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NMOAUMEPHbIE OBPATUMDIE "CYXUE" AATE3UBDI:
HOBBIE NMPEACTABAEHHUA, TOAXOAbI U BO3MOXHOCTU

Yactb 11. BAMsiHME )KeCTKOCTU AaMeAel Ha KOHTPOAUPYEMYIO (PMOPUAASIPHYIO
"cyxyt0" aAre3uio u 3AaCTMYHbIE APMUPOBAHHbIE MOAUMEPHbIE
KOMMNO3MLIMOHHbIE MaTepuaAbl, o0AaAatowmne 3¢pdekTom "cyxon" aaresmn

Ilocmynuna 6 pedaxyuro 29.12.2015

0530[7 6 Ue/NOM NOCBAUWECH HOBbIM meopemu4ecKum npedcmaeﬂeﬁuﬂm U 3KcnepumenmanbHsuim O0aHHbIM O nposeneruu 34)4)elcma

"cyxoui” adeezuu, a maxice nooxodam K paspabomie, oueHKe U UCNOAb308AHUIO MAEPUAN08 U CUCMeEM, 00Aa0aiowux MmaKum d¢h-
hexmom. B uacmu I dan 0600weHHbLI AHANU3 COBPEMEHHBIX NPEOCMABACHUIL 0 MHO20YPOBHEBOI Uepapxull NPUPOOHbIX PUOPUALAPHBIX
a02e3UOHHbIX CMPYKmMYp, Modenell (hpUKUUOHHOU HANPABACHHOU (AHU30MPONHOU) adee3uu U meopuil 83aumooelicmeus MUKpo- U Ha-
Houbpurnr (86010CK08 U BOPCUHOK) C MEepOOll NOBEPXHOCHbIO NOO PA3MUMHBIMU YeAaMU, a MaKice 3hpeKmueHocCmu UcKyccm-
BEHHOU UMUMAYUU U NPOOAEM OHUCTIKU OM 3aepSA3HeHUT (PuOPUIIAPHBIX NoauMepHbIX "cyxux” adee3ueos. B wacmu I1 paccmompeno
GAUsAHUE JCeCmKOCMU Aamenel Ha KOHMPOAUPYeMyro uopuiisapHyro "cyxyro” adee3uro, npuHyunsl co30anus U 3¢ppexmueHocms
NpUMEHeHUs. INACMUHHBIX APMUPOBAHHBIX NOAUMEPHBIX KOMNOZUYUOHHBIX MAMepuanos, obaadaouux spgpexmom "cyxoil” adeezuu.
B 3akarouenuu coenanvt 0606uerHble 86160061 0 NPUKAAOHBIX NPOOAEMAX pPaA3pPabOMKU U GopmMuposarus "cyxux" adee3ugos.

Karoueevie caosa: scecmkocms nameneli, KoHmpoaupyemas "cyxas” adee3us, adee3uoHHvle HAKAAOKU, NOAUMEPHbLe KOMNO3U-

UUOHHblE mMamepuansl, apmupyrouiue cucmemosl, 31acnuvHsle cemuamole noaumepsl

Benenne

00630p B 1IEJIOM TTOCBSIIIIEH HOBBIM TEOPETUUECKUM
MPEICTABICHUSIM U SKCIIEPUMEHTAJIbHBIM JAHHBIM O
nposiBaeHnM 3¢pdekra "cyxoi" aare3mu, a TakxKe I10/I-
X0JaM K pa3paboTKe, OLIEHKE U MCIIOJIb30BAHUIO Ma-
TEPUAJIOB U CUCTEM, OOJIaNaoIIUX TaKUM 3(PdeKkToM,
1 6a3upyeTcs Ha TUTEPATYPHBIX JaHHBIX, TTOSIBUBIIINX -
cg nocie 2006 r. B yactu 1 Obl1 JaH 0GOOIIEHHBIN
aHaJIN3 COBPEMEHHBIX TIPEACTABICHUI O MHOTOYPOB-
HEBOI MepapXuu MPUPOIHBIX GUOPUIIISIPHBIX aAre3n-
OHHBIX CTPYKTYp M TTOAPOOHO paccMOTpeHa MOJIEIb
(PUKLMOHHON HaNpaBJI€HHOM, WIM aHU30TPOIIHOM,
ajre3nun, Kotopasi 6azupyercsi Ha OCOOEHHOCTSIX JIO-

KaJIbHOTO B3aMMOACUCTBUS MHUKPO- M HAaHOGHUOPUILI
(BOJIOCKOB YU BOPCMHOK COOTBETCTBEHHO Ha MaJiblIax
TE€KKOHA) ¢ TBEPAOI MOBEPXHOCTHIO MO/ Pa3IUUYHBIMU
yIrJaMM M OIKCBhIBa€T BO3MOXHOCTb PETYJIUPOBAHUS
aAre3uOHHOTO KOHTAaKTa, CUJIbl TPEHUS U CUJIbI HOP-
MaJILHOTO OTpbIBA IMYyTEM KOHTPOJIMPYEMOTO MPUJIO-
JKeHUSI MPOJOJIbHON Y TAHTEHUMATbHOM CUJT K MUKPO-
u HaHopuoOpmwiaMm. Ipuxum GuOpHIIIpHON aare-
3MOHHOM CTPYKTYPbI K TBEPAOU MOBEPXHOCTU IIOCIIEC
MEPBUYHOTO KOHTAKTa OCYLIECTBIISIETCSI CO CIBUTOM U
COIPOBOXIAETCS CaMOIPOU3BOJIbHBIM YIUIOTHEHUEM
BOJIOCKOB MpPY UX HAKJIOHE IO I€MCTBUEM MPOIOJb-
HOW CHJIBI, YTO YBEJIMYMBAECT YUCJIO BCTYNMUBIIUX B
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KOHTaKT C MTOBEPXHOCTHIO BOPCUHOK M, COOTBETCTBEH -
HO, YBEJIMYMBACT U ail€3UOHHYIO CUIY HOPMaJbHOTO
OTpbIBa, U COMPOTUBJIEHUE CABUTY, T. €. KOaDDuUim-
€HT U cuy TpeHus. I1py 3ToM CUjIbl HOpMAJIBHOTO OT-
pbIBa U CUJIbI TPEHUSI U3MEHSIIOTCSI Ha HECKOJIBKO Jie-
CSTUYHBIX MOPSIAKOB B 3aBUCHMOCTH OT yIJla HaKJIOHA
¢GubdpuILI, TpUYEM CUJIa OTPbIBA MPU MaJIbIX 3HAYEHU -
six atoro yria (0 < 30°) obecrieunBaeTcs CTaTUYECKOM
CHJION TpeHUs, a TIpu OoJbIoM yrie (0 > 60°) — an-
re3avuoHHoii BaH-gmep-BaanbcoBckoii cwioit. Majbie
CWJIBI OTPbIBA BOJIOCKOB M BOPCHMHOK OT IMOJJIOXKHU B
STOM MOIENN OOBSICHSIOTCS pelaKcalieil TaHTCHITN -
aJIbHOM CHJIbI C BO3BPATOM CUCTEMBI B COCTOSIHUE Ha-
YyaJIbHOTO KOHTakTa. MojebHble MPEeICTaBIeHUST O
(GPUKIIMOHHOM HaIlpaBJIeHHOI aare3uu (uOpWLIIsIp-
HBIX CTPYKTYP B XXMBOW MPUPOJIE COMIACYIOTCS C IaH-
HBIMM, TTOTYYCHHBIMU TPU UCCIICIOBAHUM aNTe3MOHHBIX
CBOICTB MCKYCCTBEHHBIX MOJUMEPHBIX (DUOPUILISIPHBIX
CTPYKTYpP, MMUTHUPYIOIINX TPUPOTHBIE CTPYKTYPHI, a
Takke HamMeyaloT MyTH pelleHMsT MpobjieM caMoOouu-
CTKM OT 3arpsi3HeHUi (QUOPWIIISIPHBIX TTOJIUMEPHBIX
"cyxux" aare3auBOB, JErPAIUPYIOLINX UX CBOIMCTBA.

B naHHOI1 yacTu 0630pa MpoaHaaIu3upoBaHa POJib
KECTKOCTH 3J1aCTUYHOM OCHOBBI, HA KOTOPOI 3aKpe-
IJieHa MHOTOYpOBHeBasi (hMOPUJIISIpHAsT CTPYKTypa
(TutacTUH, WY JaMesel Ha IajbliaX TeKKOHa), B o0ec-
rmeyeHN N 3(PGHEKTUBHOTO MPUKPEIUICHUS CTPYKTYPHI B
LIEJIOM K TBEPAOU MpoUIMpOBaHHON (ILIEPOXOBATOMN)
MOBEPXHOCTU TOIOXKKU Y 3aJaHHON CUJIbI OTPbIBA OT
Hee. OnMcaHbl MOAEIU U MPUMEPHI SKCIIEPUMEHTaNb-
HBIX MCCJIEIOBaHUI HATYPHBIX U UCKYCCTBEHHBIX MPY-
KAHSIINX QUOPUIUIIPHBIX CTPYKTYP, CBUICTEIHCT-
ByIOIIIE 00 OIpEeAeIISIIONIEH POJIY KECTKOCTH OCHOBBI
B obecrieyeHU KOHGOPMHOIO MpPUJIEraHUusl CTPYKTYp
K TpoUIMPOBAaHHBIM ITOBEPXHOCTSIM M 3aTaHHOMU
BEJIMYMHBI MHTETpajibHOM "cyxoii" agre3mmu. PaccMor-
peH TIpOCTOit croco® pa3paboTKM "Cyxux' aare3moH-
HbIX HaKJIaJ0K Ha OCHOBE apMMPOBAHHBIX MOJIUMEP-
HBIX KOMITO3UIIMOHHBIX MaTepPUAJIOB U3 IIPOYHOU TIPU
pPaCTSKeHUU TKaHU WJIM JIEHThI M PeIKOCETYaToro Ino-
JIMMepa B BBICOKO3JIACTUUECKOM COCTOSTHUM € (pOpMU-
pOBaHMEM Ha ITOBEPXHOCTM TOHKOTO IONATIMBOIO B
MEePNEeHANKYISIPHOM HaMpaBIeHUU "Cyxoro" aare3u-
OHHOTO CJI0S1, UCKJTIOYAIOIII TeXHOIOTMYeCKUe CIO0XK-
HOCTU (OPMUPOBAHUSI MCKYCCTBEHHBIX MOBEPXHOCT-
HBIX GUOPMIUISIPHBIX MUKPO- ¥ HAHOCTPYKTYP Ha I0C-
TaTOYHO OOJIbLIMX TUIONIAASAX. B 3akmoueHne ob63opa
caenaHbl 000011eHHbIE BBIBOJI O MPUKJIAAHBIX MpobJie-
Max pa3paboTKU U (POPMUPOBAHUS "CyXUX' aAre3UBOB.

1. BausiHue XKeCTKOCTH JiaMeJieil HA KOHTPOJIMPYeMYIo
GudpmspHYI0 "cyxyw" aare3uio U 3¢(eKTHBHOCTH
€¢ UMUTALIUN

Cucremarnueckue uccienoBaHust 3(PEGeKTOB Jo-
KaJIbHOM M MHTErpajibHOM "Ccyxoil" aare3uu moJuuMu-
na (ITN) x TBepAbIM MOBEPXHOCTSIM, IIPOBEICHHBIC O -
HUM M3 aBTOPOB AaHHOro od3opa [1], mokasaau, 4To
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MpH JIOKAJTLHOM KOHTaKTe 30HAA aTOMHO-CHJIOBOTO
MMKPOCKOIIa, MTOKPBITOro ToHKUM cioem I1U, ¢ ran-
Kol moBepxHocThlo [T M MOHOKPUCTAIINUYECKOTO
KpeMHHUsT obecrieunBaeTcs "cyxoe" aare3MoOHHOE clie-
IJIEHWE, JOCTAaTOYHO OJIM3Koe K TEOPETHUECKM pac-
CUMTaHHOMY 10 MoaelisiM [IxxoHcoHa — Kenpamia —
Po6eprca (IKP) u Iepssruna — Mysnepa — Tonopo-
Ba (IMT), y4uTHIBaIOLIMM MEXMOJEKYJISIPHBIE CBSI3U
(cM. Tabauly).

OmHako Tpy OLIEHKE YAEJbHOTo YCUINS OTClIanBa-
HUs TOHKUX [11-T1eHOK OT MOBEpXHOCTEH TTOMITOXEK
TocJie TPUBEICHYSI MX B KOHTAKT KaK MePbl MHTErPaib-
HoI "cyxoil" aare3umy HaOJOmaeTCs pe3Koe YMEHbIIIe-
HUE YCWINS OTCIauBaHUS TIPU YBEIMICHUM TOJIITAHBI
MJIEHOK, 0COOeHHO Oosblue 4...4,5 MKM, IIPENsITCT-
ByIOllIel ee KOH(OopMHOMY MpuieraHuto (puc. 1).

[Tpu 3TOM BO BCeX ClTydassXx HaOIIOOAIOTCS CYIIECT-
BEHHO 0OoJiee HU3KME 3HAUCHUSI MHTEeTPaJIbHOM "cyxoii"
aJire3auy Mpu KoHTakTupoBaHuu [TU-MaeHKH ¢ Tmpo-
GUIMpPOBaHHON ITOBEPXHOCTHIO (CO CTOJIOYATBIMU
BBICTYIIAMU KBaJpaTHOTO CEYEHUSI MUKPOMETPOBBIX
pasMepoB) ¢ MOMJIOXKAMMU IO CPAaBHEHMIO C HEIIPO-
GunMpoBaHHOI, YTO BEPOSITHEE BCEro OOYCIOBICHO
ele MeHbIIel 3¢ @EKTUBHON IUIOLIAABI0 MEXMOJIC-
KyJISIPHOTO KOHTaKTa B cliyyae HpodUIMpOBaAaHHOM
noBepxHocTU [T -mieHKu npu Bcex MccleaoBaHHBIX
€€ TOJILIMHAX.

ITpy TwarenbHOM aHanu3e "Cyxoi" aare3uu Jar
FeKKOHOB TaKXe YCTaHOBJIEHO [2—4], 4TO BaxkHeii-
IIYIO pOJIb B 00eCTICYCHUM PETYINPYEeMOTO MEXMOJIe-
KyJISIPHOTO KOHTaKTa KOHIIOB BOPCHHOK C TBEPIOM
MOBEPXHOCTBIO UTPAET 3JIACTUYHOCTD IJIACTUH (J1ame-
JIelf), K KOTOPBIM Ha TIOIOIIIBE JIall TeKKOHOB TIPUKpe-
TUIEHB! BOJJOCKM ¢ BOPCMHKAMM Ha MX KOHIIAX M KO-
TOpBIEe UMEIOT (POPMY KOHCOJBHOM OaTK MUKPOMET-
POBBIX pa3MepoB (puc. 2, a). DIaCTUYHOCTD JIamelieit
00JIeT9aeT HOPMAJIBHOE CMEIIeHNEe TTOBEPXHOCTH TTajThb-
1IeB IIPY UX CBOpAYMBAHUM ISl CIIETUICHUS C TTOBEPX-
HOCTbIO U KOHTPOJIMPYEMbIid U Oe30MacHbIii KOHTaKT
BOJIOCKOB W BOPCHMHOK C Hel, obecrieumBasi KOHTPO-
JIUpyeMble CWJIbl aAre3uu U TPEeHUs 3a CYeT YIIOTHe-
HUSI, CIBUTA 1 TPEOYEeMOTO YCUINS TIPKAMA TETPaIoOB
BOJIOCKOB K TBEPIIOI TTOBEPXHOCTH.

DKCNEepUMEHTAJIBHO ONpeIe/ieHHbIE W PACYETHBIE 3HAYCHHS
ycuumsi orpbisBa ACM-30H1a ¢ NOJMUMHIHBIM MOKPbITHEM
OT TBepabIX mosepxHocrei [1]

PacueTHble
DKCNepuMEHTaIbHO sHaverus, HH
[ToBepxHOCTD OHpe,Z[e)'IeHHLIIf o o
SHauCHWA, H TEOpUU | TEOpUU
JOKP AMT
Heo6paboTaHHbIi 636 105 140
TMOJTMUMUL
MMomuumun, o6pado- 71+ 8 120 160
TaHHblil B BY muiazme
KpemHunit 119 £ 12 90 120
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Puc. 1. 3aBucumMocTH yieabHOro ycuims oTciauBanus P HenpoduiaupoBanHoii U npoduim-
poBannoii IIU-nnenku ot nosepxuoctu IIM-noxnoxku, HeoopadoranHoii (a) u oopado-
Tannoii B BU nna3me Bo3ayxa (b), u KpeMHHEBOIi MOLIOKKH (€), OT TOJIIMHBI IJIEHOK &:
1, 2 — 5KCNIepMMEHTAIbHO ONpeieIeHHbIE 3HAYE€HUS] YIEIbHOIO YCUIUS OTCIanBaHUsl He-
MMpoGUINPOBAaHHON U TTPODMIMPOBAHHON (pa3Mep CeYeHUs BHICTYIIOB @ = 3,5 MKM, pac-
CTOSIHUE MeXIy HUMU b = 7,5 MKM U uX BbicoTa # = 12 MkM) [T -1ieHKH COOTBETCTBEHHO;
3, 4 — 3HAYCHMS YIACTBHOTO YCUIINS OTCIAaMBAHUS, pPACCYMTAHHBIE TIPY YCJIOBUH TIOJTHOTO
KOHTaKTa IJIaKOW MOBEPXHOCTH M TOYEYHOTO KOHTakTa BbICTynoB [TM-rieHku u nom-
JIOKKH COOTBETCTBEHHO [1]

Fig. 1. The dependences of the specific peel force P of the non-profiled profiled Pl-film from the
surface of the Pl-substrate, untreated (a) and processed in the air HF-plasma (b); and the silicon
substrate (c) from the films’ thickness o: 1, 2 — an experimental specific peel force of the profiled
and non-profiled Pl-film (section of projections a = 3,5 um, the distance between them b = 7,5 um
and their height h = 12 um); 3, 4 — the specific peel force calculated at full contact of a smooth
surface and a point contact of Pl-film projections and the substrate [1]

Ha puc. 2, b—d cxematuyecku noka3aHa MOJIEIb

0aKi Ha Pa3IMIHBIX CTAIUSIX DKC-
MepuMeHTA.

OKCNEepUMEHTAILHO  TOJYyYeH-
HbI€ TIPYM 3TOM JIaHHbIE MPUBEACHBI
Ha puc. 4 (cM. BTOPYIO CTOPOHY 00-
JIOKKH).

[TonoxwurenbHoe 3HaueHue F,
COOTBETCTBYET HAJIUYUIO aAre3uu
MpU MPOCKaTb3blIBAHUU Habopa BoO-
JIOCKOB TIOCJI€ 3aJaHHOTO €ro MpH-
KMMa, a € OTPULIATENIbHOE 3Haye-
HHe YKa3bIBaeT Ha TpeBaJIupOBaHNe
CWI OTTAJIKUBAHUS, OOYCJIOBJIEH-
HBIX Te(OPMUPOBAHUEM TIPYKUHEI
M HaKJIOHOM Habopa BojiockoB. W13
MpUBeAeHHBIX JAHHBIX BUIHO, YTO
IIpY OOJIBIION KECTKOCTH MPYKMHBI
(K; = 879 H/m) GesomnacHoe 3Ha-
YeHUe MPeABAPUTEITHLHOTO TIPIKUMA
He TpeBbIIaeT 9 MKM, a Ipu Majaoi
xectkoctu (K; = 196 H/M) oHa
oonbuie 23 MkMm (puc. 4, a). Ilepe-
cyeT 3HayeHuil F, Ha 3aBUCHMOCTb
OT HOpMaJIbHOM nedopMany Habo-

MPYKMMa ¢ HAKJIOHOM Habopa BOJIOCKOB 4epe3 I10[-
JeP>KUBAIOIILYI0 KOHCOJIbHYIO 0alKy pa3IMyHOMN XKecCT-
KoCTH. JIJIsT 3KCTIIepUMEeHTAIBHON TTPOBEPKH 3TOM MO-
Je I OBUTM TIPOBEICHBI TUITMYHBIE TPHOOJIOTMUECKUE
U3MEpEeHUS TP CKOJBKEHNM OTHOTO M TOTO K€ Ha-
0Gopa HaTypaJbHBIX BOJIOCKOB T'¢KKOHA, IPUKPEILICH-
HOTO K KOHCOJIBHBIM OaJIkaM C pa3iIMYHOM JKeCTKO-
cTbio K;, ¢ MPUXMMOM BOJIOCKOB Ha 3aJaHHYIO Be-
qunHy L, onpenensiemyio gedopmauuein 6aaku u
HaAKJIOHOM BOJIOCKOB. [Tocie mpumoXeHus 3a1aHHOTO
YCHJIMSI TIPeIBapUTEIIPHOTO MPHXKMa HAGop BOJIOC-
KOB IIOABEPrajicst CABUTY CO CKOpocThio 60 Mxm/c. Ha
puc. 3 ¢ IOMOILIbIO YIIPYrOii MOAEIIN IOKa3aHbI nedop-
MallM¥u 3JIEMEHTOB HabOpa BOJIOCKOB M KOHCOJIGHOM

Koxa nansua
Toe skin

Jlamens
Lamellar

[TnockocTs BOPCHHEM
Spatulae plane

X

a} TInockocts BonOCKOE
Setae plane

! [Nopnoxxa
Substrare

pa BoJIOCKOB AH (puc. 4, 0) IOKa3bIBAET, YTO 3TU 3a-
BUCUMOCTH IIPAKTUYECKU OJMHAKOBBI IIPY BCEX 3HAYE-
HUAX K;. DTO MOATBEPXKIAET IMPENOIOKEHUSI O TOM,
YTO M3MepsieMble anre3MOHHBIE CWIIBI OIPEIEIISTIOTCS
TOJIbKO HAKJIOHOM BOJIOCKOB 1 HE 3aBUCSIT OT XXECTKOCTHU
TIPYXVHEI.

151 XXeCTKOCTH TIPYKMHBI, paBHO 196 H/M 1 Haun-
6oJiee OJIM3KO COOTBETCTBYIONIEH XKECTKOCTH JIAMeEJTei
JIaIl FTeKKOHA, ObUTY Ompe/ie/ieHbl M3MEHEHMSI HOpMAaJlb-
HOI1 (aAre3MOHHOI) KOMIOHEHTHI F,, CUJIbl COMPOTHB-
JICHUSI CKOJIbXCHUIO U CHJIBI TPEHUs FBO BpEMEHHU OT
Hayaja MPUIOXEHMS CUJIbl JO YCTAaHOBUBIIETOCS
CKOJIbXEHUs (pUC. 5, CM. BTOPYIO CTOPOHY OOJIOXKKH).

