

where V| and o — the amplitude and frequency of the exter-
nal signal, respectively;

Hw) = 0/0°(1 - 0>/0) + 0¥/

— amplitude-frequency response; Q — plasmon oscillator
quality factor.

Model of free mechanical oscillations
of construction design

The detector or antenna (fig. 1) of two identical single-
walled CNTs are considered, resiliently mounted on their
ends and parallel to each other in the undeformed state of the
system. The spring constant are mutually equal C; and C,, the
mass of each CNT is equal to M. The DC voltage V|, and har-
monic varying voltage with an amplitude V| and frequency o
generated by external radiation are applied on two CNTs of
the detector. The mechanical part of the system consists of two
absolutely rigid rods, each of them has a mass M centered at a
point lying on the axis of the rod and situated at a distance /;
from the spring with stiffness C| and at a distance /, =/ —
from the spring with stiffness C,. The moment of inertia of the
rod J is equal to Mp2, where p — the radius of gyration. Each
rod can perform a translational motion jointly with the center
of mass and rotational movement relative thereto. The kinetic
and potential energy of a rigid rod (fig. 2) having two degrees
of freedom and moving in the plane, can be written as:

_ L) 4 1 (dotn)?,
d 2M( dt) +2J( dt) ’ @)
n=1cx+ 197 + Lo — o, 3

where x(f) — movement of the point of the rod, which focuses
its mass, in the direction perpendicular to the axis of the rod
to the original location; ¢(f) — angle of rotation of the rod.

Lagrange equations system of the second kind

) -E - o

ox
d(oT oT _ oll
L= - — === =0
dt(a(b) oo op ’

characterizing the free oscillations of the rod, can be written
taking into account (2), (3) in the form
Mx + Ci(x + Lj9) + Cy(x — ho) =

Mp?$ + Cy(x + Lio)l; — Cy(x — L), =
= Mp?$ + (Cyl; — Col)x + (Ci}2 + Cb)e =10.  (5)

The equations in the general case are related to each oth-
er, and one detector’s CNT is characterized by two frequen-
cies of free oscillations. However, when

Clll = Czlz, (6)

from the first equation of the system leaves the term contain-
ing ¢(7), and from the second equation — the term, which el-
ement is x(7). The equations become unrelated. However, the
spectrum of frequencies of free oscillations of a single detec-
tor’s of CNT will in general contain two different frequencies
of free oscillations

C+C C.IP+ G2
A = 1 2, Ay = 141 222' )
N M Mp
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If the parameters of detector’s CNT satisfy the condition
should be

L, = p?, ®8)

the frequency of free translational vibrations x(#) coincide with
the frequency X, of the free rotational oscillations ¢(?), i.e.,

= J(C1+C2)1112 _ G+ G
. -
Mp2 M

=M &)

which will lead to the simultaneous implementation of forced
resonant and translational rotational vibrations. The sensitiv-
ity of the detector increases.

Various methods for satisfaction of the condition (9) in the
design of the detector or antenna are available. In one, the de-
tector includes two parallel quiescent single-walled CNTs,
each of which have two attached compact material elements
having a mass M, and arranged symmetrically at distances a
relative to the middle of a single-walled CNT, for which
I, = I (fig. 3).

The total mass of the CNT and two additional compact
bodies is (M + 2M,), their moment of inertia about the
axis passing through the middle of the CNT is equal to
(Mlz/ 12 +2M, a2). Lagrange equations describing free oscil-
lations of the nanotube, combined with two compact bodies,
have the form

(M + 2M1)X + (Cl + Cz)x + (Clll - C212)(p = O, (10)

(MP/12 + 2Ma*)p* + (Cily — Cyly)x +
+ (il + GhYe =0 (1
and give conditions

C +G

_ (G+ YL,
M+2M,

MP/12+2Ma>

Cily = Gbh, (12)

under which the frequencies of the translational and rotation-
al vibrations are the same. The second condition (12), in the
case of /; = I, = I/2 having the form

M, 12/6
- = ——, (13)

M 272 P
imposes restriction a > //2 on a. Suppose a = /2 + [/100 =
= 511/100, that the compact bodies are attached to CNT at
its ends (fig. 4). In this case

M, _ 2500

M 303 °

Model of forced electromechanical oscillations
of construction design

Ponderomotive per unit length force in each of the two
detector’s or antenna’s CNTs under the influence of external
radiation is characterized by the expression [2]

_ _dCE V2 Z Oy
fz ==k 4_24 (1 +2amcosoomt+7), (14)

where o — carrier frequency of an external signal
Wz, 1) = Nz)cosot(l + o,cosm,b);

o,,, o, — frequency and depth of its modulation.

602 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 10, 2016

The equations of forced oscillations of nanotube’s struc-
ture caused by external radiation (14), taking into account the
dissipations are as follows:

2
N ) 2 a, Vol dCg
+ m .
X+ 2yx + Ax= A2 20y —dWcosmmt, (15)

b+ 200 + o= —BAEDL (1)
(MI“/12+2Ma")p

where v,, v, — the attenuation coefficients of the mechanical
translational and rotational vibrations; p[f(z, )] — moment
of ponderomotive forces with respect to the axis passing
through the location of the point of the concentrated mass M,
which is calculated taking into account dependency W on the
coordinate measured along the longitudinal axis of the nano-
tube.

In the case of ®,, = A = &,, the mechanical resonance and
translational rotational vibrations of both CNTs occur. If the
carrier frequency o of an external signal coincides with Q, the
mechanical vibrations combine with resonant plasmon oscil-
lations, and the sensitivity of the detector, which depends on
the amplitude of the mechanical vibrations of two CNTSs, in-
creases. This is due to the following circumstances. The sen-
sitivity of the detector is determined by the formula [2]:

_AJ
R D (17)

(0]
where P, — power of radiation received by the detector,
AJ — amplitude of the current in the detector circuit, which
depends on the amplitude Ax of CNT’s mechanical oscilla-
tions [2].

The amplitude of the total mechanical oscillations is pro-
portional to the square of the amplitude-frequency charac-
teristic (AFC) H(w) of the plasmon resonator and also is pro-
portional to AFC H,(»,,) of the translational mechanical os-
cillations of the nanotube and to AFC H(p(u)m) of the rota-
tional mechanical oscillations of the nanotube. Consequently,
the total amplitude of mechanical oscillations of a system of
two CNT at their joint electromechanical resonance is pro-
portional to 0? — the square of the quality factor of plasmon-
ic resonator, as well as to 0, — quality factor of mechanical
progressive resonator and Q(p — quality factor of mechanical
rotary resonator, i.e.

Ax 0 HX (o) H(o,) Hy(0,) © 00,0, (18)

Thus, increase in the amplitude of mechanical oscillations
(18) at the coincidence of the lower frequencies of unbound
translational and rotational free oscillations leads to higher
sensitivity (17) of the detector. Let the distance between two
CNTs parallel in the rest position is 10 nm, the length of each
CNT is equal to 500 nm, the radius is 1 nm and the amplitude
of the translational motion of each CNT is about 2 nm. Then
the rotational oscillations of CNT with a small angle of rota-
tion of the order of 0,5° give additional linear displacement of
the ends of each CNT for about 2,2 nm, which jointly with
the translational movement of the CNT puts the system al-
most on the maximum allowable total movements of two
CNTs that do not lead to their contact.




Technical implementation of the elastic fixings
of CNT’s ends

The proposed elastic fixing (jamming) of the first type is
the development of the rigid fixing of the ends of a nanotube
used in technical devices. Neither the implementation of the
rigid fixing reality does not provide an ideal rigid fixation of
the ends of a CNT in their linear movement and rotation
about their axes. Solid deformable bond, which is external to
the CNT and called rigid fixation, always has a certain elas-
ticity due to the elasticity of a wall, the end of the CNT is
fixed, and the elastic deformation of CNT’s fixed end. Thus,
any rigid fixing in some extent has the properties of an elastic
fixing and the practical implementation of the elastic fixing
also exists. Increasing the degree of elasticity of the bond
brings properties of the real hard fixing to the ideal elastic fix-
ing, while ensuring bonding strength due to the conservation
of certain properties of "hard fixing". To loosen the stiffness
properties of the external bond and to enhance its elasticity,
it is offered to grow double-walled nanotube and remove its
outer wall in the cylindrical cavity of the wall.

Conclusion

The paper shows a possible further improvement of nano-
scale sensors and antennas, based on the use of elastic fixings
of CNTs ends on an analysis of the frequency spectrum of free
mechanical oscillations of the nanoscale structures. A method
for implementing of elastic fixing of the ends of a nanotube
is offered. The conditions (6)—(9) of the simultaneous reso-
nance of translational and rotational oscillations (4), (5),
(10), (11), (15), (16) can realized due to the structural chang-
es of detector or antenna and introduction of the additional
mass. This upgrade results in a change of the oscillation spec-
trum and increase of the quality factor of the electromechan-
ical oscillators. The example of the structure design shows a
sensitivity increase of the detector or receiving antenna in the
case of external radiation, and also an increase in power in the
case of the radiating antenna.

The fulfilment of conditions (6)—(9), (12), (13) can be
achieved not only by including of the compact bodies in the
structure design, but also by the use of multi-walled nano-
tubes, which walls are arranged irregularly along the axis of
each nanotube. It should appear closer to both ends of a na-
notube, where the number of layers should increase as we ap-
proach the end of the tube. The increase in non-uniform mass
per unit length of such CNT makes the torque of inertia of
CNT so high, that the fulfillment of the second condition (12)
will be ensured.

This work was supported by the Ministry of Education and
Science of the Russian Federation in the framework of the State
support of scientific research.
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" ympaBiieHus Poccuiickoii akagemun Hayk, CapaToB

TEMAOBBIE NMPOLECCbHI B BYXTE BOAOKOHHO-OINTHUYECKOTIO TMPOCKOIA
HA OCHOBE MUKPOCTPYKTYPMPOBAHHOTIO OINTOBOAOKHA

C YTAEPOAHbIMN HAHOTPYBKAMM

ITlocmynuna ¢ pedaxyuio 18.03.2016

H[)O&’O@L[VHCﬂ cpasHumenbHoe uccaedosanue HecmauuoHapHo2o Heoaﬁopoaﬁoeo memnepamypHo20o nojas 6 6010KOHHO-onmu4ec-
KOM eupocKone ¢ 60/10KOHHbIM KOHMYPOM HA OCHO6€e mpaduuuormoeo ONMmMoe60JA0OKHA U MUKPOCMPYKMYPUPOBAHHO20 OnMu4ecKoco

B60/I0KHA.

Karouesste caosa: Modeﬂupoeaﬂue, menJjoesle npoueccasl,
ONnmoeo0/a10KHO, Haﬁompy6lcu, Memod INeMEeHMAPHbIX banancos

BBenenue

HccnenoBaHuIo TEMIOBBIX MPOLECCOB B BOJTOKOH -
Ho-onTtudeckux rupockomnax (BOI') u mosbilIeHUIO
€ro TOYHOCTU MOCBSIIIEHO JOCTaTOYHOE YUCTIO paboT
Kak B Poccum, tak u 3a pyoexom [1—7]. Tak Kak Ha
TouHOCTh BOTI' cylliecTBEeHHO BIMSIIOT HeCTallMOHap-
HbIe ¥ HEOTHOPOJIHBIE TEIJIOBhIE Bo3aeiicTBUA [1—5],
TO JJIs YMEHbIIIEHUS TeMIIepaTypHOU COCTaBJISIIOLIEH
norpeurHocteit BOI' pa3pabaTbeiBaloTcsl pasjinvyHbIE
CMocoObl MAaCCHBHOTO M aKTUBHOTIO XapakTepa.

TpaguimonHo B BOI' mpuMeHsieTcss 0IHOMOIOBOE
OITOBOJIOKHO, COCTOSIILIEE U3 CEPALEBUHBI U 000JI0Y-
KW, OHAKO B HACTOSIIEE BPEMSI MPOBOMASITCSI UCCIE-
JIoBaHUS MO IpuMeHeHHIo B BOI' MUKpOCTpyKTypu-
poBaHHbIX (MC) onTuyeckux BOJIOKOH [6, 7].

B HacTtosiiiee BpemMsi aKTMBHO pPa3BUMBAIOTCS TeX-
HoJiorud u3rotopieHus: MC oNTUYECKUX BOJOKOH
[8—12]. TTo cTpykType, MexaHn3MaM (HOPMUPOBAHUS
U CBOMCTBAM BOJHOBOIHBIX MOJ CBETOBOIBI 3TOTO
KJ1acca CyIlleCTBEHHO OTJIMYAIOTCSI OT OOBIYHBIX ONTH -
YyecKkuX BOJIOKOH. g mepemaun usiaydyeHuss B MC
CBETOBOJAX CJIY>KUT CIUIOLIHASI WIM T0JIasi CEpALEBU-
Ha, OKpPYXE€HHass MUKPOCTPYKTYPHUPOBAHHOI 000JI0Y-
KOH, coepxXKallle CUCTEMY OPUEHTUPOBAHHBIX BIOJIb
OCH BOJIOKHA IMJIMHIPUYECKUX BO3AYIIHBIX OTBEPC-
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8010KOHHO-ONMUYECKULl 2UPOCKON, MUKDOCMPYKMYPUPOBAHHOE

tuit (puc. 1). Ctpykrypa MC cBeTOBOJOB OUYE€Hb pa3-
HOOOpa3Ha M pa3jdyHa IO ONTUYSCKUM XapaKTepuc-
TUKaM.

Benyrcst paboThl mo uccienoBaHuio cBoiicTB MC
BOJIOKOH TPU 3alOJTHEHUM TOJbIX OTBEPCTUIl CBETO-
BOZIOB CHEIIMAIBHBIMU MaTeprajaMu, HallpuMep, KU -
KMMM KpHCTajUlaM1, HaHo4YacTUIlaMu ajiMasa [11].

OcHoBHBIMU HegocTaTkaMy M C BOJIOKOH SIBJISIET-
Cd CJIIOXHOCTb MX M3rOTOBJICHUS W 3HAYMTEIbHBIN
rnokaszatenb norepb — nopsiaka 50 1b/km [10]. OnHa-
KO TEOPETUUECKU BO3MOXHO COKpAllleHWE MOTePh IO
0,0005 nb/xm. B HacTosiIee BpeMsl yCUIMST YISHBIX Ha-
MpaBjieHbl Ha yiaydineHue cBoiictB MC BonokoH [12].

HaHHas paboTa npoaoKaeT U pa3BUBAET UCCIEN0-
BaHu4 [3, 4], HanpaBJIeHHBIE Ha CYIIECTBEHHOE ITOBBI-
LIeHUEe TOYHOCTU U 3¢ (PHEeKTUBHOCTU (PYHKIMOHUPO-
BaHMSI BOJIOKOHHO-ONTUYEeCKUX TupockonoB 1 BUHC
Ha uX ocHoBe [4].

Ileab pabomvl — viccieqoBaHUE TEILIOBBIX MPOLIEC-
COB B BoJIoOKOHHOM O6yxTe BOT ¢ ucrnonb3zoBanuem MC
OITOBOJIOKHA, COAEPXKAllero HaHOYACTULIbI YIJIepO-
HbIX HaHOTpyOOoK (YHT).

B craTbe paccMOTpeHBI ClenylolIne 3aJaun:

e pacyeT TEIIOBHIX mapamMeTpoB MC OINTOBOJIOKHA;
e MOJIEIMpOBaHME TEIUIOBBIX IMpoleccoB B BOTI ¢ omn-
TUYECKUM KOHTYpOM Ha ocHoBe MC ONTOBOJIOKHA.




Puc. 1. CxemaTnyeckoe (a) M 3JIeKTPOHHO-MHKpPOCKonnyeckoe (b) m3odpaxkenus nomnepeuroro cpe3a MC BosiokHA
Fig. 1. Cross-section images of MS fiber: schematic image (a) and electron-microscope image (b)

HMccnenoBanusi BO3MOXHOCTU mpumeHeHusi MC
ontoBojiokHa B BOI' BenyTcs Kak 3apyOexXHBIMU, TaK
1 OTeYECTBEHHBIMU yYeHbIMU. OCHOBHBIMU TPEISITC-
TBUSIMM JIJISI UCITOJIb30BAHMS TaKOTO TUIIA BOJOKOH B
BOI' HaBUrauMOHHOIO KJjacca TOYHOCTM SIBJISIIOTCS
MOBBILLIEHHOE 00paTHOE peJieeBCKOE paccesiHUe 1 Bbl-
cokuii koapduuueHT norepsb [1]. OgHako pspa mpe-
umyiiecTB MC onTUYeCKUX BOJIOKOH Tepel Tpaauliv-
OHHBIMHU (CYILIECTBEHHO 00Jiee HU3KME IMOTPEIIHOCTH,
obOycyoBneHHble b dexktamu Keppa, lllproma, @apa-
Jiesl, TepMUYECKON HECTaOWUJIbHOCTU MOJISIpU3aliMK) Ha
(hoHEe MHTEHCHBHBIX MCCIEIOBAHUI MO YIYYIIEHUIO
HUX XapaKTepUCTUK J1aeT OCHOBAHMeE ToJiaraTh peajbHO
BO3MOXHBIM pa3pabotku BOI' Ha 6aze MC onToBo-
JIOKHa [6, 7].

B Hacrosueit pabore mpoBeaeHa TeopeTudyecKast
OlIEHKA TEIJIOBbIX XapakTepucTuk MC BOJIOKHA B CITy-
yae npuMeHeHus ero B BOI' ¢ kanwuisipaMu, 3aroJ-
HEHHBIMM KaK BO3IYXOM, TaK U C TEIJIOMPOBOIASIIIUMU
HaHouactuliamu YHT.

Pacuet TemnoBbix mapamMerpoB MC onTOBOJIOKHA

st pacueTa K03(POUIIMEHTOB TEPMOIPOBOIANMOC-
Tell B BOJJOKOHHOI OyXTe ¢ OOBIYHBIM ONTOBOJIOKHOM
BOCITIOJIb3YEMCSI COOTHOILLIEHUSIMU, TIOJYyYEeHHBIMU B
pabote [3]:
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e qy, 4, — KO3(ULIMEHThI TEILJIONIPOBOIUMOCTU B
MIPOIOJILHOM U TIONIEpEeYHOM HAaIpaBICHUH BOJIOKHA;
1, m — YUCJIO CBETOBOIHBIX MPOBOJOB B 00BEME CO-
OTBETCTBEHHO BIOJb W TIOMEpPEK pacIpOCTPaHCHMUS
TETIOBOTO MOTOKA; Xp, Moo xf— KO3(p(pULIMEHTHI TEIl-
JIOTIPOBOJHOCTU OOOJIOUKU, CEpIeYHMKA BOJIOKHA M

MEXBUTKOBOI Cpeabl; a, b, ¢, f — reoMeTpuyecKue mna-
paMeTpbl — COOTBETCTBEHHO JJIMHA YacTU BOJIOKHA,
HapyXHbII TMaMeTp CBETOBOIa, TMaMEeTp CepAeUHKa,
IIUPHMHA MEXBUTKOBOTO MPOCTPAHCTRBA.

Hns pacuera KoapOULIMEHTOB TEPMOITPOBOANMOC-
teid [13] B Oyxre ¢ MC ONTOBOJIOKHOM MpeACTaBUM
MC cBeToBOA B BUJIE MHOI'OCJIOMHOM YIOPSIOUYeHHOMN
CTPYKTYpHI (puc. 2).

B xauecTBe KOHCTPpYKTUBHBIX mapaMeTpoB MC cBe-
TOBOJIa OMBITHOTO 00pa3iia BOCIIONb3yeMCSl JaHHBIMU,
NpuBeIeHHBIMU B cTaTbe [9]. AuamMeTp BO3AYLIHBIX
KaHanoB cBeToBoaa d ~ 5,01 MKM, 1uamMeTp cepaleBU-
HBI d, = 6 MKM, 1LIaT CTPYKTYpPhI A~ 6,68 MKM, TMaMeTp
cseroBona d, ~ 100 Mkm.
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Puc. 2. Cxemarnuynoe u3odpaxenue nonepeysoro ceyennssi MC cBe-
TOBOAA: d — IMaMeTp BO3IYLIHBIX KAHAJIOB; d, — AUAMETpP CepaLe-
BUHBI; A — ILIaTr CTPYKTYPbI; & — PaCCTOSTHUE MEXIY OTBEPCTUSIMM;
d, — n1aMeTp CBETOBOJA; M, — YMCJIO BO3IYLIHBIX KAHAJIOB B I10-
MepeYyHrKe TeKCaroHaJIbHOM CTPYKTYPHI 10 AMaMEeTPaTbHON JIMHUU
CBETOBOJIA

Fig. 2. Scheme of the cross-section of MS light guide: d — diameter of
the air channels; d, — diameter of the core; A — structure step; 5 —
distance between the apertures; d, — diameter of a light guide; m,, —

number of the air channels in the cross-section of the hexagonal structure
by the diametrical line of a light guide
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Puc. 3. K pacuery ko3(p¢uumeHTOB TEpMONPOBOAUMOCTEl B DyxTe
MC BosiokHa

Fig. 3. To calculation of the coefficients of thermal conductivity in the
bay of MS fiber

Kpome Ttoro, mis ympoleHUs pacyeTa W ydeTa
MHoOroo6pasusi cTpyktyp MC CBETOBOJOB MOJIOXKUM
ITUaMeTp CepAleBMHBI KPaTHBIM AWAMETPY d ¢ Kodd-
(unmeHToM A

d.=n.d.

Torma Ha oOcCHOBe 3aKOHOB Terwionepegauu [13]
MpUOAMKEHHbIe (POPMYJIIBI 17151 pacueTa KoadduieH-
TOB TEPMOTIPOBOAMMOCTEM B oTAeIbHOM MC CBETOBO-
Je (CxeMaTU4YHO TpPEeACTaBIeHHOM Ha pUC. 2), corjac-
HO [3] mosyuuM COOTHOIIIEHUST BUAA:

e B MPOAOJBLHOM HalpaBJIeHUU CBETOBOIA

g = %l (Syhp + She + S, 3)

raoe

e B IIOIIEPECYHOM HaIIpaBJICHNUU CBETOBOIA:

m,—1
v 2 1
g, =adl2 X | 7 5 +
. _n.t —_ =+ —_i—1=
n
+ 2 : 4)
d d d
(mv—nc)};l+(mv—nc—2)7;+nc};

606 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 10, 2016

3aech qﬁ), qi — KO3(p(pULMEHTHI TEIIOIPOBOAY-
MOCTU OJTHOT'O CBETOBOJA B MPOJOJbHOM U MOMepey-
HOM HarnpasjieHuu; Sy, S,, Sj — COOTBETCTBEHHO ILIO-
1aJb MOJIbIX KaHAJOB, 3allOJJHEHHBIX BO3IYXOM, IJIO-
1aab CepAeYHMKA M OCTajbHAas IUIOIIAAb; Ay, Ay, A, —
KO3 (PUILIMEHTHI TeTIONPOBOAHOCTU BO3yxa U KBap-
11a, MaTepuasa CepAlLEBUHBI CBETOBOAA (KBapll WU
BO3IyX B CJIy4yae IIOJO¥ CepALIEBUHDBI); d — IUAMETP
BO3/YIIHbIX KAHAJIOB; d, — IUaMETpP CEPALEBUHBI; & —
PacCTOAHME MEXIY OTBEPCTUSAMU; d,, — IUAMETP CBe-
ToBOAa; m, = d,/A — YUCIIO BO3LYIIHBLIX KaHAJIOB B
MOoMNepeYHMKeE reKCaroHaJIbHOM CTPYKTYPbI 1O AraMeT-
pajbHOI TMHUM cBeToBoAa (puc. 2).

CaeToBoJIOKOHHYI0 OyxTy BOI' mpencraBum Kak
MHOTOCJIOMHYIO YMOPSIOYEHHYIO CTPYKTYPY, COCTOSI-
LYK U3 CJIOEB BOJOKHA M MEXBUTKOBOM cpeabl [3]
(puc. 3).

C yuerom (3) u (4) no ananoruu ¢ (1), (2) bopmybl
IU1s1 pacyeTa Ko3(DEUIMEHTOB TEPMOIIPOBOAUMOCTEM
B MIPOJIOJILHOM U B TIONEPEYHOM HAMPABICHUSX B OYX-
Te MC 0onTOBOJIOKHA B YaCTU BOJIOKHA JJIMHOU @ OyIayT
UMETh CJACAYIOUIMIA BUI:

) d,fr
g = qj mn+ j:f[(n— Dm + (m = nl,  (5)
m m—1 af}“f
q, = + —. (6)
+ _’1_+_L_(n_1) n dv
qi dvakf

KOM[IL]OTepHOC MOJCJIMPOBAHHEC

3a OCHOBY /151 KOMITBIOTEPHBIX 9KCIIEPUMEHTOB ITPU
pacyeTe TeMIlepaTypHBIX T0Jieil BOCTIONb3yeMcs TeTUIo-
Boii Mozaenbio bBOI'-120, mpuBeneHHO# B cTaThe [4].

PaccmatpuBaemsblii oopaser; BOI' umeer crnenmyio-
1I1Me reoMeTpuyeckue rnmapamMeTpbl KaTylIKu IS Ha-
MOTKHM BOJIOKHA: paguyc r = 4,75 cm, BbicoTa 1,4 cMm,
mupurHa cyiost BojsiokHa 0,7 cMm (puc. 4). BaxHoii oco-
OEHHOCTbIO KOHCTpyKUMU gaHHoro BOI' B pgaHHOM
cliyyae SIBJISIETCSl omcymcmeue B HeM BHYTPEHHUX UC-
TOYHUKOB TEIUIOTHI 33 CUET BEIHECEHUS M3JIyJaTesisa u
0Ji0Ka 3JIEKTPOHUKHU 32 Er0 00BEM.

Karymxka
Coil

OnTOBOJIOKHO

Puc. 4. Karymka BBOI'-120 ¢ onTuyecknM BOJIOKHOM B ONEPEYHOM
ceYyeHHn

Fig. 4. BVOG-120 coil with an optical fiber in the cross-section




Tabnuua 1
Table 1
Koadduumenrs Teruonposoaumoctu (Br/cm °C)
Coefficients of thermal conductivity (W/cm °C)
Tun BosnokHo BonokHo BonokHo
ONTOBOJOKHA Ka- B paMaib- | B BEPTUKAIb-| B MPOIOJIb-
Type HOM Ha- HOM Ha- HOM Ha-
: TyILIKa-
of optical fiber BOIIOKHO H[j)aBJI.CHI/II/I Hpaan:HMI/I H[.)aBJI.eHI/II/I
Coil-fiber Fiber in the | Fiber in the | Fiber in the
radial vertical longitudinal
direction direction direction
OO6bIYHOE 0,0047 0,0199 0,0047 0,0002
OMNTOBOJIOKHO
Regular
optical fiber
MC BOJIOKHO 0,003 0,0128 0,0031 0,0004
(Kamuisipbl
3aTTOJTHEHBI
BO3IIyXOM)
MSfiber
(the capillaries
filled with air)
MC BosnokHo | 0,0831 0,3378 0,0827 0,0035
(KanmuuIsIpbl
3ar0JTHEHBI
YHT)
MS fiber
(the capillaries
filled with
CNT)

ITpumenutenbHo Kk gaHHomy BOI koadduumeH-
THl TEIJIONPOBOAVMOCTU B BOJIOKOHHOW OyXTe s
o0ObIYHOTO BOJIOKHA, 1J1ss MC BosiokHa u 11t MC Bo-
JIOKHA ¢ KalmwuIsipaMu, 3arioJTHEHHBIMY HAaHOYAaCTHIIA-
mu YHT, paccuuTaHHbIe MO MOJYYEHHBIM MPUOJIU-
KeHHbIM (opmyinam (5), (6) nmpeacrasieHsl B TabiI. 1.

Kaxk BumgHO u3 Tabauilbl, SKBUBAJIEHTHAsl TEILIO-
MPOBOAMMOCTb BHYTPU BOJOKOHHOM 0yxThl ¢ MC omn-
TOBOJIOKHOM, KalWJIsIpbl KOTOpOTo 3anoiHeHbl YHT,
Ha MOPSIIOK BhILIE TeX XKe MoKa3aTesei 1151 00bIYHOTO
OITOBOJIOKHA.

IIpu mccaemoBaHUM TETIOBBIX ITPOIIECCOB B BOJIO-
KoHHoI Oyxte BOI' mcrnoab3oBanock paspaboTaHHOE
Ha OCHOBE MOIW(UIIMPOBAHHOTO METOIA 3JIeMEHTap-
HBIX OajaHCOB [3] creunaau3nupoBaHHOE IPOTpPaM-
mHoe obecrieueHue (ITO) "VOG-C++", peanusyioiice
MaTeMaTUYeCKYIO MOJIe/b TEIUIOBLIX ITpolieccoB B BOT'
C y4eTOM KOHCTPYKTUBHBIX OCOOEHHOCTeil mpuodopa.
Hns 3TOorO0 MaHHAas TEIIoBas MOAENb KATYIIKUA C OIl-
TUYECKHUM BOJIOKHOM IpeicTaBieHa B Buae 30 "aie-
MeHTapHbIX 00beMOB". M3 HuX 24 B BOJIOKHE 1 6 B Ka-
TYLIKE, B KaXIOM U3 KOTOPBIX PACCUUTHIBAIOTCS TEM-
rnepaTtypbl B TeKylIMii MOMEHT BpeMeHu (puc. 5).

IIpn MomenmMpoBaHWM OIEHUBAJINCH MaKCHUMallb-
Hble TeMIepaTypHbIe IMepernagbl MexXIy "3JeMeHTap-
HBIMM 00beMaMU" (pacueTHbIe TOUKU) B OyXTe ¢ Om-
TOBOJIOKHOM B paaulaibHOM HaIlpaBJeHUN MEXIy Ka-
TYIUKOI ¥ BOJIOKHOM A7), BHYTpU BOJOKHa AT, 1
MEXIy d3JIEeMEHTapHbBIMUA OObeMaMHM BIOJb BOJOKHA
AT; (puc. 5).

KomrbioTepHoe MomennpoBaHUE TEILIOBBIX IIPO-
1IECCOB MPOBOJAMJIOCH MPU CACAYIOLIMX UCXOIHBIX AaH-
HBIX. OKpyxXaroIas cpefa OMHOPOIHAS — BO3AYX IPH
HOpMaJIbHOM aTMocdepHOM napieHuu. TemmepaTypa
OKpyXaloleil cpenbl (Bo3MyIalollee BO3AcHCTBHUE)
MOXET M3MEHSTBhCS MO 3aTaHHOMY 2apMOHUYECKOMY,
CMYNeHYamomy W 3KCHOHEeHUYUAAbHOMY 3aKOHY C Teue-
HueMm BpeMeHM B nuamna3zoHe (—50...+50) 7°C npu Ha-
yajgpHOi TeMneparype 20 °C.

Ha rpadukax puc. 6—8, mosydeHHBIX C UCITOTb30-
BaHueM paspaboraHHoro I1O, mpeacTaBiieHbl TeMIle-
paTypbl BHEIIHEro TeMIIEpaTypHOIO BO3MYIIIAIOIIETO
Bo3aeilicTBUsA T, TEMIEPATyphl B "3JeMEHTAPHBIX 00b-
eMax" KaTyIIK{ 1 BOJIOKHA W TeMIIepaTypHbIe Tepera-
Il B OyXTe C BOJOKHOM MPU PazaWyHbIX THIAX BO3-
JIEWCTBUS CO CIEAYIOIINMU TTapaMeTpaMu:

e TapMOHMYECKOE U3MEHEHHWE BO3MYIAIOIIET0 BO3-
neiictBus B nuanazoHe —50...+50 °C ¢ nepuoaom
90 MuH 1 HavanbHOU Temniepatypoii B BOI' 20 °C;

e CTyNEHYaTOe U3MEHEHME BO3MYILAIOIIETO BO3AEH -
CTBUS TIO 3aJaHHON IIUKJIOTpaMMe B IHAalla30He
—40...55 °C n HauansHOU Temmeparypoii B BOI' 20 °C;

e DKCIIOHCHIMAJIbHOE W3MEHEHHWE BO3MYIIAIOLIETO
BosneiicTBusa B auarnasoHe 30...—30 °C u Hayaib-
Hoit Temmnepatypoit B8 BOI' 20 °C.

Ha rpadukax puc. 6, a, b — 8, a, b npuBeneHbI TEM-
neparypa OKpyXalollei Cpeabl U TeMIlepaTyphl B pac-
YeTHBIX TOYKAaX B KaTylIKe M B ONTOBOJOKHe. M3-3a
HEe3HAUYNTEJIHHOM pasHUIILl TEMIIEpaTyp B PacUETHHIX
TOYKaX I'padMKu CIUBAIOTCS B OIMH. TeM He MeHee Ha
rpadukax 6, ¢ — 8, @ 3aMeTHa pa3HUIIA MEXIY TeM-
repaTypaMy B KaTYIIKe W B BOJIOKHE.

CoBepllleHHO OYEBUAHO, YTO TOBBIIICHHAS TETl-
JoBas nposoaumocts MC BonokHa ¢ YHT nmaer 3Ha-
YUTEJbHOE CHIKEHNE TeMIIepaTyPHBIX IePeTagoB o
00beMy KaTyIIKHA TI0 CPaBHEHMIO C TPATWUIIMOHHBIM
BoJiIOKHOM (puc. 6, d, 7, d, 8, d), 4T0 HOKHO GJaro-

«OnemMeHTapHbIe 00BEMBD) |
[

OIITOBOJIOKHO i
Fiber «Elementary unit»

Puc. 5. CxemaTuyeckoe n300pakeHue 0yXTbl ONTOBOJIOKHA M KATYII-
KH B IONIEPEYHOM CeYeHHH C pa30ueHneM Ha "3j1eMeHTapHbIe 00beMbl"
Fig. 5. Schematic image of the bay of the optical fiber and the coil in
the cross-section with splitting into the "elementary volumes"
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Puc. 6. I'apmonnieckoe u3MeHenne BO3MyIIaoomero Bo3aeiicTead: a — T,, T'B 0ObIYHOM BOJIOKHE U B KaTywuke; b — T, T8 6yxre ¢ MC onro-

BOJIOKHOM M B KaTyLIKE; ¢ — TEMIICPATYPHBIC II€peIiaabl B 6yXTC C OOBIYHBIM OIITOBOJIOKHOM; d— TEMIICPATYPHBIC NI€pErIaabl B 6yXTe ¢ MC
OIITOBOJIOKHOM

Fig. 6. Harmonious change of the perturbation action: a — T, T in the fiber and in the coil; b — T,, T in the fiber and in the coil; c — temperature
differences in the bay with a regular optical fiber; d — temperature differences in the bay with MS optical fiber
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Puc. 7. CtynenuaToe n3mMeneHne Bo3Mymaomero sosaeicrsus: a — T;, T B 0ObIYHOM BOJIOKHE U B Katywuke; b — T, T'B O6yxre ¢ MC onro-

BOJIOKHOM M B KaTylIKE; ¢ — TEMIICPATYPHBIC IIEpeIiaabl B 6yXTe C OOBIYHBIM OIITOBOJIOKHOM; d— TEMIIEpAaTypPpHBIC NEPENaabl B 6yXTC ¢ MC
OIITOBOJIOKHOM

Fig. 7. Step-by-step change of the perturbation action: a — Ty, T in the fiber and in the coil; b — T, T in the fiber and in the coil; c — temperature
differences in the bay with a regular optical fiber; d — temperature differences in the bay with MS optical fiber
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Puc. 8. DkcnonennuanbHoe 3MeHenne Bo3Mymaomero posaeicTeua: a — T, 7B 0ObIYHOM BOJIOKHE U B Katyuike; b — T;, T B 6yxre ¢ MC
OIITOBOJIOKHOM U B KAaTYIIKE; ¢ — TeMIIEpaTypHbIE IIepernaabl B OyXTe ¢ OOBIMHBIM OITOBOJOKHOM; d — TeMIIEpaTypHBIE IIepemnanbl B OyxTe

¢ MC onroBoJIOKHOM

Fig. 8. Exponential change of the perturbation action: a — T, T in the fiber and in the coil; b — T, T in the fiber and in the coil; c — temperature
differences in the bay with a regular optical fiber; d — temperature differences in the bay with MS optical fiber

MPUSATHO CKAa3aThCsl Ha TeruioBoi cutyanuu B BOI B
LIEJIOM.