W3 npuBeneHHBIX NAHHBIX BUAHO, YTO IIPOLIECC
CKOJIbXXEHUS Habopa BOJIOCKOB YETKO MOIPA3ICIISICTCST

Puc. 2. Harnsaanoe n3o0paxkeHne nepapxuyeckoil TPeXypoBHEBOi (MaKpo-, MHKPO- H HAHO-) CTPYKTYPbl IOBEPXHOCTH NAJIbIIEB T'€KKOHOB (a)
[3, 5] u cxemb1 HayanbHOro KonTakrTa (b) u nedopmanuii npu NpUIKMMe HA OIMHAKOBYIO BeJu4uHy L, TeTpas Bojockos (c—d) ¢ ynpyroi noa-

JiepKUBAIONIEii KOHCO/IbHOI 0akoi (mpyxuHoit) 6onbmoi (b) u manoi (c) xkectkoctu [2]

Fig. 2. Image of the hierarchical three-level (macro-, micro- and nano-) surface structure of gecko toes (a) and [3, 5] and the scheme of the initial
contact (b) and the deformations at clamping on the same amount L of the hairs’ tetrads (c—d) with the elastic supporting cantilever beam (spring)

of large (b) and low (c) hardness [2]
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Ha Tpu craguu. Ha craguu I (Mexmy TouykamMu i—iv)
HOpMaJlbHasl cuia ObICTPO (B Mpeaesax 2 ¢, 4YTo COOT-
BETCTBYET CMEILIEHUIO TTPU cABUTE 0Koio 120 MKM) Tie-
PEXONUT B aAre3MOHHYI0 00nacthb (£, > 0) oT Hayab-
HOI CWIbl OTTaJKMBAaHUsI, OOYCJIOBICHHOU MpeaBapu-

Harpyzka nmpunoxena

|
| )
| Preload applied Cromssxere

Sliding
Fn=K1(4L-Lo)

Bes cromexenna
No sliding

AL=hs-h's

Puc. 3. IloBenenue ynpyroii Moesin HA00pa BOJOCKOB M KOHCOJIbHOI 0QJIKM MPH HAYATbHOM
KaCaHHW MOJIOKKH (@), MPH NPeABAPUTETLHOM HArpyxkeHud 0e3 ckouibkenus (b) m mpu
ckoabxenuH (¢): K; — xoaduument ynpyrocti 6anku; Kg — Ko3PULMEHT YIIPYyrocTy Ha-

60pa BOJIOCKOB; hy, hy, hgy — NCXOOHBIE IIMHBI BCEW CHCTEMBI, OAJIKM M HAOOPa BOJIOCKOB
COOTBETCTBEHHO; /1) g, fig — JUIMHBI GaJIKK U HAOOpa BOJIOCKOB TOCIIE MPEIBAPUTEILHOIO Ha-
TPYXEHHUSI COOTBETCTBEHHO; L) — MpeaBapuTenbHas AeopManus Monean 6e3 CKOMBKEHNS;
F,= K;(AL — Lj) — HOpMalbHasl KOMIIOHEHTAa CHJIbI COMPOTUBIEHUSI CKOJIBXEHUIO; A,
AL = hg— hy — nnmHa u nedopmalus (HaKJIOH) Habopa BOJOCKOB NMPM CKOJILXEHMH [2]

Fig. 3. The behavior of an elastic model of hairs and a cantilever beam at the touch of a substrate
(a), with non-sliding pre-loading (b), at sliding (c): K; — the coefficient of elasticity of the beam;
K — coefficient of elasticity of the hair; hy, hy g, hg)— the original length of the system, beam and
a set of hairs; hy g, hg — lengths of the beam and a set of hairs after the preload; Ly — preliminary
deformation of a model without sliding; F,, = K;(AL — Lgy) — normal component of the sliding

resistance force; h'g, AL = hg — h's — length and deformation (tilt) of a set of hairs at sliding [2]

Ad,um

160

Puc. 7. Cxema KOH()OPMHOrO NpUIEraHUs JaMeJUIIpHO-(HOPHILIAPHOI CTPYKTYPHI ""cyxoro”
ajire3uBa K nNpo(uIMpoOBAHHOI MOBEPXHOCTH (@), 3aBHCUMOCTDb BEJIHYMHBI NPUKHUMA OT NPH-
JIOJKEHHOTO JIaBJICHHS [IJIsl HeJIAMEJUISIPHOi (cepble TOYKHN) | JaMeJUISIPHO# (YepHble TOYKH)
cTpykryps! (b) u dororpaduu anre3monnoii Haknaaku npu Harpyske 500r (S H)u 1r (c, d
COOTBETCTBEHHO): SIPKME IATHA Ha YBEJIMUEHHOM M300pakeHMM CIipaBa COOTBETCTBYIOT
OOJTBIIION TUTOIIAMM KOHTAKTHBIX 00JIacTell TIpU OOJIBIIIOI HATpy3Ke (¢) ¥ MaJIOi TIOIIAIN
Mpy Majioil Harpy3ke (d), 4To obyieryaer oTaeaeHue Hakiaaaku [7]

Fig. 7. The conformal adhesion of the lamellar-fibrillar structure of "dry" adhesive to the profiled
surface (a), the dependence of the clamping from the pressure for non-lamellar structure (grey
dots) and lamellar structure (black points) (b) and the photographs of the adhesive pad under
the load of 500 g (5 N), and 1 g (c, d): the bright spots in the image on the right side correspond
to the large area of contact regions at a high load (c) and a small area at a low load (d), facilitating
the separation of the pad [7]
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TEJILHBIM TIPYKUMOM, TIPU HECKOJIBKO MeHee OBICTPOM
Bo3pacTtaHuu cwibl TpeHus. Ha ctanuu 11 (Mexmy Tou-
KaMU iv—V) JOCTUTAETCS ITOCTOSTHHOE 3HAaYE€HNUE OTHO-
LLIEHUST CUJT TPEHUS U aAre3vu, mpuMepHo paBHoe 20,
YTO COOTBETCTBYET, B COIJIACUM C IIPUBEICHHON B Yac-

™ 1 (puc. 4, 6) Momenblo OTphIBa
BOPCUMHOK, 00pa3oBaHUIO yrja Ha-
KJIOHA CTBOJIOB BOJIOCKOB (MHUKpPO-
CKOINMWYECKOIo yIjla UX HaTSKeHUS)
oT 63° mo 3HayeHU, MeHbIIUX 30°.
Ilpu panpHeiflieM  CKOJbXEHUU
YUCJIO BOPCUHOK C TeM XK€ CaMbIM
YIJIOM HaTSKEHMST BO3pacTaeT MNpu
YMEHBIIIEHWHN YTJIa HAaKJI0OHA CTBOJIOB
BOJIOCKOB JIO T€X ITOP, MTOKa BOJOCKHU
He TIepelayT B YIUIOTHEHHOE CO-
ctosiHue (mo 18°), u mpoiecc He me-
periget B ctanuio 111, B KoTopoii cu-
JBI aure3uy W TPEeHUS TOCTUTAIOT
CBOMUX MpeJeTbHbIX 3HAUYCHUI.

Takum oOpaszom, ngaMeUIsIpHAs
CTPYKTYpa KOXMUIIbI MaJIbLIEB F€KKO-
HOB M €¢ CBOMCTBA (KECTKOCTh U
3JIACTUIHOCTb) BHOCSIT CYIIECTBEH-
HBII BKaad B 3(ppeKTUBHOCTDL U Ha-
JIEXHOCTb TIPOIIECCOB TIPUKPETLIC-
HUS U OTHAEJICHUS BOJIOCKOB IIpU
IBIDKEHUHW TEKKOHOB I10 CTeHaM U
notonkaM. IloaToMy Takoil MpyxKu-
HSILIWI TAT TTOBEPXHOCTHBIX CTPYK-
Typ MOXET CIYKUTb OCHOBOI HOBBIX
TUITOB CUHTETMYECKUX "cyxux'" aare-
3MBOB M YCTPOMCTB Ha MX OCHOBE.

Ha puc. 6 (cM. TpeTbiO CTOPOHY
00JI0XKKW) TIpUBEAEHBI MUKPOGDOTO-
rpaduyd TMOJMMEPHBIX TPYKUHSI-
IIAX MUKPOCTPYKTYP, TOJYYEHHBIX
METOAaMM MOBEPXHOCTHBIX MUKPO-
00paboTOK 13 MOJTUIUMETUIICUIOK-
cana (ITIMC) u cpopMUpOBaAaHHBIX
W3 TIOJIM3TUIIEHA BBICOKOW IIJIOTHO-
ctu (IIDBII) meTtomamu J1a3zepHOit
a0JIsIMM M 3aTI0JIHEHMST pacIijiaBOM
HAHOMOp TMOJMKapboHaTa, KOTO-
pble MUMUTHUPYIOT NPYXUHSIIUE U
nepapxuuyeckue MUKpPO- M HaHO-
GUOpUIISIpHBIE aIT€3MOHHbIE CHUC-
TeMHl [6, 7].

B cucreme, mnpuBeneHHON Ha
puc. 6, b, KOHIIBI JJaMeJIeit CIToco0-
HBI OTKJIOHSTHCS TI0 BEPTHKAJIM Ha
200 MxM (TTOJATIMBOCTH TOpSAKA
91 mxm/MH), obecrieurBast xopoiiree
(koH(poOpMHOE) mpuiIeTaHUE K Mpo-
(pmaMpoBaHHBIM TIOBEPXHOCTAM U
obecrieunBasi BBICOKYIO ITPOYHOCTH
ClLIeTUIeHUs npu casure (puc. 7).




2. Ipuamunel co3gannsa u 3¢ EeKTHBHOCTD
NMPUMEHEHHs 3JIACTHYHbIX APMHPOBAHHbIX
NMOJIMMEPHBIX KOMIO3UIHOHHBIX MATEPHAJIOB,

obnazaomux 3ddexTom "cyxoi" aaresmn

Baxneitime HemocTaTKu oOpatuMoro sddgekra
"cyxoi" anre3wu, peaJm3yeMoro B yIpyrux (puopmi-
JISPHBIX MHOTOYPOBHEBBIX CTPYKTYpax, MPOsIBIIsIEMbIe
MIpYA €T0 UMUTALINU TSI co3gaHus 3G (MEKTUBHBIX WC-
KYCCTBEHHBIX aITe3MOHHBIX CUCTEM M YCTPOMCTB HA UX
OCHOBe, OOYCJIOBIICHBI, B TIEPBYIO OYepedb, TEXHOJO-
TMYeCKUMHU TPYIHOCTSIMU (POPMUPOBAHMS TAKMX CHC-
TeM, 0COOEHHO Ha OOJbIIMX IJIOLIAASX, U CPAaBHU-
TEeJTbHO HU3KUM YPOBHEM JOCTUTAEMBIX aAre3MOHHBIX
CBOICTB. AJITEepHAaTUBHBIC "CYXUM'" aire3MOHHBIM CHC-
TeMaM JIMTIKKE JICHTBI Ha OCHOBE YIIPYTOBSI3KUX KITee-
BbIX CJIOEB HE 00JIafaloT OOpaTUMbIM aAre3MOHHBIM
3¢ HEKTOM U OTIUYAIOTCS HU3KOM aaTe3MOHHOMN MpoY-
HOCTBIO Ha OTPBIB, & TAKXKE BBICOKOM MOJI3yYeCThIO MPU
Harpyskax, MEHBIINX paspylaimx. s McKiode-
HUS OOJIBIIIMHCTBA HEAOCTATKOB (PUOPMILISIPHBIX "Cy-
xux" anre3WBOB W JIUMKUX JIEHT COTPYIHUKU YHU-
BepcuteTa 1urtata Maccauycerc B Amxepcre (CIIIA)
MPEeIJIOKIM IIPOCTOM ITyTh pa3paboTKM "cyxmux" aare-
3WBHBIX HAKJIAIOK C MUCTIOJIb30BAHNEM 3JIACTUIHBIX ap-
MMPOBAHHBIX MOJUMEPHBIX KOMIO3UIIMOHHBIX MaTe-
puanoB (ITKM) Ha ocHoBe ciaboaedopMupyemMoit
OpU PACTSKEHUU IIPOYHOM apMUPYIOLIECKH CHUCTEMbI
(TKaHU WK JIEHTBI) U CETYATOTO TTOJIMMEpPa B BEICOKO-
BJIACTUYECKOM COCTOSTHUU, KOTOPHBIN COYETACTCS C ap-
MUpYIOLIEH CUCTEMON M 0oOpa3yeT Ha MOBEPXHOCTHU
TOHKUI MOJATIMBBIN aare3uoHHbIN cioit [8—13]. Ta-
KOH crioco® MO3BOJISIET PEIIUTh MPodeMy ABYX B3au-
MOUCKJTIOUAIOIINX TPeOOBaHWIA K 00paTUMBIM "CyXuM"
aJre3MOHHBIM MaTepuajaM Ha JOCTaTOYHO OOJIbIIMX
TJTOIIAMSIX: BHICOKOW IOAATIUBOCTY B HAIIpaBJICHMH,
HOPMaJIbHOM K MOJUTOXKE, © MUHUMAJIbHOM MOJATIM -
BOCTH B HampaBJIeHUM TPIOKEHNS HArpy3KU.

B ocHoBe aTOro Merona JEXMUT MpPeanojioxeHue,
YTO COOTHOIIEHUE MEXIY OIPEIeISTIONINMM ITapaMeT-
paMM yCTOMUYMBOCTH OOPAaTUMBIX aAT€3MOHHBIX CUCTEM
K pa3pylIeHnIo MOXET OBITh OIpenesIeHO U3 DHepre-
THUUYEeCKOTo OanaHca, ycTaHOBJIeHHOTO ele I'pudpu-
ToM B 1921 1. ipu aHanu3e pa3pylieHuUs TBEPAbIX TEJ:
MpU JOCTIKEHUU KPUTUYECKOTO 3HAYEHUS TIPUIIO-
JKEHHOM Harpy3ku F- 3amaceHHas ynpyrasg 3Heprus
aedopmupoBanusa Uy, MPOTUBOIONIOXHAS MO 3HAKY
W paBHas IO BeJWYMHE IOTEHLIMAJbHONW BHEPruu
MIPYIOKEHHOM Harpy3Ku, IpeoOpasyeTcsl B SHEpPTUIo
00pa3oBaHUA €IVHMLBI IUIOLIAAM MOBEPXHOCTU G
ITpu atom

2
Up~ F.C,
rae C = 6A/0F — NMoJaTauBOCTb CUCTEMbI; A — BeJU-
yrHA OedopMany moa AeiCTBUEM CUIIHI F,
_ oUg

Ge oA’

rae A — miowaab obpasylolieiics MmoBepxHocTu. To-
T1a U3 PABEHCTBA 3aMACEHHOW U 3aTpauMBacMON SHep-
run (Fo C = GeA) crnenyer, 4To MpenebHOE yCUne
CONPOTUBJIEHUSI Pa3pYLICHUIO aAre€3MOHHOIO0 KOH-
TakTa OMpeaessieTcs: TpeMsl OCHOBHBIMU (DaKTOpaMM:
SHEeprueii, 3aTpayrBaeMoOil Ha paziaelieHue Mexdas-
HOIM TrpaHUIIbl, TUIOLIAAbI0 KOHTAaKTa W TOAATIMBO-
CTbIO CUCTEMBI:

BennuuHa G sBAsieTCs TPYAHOPETYJIMPYEMBIM
rmapaMeTpoM, TTOCKOJIbKY OHAa B Cydyae IMOJMMEpPHBIX
cucTeM oImpeaensieTcss HecrneummpuyeckuMm BaH-gep-
BaanscoBckuM B3ammoneiictBueM. [loaToMy ompene-
JISIOIIMMU MapaMmeTpaMu siBisitorest A u C, v Juist ioc-
TVKEHUS BBICOKMX 3HaUeHUI F- HeoOXoammo obecrie-
yuBaTh HauboJblIee cooTHoweHue A/ C. DTUM U 00b-
SICHSITOTCSI TIPOOJIEMBI CO3IAHMS TTOJTUMEPHBIX "'CYyXHX"
aJITe3MBOB; MCIIOJb3YeMbIii MaTepual JOJKEH ObITb
MSITKUM (3JIaCTUYHBIM), YTOOBI 0OECTIeYnBaATh MOJHbIIA
KOHTAKT C TBEPIOM IOMIOXKOMN, U B TO K€ BPEMS XKE-
CTKHUM, 4YTOOBI OOecreyrMBaTh Majyl IOAATIUBOCTD.
DubpULIIpHBIE CTPYKTYPHI Ha MaJIoH TIJIOIIAIN MO-
TyT obecrneyrBaTh MOBbIILICHHbIE 3HAYeHUSI A 3a cYeT
MHOXECTBEHHBIX TOYEUHBIX KOHTAKTOB (paclernie-
HUsI KOHTaKTOB, contact splitting) N MOHVXEHHbIE 3Ha-
yeHMs omatianBocT C B HATIPABJICHUW TPUIOKEHUS
CUJIBI 32 CYET IOCTATOYHO XKECTKUX BOJIOCKOB C BOP-
CMHAMUW W WX BBIPABHUBAHWS TOJ IECTBUEM CIBU-
rOBBIX HanpspkeHuil. OgHako Ha OOJMBIIMX TLIOIIAISX
peanm3anust 3TUX 3(P@eKTOB 3aTpylHEHa, MO3TOMY
MTOJIYINTh 3 GEeKTUBHBIE (GUOPWILISIpHBIE "cyxue” ami-
Te3UOHHbIE CUCTEMbl MaKpOpa3MepoB IMPaKTUYECKHU
He ynaeTcs. ToJbKO MCIOJb30BaHUEM aHU30TPOITHO
apMUPOBAHHBIX TKAHSIMU WU JIEHTAMM 3JaCTUYHBIX
ITKM MoOXHO obecreuyuTb BBICOKYIO TMOIATIMBOCTD
B HAIpaBJICHWU, TMEPIEHAUKYIIPHOM IMOBEPXHOCTHU
MOMJIOXKU U, COOTBETCTBEHHO, BBICOKYIO ILIOIIAIb
KOHTAaKTa, a TakKxKe HU3KYIO MOJaTIUBOCTb B HaIlpaB-
JICHUM TIPUIOXKEHMST CUJibl oTphiBa. Haubosee ser-
KO BTO OCYUIECTBJSETCS JJISI CUCTEM, HarpyxkaeMbIX
CIBUTOBBIMU cujamu. Ha puc. 8 cxemaTuyecku mo-
Ka3aHbl IBa CIoco0a MOJy4yeHMs TaKMX aire3uBHBIX

Puc. 8. CxemaTnHuecKoe H300paKeHHe MoTydeHns "cyxux" aare3nBos
NPONUTKOI TKAHH B HU3KOBA3KOM NPENoJuMepe B CTEKIAHHOI opme
C MIAJKAM JIHOM MJIM HAKATKOW HA TKAHb BBICOKOBA3KOIO MPENOJiM-
mepa [10]

Fig. 8 Obtaining of the "dry" adhesives by impregnation of fabric in low
viscosity prepolymer in the glass form with a smooth bottom or rolling of
a highly viscous prepolymer on the fabric [10]
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Puc. 9. @®ororpadun KOHTAKTHOI CTOPOHbI 0OpPATUMO¥

CyX0ii" aJire3nOHHOI HAKJIaAKK miomansio 100 cm? Ha ocHoBe BbICOKONPOYHOI YTJIePOITHOI

TKaHA C MPOAOJIbHON KECTKOCTbIO 4 ° 109 H/M 1 31acTHYHOTO moJMypeTaHa ¢ moxyJaem ynpyrocta 3,8 MIla u moayaem noreps ~0,3 npu
yactote 1 I'n (@), BbIIepKUBAIONIEii HA IOBEPXHOCTH CTEKJIA MPH KOMHATHO# TemmepaType U caure rpy3 maccoii 135 kr, 1. e. ycuime 2950 H (b),
a TaKXKe JuarpaMMa ee CIBHIOBOTO OTPbIBA OT NMOBEPXHOCTH CTEKJA (€) M 3aBUCHMOCTDb NMPEAEJbHON CABUIOBOI CHJIbI OT YHMCJIA HUKJIOB MPH-

Jmnanue/otpoi (d) [8—9]

Fig. 9. The photograph of the contact side reversible of the "dry" adhesive pad with the area of 100 em? based on high-strength carbon fabric with
longitudinal stiffness of 4 X 1 i N/m and the elastic polyurethane with the modulus of elasticity of 3,8 M Pa and the loss modulus of ~0,3 at the frequency
of 1 Hz (a), with holds the load with the weight of 135 kg on a glass surface at room temperature and shear, i.e. the force of 2950 N (b), a diagram
of its shift detachment from the surface of the glass (c) and the dependence of the critical shear force on the number of adhesion/peel cycles (d) [§—9]

HaKJIQJOK: MPOMUTKON TKAHW B HU3KOBSI3KOM IIpe-
MoJIMMepe WM HaKaTKON Ha TKaHb BBICOKOBSI3KOTO
MpernoJumMepa.

B 006oux ciyyasx Ha IOCJIEIYIOIIMX CTaaUsIX Ipe-
MoJIMMeEp MpeBpalllacTcsl B pe3yJbTaTe XMUMUYECKUX pe-
aKIW B 3JaCTUYHBIN TIOJIMMEDP, B YACTHOCTH, B KpeM-
HUMOPraHMYEeCKU KaydyyK (ITOJTUAMMETUIICUIIOKCAH,
IMAMC) nnu snactuanbiil moauyperad (DI1Y). Iomy-

yaeMasl TIpM 3TOM TJIagKas KOHTaKTHas TOBEPXHOCTh
o0ecIieyrBaeT XOPOIIYI0 OOpaTUMYI0 MNPWIMIIAEMOCTb
HaKJIaIKW K TJIaIKOM TOITOXKE TI0 BCE MOBEPXHOCTH
BCJICIICTBUE BBICOKON MOMAATIIMBOCTHU CJIOS 3JIACTUYHOTO
MoJIMMepa, JIeTKOe OTCJIoeHue Tof yriioM >(0° U BbICO-
KYIO HECYIIYI0 CIIOCOOHOCTH IIPU CIOBUTE BCJICICTBHUE
MaJIol MOAATJIMBOCTY TKaHU MPHU pacTskeHuu (puc. 9).

[Mpu McToTB30BaHMM HAKIIAMOK C KECTKO 3aKper-
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Puc. 10. Cxema apMUpoOBaHHO# aAre3MOHHOH HAKJIAJKH HA NMOBEPXHOCTH MOMJIOXKKH, OT-
cJIauBaeMoi MoJ, YIjioM ¢, ¢ NPUKPEIUICHHOH HA BHEINHE#d CTOPOHE MO LEHTPY IUIACTHHOM,
Harpyxaemoii noj yrjaom 6 (a). 3aBMCHMOCTH OTHOCHTEJILHOH cujbl oTpeiBa F/F(y (oT-
HOIIEHHUSI CHJI OTPBIBA MOJ 32JAHHBIM YIJIOM W YIJIOM, paBHbIM (°) OT yriia mpu oTpbiBe Ha-
Kaaakm noj yriaom 0 (0° coorBeTcTBYET CHilEe, MAPAJUIEIBHOM OCH Z) C IOMOMBIO IUIACTHHDI,
TOABHKHO 3aKPENJIEHHOH MO HEHTPY (KPYXKKH) M JKECTKO MPUCOeTHHEHHO K HIDKHEMY KPalo
HAKJaAKH (KBAaJApPaThl), U MPH OTCJIOCHHH HAKJIAAKHA nox yriiom ¢ (0° cooTBeTCTBYET CHie,
napajienbHoii ocu y) (b) [9]

Fig. 10. Scheme of the reinforced adhesive pad on the surface of the substrate, peeling at an angle
o, with attached plate in the middle on the outer side, loaded at an angle 0 (a). The dependencies
of the relative separation force Fo/Fc (the tear strength ratio at a predetermined angle to an
angle equal to 0°) from the angle at the separation of a pad at an angle 9 (0° corresponds to
the force, parallel to axis 7) with the use of a plate, flexible fixed at the center (circles) and rigidly
fixed to the lower edge of a pad (squares), at peeling of a pad at an angle ¢ (0° corresponds to
the force parallel to the axis y) (b) [9]
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JIEHHBIMU K HUKHEMY Kpalo TiacTu-
HaMHU, SIBJISTIOIIIMUMMCST TIPOJOJIKE-
HHUEM HaKJIaJoK, HaOJIIogaeTcsl pes-
KO¢ YMEHBIIeHNEe YCWINS OTphIBa
P YBEJIMYCHUH yIJIa OTKIOHEHUS
TUIACTUHBI OT MOMTOXKM (puc. 10, b).
I[Ipy TOABIKHOM  3aKpeTICHUM
Harpy>aemMoi IIacTUHbI Ha BHEII-
Hell CTOpOHE IO IIEHTPY HAKIaIKH
(puc. 10, a) gocTuraercs 3aMeTHOE
CHUXEHUE YYBCTBUTEIBHOCTH CH-
JIBI OTPBIBA OT yIJIa €€ TIPUIOXEHUS
(puc. 10, b) c coxpaHeHHEeM CpaBHU-
TEJIbHO MAaJIBIX YCHJIMIE OOKOBOTO
OTCJIOCHMST HAKJIAAKHU OT MOATOXKH
TMTOBOPOTOM OTHOCHUTEIBLHO OCH Z
(puc. 10, a u 10, 0).

[lo aHamormm ¢ JamamMu TeKKO-
HOB, I'lle BOJOCSIHO-BOPCHUCTHIE T1O-
IYIIEYKN, CYXOXWINSI W CKelleT
MaJIbIEB WUIPAIOT OIPEISSTIONIYIO
poJib B obecrieueHnn "cyxoit”" aare-
3UH, TIPU TTATEHTOBAHUM TIpejiarae-
MBIX aATre3MOHHBIX HAKJIAIOK ISt
MMOABEIIUBAHMS TPY30B WX OTHCITb-
HbI€ BJIEMEHTHI Ha3BaHbI ATUMU Xe
TepmuHamMu (puc. 11).




Crener, kpennenne
IA MPHKTANBIEAHNE HAIPY3KM
Skeleton

Ho,n)me-ﬁca, aareiloHHas
HaKIanKa C MMacTHYHEIM

LY
MONHMEPHBIM CNIOCM C,'XO)KHJHK.

Harpyxaemas NIacTHHa
Pad ) Tendon

Co nomy Co
¥ CYXOHROAIHMA
Tendon-Pad connection

CYROMMHINA CO CHENETOM
Tendon-Skeleton connection

Puc. 11. Cxema aare3MoHHO#l HAKJIAAKH 1JIsl MOJBEIIMBAHUS IPY30B
Ha ocHoBe apmupoBanHbix TKanamu ITKM [10]

Fig. 11. The scheme of the adhesive pad for hanging of goods on the basis
on the PCM reinforced fabrics [10]

3akmoueHue

TiatenbHble 3KCIIEPUMEHTATbHbBIE UCCAEIOBAHUS
1 TEOPETUUYECKUI aHAIU3 UePapXUUECKO MHOTOYPOB-
HEeBOI (OUOPUIIISIPHOM CTPYKTYPhI SIUTEIUS NaIblEB
IFeKKOHOB U €€ MMUTAlIUM, aHajlu3 B3aMMOJEHCTBUS
(UOPUIIISIPHBIX CTPYKTYP C TBEPIOW MOBEPXHOCTHIO
MOJI, MPOU3BOJILHBIMU YIJIaMU, BBISIBJIEHUE MEXaHU3Ma
KOHTPOJUpYyeMOi "cyXxoii" aare3uu ¢ y4eToM KeCTKO-
CTU JlaMeJiell KaK MPY>XKUHHBIX (PUOPUIIISIPHBIX ajare-
3MOHHBIX CUCTEM W aHAJIU3 BO3MOXHOCTU UX U3TOTOB-
JIEHUS ¥ IPUMEHEHMS TI0Ka3aJIi, 9YTO OCHOBHEIE TIPO-
01eMbl co3gaHusl 3¢ (EKTUBHBIX UCKYCCTBEHHEBIX I10-
JIMMEPHBIX (PUOPMILISIPHBIX aATe3MOHHBIX CUCTEM U
YCTPOMCTB Ha MX OCHOBE OOYCJIOBICHBI HE TOJIBKO TEX-
HOJIOTUYECKUMU TPYAHOCTIMU (POPMUPOBAHUST TaKUX
CHCTEM Ha JOCTAaTOYHO OOJIBIIMX ILIOLIAASIX U CpaB-
HUTEJIbHO HU3KMM YPOBHEM IOCTUIaeMbIX aIre3MOH-
HbIX CBOMCTB BCJIEICTBME HEBO3MOXHOCTU BBINOJIHE-
HUSI B3aMMOUCKIIIOUAIOIIMX TpeOOBaHUI K oOpaTu-
MbIM "cyxuM" aare3uBaM (BbICOKOI MOAATIMBOCTU B
HanpaBJIeHUU, HOPMaJIbHOM K TOJJIOXKE, U MUHM-
MaJIbHOW TOAATIMBOCTU B HAIPaBJIEHUN MPUTIOXKEHUS
Harpy3ku), HO U CJIOXXKHOCTSIMU B YIIPABJAEHUU UX KOH-
TAKTHBIM B3aUMONICICTBUEM C TBEPAOW MOBEPXHOCTHIO
Ha CTaausx clLeIUieHUs U oTpbiBa. IIpocToil cmocod
co3maHus "cyXux" aAre3MOHHBIX HAKJIAJIOK Ha OCHOBE
clraboneopMupyeMoit Ipy pacTSKEHUM IIPOYHOM ap-
MUpYIOLIEH CUCTEMBI (TKAHU WJIM JICHTBI) U CeTYATOTrO
MoJMMepa B BLICOKORJIACTUYECKOM COCTOSTHUM, KOTO-
pbIii 00pa3yeT Ha MOBEPXHOCTH TOHKHWH MOAATIUBBIN
aAre3MOHHBIA CJIO, TMO3BOJISIET PELIUTh MPOOIEeMY
TaKMX B3aMMOMCKJIIIOYAIOIIMX TPEeOOBAaHUN W cO3AaTh
CTPYKTYpPHI, 00JIagatolie BLICOKOM aare3nOHHON POy~
HOCTbIO Tipu caBure. OmHakKo u3 0000IIEHMST TTOJY-
YEHHBIX MPU 3TOM JAHHBIX CIEAyeT, YTO BCE OHU I1O-
JIy4eHBI B 9KCITEPUMEHTaX, KOTOPhIe TIPOBOAINCEH Ha
[JIAAKUX TTOBEPXHOCTSX CTEKIIA, YTO TTO3BOJISIIO TIOMY-
YaTh UX IUIOTHBIA KOHTAKT C IMTOBEPXHOCTHIO 2JIACTUY-
HOTIO CJIosl HakJIanoK. B ciydasx mpoguinpoBaHHBIX
WY IIEPOXOBATBIX TBEPABIX MOBEPXHOCTEH i1 0bec-
MeYeHUs TAKOTO KOHTAaKTa HEOOXOAMMO ITOBBIIIATH
TOJILLIMHY JIACTUYHOTIO CJI0SI, CHUXKATh €ro MOIYJIb YII-
PYrocTM WIM TNpuAaBaThb MOBEPXHOCTU 3JIACTUYHOTO

cliosi GUOPWLISIDHYIO MUKPO- U HAHOCTPYKTYpPY, UTO
JIOJDKHO COIPOBOXKIATHCS CHUDKEHUEM aAre3MOHHOMN
NMpoyHoCcTU. Bo Bcex aKcmepuMeHTaX MCIbITaHUSI Ha
OTPBIB MpPU CABUTE MPOBOAUINUCH MPU KPATKOBPEMEH-
HBIX HAarpy3Kax co CPaBHUTEJIbHO BBICOKOI CKOPOCTBIO
MpY KOMHATHOM TeMmreparype. OTCYTCTBHE MPU 3TOM
TEMIEepPaTypHO-BPEMEHHBIX M YACTOTHBIX 3aBUCUMO-
CTeil aAre3MOHHON MPOYHOCTU PEe3KO CHUXKAET LIEeH-
HOCTb TOJYYEHHbIX AAHHbIX, TaK KaK M3BECTHO, YTO
MOBEICHUE JTACTUYHBIX TTOJIMMEPOB C TOCTATOYHO XO-
POIIIO BBIPAXKEHHOM BSI3KOYIPYTOCTHIO B pellaloleii
CTENEeHU OMpeaesisieTCs] OTHOIIEHUEM UX XapaKTepHO-
ro BpEMEHM pejakcalluu, siBJsiollerocss (GyHKUUEn
TEMIIePaTyphl, K BpeMEHU MPU CTAaTUIECKOM U TIepHO-
Ja KojeOaHU MpU AMHAMUYECKOM (3HAKOIIEPEMEH-
HOM) HarpyxeHuu. Kpome Toro, Takve HakJIaaku Ja-
K€ ¢ TIOABMKHO 3aKPEIIEHHOU MO LIEHTPY Harpyxkae-
MO TUIACTUHON 00J1aAal0T OYE€Hb BBICOKON UYyBCTBU-
TEJBHOCTBIO K YINIy HarpyxeHusi. O4eBUIHO, YTO MPHU
IJIaJIKO KOHTAKTHOM IMTOBEPXHOCTU OHU JAOJIKHBI ObITh
OYEeHb YYBCTBUTEJIbHBIMU K 3arpsI3BHEHUSIM.
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Polymeric Reversible "Dry" Adhesives: New Views, Approaches and Opportunities
Part Il. Effect of Base Stiffness on the Controllable Fibrillar "Dry" Adhesion

and Flexible Reinforced Polymer Composite Materials Characterized

by "Dry" Adhesion Phenomenon

The review as a whole is devoted to new theoretical views and experimental data concerning the effect of "dry" adhesion, and
also to the approaches to development, estimation and use of the materials and systems possessing such an effect. Part I contains
a generalized analysis of the modern views concerning the multilevel hierarchy of the natural fibrillar adhesive structures and model
of the frictional directed (anisotropic) adhesion and the theory of interaction of micro- and nano-fibrils (hairs and fibers) with a
solid surface under various angles, and also the efficiency of an artificial imitation and problems of cleaning of the fibrillar polymeric
"dry" adhesives. Part Il is devoted to the influence of the lamels’ stiffness on the controllable fibrillar "dry" adhesion, principles of
creation and efficiency of application of the flexible reinforced polymeric composite materials possessing the effect of "dry" adhesion.
It also contains generalized conclusions on the applied problems of development and formation of "dry" adhesives.

Keywords: stiffness of lamels, controllable "dry" adhesion, adhesive overlays, polymeric composite materials, reinforcing systems,

[flexible cross-linked polymers

Introduction

The review is devoted to theoretical concepts and exper-
imental data on the aspects of the "dry" adhesion, approaches
to the development, evaluation and use of materials and sys-
tems with such effect, and it is based on data in the literature
after 2006. In the Part I, an analysis of concepts of multi-level
hierarchy of natural fibrillar adhesive structures was given and
a model of frictional directional (anisotropic) adhesion was
considered, based on the features of the local interaction of
micro- and nanofibrils (hairs and villi) on the toes of a gecko
with a solid surface at different angles, which described the
ability to control the adhesive contact, the friction forces and
normal separation under controlled application of longitudinal
and tangential forces to the micro- and nanofibrils. Clamping
of the fibrillar adhesion structure to the solid surface after the
contact was performed with a shift and is accompanied by
spontaneous compaction of the hairs at their tilting under the
influence of a longitudinal force, which increased the number
of villi entered into the contact with the surface and, there-
fore, the adhesion strength of normal separation force and re-
sistance to the shift, i.e. the coefficient and the friction force.
Normal separation force and friction force vary by several or-
ders depending on the angle of inclination of the fibrils, in
what connection the separation force at small angles (6 < 30°)
is provided by the static friction force, and for large angles
(6 > 60°) it was provided by adhesion of the van der Waals
force. The small separation forces of the hairs and villi from
the substrate in the model were explained by relaxation of the
tangential force accompanied by return of the system to the
state of the contact. The simulative representations about the
frictional aimed adhesion of the fibrillar structures in nature
were in a good agreement with the findings of the adhesive
properties of synthetic polymeric fibrillar structures that sim-
ulate the natural structures, and suggest the ways of self-pu-
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rification of the fibrillar polymer "dry" adhesives from con-
taminations, worsening their properties.

This part analyzed the role of the stiffness of the elastic
base on which a multi-level fibrillar structure (plates or la-
mellae) on the gecko toes is fixed in the effective attachment
of the structure as a whole to a solid profiled (rough) surface
of the substrate and the needed detachment force from it. The
models and the examples of the experimental studies of nat-
ural and artificial springy fibrillar structures, showing the de-
cisive role of the stiffness of the base in conformal seating of
structures to fit the profiled surfaces and a given value of the
integral "dry" adhesion were described. A simple way to de-
velop "dry" adhesive pads on the base of reinforced polymer
composite materials of tensile strong fabric or ribbon and
sparse polymer in the rubber-like elastic state with formation
on the surface of a thin "dry" adhesive layer pliable in the per-
pendicular direction, eliminating the technological complex-
ity in formation of an artificial surface fibrillar micro- and na-
nostructures over the large areas was seen. In conclusion, the
conclusions on the applied problems of development and for-
mation of the "dry" adhesives were made.

1. Influence of lamellae rigidity on the controlled
fibrillar "dry" adhesion and effectiveness of its simulation

Studies of the local and integral "dry" adhesion of polyimide
(PI) to the solid surface of one of the report’s authors [1]
showed that the "dry" adhesion sufficiently close to the theo-
retical models of Johnson—Kendall—Roberts (JKR) and Der-
jagin—Muller—Toporov (DMT), which took into account the
intermolecular bonds (see table), becomes provided at the local
contact of the probe of an atomic force microscope (AFM)
coated with a thin layer of polyimide with a smooth surface
of polyimide and monocrystalline silicon (look in table).

However, a sharp decrease in peel force with increasing of
films’ thickness, especially over 4...4,5 um, which prevented




The experimental and estimated values of the pull-off force
of the AFM probe with a polyimide coating on solid surfaces [1]

Estimated
The experimentally values, nN
The surface determined values,
nN DKR DMT
Theory Theory
Unprocessed polyimide 63+6 105 140
Polyimide processed in 71+ 8 120 160
HF plasma
Silicon 119 £ 12 90 120

it from conformal fitting, was observed in assessing of the spe-
cific effort of peeling of the thin Pi-films from substrate’s sur-
faces after bringing them into contact as a measure of the in-
tegrated "dry" adhesion (fig. 1).

In all cases, the lower values of integral "dry" adhesion at
contacting of the PI film with a profiled surface with the sub-
strates (with columnar projections square micrometer-sized)
are observed as compared to non-profiled, which was likely
caused by an even lower effective area of intermolecular con-
tact in case of profiled surface of the PI film at all investigated
thickness.

After detailed analysis of the "dry" adhesion of gecko toes
it was also found [2—4], that the elasticity of the plates (la-
mellae) plays the most important role in ensuring of the con-
trolled intermolecular contact of the villi tips with a solid sur-
face, where the hairs with the villi at their ends are attached
on the soles of gecko toes and which had the shape of mi-
crometer cantilever beam (fig. 2, a). The elasticity of the la-
mellas facilitates the normal displacement of toes at their
folding for surface traction and the safe contact of hairs and
villi with it, providing the controlled adhesion force and fric-
tion force due to compaction, sheared and the required
clamping force of hairs’ tetrads to a solid surface.

Figs. 2, b—d schematically show a model of clamping with
a slope of hairs’ set through supporting cantilever beam of
varying stiffness. For its experimental verification, the typical
sliding tribological measurements of the same set of natural
gecko hairs attached to a cantilever beam with different stiff-
ness K; were conducted, with clamping of the hairs at a pre-
determined value L, determined by deformation of the beam
and hairs’ tilt. Upon application of a prior predetermined
pressing force, the hairs’ set was sheared with a speed of
60 m/s. Fig. 3 using the elastic model shown deformation of
the set of hairs and a cantilever beam at the different stages
of the experiment.

The experimental data were shown in fig. 4 (look at the fig-
ure on the 2-nd page of the cover). Positive F,, corresponded to
adhesion at slippage of the hairs’ set after a given clamping,
and its negative value indicates a predominance of repulsive
forces caused by the deformation of the spring and the slope
of the hairs’ set. It was evident that at a large stiffness of the
spring (K; = 879 N/m), the safe value of the prior clamping
is not more than 9 pm, and at low stiffness (K; = 196 N/m)
it is greater than 23 um (fig. 4). Recalculation of the F,, values
on the dependence on the normal strain of the hairs” set AH;
(fig. 4, b) shown that the dependences are practically the same
for all K;. This confirms the assumption that the measured
adhesion forces were determined only by the slope of the hair
and do not depend on the stiffness of the spring.

For the spring stiffness of 196 N/mm, which was most
closely corresponds to the stiffness of the lamellas of the gecko’s
toes, the changes of the normal (adhesive) F,, component of a
slip resistance force and a frictional force I'}were defined in
time from the beginning of the application of force to the steady
slip (fig. 5, look at the figure on the 2-nd page of the cover).

It can be seen, that the slip of the hairs’ set was clearly di-
vided into three stages. In the stage I (between I—IV), the
normal force quickly (within 2 s, which corresponds to the
displacement of the shear of about 120 um) entered into the
adhesive region (F, > 0) of the initial repulsion force due to
the prior clamping, at somewhat less increasing of the fric-
tional force. On the stage II (between IV—V), a constant ratio
of the forces of friction and adhesion becomes reached (ap-
proximately equal to 20), which corresponded, in agreement
with the model of villi separation given in Part I (fig. 4, b), to
formation of angles of the hairs’ trunks (the microscopic angle
of their tension) from 63° to the values less than 30°. At further
sliding, the number of villi with the same tension angle in-
creases at decreasing of the angles of the hairs’ trunks until the
hairs do not come into the compressed state (until 18°), and
the process did not go into to the Step III, in which the ad-
hesion and friction forces reach their maximum values.

Thus, the lamellar structure of the skin of the geckos toes
and its properties (hardness and elasticity) significantly con-
tribute into the efficiency and reliability of attachment and
separation of the hairs at while geckos movement. This
spring-elastic type of the surface structures can become the
basis of synthetic "dry" adhesives and devices based on them.

Fig. 6 (look at the figure on the 3-rd page of the cover)
showed the microphotographs of polymer spring microstruc-
tures obtained from the polydimethylsiloxane (PDMS) by
surface micromachining and the melt-filled polycarbonate na-
nopores formed from the high density polyethylene (HDPE)
with the use of the laser ablation, that simulate the spring-
elastic and hierarchical micro- and nanofibrillar adhesive sys-
tems [6—7].

In the system (fig. 6, b), the ends of the lamellas could ver-
tically deviate by 200 um (the flexibility is about 91 um/mN),
providing a conformal fit to the profiled surfaces and high
bonding strength in shear (fig. 7).

2. The principles of creation and the effectiveness
of the flexible reinforced polymeric composite materials
with the effect of "dry" adhesion

The major disadvantages of the reversible "dry" adhesion
in the elastic fibrillar multilayered structures in their simula-
tion for creation of the efficient artificial adhesive systems and
the devices based on them are caused, primarily, by the tech-
nological difficulties in formation of such systems, especially
on large areas, and by the relatively low level of the adhesion
properties. The adhesive tapes alternative to the "dry" adhe-
sive systems based on viscoelastic adhesive layers do not pos-
sess the reversible adhesion effect and had low adhesive peel
strength and high creep flow under load. To exclude the most
of the disadvantages of the fibrillar "dry" adhesives and the ad-
hesive tapes, the research team of the University of Massa-
chusetts in Amherst (USA) proposed a simple way to develop
"dry" adhesive pads using flexible reinforced polymeric com-
posite materials (PCM) based on low tensile strong reinforc-
ing system (tissue or tape) and a latticed polymer in the high-
elasticity state, which is combined with a reinforcement system
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and forms a thin pliable adhesive layer on the surface [8—13].
This method solved the problem of two mutually exclusive re-
quirements to the reversible "dry" adhesive materials on a suf-
ficiently large areas: high compliance in the direction normal
to the substrate, and a minimal pliability in the direction of
the load application.

The method was based on the assumption that the rela-
tionship between the parameters determining the stability of
the reversible adhesive systems to the destruction can be de-
termined from the energy balance established by Griffith in
1921 when analyzing the fracture of solids: when the critical
applied load F was reached, the stored elastic deformation
energy Ug, with the opposite sign and equal to the potential
energy of the applied load, converted into the energy of for-
mation of a unit of the surface area G.. Wherein:

Up~ F&C,

where C = 0A/0F — the compliance of the system; A — the
deformation under the force F, G- = 0Hg/0A, where A — the
area of the formed surface. Then from the equation of the
stored and consumed energy (Fé C = GcA) it was followed,
that the critical force of the fracture resistance of the adhesive
contact is determined by three main factors: the energy spent
on the separation of the interface, the contact area and the
compliance of the system:

A
Fcz@[?.

G was parameter difficult to control, since for polymer
systems it was determined by the nonspecific Van der Waals
interaction. Therefore, the determining parameters were A
and C, since to achieve high F it was necessary to provide
the greatest value for A/C relation. This explained the prob-
lems in developing of the polymer "dry" adhesives: the mate-
rial should be soft (flexible) to ensure full contact with the sol-
id substrate, and should be hard to have low compliance. The
fibrillar structure on a small area could provided increased A4
through multiple contact points (contact splitting) and re-
duced compliance C in the direction of applied force due to
the fairly stiff hairs with the villi and their alignment under the
action of shear stresses. However on the large areas, the im-
plementation of the effects is difficult, therefore, it was im-
possible to obtain the effective fibrillar "dry" adhesive systems
of the macroscale sizes. Only the use of anisotropically rein-
forced fabrics or the tapes of elastic PCMs could provided a
high compliance in a direction perpendicular to the substrate
surface, and accordingly, a high contact area and low compli-
ance in the direction of application of the detachment force.
The most easily it could be carried out for systems that were
loaded by the shear forces. Fig. 8 shows two ways to get these
adhesive pads: fabric impregnation in low viscosity prepoly-
mer or rolling of the highly viscous prepolymer on the fabric.

In both cases, the prepolymer on the subsequent stages be-
comed converted by chemical reaction into an elastic poly-
mer, in particular, into the silicone rubber (polydimethylsi-
loxane, PDMY) or elastic polyurethane (EPU). The resulting
smooth contact surface provides good reversible adhesion of
a pad to the smooth substrate across the surface due to the
high compliance of the elastic polymer layer, easy peeling at
the angle of >0° and a high load-bearing capacity due to the
low compliance of a fabric at a tensile (fig. 9).

When using the pads with rigidly fixed to the lower edge
by the plates, being a continuation of the pads, a sharp de-
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crease in breakout force with increase of the deflection angle
of the substrate from the plate were observed (fig. 10, b, purple
line). In the case of the flexible securing of the loaded plate
on the outside face in the center of the pad (fig. 10, a), a
marked reduction in the sensitivity of the detachment force
from the corner of her application was achieved (fig. 10, b,
green curve) while maintaining a relatively small efforts of the
lateral peeling of a pad from the substrate with rotating over
the axis Z (figs. 10, a and 10, b, red curve).

By analogy with the geckos paws, where hair-villi pads,
tendons and skeleton of toes play a decisive role in the "dry"
adhesion, the elements of the proposed adhesive pads for
hanging of loads were named by the same terms at patenting

(fig. 11).
Conclusion

The experimental studies and the theoretical analysis of
the multilevel hierarchical fibrillar structure of epithelium of
geckos toes and its simulation, analysis of the interaction of
fibrillar structures with a solid surface at arbitrary angles, re-
vealing of a mechanism of controlled "dry" adhesion taking
into account the stiffness of the lamellas as a spring fibrillar
adhesive systems, the analysis of the feasibility of their man-
ufacture and use have showed that the creation of efficient
synthetic polymeric fibrillar adhesive systems and devices
based on them compounded not only by the technological
difficulties in formation of such systems on a relatively large
areas and a relatively low level of the adhesion properties due
to inability to perform the mutually exclusive requirements for
reversible "dry" adhesives (high compliance in the direction
normal to a substrate and a minimum compliance in a direc-
tion of application of load), but also by the difficulties in man-
aging of their contact interaction with the solid surface in the
steps of attaching and separation.

A simple way to create the "dry" adhesive pads based on
strong reinforcement system, which is low deforming at ten-
sile (fabric or tape), and a latticed polymer in a rubbery state,
which forms a thin pliant adhesive layer on the surface, allows
to solve the problem of conflicting requirements and to create
the structures having high adhesive strength at shear.

However, from generalization of the obtained data, it fol-
lows that they all were obtained from the experiments, which
were carried out on the smooth surface of the glass, which al-
lowed to get close contact with the surface of the elastic layer
of pads. In cases of the profiled or rough hard surfaces, to en-
sure the contact it was necessary to increase the thickness of
the elastic layer, reduce its modulus of elasticity or provide the
fibrillar micro- and nanostructure to the surface of the elastic
layer that should be accompanied by a decrease in adhesion
strength.

All the peel shear tests were performed at a short stresses
with relatively high speed at room temperature. The lack of
time-temperature and frequency dependences of the adhesion
strength sharply reduced the value of the obtained data, since
it is known that the behavior of elastic polymers with a suf-
ficiently well-defined viscoelasticity is crucially determined by
the ratio of the characteristic relaxation time as a function of
temperature to the of time in the static state and in oscillation
period at dynamic (alternating) loading. Moreover, such pads
even with the loaded plate flexible fixed on the center have a
very high sensitivity to the angle of loading. Obviously, with
a smooth contact surface they must be very sensitive to con-
taminations.
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TEXHOAOTUYECKUE NMPUHUMUTIIBI U3TOTOBAEHANA
MNEPCNEKTUBHOM SHEPTOHE3ABUCUMOM NMAMATHU

Ilocmynuna é pedaxyuro 22.01.2015

Paszeumue mexnonoeuti co30anus 006eKmoe ¢ HAaHOMEMpPoGbIMU PAZMEPAMU OMKPbIBACH MHO20 HOBbIX B03MONCHOCMEN 8 CO3-
daHuu co8pemeHHOU 2N1eKMPOHHOU KOMROHEHMHOU 6a3vl. Paccmompensl 0cobeHHOCMU MEeXHON0SUYECKUX NPOUECCO8 CO30aHUSL Ie-
MEHMO08 3HepeoHe3asucumol namsamu. Jan 0030p Mamepuanios u 0CHOBHbIX MEMo008 Ux 0CaANCOeHUs U PA3MEPHOL 00pabomKu 04
DOPMUPOBAHUSL INEMEHMO8 IHEP2OHE3AGUCUMOU NAMAMU HA PA3AUYHbIX u3uqeckux npunyunax oeticmeus. Ilokazano, ymo xu-
MuHecKoe ocaxncoeHue u3 2azoeoll ¢haswl, pusuueckoe ocaxcoerHue u3 eazosou ¢asvl u ux Mooupukayuu 16430mcs 6a308bIMu mex-
HOA0UAMU CO30AHUSL PYHKYUOHAALHBIX CA0E8 INEMEHMO8 UHMESPANbHbIX CXeM pasiuyHoeo HazHavenus. [lpu cozdanuu s4eek co-
BPEMEHHOU IHEPLOHE3ABUCUMOL NAMAMU UCHOAL3YIOMCS MEMOObl AMOMHO-CA0E020 OCANCOCHUS U UMNYAbCHO20 AA3ePHO20 0CA-
acoenusi, komopowle xopouio coemecmumol ¢ KMOIT-npoyeccamu uzeomoenenus bBUC u CHHUC.