Pe3ynbTaThl BBIYMCIUTENBHBIX 3KCIIEPUMEHTOB C
TernsoBoit Monenibio BOI mpencraBieHsl B Ta0I. 2.

M3 npencraBieHHBIX B Ta0IUIIE pe3yabTaTOB Cie-
IyeT, 4TO TeMIlepaTypHbIe Ieperagbl B OyXTe ¢ BO-
nokHoM B ciydyae MC onroBosiokHa ¢ YHT meHblie
9TUX MOKa3aTeieil 111 00bIYHOro ONTOBOJOKHA B 10 1
bosiee pa3. Cpeaud pacCMOTPEHHBIX TeMIEpaTypHbIX
rnepenagoB B 30HE BOJIOKOHHOW OYXThl T'MpPOCKOIIa
HauOOIBIIEr0 3HAYCHUS MOCTHUTAeT TIeperral MeXIy

KaTYLIKOU 1 BOJIOKHOM. DTO TaKxKe BUIHO Ha Trpadu-
Kax 6, a — 8§, a.

IIpu aTOM creayeT OTMETUTb, UTO aOCOJIIOTHbIE
3HAUEHMUSI TEMIIEpaTyp B paCUeTHbIX TOUKaX BOJOKHA B
OTJIMUUE OT nepenados TEMIIEPATyp He 3aBUCST OT KO-
s dulIMeHTa TESILUIOBOK MPOBOAMMOCTH B 30HE BOJIO-
KOHHOM OyXThbI. JIJIsT CHMZKEeHMSI KOJIeOaHMI TeMIIepaTyp
B BOI', 00yc0BII€HHBIX BHEIITHUMU BO3IEHACTBUSIMH,
Heo0XoIuMO MpUMEHEHUE JOTOJTHUTEIbHBIX Mep rac-
CUBHOTO M aKTMBHOIO XapakTepa, HampuMep U30Jisi-
uust kopnyca BOI' oT BHeIIHUX TEIJIOBBIX BO3AEICT-

Tabnuua 2
Table 2
Ilepemanbl TeMnepatyp (MMKoOBbIe 3HaueHus), “C
Differences of temperatures (peak values), C
XapakTep AMHAMUKUA
BHELIHETO TeMIIEPaTypPHOIo Me:xxny KaTylKoil 1 BOJIOKHOM AT} ITo paguycy B BonokHe AT, Broosb BosiokHa ATx
BO3MYIILAIOLIETO BO3IEUCTBUS Between the coil and the fiber AT, | Along the radius in the fiber AT, Along the fiber AT;
Character of the dynamics of the external
femperature perturbation action OO6BIYHOE MC OO6BbIYHOE MC OO6bIYHOE MC
BOJIOKHO BOJIOKHO BOJIOKHO BOJIOKHO BOJIOKHO BOJIOKHO
Regular fiber MS fiber Regular fiber MS fiber Regular fiber | MS fiber
T'apMoHMYeCKOe U3MEHEHUE TEMITEPaTyphl 3,2 0,3 0,1 0 0,15 0,05
Harmonious change of temperature
CryrneHyaToe BO3IEHCTBUE 4 0,3 0,1 0,005 0,45 0,08
Step-by-step action
DKCIOHEHIINAILHOE BO3ICHCTBIE 1,6 0,2 0,03 0,002 0,16 0,02
Exponential action
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BUM, aJITOPUTMUAYECKASI KOMIIEHCALXS TETLIOBOIO APEM -
(a, mpuMeHeHUEe CUCTEM TePMOPETYJIUPOBAHUSI.

3akmouenue

ITpoBeaeHO cpaBHUTENbHOE HCCIEIOBAHUE TEILIO-
BBIX IIPO1IECCOB B BOJIOKOHHOI O0yxTe BOI' ¢ 00BIYHBIM
U MUKPOCTPYKTYPUPOBAHHBIM OMTUYECKUM BOJIOKHOM.

ITokazaHo, YTO MPUMEHEHHUE MUKPOCTPYKTYPUPO-
BaHHOT'O ONTOBOJIOKHA C BO3AYIIHBIMU KaHaJIaMMU, 3a-
MOJIHEHHBIMU TEIJIONPOBOASIIMMY HAaHOYACTULIAMMU,
Hampumep YIJIepoaHBIMUA HaHOTpyOKamu [14], mo3Bo-
JINT CYLIECTBEHHO CHU3UTh TeMIIEpaTypHbIe Tepernanbl
B OyxTe C OINTMYECKHMM BOJOKHOM IO CPaBHEHUIO C
BOTI Ha ocHOBe TpagAUIIMOHHOIO ONTUYECKOIO BOJIOK-
Ha. g paccMaTpuBaeMoro B KadecTBe Ipumepa BOT
Ha 6a3e MC BosiokHa ¢ YHT Takoe CHUXeHUE Tepe-
MMafioB TeMIlepaTypbl Ha MOPSAOK jy4lle, yeM B BOI ¢
TPaAULIMOHHBIM ONTUYECKUM BOJOKHOM.
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Thermal Processes in the Bay of the Fiber Optic Gyroscope Based
on the Micro-Structured Optical Fibers with Carbon Nanotubes

The paper presents a comparative study of the non-stationary inhomogeneous temperature field in a fiber-optical gyroscope
(FOG) with a fiber head loop based on the traditional and photonic-bandgap fiber. The aim of the work is a study of the thermal
processes in a fiber bay of FOG with the use of photonic-bandgap fiber containing nanoparticles of the carbon nanotubes.

The main problems addressed in the article are calculation of the thermal parameters of the photonic-bandgap fiber, modeling
of the thermal processes in FOG with an optical head loop based on the photonic-bandgap fiber, equations for calculation of the
thermal parameters of the FOG coil with the photonic-bandgap fiber with a hexagonal structure of the holes, computer modeling of
the thermal processes in a fiber coil of FOG at different types of the external disturbances.

The conducted research demonstrated that the use of the photonic-bandgap fiber with the air holes filled with the heat-conducting
nanoparticles can reduce significantly the temperature differences in the fiber coil compared with FOG based on a conventional op-

tical fiber.

Keywords: modeling, thermal processes, fiber-optic gyroscope, photonic-bandgap fiber, nanotubes, temperature fields, method

of elementary balances
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Introduction

Research of the thermal processes in the fiber-optical
gyroscopes (FOG) and improvement of their accuracy are
the topics of a rather big number of works in Russia and
abroad [1—7]. Since the accuracy of FOG depends on the
non-stationary and non-uniform thermal influences [1—5],
various ways of passive and active character are being
developed for reduction of the temperature component in
the errors.

Traditionally, one-mode optical fiber, consisting of a core
and a cover, is applied in FOG, however, the research is going
on for application of the microstructured (MS) optical fibers
[6, 7].

The manufacturing techniques of MS optical fibers [8—12]
are being actively developed. By their structure, the mecha-
nisms of formation and the properties of the waveguide
modes, the light conductors of this class differ essentially from
the regular optical fibers. In MS light conductors the radiation
is transferred through a continuous or hollow core surrounded
by MS cover, containing a system of cylindrical air apertures
arranged along the axis of the fiber (fig. 1). The structure of
MS light conductors is varied and different by the optical
characteristics.

The work is going on for research of the properties of
MS fibers for filling of the hollow apertures of the light con-
ductors with special liquid crystals, nanoparticles of dia-
monds [11].

The main drawbacks of the MS fibers are complexity of
their manufacture and considerable losses — about 50 dB/km
[10]. However, theoretically it is possible to reduce the losses
down to 0,0005 dB/km. Scientists seek for ways to improve
the properties of the MS fibers [12].

The given work is continuation of R & D [3, 4], aimed
to increase essentially the accuracy and efficiency of
functioning of the fiber-optical gyroscopes and SINS on
their basis [4]. Its purpose is research of the thermal proc-
esses in the fiber bay of FOG with the use of the MS optical
fiber containing nanoparticles of the carbon nanotubes
(CNT).

The article deals with the following problems:

— calculation of the thermal parameters of the MS optical
fiber;

— modeling of the thermal processes in FOG with an op-
tical contour on the basis of MS optical fibers.

Research works concerning feasibility of application of
MS optical fiber in FOG are conducted by foreign and do-
mestic scientists. The basic obstacles for the use of such fib-
ers in FOG navigation accuracy are raised Rayleigh back-
scattering and high coefficient of losses [1]. However, there
are a number of advantages of the MS optical fibers in com-
parison with the traditional ones (lower errors due to effects
of Kerr, Shupe and Faraday, thermal instability of polariza-
tion), which on the background of the intensive research for
improvement of their characteristics give grounds to believe
that FOG developments on the basis of the MS optical fibers
are really possible [6, 7].

The work presents a theoretical estimation of the thermal
characteristics of the MS fiber in case of its application in
FOG with the capillaries filled with the air and heat-conduct-
ing CNT nanoparticles.

Calculation of the thermal parameters
of the MS optical fiber

For calculation of the coefficients of the thermal conduc-
tivity in a fiber bay with a usual optical fiber we will use the
following correlations [3]:

2

_ b —c ¢ b

9= ”m[kp a Hhkﬂ * kf?zf[(n —hmE

+ (m — Dnl; )
q, = mab—c) 4 mac +
n_llJr(n—l)]—r n(ll.:_ch_c_)Jr(n—l)i
A, Ay A, Ay Ay
+ m=1 ‘ka

=1 2y )

where g, ¢, — are coefficients of thermal conductivity in the
longitudinal and cross-section directions of the fiber; n, m —
number of the light conductor wires in the volume, accord-
ingly, of the up and down diffusion of the thermal flow; Ap,
Mo kf — coefficients of thermal conductivity of the cover, the
core of the fiber and the interturn environment; a, b, ¢, f —
geometrical parameters — accordingly, length of a part of the
fiber, external diameter of the light conductor, diameter of the
core, width of the interturn environment.

For calculation of the coefficients of thermal conductiv-
ity [13] in the bay with the MS optical fiber we present a MS
light conductor in the form of a multilayered ordered struc-
ture (fig. 2).

As the design parameters of a pre-production model we
will use the data presented in [9]. Diameter of the air chan-
nels of a light conductor is d ~ 5,01 um, diameter of the core
d, = 6 pm, a structure step A~ 6,68 pm, diameter of a light
conductor d,, ~ 100 um.

Besides, for simplification of the calculations and account
of the variety of the structures of MS light conductors we will
assume the diameter of the core as multiple to the diameter d
with coefficient #,.

d.= n.d.

Then, on the basis of the heat transfer laws [13], the ap-
proximated formulas for calculation of the coefficients of
thermal conductivity in a separate MS light conductor (dia-
gram in fig. 2), according to [3] we will get the following cor-
relations:

in the longitudinal direction of the light conductor

g =1 (S + S+ S, )

where

2
nd,
S, = 7
2
nd,
Sk = —4 - Sh - SC’
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and in the cross-section direction of the light conductor:

m,—1
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Here g), ¢ — are coefficients of thermal conductivity
of one light conductor in the longitudinal direction and in
the cross-section direction; S, S,, S, — the area of the hol-
low channels filled with air, the area of the core and the rest
of the area; A, Ay, A, — coefficients of thermal conductivity
of air and quartz, the material of the core of the light con-
ductor (quartz or air in case of a hollow core); d — diameter
of the air channels, d. — diameter of the core, 8 — distance
between the apertures, d, — diameter of the light conductor,
m, = d /A — number of the air channels across the hexagonal
structure on the diametrical line of the light conductor (fig. 2).

We will present FOG light-fiber bay as a multilayered or-
dered structure consisting from layers of fiber and interturn
environment [3] (fig. 3).

Taking into account (3) and (4) by analogy with (1), (2)
the formulas for calculation of the coefficients of thermal
conductivity in the longitudinal and cross-section directions
in the bay with MS optical fiber regarding the fiber with length
a will look like:

o dp.
g=am+ 26— ym v )
_ m m—1 afhs
q = + —. (6)
* £+AL(,,_1) nd,
¢ ks
1

Computer modeling

As a basis for computer experiments during calculation
of the temperature fields we will take the thermal model
BVOG-120 [4].

The considered FOG sample has geometrical parameters
of the coil for fiber winding: radius » = 4,75 cm, height —
1,4 cm, width of the fiber layer — 0,7 cm (fig. 4). An impor-
tant feature of the design of the given FOG is absence in it of
the internal heat sources due to placement of a radiator and
electronics unit outside its volume.

With reference to the given FOG the coefficients of ther-
mal conductivity in the fiber bay for a regular fiber, for MS
fiber and for MS fiber with the capillaries filled with CNT na-
noparticles, calculated in accordance with the received ap-
proximated formulas (5), (6), are presented in table 1.

As one can see, the equivalent thermal conductivity inside
the fiber bay with MS optical fiber, the capillaries of which are
filled with CNT, is by an order higher than the indicators for
a regular optical fiber.

During the research of the thermal processes in the FOG
fiber bay the VOG-C++ special software was used, developed
on the basis of the modified method of the elementary bal-
ances [3] and realizing the mathematical model of the thermal
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processes in FOG with account of the design features of the

device. For this purpose the given thermal model of the coil

with an optical fiber is presented in the form of 30 "elementary
volumes", 24 out of them are in the fiber and 6 are in the coil,
and in each of them the temperatures are calculated in the

current moment (fig. 5).

During modeling the maximal temperature differences
were estimated between the "elementary volumes" (calculation
points) in the bay with the optical fiber in the radial direction,
between the coil and the fiber AT}, inside the fiber AT, and
between the elementary volumes along fiber ATx (fig. 5).

Computer modeling of the thermal processes was done
on the basis of the following initial data: the environment
was homogeneous — air at the normal atmospheric pressure,
temperature of the environment (perturbation action) could
change with the time by the set harmonious, step and expo-
nential law eventually within the range of —50...+ 50 7 °C at
the initial temperature of 20 °C.

The diagrams (fig. 6—38), received with the use of the de-
veloped software, present the temperatures of the external
temperature perturbation action 7}, temperature in the "ele-
mentary volumes" of the coils and fibers, and the temperature
differences in the bay with the fiber at various types of action
with the following parameters:

e harmonious change of the perturbation action in the range
of —50...50 °C with the period of 90 min and initial tem-
perature in FOG of 20 °C;

e step-by-step change of the perturbation action by the set
cyclogram in the range of —40...55 °C and initial temper-
ature in FOG of 20 °C;

e exponential change of the perturbation action in the range
of 30...—30 °C and initial temperature in FOG of 20 °C.
Fig. 6, a, b — 8, a, b present the ambient temperatures and

the temperatures in the calculation points, in the coil, and in

the optical fiber. Because of an insignificant difference of tem-
peratures in the calculation points the diagrams merge in one.

Nevertheless, in diagrams 6, a — 8, a the difference between

the temperatures in the coil and in the fiber is noticeable.

It is obvious that higher thermal conductivity of the MS
fiber with CNT decreases the temperature differences by the
coil volume in comparison with the traditional fiber (fig. 6, d,
7, d, 8, d), which should affect favorably the thermal situation
in FOG as a whole.

The results of the computing experiments with FOG ther-
mal model are presented in table 2.

From the presented results it follows, that the temperature
differences in the bay with the fiber, in case of the MS optical
fiber with CNT, are 10 and more times less than the indicators
for a regular optical fiber. Among the considered temperature
differences in the zone of the fiber bay of a gyroscope, the
greatest value is reached by the difference between the coil
and the fiber. This is also visible in diagrams 6, a — 8, a.

It is necessary to point out, that the absolute values of
temperatures in the calculation points of the fiber, unlike the
differences in temperatures, do not depend on the coefficient
of thermal conductivity in the zone of the fiber bay. For a de-
crease of the fluctuations of temperatures in FOG, caused by
the external influences, application of measures of passive and
active character is necessary, for example, isolation of the case
of FOG from the external thermal influences, algorithmic
compensation for a thermal drift, application of the systems
of thermoregulation.




Conclusion

Research of the thermal processes was carried out in the
fiber bay of FOG with a regular and the MS optical fiber.

It was demonstrated, that application of the MS optical
fiber with the air channels filled with heat-conducting nano-
particles, for example, carbon nanotubes [14], will allow us to
lower considerably the temperature differences in the bay with
the optical fiber in comparison with FOG on the basis of a
traditional fiber. For the considered example of FOG on the
basis of the MS fiber with CNT such a decrease in tempera-
ture differences is by an order better than in FOG with the
traditional optical fiber.
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BBenenune

PaccmarpuBasg coBpeMeHHBINM TOAXOHO K paspa-
6otke undpossix CBUC, crout 0co60 OTMETUTH BaxK-
HOCTb METOJa MPOSKTUPOBAHMUSI C MCIOJb30BaHUEM
CTaHAAPTHBIX 3JIEMEHTOB, OCHOBHAs UIesI KOTOPOTO
3aKJII0YaeTcsl B TOM, UYTO TPU CO3JaHUM LIU(PPOBOI
CXEMBI MCIOJIb3YETCSI TOTOBBIA HAOOp JIOTMYECKUX
3JIeMeHTOB. JIaHHBIII MeTOA MO3BOJISIET Pa3padbOTUYUKY

HAHO- 1 MUKPOCHUCTEMHASA TEXHUKA, Tom 18, Ne 10, 2016

He OmNycKaThCsAd OO TPaH3UCTOPHOTO M (PU3UUeCcKOro

YPOBHSI MPU pa3paboOTKe CXEMbl, YTO 3HAUUTEIBHO YII-

poliaeT 1 yckopsieT pabory. K mocTomHCcTBaM Ipoek-

TUPOBAHUS C UCIIOJIb30BAHNEM CTAHIAPTHBIX DJIEMEH-

TOB MOXHO OTHECTU CleAyIolliee:

e COKpallleHWE BpeMeHM pa3pabOTKU cXeMbl (M, KaK
clieacTBUe, cokpaieHue napamerpa TTM — Time
To Market), Tak KaK HET HEOOXOAUMOCTHU TTPOBEIE-
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HUS aHAJIOTOBOTO MOJETMPOBAHMS CXEMBI BCIIEICT-
BME TOTO, YTO BCE BPEMEHHbIE U MOILIHOCTHbIE Ia-
paMeTphl 2JIEMEHTOB pacCUMTAaHBI Ha 3Tare paspa-
0OTKU OMOIMOTEKH;

e VyIpOIleHKE Mpoliecca pa3paboTKU CXeMbI, TaK Kak
WHXXEHEepY HeT HeoOXOOAMMOCTH BHMKATh B YCT-
POMCTBO CTaHIAPTHBIX 2JIEMEHTOB, 4 MOXHO HC-
ITOJIb30BaTh MX B BUAE "4epHBIX sSIImkoB” (black-
box), BBIMOJHSIOMIMX KOHKPETHYIO JIOTMYECKYIO
GbyHKLMIO;

e YHUBEPCAJIbHOCTh pazpadaTbiBa€MOIl CXEMBI, T.€. €€
HE3aBUCHMOCTb OT KOHKPETHOM (habpuKHU 1 TEXHO-
noruu. Kak mpasuiio, paspaborka umdpopoit UC
BelleTcsl Ha ypoBHe peructpoBbix nepenay (RTL).
HecMoTpst Ha moBceMecTHOE UCTIOIb30BaHUE, TaH-

HBI METOJ MMeEeT HeKOTOphble HemocTaTku. Bo-mep-

BBIX, TaK KaK HabOp CTaHIAPTHBIX 3JIEMEHTOB OIpaHM-

YeH, TO YMEHbIIAeTCsl TMOKOCTb MPOEKTUPOBAHUSI, UTO

B CBOIO OYepedb MOXET IMPUBECTU K YMEHBILEHUIO

OBICTPONEUCTBUS U YBEJIMYEHUIO TIJIOLIAAU CXEMBbI, 1O

CpaBHEHMIO C €€ aHaJoroM, pazpaboTaHHbIM Ha TpaH-

3MCTOPHOM ypoBHe. Bo-BTOpPBIX, MapaMeTpbl U3TOTOB-

JIEHHOI MUKPOCXEeMbI HaIlPSIMYIO 3aBUCST OT KayecTBa

OMOIMOTEKM CTaHAAPTHBIX 3JIEMEHTOB.

Jnst  moCTUKEHUSI CHeluualbHBIX TpeOOBaHUIA,
MpeabsBIISIeMbIX K MUKpocxeMaM (Masiasi IoTpeoJisie-
Masl MOIITHOCTb, MOBBILLIEHHOE ObICTpOAEHCTBHE U Ap.),
pa3IuyaloT CJenylole TUIbl OMOJIMOTEeK CTaHIapT-
HBIX 3JIEMEHTOB, paCCUMTAHHBIX Ha

— MaJylo notpebJissieMyr0 MOILIHOCTb;

— BBICOKYIO MPOW3BOAUTEIbHOCTD;

— MOBBIIIEHHYIO TUIOTHOCTh Pa3MelleHUs;

— TOHMKEHHBIE TOKH YTEUKMU.

CocTaB OMOJMOTEKH CTAHIAAPTHBIX JJIEMEHTOB

Tak kak (QYHKUIMOHUpPOBaHME I1000H HUPPOBOI
CXEeMBbI CBOIUTCS K BBHITTOJHEHHUIO KaKON-IMOO JIOTH-
yeckoil (bynesoii) (pyHKUMU, TO, CleI0BaTeIbHO, AJISI
MIPOEKTUPOBAHMSI JOCTATOYHO 0a3MCHOTO Habopa 3je-
MEHTOB, HaIlpUMep C MCHOJb30BAaHUEM BJIEMEHTOB
NOR u NAND, M0oXHO peanu3oBaTh J00YIO JIOTU-
yeckylo ¢yHkLu0. OnHaKo Ha MpakTUKe TaKOW MOJI-
Xon He sBjsgeTcs 3¢pGeKTUBHBIM. 11 yMeHbIIEHUS
MJIOIIAAN, 3aHUMAeMOM CXEMOM, M OJIs1 OITHUMM3A-
LI BPEMEHHBIX Y MOIIHOCTHBIX MTapaMeTPOB COCTaB
OUOJMOTEKM CTaHIAPTHBIX 3JEMEHTOB 3HAYWTEJIbHO
pacuupsiercs. Kak nmpaBusio, Bce 371eMEHTbl MOXHO
pa3IeNnTh Ha YeThIpe TPYIITEI: KOMOMHATOPHAS U TTOC-
JiefoBaTeJIbHAsI JIOTUKA, ONTUMAJIbHO CITPOEKTUPOBAH -
HbIe apruMETUUECKNE Y3JIBI U CITeIINaJbHbIE JIeMEH-
Thl. CTOUT OTMETUTh, UTO B JaHHOM cjlyyae He pac-
cMaTpuBaloTCs ajeMeHThl BBoma-BeiBoaa (IO cells) u
IP-saapa (FIFO, PLL, LVDS u ap.). K kxom6uHa-
TOPHOU JIOTUKE OTHOCATCSI Oa3MCHBIC JIOTMYECKHUE
anemeHTEl AND, OR, NAND, NOR, INV, XOR u
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HEKOTOphIE COCTaBHBIE 3JeMeHThI, Hampumep, AOI
(AND-OR-INV) u OAI (OR-AND-INYV). K nocaeno-
BaTeJIbHOM JIoruke oTHocsaTcs Tpurrepsl (D, JK u aop.)
u 3amenku. Hanbonee pacnpoctpaHeHHbIMU apudpme-
TUYECKUMHU Y3JIaMH SIBJISTIOTCSI MYJIBTUTIEKCOPBI, CYyM-
MaTophl (M TMOJyCyMMAaTOPhI), Aelu@paTopbl, CUeT-
YUKW, KoMIIapaTopbl. Takke B OMOJIMOTEKY CTaHaap-
THBIX 3JIEMEHTOB BKJIIOUYAIOT TaKue CIieliMaabHbIe dJie-
MEHTBI, KaK Oydepsl, MOATSKKUA K 3eMJIe U TMTUTAHUIO
(TIEO u TIEl), cneunanbHble MHBEPTOPHI 1 Oydepbl
JU1s1 6aJTaHCUPOBKU JiepeBa TAKTOBBIX CUTHAJIOB, (hUJI-
JIepbl, TUHUM 3a1epXKU U ap. CTOUT OTMETUTh, UTO
4acTO B COCTaB OMOIMOTEKU JO0ABIISIIOT U IPYTUE BJIe-
MEHTBI, HallpuMep, KOMOMHATOPHYIO JIOTUKY C MHBEP-
TUPOBAHHBIMM BXOJaMU, TPUITEPHI C MYJbTUILIEKCO-
pPOM Ha Bxojie (17151 MOCTPOEHMSI CKaHUPYIOLlIel TeCTo-
Boit toruku — DFT) u clock-gating ayieMeHTBHI.

MapmpyT pa3padoTKi OHOIMOTEKH
CTAHJIAPTHBIX JJIEMEHTOB

B o01ieM Buge mMaplipyT pa3paboTKu OMOJIMOTEKHU
CTaHIAPTHBIX BJIEMEHTOB IIPeACTaBlIeH Ha puc. 1. 3to
TaK Ha3blBa€Mblii BOCXOASIIMUIA MapIIPyT IPOEKTUPO-
BaHusl (the bottom-up design flow), KOTOpbIi yalle
BCEro IIPUMEHSIOT IIpU pa3paboTke 61banoTek. OmHa-
KO CJIeyeT ITOHUMATh, YTO JAaHHBIN TTPOIIECC STBIISIETCS
WTEepPallMOHHBIM, T.€. B XOA€ IPOCKTUPOBAHUS BO3-
MOXHBI BO3BpPAIICHUS K TPEABIAYIIIAM ITyHKTaM Map-
mpyTa JUisl TOCTMKEHUSI ONTHMAJIbHOTO pe3ysbTara.
Hanee 6ynetr moapoOHO ONMMCaH KaXIbliA MMyHKT Mpe-
CTaBJICHHOTO MapllpyTa.

Cneyugpuxayus. PaccmaTtpuBasi MaplipyT paspa-
0OTKM OUOIMOTEKM CTaHAAPTHBIX 2JIEMEHTOB, MOJ
crnenubuKaein TOoHUMaloT Habop BXOAHBIX JAHHBIX.
OCHOBHBIMH TTapaMeTpaMH SBIISIIOTCS: pa3MepPhI 1 Te0-
MeTpust TpaH3ucTtopoB [1]. Takke B creuudpuKauu
MOXeT OBITb yKa3zaHa pas3juyHas TeXHOJoTruyeckas
nHdopmManus [2], Takast Kak MPOEKTHbIE HOPMbI, YMC-
JIO YPOBHEUW MeTA/IM3allMU U JIp.

Cozodanue anekmpuueckoil cxembl. Ha naHHOM 3Ta-
e Co3maeTcs dJAeKTpUUYecKas cxema 2JIeMeHTa, MoCc-
TpoeHHas Ha oTneabHbIX KMOII-Tpan3ucropax. Aj-
TOPUTM COCTaBJIEHUsI JOTrMYeCKUX (PYHKLUI TOBOJIb-
Ho npocT [3]: B cuny nyanpbHocT KMOII-cTpykTyp
(cliencTBue M3 TeopeMbl 1e MopraHa) napauieabHOe
CcoeJIMHEHME TPaH3UCTOPOB H-THIA COOTBETCTBYET IOC-
JIe0BaTeIbHOMY COEIMHEHMIO TPAH3MCTOPOB p-TUMA
1 HaobopoT. B wurore, mapasienbHOe COeAUMHEHHE
p-MOII-TpaH3UCTOPOB U MOCJEA0BATEILHOE COEIM-
HeHue n-MOII-TpaH3UCTOPOB COOTBETCTBYET JIOTU-
yeckomy aemeHTy NAND, a nmociemoBaTeabHOE CO-
eauHeHue p-MOII-TpaH3UCTOPOB U MapaiebHOE CO-
enuHeHue n-MOIT-TpaH3UCTOPOB COOTBETCTBYET JIOTH -
yeckoMy anemeHTy NOR. [Janee, ucronb3ys mpaBuja
npeobpa3oBaHus JOTUYECKUX (YHKLIMUNA (KOMMYyTa-




TUBHBII, aCCOLIMATUBHbBIN, TUCTPUOYTUBHBIN 3aKOHBI
U Jp.), MOXHO CIIPOEKTMPOBATh JIOOOH JOrMYECKUA
3JIEMEHT C HEOOXOOMMOIl (DYHKIIME Ha TPaH3UCTOp-
HOM ypoBHe. B kauecTBe npuMepa Ha puc. 2 IpeacTaB-
JieHa a1ekTpudeckas cxeMa aaeMeHTa AOI ¢ yeThIpb-
M BXOJAMU, BBIMTOJHSIIONIIETO JOTUYECKYI0 (DYHKIIMIO
x="!((a-b) + (c-d).

Cozdanue cumeona. Ilocne pa3pabOTKU 3JIEKTPU-
YeCKOi CXeMbl 2JIeMeHTa HeOO0XOAUMO CO3AaTh €ro
CMMBOJIbHOE TIpeJCTaBJieHre, T.€. YCIOBHOE M300pa-
JKEeHHWe 3JIeMeHTa, MO0 BO3MOXHOCTU OToOpaxkarollee
ero joruyeckyo dyHkuuio. Ha puc. 3, a npencrasie-
Hbl TIPUMEPHI CUMBOJIbHBIX M300paXkKeHUi COTrIacHO
I'OCT 2.743—91 [4]. OnHako Ha MPaKTUKE UCIIOJIb3Y-
10T TakkKe Apyrue mpeacraBieHus (puc. 3, b).

Cumynsayus uoeanvuoli cxemsl. 17 Toro 4To0bI MO-
JIyUUTH OOlllee TpeACTaBIeHUE O XapaKTepUCTUKaX
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Puc. 1. Bocxonsmuii MapmpyT pa3pa0oTKu OMOIMOTEKH CTAHAAPTHBIX
3JIEMEHTOB

Fig. 1. Bottom-up standard cell library design flow

pa3pabaTbIBa€MOTO JIOTUYECKOTO 3JIeMEHTa, TIOCJIe CO-
3MaHus ero 3JieKTprudyeckoil cxeMbl nmpoBoadT SPICE
CUMYJISILIMIO. B maHHOM ciiyyae He yYMTHIBAIOT Tapa-
3UTHBIE 3aI€PKKM Ha MEXCOEAUHEHMSIX, TO3TOMY pe-
3yJIbTaThl HOCSIT OIICHOYHBIN Xapakrep. B mporecce
CUMYJISILMU Ha BXOJ 3JIEMEHTA IMOAAIOTCS pa3jinyHbIe
KOMOMHAIIMM CUTHAJIOB, U AETEKTUPYETCS BBIXOTHOM
curHaji. Beixon siaemeHTa HarpyxaeTcsi Ha €MKOCTb.
Tak, Hanmpumep, B padoTe [5] mpu CUMYJISILIMKA BXOIHBIM
CUTHAJIOM SIBJISLICSI MeaHIp ¢ eproaoM 20 HC U CKBaX-
HOCTBIO 2, U BpeMeHeM HapacTaHusi/cnaga ¢GppoOHTOB
50 nc. Emkocth Harpysku cocrtasisia 0,3 ¢®. Eciou
pe3yabTaThl CUMYJSLMU HEYIOBIECTBOPUTEJIbHBIE, TO
HEoO0XO0IUMO BO3BPATUTHCS KO BTOPOMY MYHKTY Map-
1IpyTa U BHECTU U3MEHEHUS B DJIEKTPUUYECKYIO CXEMY
3JIEMEHTA.

Coszdanue mononoeuu. Ilocie TIOIy4eHMS TTOJTOXU-
TEJbHOTO pe3yJibTaTa CHUMYJISILMU BJIEeKTPUIECKON
CXeMbl 3JIEeMEHTa ClielyeT CO3JaHue TOIOJIOTUH, T.C.
n3obpaxeHue GU3MYECKUX CTPYKTYp [6], KOTOpBIE
(bopMUPYIOT TPAH3UCTOPHI U COEAUHEHUS MEXAY HU-
Mu. [laHHBIN 3Tal SBISIETCS OOTHUM U3 CaMbIX TPYIO-
€MKMX BO BCEM MaplIpyTe MPOEeKTUPOBaHUS, TaK KakK
BBITOJIHSIETCS BPYYHYIO Y UMEET MHOXECTBO OCOOEH-
HOCTel m orpanmyeHwuii. Hampumep, or cmocoba u
yycjaa CJI0eB MeTalau3allMy, UCIOJb30BAaHHBIX IS
COEIMHEHHSI TPaH3UCTOPOB B BJIEMEHTE, 3aBUCAT €ro
KOHEUYHbIe BpEeMEHHbIE TMapaMeTpbl U Pa3BOIUMOCTb
Bceit cxeMbl B CAIIP (routing). Takxe TpyaHOCTU B
CO3IaHUM TOIOJOTMM 3JeMEHTa CO3Jal0T OrpaHuye-
HHs, HaKJIaabIBaeMble TpaBUJIaMHU TPOEKTUPOBAHMS
(Design Rules), ocoOGeHHBIMU AJIS1 KaXKI0TO TEXHOJIOTU-
yeckKoro mapiipyra Ha ¢adpuke. Ha puc. 4 (cM. Tpe-
ThIO CTOPOHY OOJIOXKKM) MPEACTaBICHO M300paxeHue
tononoruu sneMeHTa AOI ¢ 4eThIpbMsI BXOJaMU.

Ilposepxa coomeemcmeus npaguiam npoeKmuposa-
Hus (DRC). J1ns1 Kaxaoro TEeXHOJOTMYECKOTo Mapli-
pyTa uzroronyieHus1 UC cyliliecTByOT MpaBuiia MpoeK-
TUPOBaHUsI, KOTOPBIM 00sI3aHA COOTBETCTBOBATH TOIO-
JIOTUSI CXeMbl WU 3jieMeHTa. JlaHHbI Habop MpaBul
BKJIIOYAET B ce0s1 OrpaHMYEHMST Ha PACCTOSTHUSI MEXKIY
pa3IMYHbIMU 00JIacTsIMU (aKTUBHOM 00J1acThblO, n- U
Pp-KapMaHaMu, MeTaJUIMYeCKUMU INIMHAMMU U T.J.), MU-
HUMAaJIbHBIC pa3Mephbl KaHajla TPaH3UCTOpa W IITUPU-
Hbl MeTaIu3auuu, u ap. Ilocie coznaHust Tomosaoruu
3JIeMEHTa 00513aTeIbHBIM ITYHKTOM MAapIlpyTa SBIISIET-
cs MpoBepKa COOTBETCTBUSI MpaBUJiaM TMPOEKTUPOBA-
Huss — DRC (Design Rule Checking).

Ixempakyus napasumuvix napamempos. Ilocne
TOrO KaK YCTpaHEHbl BCE OLIMOKM HECOOTBETCTBUSI
MpaBujiaM MPOEKTUPOBAHUS, TPOBOAUTCS SKCTPAKLIMS
Mapa3uTHBIX MapaMeTpoB MexcoenuHeHuit. Ha atom
aTane (GopMupyercss HETIUCT, coaepxkalluii B cebe
WHGbOPMAIMIO O Mapa3UTHBIX EMKOCTSIX MEXIY CJIOSI-
MU MeTaJUIM3allii, MeTaJM3anueil u 3emieid. Taxkxke
B HETJIUMCT MOTYT OBbITh BHECEHbBI 3HAUYEHUST COMPOTUB-
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Puc. 2. Daekrpuyeckas cxema sjaementa AOI
Fig. 2. Electric circuit of AOI element

JIEHWI MPOBOIHMKOB, YTO BIMSIET HA BpeMEHHBIE Xa-
DPaKTEPUCTUKHU DJIEMEHTA.

Ilposepxa coomeemcmeus sneKmpu4eckol cxemuvl ¢
mononoeuet (LVS). TlocnegHum stanoM BepudUKa-
LIMA 3JeMeHTa SIBJSEeTCS IpOBepKa COOTBETCTBUS
BJIEKTpUUECKOil cxeMbl ¢ Tonojorueit — LVS (Layout

—l

Puc. 3. CumBosibHBbIE IpencTaBIeHus Jornuecknx BenTwieii INV (sep-
xuuii) 1 NAND (umknmii): @ — B cootBerctBur ¢ [OCT 2.743—91;
b — oOUIEeTIPUHATBIE CUMBOJIBI

Fig. 3. Symbolical presentations of the logical gates of INV (top) and
NAND (bottom): a — in accordance with GOST 2.743—91; b —
generally accepted symbols
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vs Schematic). OCHOBHas ujes 3aKJI04YaeTcsl B CpaBHe-
HUU UACATBHOTO HETJIUCTA, COOTBETCTBYIOILETO DJICK-
TPUIECKON CXeMe, M HeTJIMCTa, SKCTParupoOBaHHOTO U3
TOIMOJIOTUU BJIEMEHTA.

QunanvHas cumyanyus cxemst. Ilocie Toro Kak uc-
TpaBJieHbl BCE OIIMOKM, BBISIBJICHHBIC Ha 3Tare Ipo-
Bepok DRC u LVS, u npoBeaeHa sKcTpakiysl napa-
3UTHBIX T1apaMEeTPOB, CJIEAYeT BBIIMOJHUTH (DUHAIb-
HYI0 CUMYJISINIO 31eMeHTa. Ha 3ToM 3Tare MoXHO
MOJIyYUTh MH(POPMALIMIO O BPEMEHHBIX ITapamerpax
3JIeMeHTa U noTpebisieMoit MmoiiHocTu. Ha puc. 5 (cM.
TPEThIO CTOPOHY OOJOXKM) MPEICTaBICHbI BXOIHBIC
(a, b, ¢) 1 BbIXOAHBIE (X) CUTHAJIBI B MPOLIECCE CUMY-
nguun saeMeHTa AOI, anekTpuueckas cxema KOTO-
poro OblIa n300paxeHa paHee (CM. puc. 2). 3amgepxkka
MepeKIIoYeHrsT 3JeMeHTa OOBIYHO H3MepsieTcsl Ha
ypoBHe 50 % OT aMIUIMTYAbl CUTHAJIOB.

Tak Kak TIpy CUMYJISIIUY YIUTBIBAIOTCS 3aIePKKU
Ha MEXCOEIWHEHMSIX, TO MPEAIoaaraeTcs, 4To Moiy-
YeHHBbIC 3HAYCHMS C OIpeIeSIeHHON TOYHOCTHIO COOT-
BETCTBYIOT MapamMeTpaM dJeMeHTa Mocjieé U3rOTOBJIE-
Hus. Ecim pesynbraTtel GUHATBHON CHUMYISILIMU HE-
YIOBJIETBOPUTENIbHBIE, TO HEOOXOIMMO BO3BpAILAThCSI




K MPEABIAYIIAM ITYHKTaM MaplipyTa U BHOCUTh U3Me-
HEHUSI B TOMOJIOTMIO M/WJIM BJIEKTPUUYECKYIO CXEMY
BJIeMEeHTa.

XapakTepusanusa OuOJIMOTEKH
CTAHJAPTHLIX 3JIEMEHTOB

IIpouecc ommcannust BpeMEHHBIX W MOIMHOCTHBIX
MmapamMeTpoB pa3pabOTAaHHOIO 3JIEMEHTa Ha3bIBalOT
xapaktepuzauueil. OCHOBHasl uiesl 3aKI0YaeTcsl B
SPICE-cumMynsiuyy 3J€KTPUYECKOM CXeMBbI JIOrMYec-
KOTO BEHTUJISI C Pa3INIHBIMU 3HAYCHUSIMHA HATPy304-
HBIX €MKOCTEl M mapamMeTpamMy BXOJIHOI'O CUTHala U
M3MEPEHUN COOTBETCTBYIOIIEH 3a1epKKH TepeKITIoUe-
Hus. JlaHHas Tipolieypa MIpOBOAUTCS IJisl BceX "yrioB"
TEXHOJIOTWH, T.€. PAa3IMUYHBIX KpalHUX 3HAYeHWA T1a-
paMeTpoOB TPAH3UCTOPOB, TeMIIepaTyphl, HAIIPSLKEHUS
MMTaHus U T.1. B utore, mia Kaxmoro ajaemMeHTa Gop-
MUpYyeTCsl Habop TabJull, CoAepXKalMX 3aAePKKHU Te-
PEKITIOUEHUS C KaXIOTO BXOMTHOTO KOHTAaKTa JO BBI-
XOJHOTO, KOTOPhIE lajiee MCMOJb3YIOT ISl BDeMEHHO-
rO aHaJIN3a B MaplIpyTe MPOESKTUPOBAHUS IUMDPOBBIX
CBbUC [7].

JlokymMeHTanusi Ha OMOJIMOTEKY
CTAHJIAPTHLIX 3JIEMEHTOB

3aKkJIIOUUTEIbHBIM 3TAllOM SIBJISIETCSI COCTaBJIEHUE
JIOKYMEHTAallM1, B KOTOPOI MpHBeIeHa OCHOBHAsI MH-
¢opmaius 06 syemMeHTax ouoamoreku [2], a UMEHHO:
e KpaTKOE€ OMUCAHUE DJEMEHTA;
e peanmusyemas Jjoruueckasi (yHKUMs U Tabauia KUcC-
TUHHOCTU;
e CHMBOJIbHOE 0003HAYEHME DJIEMEHTA;
e DJJIEKTpUYECKasl CXeMa;
e 3aIEPKKU MEPEKIIOUCHUS];
e IUIOLIAAb DJIEMEHTA;
e IIOTpeOJIsieMas MOIIHOCTb.

3akiouyeHue

Ha naHHbIif MOMEHT MPOEKTUPOBAHUE C UCTIOJIB30-
BaHMEM CTaHIAPTHBIX 3JEMEHTOB CTajl0 OCHOBHBIM
noaxoaoM K pa3paborke uugpoBeix MC. DTOT MeTox,
MO3BOJIMI MaKCUMaJbHO aBTOMATU3UPOBATh IMPOLIeCC
MPOEKTUPOBAHMST MUKPOCXEM C UCITOJIB30BAHUEM CIIe-
uuanabHbeix CAIIP, yTo, B CBOI0O ouepedb, NMPUBEIO K
nosieneHuto CbUC, conepxaliux MUUTMOHbBI U MUJLUTU-
apbl TpaH3UCTOPOB. Takke 3TO COCOOCTBOBAJIO MOSIB-
JIEHUIO HOBOTO TUIIa MUKPOCXEM, a UMEHHO, CCTEM Ha
kpuctauie (CHK), roe B KauecTBe CTaHAAPTHBIX BJie-
MEHTOB MCIIOJIb3YIOT HE IOTMYECKHUE BEHTUIIU, a CJIOX-
Hble QyHKIMOHAIbHBIE 0J10KU (CP-0m0Kku/IP-smpa).
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Standard Cell Library Design Flow

This paper is dedicated to a detailed description of a standard cell library design flow. It presents the main aspects of the flow,
such as design specification, schematic capture, symbol creation, pre-layout simulations, layout, DRC, extraction, LVS and post-
layout simulation. This article contains some examples of CMOS circuits, layout and simulation results of the standard cells. It also
presents an overview of the characterization process. Besides, a method for development of the digital integrated circuits is considered.
The main idea of this approach is the use of the standard cells in IC design flow. The advantages of this method are better design
time and time to market, easier process of a digital IC creation and versatility of the developed circuits. The general disadvantage
of this method is dependence of the IC quality on the capacity of a standard cell library.

Keywords: designing of digital GSI, standard cell library, design flow, DRC, LVS, logical gates, characterization, CMOS

circuits
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Introduction

Considering an approach to development of digital GSI,
it is necessary to point out the importance of designing with
the use of the standard cells, the main idea of which is that
a ready set of the logical elements is used for designing of a
digital circuit. It allows a developer not to go down to the
transistor and physical levels, and that simplifies and accel-
erates the work considerably. Among the advantages of de-
signing with the use of the standard cells it is possible to men-
tion the following:

e reduction of the time for designing of a circuit (reduction
of TTM — Time To Market), since there is no necessity
in an analogue modeling of a circuit, because all the time
and power parameters are calculated at the stage of a li-
brary development;

e simplification of the process of a circuit designing, be-
cause a designer does not have to go deep into the device
of the standard cells, and can use them as a kind of "black-
boxes", performing a concrete logical function;

e universality of the designed circuit (its independence of a
concrete factory and technology). As a rule, designing of
a digital IC is done at the level of the resistor-transistor
logic (RTL).

Notwithstanding its universal use, the method has certain
drawbacks. Firstly, since a set of the standard cells is limited,
the flexibility of designing is reduced, which can slow down
the speed and increase the area of the circuit in comparison
with its analogue developed at the transistor level. Secondly,
the microcircuit parameters directly depend on the quality of
the library of the standard cells.

For satisfaction of the demands to the microcircuits (small
power consumption, high speed, etc.), there are the following
types of the standard cell libraries designed for:

e small power consumption,;

e high efficiency;

e raised density of placement;

e lowered leakage currents.

Composition of a standard cell library

Since functioning of a digital circuit is reduced to per-
formance of the logical (Boolean) function, a basic set of el-
ements is sufficient for designing, for example, with the use
of NOR and NAND elements it is possible to perform any
logical function. However, such an approach is not effective.
In order to reduce the area of a circuit and optimize the time
and power parameters, the composition of a standard cell li-
brary is extended considerably. As a rule, all the elements can
be divided into four groups and these are the combinatory and
consecutive logic, optimally designed arithmetic nodes and
special elements. It should be pointed out, that in this case the
input-output elements (10 cells) and IP nuclei (FIFO, PLL,
LVDS, etc.) are not considered. The combinatory logic in-
cludes the basic logic elements of AND, OR, NAND, NOR,
INV, XOR and certain components, for example, AOI
(AND-OR-INV) and OAI (OR-AND-INV). The consecu-
tive logic includes triggers (D, JK, etc.) and latches. The most
widespread arithmetic nodes are multiplexers, adders (half-
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adders), decoders, counters, and comparators. A standard cell
library includes such special elements as buffers, TIEQ and
TIEL1, special inverters and buffers for balancing of the tree of
clock signals, fillers, delay lines, etc. Library composition of-
ten includes other elements, for example, the combinatory
logic with the inverted inputs, triggers with a multiplexer at
the input (for construction of the scanning test logic — DFT)
and the clock-gating elements.

Standard cell library design flow

In general the standard cell library design flow is presented
in fig. 1. This is the bottom-up design flow, which is more fre-
quently applied for a library design. It should be understood,
that the process is iterative, that is, during designing a return
is possible to the previous points of the flow for achievement
of the optimal result. Below each point of the presented flow
is described in detail.

Specification. When a standard cell library design flow is
considered, the specification is understood as a set of the in-
put data. The basic parameters are the dimensions and the ge-
ometry of the transistors [1]. Besides, the specification may
contain various technological data [2]: design norms, number
of metallization levels, etc.

Designing of an electric circuit. At the given stage an ele-
ment electric circuit is being developed on separate CMOS
transistors. The algorithm of the logical functions is simple
enough [3]: owing to duality of the CMOS structures (pro-
ceeding from the law of dualization — theorem of de Morgan)
the parallel connection of the n-type transistors corresponds
to the consecutive connection of the p-type transistors and
vice-versa. As a result, the parallel connection of p-MOS-
transistors and consecutive connection of n-MOS-transistors
corresponds to the logical element of NAND, while the con-
secutive connection of p-MOS-transistors and parallel con-
nection of n-MOS-transistors correspond to the logical ele-
ment of NOR. Further, using the rules of transformation of
the logical functions (the commutative, associative, distribu-
tive laws, etc.), it is possible to design any logical element with
the necessary function at the transistor level. Fig. 2 presents
as an example the electric circuit of AOI element with four in-
puts, carrying out the logical function x =! ((a * b) + (c * d)).

Designing of a symbol. After development of the electric
circuit of an element it is necessary to create its symbolical
presentation, i.e. a conditional image of the element display-
ing its logical function. Fig. 3, a presents examples of the sym-
bolical images in accordance with GOST 2.743—91 standard
[4]. However, in practice other presentations are also used
(fig. 3, b).

Simulation of an ideal circuit. In order to get an idea about
the characteristics of the developed logical element, after cre-
ation of its electric circuit, SPICE simulation is done. In this
case the parasitic delays on interconnections are not consid-
ered, therefore, the results have a character of estimation. In
the course of the simulation various combinations of signals
are sent to the element input, and the output signal is detect-
ed. The element output is loaded on the capacity. Thus, for
example, in [5] during the simulation the input signal was a
meander with a period of 20 ns, porosity of 2 and the fronts’
rise/fall time of 50 ns. The load capacity was equal to 0,3 fF.




If the results of the simulation are unsatisfactory, it is neces-
sary to return to the second point of the flow and introduce
changes in the electric circuit of the element.

Designing of the topology. When a positive result of the sim-
ulation of the electric circuit of an element is obtained, the
next step is designing of the topology, i.e. images of the phys-
ical structures [6], which form the transistors and connections
between them. This stage is one of the most labor-consuming
in all the design flow, because it is carried out manually and
has a number of restrictions. For example, the final time pa-
rameters and routing of all the circuit in CAD depend on the
method and number of layers of metallization for connection
of the transistors in an element. Besides, certain difficulties in
development of the topology of an element are created by the
restrictions imposed by the Design Rules, special for each
technological flow at the factory. Fig. 4 presents the topology
of AOI element with four inputs.

Checking of the conformity to the design rules. For each
technological flow of manufacturing of IC there are the design
rules, to which the topology of the circuit or element must
correspond. The set of the rules includes restrictions on the
distances between various areas (active area, n- and p-pock-
ets, metal buses, etc.), the minimum dimensions of the tran-
sistor channel and the width of metallization, etc. After cre-
ation of an element topology an obligatory flow point is
checking of the conformity to the design rules — Design Rule
Checking (DRC).

Extraction of the parasitic parameters. When the errors,
contradicting with the design rules, are eliminated, the ex-
traction of the parasitic parameters of the interconnections is
done. At this stage a netlist is formed, containing information
about the parasitic capacities between the metallization lay-
ers, metallization and the earth. It may also include the values
of the conductors’ resistance, which influence the time char-
acteristics of the element.

Checking of the conformity of the electric circuit to the to-
pology. The last stage of verification of an element is checking
of the conformity of the electric circuit to the topology — LVS
(Layout vs Schematic). The basic idea consists in comparison
of the ideal netlist, corresponding to the electric circuit, and
the netlist, extracted from the element topology.

Final simulation of the circuit. When the errors, revealed at
the stage of checking of DRC and LVS, are corrected and the
extraction of the parasitic parameters is done, it is necessary
to implement the final simulation of the element. At this stage
it is possible to get information about the element’s time pa-
rameters and power consumption. Fig. 5 presents the input
(a, b, ¢) and output (x) signals in the course of simulation
of AOI element, the electric circuit of which was presented
earlier (see fig. 2). The delay of switching of the element is
usually measured at the level of 50 % of the amplitude of the
signals.

Since during the simulation the delays on interconnec-
tions are taken into account, it is assumed, that the received
values with certain accuracy correspond to the parameters of
the element after manufacturing. If the results of the final
simulation are unsatisfactory, it is necessary to return to the
previous flow points and to introduce changes to the topology
and/or the electric circuit of the element.

Characterization of the standard cell library

The process of description of the time and power param-
eters of the developed element are called characterization.
The idea is in SPICE simulation of the electric circuit of the
logical gate with various loading capacities and parameters of
the input signal, and measurement of the corresponding delay
of switching. The given procedure is done for all "the angles"
of the technology, i.e. various extreme parameters of the tran-
sistors, temperature, supply voltage, etc. As a result, for each
element a set of tables is formed containing delays of switch-
ing from each input contact up to the output one, which fur-
ther are used for the time analysis in the flow design of digital
GSI [7].

Documentation for a standard cell library

The final stage is formation of the documentation, con-
taining the basic information about the library elements [2]:
e a brief description of an element;

e the realized logical function and the validity table;
e symbolical designation of an element;

electric circuit;

switching delays;

the element area;

power consumption.

Conclusion

Designing with the use of the standard cells became the
basic approach to development of digital IC. The method al-
lowed us to automate as much as possible designing of mi-
crocircuits with the use of special CAD, which led to ap-
pearance of GSI, containing millions and billions of tran-
sistors. It also promoted appearance of a new type of micro-
circuits, namely, system-on-a-chip (SoC), which uses as
standard cells not the logical gates, but complex functional
units (CF units/IP-nuclei).
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Ilpedcmaenenvl pezynsmamosl meopemuueckoeo Uccae008aHus OUHAMUKU CHUHOB020 KPOCCO8epa 6 MoAeKyae OKmMAaImuinop-
Gupuna kobarvma nod eo3delicmeuem GHeUHe20 UMNYAbCHO20 MACHUMHO20 NOAs C MACHUKMOU undyKyuel umnyivca 36,8 Th.
Ilokazano, umo 6 cayuae @biICOKOCRUHOB020 COCIMOAHUS NPU 8030eliCMBUU UMNYAbCHOCO MACHUMHO20 NOAS 8 CUCTeMe NPOUCX00UM
CNUHOBOE NepeKAIoHeHlUe, U CUCIeMa XapaKmepusyemcs: 004buUM 8peMeHeM peaaKcayuu. B cayyae HUBKOCNUH08020 COCMOSAHUS
cucmema Obicmpo peaakcupyem 6 ocHogHoe cocmosHue. Ha epaguie 3aeucumocmu maeHummnou eocnpuumyusocmu yT om mem-
nepamypusl ommeveHa ocobeHHocmb 8 paiione memnepamypul 40 K, césasannasn ¢ nepexodom mexncdy CHUHOBLIMU COCMOSHUAMU.

Karoueevie caosa: cnunogulii kpoccosep, chunogas dunamuka, ypasHenue Jlanoay—Jluswuya

BBenenue

TexHoa0TMM Ha OCHOBE KPeMHUsI MPUOIMKAIOTCS K
cBoeMy (pu3nuecKoMmy TIpejesly MWHUATIOpU3alluu,
KOrjJa JajbHelillee yMeHbllIIeHUe pa3MepOB CTAHOBUT-
csl HEBO3MOXHBIM. [ToaTOoMy BeneTcsl HenpepbIBHbIM
MOMCK HOBBIX MaTepUasiOB, IO3BOJSIIOIINX YMEHb-
LIUTh pa3Mep UCTIOJIb3YyeMbIX YCTPOKUCTB, TPUOOPOB U
UX KOMIIOHEHTOB. B mose 3peHus uccienopaTeneii mo-
Majqu MOJIEKYJSIpHbIE MarHeTUKM OJiarogapsi CBOMCT-
BaM, PUBJIEKATEJIbHBIM U151 MOTEHLIMATBLHOTO ITpUMe-
HeHus. B Takux Marepuanax Kaxmaasi MOJIEKyJia MOXET
MIPeACTaBISATh CO0O0M 21eMeHT naMsTu. I11oTHOCTS 3a-
IMMCHU Ha TaKOM HOCHUTeJIe JOJDKHA ObITh OYEHb BHICO-
koii. Takxke paccMaTpuBaeTcsi BO3MOXHOCTb UCITOJIb-
30BaHUSI MOJIEKY/ISIDHBIX MarHeTUKOB B KayecTBe Ky-
ONTOB — BJIEMEHTOB KBAaHTOBOTO KOMIIbIoTepa [1].

OgHUM U3 YCIIOBUI 3anmucy MHMOpMALIMA Ha MO-
JIEKYJSIPHBIX MarHeTMKax W PacKpbITUs METIU TUC-
Tepe3uca IBIETCS MeJIeHHas pejlakcalis CUCTEMBbI.
B sTOM KayecTBe MHTEpEeCHBI KOOPAUHALIMOHHBIE CO-
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eVHEHUS, TIe Bapbupysd KOOPAMHUPYIOIIME UOHBI Me-
TAJIJIOB M JIMTaHAbI, MOXHO PETyJIMPOBATh KOHEUHBIE
¢usmueckue cBoiictBa. B yactHOCTH, B 3TOI 00JacTH
KpaiiHe MOIyJISIpHbI COEIMHEHUSI CO CITMHOBBIM KPOC-
coBepoM. CIIMHOBBIM KpOCCOBEP MpeACTaBIsIieT co0oit
MEePEKITIOYeHNE MEXAY ABYMS CIIMHOBBIMM COCTOSIHM-
SIMW MOJIEKYJIbI — TaK Ha3bIBaeMbIMM BBICOKOCITMHO-
BbIM (HS) 1 HuzkocnuHoBeiM (LS) cocTossHUSIMU.

HN3MeHeHne CIMHOBBIX COCTOSSHUI B CUCTEMax CO
CHUHOBBIM KPOCCOBEPOM MOXET OBbITh BBI3BAHO Pa3-
HOOOpa3HBIMM BHELIHWUMU BO3IECHCTBUSIMU, TaKUMU
KaK M3MEHEHMEe TeMIlepaTyphl, BO3JIeiiCTBUE CBETa,
JaBJIeHUSI, MAaTHUTHOro 1ojigd U T.4. [2]. Ha maHHbIA
MOMEHT TEOPEeTUYECKN U3YIeHBI 1 IIOHATHBI 3(D(PEKTHI
BJIMSIHUS TeMIIepaTyphbl, JaBJICHUS U CBeTa Ha XapakK-
Tep CIMHOBOM IMHAMUKMU [IJIsl COSAUHEHUIA CO CITUHO-
BBbIM KPOCCOBEPOM.

B Haieit pabore puBOAUTCS TEOPETUUECKOE HC-
cliefoBaHME NTMHAMUKKM CIIMHOBOTO IEpexoja, MHIY-
LAPOBAHHOIO MMMYJIbCHBIM MarHUTHBIM MOJieM, U




oIMcaHue 3TOM TMHAMUKHU B paMKax ypaBHeHUs JlaH-
nay—JIuBIMIa ¢ y4eToM BKJIAJOB SHEPrUMid aHU30-
TPOIHOTO B3aMMOAEHCTBYSI, OOMEHHOI'O B3aMOIEICT-
BUSI U 3eeMaHOBCKOro pacuieruieHus [3]. B kauectse
00beKTa MCCIeOBaHUSI BbIOPAH OKTa3TUINIOPGUPUH
(OBII) kobanbra Omarogapsi TOMY, UTO B BTOl MO-
JexyJe [4] mmHa XUMUYECKOM CBSI3U MEXIYy KoOajIb-
TOM M JIETAHIIOM MEHbIIIE, YeM B COEIMHEHUSIX Ha OC-
HoBe xene3a (II), yro mpuBoauT K OoJiee MeaJIEHHO
pesakcalMy CIIMHOBOTO COCTOSIHUS. DJIEKTPOHHAs
KOHMUTYpaIds IJIST pacyeToB ObUIA B3sITa U3 JIMTE-
patypsl st mosekynsl Co(I1)([Ar]3d74s2), koTopas
MOXET HaXOIUThCS JTU60 B HU3KOCITMHOBOM COCTOSI -
i (NNNT S = 1/2), 1160 B BBICOKOCTIMHOBOM
cocrossauu (TN S = 3/2), npuyem oba cocrosi-
HUS SIBJISIOTCS TapaMarHUTHBIMU. M3MeHeHre B KOH-
¢urypaim sJ1eKTpOHOB Ha d-OpOUTAJISIX COMPOBOXK-
JAaeTCs 3HAYUTEIbHBIM MU3MEHEHWEM JIMHBI CBSI3M U
MOJIEKYJISIPHOTO 00beMa.

Teopeanecme JE€TAaJIA pacyeToB

l'amMunsToHMaH Hspin CIIMHOBOM CUCTEMBI MOXHO

OpeacTaBUThb B CJICAYIOLIEM BUIC:

A

H

spin Hex + Han + HZEE + Hpulse(t)ﬂ (1
rne [-} o — OOMEHHBII TaMmiIbTOHUAH [ eiizeHOepra—
Hupaka—Ban ®nexa (IIB®), Bbipaxarouiunii u3ot-
porHoe OOMEHHOE B3aumonencrsue; H,, — ramuib-
TOHMAH aKCUAIbHOI aHM30TPOIMHU M30JMPOBAHHOTO
uoHa; Hypp — raMuIbTOHMAH, OMMCBIBAIOIINI 3ee-
MaHOBCKOE B3aUMOJICHCTBIE CUCTEMbI C BHELIIHUM CTa-
LIMOHAPHBIM MarHUTHBIM ToJieM; H pulse (f) — raMuib-
TOHUAH, OIUCHIBAIOIIUI B3aUMOAEHCTBUE CHCTEMBI
C BHEIIIHUM TIepEMEHHBIM MAarHUTHBIM I1OJIEM.

Matpuubl onepaTopoB MPUBOAUIUCH K JUAro-
HaJbHOMY BMIY C MCIIOJIb30BAHUEM METOAA HEIIpU-
BOOMMBIX TEH30pHBIX orepaTopoB [5]. Ilpu pacuerax
MarHUTHBIX CBOMCTB CHCTEMBI MCIOJIb30BalaCh MO-
JeJib, B KOTOPOU IS UCKIIFOUEHUST CIIUH-CITMHOBOTO
B3aMMOACMCTBUS CIIMHOBAS CTPYKTYPa MOJIEKYJIBI pac-
cMaTpUBaeTCsa KaK eIUHBIM CIUH, B3aUMOIEHCTBYIO-
IIMA C BHEIIHUM MarHUTHBIM MoJjieM. MakKpocKoIu-
YyecKoe MOBeJeHNEe CUCTEMBI CO CITMHOBBIM KPOCCOBE-
POM OMUCHLIBAETCSl B paMKax MPUOJIMKEHUS] CPpeaHero
moJst [6]. B mpubGanMXeHnn cpeaHero mojisk raMUJIbTO-
HUAaH MOXET MMETh BU/I

Hspin = —yHeﬂS. 2)

31ech y — r’UpOMarHUTHOE OTHOLIEHUEe; S — ome-
paTop, ONMCHIBAIOIINIA B3aMMOJICCTBUE CITMHA CUCTE-
Mbl C BHEIIIHUM MAarHUTHBIM TOJIEM, KOTOPOE BbIpa-

XKaeTcs yepe3 3PPeKTUBHOE MoIe Heﬁr, ompeaensieMoe
dopmymoit

oH,,
Heﬁ’= _J@’ (3)

o(S)

rae (S) — cpenHee 3HaUCHHUE CITMHA CUCTEMBI.
3nech 3(ppekTUBHOE MAarHUTHOE MOJie Heﬁf BKJTIO-

YyaeT B ce0s1 BHEIIHee MarHUTHOE II0Jie HZ’ aHM30T-
POITHOC B3aMMOJICMCTBUE Han’ 0OMEHHOE B3aMMO-

JIEHCTBYE Hex 1 BHCHIHEEC MMIIYJIbCHOC MAarHMTHOC

none H (Y). B npubnuxeHun cpemaHero IoJjs Io-

pulse

naraercst H,— H 2" tie H'w"" mosnyuaetcs mytem
ef eff ) pit ef yII y

3aM€Hbl MTHOBEHHbBIX 3HAYEHUI CIIMHOB HAa MUX cpen-

HUe 3HayeHUs é - Mg = —y(é). B npubmmkeHnn

CPEIHETO IIOJIST YYUTHIBAECTCS BO3MEUMCTBUE CITMHA C
BHEIIHUM YCPEAHEHHbIM MOJIEM, HO HE YYUTHIBAETCS
B3aMMOJIECTBME CITMHOB MeX 1y cO00M. JlaHHbI 1o/1-
X071 yao0eH Oyiarogapsi HaIM4MIo eAMHOTO CIIMHA B MO-
Jekysie. Mcnonb3ys ypaBHeHMe (2), Mbl riojydaeMm [7]
MoauduKalnuwo ypaBHeHus Jlannay—JIuBiuuna ¢ yJe-
TOM AUCCUITALUU:

>

o(S) _ 1 <§>.Hemf;an_

ot 1+7»2
A A A mean
- (S)-((S)-Hy ), 4)
1+22 7

rae A — mapameTp OAUCCUIIAlUU.

AP PekTBHOE MATHUTHOE T10JIe H;;;an B IIpUOJIN-
>KEHUM CPeIHEro MOoJIsl ONpeAeIsieTcsl Kak BapruallMOH-
Hasl IPOU3BOIHAsI CBOOOAHOU 3HEPrUU 1O MArHUTHO-
MY MOMEHTY:

5F
M,

Hz1fean My, 1) = —

rne F= —NkgTInZ(H,) — cBobonHast sHeprust ['eiib-
MToJjiblia; N — YMCIIO YaCTULl B CUCTEME; K p — IIOCTO-
sHHaa bonbimana; 7 — aOcooTHasT TeMIieparypa
cucrembl; Z(H,) — crarucrtuyeckast cymma

Z(H,) = MZ“eXp[—su(Ms)/(kT)] X

X % exp[—gMH, /(kT)], (5)

rae g, — akrop Jlanze.

DHEePreTUYeCKUili CIEKTP CIIMHOBBIX YPOBHEM
s“(MS) B MarHUTHOM TII0JI€ HaXOIWTCS ITyTEM JIMaro-
HaJIM3allMd COMHOBOTO TaMWJIbTOHHWAHA Hspin' ITony-
YUB SHEPreTUYECKUI CIIEKTP CIIUHOBBIX YPOBHEMN, MBI

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 10, 2016 621



MOXEM OIIEHUTh TEPMOIMHAMUYECKUE CBOICTBA, Ta-
KHe KaK HAMarHMYeHHOCTb, MAarHUTHAsI BOCIIPUMMYM -
BOCTb M MarHUTHAs yIeJIbHas TEIIOEMKOCTb.

ITockonbKY CNMHOBBIA raMWJIbTOHUAH Hspl.n co-
JIeP>KUT TOJBLKO M30TPOITHBIE BKJIAAbl, TO COOCTBEHHbIE
3HAYEHUsI CIIMHOBOIO raMUJIbTOHWAHA HE 3aBUCST OT
HarpaBJieHUs BEKTOpa MHIYKLIUY MTPUIOXKEHHOIO Mar-
HuTtHOro nosist. CienoBaTeIbHO, MBI MOXEM paccMar-
puBarh BHellIHee MarHuTHoe Tojie H, HarmpaBieHHOe
BIOJIb YCIIOBHOM OCU Z CMCTEMBI KOOPIMHAT MOJIEKY-
JIbl, KaK OCh KBAHTOBAHMSI CITMHA. DHEPIUU CIIMHOBBIX
YPOBHEU paBHBI a“(MS) + g MH,, rie Sp.(Ms) — cobc-
TBEHHbIC 3HAYEHUSI TaMWJIbTOHUAHA (MHAEKC 1 HyMe-
pyeT 2HepreTuYeckue YpOBHM C 3aJJaHHBIM 3HAUYEHMU -
eM Mj). B pamkax CTaTMCTUYECKOW T€PMOIMHAMUKMI
HaMarHu4eHHoCTb M onpesensaeTcs CaeayoLUM Bbl-

paxkeHueM:

_ 0F(M, H))

oln(H,)
s oH '

oH ©

= NkpT

mean
Torna addextuBHoe mome H off ~ MOXET OBIThH
MPEACTaBIeHO KaK BapMallOHHAs TPOU3BOAHAs (DYHK-

MU CBOOOTHOM SHEPTUM:

mean _ SCFM H) + F(1)) _

o SM,
_ 8(FMyH)))
SM

+ H;)Culse 0, (7

rae H;)Culse (f) — BHellIHee UMITYJIbCHOE€ MAarHUTHOE T10-
JIe, IPUWJIOXEHHOE BOOJb OCU X. TakuM o0pa3oM, MbI
MOJYYMIU 000011eHHYI0 (GOPMY YpaBHEHUSI CIIMHOBOM
JIVUHAMUWKU JJISI CUCTEMBI CO CITMHOBOM MpeEIreccucii B
3(PeKTMBHOM MarHUTHOM ITOJIE.

PacyeTnas yactb

s reoMeTpUYECKOM ONTUMM3AIUNA MOJIEKYIBI U
orpeesieHusT IMapaMeTpoB CIIMHOBOTO TaMMJIBTOHMA-
Ha, TaKMX KakK pacllerjieHUue HYJeBOro IoJjsl, g-TeH-
30p, OOMCHHBI1 MHTErpa Jj;, aHN30TPOIINST U30JIMPO-
BaHHOTO MOHA, MBI MPOBEJM pacyeTbl B paMKax Teo-
puu (yHKIIMOHANA 3JeKTpOHHOI moTHocTy (Density
Functional Theory — DFT) ¢ ydyetoM 3ddekToB
CITMH-OPOUTATHLHOTO B3aUMOACHCTBHS B IIPOTPaMMHOM
koMmruiekce ADF [8, 9]. PacueTbl BbIMOJHEHBI C 00-
MEHHO-KOPPEISILIMOHHBIM (yHKIIMOHaIoM [lepaio—
bépke—3pH3epxod (PBE) ¢ momolpio perynsipHoro
npuoaKeHus: HyJeBoro nopsiaka (Zero Order Rela-
tivistic Approximation — ZORA) [10], ¢ ucmoas3o-
BaHMEM MHOIO3JIEKTPOHHOTO BaJEHTHOI'O TPEXIKC-
MOHEHTHOTO 0a3uMcHOro Habopa ¢ OAHON (byHKIIMEH
nojisipu3anuu. beuto ornpeneneHo 3HaUeHUE paciliern-
JIeHusI B HyJeBoM mnosie MojieKyabl ODII kobanbTa,
paBHoe 1,32 msB. Pacuer paclierieHusI B HYJIE€BOM
oJie MPOBOAWICS B 0000IIEHHOM IPaAeHTHOM MpPU-
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OMMXXKeHUM OOMEHHO-KOPPEISILMOHHBIM (DYHKIIMOHA-
Jnom Ilepato—bépke—IpHiepxodp (GGA PBE). I'a-
MWJIBTOHMAH PACIIEIICHYsI B HYJIEBOM ITOJIe MEET BT

S

Hyg=S-'D-S, (8)

Ine S — BeKTOPHBI onepaTrop 3 GeKTUBHOTO CIIMHA
aroMa KobasibTa; D — nekapToBbIii TEH30p aHU30TPO-
rmuu. [locne auaroHanM3aluyd MaTPULBI TAMUJIBTOHU -
aHa B 0a3nce MarHUTHBIX OCEl TOJIydaeM:

2 &2 82 _ @2
Hypg = DS, + E(S; — S)), 9)

rae D — akCcHaJIbHBIN MapaMeTp pacllieryieHusl B Hy-
JieBoM mojie; £ — poMOuueckuii mapameTp pacliern-
JICHUSI B HYJIEBOM IT0Jjie. YCJIOBUMEM OMCTaOMJILHOCTHU
MOJIEKYJISIPHBIX MAarHeTUKOB SIBJISIETCSI OTPULIATEIIb-
Hoe 3HaueHue mapamerpa D. MaTtpulibl TaMUILTOHU-
aHa 3eeMaHOBCKOTIO B3aMMOJEHCTBUS (Z-TEH30P) TaK-
K€ UMEIOT JUaroHaJIbHbIN BUI:

HZEE ZMBH'g'S =

g, 0 0[S,
=gl Hy 1110 g, 0[S, (10)
0 0 g[S,

rae pup — MarHeToH bopa.

Pacuer g-TeH30pa IpOBENEH C IIOMOLIbIO PEry-
JISPHOTO TIPUOJIVKEHUsI HYJICBOTO TOpsIKa C YIeTOM
CIIUH-OPOUTATHHOTO B3aMMONENCTBYSI.