O0HaKo yena npouseo0cmea U HOBU3HA MEXHOAOUU COePIUCUBAIOM GbINYCK U PACAPOCMPAHEHUe MUKPOCXeM NaMAmu pasiuy-

HO020 obsema u npuHyuna o0eticmeus.

Karouesvte caosa: flash-namams, namame muna MRAM, FRAM, CRAM, ReRAM, ceenemoanrekmpuku, XanbKoeeHuobl,

aAmomHO-Ccr0esoe ocamcaeﬁue, Aas3epHas a6/1;zuu;z

BBenenune

ITonyrpoBOJHMKOBBIE 3alIOMUHAIOIIUE YCTPOUCT-
Ba pa3leISIOTCS Ha ABa MPUHLMIIAAIBHO pa3jinyaro-
LIUXCS KJlacca: MPOrpaMMHO U3MEHsIeMble (3alIOMMU-
HaloIlMe YCTPOMCTBA C MNPOU3BOJBHOU BBIOOPKOINA,
3VYIIB) u HeusmeHsiemble (IMOCTOSIHHbIE 3alIOMHUHA0-
mue ycrpoiictBa, I13Y). IlocTossHHBIE 3alIOMMHAO-
A€ YCTPONCTBA MPENOCTABISIOT BO3MOXHOCTbh TO-
CTOSIHHOTO (IOJITOBPEMEHHOI'0) XpaHEHUSI MporpaMm
1 TaHHBIX, TOCKOJIbKY MHbopMaLus B [13Y coxpaHsi-

€TCs JaXKe MPU BBIKJIIOYEHUN TTUTAHUS, T. €. IBJISETCS
Pa3HOBUIHOCTHIO SHEPTOHE3AaBUCUMON MaMSITH.
TenaeHys pa3BUTHUSI SHEPTOHE3aBUCHMMON Tamsi-
TH 6a3upyeTcs Ha HOBBIX (PU3MUYECKUX MPUHIUMNAX U
MeXaHuM3Max XpaHeHusI MH(pOpMalUMK W HampabjeHa
Ha COo3llaHUE 3JIEMEHTOB, 00J1alatolIMX JOCTOMHCTBA-
MU BCEX BUJOB — 3HEPrOHE3aBUCUMOCTBIO, MaJbIM
BPEMEHEM [OCTYINa M IIPOU3BOJIBHOU aapecaluei.
K TakuMm ycTpoiicTBaM 3HEProHe3aBHCHUMON ITaMSITU
OTHOCSITCS SJIEMEHTBHI, ICUCTBUE KOTOPBIX OCHOBAHO HA:
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e TIEpEeMEIICHUM 3apsaa B KpUCTaJJIe MU MOJIEKYJIe
BelllecTBa (CerHeToasieKTpuyeckasl namsate FRAM
win FeRAM);

e K3MEHEHUU 3JIEKTPUYECKOIOo COMPOTUBICHMS STUCii-
KU B 3aBUCUMOCTU OT U3MEHEHUSI MATHUTHOTO T10-
J1s1 (MarHUTO-pe3ucTUBHas namMsaTh MRAM);

e U3MEHEHUU (Pa30BOro COCTOSIHMS BEIIECTBA U CBSI-
3aHHOI'O C HUM M3MEHEHUSI MEeKTPUIECKUX CBOMCTB
(bazounBepcHas mamsate PRAM, CRAM um PCM);

e W3MEHEHUM  DJIEKTPUYECKOTO  COIMPOTUBIICHMS
STYEWKU B 3aBUCMMOCTHU OT U3MEHEHMUSI dJIEKTpUUe-
ckoro nous (pesuctuBHas mamsaTh ReRAM).
IIpennonaraercsi TakxkKe UCMOJIb30BaHME HAHOME-

XaHn4yeckux nepexkmoyareneii (NRAM), uMmerommx

JIBa CTAOMJIbHBIX MOJIOXEHUS, U 2JIEMEHTOB NaMsITU Ha

CIOUHTPOHHBIX 3P dekTax [1].

CoBpeMeHHbIe M TIepCIeKTUBHBIE YCTPOHCTBA
SHEProHe3aBMCUMOM MaMITH OOBIYHO paccMaTpHuBa-
0T B CpaBHEHUM ¢ XapakTepuctukamu flash-nmamsitu.
B Tabin. 1 npuBeaeHbI CpaBHUTEIbHBIE XapaKTePUCTH -
ku stueek PCM u ReRAM [2].

B Hacrosiee BpeMsl TUAEpPOM Ha PHIHKE SHEPro-
HE3aBUCHUMBbIX YCTPOMCTB siBisgeTcs flash-namsars. He-
CMOTpS Ha U3BeCcTHbIe HepocTaTku flash-mamsitu, 3TOT
KJIacC YCTPOWCTB UMEET CJEeAYIOIINE TEHIECHIIMN pa3-
BUTUSL:

e Tiepexo] K TeXHOJOrusIM ¢ HopMoli nopsiaka 100 Hw,
00YCJIOBJIEHHbIM HEOOXOAMMOCTBIO pa3MelleHUsI
0OJIBLINX 00BEMOB NAMSITU B LIM(POBBIX MOPTATUB-
HBIX YCTPONCTBAX U HOCUTENSIX MH(MOPMALIUK;

e pellieHue MpoOJeM MacIUTadMpPOBaHUS OOCTUTACT-
Csl MPUMEHEHHUEM HOBBIX JAUBJIEKTPUUECKUX MaTe-
pUajoB, UCIOJIb30BAaHUEM CTPYKTYp JIMOo Oe3 Iia-
BalOILIETO 3aTBOPa, JIMOO C ABYMsI 3aTBOpaMU;

e TIOBBIIICHUE PAAUALUOHHON CTOMKOCTH 32 CYET
CHIXKEHHUSI BEpOSITHOCTU OOpa3oBaHUs 3apsiia Ha
rpanuie Si—SiO, myreM LieJeHanpaBIeHHON UM-
IUIAHTAllMA TpUMeEcCeid W BBICOKOTEMIIEPaTypPHOTO
MOCTUMILIAHTALIMOHHOTO OTXXMUTA.

Jns mukpocxem texHosiorun KMOII moBbileH-
HOUW pagvallMOHHOM CTOMKOCTU C TEXHOJIOTUYECKOW
Hopmoit 0,25 MKM, BKJIIOYasi ONEPaTUBHYIO U DHEP-
TOHE3aBUCHMYIO MaMsTh, oOecIieurMBacTCsI padoTO-
CIOCOOHOCTh NPUM HAKOIUIEHHON J03¢ HE MeHee
200 xpan (Si) (oTaelbHbIE CEMENCTBA MUKPOCXEM —
no 1 Mpag (Si)); CTOMKOCTb K 3apsi’K€eHHBIM MOHaM
(TsKenbIM 3apsikeHHBIM yactuuam, T3Y) ¢ sHepru-

Tabauma 1

CpaBHUTeJbHbIE XaPAKTEPHCTHKH HEKOTOPLIX BHIOB
J9HEProHe3aBUCHMOM MaMATH

IMapameTpnl FLASH | PCM | ReRAM
Urenue maHHbIX (Ui 1 sTyeiikum), HC 50 20...50 | 10...50
3anuch gaHHbIX (s 1 saeiiku), He | 1 200 000 170 10...50
Yucno HUKIOB nepe3anucu 10° 108 108
Hanpsokenue nipu 3anucu, B 10...13 1.3 1,5..3
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et <120 M»B - CMQ/MI‘; CTOMKOCTb K HEUTPOHHOMY
MOTOKY 10 1 * 1013 HefITp./CM2 [3—14].

ITo cytu, dyHKIMOHABbHBIE 3JIEMEHTHI SlYeeK Ia-
MSITU TIPEACTABIISIIOT COOOM ABYXMOMIOCHUKY TUMA pe-
3UCTOpa WM KOHIEHCATopa, MEX3JIEKTPOIHOE IPO-
CTPaHCTBO B KOTOPBIX 3aMIOJIHEHO IJIEHOYHOM! KOMITO-
3ULIMEH COOTBETCTBYIOIINX MaTepranoB. Pusnyeckue
MPUHLIMITBI PabOThl U KOHCTPYKTMBHO-TEXHOJIOTHYE-
CKHUE BapUaHTHI S4eeK JaHbl B 0030pax [1, 16—23].

Marepuajbl 1 METO/IbI HAHECEHHUS MJIEHOYHBIX
KOMNO3unmid 1 (popmMupoBanus GyHKIMOHAIBHBIX
3jieMeHTOB syeek namatu tuna PCM, FRAM,
MRAM u ReRAM

XanbkoreHuaHas ssueiika mamsatu (PCM) paGotaer
Ha ocHoBe 3¢dekTa u3MeHeHUs1 ¢a3bl arperaTHOro
COCTOSTHUS BelllecTBa. KOHCTPYKTUBHO U TEXHOJIOTH-
YEeCKHM YCTPOMCTBA HA OCHOBE XaJIbKOT€HUIHBIX ILJIe-
HoK (PCM) coctaBa Ge—Sb—Te xopol1iio coyeTaroTcst
¢ nsrotoBieHueM cyuectBytoimux CbMC TexHonoruu
KMOII 1 MoryT ierko pUMEHSIThCSI BO BCTPOEHHBIX
BJIeMEHTaX MaMATH B JIOTUYECKUX YCTPOMCTBAX THUIIA
MUKpormnpolieccopoB (iu — P) 3a cuet 1o6aBieHuUs Bce-
ro HECKOJIbKUX (OT 2 10 4) CJ10€eB U, COOTBETCTBEHHO,
JUTorpaduyecKrx ornepamuii; MpoOeKTHbIE HOPMBbI TSI
PCM B HacTtos1ee BpeMst cocTaBisioT 45...180 HwM;
HE M3BECTHO (PU3MYECKUX OTpaHMYEHUI OO ~5 HM
[15, 24—28].

Hns toro uto0bl PCM cTall KOHKYpEeHTOCIIOCO0-
HBIM Ha pBIHKE YHEPTrOHEe3aBUCUMON MaMsITH, HE00-
XOIMMO pPEILINTh HECKOJbKO CEepPbEe3HBIX MPOOJIeM.
OcHOBHOI1 Mpo0JIeMOIt SIBJIsIETCSI TpeOOBaHUE BbICO-
KO TUIOTHOCTH NPOTPaMMMPYEMOTO ToKa — 0oJiee
107 A/(:M2 (st cpaBHEHUS: ¥ OOBIYHBIX TPAH3UCTO-
poB 10%...10° A/CMZ) B akTuBHOI (aze. M3-3a aToro
aKTUBHAasl 00JIaCTh BO3MEWCTBUS CTAHOBUTCS 3HAUM-
TeJIbHO MEHBIIIE, YeM Y YIIPABISIOLIECTO TPaH3MCTOpa.
IMoaBepraemblit HarpeBy 1 CKJIOHHBIN K TPOU3BOJILHO-
My (a3oBOMy Tiepexody 3JeMeHT MNaMITU A0JIKEeH
OBITH OOJIBIIIETO pa3Mepa, II03TOMY CTOMMOCTh TEXHO-
JIOTUYECKOI0 Mpoliecca BhIlIe Mo cpaBHeHUIO ¢ flash-
MaMSThIO.

Huxe nepeuunciieHbl po0eMbl, KOTOpbIe HE00XO0-
JUMO PEeLIUTh Ipu co3gaHnu PCM ¢ MUHUMAaNbHBIMU
pasMepamu 3JIeMeHTOB 5...20 HM:

e DJIEKTPOMMIPALIUSI MEHSIET COCTaB XaJlbKOT€HUIHO-
TO MaTepuasa, Co3laeT MyCTOTH B aKTUBHOM Mare-
puaje, 4To YBEeJIMYMBAET BEPOSITHOCTb OTKA30B;

e TUIOTHOYITAKOBAaHHBIC 3JIEMEHTHI B MaTPUIIEC IMaMsI-
TU HE CITOCOOHBI O0ECIIeYUTh BBICOKYIO MJIOTHOCTD
TOKA; TIePEKPEeCTHBIC TOMEXH IO AeMCTBUEM Tell-
JIOTBI BBI3bIBAIOT MSITKUI COPOC U BJIMSIIOT Ha CPOK
XpaHeHWs JAHHBIX TIPY TOBBIIIICHHON TeMITepaType;

e AaKTHBHBII MaTepuas B pacIljIaBIEHHOM COCTOSIHUU
U OrpaHMYEHHOM OOBEME BCTYMAET B PEeakIUio C
MaTepuagoM IU3JIEKTPUKA U 3JIEKTPOAa, YTO BbI3bI-




Tabnuua 2

MaTepua.m.l H METOAbl HAHECEHHUS IUICHOYHBIX KOMIIO3UIMIA 11 (bopMﬂponamm JJIEMECHTOB NMaMATH

Marepuan
Tumn snemeHTa Marepuainbl GyHKIIMOHAJIBHOTO CJIOST Mertonpl (hopMupoBaHUsI CIOST KOHTZS{ TOB
FRAM Pb(Zr,Ti)O3 (PbLa)TiOs, BigTi;O;,, BaMgFy, SrBi,Ta,05 | ALD, PLD, CSD, sonb-renb-npouecc, Pt, Ti
PFRAM LaNb,05, LSCMD, 1oHHO-IIa3MEHHOE PaCIIbl-
(FRAM Ca,Nb3;0y, nenne, BU marHeTpoHHOe pacmbuie-
C MMOJIUMEPHBIM nonvBuHuIuaeHdGTopua (IMBAD) HME, OKUCIICHUE METAJUIMYECKUX CIIOEB
CErHETORJIEKTPUKOM) | monuteodeH
JIeNTbTa-TIOJMBUHUINICHOTOPUT
MRAM Fe;Si, CoFe, NiFe, YrMn, Ru, PtMn, Co, Fe;0y4, Al,O3, Jlazepnas abmauust (PLD), nonno- Al
SiO,, MgO IUIa3MEHHOE pacIiblICHUE
PCM In,(SbygTes); — , Agydn(SbygTesp); — -, Tepmuyeckoe ucrnapeHue, HOHHO- Pt
Ge (SbyTesp); — . + Sb; Sb,Se; _ , In,Ses, miazmMeHHoe BY pacnbiieHue
Ag—In—Sb—Te (AIST), Ge—Sb—Te, Als;—Sbs,
ReRAM Ta)O5_ /TaO, _ Nonno-nnasmennoe BY pacnbuienne, Pt, TiN
KoMno3uthl Ha ocHose TiO,, VO,, NiO, ZrO,, ZnO, CuO,, | BY mMarHeTpoHHOE pacnblIeHHKE,
Hf Al _ xOy, AIN, TiOz,SiOL BN, rpaden, TepMHUYECKOEe HCTapeHne
MOJIMAHUJIVH,
MOJINATUIICHOKCHUI,
MOJIMMETUIMETAKPUJIAT

BaeT YTeuKy 3apsifia WIM OTPhIB OT MaTepuaia ¢ ¢a-

30BBIM TIEPEXOIOM TIPU PACIIMPEHUM.

B Hacrosmiee BpeMs cpenn MepCrleKTUBHBIX MaTe-
puanoB misi PCM-siueeK MOXHO BbIOCIUTH CIIEAYIO-
A€ TPYIITHl XaJIbKOTeHUIHBIX CIIIaBOB:

e GST-cocraBwl (GST124, GST147, GST225), B KO-
TOPBIX KPUCTAIIM3ALINS OIPEHCIISICTCS MEXaHn3-
MOM 3apoJibllliec00pa3oBaHusl B HAHOOObEME STUeii-
KU. JlaHHBIE COeAMHEHUS YCTYAIOT MaTepraiaM U3
MEePBBIX ABYX TPYIIII;

e coctaBbl Sb—Te, nerupoBaHHbIE PA3TUUHBIMU Me-
Tajulamu, npexzue scero Ag u In: In,(Sb;gTesp) -,
Ag,In (SbygTesp)| - —y, Gey(SbygTezp);— + Sb; B
JNAHHBIX CIUIaBaX KPUCTALIM3ALMST OIpeaesisieTcs
IBWDKEHUEM B 00beMe TpaHUIIBI KPUCTATA3AIINN;

e cocTaBbl Ha 0cHOBE Sb,Se_, In,Ses; o mapamer-
paM KpUCTA/UTM3AlMU JaHHbIE COCTUHEHUST YCTYy-
MMafoOT MaTepuajiaM U3 TIEPBLIX IBYX TPYIMIL.

Anga HaHeceHMs] XaJIbKOT€HUIHBIX IJIEHOUYHbIX
CJIOEB MCITOIB3YIOT B OCHOBHOM JBa METOJa HaHece-
HUsSI: TepMUYECKOe HUcMapeHue (Hampumep, IUIEHKY
Ag—In—Sb—Te (AIST) ocaxnatoT npu Temmneparype
ucnaputens 650 °C u Temmepatype momroxku 50 °C
[29]). Moaudukalius MIEHOK B LEIsIX CTPYKTypu3a-
LMY TUIEHOK WJIY CTaOMJIM3alluy OCYIIECTBISIETCS JIU-
60 OTKMUTOM Ha BO3IyXe B TeUeHHE HECKOJBKMX YacOB
npu temmepatypax 150...2000 °C, n1ubo nerupoBaHuemM
IaHHBIX coenmHeHuit mpuMecsamu Bi, In, Sn, Ti [30].

B 1a6x. 2 nmpuBeaeHb MaTepUAIbl U METOMIbI HaHe-
CEeHMSA TJICHOYHBIX KOMITO3ULHH TSI (POPMUPOBAHMS
9JIeMEHTOB Mmamstu [29—32, 35—48].

HauGonpiiuM apceHaioM U3BECTHBIX METOMIOB
ocaxXmeHUs 00JamaloT CerHeTOoaNeKTpUKH. B 60-x To-
Jlax TIPOIIIOrO BeKa B KayeCTBE 3JIEMEHTOB 3allOMU-
HAIOWIETro YCTPONCTBA UCCIENOBAINCh KOHAEHCATOPHI,

00pa3oBaHHbIC B3aUMOIIEPIICHAMKYJISIPHBIMU CUCTE-
MaMH1 TUJICHOYHBIX TPOBOTHMKOB Ha 00EMX TUIOCKO-
CTSIX TOHKOM IJIaCTUHBI U3 CerHeroayiekrpuka [33].
CrenyomnM WHTEPECHBIM HPUMEHEHHEM CETHETO-
BJIEKTPUKOB SIBJISIETCS CO3AaHME TUIAaHAPHBIX KOHIEH-
catopoB 1y yrpasiaeHust curHaaoM CBY [34]. Ine-
HOYHBIE CTPYKTYpHI TUTaHaTa Oapusl moaydyajau JIMOo
MPSIMBIM TEPMUYECKUM HCHapeHUeM IOpollKa, J1U0o
B3PBIBHBIM HCTapeHUeM, JINOO OTHOBPEMEHHBIM WC-
nmapeHreM Ba u Ti B atmocdepe Kuciopona; MmieHKU
MoJBeprajruch 00padoTKe Ha BO3MyXe MPU TeMIepaTy-
pe 1100 °C [35]. B pa6ote [36] mpencraBiieH MeTO, B
koropoM Ba(Ti, Zn, Sn)O5 romumnoi 20...30 MKM Ha-
HOCWJIM Ha TOUIOXKKY Yepe3 TpadapeT METOIOM IIIesI-
Korpauu ¢ TMocjaenyroluMMu MPOKAaTKON TJIEHKW Ha
BajbllaXx M OTXKMIOM Ha Bo3ayxe B TeueHue 20 MUH
npu Temnepatype 1400 °C. IlacTy n1g BXUraHusl U3-
TOTaBJIMBAJIA M3 YaCTHUIl KepaMUKHU ~1 MKM, a B Kade-
CTBE IUIACTU(MUKATOpPA MCIIOJIL30BAIA ITOJMBUHUIO-
BBIM CITUPT.

Ons ¢opMuUpoBaHUS ITUICHOYHBIX B3JEMEHTOB U3
MOJMMEPHBIX CErHETORJIEKTPUKOB MCIOJb3YEeTCsl TaK-
ke meton Jlenrmiopa—bnorxert [39].

Hau0oaee npeanoyTuTeIbHbie METOAbI OCAKICHHUS
(yHKIMOHAJIBHBIX CJIOEB

HaubGonee MHTEHCMBHO pa3BMBAIOTCS IS CO3Aa-
HUsI 2JIEMEHTOB SYeeK SHEProHe3aBUCHUMOM IMaMSITU
TaKle METOABl OCaXkIeHMUs (PYHKIIMOHAIBHBIX CIIOEB,
Kak aToMHO-cJioeBoe ocaxaeHue (ACO, uimm ALD) —
METOJI, KOTOPBI OTHOCHUTCS K TpyIine MeTogoB XOI'd
(XMMHYECKOI0 OCaXIeHUs U3 ra3oBou as3bl, WU
CVD), a takke meton u3 rpynmbl OOT'D (dusmde-
CKO€ ocaxkieHue 13 ra3oBoii ¢assl, win PVD) — um-
nyJabcHOe JlazepHoe mapodaszHoe ocaxaeHue (MJ10O
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Tabnuua 3

Tonmuabl GyHKIMOHANBHBIX cJioeB sueiiku MRAM
HanmeHoBaHue ciost Marepuan TomuuHa, HM

TemnepaTypHbIii 6apbep Ta 50
PedepeHcHbII ci0it PtMn 20
CoFe 2,5
Ru 0,8
CoFe 3,0
BydepHblit cioi Al,O5 0,5
Cioii XpaHeHUst CoFe 1,5
NiFe 3,0
YrMn 5,0
TemmepaTypHBIil 6apbep Al 20
Ta 90

win PLD). JIaHHbIe TEXHOJOTUU TIOJYYUJIU CTATyC
HauboJjiee MpeanouYTUTEbHBIX HallpaBlIeHUIt B ob1ac-
THU CHMHTE3a MOJIYIPOBOTHUKOBBIX COCNIMHEHUI B TIJICH-
Kax HaHOMETPOBBIX TOJIIIIH.

B Tabn1. 3 npuBeneHbI TONIWHBI GYHKIIMOHATBHBIX
cnoeB sgueiiku MRAM TSM [49], u3 KoTopoii cieny-
€T, YTO METOJbl HAHECEHMSI TOJKHBI KOHTPOJIUPYEMO
obecrreunBaTh (POPMUPOBAHNE TUICHOK TOIIIMHON 10
HECKOJIbKUX aTOMHBIX cjioeB. KauecTBo dopmupye-
MBbIX CTPYKTYp ITpU TaKUX TOJIIMHAX CYLIIECTBEHHO 3a-
BUCHUT OT IIIEPOXOBATOCTH TMOUIOKKU M TeMITepaTyphl
TepMOOOPaOOTOK, KOTOPhIE OOYCIOBIMBAIOT POCT pa3-
MEpOB 3epeH W U3MEHEHHME MX OPUEHTAIIUU.

AtomHO-cnoeBoe ocaxaenue (ACO, ALD)

IMponeccur XOI'D mcmonb3ytoTes ISl OCaXkIeHUS
ITOJIYIIPOBOJHUKOBBIX, IPOBOMSIINX (METaIbl, CHIIM-
VOB 1 HUTPUABI METAJJIOB) M AU3JIEKTPUIECKUX CITOEB.

Bo3MoxXHOCTH ocaxkneH!s KOHKPETHBIX MaTepua-
JIOB 3aBUCSIT OT MPOLIECCOB TEPMOAMHAMUKYU, KMHETH-
KM, HAJIMIUS Ta3000pa3HbIX MCTOYHUKOB IUISI peak-
. Kiaccudukanuss XOI'P-npoiieccoB npeacTaB-
JleHa B paborax [52—56]. ITpoueccet XOI'®D MoxHO
KjaccuuuupoBaTh Mo cnocoOy IMOABOAA DHEPTUH,
HEOOXOIMMOM TS MPOBEACHUS XMMHUYECKON peak-
LIUY, Y TI0 TEXHOJOTUYECKUM (paKTopaM IPU OCAKIE-
HUU cJIOEB (IaBjieHUe B paboueli Kamepe, TeMreparypa
mpoliecca, pexXuM IMoJaYr peareHToB H Ip.).