Pe3yabraTel u 00cyxknenne

CucrteMbl CO CIIMHOBBIM KPOCCOBEPOM SIBJISIIOTCS
MpUBJEKaTeIbHBIM OOBEKTOM [JIs1 JTaJIbHEUIIIUX MeXK-
OUCIUIUTMHAPHBIX HUCCENOBaHUM Oiaromapsl TaKuM
CBOICTBaM, KaK BO3MOXHOCTb YIPaBISITh COCTOSIHUEM
MOJIEKYJIBI C TTOMOIIBIO BHEIITHETO BO3AEHCTBUS (TeM-
nepaTtyphbl, AaBJI€HUS, CBETA, DJAEKTPUUYECKOIOo U Mar-
HUTHOTO TMOJIeii), Majiblii pasMmep, (PeMTOCEKyHIHOE
BpeMsl OTKJIMKA Y BO3MOXHOCTh KOMOMHUPOBATDH CITU-
HOBBII KpOCCOBep ¢ ApyruMu cBoiictBamu. Ha puc. 1, a
MpejcTaBlIeHa CIMHOBasl CTPYKTypa MoJiekynbsl OBI1
kobanbra. bucrtabunsHocts LS/HS-coeaunenus: ODI1
KoOanbTa OOBSCHSIETCSI MaJioil pa3HOCTbIO SHEPruit
MEXIy CIIMHOBBIMU cocTosiHusiMU. Ha puc. 1, b npen-
CTaBJIEHBI 3JIEKTPOHHBIC KOH(UTIYpAaIlUM ABYX BO3-
MOXHBIX OCHOBHBIX COCTOSIHMI noHa Kobanbra (II) B
OKTa3IpUUYECKOM MoJie auranaos. [lepexoa u3 oqHoro
3JIEKTPOHHOI'O COCTOSIHUSI B APYroe MOXHO paccMmar-
puBaTh KakK BHYTPUMOHHBIN TIepeHOC 3JIEKTPOHOB,
MPOVCXOMSAIINI ¢ U3MEHEHUEM OPUEHTAIIMU UX CITU-
HOB. [TockobKy opouTanu e, SABJISIOTCS Pa3phIXIISIO-
UMY, WX 3aIlOJTHEHHE COIPOBOXIAETCS YBEJIMYE-
HUEM paCCTOSIHUSI MEXIy METAJIOM W JIMTaHIOM.




Hamnportus, 3amnojiHeHHe opOuTaieit 1, TIPUBOIUT K
VCWICHUIO TAaTUBHOTO B3aWMMOIEWCTBHUS, a CleI0Ba-
TeJIbHO, K YIIPOYHEHUIO CBSI3M MeTaI—JINTaHm. B pe-
3y/IbTaTe PACCTOSTHHE METAJUI—JIMTAHI B BHICOKOCITH-
HOBOM COCTOSITHMM Bcerma OoJbllle, YeM B HU3KOCITH-
HOBOM cOCTOSTHUM. OTMETHUM, UTO SHEPTUS paciier-
JIEHUS 3aBUCUT KaK OT TPUPOIBI JUTAHAOB, TaK U OT
TIPUPOIBI TIEPEXOMHOTO MeTayljla 1 3apsiia ero MoHa.
B To Xe Bpemsi /I 3aJaHHOTO KOMIUIEKCA SHEprusi
pacilerieHus: 3aBUCUT OT PacCTOSIHUS MeTaul—JIu-
rang. Ctpykrypa mosekynbl OBI1 kobanbTa mpeacTas-
JIeHa Ha puc. 1, c.
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Puc. 1. CnunoBas crpykrypa mosiekyast ODII kobaabTa, B KOTOPOiA
Ha0onaercs cnuHoBbIi Kpoccosep Mexay HS- u LS-cocTrossausavu

(a); HS- u LS-cocrosams B 3d’ KoH(puUrypauuu Co!! & nose Terpa-
TOHAJILHOTO OKpY:KeHus (b) u crpykrypa moJekys ODII kobdanbra (c)

Fig. 1. Spin structure of OEP molecule of cobalt, in which spin crossover
is observed between the HS and LS states (a); HS and LS states in 3d7

configuration of Co'! in the field of tetragonal environment (b) and
structure of OEP molecule of cobalt (c)

1T, cM”™3*K/mone
1T, emu*Kfmol

o 50 e e w0 20 30
Teumepatrypa 7, K
Temperature T, K

Puc. 2. I'padmk 3aBucumoctn 3 7 ot Temmepatypbl
Fig. 2. Diagram of dependence of yT on temperature

Bosbiioe ymciao umccliemoBaHWI HaIpaBlIeHO Ha
u3yyeHue QOTOMHIAYLIMPOBAHHOIO CIIMHOBOIO Mepe-
X0Ja, IIPUBOISIIETO K MU3MEHEHUIO TEOMETPUUECKON U
MarHUTHON CTPYKTYPbl MOJEKYISIPHBIX MarHeTHKOB.
OmHako Ha JAaHHBIMI MOMEHT MBI He HaIIM paboT,
MOCBSIILIEHHBIX CITMHOBOW TMHAMUKE CHUCTEM CO CIIH-
HOBBIM KpoccoBepoM. OIHMM U3 HEI0CTaTKOB (hOTO-
WHAYIUPOBAHHOTO CITMHOBOTO KPOCCOBEpa SIBIISIETCS
MaJjioe BpeMsl KU3HU CIIMHOBOTO COCTOSIHUSI, UMEHHO
TO3TOMY MBI PEIIMIM MCCIENOBAaTh CITMHOBBIE KpPOC-
COBEpbl, MHAYLUUPOBAHHBIE CWIbHBIM HMITYJIbCHBIM
MarHuTHHIM TtoyieM. B maHHOi1 paGoTte MBI choKycu-
pOBaJMCh Ha MCCIAEAOBAHUM CIMHOBOM IWHAMUKU
CHCTEMBI CO CITUHOBBIM KPOCCOBEPOM, MHAYIIUPOBaH-
HBIM CWIbHBIM WMIIYJIbCHBIM MArHUTHBIM TIOJIEM, a
TaKKe YCJIOBHM, TIPM KOTOPBIX CUCTEMAa MOXKET HaxXo-
IUTHCS B OMHOM M3 OMCTaOMJIBHBIX COCTOSTHUM B Teue-
HUe 1oJroro BpeMeHu. M3BeCTHO, UTO B KOMILIEKCE
Co(H,(fsa),en)(py),[H,(fsa),en = N,N'-3TueH-oumc-
(3-kapboKcHUcCaNTMLUUIANIUMWUH), Py = NUPUAUH| TIpU
BO3IEMCTBUM MMITYJIbCHOTO MarHUTHOTO TIOJISI BEJI-
YUHOM uMITynbca 32 T MpoucXoauT CIIMHOBHIN Nepe-
xon u3 HS- B LS-cocrosinme. Ilpuuem cucrema ocra-
€TCSI B 3TOM COCTOSTHUM JTOJITOE€ BpeMs.

I'padhuk 3aBUCUMOCTM MArHUTHOW BOCIIPUMMYM-
BocTH y T OT TeMIepaTyphl MpeacTaBicH Ha puc. 2.
B monekyne OBDII kobanbTa oTMeYeHa 0COOEHHOCTD B
3aBUCUMOCTH T OT TeMIIepaTyphl B paiioHe TeMITepa-
Typel 40 K. B okpectHocTu T = 40 K nmpoucxonur e-
pexXom MeXXIy CITMHOBBIMU COCTOSTHUSIMU.

B nmanHoi1 pabote ampoOupoBaH Halll ITOAXOJ Ha
opraHuyeckoil MarHuTHoi mosekyne OBII kobanbra
MyTeM YHCJICHHOTO pellieHNsT HeCTallMOHAPHOTO ypaB-
HeHus Jlanmay—JIuBiuuia ¢ 00001eHHBIM CITMHOBBIM
TaMUJIETOHUMAHOM C MCIOJb30BaHUEM METoIa HeTpu-
BOAMMBIX TEH30PHBIX OIepaTopoB. [Ipu umcieHHOM
pelueHuu ypaBHeHus Jlanaay—JIuBIIMIa Mbl UCTIOJb-
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30BaJIM CJIEAYIOIINE TTapaMeTPhl: TTPOIOLKUTEIBHOCTD
MarHUTHOro umnysca 7y, = 0,17 nc, nepuon Mex-
Iy MarHUTHBIMU UMIyJbcaMu — 37,4 TIC, MarHUTHas
MHIYKIYS uMIyiabca — 36,8 Ta. Mbl HallUIM pellieHUsT
ypaBHeHus JlaHpay—JluBiuuvma mist zLByX CITMHOBBIX
COCTOSTHUA: HI/I3KOCHI/IHOBOF0 (S 1/2, t2g el ) U BbI-
cokocnuHoBoro (S = 3/2, t2 P eg)

ITpu BO3nEHCTBUMY MOCTOSTHHOTO MAarHUTHOTO MOJIst
¢ MarHuTHoM uHaykuuei 0,1 Tn popmupyercsa cnu-
HOBasI CTPYKTypa uyepe3 oIpeacsIeHHbIN MHTepBaJl Bpe-
MEHU, KOTOPbIi ONpeaessieTcs] ¢ MOMOLIbIO pacuieruie-
HUSA B HyJIeBoM Toste. [Tociie HachIIeHNST CUCTEMBI MBI
BO3MIEMCTBYEM Ha Hee MMITYJbCOM MArHUTHOTO ITOJIS.

WM’ ’||] II H WI'M"ﬁ’l‘l&’an'M'M'.'Mavemv.mrwm
g M, I 'M’ i awmm wmf.w.wW.W
@*?ffi:._f

Puc. 3. CounoBas nunamMuka njist MoJiekyJsi ODII kodasibTa 63 Bo3-
JIeiiCTBASA MATHUTHOrO mMmyibca (S = 1/2)

Fig. 3. Spin dynamics for OEP molecule of cobalt without the influence
of a magnetic pulse (S = 1/2)
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Puc. 4. CniunoBas nunamuka 1uist MoJiekyisl QD11 kobdanbTa npu Bo3-
JIeiCTBUM MArHMUTHOTO uMmyJbca (S = 1/2)

Fig. 4. Spin dynamics for OEP molecule of cobalt under the influence
of a magnetic pulse (S = 1/2)
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S0 WIIG 150
Bpemsa t, nc
Time t, ps

Puc. 5. CninHoBas nuHaMuKa 1jis MoJiekyJbl QDI kobdanbTa npu Bo3-
JIeifiCTBMM MAarHUTHOro mMmyjabca (S = 3/2)

Fig. 5. Spin dynamics for OEP molecule of cobalt under the influence
of a magnetic pulse (S = 3/2)

IIpu OTCYTCTBMM MarHMTHOIO MMIMYJbCa CUCTEMA B
HU3KOCITMHOBOM COCTOSTHUM TIPOSIBJISIET KJIACCHYEC-
koe noBeaeHue (puc. 3). [Ipu Bo3meiicTBUU MarHuUT-
HOIO MMITyJIbCa C MHAyKLMel 36,8 Tn u mauTeabHoC-
Thi0 100 bc TIPOUCXOAUT CHMHOBOE TEpPEKITIOUeHUE,
TOCJIe Yero CHCTeMa BO3BpalllacTcsl B OCHOBHOE COCTO-
sHue (puc. 4). HanpoTus, B ciiyyae BLICOKOCITMHOBOTO
COCTOSTHUSI, TIPM BO3ICHCTBUM MMITYJIbCA MAarHUTHOTO
noJst ¢ nHaykuuei 36,8 Tia u pnureasHocthio 100 de
B CUCTEME TakXe MPOMCXOAUT CIIMHOBOE MEPEKIIoYe-
HUE, OMHAKO CHCTEMa OCTAeTCSI B 3TOM COCTOSIHUU
nonroe Bpems. Ilpu yBennyeHUM MHAYKIMM MarHuT-
Horo noJig 6onee 36,8 T MpOMCXOOUT ellle OJTHO CITH-
HOBOE TNEPEKIIOUEHUE U MEHSIETCS 3HaK TaMWJIbTOHU -
aHa B npuOaKeHuu 3¢hGeKTUBHOTO nost (puc. 5).
B nameM ciydae TaMmJIBTOHWAH B TIPUOIIKEHUN
3 HEeKTUBHOrO MOJsI MPeACTaBIsIET COOOM IMPOU3BOI-
HYIO CIIMHOBOIO raMUJIbTOHMAHA II0 CPEHEMY 3Ha-
yeHuto crimHa (S ). ITockonbky B Mosiekyiae O3II ko-
OanbpTa BCEro ONMH aTOM MEPEeXOAHOro MeTajia, TO
OOMEHHBIM B3aMMOIEUCTBHEM MOXKXHO IIpeHeOpeUb.
CregoBaTeIbHO, MEHSIETCS TOJIBKO cllaraeMoe aHu30-
TPOITHOTO B3amMoneicTBusA. [1o3TOMy KayeCcTBEHHO
noseneHue 3Q@MEKTUBHOIO I10JIA Heﬁc MOXHO CYUTAThb
TaKMM Xe, KaK MoBeleHue (S ), YTO BUAHO Ha pHUC. 5.
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Dynamics of the Spin Crossover in the Co-octaethylporphyrin Molecular Magnets

with a Terahertz Pulsed Magnetic Field

The article presents the results of a study of the spin dynamics of the Co-octaethylporphyrin molecule induced by applying the
magnetic pulse of 36,8T. It demonstrates that the spin switching in case of the HS state of the Co-octaethylporphyrin molecule is
characterized by a longer lifetime in the applied magnetic field. In the LS state the system quickly reverts to its basic state. The di-
agram of the dependence of the magnetic susceptibility of yT on the temperature demonstrates a specific feature at the temperature
around 40 K connected with the spin transition between the two spin states.

Keywords: spin crossover, spin dynamics, Landau-Lifshitz equation

Introduction

The silicon technologies approximate their physical limit
of miniaturization, when reduction of their dimensions be-
comes impossible. Therefore, a continuous search for new
materials is conducted, allowing us to reduce the size of the
devices, instruments and their components. Attention of the
researchers is attracted to the molecular magnets because of
their properties, very promising for potential applications. In
such materials each molecule can be a memory element. Also
a possibility is considered of the use of the molecular magnets
as g-bits — elements of a quantum computer [1].

One of the conditions for data recording on the molecular
magnets and for disclosing of the hysteresis loop is a slow re-
laxation of the system. In this respect of interest are the co-
ordination compounds, in which by varying the co-ordinating
ions of metals and ligands it is possible to control the final
physical properties. In this area the compounds with a spin
crossover are popular. A spin crossover is a switching between
the two spin states of a molecule — the so-called high-spin
(HS) and low-spin (LS) states.

A change of the spin states in the systems with a spin
crossover can be caused by various external influences, such
as changes of temperature, influence of light, pressure, mag-
netic field, etc. [2]. So far, the effects of temperature, pressure
and light on the character of the spin dynamics for the com-
pounds with a spin crossover have been theoretically studied
and are clear.

In our work we present a theoretical research of the spin
transition induced by a pulse magnetic field and its descrip-
tion within the Landau-Lifshitz equation with account of the
energies of anisotropic interaction, exchange interaction and
Zeeman splitting. As the object we selected octaethylporphy-

rin (OEP) of cobalt (Co-octaethylporphyrin), because in this
molecule [4] the length of the chemical bond between cobalt
and ligand is less, than in the compounds based on iron (1I),
which results in a slower relaxation of the spin state. The elec-
tronic configuration for calculations was taken from literature
for the molecule of Co(II)(JAr]3d74s2), which can be either
in a low-spin state (NTVT4T S = 1/2), or in a high-spin state
(NN S = 3/2), at that, both states are paramagnetic.
A change in the configuration of the electrons on d-orbitals
is accompanied by a considerable change of the length of the
bond and molecular volume.

Theoretical details of calculations

Hamiltonian Iflspi,, of the spin system can be presented in
the following way:

H:pin = Hex + Han + HZEE + Hpulse(t)! (l)
where ﬁex — is the exchange Hamiltonian of Heisenberg—
Dirac-van Vleck (HDVYV), expressing an isotropic exchange
interaction, H,, — Hamiltonian of the axial anisotropy of
the isolated ion, H,p; — Hamiltonian Zeeman describing
the interaction of the system with the stationary magnetic
field, H,,,, (1) — Hamiltonian describing the interaction of
the system with the variable magnetic field.

The operators’ matrixes were brought to a diagonal form
with the use of irreducible tensor operators [5]. For calcula-
tions of the magnetic properties of the system the model was
used, in which for exclusion of the spin-spin interaction, the
spin structure was considered as a uniform spin, interacting
with the external magnetic field. The macroscopic behavior of
the system with a spin crossover is described within the frame-
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work of approximation of the mean field [6]. In such an ap-
proximation Hamiltonian can look like:

Hspin = _YHeﬁ”S : (2)

Here y is the gyromagnetic ratio, S — the operator de-

scribing interaction of the system’s spin with the external

magnetic field, which is expressed through the effective field
H,x and determined by the following formula:

A

— _aHs in
Hy= =2, 3)

where (§> — is the mean value of the spin of the system.
Here the effective magnetic field H,zincludes the exter-

A

nal magnetic field H,, anisotropic interaction H ex-

an?

change interaction ﬁex and external pulse magnetic field
I:Ipu,se (7). In the approximation of the mean field we have

H,r > Hy"", where Hyz™ is obtained by means of re-
placement of the instant values of the spins with their mean

values S — M, = —y<§ ).

In approximation of the mean field the influence of the
spin with an external mean field is taken into account, but not
the interaction of the spins among themselves. The given ap-
proach is convenient because of the presence of a single spin
in a molecule. By using the equation (2) we get [7] a modi-
fication of the Landau-Lifshitz equation with account of the
dissipation:

6<A> — 1 &\ . pymean _
ot 1+x2<s> Hor
1 Q Q mean
- “(S)-((S) He ), “
1+22 7

where A — is the parameter of dissipation.

The effective magnetic field Hyz™ in approximation of
the mean field is determined as a variational derivative of the

free energy on the magnetic moment:

mean _ _S_F
Heﬁ’ (Mss t) SMS b}

where F = —NkpTInZ(H,) is free Helmholtz energy, N —
number of particles in the system; kp — Boltzmann constant;
T — absolute temperature of the system; Z(H,) — statistical
sum

Z(H,) = M%peXp[—SH(MS)/(kT )] %VCXP[_geMSHz/ (kgT)],(5)

where g, is Land¢ splitting factor.

The energy spectrum of the spin levels SM(MS) in a mag-
nf:tic field is found by the spin Hamiltonian diagonalization
Hspm . Having received the energy spectrum of the spin levels,
we can estimate the following thermodynamic properties:
magnetization, magnetic susceptibility and magnetic specific

thermal capacity.
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Since the spin Hamiltonian H,,, contains only isotropic
contributions, its own values do not depend on the direction
of the vector of induction of the applied magnetic field.
Hence, we can consider the external magnetic field H,, di-
rected along the conventional axis z of the coordinate system
of a molecule as an axis of the spin quantization. The energies
of the spin levels are equal to s”(Ms) + g MH,, where
e, (M) — are the own Hamiltonian values (index p numbers
the energy levels with the preset value M,). Within the limits
of the statistical thermodynamics the magnetization of M is
determined by the expression:

_ 0FM H)

oln(H))
§ oH ’

M
oH

= NkpT (6)

Then the effective field Hyz™ can be presented as a var-
iational derivative of the free energy function:

(M, H)+ F(1)) _
M

Hmean —

eff R

3(F(M,, H)))

= T+ Hy (O, (7)

)

where H;ulse () — is the external pulse magnetic field applied

along axis x. Thus, we have received a generalized form of the

equation of the spin dynamics for the system with a spin pre-
cession in an effective magnetic field.

Calculation part

For the geometrical optimization of a molecule and de-
termination of the spin Hamiltonian parameters, such as
splitting of the zero field, g-tensor, exchange integral Jij an-
isotropy of the isolated ion, we carried out calculations within
the framework of the Density Functional Theory (DFT) tak-
ing into account the effects of the spin-orbital interaction in
the ADF program complex [8, 9]. The calculations were done
with the exchange-correlation functional of Perdew—Burke—
Ernzerhof (PBE) by means of the Zero Order Relativistic Ap-
proximation (ZORA) [10], with the use of a multiclectronic
valent three-exponent basic set with one function of polari-
zation. The value of splitting in the zero field of OEP mole-
cule of cobalt equal to 1,32 meV was determined. The split-
ting calculation in the zero field was done in a generalized
gradient approximation of the exchange-correlation function-
al (GGA) of PBE. Hamiltonian splitting in the zero field
looks like:

Hyg=8:D-8S, (8)

where S — is the vector operator of the effective spin of the
atom of cobalt, and D is a Cartesian tensor of anisotropy. Af-
ter diagonalization of the Hamiltonian matrixes in the basis of
the magnetic axes we receive:

Hys = DS, + E(S; - ~§y2), )

where parameters D — axial parameter of splitting in the zero
field, and parameter £ — rhombic parameter of splitting in
the zero field. A condition for bistability of the molecular
magnets is the negative value of the parameter D. Hamilto-




nian matrixes of Zeeman interaction (g-tensor) also have a di-
agonal appearance:

Hypp =npgH-g-S =

g 0 0[S,
= HB[HX Hy Hz] 0 gyy 0 Lgy ) (]0)
0 0 gzz Z

where pp — is Bohr magneton [D1].

Calculation of the g-tensor was done by means of a regular
approximation of the zero order with account of the spin-or-
bital interaction.

Results and discussion

The systems with a spin crossover are attractive objects for
the further interdisciplinary researches due to a possibility of
control of the state of a molecule by means of an external in-
fluence (temperature, pressure, light, electric and magnetic
fields), small dimensions, femtosecond time of response and
a possibility to combine a spin crossover with the other prop-
erties. Fig. 1, a presents a spin structure of OEP molecule of
cobalt. Bistability of LS/HS compound of OEP of cobalt is ex-
plained by a small difference of the energies between the spin
states. Fig. 1, b presents the electronic configurations of the two
possible basic states of ion of cobalt (1) in the octahedral field
of ligands. The transition from one electronic state into another
can be considered as an intraionic transfer of the electrons, oc-
curring with a change of orientation of their spins.

Since orbitals e, are loosening, their filling is accompa-
nied by an increase of the distance between the metal and the
ligand. And, on the contrary, filling of orbitals 1, leads to
strengthening of the dative interaction, and, hence, to strength-
ening of the metal-ligand bond. As a result the metal-ligand dis-
tance in a high-spin state is always more than in a low-spin
state. We should point out, that the energy of splitting depends
on the nature of the ligands, the transitive metal and the
charge of its ion. At the same time, for a set complex the en-
ergy of splitting depends on the metal-ligand distance. The
structure of OEP molecule of cobalt is presented in fig. 1, c.

A big number of researches are aimed at studying of the
photoinduced spin transition leading to a change of the geo-
metrical and magnetic structure of the molecular magnets.
However, so far we have found no works devoted to the spin dy-
namics of the systems with a spin crossover. One of the draw-
backs of the photoinduced spin crossover is a little lifetime of
the spin state, therefore we decided to investigate the spin
crossovers induced by a strong pulse magnetic field. In our work
we focused on the research of the spin dynamics of the system
with a spin crossover induced by a strong pulse magnetic field,
and also the conditions, in which the system can be in one of
the bistable states during a long period of time. As is known, in
the complex of Co(H,(fsa),en)(py),[H,(fsa),en = N,N'-eth-
ylen-bis(3-carboxysalicylaldimin), py = pyridine] under the
influence of a pulse magnetic field with a pulse of 32 T a spin
transition occurs from HS into LS state. At that, the system
remains in this state for a long time.

The diagram of dependence of the magnetic susceptibility
x T on the temperature is presented in fig. 2. In OEP molecule
of cobalt a special feature was observed of dependence of y T’
on the temperature in the area of 40 K. Around 40 K there
is a transition between the spin states, as one can see in the
diagram of the dependence of y 7 on temperature.

In the given work we tested our approach based on organic
magnetic molecule OEP of cobalt by a numerical solution of
the non-stationary equation of Landau-Lifshitz with a gen-
eralized spin Hamiltonian and the use of the method of irre-
ducible tensor operators. Applying the numerical solution of
the Landau-Lifshitz equation we used the duration of the
magnetic pulse Tpulse = 0,17 ps, the period between the mag-
netic impulses — 37,4 ps, and the magnetic induction of the
pulse — 36,8 T. We found solutions to the Landau-Lifshitz
equation for the two spin states: low-spin (S = 1/2, t26g e;,)
and high-spin (S = 3/2, 5, €} ).

Under the influence of a constant magnetic field with a
magnetic induction of 0,1 T through a certain interval of time
the spin structure is formed, the value of which is determined
by means of splitting in the zero field. After saturation of the
system we apply a magnetic field pulse to it. In the absence
of a magnetic pulse, in the low-spin state the system demon-
strates classical behavior (see fig. 3). Under the influence of a
magnetic pulse with induction of 36,8 T and duration of 100 fs
a spin switching occurs, then the system returns to its basic
state (fig. 4). On the contrary, in case of a high-spin state, un-
der the influence of a pulse of the magnetic field with an in-
duction of 36,8 T and duration of 100 fs, a spin switching also
occurs in the system, however, the system remains in this state
for a long time. With an increase of the induction of the mag-
netic field over 36,8 T, another spin switching occurs and the
Hamiltonian sign changes in approximation of the effective
field (fig. 5).

In our case the Hamiltonian in approximation of the ef-
fective field is a derivative of a spin Hamiltonian by mean val-
ue of the spin (S ). Since in OEP molecule of cobalt there is
only one atom of the transitive, the metal exchange interac-
tion can be neglected. Hence, only a summand of the ani-
sotropic interaction is changed. Therefore, the behavior of
the effective field H,4 can be qualitatively regarded as the
same as the behavior of (S ), which is visible from fig. 5.
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! WHctutyt HaHoTexHooruit MukpoanekTpoHuku (MHMB) PAH, Mockaa,

2 MOCKOBCKHIA rocyIapCTBEHHBIM MalllMHOCTPOUTEIbHBIN YHUBepcuTteT (MAMMUN)

KOHCTPYKUUSA U TEXHOAOTIUA UTOTOBAEHUA TECTOBbIX KPUCTAAAOB
C KOMNO3UTHbIMU MPOBOAHNKAMU HA OCHOBE
YITAEPOAHbBIX HAHOTPYBOK U METAAAOB

Ilocmynuna é pedaxyuro 14.04.2016

Ilpedcmaesaena KOHCMPYKUUS U MEXHON02US U320MOBACHUSL MECMOBbIX KPUCMAAN08, NPeOHA3HAUEHHbIX 05 CO30AHUS U UC-
caedosanuii komnosumuou memanruzauuu CHEUC ¢ npumenenuem yeaepoonvix Hanompybox (YHT). B kauecmee memanauueckou
OCHOBbI UCHOAB3YEMCs INeKmpoxumusecku ocaxcoaemas meds, a YHT evicmynarom 6 poau nanosnumens. Texnonoeus u3eomos-

nenus coemecmuma ¢ mexronoeuei ChUC.

Karoueevie caosa: memannuzayus, CbUC, komnozum, memaniuueckas Mmampuya, yeaepooHsle HAHOMpYOKU, KOHUEHMPAyusl,
mecmosblil KpUCmann, monoao2us, 1eKmpoxumuieckoe ocaxicoeHue, medsb

BBenenue

B HacTosiniee BpeMsi MOSIBUJIOCh MHOTO MCCJIeA0Ba-
HUH, CBSI3aHHBIX C UCIIOJIb30BAaHMEM KOMITO3UTHBIX Ma-
TepUaJIOB HAa OCHOBE yIiepoAHbiX HaHOTpYyOOK (YHT)
u MetauoB. Coo0lliaeTcsi, YTo B pe3yJibTaTe n00aBe-
Hust YHT cHmkaetcst Macca ImojlygaeMoro MaTepuasa
[1], ymydirairoTcss ero MeXaHM4eCKHWe XapaKTepUCTH-
KM (yBeJIMYUBAETCS TBEpAOCTb, MoAyab FOHra u T.1.)
[2—8], TepMuUecKue XapaKTepUCTUKU (YMEHbIIAETCS
KTP, yBenuuuBaercsi TemaonpoBOAHOCTL) [4, 5, 8],
MOBBIIIAETCSI KOPPO3MOHHASI CTOMKOCTH [5, 7], BO3-
pacraeT TIpeieJIbHO BhIIepKnBaeMasl TUIOTHOCTh TOKa
[10, 11]. B psime paGoT oTMeuaeTcsi, YTO BBEACHUE yT-
JIEPOTHBIX HAHOTPYOOK IMMPUBOINT K HE3HAUNTEITEHOMY
VBEIWYECHUIO COMPOTUBIICHUS TPU KOMHATHOW TeM-
nepatype [2—5, 10—12], npuyem B [11] ckazaHoO, 4TO
IIPY TTOBBIIIEHHBIX TEMIIEPATypax COIIPOTUBICHNE KOM-
ITO3UTA MOXET OBITh HIKE M3-3a MEHBIIIETO 3HAYCHMUS
K03 PuimeHTa TEMITEpaTypHOI 3aBUCUMOCTHU COIIPO-
tuBieHus. B [1, 13] Takxe coobuiaercsi, 4To mnojyye-
HbI 00pasibl KoMno3uTtoB Cu-YHT ¢ conpotuBieHu-
€M TIpM KOMHATHOM TeMIIepaType MEHBIINUM, YeM Yy
YUCTOMN Mean. [1OTMOTHNUTETEHO OKUIACTCS, YTO KOM-
ITO3UT JOJDKEH 00J1amaTh MPEeUMYIIeCTBAMU C TOYKHU
3PEHMS TIPOTUBOIECICTBUS DIIEKTPO-, TEPMO-, CTPECC-
murpauuu [9, 10]. B uensx moBblllieHUsT HAIEXKHOCTU
W YIYYIIEHUST DJIEKTPUISCKUX XapaKTepPUCTUK MHTET-
paJbHBIX CXeM TaKOM MaTepual MOXET IaBaThb HeocC-
ITOpUMBIE TIPEUMYIIIECTBA.

ITockonbKy B peaibHbIX YCIOBUSX DKCILTyaTalluu
Jerpafgauysi TOKOBELYLIUX JOPOXEK WHTErpajbHbIX
cxeM (MC) 3aHumaet rofsl, IJ1s UCCAEIOBAaHUI 3TOTO
SIBJICHUST TIPUMEHSIIOT YCKOPeHHbIe ucTbiTaHusl. Hau-
OoJiee pacmpoCTpaHEHHBIMU CPEICTBAMM YCKOPEHMSI
SIBJISIETCSI TOBBILIEHUE TeMMepaTypbl U TJIOTHOCTU
toka [14]. IIponenypsl UCIIBITAHWI XapaKTepU3yloT-
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cs OOJIBIIIMM YHCIIOM OCOOEHHOCTEM, KOTOpHBIE 4acTo
MPUBOIAT K IIMPOKOMY pasz0bpocy pesyibraToB. [lo-
9TOMY ISl TIOJIyYEHUST TOCTOBEPHBIX JaHHBIX HEOO0XO0-
IMMO TIPOBOIWTH MCCIEIOBAHMSI HA CTaHIAPTU3MPO-
BaHHBIX CTPYKTypax. B 11eJioM METOIUKM OTpeaeIeHUS
pPa3IMYHBIX TTApaMeTPOB ST OOBIYHBIX MaTepHAaJIOB
(Cu, Al) pazpaboTaHbl 4OCTaTOYHO IToApoOHO [15—17].
OpHako TIpM OIpeAeIeHNN KaXXIOro KOHKPETHOTO
napameTpa 3a4acTylo CO3al0TCsl OTAeIbHbIe 00pa31ibl
OIIpeeICHHO! (POpMBI, IPUUYEM HAOOP TaKMX KOHCT-
PYKLMI JOCTaTOYHO BeJuK. B maHHOIi paboTte mpoBe-
JIeH aHaJIn3 COBPEMEHHBIX METOIMK MCIBITAHUS CHUC-
TeM OIHOYpOBHEBOU MeTamu3anuu MC, 1 Ha oCHOBe
HaKOILTEHHOTO OTIbITAa pa3paboTaHa KOHCTPYKIIUS TeC-
TOBOTO 00pas3iia, KOTOPHI MO3BOJISET ONPeAeIITh Ta-
paMeTpbl KOMIO3UTHBIX JOPOXKEK, a TAKXKE MPOBOAUTh
WX UCTbITAHWE HA BO3AEMCTBUE pa3IUYHbIX (haKTOPOB
C UCIIOJIb30BAaHMEM TECTOBOTO KpUCTaljJa C MWHU-
MaJIbHBIM HaOOpOM 3JIEMEHTOB.

ITpu co3zmaHuu TecToBOro obpasiia Mbl CTAaBUJIM Ce-
Oe caeayoomme 1eau. Bo-TiepBbIX, OH JOJKEH MPOU3-
BOJMUTLCS MO TEXHOJIOTUH, COBMECTUMOM C TEXHOJIOTU-
et CBUC. Bro HeobXxoaMO, TTOCKOJIbLKY MHOTUE Me-
TOJbI CO3aHUST KOMIIO3UTOB, IlepeuyrciieHHbIe B [1—13]
(Takme Kak ITOPOIIKOBas METaJUTyprusi, pacIljaBiie-
HUeE C Toceaylolleil KpucTalau3aiyeil, TOpcCuOHHas
CBapKa U Jp.), XOTSI U IEMOHCTPUPYIOT MpeuMylliecTBa
KOMIIO3UTOB, MIPU 3TOM HE TOAXOIAT IS TTOJTYITPOBOI-
HUKOBOTO IpousBoacTBa. [loaToMy B paboTe nenaercs
aKlLIEeHT Ha COBEPIICHCTBOBAHWM HM3KOTeMIIepaTyp-
HbIX MeTOA0B BhIpalnuBaHus YHT HyxxHoM Mopdoio-
MU, a TaKXKe METOIOB OMHOBPEMEHHOTO 2JIEKTPOXU-
Mmuuyeckoro ocaxaenus: (9XQ0) Menu ¢ HaHOTpyOKa-
MU 1 OCaXIEHUsI MEAU B MpeABapUTEIbHO BbIpallleH-
Hbie MaccuBbl YHT. JlonogHUTEIbHO NPeayCMOTPEHbI
npeaBapuTebHas (GyHKIIMOHATMU3ALMSI TTOBEPXHOCTU




VHT u npuMeHeHUE aTOMHO-CJIIO€BOIO OCaxKIACHUS
st opMUpPOBaHUST PA3IMYHBIX TonacaoeB. Bo-BTo-
pbIX, B 00pa3lax o0beAMHEHbl HECKOJIBKO TUIIOB TEC-
TOBBIX CTPYKTYp, OOECIIeUHBAIOLIUX MTPOBEICHUE 1K -
POKOTO CIEeKTpa pa3HOCTOPOHHUX UCTTbITAHWI KOMITO-
3UTHON MeTaJuIM3allui, a UMEHHO:

e OIPEACICHUE OIJICKTPUYECCKOIO COIIPOTUBJICHUA
JBYX- WM YETBIPEX30HAOBbIMU MCTOAAMMU,

e ormpeneneHue BausiHUA MmaccuBoB YHT, BoipalieH-
HBIX C Pa3JIMYHON IJIOTHOCTBIO PACIIOJIOXEHUs Ha-
HOTPYOOK U TO pa3IMuHOMY PUCYHKY (B morepey-
HOM, TIPOJOJIbHOM WJIM CETYaTOM HWCHOJHEHUM, C
Pa3IMYHON IIOLIAABIO KaTaIu3aTopa) Ha CKOPOCTh
U CTEINEHb AJIEKTPOMUTPALIMKA BIOJb NIPOBONHUKA,
€ro 3JIEKTpUUECKOe COMPOTUBIIEHUE U KO3pduiim-
€HT TeMITepaTypHOI 3aBUCIMOCTH COTIPOTUBIICHMUS,;

e OMpejaelieHUe IMHbI WHULIMUPOBAHUS BJEKTPO-
murpauuu (Blech-minHbl) 118 yKa3aHHBIX KOMITO-
3UTHBIX CTPYKTYP MPHU Pa3HbIX MJIOTHOCTSIX TOKA;

e M3yYyeHME TBEPAOCTH IIOJy4aeMOro KOMIO3UTa
(meronpamu Knynna, Bukkepca, ckiepoMeTpuu) u
CpaBHEHME C YUCTO MEIHBIMU CTPYKTYpPaMHU.