Cpenu MetonoB XOI'®D Hanbonee MHTEHCUBHO pa3-
BHMBAIOTCS MOIUMUIIMPOBAHHEIE TTPOLIECCHI, TaKNe KaK
ITOC (nynbcupytoliee ocaxkneHue cioes, uiau PDL), u,
HakoHel, ACO. CpaBHUTENBbHBII aHaJN3 METOIOB
AOC, XOI'® u ®OT'D mnpencrapieH B Tabi. 4 [53].

ATOMHO-CJIOEBOE OcaxaeHue Oa3upyeTcs Ha Mo-
CJIeoBaTeIbHBIX XMMUYECKUX PeakUUsIX MeXay Ma-
pPOM U TBEPIBIM TeJOM. bonbliMHCTBO peakuuit ACO
HCIIOJB3YIOT ABa XMMUYECKUX COeIMHEHUs (MpeKyp-
cophl). B npouecce ACO xumuueckue peakuuu pas-
JeJIeHbl Ha HECKOJbKO OTHEIbHBIX peaklMii, B KOTO-
pbIX MaTepuabl MPEKYpCOPOB pearupyroT ¢ MOBepX-
HOCTBIO TIOIJIOXKHU TIOCenoBarebHo. B pesyibrate
CBOICTBA K CAMOOTPaHUYEHUIO TOBEPXHOCTHBIX peak-
uuii npouecc ACO BblpalliuBaHUSI TOHKUX TIJIEHOK Jie-
JIaeT BO3MOXHBIM YIIpaBJIieHHWE OCaXkIeHUWEM Ha aTo-
MapHOM YpOBHe. YaepXKuBasi B MPOLEcce OCaxKaAeHMUS
MPEKYPCOPHI OTAEIBHO, MOXHO TOCTUYL KOHTPOJIS 3a
MPOLIECCOM Ha YpOBHE ~1072 1M 3a UKL st ipo-
MBIIIUIEHHOTO TTPOM3BOJCTBA BBIMTYCKAIOTCS YCTAHOBKU
aTroMHo-cyoeBoro ocaxaenus P400A, P800, TFS 600
u ap. koMmrnanun Beneq (PUHISHIWS); TPOU3BOIUTE -
MU obopyaoBaHus sBisitorest Takxke Oxford Instru-
ments Plasma Technology (Benukobputanusi), Mantis
Deposition (Benuko6puranust), Sentech Instruments
GmbH (I'epmanus), SVTA(CIA) [55].

Tabauua 4

Cpasﬂeﬂne Pa3JIMYHbIX TEXHOJIOTHI O0CAXKIEeHNUA MJIEHOK U3 ra30Boil d)aSLI

Kpurepnii

ALD (AOC)

CVD (XOTI'®d)

PVD (®OT®)

JInana3oH TOJIIIUH

<10 M

>10 HM

>20 HM

yl'lpaBJTCHI/Ie OIHO-
POOIHOCTBIO

Ha yposue 0,1 HM

Ha ypoBHe | HM

Ha ypoBHe 5 HM

KauecTBo mIeHKM

IIpeBocxomHAsT CTEXUOMETPHSI,
MaJjioe YUCJI0 MOop, BO3MOXHOCTb
YIpaBJIeHUST MEXaHUIECKUMU
HaIpssKeHUSIMU

IIpeBocxomHast CTeXUOMETpHSI,
Majioe YMCJIO TOp, BO3MOXHOCTb
YIpaBJICHUST MEXaHUYECKUMU
HaIpsDKeHUSIMU

OrpaHuYeHHast CTeXMOMETPUSI,
0O0JIBIIIOE YUCJIO MOp, OrpaHUYECH-
Hasi BO3MOXXHOCTb yIPaBJIeHUS
MeXaHUYEeCKUMU HAIPSIKEHUSIMU

KondopmHuocts
MOKPHITUS pefbeda

100 % mpu acreKTHOM COOTHOIIIE-
Huu 60:1

100 % npu acreKTHOM COOTHOILIE-
Huu 10:1, HO MOKPHITUE CTYNEHBKU
HE TapaHTUpYeTCs

50 % npu acieKTHOM COOTHOIIIE-
Hum 10:1

Yucrora

Her yacTuil u3-3a oTCyTCTBUS
peakuuii B Ta30Boil (ase

Yactuirsl n3-3a razodasHbIx
peakuuii

YacTtuusl usz-3a pacnbUICHUA

TpeboBaHUsI K BaKyymMy

Cpennue

CpenHue

Bricokue

IIpumMeHUMOCTD

Hert orpanuueHunii

TexHosorust ¢ HopMoii 90...65 HM

Texnonorus ¢ Hopmoii 100 HM
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ITonyyenue miaeHOYHbIX ciaoeB MeTogaMu ®OI'D

Metoabl OT'D pazmensiorcsl Mpexiae BCEro Io
KpUTEpUIO "CITOCOO TeHepalMy aTOMHO-MOJIEKYJISIp-
HOI'O COCTOSIHMS BelecTta” [56].

ITpuHIIMTIMAIBHOE pa3Iuyue TEPMUYECKOTO UCTape-
HUSI Y1 MOHHO-TJIA3MEHHOTO PACIbUICHUST 3aKJII0UaeTCsI
B TOM, YTO MPU FeHEPUPOBAHUM AaTOMHO-MOJIEKYJISIPHO-
IO COCTOSTHUSI B TIPOIIECCaX TEPMUYECKOTO MCITapeHUS
BJIEKTpUUYECKasi DHEpPrusi UCTOYHMKA IIpeodpasyeTcs
CHayaJla B TEIUIOBYIO, a 3aTeM B MEXaHWYECKYIO 3Hep-
ruto vactuil. Ilpy MOHHO-IJIa3MEHHOM pacIbUICHUU
MPOMCXOIUT HEMOCPEACTBEHHOE TTpeoOpa3oBaHue 3JIeK-
TPUYECKOM SHEPIUM B MEXaHUYECKYlO, T. €. UCKJIIoYa-
I0TCSI 9HEpreTuIecKre MmoTepyu Ha Mpeodpa3oBaHueE.

Meton mnoayyeHusl TUIEHOK MOHHO-IUIa3MEHHbBIM
pacIblJIeHEM MaTeprajoB 00JIagaeT IEIbIM PSIIOM
nocTouHCTB. K HMM oTHOCSTCS:

e BO3MOXHOCTb CMHTe3a (IIpU BBEIEHUU B rasopas-
PSIIHYIO TIa3My PEaKLIMOHHO-CITOCOOHBIX Ta30B)
COEIMHEHMI, KOTOPBIE TIPAaKTUIECKN HEBO3MOXKHO
MOJYYUTh TEPMUUYECKUM HCMapeHWeM BelIeCTB B
BbICOKOM BakyyMme;

e BBICOKas aare3us IJIEHOK;

e COXpaHEHUE CTEXMOMETPUUYECKOIro cocTaBa IIpu
paCITbIJIECHNT MHOTOKOMIIOHEHTHBIX CILIABOB,;

e BBICOKUI KO3(MGUUMEHT MCIIOAb30BaHUSI PacHbl-
JIIEMOTO MaTepHaa;

e OJHOPOJHOCTb MOKPBITUS MO ToJluHe [57].

IIpu pacnblieHUM KepaMUKU OCHOBHOM mpoOJe-
MOI SIBJISIETCSI U3TOTOBJIEHNE KPYMHO(MOPMATHBIX MU-

IIEHe#, YTO BBI3BIBACT TPYIHOCTh HAHECEHMST OOJIb-
LIKX MO TIONIAAX OAHOPOAHBIX TJICHOK.

I/IMlIyJ]]:CHOB JJAa3€PHOEC OCAKIACHUEC

Cpenu MeToa0B TEPMUUECKOTO MCTIapeHUs] MHTE-
pec BbI3bIBaeT JlazepHoe mnapodazHoe ocaxkIAcHUe
(PLD — pulsed laser deposition) Wi UMMIyJabCHOE Ja-
3epHoe ocaxaeHue MJIO. NJIO — mporecc GbICTpOro
TUTaBJIEHUS W WCIIApEeHUs MaTepHayia TBepHOTEIbHOM
MMIIEHM C(OKYCUPOBAHHBIM Ja3epHBIM U3TYYEHUEM
0o0Jb1I0I MOLIIHOCTU (P~ 5 * 108 BT/CMz) M C YaCTOTOM
ciegoBaHus umitynbcoB oT 10 mo 100 ' u KoHaeHca-
LIMY pas3jieTaloLIMXCS YacTUll IJIa3Mbl Ha TTOMJIOXKE.

IToporoBasi IJIOTHOCTH MOIIMHOCTU (IJIOTHOCTh
MOIIIHOCTU JIa36PHOI'0 M3JIyYyeHUs], TOCTAaTOYHOM st
Havajia MCITapeHMsI MaTepraja) COCTaBlsIeT, KaK Ipa-
Buo, ~107 BT/CMz. IToBbIlIEHHE TTOPOTOBOM IMIOT-
HOCTHU MOIITHOCTHU MPUBOINT K 60Jiee MHTEHCUBHOMY
HUCIIApEeHUI0 MUILIEHU, a TP JTOCTMKEHMHU 3HAUYECHUM
~108...10° BT/CM2 — K Im1a3mMoobpa3oBaHuio. Mcnonb-
3yeMblil B yctaHOBKe jazep YAG:Nd ¢ AJIMHOI BOJTHBI
nanydeHnus 1,06 MKM ¥ BBIXOZHOM 3HEPTHei M3Iyde-
Husg E = 0,3 JIxx no3BojsgeT 3(pHeKTUBHO UCHAPSATH
JoOble MeTaJUIbl, 3JeMEHTapHbIC MOJYNPOBOIHUKU
(Si, Ge), a takxke (MeHee 3(Pp(PeKTUBHO) KepaMuue-
CKH€ MUILIEHU HEKOTOPBIX AUBJIECKTPUKOB (TOJYyUYEHBI
MOKPBITUA U3 SbyS3, As,S3, SrTiO;, BaTiOs, GaAs,
aJIMa3oMnoa00HbIe TTIOKPBITHS C BBICOKMMU XapaKTepH-
ctukamu [58—62]). B Tab:. 5 ipencTaBiIeHb IPUMEPEI
npumMenenust PLD minst popMmupoBaHus 37eMeHTOB [63].

Tabauua 5

IIpumeps1 npumenenuss PLD B TeXHOJIOrHH MHKPO3JIEKTPOHUKH

Marepuan

[Mpumep npuMeHeHUs

Okcun amomunus Al,O5

MukpoanekTpoHHble MexaHu3Mbl (MEMS), naccuBupymolue nmoKpbITUsl, U30JITOPbl B MUKPO-
9JIEKTPOHUKE, NOH-IUbdY3HBIE Oapbephl, TOCI0ITHOE U3TOTOBJIEHNE MATHUTHBIX TOJOBOK U T.I.

Huoxcun onosa SnO,

Ol'lTOE)J'ICKTpOHHKa, Ta30BbI€ CCHCOPbI, aHTUCTATUYCCKHUE NTOKPBITUSA

JHuoxcun turana TiO,

dDoToKaTATUTUIECKIE TOKPbITHA, (bOTO3J'[CMCHTLI, AHTUCTATUYECKUEC TTOKPBITHUA

Oxcunnl Banagua V,05 n VO,

Karanutuueckue CJIOU, OIITUYCCKUE TCPCKIIOYATEIN, aKKYMYJIATOPDLI

Okcua uuHka ZnO

IMoaynpoBoaHMKOBbIE MaTepuasibl, Oy(depHbie CJIOM B COMHEUHBbIX GaTapesix, YP ¢GhuabTpbl

Hutpun tutana TiN
Hwrpun tanrana TasN;

Onexrponbl, 11 dy3MOHHbIE Oapbepbl

HaHoxoMno3uThl

AlTiO B KauecTBe 3JIEKTPOU30JISATOPA

Huoxcun rapuns HfO,
Hvkcnn unpkonus ZrO,
Oxkcun Tanrana Ta,Os
Amomunar nantana LaAlO;

BeniectBa ¢ BbICOKOIT Z[I/I3J'I€KT]JI/I‘{CCKOﬁ TIPOHULIAEMOCTBIO

Wpunnii, matnHa, pyTeHMid, DIeKTpOIbI

KommuiekcHble MaTepuaibl

SrTiO; B KayecTBe AUBIEKTPUKA

JlonrpoBaHHBIE MOHOCTION

Cynbdhun umHKa (ZnS), T0TMpOBaHHBINM MapraHiieMm (Mn) IUIST 3JIEKTPOTIOMUHECIIEHTHBIX TUCTLUICEB

CMelraHHbIE OKCUIbI

BixTiyOZ B Ka4yecTBe (DeppO3IeKTPUIECKOTO CIIOST

BbICOKOTOUHBIE MHOTOCIOMHBIE
CHUCTEMbI

Yepenyrolumecs: CJIOM Pa3InUHbIX OKCUIOB
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TeMmneparypa TTOBEPXHOCTH TTOUTOKKM OKa3bIBaeT
0oJibllIOe BIMSIHME Ha TJIOTHOCTb HYKJIealMu (mepBas
[0 BPEMEHU HACTYIUIEHUs CTaausl (ha3oBOro IMepexo-
na, obpa3zoBaHKEe OCHOBHOTIO YMcja YCTOMYMBO pacTy-
LIMX YacTUIl HOBOM, cTabuibHOU (ha3el). Kak mpaBu-
JIO, TUIOTHOCTb HYKJ€allud YMEHbIIAeTCsl C MOBBILLIE-
HUEM TeMITepaTyphl MOLTOXKKH.

K npeumyiiiectBaM MeTona OTHOCSITCS:

e BBICOKAST CKOPOCTb OCAKACHMUS (>1015 atom - cM 2 X
x ¢y

e OBICTPBII HArpeB M OXJIAXIEHUE OCaKIAaeMOro Ma-
Tepuaia (oo 100K - c_l), obecrnieunBalolie oopa-
30BaHHE MeTacTaOWUJIbHBIX (a3;

e HEMOCpPEeACTBEHHAasl CBSI3b DHEPreTUYECKUX IMapa-
METPOB U3JIyYeHMsI C KWUHETUKON pocTa CJos;

e BO3MOXHOCTh KOHTPYSHTHOI'O MCHApeHUs] MHOTO-
KOMITOHEHTHBIX MUIIICHEI;

e CTporas 103MpOBKa MOJaYu MaTepuaia, B TOM YUC-
JIe MHOTOKOMITOHEHTHOTO C BBICOKOI TeMITepaTy-
POy McnapeHus;

e arperauMsi B KJacTepbl pa3HOTro pasmepa 3apsiia u
kuHetnueckoit sHepruu (10...500 3B), mo3Bosio-
11ast TPOBOAUTD CEJIEKLIMIO C TTOMOILbIO 3JIEKTPU-
YECKOT'0 MOJIS IS TOTyYeHUsT ONpeneIeHHOM CTPyK-
TYPbI, OCAXKIAEMOU TUIEHKU.

B [64] omnrcaH crmocob momydeHus TJIEHOYHBIX M0-
KPBITUM, 3aKJII0YarolIUiAcs B Ja3epHO abJsiluu Mo-
BEPXHOCTH MMIIICHU TP MOIIHOCTH JIA3ePHOTO M3TTY-
yeHust ot 25 po 200 KBT/CMz. B kauecTtBe Matepuana
MMIIIEHU MCTOJIB3YIOT METAJUIBI WJIM MX CIUIABbI, OK-
CUIbl METAJIOB WJIM CMECU OKCUIOB MeTayioB. Ilo-
KPBITHE TTOIYYaloT IIpU TeMrepaType nomioxku ot 200
1o 1200 °C; npouecc ¢hopMUpoOBaHUS TJIEHOYHOTO MO~
KPBITHUST OCYIIECTBIISIIOT B aTMocdepe MHEPTHOTro rasa
WJIM a30Ta, 3aTeM ero mojasepratroT oTxury. [Tpu Bo3-
JNEWCTBUU JIA3€PHOIO M3JIyYeHUs] Ha MeTaUTMYecKue
MUILIEHU HCHapeHue MPOUCXOAUT 0e3 00pa3oBaHMS
KUIKOM (ha3bl (a0JIsIus), €CIM TMTOTOK MOIIHOCTH Jia-
3€pPHOTO W3JIYyYEHUs q > 10° BT/CM2 [65]. Hecmotpst
Ha TO YTO MEXaHU3M ITOIIOIICHMS JIa3epHOTO U3JY-
YeHUs B IMOJYIIPOBOAHUKAX MHOM, B PSIIE CIydaeB UC-
MapeHue MoJyrpOBOJHUKOB MOAUYMHSIETCSI TEM Ke 3a-
KOHOMEPHOCTSIM, YTO M WCHapeHue MeTayioB. [y
OOJIBLLIMHCTBA TMOJYIPOBOIHUKOB BPEMSI MOHM3ALIUU
He npeBbiaet 10 HC yxe mpu g = 10° BT/CMZ. ITocie
MOHU3ALMM WcHapeHue MpoTeKkaeT Tak ke, KaK W B
cyJyae MeTaUTMIeCKOM MUIIIEHH.

IIpu ucnapeHMn MUlLEHU C O60jiee HU3KKUM KOdG-
(GULMEHTOM TMOTJolIeHUs (OKCUAbl pa3IWYHBbIX Be-
IIECTB) MEXaHU3M pa3pylIeHUs] MEHSETCS M HOCHUT
XapakTep TeIUIOBOTO B3phIBa. B pe3ynbrare B hakene
MPUCYTCTBYET OOJIbIIIOE YMCIO TBEPABIX M KUIAKHUX
mukpoudactull. KoaddulmueHT norjioiieHus 3aBUCUT
OT JUIMHBI BOJIHBI JIa3€PHOTO M3JIy4yeHus, U, Kak Ipa-
BUJIO, OH PACTET C YMEHbIIEHUEM MOCIeIHeN. JHaye-
HUe KoadhduIIMeHTa oJe3HOro NCIOJb30BaHUS MaTe-
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pyaa MUIIEHU TIPY JIA3€PHOM HAIbUIEHUH COCTaBJIS-
eT 1...2 % u MeHee. B ¢BsI3M ¢ 3TUM BBITOJIHO IIPOBO-
JIUTH Jla3epHOE HAIMbLIEHHE C MOMOIIBIO0 SKCUMEPHBIX
JIa3epOB C YAaCTOTOM CJIEAOBAHMSI UMITYJILCOB OT 10 10
100 I'g [66, 67].

K nemoctatkam MJIO otHOCATCS:

e MaJIbIii TEOMETPUYECKUIA pa3MeP 30HbI OJHOPOIHO-
ro HanblJIeHUs (TPYAHOCTb HAHECEHUSI OOJIBILINX O
IO OAHOPOAHBIX TJIEHOK);

e BO3MOXHOCTbL 3arpsga3HCHUA IIJICHKHW TBCPIAbIMUA
JyacTullaMM M KaluIdMHM paciuiaBa Marc€puaja MU-
IICHU IIPU BBICOKMX CKOPOCTAX OCAXKICHUS,

e HeperyjaupyemMasi CKOpOCTb OCaXICHUS, HU3KAs U
HEIOCTOSIHHASI 9HEPTUsl OCAXKIaeMbIX YaCTUII, TaK
Kak alJslMOHHAas Iuia3Mma SBJISETCS CYLIECTBEHHO
HECTAallMOHAPHBIM U HEPABHOBECHBIM OOBEKTOM;
COOTBETCTBYIOLIEE BAUSIHWE Ha XapaKTepUCTUKH
(opMUpPyEMBIX CITOEB.

Pa3mepnas 006padoTKa MIEHOYHBIX CTPYKTYP
3JIEMEHTOB MAMATH

bazoBbIM TIpolieccoM TpU pa3MepHOil 00paboTKe
(DYHKIIMOHAIBHBIX CJIOEB 3JIEMEHTOB AMSITHU SIBJISIETCS
1a3MOXUMMYecKoe TpaBieHue. Hampumep, mrazmo-
XMMUYECKOE TPaBJeHUE TUIATUHBI IIPU U3TOTOBJICHUU
BJIEKTPOIOB STYEEK OCYIIECTBIISIETCS C MCITOJIb30Ba-
Huem macku u3 SiO, B atMocepax SFg, Ar/CFy,
Ar/CF,4/Cl, [68].

Bri6op ra3oBoii cpeapl B 3TUX Ipolieccax ompese-
JIIeTCs, TIpeXIe BCero, TeMIlepaTypoil oO0pa3oBaHUs
JIETYYMX NPOAYKTOB PEaKUMU UM TEMIEPATypoil IO.-
JIOXKH, IPHU KOTOPOI 3TU IMPOAYKTHI HE OCAXKIAKOTCS
Ha TOIUIOXKY 1 00pa3yloT IJICHKY, IPEISITCTBYOIIYIO
MPOTEKAHMIO PeaKlMM, a TAKXKE He HapyIIAeTCs LeJI0-
CTHOCTH (POTOPE3NUCTUBHON MacKu. TeHOeHIINU pas-
BUTKSI U OPraHU3alMK IIPOLECCOB JIUTOrpadrueCKOit
00paboTKN B CYOMUKPOHHOM IMAIla30HE PacCMOTpPeE-
HbI B paborax [68—70].

IIpu KCcTIONBH30BaHUM METOMOB XMUMHYECKOTO OCa-
KICHUST U3 PACTBOPOB AJIKOTOJISITOB CETHETORNEKTPH-
YeCKUX TUICHOK WMEIOTCSI BO3MOXKHOCTU TPaBJICHUS
IUIEHKM, 00pabOTaHHOM MpU TeMIlepaType HIKE TeM-
TepaTyphl MIOJTHOTO Pa3IOXKEeHUS COSIUHEHMS, B BOJIO-
IIEJIOYHOM TIpOsIBUTENE (POoTOpe3ucTa, T. €. IMpoliecc
o0pazoBaHus pebeda OCYIIECTBISIETCS B MOMEHT IIPO-
sBAeHUs pe3ucta [71]. Hampumep, ankookcua oioBa
U3 UCTUHHOTO pacTBopa KoHuLeHTpauuei 0,5 Mojb/1
HAHOCWJICS METOIOM LIEHTPODYTUPOBaHUS TMPHU CKO-
poctu 1500 06/MuH, a 3aTeM CyLIUJICS TIpU TeMIepa-
type 120...130 °C B Teuenue 20...30 MuH; cioit ¢poro-
pesucta ®I1-PH7 noBepx ciiost 0J10BoCOAEpKAILETO CO-
eMHEeHUs CYLIWIU TpU TemriepaType He Bbiie 110 °C;
MpOsIBJICHUE pe3ucTa ocyiuectsistin B 0,6 %-HoM pac-
tBope KOH [72].




B pa6orte [73] mokazaHo, YTO XaJIbKOT€HUIHAsI TUIeH-
Ka toamuHon 100 HM, MoJlydeHHas TepPMUYECKUM UC-
napeHueM B BaKyyMe, MOXeT oOpabaTeiBaThest OTO-
WHIYLIMPOBAHHEIM TpaBIIECHHEM Yepe3 METaUTMYECKYIO
MAacKy M3Jy4eHHEM IJIMHON BOJHBI 365...436 HM Tipu
IUIOTHOCTY MOILIHOCTU m3nydeHusd 0,3...0,6 I[)K/CM2.

3aKkmouenne

PaccMoTpeHbl 0COOEHHOCTH TEXHOJOTUYECKMX MPO-
LIECCOB CO3/IaHUS DJIEMEHTOB YCTPOWCTB 3HEPrOHE-
3aBucuMoi namatu. Ilokazano, yto XOI'd, OOI'D
U uX MoAu(UKaLMM OCTaloTCs 0a30BBIMU TEXHOJIO-
TUSIMU co3AaHusl QYHKIIMOHAIbHBIX CJI0EB 3JIEMEH-
TOB MHTErpajbHbIX CXeM. MeTobl aTOMHO-CJI0€BOTO
OCaXJIEHUS W MMIYJBbCHOTO JIA3EPHOTO OCaXAEHUS,
KCIIO0JIb3YEMbIE TIPU CO3JAHUMU SUEEK COBPEMEHHON
SHEProHe3aBUCUMON MamsTu, coBmecTuMbl ¢ KMOITI-
npoueccamu uzrorosieHus: bUC u CBUC.

HanoTtexHosorny mnpenocTaBisilOT MHOTO HOBBIX
BO3MOXHOCTE B CO3JaHUM BJIEKTPOHHOU KOMIMO-
HeHTHoM 0a3bl. He Bce mpuHLMIIBI paOOTHI 3JIEMEHTOB
MaMsaTH WU3YYEHBI, U IJIg TepexojJa Ha HaKOMUTEIU
CJIEIYIOIIETO MOKOJIEHUSI HEOOX0AMMO YOeIUTh U IIPO-
WU3BOJIUTENICH, U MOTPEOUTENIEH B UX 1I€J1ecO00pa3Ho-
CTU U TOJlydaeMbIX TpU 3ToM Bbirogax. IleHa mpous-
BOJICTBa 1 HOBU3HA TEXHOJIOTUM CAECPXKUBAIOT BBIITYCK
U pacrpoOCTpaHEHUE MUKPOCXEM TMaMSTU Pa3IMYHOIO
o0beMa M MpUHLMINA ASUCTBUS; B JIOOOM ciydyae re-
pexoj OT IIMPOKO pacrpocTtpaHHoii flash-nmamsTu 3a-
TSIHETCSI HA MHOTHYE TOJIBI.
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Technological Principles for Production of Perspective Nonvolatile Memory

Development of the technologies for production of nanometer objects opens a lot of new opportunities for a modern electronic com-
ponent base. The article is dedicated to the specific features of the technological process of the nonvolatile memory segments pro-
duction, the materials and basic methods of their deposition and dimensional processing for production of nonvolatile memory seg-
ments based on various physical operation principles. It demonstrates that the gaseous phase of the chemical and physical deposition
and their modifications is the basic technology for production of the functional layer of the integrated circuit segments for different
purposes. Creation of the modern nonvolatile memory segments involves the methods of atomic layer and pulse laser deposition,
which are well-compatible with CMOS-processes for manufacture of LSI and VLSI.

However, high production costs and novelty of the technology impede the production and distribution of the memory chips of dif-

ferent sizes and operation principles.

Keywords: flash-memory, MRAM, FRAM, CRAM, ReRAM memory types, segnetoelectrics, halkogenids, atomic-layer precip-

itation, laser ablation

Introduction

Semiconductor memory devices are divided into funda-
mentally distinct software changed (Random Access Memo-
ry, RAM) and unchangeable (Read Only Memory, ROM).
ROM provides the possibility of permanent (long-term) stor-
age of programs and data, because the information in them is
retained even when the power is turned off, i.e., it is a kind
of non-volatile memory. The development of non-volatile
memory is based on new physical principles and mechanisms
of information storage and it is aimed at creation of elements,
which possess nonvolatility, short access time and random ad-
dressing. These devices include items, whose action is based on:
e flow of charge in the crystal or molecule of a substance

(ferroelectric memory, FRAM or FeERAM);

e changes of the electrical resistance of a cell, depending on
the magnetic field (magneto-resistive memory, MRAM);
e change of the phase state of a material and electrical prop-
erties associated with it (phase-inversion memory, PRAM,

CRAM or PCM);

e change in the electrical resistance of a cell, depending on
the electric field (resistive memory, ReRAM).

It is also expected the use of nanomechanical switches
(NRAM), having two stable positions, and the memory ele-
ments on spintronic effects [1].

Modern non-volatile memory devices are usually con-
sidered as compared with the characteristics of the flash-
memory. Table 1 compares the characteristics of PCM and
ReRAM cells [2].

The market leader in the non-volatile devices is the flash-
memory. Despite the known disadvantages, this class of de-
vices has the development trends:

e transition on technologies with a technological norm of
about 100 nm, caused by the need to allocate large

Table 1
Characteristics of some types of non-volatile memory
Options FLASH PCM | ReRAM
Reading data (for 1 cell), ns 50 20...50 | 10...50
Data recording (for 1 cell), ns 1 200 000 170 10...50
The number of rewriting cycles 103 108 108
Voltage at rewriting, V 10...13 1.3 1,5..3

amounts of memory in portable digital devices and storage

media;

e scaling is achieved by the use of new dielectric materials,
the use of the structures without the floating gate or with
two gates;

e increase of the radiation resistance by reducing the prob-
ability of formation of charge at the Si—SiO, border by
targeted implantation of impurities and high-temperature
post-implantation annealing.

ICs by CMOS technology with increased radiation resist-
ance with the 0,25 um technological standards, including ran-
dom-access memory and non-volatile memory, maintain the
operability at the accumulated dose of at least 200 kRad (Si)
(some chipset families — up to 1 mRad (Si)); resistance to
the charged ions (heavy charged particles, HCP) with the en-
ergy <120 MeV - cmz/mg and to the neutron flux of up to
1-1013 neutrorls/cm2 [3—14].

Functional elements of the memory cells represent the
two-pole devices like a type or capacitor, which interelectrode
space is filled by the film composition of the suitable mate-
rials. Operating principles, design and technology options of
the cells are given in the surveys [1, 16—23].

Materials and methods for applying of the film compositions
to form the functional elements of the memory cells
of PCM, FRAM, MRAM and ReRAM type

Chalcogenide memory cell (PCM) operates on the basis
of the effect of the phase change of the aggregate state of a
matter. The devices on their base with the composition of
Ge—Sb—Te constructively and technologically favorably com-
pared with manufacture of the existing VLSI of CMOS tech-
nology and can be easily used in the embedded memory el-
ements in the logical devices such as microprocessors (u — P)
due to addition of a few (2 to 4) layers and, accordingly, lith-
ographic operations; the design standards for PCM are
45...180 nm; there are no known physical constraints until
~5 nm [15, 24—28].

In order to a PCM can compete in the market of nonvol-
atile memory, it is necessary to solve several serious issues.
The main issue is the requirement for a high-density of the
programmable power — more than 10’ A/cm? in the active
phase (for conventional transistors it is 10 ..100 A/cmz). Be-
cause of this, the active influence region becomes consider-
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Table 2

Materials and methods of applying of the film compositions to form memory elements

Item Type Materials of the functional layer Methods of layer formation Contapts
material
FRAM Pb(Zr,Ti)05, (PbLa)TiO3, BiyTi;0;,, BaMgF,, SrBi,Ta,O5| ALD, PLD, CSD, sol-gel process, Pt, Ti
PFRAM (FRAM with LaNb,04 LSCMD, ion-plasma sputtering,
polymer ferroelectric) Ca,Nbs0, RF magnetron sputtering, oxida-
polyvinylidenfluoride (PVDF) tion of the metal-crystal layers
politeofen
delta polyvinylidenfluoride
MRAM Fe;Si, CoFe, NiFe, YrMn, Ru, PtMn, Co, Fes, O4 laser ablation (PLD) Al
Al,05,Si0,, MgO ion-plasma spraying
PCM In,(SbygTesp); — . AgIn (SbygTesp) | — Thermal evaporation, _ Pt
Ge,(SbyTesq); — (+Sb, ion-plasma RF sputtering
Sb,Se; _ ,, In,Ses,
Ag—In—Sb—Te (AIST), Ge—Sb—Te, Al5;—Sbs,
ReRAM TayO5_ ,/TaO, _ ion-plasma RF sputtering, Pt, TiN
composites based on TiO,, VO,, NiO, ZrO,, ZnO, CuO,, RF magnetron sputtering,
Hf Al _ 0, Thermal evaporation
AIN,TiO,,S10, BN, grapheme,
polyaniline,
polyethylene oxide polymethyl methacrylate

ably smaller than that of the control transistor. The heat-af-
fected and prone to an arbitrary phase transition memory el-
ement should be larger, so the cost of the technological proc-
ess is higher than for flash-memory. Below you will find the
issues that need to be solved in creation of a PCM with a min-
imum size of the elements about 5...20 nm:

e clectromigration changes the composition of the chalco-
genide material, creates free space in the active material,
which increases the probability of failure;

e closely packed elements in the memory array cannot pro-
vide a high current density; the cross-coupled interferenc-
es under the action of the heat cause a soft reset and affect
the data storage period at an elevated temperature;

e the active material in the molten state and at the limited
space reacts with the dielectric and electrode material,
which causes charge leakage or detachment from the ma-
terial with the phase change during expansion.

At the present time, the following groups of the chalco-
genide alloys can be distinguished among the promising ma-
terials for PCM cells:

e GST compositions (GST124, GST147, GST225), where
the crystallization is determined by the mechanism of nu-
cleation in the nanovolume of a cell. Such compositions
inferior to the material from the first two groups;

e Sb—Te compositions, doped with various metals, especial-
ly Ag and In: Inx(Sb70Te30)1_x, Agxlny(Sb70Te30)1_x_y,
Ge (SbyoTesp)1—, + Sb; in these alloys, the crystallization
is determined by the movement in the volume of the crys-
tallization boundary;

e compositions based on Sb,Se;_,, In,Ses; by the param-
eters of crystallization these compounds are inferior to the
materials of the first two groups.

Two methods are mainly used for application of the chal-
cogenide film layers: thermal evaporation (e.g., Ag—In—Sb—Te
(AIST) film is deposited at a evaporator temperature of
650 °C and a substrate temperature of 50 °C [29]). The mod-
ification of the films for their structuring or stabilization is
carried out by annealing in air for several hours at 150...2000 °C
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tor by doping of these compounds by impurities of Bi, In, Sn,
Ti [30].

Table 2 shows the materials and the methods of applying
of the film compositions to form memory elements [29—32,
35—48].

The ferroelectrics possess the largest toolkit of the known
deposition methods. In the 60s of the last century, the capac-
itors formed by the interperpendicular systems of film con-
ductors on both surfaces of the ferroelectric thin plate were
studied as the elements of a memory [33]. Another promising
application of the ferroelectrics is creation of the planar ca-
pacitors to control the super-high frequency signal [34]. The
film structures of barium titanate were obtained either by di-
rect thermal evaporation of powder or explosive evaporation,
or simultaneous evaporation of Ba and Ti in an oxygen at-
mosphere; the films were treated in air at temperature of
1100 °C [35]. The work [36] presents a method, in which Ba
films (Ti, Zn, Sn) O5 with the thickness of 20...30 um were
deposited on the substrate by screen printing through a stencil
with the subsequent rolling of the film on the rollers and an-
nealing in air for 20 min at 1400 °C. Brazing paste was made
of ceramic particles with the thickness of ~1 um, and a pol-
yvinyl alcohol was used as a plasticizer. The method of Lang-
muir—Blotzhett is also used to form the film elements of the
polymer ferroelectrics [39].

The preferred methods of deposition of functional layers

Such techniques of the functional layers deposition as
atomic layer deposition (ALD) — a method that belongs to
the CVD group (chemical vapor deposition, CVD) — and the
method of PVD group (physical vapor deposition or PVD) —
pulsed laser vapor deposition (PLD) — are being most inten-
sively developed to create non-volatile memory cells ele-
ments. These technologies obtained the status of the most
preferred directions in the field of synthesis of the semicon-
ductor compounds in the films of nanometer thickness.

Table 3 shows the thickness of the functional layers of the
MRAM TSM cell [49], from which it follows that the appli-




Table 3

Thickness of the functional layers of MRAM cell
Name of the layer Material Thickness, nm

Temperature barrier Ta 50
Reference layer PtMn 20
CoFe 2,5
Ru 0,8
CoFe 3,0
Buffer layer Al,O4 0,5
Storage layer CoFe 1,5
NiFe 3,0
YrMn 5,0
Temperature barrier Al 20
Ta 90

cation methods should repeatable ensure the formation of
films with the thickness to a few atomic layers. The quality of
structures at such thicknesses depends on the roughness of the
substrate and heat treatment, which cause grain growth and
change in their orientation.

Atomic layer deposition (ALD)

CVD processes are used for deposition of the semicon-
ductive, conductive (metals, silicides and nitrides of metals)
and dielectric layers.

The deposition features of the specific materials depend
on the processes of thermodynamics, kinetics, presence of the
gaseous sources for reaction. Classification of CVD processes
is presented in [52—56]. CVD processes may be classified ac-
cording to the method of supplying of the energy required for
a chemical reaction, and by the technological factors in the
layers deposition (pressure in the working chamber, process
temperature, reagents feeding mode and other).

Among CVD, the modified processes are being developed
most intensively, such as pulsing layers deposition (PDL),
and atomic layer deposition (ALD). The comparative analysis
of ALD, CVD and PVD methods is presented in table 4 [53].

ALD is based on the consequential chemical reactions be-
tween the vapor and the solid body. The most of the reactions
use two chemical compounds (precursors). In ALD, the
chemical reactions are divided into several separate reactions,
in which precursor materials sequentially react with the sur-
face of a substrate. As a result of the self-limiting properties
of surface reactions, the ALD process of thin films growing
makes it possible to control the deposition at the atomic level.
Holding the precursors separately during deposition process,
it is possible to achieve a control over the process at the level
of ~1072 nm per cycle. ALD installations P400A, P800,
TFS 600 and others by Beneq Company (Finland) are avail-
able for organization of an industrial production. Such equip-
ment is also manufactured by Oxford Instruments Plasma
Technology, Mantis Deposition (United Kingdom), Sentech
Instruments GmbH (Germany), SVTA (USA) [55].

Preparation of film layers by PVD methods

PVD methods are divided by the criterion "a method for
generating of an atomic-molecular state of a matter" [56]. The
principal difference of thermal evaporation and ion-plasma
sputtering is that the electrical energy of a source in generat-
ing of the atomic-molecular state in the thermal evaporation
processes is firstly converted into the thermal energy and then
to the mechanical energy of particles.

At the ion-plasma spraying, a direct conversion of elec-
trical energy into mechanical energy occurs, i.e., it excludes
the conversion losses.

Obtaining of the films by ion-plasma spraying of material
has several advantages. They include:

e possibility of synthesis when reactive gas compounds in-
jected into the discharge plasma, which are virtually im-
possible to be obtained by materials thermal evaporation
in a high vacuum,;

e high adhesion of the films;

e maintaining a stoichiometric composition when sprayed
multicomponent alloys;

e high utilization rate of the spray material; uniformity of
coating thickness [57].

Table 4

Comparison of the different technologies of film deposition from the gas phase

Criterion ALD

CVD PVD

The range of thickness <10 nm

>10 nm

>20 nm

Uniformity management At the level of 0.1 nm

At the level of 1 nm

At the level of 5 nm

Quality of the film Excellent stoichiometry, small
number of pores, ability to control

mechanical stresses

Excellent stoichiometry, small
number of pores, ability to control
mechanical stresses

Limited stoichiometry, large
number of pores, limited ability to
control mechanical stresses

Conformal relief coating 100 % with an aspect ratio of 60:1

100 % with an aspect ratio of 10:1,
but coating of a step cannot be
guaranteed

50 % with an aspect ratio of 10:1

Cleanliness No particles due to absence of

reactions in the gas phase

Particles due to gas phase reactions | Particles due spraying

Requirements for vacuum | Average

Average High

Applicability No limits

Technology with the norm
of 90...65 nm

Technology with the norm
of 100 nm
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The main problem in spraying of ceramic is production of
the large-size targets, which causes difficulties in applying of
large area homogeneous films.

Pulsed laser deposition

The method of laser vapor deposition (PLD — pulsed la-
ser deposition) or pulsed laser deposition (PLD) attracts in-
terest among the thermal evaporation methods. PLD is a rap-
id melting and evaporation of a solid target by a focused laser
radiation of high power (P~ 5- 108 W/cmz) with a pulse fre-
quency of 10 to 100 Hz and condensation of the scattering
plasma particles on the substrate. The threshold density of the
laser power for starting of material evaporation is usually
about ~107 W/cmz. Its raising leads to a more intense evap-
oration of the target, and when it reaches ~108...10° W/cm2
it leads to plasma formation. Laser YAG:Nd with a wavelength
of 1,06 um and the output energy of radiation £ = 0,3 J al-
lows effectively evaporate any metals, elementary semicon-
ductors (Si, Ge), less effective — ceramic targets of some di-
electrics (the coatings of Sb,S;, As,S;, SrTiOj;, BaTiOj,
GaAs were obtained, diamond-like coatings with high-per-
formance capabilities [58—62]). Table 5 shows the examples
of PLD for elements formation [63].

Table 5
Examples of PLD application in microelectronic technology

Material Application example

Microelectronics mechanisms
(MEMS), passivation coatings,
insulators in microelectronics,
ion diffusion barriers, layer by
layer manufacturing of
magnetic heads, etc.

Aluminum oxide Al,O3

Tin dioxide SnO, Optoelectronics, gas sensors,

anti-static coatings

Titanium dioxide TiO, Photocatalytic coatings,

solar cells, anti-static coatings

Vanadium oxides V,05 and VO, | Catalyst layers, optical
switches, batteries

Zinc oxide ZnO Semiconductor materials,
buffer layers in solar cells,

UV filters

Titanium nitride TiN
Tantalum nitride Ta;N;

Electrodes, diffusion barriers

Nanocomposites AITiO as electrical insulator

Substances with a high
dielectric conductivity

Hafnium dioxide HfO,
Zirconium dioxide ZrO,
Tantalum oxide Ta,04
Lanthanum aluminate LaAlO;

Iridium, platinum, ruthenium Electrodes

Complex materials SrTiO5 as dielectric

Doped monolayers Zinc sulphide (ZnS) doped
with manganese (Mn) for

electroluminescent displays

Mixed oxides Bi,Ti,O, as ferroelectric layer

High-precision multi-layer
systems

Alternating layers of different
oxides

24 HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 7, 2015

The temperature of the surface of the substrate has a great
influence on the density of nucleation (the first stage of the
phase transition, formation of a primary number of steadily
growing particles of a new stable phase). Typically, the nu-
cleation density decreases with increasing of the substrate
temperature.

The advantages of the method include:

e high deposition rate (>1015 atoms - cm™ 2+ s,

e rapid heating and cooling of the deposited material (up to
1019K - s71), ensuring formation of the metastable phases;

e direct connection between the energy parameters of radi-
ation and the kinetics of the layer growth;

e possibility of congruent evaporation of the multicompo-
nent targets;

e strict dosage of a material, including multi-component
with high evaporation temperature;

e aggregation into the clusters of different sizes of charge
and kinetic energy (10...500 eV), which allows to select by
means of an electric field to produce a certain structure of
the deposited film.

[64] describes obtaining of film coatings, which consists in
laser ablation of the target’s surface with a radiation power of
2510 200 kW/ch. The metals or alloys thereof, metal oxides
or mixtures thereof are used as a target. The coating is ob-
tained at a substrate’s temperature of 200 to 1200 °C; forma-
tion of a film coating is performed inside the atmosphere of
inert gas or nitrogen, and then it is subjected to annealing.

Under influence of the laser radiation on metallic targets,
the evaporation takes place without formation of a liquid phase
(ablation), if the stream of laser radiation g > 10° W/cm2 [65].

Despite the fact that the mechanism of absorption of laser
radiation in the semiconductors is different, in some cases the
evaporation of the semiconductors subjects to the same laws
as the evaporation of the metals. For the most of semicon-
ductors, the ionization time does not exceed 10 ns even at
q= 10° W/cm2. After evaporation, the ionization flows same
as in the case of a metal target.

In the evaporation of the target with a low absorption co-
efficient (oxides of substances), the fracture mechanism
changes and takes the character of a thermal explosion, large
number of solid and liquid microparticles present in a plume.
The absorption coefficient dependents on the wavelength of
the laser radiation, and generally increases with decrease of
the latter. The capacity utilization of the target material at la-
ser deposition usually is 1...2 % or less. In this connection, it
is advantageous to carry out laser deposition using an excimer
lasers with a pulse repetition rate of 10 to 100 Hz [66, 67].

The disadvantages of PLD are:

e small size of the zone of uniform deposition (difficulty of
applying of a large areas of homogeneous films);

e possibility of contamination of the film by hard particles
and target melt droplets at high deposition rates;

e unregulated deposition rate, low and unstable energy of
deposited particles, since the ablation plasma is essentially
non-stationary and non-equilibrium, accordingly affect-
ing on the characteristics of the formed layers.

Dimensional processing of the film structures
of the memory elements

Plasma etching is the basic process in handling of the di-
mensional processing of the functional layers of the memory
elements. For example, such etching of platinum in manu-




facturing of the cells’ electrodes is performed using the mask of
SiO, inside the atmosphere of SFq, Ar/CF,, Ar/CF,/Cl, [68].

Selection of the gaseous medium is primarily determined
by the temperature of the volatile products formation and
substrate’s temperature at which they are not deposited on the
substrate and form a film that prevents the reaction, as well
as they are not violate the masking photoresist. The trends in
the development and organization of the lithographic process-
ing in the submicron range are considered in [68—70].

When using a chemical deposition from solutions of al-
coholates of ferroelectric films in water-alkaline developer of
photoresist, there are possible to etch the film treated below
the temperature of complete decomposition of a compound,
i.e. relief formation is carried out at the time of resist de-
velopment [71]. For example, tin alcooxide from the true so-
lution of 0,5 mol/1 was applied by centrifugation at the
speed of 1500 rev/min, and then was dried at 120...130 °C for
20...30 min; the layer of FP-PR7 photoresist over the layer
of tin-containing compound was dried at the temperature
not higher than 110 °C; resist development was performed in
0,6 % solution of caustic potash [72].

In [73] it is shown that the chalcogenide film with the
thickness of 100 nm, obtained by thermal evaporation in vac-
uum, can be treated by photo-induced etching through the
metal mask by emission with the wavelength of 365...436 nm
and density of radiation power of 0,3...0,6 J /cm2.

Conclusion

The features of the technological processes for creation of
elements of the nonvolatile memory devices were reviewed. It
was shown that CVD, PVD and their modifications are the
basic techniques of creating of functional layers of elements
of integrated circuits. ALD and pulsed laser deposition meth-
ods are used in creation of modern non-volatile memory cells,
compatible with CMOS manufacturing processes of LSI and
VLSI.

The nanotechnologies provides new opportunities for cre-
ation of the electronic components. Not all the principles of
memory elements’ functioning are studied and it is necessary
to convince the producers and consumers in their feasibility
and obtained benefits for transfer to the next generation of
storages. The price of production and the novelty of the tech-
nology suppress production and distribution of memory chips
of various sizes and operation type; in any case, the transition
from the widely spread flash-memory will be delayed for
many years.
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Hccnedosanbl moHkue naenku moauboena, noayueHHvle MemoooM MAeHempOHHO20 PACNHbLAeHUS, KOMOpble NPeOHA3HaYeHbl 015
UCNONB306AHUSA 6 KaYecmee 6bICOKOUMNEOaHCHbIX croee Bpazeoscikozo ompaicamens 6 MUKpOILEKMPOHHbBIX PE3OHAMOPAX HA 006~
eMHbIX aKycmuueckux eoanax. OnpedeneHo éausHue mexHoA0SUMECKUX PENCUMO8 MACHEMPOHHO20 PACHbIACHUS HA CKOPOCHb 0CA-
HCOEHUSL NACHOK, UX Y0eabHoe INeKmpuiecKoe COnpomueeHue, Moppoao2uio NOBEPXHOCMU U MEXAHUUECKUe HANPANCEHUs. 6 NAeH-
Kax. Buibpanvi onmumanvivie mexHosocuMecKue pexicumvl MaeHeMpPOHHO20 PACNbLAICHUS, NPU KOMOPbIX NOAYYEHbl MUHUMAAbLHbIE
3HAUEHUs YOCAbHO20 INeKMPUUECK020 CONPOMUBACHUS, WePOX08aMOCmMU NOBEPXHOCIMU U MEXAHUYECKUX HANDANCCHUT 6 NACHKAX

Moauboena.

Karouesvie caosa: nienku monuboena, yoeavroe 31eKmpuieckKoe COnpomueienue, Mopgosocus no08epXHOCMuU, MEXAHUMECKUe
HAanpsidceHusl, MUKPO31eKmpoHHbII pe3oHamop, bpseeosckuli ompaxcamens, aKycmuueckui umneoanc

BBenenune

Bonpocsl nojiyueHus1 1 TPpUMEHEHUST TOHKUX TLJie-
HOK MOJIMOACHA IIPEICTaBIISIIOT OOIBIION NHTEpEC IS
JAJIbHEWIIIETO PAa3BUTHUS PsJla YCTPOMCTB MUKPOIJIECK-
TPOHUKU, MUKPOCUCTEMHON TEXHUKH, OINTO3JIEKTPO-
HUKU Y aKyCTOB3JIEKTpOHUKU. [laHHBIE TIJIeHKU o0Jia-
JalOT PSIIOM YHMKAJIbHBIX CBOMCTB, TAKHUX KaK BbICO-
KWe TIPOYHOCTh U TeMIepaTypa IUIaBIeHUs], XOpollas
XMMMUYECKasi CTAOMJIBbHOCTb U JOCTAaTOYHO BbICOKas
3JIEKTPOINPOBOAHOCTh. DTO 00eCTeUMBaET UX IIUPOKOE
HCITOJIb30BAaHNE B MUKPOBJIEKTPOHUKE B KAYECTBE 3a-
TBOpoB MIII-TpaH3MCTOPOB U TUIECHOYHBIX ITPOBOIHM-
KOB B MHTeTpajbHbIX cxemax [1—3]; B OnToayeKTpo-
HUKE B KaUeCTBEe KOHTAKTOB JIJIs1 COJTHEUHBIX 3JIeMEH-
TOB [4, 5]; B MUKPOCHUCTEMHON TE€XHUWKE B KauyecTBe
BbICOKOTEMITEPATYPHBIX 3JIEMEHTOB B TETIJIOBBIX MUK-
poceHcopax M akTioaropax [6] M cBepXIIpPOBOASILINX
CJI0€B B MUKPOKJIOPUMETPAX [JI T€TEKTOPOB U3JY-
yeHwus [7—9].