Onncanne TeCTOBBIX KPHUCTAJJIOB

TecToBbIe 06PA3IIBI TPEACTABIISIIOT COOOM KpHCTAIT-
JIBI, BBITIOJTHEHHBIE IO TUIAHAPHOW TEXHOJOTUM Ha
KpYIJIOi MOJyNnpOBOIHUMKOBOM IMjacTuHe. B KauecTse
pabouYMX IJIACTUH MCIIOIB3YIOTCS TUIACTUHBI KPEMHUS
C BJIEKTPOHHBIM TUIIOM MPOBOIUMOCTH, JIETUPOBaHHbIE
MbIbsIKOM (turia KOM-0.001), opuenranmeii (100) u
COOTBETCTBEHHO C YACJIbHBIM 3JIEKTPUUECKUM COIPO-
tusneHueM p = 0,001Q - cM. Takoe HU3KOE COMPOTUB-
JIeHNe HEOOXOIMMO IS peau3alivi TOJaYu JIeKTPH-
YeCKOTO TTOTeHIINaIa ¢ 0OpaTHOI CTOPOHBI KpHUCTAJIA
Yyepe3 MOIJI0XKY K TeCTOBBIM CTPYKTYpaM MpH TIPOBe-
JNEHUU TIOCJIEAYIOIIEero 3JIEKTPOXUMUYECKOTo Ocaxie-
Hus MetayioB. Iuamerp miactuH — 100 MM, U TOJ-
mwurHa — 400 MxMm. Pa3mep oTaenbHOro Momyisi, co-
JepKallleTo TPY KPUCTA/UIa Pa3IMYHOTO (bYHKIIMOHAb-
HOTO Ha3HauyeHUsI, cocTaBlsieT 25,5X 8,5 mm. Pasmep
KaxJoro Kpucrasia 8 X 8 Mm, 1160 8,5 %X 8,5 MM ¢ yue-
TOM JIOPOXEK pe3a. PaznmnuaroTcsl KpUCTaIbl MCKITIO-
YUTEJIbHO PUCYHKOM KaTaju3aTopa IMOjA MacCUBBI YI-
JIEpOJAHBIX HAHOTPYOOK.

Bce TecToBbie CTPYKTYphI B KpUCTAJLJIaX COSAMHEHBI
MepeMbIYKaMU ¢ O0JIACTSIMU, PACIIOJOXCHHBIMU He-
MOCPEeICTBEHHO Ha KpeMHUU. [TocpeacTBoMm 3THX 00-
JIacTel OCYIIECTBIISIETCS TPUIIOKEHUE HATIPSIKEHUS C
00paTHOM CTOPOHBI MOIJIOXKN BO BpeMsl 3JEKTPOXU-
MUYecKoro ocaxueHusi metauia. ITocie aroii onepa-
LMY IIePEMBIYKH OTPE3al0TCs JIMOO JIa3epoM Ha ycTa-
HoBke Karl Zuss PM5, 1m0 MOHHOI ITyIIKO# Ha ycTa-
HoBke Vion (FEI). IIpu ucnonap3zoBanum JIamacckoro
npoiiecca HeOOXOAUMOCTb B MEPeMbIYKaX COOTBETCT-
BEHHO oTnagaeT. Huxe mpuBOaUTCS ONMUCAHUE TECTO-

BBIX CTPYKTYP.

TecToBble CTPYKTYpHI 1-ro THHA

DKCHepUMEHThl IO TOATBEPXKACHUIO Pa3IMYHBIX
TEOpUiA MaccomepeHoca B pe3yjabTaTe JeKTPOMUIpa-
LIMM MOT'YT NMPOBOAUTHLCS Pa3IMUHbIMU CIIOCOOAMU, HO
CpaBHEHME IPOLECCOB, MaTepUagoB U METOMOB BbI-
MOJIHSIETCSI, KaK MPaBWIO, Ha MPSIMbIX MPOBOAHUKAX
metoaoM KesnabBUHA, B pe3yjbTaTe 4yero OCyIeCTBIIS -
eTCsT COOp CTATUCTUKH W OTIPEIEIISTIOTCST KPUTEPUN OT-
Ka30B. CaMbIM MPOCTHIM TUIIOM TaKUX CTPYKTYP SIBJISI-
eTcst CTpyKTypa "cobdaubsi kocTh" uan NIST (National
Institute of Standards and Technology, CIIIA), npen-
cTaBJieHHas B paboTtax [15, 16]. TToxoxkas cTpykTypa,
HO B JpyroMm Maciurade, onucaHa B pabore [17]. He-
MHOTO YCOBEPIIIEHCTBOBAHHEIN BapUaHT C BEHIIEICHM-
€M JIBYX TOKOBBIX U IBYX TTOTEHIIMAIBHBIX KOHTAKTHBIX
TUTOIIAMOK TIpeACTaBieH B cTaHmapte 1259M-96 (2003)
ASTM International [18]. YkazaHHbIE€ TECTOBbIE CTPYK-
TYPHl TIO3BOJIIIOT OIPENEATh CONPOTHUBICHUE IIPO-
BOIHWKA, HO TIpX M3ydeHUHU 3P deKTa 371eKTpOMUTPa-
WY TIPEeAyCMAaTPUBAIOT (GUKCAIIAIO JINITh MHTETPaTb-
HOI XapaKTepUCTUKU CO Bceil MOpoXKHW. Permctpu-
poBaTh Ha TMOMOOHBIX CTPYKTYypax HadaJbHBIC OTAIThI
pa3BUTHS JeTPagallMOHHBIX TTPOIIECCOB M PacIIpoCTpa-
HEHHe OIUTABIIEHHBIX 30H (CKOPOCTh M HaIlpaBJICHHE)
MPAaKTUYECKN HEBO3MOXHO — TaKWe HapyIIeHUs HO-
cAT, KaK MPaBUJIO, JOKAJIbHBIN XxapakTtep. boree BbI-
TOHOW C 3TOW TOUKM 3PEHUS SBISIETCS CTPYKTYpa,
npeacrtabieHHas B pabore [19]. Ha Heii cpopmupo-
BaHBI JOIOJTHUTEIbHBIE TIOTEHIINATbHbBIC KOHTAKTHBIC
TUTOIIAAKY, KOTOPBIE TO3BOJISIOT CHUMAaTh OCIIUJIIO-
IPaMMBI C OTACJIBHBIX YYACTKOB JOPOKKHU METaJIM3a-
mun (mmHou ~300 MKM) 1 (pUKCUPOBATh JIOKAJIbHEIE
HEOIHOPOIHOCTHU, BO3HHUKAIOIIME B IIpoliecce Ipo-
XOXXICHUST TOKOBBIX UMITYJILCOB, HAIIPUMEP, 00JIacTH
3apOXIECHUS pacIIaBIeHHBIX 30H M KOHTAKTHOIO
TIJIaBJIEHUSI.

B pesynbraTte 3a OCHOBY HMpUHSTAa 0a3oBasi CTPYK-
Typa B Buue mnpoBogHuka Ti/TiN paunoit 800 MKM
(puc. 1). D10 3HaYeHHUE COIJIACYETCS CO CTaHIAPTU-
3MPOBAHHOM TecToBOM cTpykTypoii Thma NIST [15, 16]
u crtangaptoM [17]. IIo BO3MOXHOCTU BMECTO KOM-
ounanuum Ti/TiN npeamnouyTuTeabHee HCIOIb30BATh

A-A
Komnoaur
Cu Composite Cu
Ti/TiN

W INIRERERIOAD
AT‘ Il.«’"'l (T |""--..I2 Ta

vi [va| |vs| va| |vs]

Puc. 1. TecroBas crpykrypa 1-ro Tuna
Fig. 1. Test structure of the 1-st type
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Ta/TaN, KoTopble 00eCIeUyMBaAIOT JYYIIYIO aIre3uio
MEIHOTO Kommo3uta. sl ucciaegoBaHuii 0oiee CoB-
PEMEHHBIX CHCTEM METAJNTU3aIiK ITOIYyCKAeTCs TaK-
XK€ MCITOIb30BaHUE CTPYKTYP MeHbIneil mmuabl. Ln-
puHa npoBogHuka Ti/TiN w= 28,5 MKM IIpu TOJIIIMHE
h = 0,33 MmxM. 1711 MEIHBIX U KOMIIO3UTHBIX CTPYKTYP
JUTMHA OCTaeTCs TaKO Ke; TONIIMHA MOXET BapbUpPO-
BaTbCs U 3aBUCUT OT TTPOAOKUTEIHLHOCTH U IPYTHUX Xa-
PaKTepPUCTUK 3yeKTpoocaxaeHus. LlluprHa mMemHOTO
MIPOBOIHUKA COCTABIsIET W = 25,5 MKM, 4TO Ha 1,5 MKM
C KaXIOil CTOPOHBI yKe 6a30BOro TUTAHOBOTO ITOII-
cjosi. JIOMOJIHUTENbHO, C YYETOM CBEACHUI, MpUBE-
JNIEeHHBbIX B padote [19], K IByM TOKOBBIM ILIOLIAIKAM
(o603Hauenn! kKak 11, 12), B TeCTOBOI CTPYKType HO-
0aBJIeHBI MATHh MOTEHIMAIBHBIX KOHTAKTHBIX TIIOIIA-
IOk (o6o3HaueHbl Kak V1, ..., V5), nessiiue CTpyKTypy
Ha yeThIpe cermeHTa 1Mo 200 MKM U MO3BOJISIIOIIME OT-
JIeJTbHO CHMUMATh CUTHANIBI C KaXXIOTo U3 HHUX.

PasMep KOHTAKTHBIX IUIOIIAA0K ITOA0UPAICS C TOY-
KW 3peHUs yIoOCTBA KOHTAKTUPOBAHMS 30HIAMHU Ha
CTaHIIMK, OCHAIIEHHON OINTHYECKUM MHKPOCKOIIOM
(manpumep, Karl Zuss PMS5), u ¢ yaueToM TpebGoBaHMIA
PYYHOM MJIM aBTOMAaTUUYECKOI pa3BapKu BBIBOJIOB IPH
YCTAaHOBKE KpHCTajjia B KOPMyC WJIM Ha MaKeTHYIO
MeyaTHylo Iiaty (pasMep KOHTAaKTHOM IUIOLIAAKU He
MeHee 1,5...2 auaMeTpoB MPOBOJIOKHU). JIONMOIHUTEIBHO
OobUT MpUHAT BO BHUMaHue ctaHmapT Ne EIA/JEP128
(JEDEC Publication), coriracHo KOTOpPOMY pa3mep
KOHTaKTHBIX TUIOLLIAJ0K AOJKEeH ObITh HEe MeHee 80 MKM
(1o Kax/I0il CTOPOHE) U pacCTOSIHME MEXIY LIEHTpaMu
coceHUX — He MeHbIne 160 MkM. Popma TTOTEHIIN -
aJIbHBIX KOHTAKTHBIX Iiowanok V1, ..., V5 BelOpaHa
KBaapaTHOIi; pasMmep 125X 125 mkM. TokoBble ILIO-
wanxu 11, 12 3apeiicTBOBaHbBI B Iiepeaayde 3JIeKTpudec-
KOTO TOKA BBICOKUX IJIOTHOCTE! M MCITBITHIBAIOT CEPhb-
e3Hble TeTIoBble Harpy3ku. [loaTomMy oHU Oosblie
(JTyyiie TEIJIOOTBOJ, U TUIOLLAIb CLETJIEHUSI C OCHOBOI)
U UMEIOT CKOC TMoJ 45° B CTOPOHY TECTOBBIX CTPYKTYD.
Iupuna gopoxek K V1, ..., V5 cocraBisier 6 MKM
MPOTUB 25,5 MKM LLIMPUHBI OCHOBHOI CTPYKTYPBI. DTO
obecrieunBaeT 0ojiee paBHOMEpPHBIE 3HAYEHMS ILIOT-
HOCTHM TOKa 110 BCEl JUIMHE TECTUPYEeMOM 00JIaCT! U He
OKa3bIBaeT CYIIECTBEHHOTO BIMSIHUS Ha TEIJIOOTBO/.

B kauectBe Macku npu (pOpMUPOBAHUU KOMIIO-
3UTHBIX CTPYKTYP Ha TUTAHOBOM IIOJCJIO€ HUCIIONb3Y-
ercsa SizNy. AJBTEPHATUBHO JIOIYCKAETCs NPUMEHE-
HUE€ MAacKU CIHeUUaJTUu3upPOBaHHBIX (OTOPE3UCTOB,
MpeaHa3HauYeHHBIX 1J1s1 mpoBeaeHus: DXO pa3iuyHoOMn
ToMIUHE! (HampuMep, "ma-P 1200...1240").

IMpencraBiaeHHast Ha puc. 1 CTpyKTypa IMO3BOJSIET
MMPOBOAUTh TECTUPOBAHUE BIIEKTPOPU3UUECKUX Xa-
PAaKTEPUCTUK MOIYyYaeMbIX KOMITIO3UTHBIX ITPOBOIHM-
KOB U JIONOJIHUTEJIBHO MCCJIENOBATh UX Jerpagaiuio B
pe3yabTare 3JeKTPOMUTPALIMU TTOCPEICTBOM U3Mepe-
HVS CONPOTUBJIEHUS, KOTOPOE 3aBUCUT OT CTPYKTYp-
HBIX ¥ TeOMETPUUYECKUX U3MEHEHUM, MPOMCXOISIIINX
MpU NepeaBrKeHun aToMoB. [Ipu 3ToM 3KcrepuMeH-
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Thl 1O 3JEKTPOMMIPAILIMA MOIYT 3aKJIIOUaThCsl KakK B
M3YYEHUH AErpagalliOHHBIX IIPOLIECCOB IPU IJIUTE/b-
HBIX BO3JEUCTBUSIX "HOKPUTUYECKUX" TIJIOTHOCTEH TO-
Ka, TaK U B 9KCIIEPUMEHTax, CBSI3aHHBIX C 0Opa3oBa-
HMEM pacCIUIaBJICHHBIX 30H, B TOM YMCJI€ IIPU BEICOKUX
TEIUIOBBIX HArpy3Kax WIM TEIUIOBBIX yaapax, BbI3bIBae-
MBIX IIPSIMOYTOJIbHBIMU MMITYJIbCAMU TOKA aMILIUTYIOM
no0 8- 1010 A/M2 u gutenbHocThio 100...1000 Mkc [19].

TecToBble CTPYKTYpPbI 2-T0 THHA

B xayecTBe OCHOBBHI ObLIa pacCMOTpeHa TECTOBas
CTPYKTYpa, MPEaCTaBJIIoNnIas co00il MeTaTNYeCKYIO
MOJI0oCy, pa3MeIleHHYIO MoBepX 00jiee BBICOKOOMHOTO
MPOBOIHMKA, B PE3YJIbTATE YEro BJIEKTPUUYECKUI TOK
MPAKTUYECKU TTOJTHOCTHIO MPOXOAUT Yepe3 BEPXHIOIO
CTPYKTYPY, BbI3bIBasi MACCOBBI TPAHCIIOPT B HAIIpaB-
JICHUM IBMXKEHMSI HOCHUTeNel 3apsima. DTOT METO.d
MO3BOJIIET MPOBOAUTH MPSIMOE U3MEpPEeHNE CKOPOCTHU
nepeMeleHrusT MOHOB MeTalla I0J BO3AeiCTBUEM
3JIEKTPOHHOTO BeTpa U ObLI BBEAECH MCCIEAOBATEISIMU
Blech u Kinsbron [20] B kauecTBe 3¢h(eKTUBHOTO Me-
TOAA OLIEHKM KMHETUYECKUX MapaMeTpOB dDJIEKTPO-
Murpauuu. st ocylecTBiICHUSI MOAOOHBIX 9KCIEPU-
MEHTOB HEOOXOIMMO, YTOObl HMIKHUI MPOBOAHUK
JIMIIIb B HE3HAYMTEJIbHOM CTENEHU yYacTBOBAJ B TOKO-
nepeHoce. DTOMY YCJIOBUIO YIOBJETBOPSIET, HaIpu-
Mep, noacioil u3 TuraHa. Ha puc. 2 npeacrasieHa 3a-
BUCHUMOCTb OTHOLIEHMSI COMTPOTUBJICHUS CJIOSI MU K
COIMPOTUBJIEHUIO CJIOSI TUTaHa ToJuHoi 300 HM B 3a-
BUCUMOCTH OT TOJILLIMHEI CJIOS MENMU.

Kak BUAHO, IpU TONIIMHAX MEAU OT HECKOJbKMUX
COTeH HAHOMETPOB M 10 HECKOJbKHUX MUKPOMETPOB
CcompoTuBJIeHUE IoAaciosd Ti 3HAaYMTEIbHO OOJbIIIE.
DTO MO3BOJISIET CUUTATh, UTO BECh DJEKTPUUECKUI TOK
MoiiieT yepe3 KOMIIO3UT, AaXe eCld €ro CONpOTUB-
JIeHre OyIeT HECKOJIbKO BBIIIE, YeM COINPOTUBIECHUE
yucTtoid Meau. B Hammx obpasnax npumensiercs Ti —

0 0,5 1 1,5 2 2,5 3

TonwuHa megu, MKM
Copper thickness, um

Puc. 2. 3apucumoctp R(Cu)/R(Ti) oT ToammHb Meau
Fig. 2. Dependence of R(Cu)/R(Ti) on the thickness of copper




0oJ1ee BEICOKOOMHBIM MaTepual 110 cpaBHeHUIo ¢ Mo,

HCIIONb3yeMbIM B padote [10, 11]. B TecToBOi1 CTpyK-

Type, ONMCAaHHOUW JAaHHOM TpyIIION MCCJIeAOBaTeeH,

OTHOILIEHHWE COIPOTUBJICHMSI BEPXHEro IMPOBOIHHUKA

K CONPOTUBJIEHUIO MO-IOACIOS COCTaBISIET BCETO

17,5 % nnst ynucroit Meau rpu toimHax Cu 350 HM u

Mo 200 HM.

TectoBasi CTpyKTypa BTOpPOTo TUIia (puc. 3, CM. Yet-
BEPTYIO CTOPOHY OOJOXKHU) IIpeAcTaBiisieT coOoil ce-
pUIO TIPOBOJHUKOB IIMPUHOM 25,5 MKM C JJIMHAMU
2,5-5-10-25-50-75-100-125-150-175 MKM, Haxoms-
muxcs Ha 6a3oBoM npoBogHuke Ti/TiN u ipegHa3Ha-
YyeHa B TOM YMWCJIE IS ONpeneeHUs] BIUSHUS TIPO-
IojabHbIX MaccuBoB YHT Ha anekTpoMmurpaluo, a
Takke HaxoxaeHus Blech-minHbl (IIMHBI MTHULIMAPO-
BaHUS 2JIEKTPOMUTPALINI) TIPU 3aJaHHBIX TeMIIepaTy-
pax ¥ IJIOTHOCTSIX ToKa. JlaHHast CTpyKTypa Ha npume-
pe KoMno3umuol memaniuzayuu meds/YHT nipusBaHa
rokazaTh Cleaylollee:

e UeM JUIMHHEE MOJIOChI, TEM OOJIbllIEMY UCTOIIEHUIO
TTOABEPTAIOTCSl KATOMHBIC CTOPOHBI IIPU BJIEKTPO-
MUTpalUK;

e TIpU OMNpeaeeHHOM MIOTHOCTU TOKA He Habroaa-
€TCSA MCTOIICHMS HIKE HEKOTOPOIl "KPUTUUYECKOM
JIUTAHBL";

e JIJI1 OTPE3KOB OMNpEeAeCHHON JTUHBI 3JeKTPOMUT-
paiusi He TIposIBJsieT ceOsl, ToKa IJOTHOCTh TOKa
He JOCTUTaeT HEKOTOPOIo 3HAUCHMUS.

ITo gaHHBIM M3 TUTEPATYPHBIX UCTOUYHUKOB Blech-
JUTMHA JIJ151 TIPOBOJHMKOB U3 Pa3HbIX MAaTEpPUAJIOB U TIPU
pa3HOil MJIOTHOCTH ToKa cocTtasiseT oT 10...75 MKM.
[Ipu yBenuMuyeHUM JUIMHBI CTENEHb MPOSIBACHUS DJIeK-
TPOMUTpPAIIMU COOTBETCTBEHHO Bo3pacrtaeT. Ilo 3Toit
MpUYMHE MPEACTaBIeHHAsT HaMU TECTOBasi CTPYKTypa
COJEPKUT HAbOp JOpoxkKeK oT 2,5...175 MKM.

TecToBblE CTPYKTYpPHI 3-r0 THHA

TectoBas cTpykTypa 3-ro TUMa (puc. 4, cM. 4eTBep-
TYI0O CTOPOHY OOJIOXXKM) MpeACTaBIsIeT COOOM Cepuio
MPOBOIHUKOB auHoK 100 MKM (Takast JiMHA rapaH-
TUpPYeT mposiBieHue 3pdekra anekTpomurpaunu (OM)
¢ mmpuHamu 2,2-3-6-12-24-48 MKM ¥ TIpeHAa3HAYEeHA
JUISL onpeneseHus BAUSHUS IIMPUHBI MPOBOIHUKA U
nonepeyHbiXx MaccuBoB YHT Ha mpouecchl 3J1eKTpo-
murpaiuu. O6o3HaYeHHbIe Ha puc. 4 GaTacTHbIE MPO-
BOJAHUKU 00ECIEeYUBAIOT PABHOMEPHOCTh CYMMAapHOTO
CEUYEHMSI IIJIs1 JOPOXKEK Pa3HOU IIMPUHBI.

YBenuueHve MUPpUHbI OKa3bIBaeT BIMSIHUE Ha 3HA-
YeHHUe CTpecc-TpaJueHTa HanpspkeHuil [14] momepek
MIPOBOJHNMKA, B pe3yJbTaTe Yero BaKaHCUM IUPPYH-
IUPYIOT K Kparo JUHUU OoJiee ObICTPHIMU TeMIIaMH,
yeM B y3KoM aHayiore. I1o BO3BMOXHOCTH XeJaTeJIbHO
HCIO0JIb30BaTh MUHUMAJIbHbIE IHUPUHBI TUHUN 1 MKM
1 MEHbIIE, ITOCKOJbKY B 00jiee IIMPOKUX MTPOBOAHU-
Kax 2 deKT npospiseTcs ciadbee. YKazaHHbIN B pa-
0oTe pazMep 2,2 MKM OOYCJOBJEH MTOCTYHOM TOMO-
Jjornyeckoii Hopmoit. COOTBETCTBEHHO, MMHUMAaJb-

Has IIHMPUHA TOMOJIOTMYECKMUX SJIEMEHTOB CJIOSI KaTa-
JIM3aTopa TakxKe cocTaBisieT 2,2 MKM. B manbHeliieM
C WCIOJB30BAaHUEM CPEICTB SJEKTPOHHON JIUTOTpa-
¢uu v nurorpadpum EUVL (Extreme Ultra Violet
Lithography) rmiaHupyercsi JoBeieHUE 3TON BEIUYM-
HBI 10 HECKOJIBKUX IEeCSITKOB HAHOMETPOB, YTO COIOC-
TaBUMO ¢ auameTrpamu YHT.

TecToBblE CTPYKTYpHI 4-10 THOA

TecroBas cTpykTypa 4-ro TUIIa (pUC. 5, CM. YeTBep-
TYI0O CTOPOHY OOJIOXXKM) MPEACTaBISIET COOOM Cepuio
npoBOAHUKOB pazmepamu 100X 25,5 MKM ¢ pa3InyHbIM
puUcyHKoM Kartanuzaropa. JdmuHa 100 MKM, Kak U B
TIpeAbIAYIIEM Cilydae, rapaHTUPYeT MposiBaeHre DM.

TectoBas cTpyKTypa NpeaHa3HayeHa ISl CpaBHe-
HUs BaustHUS MaccuBoB YHT pasHoil IJIOTHOCTU U
pacrmoyiokeH!sI Ha TIPOLECChl BJEKTPOMUTpALIMU B
KOMITIO3UTHBIX CTPYKTypax. MccienytoTcss MacCUBHI €
pPa3IMYHBIMU INUPUHON 1 UHTEpBAJIaMU IPYT OT Ipyra
B MMapasjieIbHOM, MEPIIEHIUKYJISIPHOM U CETYATOM MUC-
TOJTHEHUU.

Kak ¥ B nmpeaplayIyx CTpyKTypax, peryIupoBaHue
KoHleHTpauuu YHT ocylecTBiasieTcsl HeCKOIbKMMU
croco0aMu: BO-TIEPBBIX, PEryJMpPOBaHUEM MapameT-
pPOB CUHTEe3a IIJis BbIpalllMBaHUs pa3pekeHHbIX Mac-
cuBoB YHT; BO-BTOpBIX, UCIIOJIb30BAHUEM HapSIAYy CO
CILTOIIHBIM (parMEHTUPOBAHHOTO PUCYHKA KaTalu-
3aropa. ®parMeHTalMsT OCYIIECTBIISIETCST TUTOrpadu-
YECKMMU METOJaMM, Te MUHUMAJbHBIA pasMep KO-
HEYHOTo 3JIeMEeHTa OIpeAesisIeTCsl JOMYCTUMOM TOIO-
Jornyeckoir HopMmoit. IIpuMeHSIIoTCSI CTPYKTYpbl C
IIolanbio Kataausaropa 0, 6, 12,5, 25, 50, 75, 100 %.
OTO MO3BOJIIET MTPOBOANUTH KOJIUUYECTBEHHYIO OLICHKY U
cpaBHUBaTh KoHUeHTpauuu YHT B pa3HbIx oOpa3iax.

3akimouenue

B cTtathe Ha ocHOBe aHalIu3a CYLISCTBYIOLLIUX M-
TOAMK MCCJIEAOBAHUSI ONHOYPOBHEBOI MeTalIU3aliu
M C npencraBieHa TOMOJOTUSI U TEXHOJIOTUSI U3TOTOB-
JICHUSI TeCTOBBIX KPUCTAJJIOB, MpeAHa3HAYeHHBIX IS
HUCCJIeIOBAHUSI KOMMO3UTHBIX IMPOBOISIIMX JTOPOXKEK
Ha ocHoBe YHT u meramnoB. TexHomorus moay4eHus
KOMITI031Ta, BKJIIOUYamllasi B ce0sl HU3KOTeMIlepaTyp-
Hblii cuHTe3 YHT u aieKTpoxuMHUueckKoe ocaxaeHue
MeIu B MAaCCUBBI HAHOTPYOOK (B TOM YHCJIe UX OJHO-
BpPEMEHHOE OCaXJIeHHEe) COBMECTMMAa C TEXHOJIOTHEeM
CBUC. Pa3paboraHHBIC TECTOBBIE CTPYKTYPHI IT03BO-
JISIIOT ONpeAesiTh 3JeKTpoPu3nIeckKre U MexaHuJec-
KHMe CBOMCTBAa KOMIO3UTOB, a TaKXke BIUSIHUE MacCH-
BoB YHT pasznuuHoi KOHIEHTpalMM U PasIudHOro
pacriojiokeHUs1 Ha CTereHb IPOSIBIEHUS 3JEKTPO-
MUTpaLMU.
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Design and Fabrication Technology of Integrated Circuit with Test Structures Based
on Metal Matrix — Carbon Nanotubes Composite Conductors

The paper presents design and fabrication technology of the test crystals intended for development and research of Integrated
Circuit metallization based on Metal Matrix — Carbon Nanotubes (CNTs) composite conductors. The metal base is made of elec-
trochemically deposited copper, while CNTs play the role of a fillers. Composite conductors are made in the form of test structures
designed to study the addition of carbon nanotubes on the electrical properties of the base material, as well as experiments on elec-

tromigration. Presented technology is compatible with CMOS.
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Introduction

A lot of research works appeared concerning the use of the
composite materials on the basis of carbon nanotubes (CNT)
and metals. Addition of CNT reduces the weight of a material
[1], improves its mechanical characteristics (strength, Young
modulus, etc.) [2—8], thermal characteristics (coefficient of
thermal expansion is reduced, the thermal conductivity is in-
creased) [4, 5, 8], the corrosion resistance is improved [5, 7],
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the maximal current density grows [10, 11]. The authors point
out that insertion of CNT leads to an increase of resistance at
a room temperature [2—5, 10—12]. According to [11], at
higher temperatures the resistance of a composite can be low-
er because of a smaller temperature coefficient of resistance.
According to [1, 13] at a room temperature samples of Cu-
CNT composites have smaller resistance, than those of pure
copper. It is expected that a composite would have advantages
from the point of view of counteraction to electro-, thermo-,




and stresses-migrations [9, 10]. The material can also ensure

such advantageous as increased reliability and improved elec-

tric characteristics of the integrated circuits.

Since in real conditions of operation the degradation of
the current carrying paths of the integrated circuits (IC) takes
years, for research of the phenomenon the accelerated tests
are applied. The most widespread means are higher temper-
ature and current density [14]. The test procedures are char-
acterized by a big number of features, which often lead to a
spread of the results. Therefore, for authenticity of the data it
is necessary to carry out research on the standardized structures.
In general, the determination techniques for usual materials
(Cu, Al) have been developed in sufficient detail [15—17].
During determination of a concrete parameter separate sam-
ples of certain forms are frequently created, at that, a set of
such designs is great enough. In the work an analysis was done
of the techniques for testing of the systems of single-level met-
allization of IC, and on the basis of the accumulated experi-
ence the design of the test sample was developed, which made
it possible to determine the parameters of the composite
paths, to conduct their test for influence of various factors us-
ing a test crystal with a minimal set of elements.

During development of the test sample we pursued the fol-
lowing aims. First, it had to be done by the technology com-
patible with IC (Integrated Circuit) technology. This is nec-
essary, because, although the methods for development of
composites [1—13] (powder metallurgy, melting and solidifi-
cation, torsion welding, etc.) demonstrate advantages of the
composites, they do not suitable for the Semiconductor Man-
ufacturing. Therefore, in the work the emphasis is placed on
improvement of the low-temperature growing of CNTs of the
needful morphology, and also a simultaneous electrochemical
deposition (ECD) of copper with nanotubes, copper deposi-
tion in the preliminary grown CNT forests. Additionally the
following factors were envisaged: a preliminary functionali-
zation of the CNT surfaces, atomic layer deposition (ALD)
for formation of various intermediate layers. Secondly, the
samples contains several types of the test structures, which en-
sured carrying out of a wide spectrum of tests of the composite
metallization, namely:

e measurement of the electric resistance by the two- and
four-probe methods;

e determination of the influence of CNT arrays with various
density (—) of nanotubes and various drawings of the cat-
alyst (in the transverse, longitudinal or mesh versions,
with various areas of the catalyst) on the electromigration
drift velocity along a conductor, its electric resistance and
temperature coefficient of resistance;

e determination of the length of initiation of electromigra-
tion (Blech-length) for the specified composite structures
at different current densities;

e investigation of the hardness of a received composite (by
sclerometry or Knupp and Vickers test methods) and
comparison of the results with the pure copper structures.

Description of the test crystals

The test samples are the crystals made by planar technol-
ogy on a round semi-conductor wafer. As working, the silicon
wafers with electronic type of conductivity, doped by arsenic
(KEM-0.001), orientation (100) and with specific electric re-
sistance of p = 0,001 Q- cm are used. Such a low resistance
is necessary for supply of the electric potential from the back-
side (—) through a substrate to the test structures during the sub-
sequent electrochemical deposition of metals. Diameter of the
plates — 100 mm, and thickness — 400 um. The dimensions of

the module containing three different-purpose crystals are
25,5%8,5 mm. The dimensions of each crystal are § X8 mm,
or 8,5%8,5 including the cutting area. The crystals differ ex-
clusively by the drawings of the catalyst for CNT arrays.

All the test structures in the crystals are connected by
jumpers with the areas located directly on the silicon. By
means of them the voltage is applied from the backside of the
substrate during the electrochemical deposition of a metal.
After this operation the jumpers are cut off by Karl Zuss PM5
laser or by Vion (FEI) focused ion beam. If the Damask proc-
ess is used, there is no necessity in the jumpers. Below a de-
scription of the test structures is presented.

Test structures of the 1st type

Experiments for confirmation of the theories of mass-
transfer as a result of electromigration can be carried out by
various ways, but comparison of the processes, materials and
methods is done on straight conductors by the method of Kel-
vin. As a result, the statistical data are acquired and the cri-
teria of failures are determined. The most simple one is the
"dog bone" structure or NIST (National Institute of Standards
and Technology, USA) [15, 16]. A similar structure, but of a
different scale is described in [17]. Its slightly improved ver-
sion, which singles out two current and two potential contact
platforms, is presented in the standard of 1259M — 96 (2003)
ASTM International [18]. The test structures allow us to de-
termine the resistance of a conductor, but during studying of
the electromigration effect they envisage fixation of only the
integral characteristic of the whole of the path. It is practically
impossible to record on the structures the initial stages of the
degradation processes and distribution of the molten zones
(velocity and direction) — such problems have a local char-
acter. The structure [19] is more suitable. Additional potential
contact platforms are formed on it, which allow us to record
oscillograms from separate sections of a path of metallization
(length ~300 um) and to fix the local heterogeneities, which
appear during passage of the current pulses: for example, areas
of origin of the molten zones and contact fusion.

As a result, as a basis we accepted the basic structure in the
form of Ti/TiN conductor with the length of 800 um (fig. 1).
It agrees well with the standardized test structure of NIST
[15, 16] and the standard [17]. Instead of Ti/TiN combina-
tion more preferable is Ta/TaN, which ensures the best adhe-
sion of a copper composite. For research of the modern met-
allization systems it is acceptable to use structures of a smaller
length. The width of Ti/TiN conductor is w = 28,5 um at the
thickness 2 = 0,33 um. For the copper and composite structures
the length remains the same; the thickness can vary and de-
pends on the duration and other characteristics of electrodepo-
sition. The width of a copper conductor is w = 25,5 um, from
each side 1,5 micrometers less than the basic titanic interme-
diate layer. In addition, with the account of the data [19], in
the test structure, to the two current platforms (I1, 12) five po-
tential contact platforms are added (V1, ..., V5), dividing the
structure into four segments, 200 um each, and allowing to
record separately the signals from each of them.

The size of the contact platforms was selected from the
point of view of the contact convenience of the probes at the
station equipped with an optical microscope (Karl Zuss
PMS5), and with the account of the requirements of manual
or automatic wire bonding during installation of a crystal into
the package or on a (—) printed-circuit board (the size of a
contact platform is not less than 1,5...2 diameters of a wire).
In addition the standard Ne EIA/JEP128 (JEDEC Publica-
tion) was taken into consideration, according to which the
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size of the contact platforms is not less than 80 pm (on each
side) and the distance between the centers of the neighboring
ones is not less than 160 um. The form of the potential contact
platforms of V1, ..., V5 was chosen as the square one; with the
size of 125125 um. The current platforms I1, 12 are involved
in transfer of the electric current of high density and are sub-
jected to considerable thermal loads. Therefore, they are big-
ger (the heat-conducting path and the area of coupling with
the basis are better) and have a slant of 45° towards the test
structures. The width of the paths to V1, ..., V5 equals to 6 mi-
crometers compared with 25,5 um of the width of the basic
structure. This ensures a uniform density of the current along
all the length of the tested area and does not render an es-
sential influence on the heat sink.

Si3Ny is used as a mask during formation of the composite
structures on the titanic sublayer. Application of a mask of
special photoresists for carrying out of ECD of various thick-
nesses (for example, "ma-P 1200...1240") is admissible.

The structure in fig. 1 allows us to test the electrophysical
characteristics of the composite conductors and in addition to
investigate their degradation as a result of electromigration by
means of measurement of the resistance, which depends on
the structural and geometrical changes during the movement
of atoms. At that, the electromigration experiments can con-
sist in studying of the degradation processes during the long
influences of the "subcritical" current densities and in the ex-
periments connected with formation of the molten zones, in-
cluding at high thermal loads or the thermal shocks caused bg
rectangular current pulses of amplitude up to 8- 1010 A/m
and duration of 100...1000 pm [19].

Test structures of the 2nd type

As a basic, a test structure was considered presenting a
metal strip, placed atop of a more high-resistance conductor,
as a result of which the electric current passed completely
through the top structure, causing mass transport in the di-
rection of movement of the charge carriers. The method al-
lows a direct measurement of the speed of movement of the
ions of a metal under the action of an electronic wind, and it
was introduced [20] as an effective method for estimation of
the kinetic parameters of electromigration. Such experiments
demand that the bottom conductor participates only insignif-
icantly in the current transfer. This condition is met, for ex-
ample, by a sublayer from titanium. Fig. 2 presents the de-
pendence of the relation of the resistance of the copper layer
to the resistance of the titanium layer of 300 nm, depending
on the thickness of the copper layer.

If the thickness of copper varies from several hundreds of
nanometers up to several micrometers, the resistance of the Ti
sublayer is much higher. This allows us to believe, that all the
electric current will go through the composite, even if its re-
sistance is slightly higher, than the resistance of a pure copper.
In our samples Ti was applied — more high-resistant material
in comparison with Mo [10, 11]. In the test structure de-
scribed by the given group, the relation of the resistance of the
top conductor to the resistance of the Mo sublayer was only
17,5 % for the pure copper with thickness of Cu — 350 nm
and of Mo — 200 nm.

The test structure of the second type (fig. 3, see the 4-th
side of cover) is a number of conductors with the width of
25,5 pm and lengths of 2.5-5-10-25-50-75-100-125-150-
175 um situated in the base Ti/TiN conductor and intended
for determination of the influence of the longitudinal CNT
arrays on the electromigration, detection of the Blech-length
(length of initiation of electromigration) at the set tempera-
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tures and current densities. Using an example of a composite

copper/ CNT metallization the given structure is intended to

demonstrate the following:

e the longer are the strips, the more the cathodic sides are
exhausted during the electromigration;

e at a certain current density no exhaustion is observed be-
low a certain "critical length";

o for the sections of a certain length the electromigration
does not reveal itself, till the current density reaches a cer-
tain value.

According to literature, the Blech-length for the conduc-
tors from different materials and at different current densities?
varies from 10 up to 75 pum. With an increase of the length the
degree of the revealed electromigration increases. For this
reason the test structure presented by us contains a set of paths
from 2,5 up to 175 pm.

Test structures of the 3rd type

The test structure of the 3rd type (fig. 4, see the 4-th side
of cover) is a series of conductors with the length of 100 um
(the length guarantees appearance of the effect of electromi-
gration (EM) and the width of 2.2-3-6-12-24-48 um), and it
is intended for determination of the influence of the width of
a conductor and cross-section CNT arrays on the electromi-
gration. The ballast conductors (fig. 4) ensure uniformity of
the total section for the wires of different widths.

An increase of the width influences the stress-gradient of
the stresses [14] across the conductor. As a result, the vacan-
cies diffuse to the line edge more quickly, than in narrow an-
alogue. Whenever possible, it is desirable to use the minimal
width of the lines, 1 micrometer and less, because in the wider
conductors the effect is less pronounced. The specified size of
2,2 um is determined by the accessible technology node. Ac-
cordingly, the minimal width of the topological elements of the
catalyst layer is 2,2 um. Subsequently, with the use of electronic
lithography or EUVL lithography (Extreme Ultra Violet Li-
thography) it is planned to reach the size to several tens of na-
nometers, which is comparable with the CNT diameters.

Test structures of the 4th type

The test structure of the 4th type (fig. 5, see the 4-th
side of cover) is a series of conductors with the sizes of
100 % 25,5 um and various drawings of the catalyst. The length
of 100 um, just like in the previous case, guarantees a reveal
of EM. It is intended for comparison of the influence of the
CNT forests of different density and arrangement on the elec-
tromigration in the composite structures. Arrays with various
widths and intervals in parallel, perpendicular and mesh ver-
sions are investigated.

Just like in the previous structures, the control of the CNT
concentration is carried out in several ways. Firstly, this is
done by regulation of the synthesis parameters for cultivation
of the rarefied CNT arrays; secondly, by the use of a frag-
mented catalyst drawing alongside with a continuous one. The
fragmentation is carried out by the lithographic methods,
where the minimal size of the final element is determined by
an admissible technology node. The structures with the cat-
alyst area of 0, 6, 12,5, 25, 50, 75, 100 % are applied. This al-
lows us to undertake a quantitative estimation and compare
CNT concentrations in different samples.

Conclusion

On the basis of the analysis of the research techniques of
a single-level metallization the article presents the topology
and fabrication techniques of the test crystals for the com-




posite paths based on CNT and metals. The technology for
obtaining of the composite, including a low-temperature syn-
thesis of CNT and electrochemical deposition of copper in
the arrays of the nanotubes (including their simultaneous dep-
osition) is compatible with IC technology. The developed test
structures allow us to determine the electrophysical and me-
chanical properties of the composites, and also the influence
of the CNT forests of various concentrations and arrange-
ments on the degree of electromigration.
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TEXHOAOT'MN ®OPMUPOBAHUSA CIMMAABHbIX U HECITAABHbIX
OMUYECKUX KOHTAKTOB K TETEPOCTPYKTYPAM HA OCHOBE GaN.

Ob30P

ITlocmynuna ¢ pedarxyuio 16.05.2016

IIposederno onucanue paznuuHbiX Memoodos POPMUPOBAHUS OMUYECKUX KOHMAKMO8 K eemepocmpykmypam Ha ocHoge GaN.
Bovidenerno dee epynnvl Memooos: cnaasHas U HeCHAA8HAs MEXHOA0UU GOPMUPOBAHUS OMUHECKUX KOHMAKmMos. B cnaasnotl mex-
HOM02UU NONYAAPHBI KOMNO3UYUU, codepicawue kpemHutl. Hecnaagnyro mexnonoeuro cesa3vliearom ¢ SNUMAKCUaIbHuim 00pausu-
BAHUEM CUNbHOACUPOBAHHO20 HUMpUOa 2ainus. CnaasHas mexHoaoeus npocma @ peanu3ayuu, Ho 3aeUcum Oom HeCKOAbKUX na-
pamempos. I[lpu HecniaeHou mexHoaoeuu HeobXo0UMO UCNO0Ab308AHUE D0PO2OCMOAUWEC20 NPEYUSUOHHO20 000pY008AHUs, HECNAA8-
Hble oMuYecKue KOHMAaKmol MeHee mepmMoCcmadunbHbl, Hem CHAAGHble.

Karoueevie caosa: eemepocmpykmypa, CNAQGHOU U HEeCNAABHOU omu4ecKue KOHmMaxKkmebul, Humpua eainus, nonesou MmpaH3uc-

mop, ObicmpbLi mepMu4ecKuii omacue, SNUMaKcus
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HNutepec xk ipudbopam Ha HutTpuue raums (GalN)
CBSI3aH C €ro CBOMCTBaMU. ['eTepoCTpyKTyphl HA OCHO-
Be GaN SBJISIOTCS LIMPOKO30HHBIMU Y UMEIOT 60JIb-
LIYI0 KOHIIEHTPAIlMI0 OCHOBHBIX HOCHUTEJIe 3apsiia.
ITpumeneHne GaN-TpaH3UCTOPOB CYLIECTBEHHO YyY-
IIaeT ImapaMeTpbl YCUJIMTEIEH, MOLYJISTOPOB U APY-
T'UX KJIIOYEBBIX YCTPOWCTB COBPEMEHHBIX PAIMOJICKT-
poHHBIX cucteM [1]. TpaH3ucTOpbl Ha HUTPUIE Taj-
JIUSl, O CO3JJaHUU KOTOPBIX BIEPBbIE COOOLIMUIN B Ha-
yaje 1993 r. pazpaborunku komnaHuu APA Optics Bo
rnaBse ¢ M. XaHoM [2], cyllecTBEHHO pacLUMPUIN BO3-
MoxHOcTU npudopoB CBY nuamnazoHa.

YacToTHbIE XapaKTEpPUCTUKU ITOJEBbIX TpaH3UC-
TOPOB OIPENEISIOTCA HE TOJBKO CBONCTBAMM MC-
MOJIb3YEeMBbIX MTOJIYITPOBOIHUKOBBIX MaTepHUaIOB, HO U
KOHCTPYKIIMeH MpuOOpoB, B YACTHOCTH, lTapaMeTpamMmu
BBIMPSIMJISIIOLLETO U HEBBIMPSIMIISIIOIIETO KOHTAaKTOB
MeTaJJI—IOJyTpOBOAHUK. HeBbIpsaMIIsitoninii (oMu-
YeCKH1il) KOHTAaKT XapaKTepu3yeTcs JUHEHHOU BOJIBT-
aMmnepHoi xapakrtepuctukoilt (BAX) u nokeH UMeTh
HU3KOE KOHTAKTHOE COMPOTUBJIEHUE.

ITo Mepe pa3BUTHUS TEXHOJOIUId pOCTa HaHOpa3-
MEPHBIX T'eTepOCTPYKTYp Ha ocHoBe GaN, 1o3BoJisi-
IOIIMX YAYYLIUTh TapaMeTpbl MaTepuaya (ITOABMK-
HOCTb, KOHLIEHTpALlMsl OCHOBHBIX HOCUTEJIeH 3apsiaa),
1LILJIO Pa3BUTUE TEXHOJIOTUUECKUX aCIIeKTOB (DOpMUPO-
BaHUS IpuoOopoB, B yactHocTu CBY moneBoro TpaH-
3uctopa, Ha GaN. OgHUM K3 BaXXKHBIX 3TaroB HOpMu-
poBaHus CBY mosieBoro TpaH3ucTopa sSIBIsSIeTCsl co3aa-
HUE OMUYECKOTO KOHTAKTa, KOTOPbIA BIMSIET HA YacTo-
THBIE XapaKTepUCTUKU (FPaHUYHbIE YACTOThl YCUICHUS
10 TOKY Y MO MOIIHOCTM) M Ha TEXHOJOTUYHOCTD IOC-
JIeAYIOIIMX 3TANOB U3rOTOBJIEHUS TpaH3ucTopa. K omu-
YeCKMM KOHTaKTaM MpPEeabsIBISIOT psif TpeOOBaHUIA,
V2KECTOUAIOLIMXCS C KaXIbIM FOJ0M Pa3BUTUSI MOILIHOM
CBY cuioBoii 31€eKTPOHUKM HA HUTPUAAX.

B pabGorte paccMOTpeHbl OCHOBHbIE TEXHOJOTUYEC-
KHe TpueMbl QOPMUPOBAHUS OMUUYECKUX KOHTAKTOB
K GaN u nojyyaemble ¢ UX MCIOJIb30BaHUEM XapaK-
TEPUCTUKU KOHTAKTOB, MPUBEIEHBI JOCTOMHCTBA U
HEeIOCTaTKM CIUIaBHBIX M HeCIUIaB-

MOXHO BBIIEJIUTH OBa OCHOB-

M)_um)'mt;:m

KOHTaKTa K IIOJIyIIPOBOIHMKAM #-TUMa Ha ocHoBe GaN
Yallle BCero MCII0Ib3yI0T MHOTOKOMIIOHEHTHbIE KOHTaK-
TBI Ha ocHOBe Ti, oOpa3ylolue B IIpoliecce TepMooopa-
OOTKM coeIMHEHMs C HM3KOM paboToil BeIxoma [3, 4].
HaubGonvbliiee pacnpocTpaHeHUE TOIYYUIA CUCTEMBbI
Ti—Al—Ni—Au, Ti—Al—Ti—Au, Ti—Al—Mo—Au,
Ti—Al—Ta—Au. KayecTBeHHO UTOrOBO€ yAEIBHOE CO-
MPOTUBJIEHUE OMMUYECKOr0 KOHTaKTa OIpeaesseTcs
oTHolIeHueM cioeB Ti—Al, BhIlIeneXalnnue CJIOu OIl-
penelsiioT OoJblIeil YacThlo MOP(OIOrMI0 KOHTAKTa.
Hu3zkoe comnpoTuBieHME OMUYECKOTO KOHTAaKTa Me-
tann — GaN (mo 107...1077 Om - cm? MpU BBICOKUX
KOHIEHTPALUSIX HOCUTEJIEH B MOJIyIPOBOAHUKE) [5, 6]
OOBIYHO CBSI3BIBAIOT C 0Opa3oBaHMEM BaKaHCHUI a3oTa
3a cueT B3aumoneiicteusg GaN ¢ MaTepraioM KOHTaK-
ta, HanpuMmep Ti. Takme BakaHCHUM a30Ta OOpas3yloOT
HApYLIEHHBIN CJIIOW I10J KOHTAKTOM, UTPAIOLIUA POJb
CWJIbHO JIETUPOBAHHOTO CJIOS.

2. Ilogbop TepMmuyeckoil o6paboOTKU (TeMrepaTy-
PbI, BpeMEHU OTXMTa, a TakKxKe KpuBOil Harpesa). OT-
SKUT TIPOBOJSIT B UHEPTHOM Cpejie.

PaGoThl 11O CO3maHMIO CIUIAaBHBIX OMUYECKMX KOH-
TakTOB K rerepocTpyktypam AlGaN/GaN 3akiioua-
IOTCSI B OCHOBHOM B BBIOOpPE KOMIO3UIIAMN U 3KCIIEPU-
MEHTaJIbHOM MCCeA0BaHUM BIUSIHUSI Pa3HbIX HaboO-
POB KOMMO3ULMHU (110 TOJIIUHE CJIOEB), TMOO BIMSIHUS
OIHOI'0 CJIOS1 KOMIIO3UILIMM MOCJIe CTaHIApPTHBIX Tep-
MHUYECKUX 00pabOTOK Ha KOHEYHOE YAEIbHOE COIpPO-
TUBJICHUE KOHTaKTa U MOP(OJIOrui0 IMOBEPXHOCTU
(M3MepeHMe 11IEPOXOBATOCTH ).

B paGote [7] moka3aH BbIOOp ONTUMaJIbLHOU MeTa-
mmzauuu Ti—Al—Ti—Au a1 oMUYeCKOro KOHTaKTa
K n-GaN M 3aBUCUMOCTb MOP(OJIOrMM KOHTaKTa OT
TeMIIepaTypbl OTXMIAa 3KCHEPUMEHTAJIbHBIM ITyTEM.
BbL10 B3TO HECKOJBbKO HAOOPOB KOMMO3ULIMI, Kax-
Iblii HaOOp IoABEprajcs BHICOKOTEMIIEPATYPHOMY
OTKMTY IIPU pa3HBIX TeMIepaTypax, MOCJe Yero olie-
HUBaIU yIeJbHOE COIMPOTHUBICHUE U IIEPOXOBATOCTH
(puc. 1). OnTumanbHasi KOMMO3ULMSI OoOecrieurBaa
HaMMEHBIIIYIO 1IePOXOBATOCTh B OOJILILIOM MHTEpBaje
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Puc. 1. 3apucumoctb conporusieHus (a) 1 mepoxoBatocTu (b) uccienyeMbpIx KOMIO3ULMIA
OT TeMIePATYPbI OTKHIa

Fig. 1. Dependence of the resistance (a) and roughness (b) of the compositions on the temperature




Puc. 2. Mopdouorns omuyeckoro kourakra Ti—Al—Ni—Au ¢ pa3-
HO# TOJmHUHOH cioeB Ni—Au B KOMINO3MIUM: ¢ — TOJIIMHA Au B
5 pa3 6osbie Ni; b — TomumrHa Au comoctaBuMa ¢ Ni

Fig. 2. Morphology of Ti—Al—Ni—Au ohmic contact with different
thicknesses of the Ni—Au layers in a composition: a — the thickness of
Au is 5 times more than that of Ni; b — the thickness of Au is comparable
with that of Ni

TEMIIepaTyp OTKUTA ¢ HU3KUM YIETBbHBIM COIPOTUB-
JICHNEM KOHTaKTa.

HauGonbliiiee pacnpocTpaHeHre MOJyYria KOMITO-
suiust Ti—Al—Ni—Au. B pa6ote [8] mokazaHo Biusi-
Hue oTHolueHusi Ti—Al Ha conmpoTUBIIEHUE OMUYEC-
KOT0 KOHTaKTa K TeTepOCTPYKTYpaM C Pa3HOM MOJIb-
Hoit poneit Al B rerepornape AlGaN/GaN. ITokazaHo,
YTO M3MEHEHHME MOJBHOTO COCTaBa T€TEPOCTPYKTYPHI
TpeOyeT CBOETO MoAO0Opa KOMIO3UIUM IJisI (hDOPMUPO-
BaHMSI OMMYECKOIro KoHTakTa. B pabote [9] ormeueHo,
YyTO TOJIIMHA clioeB Ni—Au BiausieT Ha MOpdoIoruio
OMMYECKOT0 KOHTaKTa Iocje oTxura (puc. 2). Yeau-
YeHMe TOJNIIMHEI 30JI0Ta BEAET K POCTY IIIEPOXOBATOC-
TH KOMITO3ULIMU TTOCJIE OTXKMTA.

Tak kak MopdoJorusi KOHTaKTa BIUSET Ha TEXHO-
JIOTUYHOCTh MOCIEAYIOIINX OTTepalnii (GOpMHUPOBAHUS
noJjieBoro CBY tpaH3ucropa, To psii paboT MOoCBIIEH
VAYYLUIEHUIO TTOMUMO KOHTaKTHOI'O COIPOTHBIICHUS
MopdoJiornu 3Tux KOHTakToB. B padore [9] ObL10 yXe
MTOKAa3aHO BIUSHUE CJIOEB KOMITO3WIINH Ha IIEPOXOBa-
TOCTBb TTOBEPXHOCTH TIOCTIE OTKWTA, HO TIOMUMO COCTa-
Ba Ha IIEPOXOBATOCTb BIMSIOT PEXXMMBI TepMOOOpa-
OOTKM KOMITO3UILIUHU.

HMcnonb3oBaHue cTyrieHYaToro (multi-step) HarpeBa
HaHECEHHOW TpaAuLIMOHHON MeTaymu3aiuu Ti—Al—

Ni—Au Ha retepoctpykTypy AlGaN/GaN mpu dop-
MHUPOBAaHNM OMUYECKHUX KOHTAKTOB ITO3BOJISIET 3HAYM -
TeJTbHO YMEHBIINUTD IIEPOXOBATOCTH KOMITO3UIINH TTOC-
Je orxura [10, 11]. Ha puc. 3 nokazaHa mopgonorust
IIpY Pa3HBIX pexXuMax Harpesa.

[obaBiieHre TOHKOTO CJI051 KpeMHUS (2 HM) B KOM-
MHO3ULINI0 OMUUYecKOoro KoHtakra Ti—Al—Ni—Au [12]
B LEJISIX YBEJIMUEHUST KOHLEHTPALMU OCHOBHBIX HOCU -
TeJell B KOHTAKTHOW 00JaCTU METaLI—ITOJIyIPOBOI-
HUK MO3BOJIMJIO YMEHBIIUTh TEMIIEPATYPy OTXKUIa, YTO
cKasbIBaeTcsl Ha MOPMOJOrMu, U TMOJIYYUTh YAeJbHOEe
conpotusieHue Huxe 0,35 Om - MM (puc. 4).

BBeneHne KpeMHUS B CIUIABHYIO KOMIIO3UITUIO
OMHYECKOTO KOHTaKTa MTO3BOJIMIIO 3HAYMTETBHO YIIyd-
IIUTh XapaKTepUCTUKHN M Ka4eCTBO KOHTAKTOB K Te-
TepOCTpYKTYypaM Ha ocHoBe GaN, YyTO OTMEUYEHO B
psne MyOavMKaluii MO MCCIEIOBAHUIO TaKMX KOHCT-
PYKIIMI U OJYYUTh PEKOPIHO HU3KOE YIEIbHOE KOH-
TaKTHOE COIPOTUBJIEHHUE TSI CIITABHBIX KOHTAKTOB —
0,12 Om * MM [13—17].

IIpenBapurenbHast 00paboTKa MOBEPXHOCTH TIOJTY-
MPOBOJAHMKA Tepe] HAHECEHWEM MEeTa/UTM3allui KOM-
MO3UILIMKA OMUYECKOTO0 KOHTAaKTa MOJIOXKUTEIbHO CKa-
3bIBAETCSI HA COMPOTUBICHMM KOHTaKTa MeTaI—IIO-
JIYIIPOBOTHUK, B HEKOTOPHIX CIyJasx Iepen HaHece-
HUEM CIUIaBHOM KOMITO3WIINK YOAISIOT 3allUTHBIN
WIN GapbepHBIN cjion B TreTepocTpykrype [18—20].

B pa6ore [21] nmepen HaHeceHMEM TpagWUIIMOHHOMN
craBHoil MeTam3auuu Ti—Al—Ni—Au npoBoau-
JIN peakTuBHOe MOHHOe TpaBineHue (PUT) momympo-
BOITHMKA, 3TO TTO3BOJIMIIO TTOJIYUYNTh YASIHbHOE KOHTAK-
THOE€ CcoIlpoTuBjieHue 8,9 ° 1078 Om - cM. AHanornu-
HBI TIpUEeM MCIOJIb30BAJIM B paboTax Mo moadopy
crutaBHo#t Komno3unuu Ti—Al—Ta—Au [22]. Tepen
HaHeCeHWEM KOHTAaKTHON MeTa/TU3alvy MPOBOIUIN
obpabotky nosepxHoctu AlGaN B rutasme rasza BCl; B
tegeHne 10, 20 n 30 c.

ABTOpBI paboT [23, 24| npoBeau CpaBHEHUE JIEK-
TPUUYECKUX XapPaKTePUCTUK U MOPDOJOrUU MeTalIu-
3aumii Ha ocHoBe Ti—Al, HO ¢ pa3HbIMU GapbePHBIMU
cnosimu (Ni, Ti, Ta, Mo, Nb, Ir, Pt). Pe3yabTaThl 3TUX
HCCIIeIOBAaHUI NalOT MPeACTaBICHNE O POJIM KaxKIOTO

Puc. 3. Mopdosorist oMAY€CKOr0 KOHTAKTA OJHOTO COCTaBa Mocje TepmMoodpadoTkn: a — 7= 750 °C B TeueHue 45 c; b — T'= 830 °C B TeueHue
45 ¢; ¢ — multi-step-HarpeB
Fig. 3. Morphology of the ohmic contact of one composition after a heat treatment: a — T = 750 °C during 45 s; b — T = 830 °C during 45 s;
¢ — multi-step heating
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Puc. 4. 3aBUCHMOCTb CONPOTHBJICHHSI OMHYECKOTO KOHTAKTA OT TeM-
neparypsl orxkura st komno3umun Si—Ti—Al—Ni—Au

Fig. 4. Dependence of the resistance of an ohmic contact on the
temperature of annealing for Si— Ti—Al— Ni—Au

KOMITOHEHTa MpU POPMUPOBAHUU XOPOILIETO OMUYEC-
KOro KOHTaKTa K reTepocTpykrype Ha ocHoBe GaN.

ITomuMo mcciaemoBaHUs KOMITO3MIIMM Ha OCHOBE
Ti/Al nmpoBoaUaN HCCIeAOBAaHME KOMITO3UIIMIA Ha OC-
HoBe Hf/Al, V/Al, Mo/Al u np. [25—28]. B maHHBIX
BapuaHTaX MCIIOJb30BaHbl METAJIJIbI C MEHbIIIe pabo-
TOM BbIXOHa, 4YeM y Al, MaTepurasbl TYTOILUIABKUE U Peli-
KHe, B CBSI3M C YeM MOTIJIM BO3HMKATH MPOOIEMBbI TeX-
HUYECKOU peasin3aliui Takux coctaBoB. 1o yaenbHO-
MY CONPOTUBJECHUIO 3TU MaTepUasibl COMOCTABUMBI C
KoMno3uuusMu Ha ocHoBe Ti/Al, HO mokazanu Xyn-
LIIYI0 TePMOCTaOUIbHOCTbD.

JIOCTOMHCTBO CITJITAaBHBIX OMMYECKUX KOHTAKTOB —
IIPOCTOTA peaau3alliid M XOPOIas TEePMOCTAOWIIb-
HocTh. HemocTaTkamu SIBISIIOTCSI CJIOXHAasi pa3BUTast
MopdoJiorus mocse oTXura, 3aBUCUMOCTb COMTPOTUB-
JICHUSI OMMYECKUX KOHTAKTOB OT OOJIbLIOIO YKCIIa Ia-
paMeTpoB.

HecniaBHble oMHYECKHE KOHTAKTbI

MOXHO BBHIIEIUTb KaK OTHEIBHOE HaIpaBJICHHE
(opMupoBaHME KOHTaKTa METAI—IOJYIIPOBOIHUK
175 retepocTpykTyp AlIGaN/GaN 6e3 UCIob30BaHUS
BBICOKOTEMITEPaTyPHBIX TIPOILIECCOB — HECIJIaBHBIC
OMHUYeCKHe KOHTAaKTHl. Co3maHue HECIJIaBHBIX OMMU-
YECKUX KOHTAKTOB CBSI3BIBAIOT C U3BMEHEHMEM CBOMCTB
MOJYMPOBOIHMKA, KOHTAKTUPYIOLIEI0 ¢ HAHOCUMO
KOMITO3UIIMEN MeTaJTM3alliu, I U3MEHEeHUsT pabo-
THI BBIXOJlA M3 HETO: JISTMPOBAHME 3aIIUTHOTO (KOH-
TaKTHOTO) cJiosl (mpobyieMa MoA3aTBOPHOIrO yAaJaeHUs
GaN); uoHHoe JlerupoBaHue 00JIaCTeil Moa OMMYEC-
KM€ KOHTAKTbI; yIaJIEHUE ITOJIYIIPOBOIHUKA IO KOH-
TaKTOM [IO0 YPOBHS IBYMEPHOTO 3JIEKTPOHHOTO Tasa
(I9T') ¢ mocaeayoluM pocTOM CUJIbHOJETMPOBaHHO-
ro GaN (mopammanue n* GaN).

B pabGote [29] omuuyeckue KOHTaKTbl K TeTepo-
crpykrypam AlGaN/GaN ¢GopMUpPYIOT ¢ MCITOJIb30-
BaHMEM CHUJIbHOJIETMPOBAaHHOTO KOHTakTHOro GaNl.
OcylleCTBISIETCSI POCT TeTEPOCTPYKTYPHI C 3alLIUTHBIM
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CUJIbHOJIETMPOBAaHHBIM CJIOEM nt GaN, KOTOpBIN He-
00X0IMMO yIAJIUTh B MMOA3aTBOPHOI obnactu (puc. 5).
Hanocumast Metaummsaunst Ha n GaN o3BosisieT
cpasy MOJy4YUTh OMUYECKMI KOHTAaKT 0e3 TepMuyec-
KOTO OTKUTA.

O BO3MOXHOCTH MCIIOJIb30BaHUSI MOHHOW MUMILTaH-
TallMu B LIEJISIX JIerMpOBaHUs obyacTeil moa oMuyec-
KHW€ KOHTAKThl JJIsI MOJIydeHUs] HEeCTUIaBHBIX KOHTaK-
TOB K rerepoctpyktypam AlGaN/GaN usznoxeHo B
pa6ote [30], roe npoBeaeHO CpaBHEHUE TPAH3UCTOPOB
CO CIUIaBHBIMM M HECIUIAaBHBIMM OMMYECKMMU KOH-
takTamMu (cM. puc. 7). MoHHYIO MMIUIaHTALlUIO KpeM-
HUSI B OKHa IO OMMYECKHE KOHTaKTbhl MPOBOAWIM C
MHOCJIENYIOIIEeH aKTUBAaLMel Mepel HanbUICHUEM, 103a
uMmianTamuu — 1 - 1010 oM 2, VMILIaHTUPOBAHbI ITPU
sHeprusx noHoB 50 k3B npu KoMHaTHOI TeMmepaTy-
pe. AMmiaHTalMio OCYLIECTBISIM 4epe3 IMpeaBapu-
TeJIbHO c()OPMHUPOBAHHYIO MacKy. CxemMa MMILIaHTa-
LMY ITOKa3zaHa Ha puc. 6. Ilepen HambUleHHMEM OKHa
MOoJ, OMMYECKUE KOHTAKThI 3arjay0isiii peakKTUBHBIM
WOHHBIM TpaBiieHHeM B xjope (Cl), 3aTeM HaHOCUIU
koMno3uuuio Ti—Au—Ni.

Hcronp3oBaHre MOHHOW MMITJIAHTALIMU TIOJ OMU-
YeCcKre KOHTaKThl TPUBOAUT K 00pa30BaHMIO BHICOKOM
TUIOTHOCTU JAe(PeKTOB He3allUIeHHbBIX 00JacTell mpu
nMIutaHTauuu [31].
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Puc. 5. Cxema HeCIUIABHBIX OMAYECKHX KOHTAKTOB: @ — JI0 YAAJEHUS
nt GaN; b — nocne yaajaeHus nt GaN

Fig. 5. Scheme of the unalloyed ohmic contacts: a — before removal of
nt GaN; b — after removal of n* GaN

Puc. 6. Cxema reTepoCTpykTypbl ¢ MMIUIAHTAIMEH NOJ OMHYECKHE
KOHTAKTBI

Fig. 6. Scheme of the heterostructure with an implantation under the
ohmic contacts




Ha cerogusiunmii neHb Haubosee |
pacmpocTpaHeHHas TEXHOJIOTMSI HeCIIaB- |
HbIX OMUYECKUX KOHTAKTOB K [ETEPOCT- |
pyKTypam Ha ocHoBe GaN — TexXHOJOoTUSl |
SMUTAKCUATBHO JTOPALIMBAEMOTO CUIBHO- |
JerupoBaHHoro GaN B OKHax IOA OMHU- |
YecKHe KOHTAKTBI Yepe3 MpelBapUTeNbHO |
chopmupoBaHHylo Macky [32—35]. Cyrtp !
MeTola 3aKimiouaeTcsi B (DOPMUPOBAHUM |
TRJIEKTPUIECKON MacKM Ha TeTEPOCTPYK- |
Type, 3aTeM BBINOJHSIETCST QOPMUPOBAHUE
B JIM3NIEKTPUKE OKOH MO OMHUYecKue |
KOHTAKTBI, OCYIICCTBIACTCA SIMUTAKCU-
anbHBIA pocT n' GaN, ymaneHue auo- !
JIEKTPUIECKOM MAacKM M HambUIeHUWE Me-
TAUTM3aLnM KoHTakTa Ha n* GaN. B He- !
KOTOPBIX BapuaHTaX Iepel SIUTAKCHUATb- |
HbIM POCTOM IUIA3MOXMMUYECKH 4epe3 |
JIVDJIEKTPUYECKYI0O MAacKy BBITPaBIMBAIOT |
OKHO B IreTepoCTpyKType 10 ypoBHs DT |
CxeMarnuecku (popMuUpoBaHUE HECTLIAB- |
HBIX OMUYECKNX KOHTAKTOB C TOpaIliBa-
embiM n° GaN mokasaHo Ha puc. 8 [32].

Hcrnonp3oBaHue HeECIUIaBHBIX METO-
0B (hOPMUPOBAHUS OMUYECKUX KOHTAK-
TOB K IeTepoCTpyKTypaM Ha ocHoBe GaN
TpeOyeT TOMOJTHUTEIBHBIX UCCIIeI0BAHU I
JUISL OLIGHKU M3MEHEHUSI XapaKTepUCTUK a)
KOHTaKTOB OT BHELIHUX (aKTOpOB, Ta-
KHX KakK TeMIieparypa. B mpoiiecce maro-
ToBJIeHUs TTpubopoB Ha GaN u ux pabote
KOHTAKT METa/UI—ITOJyIIPOBOIHMUK TpeeT-
Cs M MOXET MEHSITb CBOM CBoOicTBa. Ilpu
CILUIaBHOW TEXHOJIOTUU (HOPMUPOBAHUS
OMHMYECKUX KOHTAaKTOB WX ITOABEPTaioT
BBICOKOTEMIIEPATypPHOI 00paboTKe, 1 OHU
WMEIOT OOJIBIIYI0O TePMOCTAOMIBHOCTD,
YeM HeCIUIaBHbIE KOHTAKThl, CKIOHHBIE K
TePMUYECKON AeTpagaliii, T03TOMY B Ka-
gecTBe MeTa/utu3aunu K #n° GaN HCrosb-
3YIOT CIUIaBHYIO0 KOMITIO3UIIMIO C BBICOKO-
TeMITepaTypHBIM OTKUTOM [36]. B Kauect-
B€ KOHTaKTHOM METaJUTM3allnN O0e3 TepMU-
YyecKoil 00pabOTKM B HECIUIABHBIX METO-
Jlax UCIIONIB3YIOT Komrmo3uuuu Ti/Au u
Cr/Au. [Insa npeaoTBpallleHUsI MUTpaLlin
Au npu HarpeBe yepe3 KOHTAKTHBIN Cloi
Ti(Cr) B rerepocTpykTypy BBOIAT cioii Pd, oGecne-
YMBAIOILIETO TEPMOCTAOMIIBHOCTh HECIIJIaBHBIX OMUYeC-
KUX KOHTaKTOB a0 TemmepaTyp 350...400 °C [37, 38].