OaHUM U3 MEePCIeKTUBHBIX HaAIMpaBIeHUN MTpUMe-
HEHUsI TOHKHUX TIJIEHOK MOJIMO/AeHa SIBJISIETCS aKyCTO-
9JIEKTPOHMKA, B YACTHOCTU, pa3paboTka MUKPOIJIEK-
TpoHHBIX ycTpoiictB CBY nmama3zona, pabGoTaroiimux
Ha 00beMHBIX aKkycTuyeckux BojiHax (OAB). Jlnst cos-
JaHUs1 JaHHBIX YCTPOMCTB (pe30HATOPOB, (UIBTPOB)
[10] HEOOXOmMMBI HOBBIE MAaTePUAIILI C YIYYILIEHHBIMUT
XapaKTepucTuKamu, obdecrieunBatoniye nx spdexTuB-
Hy10 paboTy. OgHOM U3 MEePCIeKTUBHBIX KOHCTPYKIIMIA
MUMKPOBJIEKTPOHHBIX pe3oHaTopoB Ha OAB sBiseTcs
KOHCTPYKLIMSI p€30HATOpa ¢ bparroBckum akycTtuye-
CKMM OTpaxaTejeM, KOTOPbI PpAaCIIOJIOXKEH MEXIY
TOHKOIJIEHOYHBIM aKyCTO3JIEKTPUYECKUM Ipeodpa-

30BaTe/ieM U IOIIOXKON. BparroBckuii oTpaxareib
MpeaHa3HayYeH Uil aKyCTUYECKON M30JISILIMU aKyCTO-
3JIEKTPUUECKOTr0 peodbpasoBartesisi OT NMOMIOXKHU U CO-
CTOUT U3 CTOIKM YEPEOYIOLIUXCS MEXIY COOOW YeT-
BEPTbBOJIHOBBIX TJIEHOUYHBIX cjioeB (3—7 map) c pas-
JIMYHBIMU 3HAYEHUSMU aKYCTUUYECKUX MMIIEAAHCOB.
CyMMapHO€e 4uCiIO CI0€B pe3oHaTopa ¢ bparroBckum
oTpaxateyeM cocTaBiseT 10—16 cioeB M 3aBUCUT OT
3HAUGHUI aKyCTUYECKMX MMIIEIaHCOB MaTepuasoB,
BXOZSILLIMX B KOHCTPYKLHUIO BparroBckoro orpaxare-
s, TlonyyeHHasi CTpyKTypa MUKPOSJEKTPOHHOTO pe-
30HAaTOpa UMEET JOCTATOUHO OOJIbIIYIO TOJIUHY, YTO
YCJIOXHSIET TEXHOJIOTUIO €0 MOJYYEHUSI U OKa3bIBAET
CYLLIECTBEHHOE BJIMSIHUE Ha MapaMeTpbl Pe30HATOpa,
ero CTadMJIbHOCTh U HaleXXHOCTb. Hampumep, njs pe-
30HaHCHOM 4acToThl fy = 3 I'T' To/MmMHAa Beeil CTpyK-
Typbl pe30HaTopa, BKJouYalollei bparroBckuii orpa-
xaTesb (MSTh Map ciaoeB MoaubdaeHa (Mo) u amoMu-
Hus (Al)), Ibe303JEKTPUYECKYIO IJIEHKY OKCHIA [IMH-
Ka 1 JBa aJJIOMMHUEBBIX JIEKTPOJIa, COCTABIISIET OoJiee
6 mxMm. [1pu Takoil TOJIIMHE B CTPYKTYpE pe30HaTOpa
BO3HUKAIOT 3HAYMTEJIbHbIE MEXaHUUECKNE HAMpPsIXKe-
HUS, YTO MOXKET IMTPUBECTHU K €€ OTCIaUuBaHUIO OT MO/ -
noxku. IToaTomy B BEIOOpE MaTEpUaIOB INIEHOYHBIX
CJIOEB PE30HATOpPA BAXHYIO POJIb UTPAIOT YIPYTUE,
MEXaHWUYECKHE U aKyCTUUECKUE CBOMCTBA 3TUX MaTe-
pUasoB.

B pa6otax [11, 12] aBTOpbI OTMEUAIOT MEPCIIEKTUB-
HOCTb TIPUMEHEHUs TIJIEeHOK MO B KayecTBe BBICOKO-
MMIIEIaHCHOTO cJ0s1 bparroBckoro orpaxkatens. DTo
OOBSICHSIETCS TeM, YTO IIJIEHKW MOJUOAeHa 00JiafaloT
pSIIOM CBOWCTB, YIOBJIETBOPSIOIIMX TPEOOBAHUAM K
BBICOKOMMIIEAAHCHBIM CJIOSIM Bp3arroBckoro orpaxa-
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TeJsl, TAKUM KaK OOJIbILION aKyCTUYECKMIA MMIEOaHC
(Z,, = 63,1 10° Ma- c/M3, [13]); Oonbliass CKOPOCTh
pacHpoCTpaHEHUS TIPOIOJIBHOU aKyCTUUYECKOW BOJIHBI
(6330 M/c); OTHOCUTEIIBHO HU3KOE YIeJIbHOE DJIeK-
Tpudeckoe conpoTtuBieHue (okonao 0,05 MKOM * Mm);
BO3MOXHOCTb TOJYYEHHUs IUIEHOK MarHeTPOHHBIM
pacnblJIeHUEM U TEXHOJOrMYecKasi COBMECTUMOCTh CO
MHOTMMM MaTepuanaMu, ucnoiab3dyembiMu B CBY pe-
30HaTOpE.

I[lnenku Mo mosyyaloT pasiuyHBIMU METOAAMM:
MarHeTpOHHBIM PACIbIJIEHNEM Ha TTOCTOSTHHOM TOKE U
BY pacnbuienueM [1, 4]; XuMUYECKUM OcCaXACHUEM
u3 napoBoit dassl (CVD) [5]; 21eKTpOHHO-TyYeBBIM
ucrapeHuem [2, 3]; nazepHoit abnsiyeit MoIMbaeHO-
Boil muilieHU [14]. MeToa MarHeTPOHHOIO pacliblie-
HUS MO3BOJISIET MOJIyYaTh MJIEHKU Mo ¢ BOCIIPOM3BO-
JIUMBIMUA CBOMCTBaMU, JErKO KOHTPOJUMPOBATh TOJI-
IIMHY TUIGHKW B IIpollecce HaINbUICHUS U He TpeOyer
bosblIMX 3aTpaT. OgHAKO B HACTOSIIIEE BpeMsl UMeeT-
¢sl HEIOCTAaTOYHO CBENCHUN O BIMSHUM TEXHOJIOTHYE-
CKHMX PEXXMMOB MarHeTpOHHOI'O PacHblICHUST Ha 3HaYe-
HUE MEXaHUUYECKUX HaIIPSDKEHUI B TUIEHKAaX MOJMOaeHa
1 LIEPOXOBATOCTh MX MOBEPXHOCTU. DTU MapaMeTphl
MOTYT 3HAUUTEJIbHO BJMSITh Ha XapaKTePUCTUKMU KakK
caMoro bparroBckoro oTpaxaresns, Tak M aKyCTORJIeK-
Tpuueckoro npeodpazonaress [12]. B yactHocTu, 11e-
pPOXOBAaTOCTh TTOBEPXHOCTH IIJIEHOK, MCITOJb3YEMBIX B
bparroBckom oTpaxateie, OKa3blBaeT OTpULIaTeIbHOE
BJIMSTHUE Ha XapaKTePUCTHUKU MUKPOIJIEKTPOHHOTO
pe3oHaTopa. B pabdore [12] mokazaHo, UTO IIPpU BLICOTE
HEPOBHOCTE! MOBEPXHOCTH TJIECHKM MOJIMOEeHA OoJiee
40 HM, TOHKOIUJICHOUHBII pE30HATOpP UMEET HU3KYIO
JIOOPOTHOCTh. YMEHbBIIIEHWE BbICOThl HEPOBHOCTEU 110
13—14 HM oGecneunBaeT XOPOIIIME YaCTOTHBIE XapaK-
TEPUCTUKU MUKPOBJIEKTPOHHOI'O pe30HaTopa.

TpeboBaHUS K 1LIEPOXOBATOCTU TOBEPXHOCTU TLjie-
HOK Mo BO3pacTaroT C yBeJIMYeHHeM pabodeil YaCTOThI
pe3oHaTopa. DTO CBSI3aHO C TEM, YTO B TOHKOILIEHOY-
HOM aKyCTO3JICKTPUUYECKOM IIpeodpa3oBaresie TICHKN
MOJIMOIeHA MCMOJIb3YIOT U B KAUeCTBE HMXKHETO DJIeK-
Tpona. Haauuue ocTpbiXx BBICTYMOB Ha TOBEPXHOCTU
IJIEHKM Mo TIPUBOIUT K YBEJIMYEHUIO HANIPSKEHHOCTU
3JIEKTPUUECKOTO TIOJISI B TIb€303JIEKTPUIYECKOM ClIoe,
YTO MOXET BbI3BaTh 2JEKTPUYECKUIA MPOOOK TOHKO-
IUIEHOYHOI'0 aKyCTOJIEKTPUYECKOT0 Npeodpa3oBaTe-
ns1. UMerormecs TaHHBIE TTOKA3BIBAIOT, YTO IS PE30-
HaTOpoB ¢ Bp3rroBckuM oTrpaxkareseM HeOoOXOAVMbI
IUIEHKW MOJIMOJeHAa ¢ MUHMMAaJIbHOM 1IepOXOBaTO-
CThIO MOBEPXHOCTM M C MUHMMAJbHBIM 3HaUEHUEM
YIEIbHOTO 3JIEKTPUYECKOTO COMPOTUBIEHUS, KOTOPbIE
OTpaxXalT ypOBeHb Ne(heKTOB U CTPYKTYPHBIX HECO-
BepIIeHCTB B ruieHKax Mo. Kpome Toro, ymeHblleHHe
VIETBbHOTO 3JIEKTPUYECKOTO COIPOTUBICHUS TLICHOK
MOJIMOIeHa CITOCOOCTBYET MOBBIIEHUIO TOOPOTHOCTU
MHKPOS3JIEKTPOHHOTO pe30HaTopa.

MexaHn4yecKre HATpsKeHUsS B TOHKUX TUIEHKAX
MoJIMOJeHa Takke UMEIOT BaXXHOE 3HAUeHUE TMpU W3-

28 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 7, 2015

TOTOBJIEHUU BparroBckux oTpaxarelyieil. YUMTHIBas,
YTO TeMIlepaTypHble KO3 GULIMEHTHI JTMHEHHOIo pac-
mupeHuss Mo u Al cuibHO pas3jinyaloTcs, MeXaHuye-
CKMe HaIpsiKeHUsI MOTYT BbI3BaTb MUKPOTPEIIMHBI B
TUIEHOUHBIX CJIOSIX OTpaxartesl, KOTOpble HapyliaT
YCJIOBUSI PacpOCTpaHEeHUsI 00BEMHOMN aKyCTUUYECKOM
BOJIHBI Uepe3 3Tu ciiou. B nipenesbHOM ciiyyae MUK-
POTPELIMHBI MOTYT MTPUBECTU K PACTPECKMBAHUIO TIJIE-
HOYHBIX CJO€B BIUIOTh A0 WX OTCJauMBaHMs OT TO[-
JIOXKKH.

HMcxons U3 U3I0XXEHHOTO BbILIE, TOJyYeHue Iiie-
HOK MOJIOIeHA C MUHMAJIbHBIMY 3HAYEHUSIMU YIeITb-
HOTO 3JIEKTPUYECKOTO COINPOTHBICHUS, MEXaHUYECKUX
HamnpsDKeHUN U 1IepOXOBAaTOCTU MTOBEPXHOCTHU SIBIISIET-
csl BaXXHOM 3amaueil mMpyu U3rOTOBJICHUN MUKPOSJIEK-
TpoHHBIX pe3oHaTopoB Ha OAB ¢ Bparrosckum orpa-
XKartejneM. B ¢Bs3u ¢ 3TUM Lieab JaHHOW pabOTHL —
HCClIeIOBaHNEe BIMSHUS TEXHOJOTMYECKMX PEXUMOB
MarHeTPOHHOTO PACMbUIEHUs] Ha YAEJbHOE 3JIEKTPH-
YeCcKOe COIPOTUBICHUE, MEXaHWUYECKUE HaIPSIKEHUsI
W 11I€POXOBATOCTU MOBEPXHOCTU ILJIEHOK MOJIMOIEHA.

MeTtoauka JIKCNICPpUMEHTA

Ilnenkn monaubaeHa MoJydyaaud METOAOM MarHe-
TPOHHOTO PACIMbIICHUSI MOJMOAEHOBONH MUILEHU Ha
MOCTOSIHHOM TOKE B cpejie aproHa. MullieHb ¢ coaep-
JKaHKeM OCHOBHOro matepuaia 99,99 % umesa pasme-
pbl 70X 160X 5 MM. AproH HamycKajiud B BaKyyMHYIO
KaMepy 4yepe3 UToJIbuaThiil HaTeKaTeJb U ero JaBjIcHUe
MOJAEPKUBAIA MTOCTOSIHHBIM C TTOMOIIBIO IPOCCEH-
pyoouieil 3acioHku. Ilepen HamblUIeHWEM TUIEHOK Ba-
KYYMHYIO KaMepy oTKauuBaJiu Auddy3MOHHBIM HACO-
coM 10 nasnerus 6 - 1074 Ta. TTomtoxku HarpeBaiu
kBapueBbiMu Jamramu KI'-220-1000. Temmnepatypy
MOJUTOXKKY KOHTPOJIMPOBATIN XpoMeb-KoreneBoit (XK)
TepMONapoii ¥ aBTOMaTUYECKHU MOAAEPXKUBAIU TTOCTO-
SIHHOW B TIpoliecce HambUIeHUSI ¢ TOYHOCThIo 5 °C.
IlneHku mMonubaeHa ocaxiaayd Ha CUTAJUIOBbIE TTOA-
noxku CT-50-1-05 ¢ mepoxoBaToCThiO MOBEPXHOCTHU
R, = 0,05 Mkm. [lepen HAMbUICHUEM TIIEHOK TOTOX-
KM OYMILAJIM B PacTBOpaX XMMMUYECKUX TpaBUTEJEi.
[ns ynajeHust 3arpsi3HeHUI ¢ TTOBEPXHOCTU MMILIEHU
ee TIpeaBapUTEIFHO PACTIBUISUTM Ha 3aCJIOHKY B Tede-
Hue 3 MuH. MoaubaeHoOBbIe MIEHKU (POopMUpPOBaAIU
Ha HEIMOABMKHBIX MOIJIOXKKAX, KOTOPbIE pacrojaraiu
HajJ MUIIEHBIO Ha paccTosTHUM okoio 70 Mmm. Tosmm-
HY U CKOPOCTb HambUICHUS TIEHOK KOHTPOJIMPOBAIU
pPE30HAHCHBIM MeTOIOM. TOYHOCTh peTHCTpaly Yac-
TOTBI KBapleBoro pesoHaropa cocrasistia 0,1 %. I1o-
cJie HamblJIEHUs TUIEHKY MOJIMOIeHA ee TOMLIUHY U3Me-
psUTM MHTepGEPEHLIMOHHBIM METONOM (MUKPOMHTEP-
dbepomerp MUUM-4). TToBepXHOCTHOE 3JEKTPUUECKOE
COIPOTUBJIEHUE TIEHOK MOJIMOAeHa KOHTPOJIMPOBaIn
YETBIPEX30HAOBBIM METOIOM, MCITOIL3YS IIPUOOpP IS
M3MEepPeHUsl yaeIbHOIO MTOBEPXHOCTHOTO COMPOTHMBIIE-
HUS MOJIyTPOBOAHUKOBBIX MaTepuaioB MYC-3. Mop-




¢oJ0ruI0 MOBEPXHOCTU IUIEHOK Mo MccliemoBaid Ha
aTOMHO-cujioBoM Mukpockorie (ACM) Solver Pro.
IITepoxoBaTOCTb MOBEPXHOCTU Ha TUIOLIANU S5 X5 MKM
OLIGHMBAJIM IO 3HAYEHMIO CPEIHEro KBaJpaTUYHOTO
OTKJIOHEHMSI BBICOTbI HEPOBHOCTEH (.S,;) MOBEPXHOCTH
mwieHok Mo [15], onpenensseMoMy C NOMOIIbBIO IIPO-
rpaMmMHoro ooecrneuyeHust ACM.

BHyTpeHHMe MexaHMUYecKMe HaIpsLKeHUsT paccyu-
TeiBasI 110 popmye CtoyHu [16]:

6(1— )hf R R)

rne E; — monynb KOHra nomnoxku; hg — ToJILMHA
MOIOXKH; v, — Koo duuueHT IlyaccoHa noanoxku;
hf— TOJILMHA TUIEHKU; R, — paanyc KpUBU3HBI MO/~
JIOXKKU 0€3 IUIEHKMU, Rf— panuyc KpUBU3HBI ITOIJIOX-
KU C TUIEHKOM. Pagnyc KpyBU3HBI TTOMIOXEK U3Mepsi-
I Ha MukpouHTepdepomerpe MUUM-4 no u mocie
HanbUIEHUs IJIEHOK MOJIMOIEeHA 10 METOAUKE, OITMCAH -
Ho#t B pabote [17]. st moaioxXeK U3 cuTajia OTHO-
wenue Ey/(1 — y,) cocrasisio npumepHo 130 I'Tla [18].

BHyTpeHHMEe MexaHWYeCKWe HamNpsKeHUS B TOH-
KHX TUIEHKaX B OCHOBHOM COCTOSIT M3 JIBYX KOMIIO-
HEHT: COOCTBEHHBIX M TepMuueckux. CoOCTBEeHHEIE
HaMnpsDKEHUS CBSI3aHbI ¢ AeeKTaMU U C HECOBEPILEeH-
CTBOM CTPYKTYPHI IJICHKH. TepMudyecKue HampsoKe-
HUS G BO3HUKAIOT 3a CYET Pa3HULI TEPMUYECKUX
K03((ULNEHTOB JIMHEHHOTO PACIIMPEHUsT TICHKU oL
U TIOUIOKKM O ¥ BBbI3BaHbI Pa3HULEH TeMIepaTyp
MOJJIOXKM TPU HAHECEHUU TIJIEHKU U TP U3MEPEHUU
MEeXaHWYEeCKUX HanpskeHuit. TepMuueckue HampsKe-
HUSI pacCYMTHIBAIN M0 opmyiie [19]

= —L (0= ag)AT, )
—vr

rie £y — monynb FOHra matepuana rieHKH; Yy — KO-
sappunment Ilyaccona marepmana miaeHku, AT —
pPa3HOCTh TeMIIepaTyp MOMJIOXKH BO BpeMsl HarbLIe-
HUSL M TIPU U3MEPCHUH; a, oy — KOI(DOULNCHTBI JIn-
HEITHOTO TEPMUUYECKOTO PACIIMPEHUS CUTAUTOBOM MO -
JIOXXKM M TIJIEHKM MOJMOAeHA COOTBETCTBEHHO. Jljist
IJICHOK Moynb/eHa oTHouenune Eq/(1 —yp) = 471 ITla
[9, 20] u 3HaueHuUe KOBQ)(I)I/IL[I/ICHT& o= 5 4 100 K!
[21]. dnst cutannosoit noajoxku CT-50-1 3HaueHue
Kospduumenra o, = 510 1 [18]. IMockonbKy
0f > oy, TO TEPMUIECKUC HATIPSIKCHUSI IMEIOT PACTSi-
TUBAIOIIMI XapaKTep, W MX 3HAUCHUS MpPU Harblie-
HUU TJIeHKUM Mo B Auara3oHe TeMIreparyp MoII0XKU
393...623 K cocrasnsior 20...65 MIla.

HccaemoBanme 3aBUCUMOCTEN TTapaMeTpOB TIEHOK
MOJIMOIeHa MPU MarHeTPOHHOM PACIBUIEHWM OT TI0-
TOKa aproHa, ITOCTYITAIoIIeT0 B BaKyyMHYIO KaMepy,
MPOBOJIMJIM C MCIIOJIb30BAHUEM CIIEIYIOIIETO ajro-
puT™a.

1. IIpeaBapuTeJIbHO OTKAUYMBAJIM BaKyYMHYIO Ka-
MEpY IO JaBJIeHUsI 6 10 *Hawuc TMTOMOIIIBIO Jpocce-
JIPYIONIeH 3aCIOHKM YCTAaHABJIMBAJIN OIpeaesieHHOE
3Ha4YeHME CeYeHUs1 TpyoorpoBoaa (Yroi OTKPBITHS 3a-
CJIOHKM) MeXIy BaKyyMHOI Kamepoit u auddy3roH-
HBIM HAcOCOM.

2. YcTaHaBAMBAIM HavyaJlbHOE HaBJIEHME aproHa
(1,33...10,67) - 102 Mas BaKyyMHOM1 KaMepe ¢ ITOMO-
1IBIO PETYIMPYEMOTO HaTeKaTess.

3. YMeHblIass Yroa OTKPBITUS IPOCCEIUPYIOIIEH
3aCJIOHKH, YCTAaHABIMBAJIN B BAKyyMHOM KaMepe IaB-
JIEHHE aproHa, COOTBETCTBYIOIIEE TaBICHUIO aproHa B
npoliecce HambUICHUS TJICHOK MOJIMOIEHa, 3HaueHUe
KoToporo cocrasistio 0,266 Ila.

Ilpn mcmonb30BaHMM TaHHOTO aJTOPUTMAa 3Hade-
HUE MOTOKAa aproHa IpW HalbUICHUU OINpeaessieTcs
3HAYeHNEeM HaYaJIbHOTO JaBJICHUS aproHa B BaKyyM-
HOM KaMepe U 3HAYEHUEM CEUCHMS IPOCCEIUPYIOLIEH
3aCJIOHKH, TIPM KOTOPOM JaBJICHHWE aproHa B Kamepe
paBHO IABJIEHUIO B Mpoliecce HammblIeHUS. Mcmonb3ys
TEOPUIO SKBUBAJICHTHBIX LieTeli, 3HaUeHue MOToKa ap-
TOHAa B BaKyyMHOM KamMepe B ITIpOIIeCcCe HAITbLICHUS
MOXHO ONpEeNeuThb CIEAYIOIINM 00pa3oM:

PV
Qev - a%g ) (3)
g
rae Q,, — MOTOK aproHa B BaKyyMHOM Kamepe B Tpo-
LIECCE HAIbBUIEHUS;
=d-p). (4)
(v-1)°
Pbeg
p=— (5)
PV
Zev
Y= (6)
Zq

Pfeg , Piv — JaBJIEHUE aproHa B BaKyyMHOI1 Kame-
pe TpU HavyaJbHO# YCTaHOBKE MOTOKA aproHa u B IIpo-
1ecce HaIlbUICHUSI COOTBETCTBEHHO;

deg , dev — COIPOTUBJICHUE OPOCCENUpPYIOLICi
3aCJIOHKM TOTOKY aproHa Mpu HavyaJlbHOW yCTaHOBKE
MOTOKA aproHa U B TPOLIECCE HAIbIJIEHUS COOTBETCT-
BEHHO.

Takum oOpa3om, NMpU MUCCIETOBAHUU 3aBUCHMO-
CTeil CBOMCTB IJIEHOK MOJIMOJIEHA OT 3HaYEHUsI TOTOKAa
aproHa B IIpolIeCCe MarHeTPOHHOTO PACIbIIEHUS J0C-
TaTOYHO HCCJIENIOBaTh 3aBUCUMOCTh 3TUX CBOMCTB OT
koahpuumeHTa o. OcTajabHbIe TTapaMeTPhl B BEIpaXkKe-
HUM (3) SIBASIIOTCS TTOCTOSIHHBIMUM B MpOILIEcce UCCe-
JIOBaHMSI.