JdocToMHCTBAaMU HECIJIABHBIX KOHTAKTOB SIBJISIIOT-
csI: XopoIlasi BOCIIPOU3BOANMOCTD (3aBUCUMOCTh CO-
MPOTUBJIEHUS B OCHOBHOM OT JierupoBaHHoro GaN);
xopoi1asi MopdoJorusi KOHTAaKTOB, KOTOpasi omnpene-
JIIETCSl TOJBKO IIEPOXOBATOCTbIO MOBEPXHOCTU MOJ
MeTaJUTM3aI1I0 U BHECEHHBIMU Ae(eKTaMH caMoil Me-
TaJUTM3allin; U HU3KOe COnpoTuBiIeHne. Hemocratok —
HEOOXOAMMOCTb B MCITOJIb30BAHWM BBICOKOTEXHOJIO-
TMYHOI'O JOPOTOCTOSIIEr0 000pyI0BaHusI.
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Puc. 7. ®@ororpaus 1 BAX TpaH3MCTOPOB: ¢ — CIUIaBHbIE OMUYECKHE KOHTAKThI
Ti—Al—Ni—Au; b — HecIuiaBHbIE OMUYECKHE KOHTAaKThl Ti—Au—Ni

Fig. 7. Photo and VAC of transistors: a — alloyed ohmic contacts of Ti—Al—Ni—Au;
b — unalloyed ohmic contact of Ti—Au— Ni

200 nm GaN

200 nm GaN

Puc. 8. CxemaTnueckoe u3oopaxenue GopMHPOBAHUS IMATAKCHAIBHO 10PAIMBAEMO-
ro CuibHOJernpoBanHoro GaN

Fig. 8. Schematic image of formation of the epitaxy additionally grown high-alloy GaN

3axkimouenue

IIpu bopMUpOBaHUM CIUIABHBIX OMUYECKUX KOH-
TaKTOB MPOBOAUTCS MOAOOP TOJIIMH CJIIOEB HAaHOCH-
MOH B BaKyyMe KOMMO3ULIMK C MOCJIEAYIOLIUM ObICT-
PbIM TEPMMUYECKUM OTKUIOM B WHEPTHOW cpele B
CTPOro mogoOpaHHOM pexxuMe. Takum oOGpazom, IJis
MOJIyYeHUs BOCIIPOU3BOIMMOIO pe3yJibTara Heo0Xo-
JIMMO BBIMOJHEHUE HECKOJIbKUX KpuTepueB. Hanbo-
Jiee pacIpoCTpaHEeHbl U UCCIIeI0BaHbI CILUIABHBIE OMU-
yecKre KOHTAaKTH Ha ocHoBe Ti/Al. Hammyummii pe-
3yJbTAT IO YAEJIbHOMY CONPOTUBIEHUIO OMUYECKOTO
koHTakta (0,12 OM*MM) TmOKasajla KOMITO3UIIUS
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Ti/Si/Al/Si/Mo/Au [13]. CyTh HecIIaBHBIX METOJIOB
¢dopMUPOBaHUSI OMMYECKHUX KOHTAaKTOB K TI€TepOCT-
pykTypaM Ha ocHoBe GaN — co3gaHue CUJIbHOJETH-
POBaHHOTO HUTPHUAA TaUIUSI B 00JIACTU OMHYECKOTO
koHTakTa. Haubonee pactpoCTPaHEHO SMUTAKCHATIL-
Hoe popamuBaHue n' GaN yepe3 mIpenBapUTEbHO
c(hOpMUPOBAHHYIO AUBIEKTPUYECKYIO MACKy C ILIa3-
MOXMMMWYECKUM 3aryiy0ojieHUeM B POCTOBBIX OKHaX A0
ypoBHs JABI. [Ing peanu3auuu HECIIAaBHbIX METOJIOB
HEOOXOAMMO WCIOJb30BAHUE Psa BBICOKOTEXHOJIO-
FMYECKUX YCTAHOBOK, YTO IO BPEMEHM pealu3aluu
JOJIbIIIE, YeM ISl CTUIABHBIX METOJIOB, HO ITO3BOJISIET
CHU3UTh 3aBUCUMOCTb XapaKTePUCTUK (hOPMUPYEMBIX
OMUYECKUX KOHTAKTOB OT MapaMeTpoOB ObICTPOro Tep-
MMYECKOTO OTXKHUTa W TOJIIWHBI CJIOEB METAJLITU3UPY-
IOLLEe KOMITO3ULIMU, 3TOT Mpollecc 0osiee CTAaOWIEH U
Bocnpou3BoauM. OTCYTCTBUE BBICOKOTEMITEpATypHOI
00pabOTKM HECIUIAaBHOM MeTaJ/UIM3ally pellaeT IIpo-
O01eMy pa3BUTON MOP(OJOrMM CILUIABHBIX KOMITO3U-
LM, HO BO3HUKaeT mpobjeMa TepMOCTaOUJIbHOCTU
npu Temneparypax Bbiie 400 °C. YaeabHoe COIpo-
tuBiaeHue BT c¢ BbIpallleHHBIM n" GaN pocruraer
s3HaueHuit 0,05 OM * MM 1 MeHble [33].

Paboma evinoanena npu purarcosoli noddepicke
Munobpuayxu P® (coenamenue o npedocmaeénenuu cy6-
cuduu No 14.607.21.0124, yuuxanvHuiii udenmugura-
mop npoexkma RFMEFI60715X0124).
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Technologies for Formation of the Alloyed and Unalloyed Ohmic Contacts
to the Heterostructures on the Basis of GaN. Review

A description of various methods for formation of the ohmic contacts to the heterostructures on the basis of GaN was presented.
Two groups of methods can be singled out: alloyed and unalloyed technologies for formation of the ohmic contacts. In case of the
alloyed technology it is necessary to select a composition and a temperature mode for a fast thermal annealing. The alloyed Ohm
contacts on the basis of Ti/Al became widespread. Introduction of Ti ensures formation of the nitric vacancies in the contact layer,
which plays the role of a high-alloy layer, and of titanium nitride (TiN), which has a smaller work function than Ti. Addition of
silicon (Si), as an alloying impurity for GaN, to the contact layer of the alloyed composition based on Ti/Al, allows us to lower the
annealing temperature and reduce the contact resistance. Before deposition of the ohmic contact composition, which more often is
Ti/Au or Cr/Au, the unalloyed technology for formation of the ohmics contacts requires formation of a high-alloy layer of gallium
nitride, which ensures an ohmics contact without a high-temperature fast annealing. High-alloy GaN can be formed in one growth
process with a heterostructure, or after the growth of the heterostructure due fo additional further growth of GaN, or implantation
of an alloying impurity (Si) in GaN through a preliminary formed mask. The alloyed technology is simple in realization, but it de-
pends on several parameters of their formation process. The unalloyed technology demands expensive high-precision equipment. Un-
alloyed ohmics contacts are less thermally stable, than the alloyed ones, but have a smooth relief due to absence of high-temperature
annealing in the contact composition, which is more technologically convenient for the subsequent operations of formation of the de-
vices based on GaN.

Keywords: heterostructure, alloyed and unalloyed ohmics contacts, gallium nitride, field transistor, fast thermal annealing, epitaxy

The interest shown to the devices on gallium nitride
(GaN) is due to its properties. The heterostructures on the ba-
sis of GaN are wide-band ones and also have a big concen-
tration of the basic charge carriers. Application of GaN-tran-
sistors improves the parameters of the amplifiers, modulators
and other key devices of the radio-electronic systems [1]. First
announced in the beginning of 1993 by the developers from

APA Optics Co led by M. Han [2], they expanded consider-
ably the potential of the microwave devices.

The frequency characteristics of the field transistors are
determined not only by the properties of the applied semi-
conductor materials, but also by the design of the devices, in
particular, by the parameters of the rectifying and nonrecti-
fying metal-semiconductor contacts. A nonrectifying (ohmic)
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contact is characterized by a linear volt-ampere characteristic
(VAC) and it should have a contact resistance.

Alongside with the development of the technologies for
growing of the nanosized GaN-based heterostructures allow-
ing us to improve the material’s parameters (mobility, con-
centration of the main charge carriers) there is a progress in
the technological aspects of formation of the devices, micro-
wave field transistor on GaN, in particular. One of the im-
portant stages of its formation is creation of an Ohm contact,
which influences the frequency characteristics (the boundary
frequencies of strengthening by current and by power) and the
adaptability to manufacture of the fabrication stages of the
transistor. There are several requirements to the ohmics con-
tacts, which become tougher and tougher with the development
of powerful microwave power electronics based on nitrides.

The work presents the basic processing methods for for-
mation of the ohmics contacts to GaN and the characteristics
of the contacts received with their use, it also presents the
advantages and disadvantages of the alloyed and unalloyed
ohmic contacts.

Alloyed ohmic contacts

A metal-semiconductor contact with a high-temperature
fast thermal annealing is called an alloyed ohmic contact and
it found application in the works concerning the field micro-
wave transistors on AIGaN/GaN heterostructures.

It is possible to single out two basic stages of formation of
the alloyed contacts to AlGaN/GaN heterostructure.

1. Selection of a metallization system. For creation of an
ohmic contact to the semiconductors of n-type based on GaN
the multicomponent contacts on the basis of Ti are used, which
during a heat treatment form compounds with a low work func-
tion [3, 4]. The most widespread ones are Ti—Al—Ni—Au,
Ti—Al—Ti—Au, Ti—Al—Mo—Au and Ti—Al—Ta—Au.
The quality of the total specific resistance of an Ohm contact
is determined by the correlation of the Ti—Al layers, the
overlying layers determine mostly the contact morphology.
The low resistance of the metal — GaN ohmic contact (up
t01076...1077 Q- cm? at high concentration of the carriers in
a semiconductor) [5, 6] is usually explained by formation of
nitrogen vacancies due to interaction of GaN with a contact
material. Nitrogen vacancies form the affected layer under the
contact, playing the role of a highly alloyed layer.

2. Selection of a thermal processing (temperature, time of
annealing and a heating curve). An annealing is done in the
inert environment.

Creation of the alloyed ohmic contacts to AlGaN/GaN
heterostructures consists in selection of a composition and re-
search of the influence of different compositions (by thickness
of layers), or influence of one layer after the standard thermal
processings on the final specific resistance of the contact and
the surface morphology (measurement of roughness).

In [7] the choice of optimal Ti—Al—Ti—Au metallization
for an ohmic contact to #-GaN and the dependence of the
contact morphology on the temperature of annealing are
shown. Several compositions were selected and each set was
subjected to annealing at different temperatures, after that the
specific resistance and roughness were estimated (fig. 1). The
optimal composition ensured the lowest roughness in a wide
range of temperatures of annealing with a low specific resist-
ance of contact.

The most widespread is Ti—Al—Ni—Au composition.
The influence of the Ti—Al relation on the resistance of an
ohmic contact to the heterostructures with a different mole
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share of Al in AlGaN/GaN heteropair is demonstrated in [8].
A change in the mole composition of the heterostructure de-
mands selection of a composition for formation of an ohmic
contact. In [9] it is pointed out, that the thickness of Ni—Au
layers influences the morphology of this contact after anneal-
ing (fig. 2). An increase of the thickness of gold leads to a
growth of roughness of a composition after annealing.

Since the contact morphology influences the adaptability to
manufacture of the subsequent operations of formation of a
field microwave transistor, certain works are devoted, besides
the contact resistance, to improvement of the morphology of
these contacts. In [9] the influence of the composition’s layers
on the roughness of the surface after annealing is demonstrated,
but, besides the composition, the roughness is influenced by the
modes of the thermal processing of the composition.

The use of the multi-step heating of the deposited tradi-
tional Ti—Al—Ni—Au metallization on the AlGaN/GaN
heterostructure during formation of the ohmics contacts al-
lows us to reduce considerably the roughness of a composition
after annealing [10, 11]. The morphology in case of different
modes of heating (fig. 3).

Addition of a thin layer of silicon (2 nm) into the com-
position of Ti—Al—Ni—Au ohmic contact [12] for increasing
of the concentration of the basic carriers in the metal-semi-
conductor area allowed us to lower the temperature of an-
nealing, which affected the morphology, and to get a specific
resistance below 0,35 Q- mm (fig. 4).

Introduction of silicon into an alloyed composition of the
ohmic contact allowed us to improve considerably the char-
acteristics and the quality of the contacts to the heterostruc-
tures on the basis of GaN, which was noted in a number of
publications on the research of such designs, and to receive a
record-breaking low specific contact resistance for the alloyed
contacts — 0,12 Q-mm [13—17].

A preliminary processing of the surface of a semiconduc-
tor before deposition of metallization of a composition of an
ohmic contact positively affects the resistance of the metal-
semiconductor contact, in some cases before the deposition of
an alloyed composition is done, the protective or barrier lay-
ers in the heterostructure are deleted [18—20].

In [21] before the deposition of Ti—Al—Ni—Au alloyed
metallization a jet ionic etching (JIE) of the semiconductor was
done, which allowed us to receive the specific contact resistance
of 8,9 - 1078 O+ cm. A similar method was used during selection
of the alloyed composition of Ti—Al—Ta—Au [22]. Before the
deposition of a contact metallization the surface of AlGaN was
processed in BCl; plasma during 10, 20 and 30 s.

The authors [23, 24] compared the electric characteristics
and the morphology of Ti—Al metallizations but with different
barrier layers (Ni, Ti, Ta, Mo, Nb, Ir, Pt). The results of the
research give an idea about the role of each component during
formation of a good ohmic contact to the GaN heterostructure.

Besides the research of the Ti/Al composition, a research
was carried out of the compositions on the basis of Hf/Al, V/Al,
Mo/Al, etc. [25—28]. In the given versions the metals with
smaller work function, than Al, were used. The materials were
refractory and rare and this could cause the problems of tech-
nical realization of such compositions. By the specific resist-
ance these materials were comparable with the compositions on
the basis of Ti/Al, but demonstrated worse thermo — stability.

The advantages of the ohmic contacts are simplicity of re-
alization and good thermostability. Their drawbacks are diffi-
cult morphology after annealing, and dependence of the resist-
ance of the ohmics contacts on a big number of parameters.




Unalloyed ohmic contacts

It is possible to single out the formation of the metal-sem-
iconductor contact for AlIGaN/GaN heterostructures without
the use of high-temperature processes — unalloyed ohmics
contacts. Creation of such ohmics contacts is explained by the
change of the properties of the semiconductor, contacting
with the deposited composition of metallization, for changing
of its work function: alloying of the protective (contact) layer
(the problem of subgate removal of GaN); ion alloying of the
areas for the ohmics contacts; removal of the semiconductor
under the contact up to the level of the two-dimensional elec-
tron gas (TDEG) with the subsequent growth of high-alloy
GaN (additional growth of nt GaN).

In [29] the ohmic contacts to AIGaN/GaN heterostructures
are formed with the use of high-alloy GaN contact. A heter-
ostructure is grown with a protective high-alloy nt GaN layer,
which should be removed in the subgate area (fig. 5). Metal-
lization on n* GaN allows us to get an Ohm contact without
a thermal annealing.

Feasibility of the use of the ion implantation for alloying
of the areas for the ohmic contacts for obtaining of the un-
alloyed contacts to AlGaN/GaN heterostructures is described
in [30], where a comparison is made of the transistors with the
alloyed and unalloyed ohmic contacts (fig. 7). The ion im-
plantation of silicon to the windows under the ohmics con-
tacts was done with the subsequent activation before the dep-
osition, the dose of implantation was 1 * 1016 cmfz, the im-
plantation was done at the ion energies of 50 keV at a room
temperature. The implantation was done through a formed
mask. The scheme of the implantation is presented in fig. 6.
Before the deposition the windows for the ohmics contacts
were deepened by the jet ion etching in Cl, and then the Ti—
Au—Ni composition was deposited.

The use of the ion implantation under the ohmic contacts
leads to formation of high density defects in the unprotected
areas [31].

The most widespread technology of the unalloyed ohmic
contacts to the heterostructures on the basis of GaN is the
technology of the epitaxially additionally grown high-alloy
GaN in the windows under the ohmic contacts through a pre-
liminary generated mask [32—35]. Its essence is in the for-
mation of a dielectric mask on a heterostructure, then the
windows are formed in the dielectric under the ohmic con-
tacts, the epitaxial growth of n™ GaN is carried out, the di-
electric mask is removed and the deposition of the contact
metallization on n™ GaN is done. In some variants before the
epitaxial growth, a window is plasma-chemically etched
through a dielectric mask in the heterostructure up to the level
of TDEG. Formation of the unalloyed ohmics contacts with
the additionally grown n* GaN is presented in fig. 8 [32].

The use of the unalloyed formation of the ohmic contacts
to the heterostructures on the basis of GaN demands a re-
search for estimation of the change of the characteristics of
the contacts due to the external factors, such as temperature.
During manufacture of the GaN-based devices and their op-
eration the metal-semiconductor contact is heated and can
change its properties. In case of the alloyed technology the
ohmic contacts are subjected to a high-temperature process-
ing, and they are more thermally stable, than the unalloyed
contacts, inclined to a thermal degradation, therefore, as a
metallization to n* GaN an alloyed composition with high-
temperature annealing is used [36]. As a contact metallization
without thermal processing in the unalloyed methods the

Ti/Au and Cr/Au compositions are used. For prevention of
migration of Au during heating through the Ti(Cr) contact
layer a Pd layer is introduced into a heterostructureenter,
which ensures thermostability of the unalloyed ohmic con-
tacts up to 350...400 °C [37, 38].

The advantages of the unalloyed contacts are good repro-
ducibility (dependence of the resistance basically on the alloyed
GaN); good morphology of the contacts, which is determined
only by the surface roughness under metallization and the de-
fects introduced by the metallization itself, and low resistance.
Their drawback is the need for hi-tech expensive equipment.

Conclusion

During formation of the alloyed ohmic contacts the
thickness of the layers is selected for the composition depos-
ited in vacuum with a fast thermal annealing in the inert envi-
ronment in the selected mode. Thus, for obtaining of a repro-
ducible result several criteria should be met. The alloyed ohmic
contacts on the basis of Ti/Al are the most widespread. By the
specific resistance of the ohmic contact (0,12 Q- mm) the
Ti/Si/Al/Si/Mo/Au composition [13] demonstrated the best
result. The essence of the unalloyed methods for formation of
the ohmic contacts to the heterostructures on the basis of GaN
is creation of a high-alloy gallium nitride in the area of the
ohmic contact. The most widespread method is epitaxial addi-
tional growing of n* GaN through the formed dielectric mask
with a plasma-chemical deepening in the growth windows up to
the level of TDEG. For realization of the unalloyed methods it
is necessary to use high-technology installations, which are
more expensive, than for the alloyed methods, but allow to low-
er the dependence of the characteristics of the formed ohmic
contacts on the parameters of the fast thermal annealing and
thickness of layers of the metalizing composition. This process
is more stable and reproducible. Absence of a high-temperature
processing for the unalloyed metallization solves the problem of
the developed morphology of the alloyed compositions, but the
problem of thermostability arises at temperatures above 400 °C.
The specific resistance of TDEG with the grown nt GaN
reaches the level of 0,05 Q- mm and less [33].

The work was done with the financial support of the Ministry
of Education and Science (grant agreement No 14.607.21.0124,
the unique project identifier — RFMEFI60715X0124).
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BBenenne

Hmnama3oH yactot 57...64 I'Tn (V-mnama3oH) ak-
TUBHO OCBaMBaeTCsl pa3paboOTYMKaMUu U MPOU3BOAM-
TEJIMU PaauolIeKTPOHHBIX cucteM. C onHOI CcTO-
POHBI, LIUPUHA AOCTYMHON TMOJOCHI AejdaeT AaHHbII
IMarna3oH TPUBJIEKATeIbHBIM IS BBICOKOCKOPOCT-
HOI CBEPXILIUPOKOIIOJOCHOM Iepelauyu JaHHbIX B ce-
X 5G, CKOPOCTh Ilepeaauyur JaHHBIX B KOTOPBIX CO-
crapnsieT 10 5 I'out/c. C apyroii CTOpOHbBI, CUJILHOE OC-
J1abyieHre 3J1eKTPOMAarHMTHEIX BOJIH HA aTMOC(epHOM
kucinopoze (nopsiaka 10 nb/km) yctpaHsieT mpoobiaeMy
WHTepGEPEHIINA MEXIY Pa3TNYHBIMU NCTOYHUKAMU
CUTHaJIa, MPUHALIEeXAIIUMHU Pa3HbIM CETSIM, MPU Op-
raHu3aluuu TMepcoHalbHbIX ceTeil [1]. PasBurue Tex-
Honoruii 5G B HACTOSILIMIT MOMEHT MEPEeXOAUT OT CTa-
UM MCCIEeNOBAaHUN K CTaAWM CTaHAApPTU3allUU; Ie-
pexon K KomMepLuanu3auum oxumaercsa B 2020 r.
[ToMUMO JTOKAJIBHBIX M TIEPCOHATBHBIX CBEPXIIUPOKO-
MOJIOCHBIX CeTeil OecHpOBOAHON Mepeaayu JaHHBIX,
YCTPOMCTBA TAaHHOTO JMana3oHa MOTYyT HAaWTH MpuMe-
HEHUE B paauallMOHHO-CTOMKON anmnaparype JUisl CUC-
TE€M MEXCITyTHUKOBOM CBSI3U, 3AIMIIEHHBIX OT BJIMSI-
HUS TIOMEX CO CTOPOHBI 3eMun [2].

Pa3paborka u m3rorosienne MUC I'VH
V-auana3zona

B UCBYII® PAH Beaytcst pabOTHI 110 OCBOEHUIO
TEXHOJIOTMU MPOEKTUPOBAHUST U MPOU3BOACTBA MOHO-

JIMTHBIX UHTerpajibHbIX cxeM (MU C) Ha ocHOBe rete-
POCTPYKTYp HUTpHUAA Ta/UIUsl IJIs TpUeMollepeaaro-
mux cucreM V-mmanazoHa [3—8]. B manHoi1 paGote
MpeACTABICHbI Pe3yabTaThl MCCIEAOBAaHMS OOpa3lIioB
MUC TYH, pa3paboTaHHBIX M H3TOTOBJICHHBIX B
M CBYIIS PAH. MUC I'VH 0butu peaan3oBaHbl Ha Te-
tepocTpykTypax AlGaN/GaN Ha nomioxkax carndupa
tomumHou 350 MM mpon3BoacTBa 3A0 "Dima-Maa-
xuT". M3rotoBieHHble Ha NAHHBIX TETEPOCTPYKTypax
TECTOBBIC TPAH3UCTOPBI C IIIMPHHOI 3aTBOpa 2 X 50 MKM
U IauHoM 3aTBopa 140 HM MMEIOT M3MEpeHHBIE 3Ha-
4yeHus napameTpoB Fu F . 6e3 neemOeqaMHra KOH-
TakTHBIX TIomanok 57 u 130 I'Ti cooTBETCTBEHHO.
3a py0e:xoM MUKPOCXeMbl HA OCHOBE I'eTepOCTPYK-
Typ AlGaN/GaN, kak MnpaBuJio, U3rOTaBIMBAIOT MO
MUKPONOJOCKOBOM TEXHOJIOTMM, II0Apa3yMeBaloIIe
TpaBJIEeHUE 3a3eMIISIIOLLIUX OTBEPCTUI CKBO3b MOMIOX-
Ky, OOHAaKO 3TO CBSI3aHO C CEPbEe3HBIMU TEXHOJIOTH-
YECKMMU TPYIHOCTAMU. YaCTUYHO pellleHUe JaHHOM
po0JIeMbl MOXKET OBITh OOJIErYeHO IIPU Mepexole K
reTepoCTPYyKTypaM Ha KPEeMHMEBBIX MOMIOXKAX, HO B
HacTosIIIIee BpeMsI TaKne TeTepOCTPYKTYphl HAM HEI0-
crynHbl. [Toatomy B MCBYIID PAH 6buto HaitneHO
TEXHOJIOTUUECKOe pellleHue, 3aKiryJaplleecs B CO-
3IAHUU 3a3EMIISTIONIEN TJIOCKOCTU HAJl JIMIEBOU MO-
BEPXHOCTBIO TUTACTUHBI C YK€ M3TOTOBJICHHBIMU aK-
TUBHBIMU U naccuBHbIMU CBY sneMeHTaMu ImoBepx
CJI0S1 MOJIMMEPHOTO AUBJIEKTpUKa — (oTosiaka pa3pa-
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Al:Ossubstrate

Mopnoxka Al:Os

Puc. 1. CxemaTnueckoe uzoopaxenue cedennss MUC ¢ 3azemasiio-
e MIOCKOCTbIO HAM JIMIEBON MOBEPXHOCTHIO MJIACTHHBI

Fig. 1. Schematic image of MIC section with a grounding plane over the
front-face surface of the plate

060TKU MHCTUTYTa BBICOKOMOJEKYJISPHBIX COEAUHEHUI
(MBC PAH). 3azemieHue cOOTBETCTBYIOIIMX DJIEMEH-
TOB OCYLLIECTBIISIETCS Yepe3 OTBEPCTUS B cjoe poToJa-
Ka (puc. 1), omTHOBpPEMEHHO BBHIMIOJIHSIIOLIETO POIb 3a-
IIIMTHON MacCcUBallvM.

st peanuzauuu I'YH V-auamna3zona Ob11a BeiOpa-
Ha cxeMa, IpuBeAeHHasl Ha puc. 2.

MukpornojockoBble JUHUU Ts U Tg, MOAKIIOUEH-
Hble K MCTOKY M 3aTBOpPY TpaH3MCTOpa, BMECTE C Ba-
pakTopoM 00pa3yloT pe30oHaHCHBII KOHTYp. Ha cToke
o0pasyeTcsl oTpuuaTesbHOe AUPdepeHIaTbHOE BbI-
XOIHOE compoTHuBIIeHMe. YacToTra reHepamum orpe-
JeJisieTcsl B OCHOBHOM JIJIMHOM quHuii 75 u Tg u eM-
KocTtsiMu TpaHauctopa [10]. YmpasneHue uyacToToi
reHepaluy OCYIIECTBIISIETCS] BapaKTOPOM, B KauyeCTBe
KOTOPOTO MCMOJIb30BaH TPAH3UCTOP B AMOIHOM BKIIIO-
YEeHUH — YIPaBJISIolIee HapskKeHe MEHSIeT eMKOCTh
3aTBop-cTOoK. Ha Bhixon I'YH nobasieH omHoKackaj-
HBIN Oy(epHBIN YCUINTENb I YCTPAaHEHUST BIUSHUS
BapMallMu 1MW Harpy3kd reHepaTtopa Ha 4acToTy U
ypoBeHb popmupyemoro B 'YH curnana. Homunan
pas3neauTeIbHbIX KOHACHCATOPOB B LIEMSIX MUTAHUS U

L CU)

=

Puc. 2. IIpunnunuansuas cxema MUC I'VH
Fig. 2. Schematic circuit of MIC VCO

646 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 10, 2016

|
Vetrl lliL

CMellleHUsI BBIOpaH JOCTAaTOYHO OOJIBIIMM, YTOOBI HE
OKa3bIBaTh BIWSHUS Ha PEe30HAHCHYIO 4yacToTy. Ilpm
pacueTax cxeMbl Oblla MCHOJIb30BaHA HeJIWHEeWHas
MOJEJIb TPAaH3UCTOPOB C IIMpUHON 3aTBopa 100 MKM,
MOCTPOEHHAas Ha OCHOBE Pe3yJIbTaTOB U3MEPEHU Tec-
TOBBIX TPAH3UCTOPOB.

ITo pa3paboTaHHBIM TPUHLMUIIMATIBHBIM CXeMaM
ObU1 co3naH Tornojorudyeckuii npoekt I'VH u npose-
JIeH 2JIEKTPOMarHUTHBIM pacueT MeTOA0M MOMEHTOB
C MCMOJIb30BAaHUEM TeX K€ Mojejieid TpaH3UCTOPOB.
HJaHHBIM B3Tall TMPOEKTUPOBAHUS TO3BOJMI Yy4ecTb
BJIMSTHUE TIapa3UTHBIX CBSI3EU MEXAY JIMHUSIMU Tepe-
Jayd U MpoYrX ocobeHHOCTel Tonojioruu. 1o pe3yib-
TaTaM MOJEIUPOBAHUS MTPU HEOOXOIUMOCTU MPOBOISIT
KOPPEKLMIO TOMOJOTMYECKOro MPOeKTa U MOBTOPHBIN
9JIEKTPOMATrHUTHBIA pacyeT 10 JOCTUXKEHUS YIOBJET-
BOPUTEJILHOIO pe3yibTata. Ha ocHOBe MOIy4eHHOTo
TOIOJIOTMYECKOTO MPOEKTa pa3paboTaH KOMILIEKT pa-
06ouux (oToiabioHoB mis usroropaeHuss MUC.

Paspadorannsie MUUC I'VH OblIM M3rOTOBJIEHBI
Ha TexHojornyeckom obopynoanuu MCBUYIID PAH.
®otorpadpuu kpuctamios MUC I'VH no u nocne Ha-
HeceHHUs cioeB (hoToNaKa U BepXHEl MeTallIUu3aluu
npeacTaBiaeHbl Ha puc. 3. Pasmep kpucranna cocras-
et 1,5%1,24 Mm.

Hccaenosanusa xapakrepuctuk MUC T'YH

Mamepenus napamerpoB MUC I'VH npoBoauiu
B MCBYII® PAH c momoiibio 30HIOBON CTaHLIMU
KaK Ha Hepa3pe3aHHOM IJIacTUHE, TaK M Ha OTHETb-
HBIX KPUCTAJJIaX TTOCIe Pe3KM TUTACTUHEL. B KadecTBe
U3MEPUTEIIBHOTO 00OpYNOBaHUs OBUI MCIIOJIB30BAH
aHanu3zatop uenei Keysight N5247A ¢ onuueii aHa-
nm3atopa criekTpa N5247A-090. Ha puc. 4 nokazaHa
3aBUCUMOCTh YaCTOThI TeHepaluu (Fgen) Tpex obpas-
noB MUC T'YH or ynpapisioliero HampsoKeHUs
(V4 Ha pa3pe3aHHbIX KpUCTAJIAX 6€3 TEMJI00TBOIA.

Va2




Puc. 3. ®ororpadpun MUC I'YH 10 (a) u nociie (b) nanecenus cyios
¢oTonaka u BepxHeil MeTALTH3AMAN

Fig. 3. Photos of MIC VCO before (a) and after (b) deposition of the
layer of photovarnish and top metallization
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Puc. 4. 3aBHCMMOCTb YaCTOTHI FeHEPALMHI OT YNPABJISIOMIEr0 HANPS-
Kenus Tpex oopasuos MUC I'YH

Fig. 4. Dependence of the oscillation frequency on the control voltage of
three MIC VCO samples

ITpu yrpaBasiomx HaNpsKeHUsIX ot 2 1o 6 B xapak-
TePUCTHUKA TIePECTPOMKU OaM3Ka K JMHelHoi. Kpy-
TU3HAa NEPECTPOUKHU B IMHEHHOM 00J1aCTU COCTABISET
~900 MTI'u/B.

BbixonHas MoiHocTh (Pouf) uccienoBaHHbBIX 00-
pasuoB MUC I'VH npu HoMuUHaJIbHOM paboyeM Ha-
npsekenun 10 B Bapeupyercs B npeaenax 25...50 MBt
(puc. 5). Tok notpebaeHus: cocTaBisieT He 6oJiee 70 MA.

Ha puc. 6 mokasaHa TUIToBast 3aBUCHUMOCTh 4acTO-
Thl TEHEePALUW OT HAIpsSIKEHUs TTUTaHUS TIPU TTOCTO-
SIHHOM HAIIpSIKEHUU YIIPaBJICHUST U CMEILIeHUS Ha 3a-
TBOpax. YyBCTBUTEJIBLHOCTh YacTOThl TeHepauuu ['YH
(Fgen) K M3MEHEHUIO HalpskeHus: nuranus (V) co-
craBiset ~260 MI'/B npu paGoyeM Hanpsi>KeHUU T -
tanusg 10 B.

JloTOHUTENLHO OBLIO BBIIOJIHEHO KCCIEIOBaHUE
3aBucumMmoctu xapakrepuctuk MUC I'VH ot remnepa-

TYpbl OKpyXarolleli cpeasl. M3amMepeHUs TPOBOIUIA
30HIOBBIM CIIOCOOOM Ha OTAEJbHBIX KpHCTaiax 0e3
TEIJIOOTBOJA Ha 30HIOBON CTAHIIMM C TEPMOCTOJIM-
koM. Ha puc. 7 npencraBieHa 3aBUCUMOCTb YaCTOThI
renepauuu MUC I'VH ot temnepaTypbl Ipu Harpese
1o 85 °C.

Kpusasi / coOTBETCTBYET U3MEPEHUSIM B MOCTOSIH-
HoM paboueil Touke. IIpu yBenuueHUU TeMIlepaTyphl
YyacToTa reHepaluy ymeHblaercs. J[peiid 4acToTsl OT
TeMIepartypsl cocrapisieT mpumMepHo 30 MI'u/°C. Bbi-
X0oIHast MOITHOCTH ITpu 85 °C ymeHbInaercs Ha 1,8 nbwm.

YcTaHOBJIEHO, YTO MOCPEICTBOM 3alMpaHus TpaH-
3MCTOPOB MOXHO O0ECMNeYuTh MOCTOSTHHOE 3HAaUYeHUE
4yacTOThl reHepanuu (KpuBasg 2). Kpusas 3 orpaxaer
3aBUCUMOCTb HAIPSIKEHUS CMEILCHMS (Vg), Heo0X0-
JUMOTO JIJIs MojAepXaHUsl 4acToThl reHepaiuu MU C
I'VH Ha nmocTosSsHHOM YpOBHE.

Pout, mW
[y
o

60 62 64 66 68
Fgen, GHz

Puc. 5. Boixognas momuoctb Tpex oopasuos MUC I'VH npu na-
npsukennn nuranug 10 B

Fig. 5. Output power of three MIC VCO samples at the supply voltage
of 10V

Puc. 6. TunoBas 3aBucumocTb 9acToThl renepamun MUC I'VH or
HANPSKEHUS MATAHUS

Fig. 6. Typical dependence of the oscillation frequency of MIC VCO on
the supply voltage
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Puc. 7. 3aBucumocts yactorsl renepanmud MUC I'VH ot Temnepa-
TypBI

Fig. 7. Dependence of the oscillation frequency of MIC VCO, of the
temperature

ATnnapaTHble BO3MOXHOCTH HMCIOJIb30BAHHOTO 13-
MepPUTEILHOTO 000PYI0BaHUS HE MO3BOJIUIN MPOBEC-
TU U3MepeHus (a3oBOro liyMma.

3akimouyeHue

Bnepsoie B Poccun B MCBYITID® PAH 6bun pas-
paboTtaHbl, u3roroBaeHsl U uccienopansl MUC I'VH
V-n1uana3zoHa Ha reTepoCTPyKTypax HUTpUAA Tajulusl
Ha IIoJJI0XKKax cardupa. BeixogHas MolHOCTh 00pa3-
oB cocTtapiseT 25...50 MBT, nuama3oH nepecTpoiiku
yacToThl reHepauuu gocturaet 4 I'Ti. Jdpeiid yactoTs
oT Temreparypsl cocrasasier 30 MI'u/°C.

Aemopbt evipascarom 61a200apHOCHb MOCKOBCKOMY
npedcmasumenvcmey Keysight Technologies 3a npedo-
CMABGACHHYI0 0eMOHCMPAUUOHHYIO AUUEH3UIO HA ONUUIO
090 k anaauzamopy uenei.

Paboma evinosnena npu @uHancosol noddepiicke
Munobpnayku P® (coenawenue o npedocmasneruu cyo-
cuduu No 14.607.21.0087, ynuxanrvHolii udenmuguxa-
mop npoekma RFMEFI60714X0087).

CHmcoK JuTepaTypbl

1. Bummnenckmii B., ®poaos C., Illaxaoswy . Mumimmer-
POBBII TMAMAa30H KakK IIPOMBIILIEHHAsT peaabHOCTh. CTaHmapT
IEEE 802.15.3c u cnenudukamuss WirelessHD // BDJIEKTPO-
HUKA: Hayka, Texnonorus, busnec. 2010. Ne 3. C. 70—78.

2. Mambues I1. II., ®enopos 0. B., I'aymes P. P. u nap.
Hurpunnsle nmpuGopsl MULIUMETPOBOro nuarnasona // Hano-
uanyctpus. 2014. Ne 3. C. 40—51.

3. Mamsues IlI. II., MatBeenko O. C., ®@enopor 0. B.
u 1p. HTerpasbHbIil aHTEHHBIN 3JIEMEHT CO BCTPOEHHBIM YCH-
JIATENIEM 5 MM JuaIa30Ha [UIMH BOJIH HA OCHOBE F€TEPOCTPYKTYP
AlGaN/GaN // Ussectust BY3o0B. Dnekrponuka. 2014. Ne 4
(189).

4. Majsnues I1. I1., Mateeenko O. C., ®enopos 0. B. u 1p.
MoHonMTHasT MHTeTpaTbHasl CXeMa YCUJIUTENSI CO BCTPOSHHOM
AHTEeHHON JUTA TIATUMUUTMMETPOBOTO AMara3oHa JUTMH BOJH //
Hano- n mukpocuctemnast rexauka. 2014. Ne 9. C. 12—15.

5. Magsues II. I1., ®enopos 0. B., I'natiok /1. JI., Mar-
Beenko O. C., 3yes A. B. Toronorust UM C "MHTerpanbHbIi aH-
TEHHBIX 3JIEMEHT CO BCTPOSHHBIM MAJIONIYMSIIIIUM YCUITUTETIEM
it muarasona 57—64 I'Tu". CBumeTebcTBO O TOCYIapCTBEH-
Hoit peructparuu Ne 2013630159 ot 06 Hos6pst 2013 1.

6. Magsnes I1. I1., ®enopos 0. B., I'natiok /1. JI., Mar-
Beenko O. C., 3yes A. B. Tonojnorust UMC "[Ipeobpa3oBareib
chrHaja Juig auamasoHa 57—64 I'Tu", cBUIeTenbcTBO O TOCy-
nJapctBeHHOM peructpaunu Ne 2013630171 ot 06 Hosi6pst 2013 .

7. Maasues II. I1., ®enopos 0. B., I'natiok /1. JI., Mar-
Beenko O. C. Toronorus UMC "Cmecutenb Ha GanyHax Map-
maHaa Uit auanaszoHa 57—64 I'Ti", cBUOeTeIbCTBO O rocyaapc-
TBeHHOU peructparuu Ne 20146300511 ot 19 despanst 2014 r.

8. ®enopos 10., Mansues I1., Matseenko O. u a1p. MUC
ycuauTeeil co BcTpoeHHbIMU aHTeHHamu CBY muama3ona Ha
HaHoreTepocTpyKtypax // Hanoumyctpus. 2015. Ne 3 (57).
C. 44—51.

9. Muller J.-E., Grave T., Siweris H. J. A GaAs HEMT
MMIC Chip Set for Automotive Radar Systems Fabricated by
Optical Stepper Lithography // IEEE Journal of solid-state cir-
cuits. September 1997. Vol. 32, N. 9.

P. P. Maltsev, D. Sc., Professor, Research Supervisor,

Yu. V. Fedorov, Chief Designer, Deputy Director for Research and Development,

D. L. Gnatyuk, PhD., Head of Laboratory, O. S. Matveyenko, PhD., Senior Researcher,
B. G. Putintsev, Postgraduate Student, Engineer-researcher, A. V. Zuyev, Researcher,
Institute of Ultra High Frequency Semiconductor Electronics, RAS, Moscow

iuhfseras2010@yandex.ru,

Monolithic Integrated Circuit for VCO of V-band

Institute of Microwave Frequency Semiconductor Electronics of RAS (IMSCE RAS) presented a monolithic integrated circuit
(MIC) for V-band voltage controlled oscillator (VCO) on sapphire substrates designed and manufactured on the basis of
AlGaN/GaN heterostructures. The output power of VCO with a buffer amplifier varied within 25—50 mW, the tuning sensitivity
equaled to ~900 MHz/V, the power consumed by MIC was 90 mA at 10V of the supply voltage, and the frequency drift due to the
temperature change was 30 MHz/ °C.

Keywords: V-band, GaN, voltage controlled oscillator, HEMT

Introduction
Developers and manufacturers of the radio-electronic sys-

makes it promising for a high-speed superbroadband data
transmission in 5G networks, the transfer speed in which will

tems master actively the range of frequencies of 57...64 GHz
(V-range). On one hand, the width of the accessible band
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be up to 5 Gbit/s. On the other hand, sharp weakening of
the electromagnetic waves in the atmospheric oxygen (about




10 dB/km) eliminates the problem of interference between p
signal sources belonging to different networks, during organ-
ization of the personal networks [1]. Development of 5G
technologies transfers from the stage of research to the stage
of standardization, and commercialization of the technology
is expected in 2020. Besides the local and personal super-
broadband networks of wireless data transmission, the devices
of the given band can find their applications in the radiation-
resistant equipment for the systems of intersatellite commu-
nication protected from the influence and hindrances of the
Earth [2].

Development and manufacture of MIC VCO of V-band

IMSCE RAS continues development of the technology
for designing and manufacture of the monolithic integrated
circuits (MIC) on the basis of the heterostructures of gallium
nitride for the transmitter-receiver systems of V-band [3—8].
The work presents the results of research of the samples of the
developed and manufactured MIC VCO. The MIC VCO
samples were realized on AlGaN/GaN heterostructures on
sapphire substrates with thickness of 350 um manufactured by
Elma-Malachite Company. The test transistors made on the
given heterostructures with the gate width of 2x50 pm and
gate length of 140 nm have the measured values of Fyand F,,,
parameters without de embedding of the contact platforms of
57 and 130 GHz, accordingly.

Abroad, as a rule, the microcircuits on the basis of
AlGaN/GaN heterostructures are made by the microstrip
technology, envisaging etching of the earthing apertures
through a substrate, however, this is connected with techno-
logical difficulties. The problem can be partially solved due to
transition to the heterostructures on the silicon substrates,
however, such heterostructures are not available to us. There-
fore IMSCE RAS found a solution consisting in creation of
the earthing plane over the front-face of the plate with al-
ready manufactured active and passive microwave elements
over the polymeric dielectric layer —photovarnish developed
by the Institute of High-molecular Compounds (IHC RAS).
Grounding of the corresponding elements is carried out
through the apertures in the photovarnish layer (fig. 1), which
simultaneously plays the role of a protective passivation.

The circuit selected for realization of VCO of V-band is
presented in fig. 2. Ts and Tg microstrip lines connected to the
transistor source and gate, together with the varactor, form a
resonant contour. Negative differential output resistance is
formed on the drain. The oscillation frequency is determined
basically by the length of Ts and 7g lines and the transistor’s
capacities [10]. The oscillation frequency is controlled by the
varactor, the role of which is played by the transistor in a di-
ode switch — the control voltage changes the gate-drain ca-
pacity. The VCO output was supplemented by one-cascade
buffer amplifier for elimination of the influence of the varia-
tion of the oscillator load circuit on the frequency and level
of the signal formed in VCO. Rating of the blocking capaci-
tors in the circuits of power supply and displacement was cho-
sen as big enough in order not to render influence on the res-
onant frequency. In the circuit calculations a nonlinear model
of transistors was used with the gate width of 100 um, con-
structed on the basis of the results of measurements of the test
transistors.

In accordance with the developed basic circuits the VCO
topological project was created and electromagnetic calcula-
tion was done by the method of the moments with the use of

the same models of transistors. The given design stage allowed
to consider the influence of the spurious couplings between
the transfer lines and other specific features of the topology.
If necessary, by the results of modeling a correction of the
topological project can be done as well as a repeated electro-
magnetic calculation up to achievement of a satisfactory re-
sult. On the basis of the received topological project a com-
plete set of the working photomasks was developed for man-
ufacture of MIC.

The developed MIC VCO were made on the technological
equipment of IMSCE RAS. Photos of MIC VCO crystals be-
fore and after deposition of the layers of photovarnish and the
top metallization are presented in fig. 3. The size of the crystal
is 1,5% 1,24 mm.

Research of MIC VCO characteristics

Measurements of MIC VCO parameters were done with
the help a probe station on an uncut plate and on separate
crystals after the plate was cut. The measuring equipment
was Keysight N5247A circuit analyzer with an option of
N5247A-090 spectrum analyzer. Fig. 4 presents the depend-
ence of the oscillation frequency (Fen) of three MIC VCO
samples on the control voltage (V,,,) on the cut crystals
without a heat-conducting path. At the control voltages from
2 up to 6 V the readjustment characteristic is close to the lin-
ear one. The readjustment steepness in the linear area is
~900 MHz/V.

The output power (Pout) of MIC VCO samples at the
nominal operating voltage of 10 V varies within 25...50 mW
(fig. 5). The current consumption is not more than 70 mA.

Fig. 6 presents a typical dependence of the oscillation fre-
quency on the supply voltage at a constant voltage of control
and displacement on the gates. Sensitivity of the oscillation
frequency of VCO (Fgen) to the change of supply voltage (V)
is ~260 MHz/V at the working supply voltage of 10 V.

In addition the research of the dependence of MIC VCO
characteristics on the ambient temperature was done. Meas-
urements were done by the probe method on separate crys-
tals without a heat-conducting path on a probe station with
a thermal table. Fig. 7 presents the dependence of the os-
cillation frequency of MIC VCO on temperature at heating
up to 85 °C.

Curve I corresponds to the measurements in a constant
working point. If the temperature is increased, the oscillation
frequency decreases. The frequency drift due to temperature
is about 30 MHz/°C. The output power at 85 °C decreases
by 1,8 dBm.

It was established, that by means of locking of the tran-
sistors it is possible to ensure a constant value of the oscilla-
tion frequency (curve 2). Curve 3 reflects the dependence of
the bias voltage (Vg), necessary for keeping of the oscillation
frequency of MIC VCO at a constant level.

The hardware potential of the used measuring equipment
did not allow us to measure the phase noise.

Conclusion

For the first time in Russia IMSCE RAS developed, man-
ufactured and investigated MIC VCO of V-band on the het-
erostructures of gallium nitride on sapphire substrates. The
output power of the samples was 25...50 mW, the band of re-
arrangement of the oscillation frequency reached 4 GHz. Fre-
quency drift due to temperature was 30 MHz/°C.
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Hccnedosanucs ocobennocmu 3D coopku CBY mpakmos 8biCOKOUACMOMHbIX UHMESPAAbHbIX MUKPOCXeM U YCMPOLUCME Ha No-
AUUMUOHOM HOcumene. Paccmompensl pacuemsl 604H08020 CONPOMUBACHUS MUKPONOAOCK08020 U KONAAHAPHO20 mpakmos. IIpo-
6edenbl sKcnepumenmanvHule uccaedosanus CBY napamempos u cpasnenue c meopemu4ecKum pacemom.
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BBenenune

OCHOBHBIE TEHACHIIMN B MUKPO3JICKTPOHHNKE CBSI-
3aHbI CO CHMKEHUEM MaccorabapuMTHBIX ITapaMeTpoB,
MOBBIIIEHUEM OBICTPOAEHCTBUSI M CHUXEHUEM IIO-
TpebsieMoit MoutHOCTU. TexHosorust TpexmepHoii (3D)
WHTErpallMy UrpaeT CyILIeCTBEHHYIO pOJib B yiydlle-
HUM TIapaMeTpPOB M3ACIUIN SJICKTPOHHON TEXHUKMU.
KitoueBbiMu nmpuemamu 3D-uHTErpalivu sIBASIETCS UC-
MoJib30BaHMe yJIbTpaTOHKUX (20...35 MKM) KpUCTaJJIOB,
COOpaHHBIX B MaKeT (CTEK) ¢ MPUMEHEHUEM KOMMYTa-
LIMOHHBIX MTOAKPUCTATIbHBIX UIAT-UHTEPII03epOB (infer-
poser), CO CKBO3HBIMM METAJUIM3MPOBAHHBIMU TIEpe-
XOOHBIMU OTBepcTUsIMU [1]. JaHHAsT TEXHOJIOIUS XO-
pouio paboTaeT MJIsd OTHOCUTEIbHO HU3KOYACTOTHBIX

650 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 10, 2016

curHasnioB. B cinyyae curHanoB CBY nuamazoHa cy-
LIECTBYIOT OTPaHUYEHMUSI, CBSI3aHHbBIE C U3TOTOBJICHU -
€M TPaKTOB Iepelayd Ha MPOBOASIIEM KPEMHUEBOM
OCHOBaHUM (YWM KpHUCTaJJIa, MUHTepIo3ep). DTy Ipo-
0JieMy MOXHO YCIIEILIHO Pa3pellnThb, UCTIOIb3YS TMOKUI
MOJMUMUIHBIN 1LTeiid, Bkmovaomuit CBY TpakThl,
a TakXKe HUM3KOYACTOTHbIE CUTHAJIbHbIE JTUHUM, LLIUHbI
nuTaHusg u 3emiu. [lpruem npuMeHeHWe MOJTUUMUIL -
HOTO 1jIelia BO3MOXHO KakK JIJIsl COeAMHEHUS Tevar-
HBIX TUIAT, TaK W JJI1 UHTErPAIbHBIX CXeM, cobupae-
MbIX B 3D-maker (puc. 1).

B cBsI131 ¢ 3TUM aKTyaJbHOM 3amaueil IBJsieTCs pas-
padorka CBY TpakToB Ha IMOJMUMHUIHOM HOCHUTEJE, a
TakXe U3MEpPEHUEe U HCCIIeOBAaHUE UX MapaMeTpPOB B
IIXPOKOM YaCTOTHOM JTMAIla30HE.




Puc. 1. Ucnoan3osanue nouumuanoro uuieiipa 8 3D CBY TpakThl: a, b — 151 TIeYaTHBIX I1J1aT; ¢ — JJIs MHTErPAIbHBIX MUKPOCXEM
Fig. 1. Polyimide transmission line in 3D microwave frequency: a, b — printed-circuit boards; ¢ — integrated microcircuits

Pa3zpadoTka koncrpykmuu CBY TpakToB
Ha NMOJMAMHIHOM HOCHTEJIe

Ha nonumuMuaHo niaeHKe BO3MOXHO (hopMHUpPOBa-
HUe KakK 50-OMHBIX, TaK U 75-OMHBIX MUKPOIIOJIOCKO-
BbIX 1 KOTUIAHAPHBIX TPAKTOB (pUC. 2), MPUMEHSIEMbIX
B CBY texnuxke. I[Ipu pacuere BOJHOBOTO COIPOTUB-
JICHUSI TaKUX KOHCTPYKIIMI HMCMOJB3YeTCs IKCIpec-
CHBI (MHXXEHEPHBIN) 1n 0osiee TOUHBIN TeopeTuyec-
KU (HaydHBI C IPUMEHEHUEM BBIYMCIUTEIbHOM TeX-
HUKU) MOAXOJbI.

s MHXEHEepPHBIX PacyeTOB MUKPOITOJOCKOBBIX
man (MI1J), obecrreymBaiommx To4HOCTh 15...20 %,
11eJecoodpa3Ho UCIOIb30BaTh COOTHOIIEHKE [2]
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KoruianapHass KOHCTPYKLMS JIMILIEHA 3TUX HEIO0-
CTaTKOB, TaK KaK HyJieBasi U CUTHAJIbHbBIE IIWHBI pac-
MOJIOXKEHbI B OJHOW TTocKocTU. MHXEeHEepHBIi pac-
YeT BOJIHOBOTO COMPOTUBJIEHUS KOIUIAHAPHOW JTUHUU
(KTILJT) ocyiiecTBasIeTCsl IO COOTHOLLIEHUSIM [3]
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Puc. 2. CBY TpakThl: ¢ — MUKPOIIOJIOCOK, b — KOILIaHap
Fig. 2. Microwave frequency paths: a — microstrip; b — coplanar
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"1 Dielectric constant g,
| Tlomnoxka (Substrate)
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Puc. 3. Crpykrypa noiuuMuaHoro nuieiida
Fig. 3. Structure of the polyimide transmission line

U HUXXHUM PACIIOJIOKEHUEM HYJEBOM ILIMHBI, KOTO-
pBle COemMHEHBI MEXIy CO0O0I TmocpeacTBOM Habopa
METANIM3UPOBAHHBIX TIEPEXOIHBIX OTBepcTUii. Bkiaz
OGOKOBBIX HYJIEBBIX IIIMH B BOJTHOBOE COITPOTUBJICHHE
TpaKTa 3HAYMTEJIbHO MEHBbIIIe, YeM HIKHMX, TaK KakK
TOJIIIMHA ANBJICKTPUKA /4 B HECKOJBKO pa3 MEHBIIIE,
YeM PacCTOSTHHE OT IIEHTPAJIbHOIO IT0J0CcKa 10 OOKO-
BO1 HyJIeBOI LIMHHKI § (pUC. 2).

B xauecTtBe OCHOBBI TMOKOTO 11Ieliha B3SIT ABYXCTO-
POHHUI (hONBrMpOBaHHBIN NonMuMKUI Mapku DuPont
Pyralux LF 9121R. OcobGeHHOCTh 1aHHOTO MaTepuralia
3aKJII0YAETCS B OTCYTCTBUM afre3UBa MeXIy IPOBOIS -
IIAM CIOEM MEIW U TUIJIEKTPUICCKUM CIIOEM TTOJTHH -
MHA, YTO JOCTUTAETCSI METOAOM Topsyeil HAKaTKKU
MeIHOU (hOJIbITM Ha MOATOTOBJICHHYIO ITOBEPXHOCTh
MMOJTMMMUIHON TIeHKHW. ToMImnHa TU3JIeKTPUKaA CO-
craBiseT 50 MKM, TOJIIIMHA MEIU C KaXI0W CTOPOHbI
paBHa 18 MKM.

OCHOBHBIE TEXHOJIOTUUECKUE IMPOLECChl U3TOTOB-
JIeHUs TIOJUUMUIHOTO IUTeiida cyOoTpaKTUBHBIM Me-
TOAOM C UCIIOJIb30BAHUEM CYXOTO
IUIEHOYHOTO (poTOpe3ncTa:

e (opMUpOBaHNE OTBEPCTUIL B
matepuane 3300 MKM;
e AKTHBAIIAS ITOBEPXHOCTHU TIOI

XUMUWYECKYIO METaJUIU3aluIo;

yecTBe (PUHUIIHOTO MOKPBITUSI UCIIOIb3YETCS] UMMED-
CHOHHOE 30JI0TO C MOJACI0eM HUKeNsA. 30J0TO obecrie-
YYBAET BHICOKYIO HAlIEXKHOCTh IIpU COOpKe 1uieiida.

ITpoBeaeHO MOAETMPOBaHKE BOJTHOBOTO COMPOTUB-
nenuss CBY KOHCTpYKIIMY B 3aBUCUMOCTH OT LUIMPUHBI
LIEHTPAJIbHOTO TTOJI0CKA U AU3JIEKTPUIECKON KOHCTaH -
THI MaTepuaja KOIUTaHAPHOM CTPYKTYpPHl Ha 4acTOTax
no 10 I'Tu (puc. 4).

Cnenyet OTMETUTh, YTO BeauuuHe 50-OMHOro cTaH-
JapTHOTO BOJHOBOIO COINPOTUBJICHUSI COOTBETCTBYET
mupurHa nojiocka ot 90 mo 117 MkMm. B cBs3M ¢ Tewm,
YTO UMEIOTCS TEXHOJOTMYECKHNE OTPpaHUYCHUS] HA MU-
HUMAJIbHBIMA TOITIOJIOTMYECKUI 3a30p, KOTOPBIK CO-
craBisgeT nopsaaka 100 MKM, BaXXHYIO pOJIb UTPAeT U3-
MepeHue peaTbHON BeJIMYMHbI IUDJIEKTPUUECKON Mpo-
HUIIAeMOCTH TtoymumMuna. [lpssMble M3MEpeHUsT eM-
KOCTM Ha BTHX YacToTaX MPaKTUYECKUW HEBO3MOXKHBbI,
MO3TOMY OTpeesieHre AUBIEKTPUUECKOM MpoHUIIae-
MOCTY B YKa3aHHOM JHarna3oHe YacTOT MPOBOAMIOCH
MyTeM M3MEpeHUs] CKOPOCTU PACIpPOCTpaHEHUs CHUT-

e MeTaUIM3alisg OTBEPCTUN B — 5726
nBa srana (1 — xumudeckas, z Bl o
2 — rajabBaHUYECKas); g = - j’;;z
e (QopMHpPOBaHME pPHUCYHKa B gc —— 534
doropesucre; g Eso . - 4736
e TaJIbBAHUYECKOE g ;:1
Hue Meau (~15 Mkm); g
e HUKeJUpOBaHUE (~3...5 MKM); E *

e HMMMEPCHOHHOE
(~1 MxMm);

e cHsTHUE (HOTOPE3UCTA;

e TpaBJIeHWE MEIU IO MEeTaJIo-
pe3ucTy.
Ilo 3aBepileHNIO TEXHOJIOTU-
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Puc. 4. Biausnue reoMeTpu4ecKMX Pa3MepoB MOJIOCKA HA BOJHOBOe comporuBienune CBY
KOILUIAHAPHOM KOHCTPYKIMH

Fig. 4. Influence of the strip geometry on the wave resistance of the microwave frequency of the

MUIHBIN HUIEHA( C TOJNIIMHON Me-
Tanau3anuu 40 MKM U IIUPUHOMN

nosocka 120 mxm (puc. 3). B ka- coplanar design
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HaJla B TIOJIOCKOBOI JTMHUY pedIiek-

TOMETPUYECKUM MeToaoM [4].

B MUKpPOIOJIOCKOBBIX JIUHUSX
OCHOBHBIMU TUMAMU BOJIH SIBJISIIOT-
¢ BoJiHbI TEM-tuma. CKopocTb
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OTHOCUTEJBLHO IIUPOKON CUTHAIb-
HOH WMHOUN (w > h) BCA DHEPrus
BJIEKTPUUECKOTO TOJISI KOHLIEHTPU-

Puc. 5. IIpoxoxnenne npsamMoro u orpaxenHoro curiaios B CBY noauuMuaHoii Konjaanap-
HO# KOHCTPYKIMu (AymHA jmann 3,6 cm, mmpuaa noixocka 100 Mxm)

Fig. 5. Passage of the direct and reflected signals in the microwave frequency polyimide coplanar
design (line length is 3,6 cm, strip width is 100 um)

g
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CrenyeT OTMETUTh, YTO MPU MPO-
XOXIeHuu curHama uepes3 CBY

KOHCTPYKIINIO (PPOHT 30HANPYIOIIE-
ro nepemnanga (10 nc) yxymmmics no
33,5 nc. Mcnonb3ys U3BECTHOE BHI-
paxenue f = 0,35/t,, tne t. — -
TeJIBLHOCTh (DPOHTA TIPOXOTHOTO CUT-
Hajia, MoJIydaeM 3HAuYeHUE IOJIOCHI
nponyckanus 10,4 I'Tx [5].

Ha puc. 6 npuBeaeHbI SKCIIEpUMEHTAIbHbIE UCCIIE-
JIOBaHMSI 3aBUCUMOCTU AUBJIEKTPUUECKON MpOHMIIAe-
MocTu OT yacToThl 111 CBY rudkoro xoruraHapHOTO
nuieiida.

CrenyeT OTMETUTDh 3HAYNTEILHOE CHIDKECHUE TU3-
JIEKTPUUYECKOM MpOHUIIaeMOCTH OT 3,4 nmo 2,25 mpu
YBEJIMIEHWHW YacTOTHl. HW3KoYacTOTHBIE 3KCIepH-
MEHTAaJIbHBIE M3MEPEHUS NUDJIEKTPUUECKOI KOHCTaH-
THI eMKOCTHBIM METOAOM JAIOT 3HaueHus 3,6...3,7, 4To
COOTBETCTBYeT yuelbHOI eMmKoctu 0,43 HCI)/MM2 TSt
nmoJvMuMuIa TonmuHoi 50 Mkm. PesynbTaThl, puBe-
JIeHHBIe Ha pUC. 5 W 6, TTOIYYEHBI ¢ TTOMOIIBIO CTPO-
6ockonuueckoro ocummaorpada Keysight DCA-X
86100D c 6;10K0M pedirekTromeTpa N1055A.

IIpoBeneHo uccienoBaHnue S mapamMeTpoB KBa3u-
KOILJIAHAPHOI KOHCTPYKLMU [JIs1 ONIpeAcIeHMST Coria-
coBaHUs ¢ 50-OMHBIM TPaKTOM, a TakKKe JJISI U3Mepe-
HUSI MOJIOCHI TIPOIMYCKAaHUS TpakTa 1o ypoBHIo 3 nb.
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Puc. 6. JIusnexkTpuyeckasi NPOHMIIAEMOCTb MOJMUMHUAA KaK (DYHKIHS OT 4aCTOTHI
Fig. 6. Dielectric permeability of the polyimide as a frequency function

PesynbTaThl M3MepeHusT S-TlapaMeTpoB, IMOJIYYeHHBIS
C UCIoJb30BaHMeM aHaiu3atopa Lerneil Keysight PNA
Network Analyzer N5227A, noka3bIBaloOT, YTO COILJIA-
coBaHue no Bxony —11,3 n1b (puc. 7, a), nonaoca mpo-
nyckaHus coctapuset 10,7 I'Tu (puc. 7, b). Y3 atoro
cJIeyeT, YTO SKCIepUMEHTAIbHbIE PE3YJbTaThl, MOTY-
YeHHbIe C MOMOIIBI0 aHau3aTopa liemnei, COOTBETCT-
BYIOT pe(IeKTOMETPUIECKUM U3MEPEHUSIM.

BoiBoabl

Pa3paboTaHbl BOJIHOBOAHBIE TPAaKThl HA ITOJIMUM-
WIHON OCHOBE, o0ecrneyuBalole COeAMHEHUE KaK
nevaTtHbX miat, Tak 1 CBY kpucramnos UMC B 3D-
ucnosHeHuu. [IpoBeneHbl TEOPETUUECKUE U SKCIIEPH -
MEHTaJbHble HUCCJIeOBAaHUSI YCTPOMCTBA, TMOATBEPK-
Jarolue padboTOCIIOCOOHOCTh KOHCTPYKLIMU B Auaria-
30He 10 12 I'Tu. Ilpu 3TOM npsiMbie TOTEPU Ha IPO-
XOXJEHHUE, BKIIIoYasl pa3beMbl, B fuamnasone g0 12 I'Ti
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Puc. 7. 3aBacumocTh S-mapaMeTpoB TPAKTA HA MOJMUMHIHOM HOCHTENE: a — M3MEPEHUsT BXOAHOTO cornacoBaHus (S11); b — usamepenue

motepsb (S21)

Fig. 7. Dependence of S parameters of the path on a polyimide carrier: a — measurements of the input coordination (S11), b — measurement of

losses (S21)

He mpesbrmaioT 0,0833 nb/MM. BxomHoe cormacoBa-
Hue He xyxe —11,3 nb. BxomHbele corilacoBaHue u
MPOXOJHbIE MOTEPU CYIIECTBEHHO 3aBMUCSAT OT BXO/I-
HbIX/BBIXOAHBIX pa3beMoOB. Mcrnojib3oBaHUe 00Jiee BbI-
COKOYAaCTOTHbBIX Pa3beMOB MO3BOJIUT MOBBICUTH MOJIO-
Cy IpoInycKaHus KOHCTpyKuuu a0 15 I'T'm.
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National Research University of Electronic Technology MIET

Research of 3D Flexible Microwave Polyimide T-line Assembly
for the Systems in Packages

Major trends in microelectronics are associated with reduction of the weight and size parameters, increase of the frequency re-
sponse and decrease of the power consumption. The three-dimensional (3D) integration technology is important for improvement of the
manufacturing parameters of the electronic equipment. The key technique of 3D integration is the use of the ultra-thin (20...35 um) crys-
tals stacked with Si interposer boards using the through-silicon vectors (TSV). This technique works well for the relatively low fre-
quency signals. But in case of the microwave signals there are limitations associated with manufacturing of the transmission lines
(T-lines) on a conductive silicon base (crystal chip, interposer). It is possible to resolve this problem successfully by using a flexible
flat polyimide T-lines, including the microwave transmission lines, as well as the low-frequency signal lines, a power bus and a
ground plate.

On a polyimide film base the 50-Q and 75-Q microstrips or coplanar lines may be formed using the microwave technology. An
advantage of a microstrip is its simplicity of calculation and implementation. Its disadvantage is an additional inductance in the
ground plane. This "parasitic" inductance appears as a result of connection of the respective pads on the integrated circuit and a
ground bus on the back side of the microstrip structure.

The coplanar structure is devoid of this disadvantage, since the ground and signal lines are arranged in one plane. The polyimide
carrier has expedient design with the coplanar upper and lower locations of the ground plane, which are interconnected by sets of
metallic through plate windows. The contribution of the lateral side ground to the impedance is considerably smaller than that of the
lower one, since the dielectric thickness is usually much smaller than the distance from the central strip of the line to the ground side.
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Simulation of the impedance of the microwave structure, depending on the width of the central strip and the dielectric constant
of the material. The magnitude of the standard 50-2 impedance corresponds to the width from 90 up to 117 um of the strip. It plays
an important role in measuring of the actual value of the permittivity of the polyimide. Direct measurements of the capacity at the
microwave frequencies are almost impossible, so, determination of the dielectric constant in the specified frequency range was done
by measuring the propagation speed of the strip line by the Time-domain reflectometry (TDR) method.

Measurements show significant reduction of the dielectric constant from 3,4 down to 2,25 with an increase of the frequency. Low-
[frequency experimental measurements of the dielectric constant capacitive method give values of 3,6—3,7, which correspond to the
specific capacitance of 0,43 pF/mm for 50-um thick polyimide.

A study of S-parameters of a quasi-coplanar structure was done to determine the approval of the 50-Q impedance, as well as
to measure the bandwidth frequency. The results of S-parameter measurements show that S11 = —11,3 dB, and the bandwidth is
equal to 10,7 GHz.

Three dimension (3D) assembly of the microwave polyimide transmission line (T-line) for a system in package was investigated.
Flexible T-lines may be used for 3D RF connection of the integrated circuits or RF PCBs. The transmission lines were created by
using a polyimide film with metal lines deposited on it. The thicknesses of the metal and polyimide film were 39 u and 50 u. The-
oretical calculations and computer simulations of the impedance for the microstrip and coplanar lines were done. The wave im-
pedance versus the geometric dimensions and dielectric constant for transmission line were presented. Experimental research of the
[flexible T-lines was done in the frequency range up to 12 GHz. The direct transmission loss, including RF connectors, did not exceed

0,0833 dB/mm.

Keywords: three dimension (3D) assembly, integrated circuit, S-parameters, polyimide, flexible transmission line

Introduction

The major trends in the microelectronics are connected
with a decrease of weight and dimensions, increase of the
speed and lowering of the power consumption. The technol-
ogy of the three-dimensional (3D) integration plays an es-
sential role in improvement of the products’ parameters. The
key method of the 3D integration is the use of the ultrathin
(20...35 um) crystals collected in a package (stack) with ap-
plication of the switching subcrystal boards-interposers, with
the through metalized transition apertures [1]. The technol-
ogy works well for the low-frequency signals. In case of the
microwave frequency range there are restrictions connected
with manufacture of the transfer transmission lines on the
conducting silicon basis (crystal chip, interposer). The prob-
lem can be solved by using a flexible polyimide loop including
the microwave frequency transmission lines, low-frequency
signal lines, buses of power supply and earth. At that, appli-
cation of such a loop is possible for connection of the printed
circuit boards and integrated circuits stacked in 3D packages
(fig. 1).

In this connection a topical task is development of the mi-
crowave frequency transmission lines on a polyimide carrier,
measurement and research of their parameters in a wide fre-
quency range.

Development of a design of the microwave frequency
transmission lines on a polyimide carrier

On a polyimide film it is possible to form both 50-Q and
75-Q microstrip and coplanar transmission lines (fig. 2) ap-
plied in the microwave frequency technologies. For calcula-
tion of the wave resistance of the designs the express (engi-
neering) or more accurate theoretical (scientific) approaches
are used.

For the engineering calculations of the microstrip lines
(MSL), which ensure accuracy of 15...20 %, is expedient to
use the following correlation [2]

87 5,98k
In[ 2284 1 1
(e,+ 1,4 n[0,8w+t} M

Zy Mt =

Parameters ¢,, h, w, [ are presented in fig. 2.

An advantage of the microstrip is simplicity of calculation
and realization. Among its drawbacks is the additional induct-
ance in the chain of the zero bus. This "parasitic” inductance
appears as a result of connection of the corresponding plat-
forms on the integrated circuit and the zero bus on the reverse
side of the microstrip design.

The coplanar design has no such drawbacks, because the
zero and signal buses are located in one plane. The engineer-
ing calculation of the wave resistance of the coplanar lines
(CPL) was done by the following correlations [3]:

Zognn =22 1 ()
K(k')  K(ky)
tanh(w)
where k = —— | k'= SR = —
L tanh(M)
4h
e R
ki = J1-ki, egp= L,
: v Kok Kk
K(k) K(ky)

T

2
K(k) = j __do do — is a full elliptic integral of the first

0./1-K*sin’e
kind, ¢ — integration angle.

On a polyimide carrier it is expedient to form coplanar de-
signs with the top and bottom arrangement of the zero bus,
which are connected by means of a set of metalized transition
apertures. The contribution of the lateral zero buses to the
wave resistance of the path is considerably less, than that of
the bottom ones, because thickness of dielectric /4 is several
times less, than the distance from the central strip to the lat-
eral zero bus s (fig. 2).

As a basis for the flexible transmission line we took the
double-sided foil-coated polyimide of DuPont Pyralux LF
9121R. A specific feature of the material consists in absence
of adhesive between the conducting layer of copper and the
dielectric layer of polyimide, which is achieved due to a hot
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knurl of copper foil on a prepared surface of the polyimide
films. Thickness of the dielectric is 50 pm, thickness of copper
from each side is equal to 18 pm.

The basic technological processes of manufacturing of a
polyimide transmission line by the subtractive method with
the use of a dry film photoresist:

e formation of & 300-um apertures in the material;
e surface activation for the chemical metallization;
e metallization of the apertures in two stages (1 — chemical,

2 — galvanic);

e formation of drawing in the photoresist;
e galvanic growing of copper (~15 um);

e nickel plating (~3...5 um);

e immersion gilding (~1 pum);

e removal of the photoresist;

e copper etching on the metalresist.

After termination of the cycle we get a polyimide trans-
mission line with thickness of metallization of 40 pm and strip
width of 120 um (fig. 3). As a finishing coating the immersion
gold with a nickel sublayer is used. Gold ensures high relia-
bility during the line assembly.

Modeling of the wave resistance of the microwave fre-
quency design was done depending on the width of the central
strip and the dielectric constant of the material of the copla-
nar structure on frequencies up to 10 GHz (fig. 4). A strip
width from 90 up to 117 pm corresponds to the value of 50-Q
standard wave resistance. Since there are technological re-
strictions on the minimal topological gap of about 100 um, an
important role is played by measurement of the real dielectric
permeability of the polyimide. Direct measurements of the
capacity on these frequencies are practically impossible,
therefore, determination of the dielectric permeability in the
specified range of frequencies was done by measurement of
the speed of signal propagation in a strip line by means of re-
flectometry [4].

In the microstrip lines the basic types of waves are TEM
waves. The speed of the wave propagation is defined in the
following way:

v= C/(an,q))lﬂ,
where (¢ + 1)/2 < e,4, < & (¢ — dielectric permeability of the
substrate material, on which the microstrip line is made, ¢ —
light velocity).

In the microstrip lines with rather wide signal bus (w > h)
the energy of the electric field is concentrated in the dielectric
under the strip, therefore Eapp — & and thus, e = (c/v)z. By
measuring the time of passage of a signal through a strip line
of the known length L, it is possible to determine the speed
of the wave propagation (fig. 5). For a reflected signal the
speed of propagation is determined by a double run of a signal
v=2L/T.

It is necessary to point out, that during the signal passage
through the microwave frequency design the front of the

probing differential (10 ps) worsened down to 33,5 ps. Using
expression /= 0,35/,, where #. — is duration of the front of
a passing signal, we receive the value of the passband equal to
10,4 GHz [5].

Fig. 6 presents experimental research of the dependence
of the dielectric permeability on the frequency for the micro-
wave frequency of the flexible coplanar transmission line.

It is necessary to point out a considerable decrease in the
dielectric permeability from 3,4 down to 2,25 during a fre-
quency increase. Low-frequency measurements of a dielectric
constant by the capacitor method give 3,6...3,7, which cor-
responds to the specific capacity of 0,43 pF/mm2 for the poly-
imide with thickness of 50 um. The results presented in fig. 5
and 6 were received by means of Keysight DCA-X 86100D
stroboscopic oscillograph with N1055A reflectometer unit.

Research was done of the S-parameters of a quasicoplanar
design for determination of coordination with a 50-Q path,
and also for measurement of the pass-band of the path at the
level of 3 dB. The results of measurement of the S-parame-
ters, received with the use of Keysight PNA Network Ana-
lyzer N5227A chain analyzer demonstrated, that the coordi-
nation on the input was 11,3 dB (fig. 7, @), and the pass-band
was equal to 10.7 GHz (fig. 7, b). From this it follows, that
the experimental results received by means of the chain an-
alyzer correspond to the reflectometer measurements.

Conclusions

Waveguide transmission lines on polyimide basis were de-
veloped, ensuring connection of the printed-circuit boards
and microwave frequency IC crystals in a 3D version. Theo-
retical and the experimental researches of the device were
done confirming the operability of the design up to 12 GHz.
At that, the real loss through passage, including sockets, did
not exceed 0,0833 dB/mm. The input coordination was not
worse than 11,3 dB. The input coordination and losses through
passage essentially depended on the input/output sockets. Use
of more high-frequency sockets will allow us to raise the pass-
band of the design up to 15 GHz.
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