DIIeKTpUIecKre XapaKTePUCTUKUA MUKPOIJIEKTPOH-
HBIX pe30HATOPOB ¢ BparroBCKUM oTpaxareseM u3me-
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Puc. 1. 3aBUCHMOCTb CKOPOCTH 0CAXKIEHHUS IJIEHOK MOJHOEHA OT TEXHOJIOTHYECKHX PEKHMOB MATHETPOHHOTO HANBUIEHUSI: ¢ — Y/IeJIbHOM MOIII-
HOCTH, nojaBaeMoi Ha munieHb (Py = 0,27 Ia; o = 0,13; T, = 473 K; hf =0,5- 1070 M); b — pabouero maBIeHUs aproHa B BAKYYMHOI KaMepe

(Wy =285 104 BT/MZ; a=0,13; T, = 473 K; hf =045- 1076 M); ¢ — Ko3(duImeHTa o, XapaKTepu3ylllero 3Ha4YeHre MoToKa aproHa, mo-

CTYMAIOILETO B BaKyyMHY1o Kamepy (P, = 0,27 Ila; W, = 8,5+ 10* BT/MZ; T, =473 K; hf =0,5- 1070 M)

Fig. 1. Dependence of the speed of deposition of the molybdenum films on the modes of the magnetron deposition: a — specific power submitted to a
target (Py = 0,27 Pa; a = 0,13; T, = 473 K; hy=0,5" 1076 m); b — working pressure of argon in the vacuum chamber (W, = 8,5+ 10¢ W/mz;
a=013; T,=473 K; hy=0,45" 1070 m); ¢ — coefficient a, characterizing the value of a flow of argon coming into the vacuum chamber

(Py=0,27 Pa; Wy =85 10" W/m?%; T, = 473 K; hy = 0,5- 107 m)

pSIM ¢ TIOMOIILIO BEKTOPHOTO aHajau3aropa Iereit
E5071C dupmsbl Agilent Technologies. ITonepeyHoe ce-
YeHNe MHUKPO3JIEKTPOHHOTO pe3oHartopa ¢ bparros-
CKMM OTpaxaTesieM UCCAeA0BaId Ha pacCTPOBOM 3JieK-
TpoHHoM Mukpockorie MIRA TESCAN.

Pe3yJ]bTaTl)l HMCCJIeIOBAHUHA M UX oﬁcy)meﬂne

CBoiicTBa MJIeHOK Mo 3aBUCAT OT TaKUX TEXHOJIO-
FMYECKUX TTapaMeTPOB MArHETPOHHOI'O PaCHbLICHMUS,
Kak pabouee AaBjieHHWE aproHa B BaKyyMHOI KamMmepe
(Py), yaenbHasg MOLIHOCTL Ha MuuieHu (W), teme-
parypa TOAJI0XKMU Npu HanbuleHuu (7)) U MOTOK ap-
roHa, MOCTyMNaIIMii B BAKYYMHYIO KaMepy, 3HaUeH1e
KOTOpOTo onpezesisieTcsl 3HaueHueM Ko ULIMEHTa o.
HeobxonuMo Takke y4WUTBIBATh M TOJIIMHY TIJIEHOK
MoIuOaeHa hf KaK TOIIOJIOTMYECKHUI IMapaMeTp, IMo-
CKOJIbKY TOJIIIMHA CJIOeB B BparroBckom oTpaxartesne
3aBUCUT OT paboueil 4YacTOThI MUKPOIJIEKTPOHHOIO
pe3oHaTopa. Tak, Hampumep, sl pe30HAHCHOM Yac-
TOTHl fi = 3 I'Tu ToMuMHA TUIEHKM MOJIMOAEHA CO-
crasnsieT hy= 0,525 MM, a uid fy = 4 I'Tu — Tomuu-
Ha IIJICHKN hf= 0,394 mxm. B mannHol paboTte mpuBe-
JIEHBI Pe3yIbTaThl U3MEPEHUI 3aBUCUMOCTH CKOPOCTH
OCaXIEHUS V,;, YAEIBHOTO 3JIEKTPUYECKOIO COIPOTHUB-
JIEHUA p,,, MEXAHUYECKUX HANIPSKEHUI G U CPEIHETO
KBaJpaTUYHOTO OTKJOHEHHUSI BBICOTHI HEPOBHOCTEN
MMOBEPXHOCTHU IJICHOK MOJIMUOIeHA Sq, XapaKTepu3yro-
LIEi UX LIEPOXOBATOCTh MTOBEPXHOCTU OT TEXHOJIOTH-
YeCKHX PEeKMMOB MarHETPOHHOTO PaCcITbUICHUS 1 TOJI-
LIIWHEI TUIEHKU Mo.

CKOpPOCTb OCaXKIEHUSI SIBJISIETCS BaXKHOW XapakTe-
PUCTHUKOI Mpo1ecca MAarHETPOHHOTO HAbUIEHUS TIJie-
HOK MojubaeHa. OT ee 3HAUEHUST 3aBUCST CTPYKTypa
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IJIEHKH, (PU3UKO-XMMUYECKHE CBOMCTBA M TEXHOJIO-
TUYECKOE BPEeMsI M3TOTOBJEHUSI pe30HATOpa B 1IEJIOM.
Ha puc. 1 npeacraBieHbl 3aBUCUMOCTH CKOPOCTH Oca-
JKIEHUS TUIEHOK MOJIMO/eHAa OT YAEJIbHOM MOIIIHOCTH,
MoJaBaeMoil Ha MUILEHb, paboYero JaBjAeHUST aproHa
U €T0 IOTOKA, IMOCTYIAIOLIEr0 B BAKYYMHYIO KaMmepy.
M3 nosiyueHHBIX pe3yabTaTOB BUAHO, YTO HaUOOJIbIIee
BJIUSTHME Ha CKOPOCTb OCaXJIeHMS IJIEHOK Mo okasbl-
BaeT yjeJibHas MOIIHOCTD (puc. 1, a), TaKk KaKk CKOpOCTb
OCAXIIEHUST HAIMPSMYIO 3aBUCUT OT 3HAUYEHUS YIEbHOW
MOIIITHOCTH, T0JaBaeMOil Ha MUIIEHb. YBeJIUUYEHUE
yAenbHOI MouHocTu (W > 7 BT/CM2) MIPUBOIUT K
TOMY, YTO CKOPOCTh OCaXIeHUs TNIEHOK MO OTKJIOHS-
€TCsl OT JMHEMHOTO 3aKOHA B CTOPOHY YMEHBILIEHUSI.

ITpu nusMeHeHUMn paboyero JaBjJIeHUs] aproHa B Ba-
KYYMHOI Kamepe HaOiomaeTcsl He3HAYWUTeIbHOEe 13-
MeHeHue (He Gojiee 7 %) CKOPOCTH OCaXKIECHMS ILIe-
HOK Mo (puc. 1, b). [lonyyeHHBII XapaKTep 3aBUCHU-
MOCTEl CKOPOCTU OCaXIEHUs TUIEHKU Mo OT ynesb-
HOM MOIIIHOCTH, II0JaBaeMOii Ha MUILIEHb, 1 pabouyero
JaBJeHUs] B BAKYYMHOI Kamepe, COrjacyeTcs ¢ Xapak-
TEpOM 3aBUCHUMOCTEN, MOJYYeHHBIX B padote [22].

IToTok aproHa, moctynaroiuii B BAKyyMHYIO Kame-
Py, BIMSET HA CKOPOCTb OCAXICHUS TUICHOK CIICAYIO-
M obpazoM (puc. 1, ¢). YBeauueHue 3HaYeHU KO-
a¢pduumeHta o B auanazoHe 0,1...0,15 mpuBoauT K
YBEJIMUECHUIO CKOPOCTU OCAXAECHUS MO TUHEHHOMY 3a-
KOHY, B TO BpeMsl KakK IIpY 3HaYeHUSIX KO3 pUlImeHTa
o < 0,1 ckOpoCTb OCaXACHUS TUIEHOK MOJIMOIEHA 13-
MEHSIETCSl He3HaYuTeJbHO. B 11es10M yBeauueHue 1mo-
TOKa aproHa, IMOCTYMNAaloIero B BAKyyMHYIO KaMepy, B
4 pa3za MPUBOIMT K YBEJIMYECHUIO CKOPOCTH OCAXKIEHUS
mreHok Ha 0,6 HM/c.




BaxxHbIM CBOUCTBOM, ompene-
JISJIOIIMM  KayeCTBO MOJyYeHHOM
IUICHKA MOJIMOMeHa, SIBIISIETCS e¢
yIEIbHOE JJIEKTPUUECKOEe COIpo-
TUBJIEHUE p,. YeM MeHbLIE ero 3Ha-
yeHHe, TeM KayecTBEHHee IUIeHKa
MmonmbaeHa. Ha puc. 2 mpencrasie-
HBl 3aBUCUMOCTH YIEIHHOTO 3JIeK-
TPUYECKOrO COIMPOTUBJEHUS IIJIEHOK
MOJIMOIEeHa OT TEXHOJOTMYECKMX
pPEeXMMOB MarHETPOHHOTO pacrblie-
Husi. U3meHeHune pabodero maBie-
Hust aproHa B 2 paza (ot 0,2 mo
0,4 TTa), MpUBOAUT K YBEJIUUYEHUIO
VIEIBHOTO JIEKTPUYECKOTO COMPO-
TUBJIEHUS TJIEHOK Mo B 5 pas.
MuHMMaIbHBIE 3HAYeHUS YIETbHO-
rO 3JIEKTPUYECKOTO COMPOTUBJICHUS
(16...20 MKOM * CM) MMEIOT ILUICHKU
MoJubaeHa, chopMUpoOBaHHbIE TIPU
JaBJICHNM aproHa B BaKyyMHOU Ka-
Mepe 0,23...0,3 I1a (puc. 2, a). YBe-
JIMYeHWEe YIOEeTBEHON MOIIHOCTH, IT0-
JaBaeMoil Ha MMILEHb, TTPUBOIUT K
YMEHBILEHUIO YIETbHOTO 3JIeKTpUYE-
CKOTO COITPOTUBJICHUS IO JIMHEHHO-
My 3aKOHY M MUHMMAaJIbHbIE 3Haue-
HUST YOETBHOTO 3JIEKTPUIECKOTO CO-
MPOTUBJEHYSI COCTABJISIIOT TPUMEPHO
16 MKOM * cM TIpH 3HAYCHUH YIeIb-
Hoil MomHocTn W, = 12,5 Br/cm?
(puc. 2, b). [Ipu u3MeHeHUU TTOTOKA
aproHa, MOCTYINAILIEro B BaKyyM-
HylO0 Kamepy (M3MeHeHue Koahhu-
uueHTa o ot 0,03 go 0,11), npakTu-
Yyecky He HabsomaeTcsl U3MEHEHU
YIEAbHOTO 3JIEKTPUUECKOTO COIpPO-
TUBJICHUSI, a B IMaIla30He 3HAYCHU I
koappumenta o 0,11...0,17 mpouc-
XOIMUT YMEHBIIIEHUE YICILHOTO 3JIeK-
TPUIECKOTO COMPOTUBIICHUS TUIEHOK
Mo 50 MUHUMAJBHOTO 3HAYEHWUSI,

P 107 Q'm
50

55
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P 10 @-m P 10 @:m
k ¥ 50

7+ 55

12 30 r

0,02 0,06 0,1 0,14 0,18 360 460 560 660

Puc. 2. 3aBucumoctsb YAEJbHOr0 3JIEKTPUYECCKOr0 CONPOTHBJICHHUA IUICHOK MOJIHOEHa OT
TEXHOJIOTHYCCKHUX PEKUMOB MArHETPOHHOIO pacnblICHMA: a — pa60qero OaBJICHUS aproHa

B BaKkyymHoii kamepe (W = 8,5 10* Br/m% o = 0,13; T, = 473 K; hy = 0,45 1076 w);
b — ynenpHOI MOIIHOCTH, TogaBaeMoit Ha MuleHb (Py = 0,27 IMa; a = 0,13; T, = 473 K;
hf =0,5- 107° M); ¢ — KoadduimeHTa o, XxapakTepu3yIolero 3HaueHue IMOToKa aproHa,
MOCTYTIAIOILETO B BaKyyMHylo Kamepy (P = 0,27 Ila; W = 8,5+ 10* BT/M2; T,= 473 K;
hf =0,5- 107° M); d — Temmnepatypbl nomioxku (Py = 0,27 Ila; Wy = 8,5+ 104 BT/MZ;
a=0,13; hy = 0,47+107° w)

Fig. 2. Dependence of the electrical resistivity of the molybdenum films on the technological modes
of the magnetron deposition: a — working pressure of argon in the vacuum chamber

(Wy=85-10" W/m? a =013, T, =473 K; hy=0,45-10"% m); b — specific power
submitted to a target (Py = 0,27 Pa; a = 0,13; T, = 473 K; hf =05 1076 m); ¢ — coefficient a,
characterizing the value of a flow of the argon coming into the vacuum chamber (P, = 0,27 Pa;
Wy=85- 10¢ W/mZ; T, =473 K; hf =05-1070 m); d — substrate temperatures (Py = 0,27 Pa;
Wy =85 10° W/m% a=0,13; hy=0,47-10"5 m)

paBHOro npumepHo 19 MkOM - cM (puc. 2, c¢). Temre-
patypa nouIoXku 7 ABIAeTCA TEXHOJIOTMYECKUM Ma-
paMeTpoM, KOTOpBIH ompenessieT MUKPOCTPYKTYpPY U
(uznyeckre CBOMCTBA HAMBUISIEMbIX TJIEHOK. YBEIU-
yeHue TeMIepaTyphl NOMIOXKHY B 1,5 pa3a MpUBOAUT K
YBEJIMYEHUIO YIEJBHOIO 3JIEKTPUYECKOrO COMpPOTUBIIE-
HUS IUICHOK MojubOneHa B 7 pa3 (puc. 2, d). MuHu-
MaJIbHble 3HAYeHUsI YIEJIbHOIO 3JEKTPUUYECKOTO CO-
npotusinenust (16...20 MkOM * cM) HaOIOAIOTCS B
IeHKax Mo, chopMUPOBaHHBIX TTPU HU3KUX TeMIIepa-
Typax nomioxku — 390...480 K. ITomyyeHHbBIE 3aBUCH-
MOCTH YIEJIBbHOTO 3JEKTPUYECKOTO COIMPOTUBICHMS
IUIGHOK OT pabouero JaBeHUSI aproHa W YAeJbHOM
MOIITHOCTH, TTOAaBaeMOl Ha MUIIIEHb, COTJIACYIOTCS C
pesyabTatamMu, NpUBeIeHHBIMU B paboTax [23, 24].

HpyruM BaXHbIM CBOMCTBOM ILIEHOK MOJUOAcHA
SIBJITIOTCSI MEXaHWYEeCKUe HaIpsDKeHUs. XapakTep U
3HAYeHWEe MEXaHWYECKUX HaIpsLKeHWH IIeHOK Mo
OTIPENIEIIAIOT CTPYKTYPY TICHKM W HaIeXKHOCTb MHK-
poaeKTpoHHOTo pe3oHaTopa. Ha puc. 3 npencrabie-
HBI 3aBUCHUMOCTH U3MEHEHMST MEXaHMYECKUX HaTIps-
KEHUI B TIJIEHKaX MOJIMOAEHA OT TeXHOJOTMYECKMX
pPEXMMOB MarHeTPOHHOTO PACIBUICHUS. YBeIMUeHUE
IaBJIeHWsI aproHa B BaKyyMHOI KamMepe IPUBOIUT K
POCTY CXXMMaIOIIMX HanpskeHuit (puc. 3, a). OTo Mo-
XeT OBITh CBSI3aHO C BHEAPEHWEM aTOMOB aproHa B
pactyinyio miaeHky. [Ipu 3ToMm Kpucraainueckas pe-
IIIeTKa B IJICHKE OeopMUpPYeTCS B CTOPOHY YBeJTHUe-
HUSI MEXIUIOCKOCTHBIX paccTosHuiA. [linenka pacim-
psieTcsI, 9YTO XapaKTepHO IS CXKMMAIOIIEeTO XapaKTe-
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CKUX HamNpsKEHWI B IUIEHKAX MO-
JIMOAeHa TIpelicTaBJIeHO Ha puc. 3, b.

0.6 0.6

09 08

C yBenMuYeHHEM YIETbHONM MOIITHO-
CTH BO3pACTaeT KOJUYECTBO pacIibl-
JICHHBIX aTOMOB M WX TTOCTYIIJICHUE
Ha momioxKy. B pesynbraTe 3TOTO
YBEJTMUMBACTCSI YUCIIO 3apOAbIIIcHt
Ha TOIJIOXKE, KOTOphIe pa3pacra-
sICh, 00Pa3YIOT MEJIKOKpUCTAINYe-
CKYIO CTPYKTYpY. YBEIMYEeHNE MeXa-

0,2 0,27 0,34 041 4.5 6,5
Pg, Pa

e, 10° Pa

-0,6 -0.6

a) b)

HUYECKUX HAIpSLKEHUI ¢ yBeauye-
HUEM YAEJNBHON MOIIMHOCTH MOXET
OBITh CBSI3aHO C POCTOM KOJIMYECT-
Ba I'PaHMIl MEXIY 3epHaMM U, Kak
CJIENCTBME, C yBeJIMYeHUEM aedop-
MalMUU KPUCTAIIINYECKOMN peleTKH.

85 s

Wy, 10° Wim?

3aBUCHMOCTh MEXaHMYECKUX Ha-
MIPSCKEHMI B TJICHKAX MOJIMOIeHA OT
IIOTOKA aproHa MpH MX IOJTy4YEHHH
IpeacTaBieHa Ha puc. 3, c. Bo Bceit
o0siacTu 3HaYeHuil KoahduireHTa
oL MEXaHMYECKUE HAIPSIKeHUS UMe-
0T CXKUMAIOITUI XapaKTep 1 BO3pac-
TAIOT C POCTOM II0OTOKA aproHa, Io-

Puc. 3. 3aBucHMOCTh MEXaHMYECKHX HANPSDKEHMI B IJIEHKAX MOJIMOIEHA OT TEXHOJIOTHYECKMX
PEXKHMOB MATHETPOHHOIO PACTIBUIEHUS: @ — PAOOYETo JaBIEHKs aproHa B BAKYyMHOM Kamepe

Wy =285- 10* BT/M2; a=0,13; T, = 473 K; hf =0,45- 1070 M); b — yIeJIbHOI MOIIIHOCTH,
nonasaeMoii Ha munieHs (£ = 0,27 Ma; o = 0,13; T, = 473 K; hf =0,5- 1076 M); ¢ — KO-
3(1)(1)I/ILH/ICHT3 0o, XapaKTEPU3YIOLIEro 3HAY€HUE MOTOKA aproHa, nmocCTynarIiero B BaKyyM-
Hyio kamepy (P = 0,27 [a; Wy = 8,5 10* Br/m?%; T, = 473K; hy = 0,5+ 1076 m); d— Tem-
nepatypsi notoxku (Py = 0,27 Ma; Wy = 8,5 10* Br/m?% o = 0,13; hy = 0,47 1076 m)

Fig. 3. Dependence of the mechanical stresses in the molybdenum films on the technological modes
of the magnetron deposition: a — working pressure of argon in the vacuum chamber

(Wy=85-10° W/m?; a = 0,13; T, = 473 K; hy = 0,45 - 107° m; b — specific power submitted
to a target (Py= 0,27 Pa; a = 0,13; T, =473 K; hf= 0,5- 1070 m); ¢ — coefficient a,
characterizing the value of a flow of the argon coming into the vacuum chamber (Py = 0,27 Pa;
Wy=285" 10° W/mZ; T, =473 K; hy=05-" 107 m); d — substrate temperatures (Py = 0,27 Pa;

Wy =85 10° W/m% a=0,13; hy=0,47-10"5 m)

pa HanpsixeHus. BMecTe ¢ pocToM JaBjieHUs aproHa
YMEHbBIIAETCS Y JJIMHA CBOOOMHOrO IMpobera pacribl-
JICHHBIX aTOMOB MojiubaeHa. B uccienyemoM nuara-
30HE JaBJeHWIl aproHa IjuHa CBOOOJHOIO MpooOera
pacnblIEHHBIX aTOMOB MO yMeHbIIaeTcsl TPUMEPHO B
2 paza. DTO COCOOCTBYET IOCTYIUIEHUIO MX Ha IIOJ-
JIOXKY TIOJ pa3IMYHBIMU yIJIaMU U TEM CaMbIM TOSIB-
JISIeTCSI BO3MOXXHOCTb POCTa BCEX IpaHe KpUCTaLIU-
YEeCKOH pelleTKu.

Kax 610 moka3zaHo paHee, OT 3HaYeHUS YAeJIbHOM
MOIIIHOCTU, MOJaBa€MON Ha MHUIIIEHb, 3aBUCUT CKO-
pPOCTb HaIbLICHUS, a CIeloBaTeIbHO, U CTPYKTypa Ha-
MbUISIEMON TUICHKU. BiusHue yaeabHONM MOIIHOCTH,
MMoJaBaeMoOil Ha MMUILEHb, Ha TMOBEACHUE MeXaHuye-
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CTYITAIOIIETO B BAKYYMHYIO KaMepy.
Baugnue TemmepaTyphl IOI-
JIOKKWA TIPW HATBIJICHUM Ha 3Ha-

510 590

________ a YEHHNA MEXaHNYECCKHUX HaHpH}KCHI/Iﬁ

B IUIeHKax Mo mpencTaBieHO Ha
puc. 3, d. C pocToM TeMIIepaTyphl
MOJIJIOXKN MeXaHU4YeCKHUe Harmpsi-
KeHUs He3HAYWTeJbHO YMeHbIIa-
I0TCSI U UMEIOT MUHUMAaJIbHOE 3Ha-
yenue, paBHoe —0,8 I'lla ipu 3Ha-
YEeHUSIX TeMIIepaTyphl IMOIIOXKHU
T, = 450...460 K. Ilpu nanbHeii-
IIeM TIOBBIIICHUU TeMIIepaTyphl
MOJJIOXKH CXXUMAIOIINEe MeXaHYe-
CKME HaTPSKeHUST YBEJIMUNBAIOTCS
1o —1,9 I'Tla npu Temnepartype noj-
noxku T, = 570...580 K. Takoe mno-
BeeHNE MEXaHWYECKUX HaIIpsoKe-
HUI MOXET ObITh CBSI3aHO C (hOPMU-
pOBaHMEM KOJIOHHOI CTPYKTYPHI IUIEHOK Mo U yBe-
JndyeHueM ee motHoctu [1, 25]. HeobxoauMo Takske
OTMETHUTD, YTO B IUTEHKaX Mo 3HaUYeHNE TEPMUICCKIUX
Hanpsokenuit (20...65 MITa) Ha nBa mopsiika MeHbIIe
BHyTpeHHUx HanpstkeHuit (0,5...1,9 I'Tla). TTostomy
cemyeT OXUAATh, YTO TEPMUUECKUE HAIPSDKeHUS He
BHOCSAT CYIIECTBEHHBIM BKJIaZ BO BHYTPCHHHE MeXa-
HUYECKUe HaIIpsDKeHUS I TUIEHOK Mo Ha cHTaio-
BBIX MOUIOXKAX. TakuM oOpa3oM, BHYTpEHHME MeXxa-
HUYECKUEe HATPsSLKeHUs TICHOK Mo B OosbIleit cre-
MEeHU XapaKTepU3yl0TCs COOCTBEHHBIMU MeXaHUIeCKHU-
MM HaIIpSTKEHUSIMU.

IIlepoxoBaTOCTh MOBEPXHOCTHU INIEHOK Mo, Kak U
MeXaHWYeCKMEe HAMIPSDKEHUSI, SIBIISICTCST BaXKHBIM T1apa-




METPOM TIpU CO3MaHWM TOHKOILIE-
HOUYHBIX MUKPO3JIEKTPOHHBIX pe-
30HATOPOB. KM3MeHeHMe cpemHero
KBaIpaTUYHOTO OTKJIOHEHMS BBICO-
TBl HEPOBHOCTEH TTOBEPXHOCTH TLTE-
HOK Mo, XapaKTepM3ylOolIMX IIepo-
XOBaTOCTh MUX TTOBEPXHOCTH, B 3aBH-
CHUMOCTH OT TEXHOJOTUYECKUX pe-
JKMMOB MarHeTpOHHOIO HambLICHUS
npeacrapaeHo Ha puc. 4. Ipu Manbix
3HAYEHMSIX PabOYero JaBleHMs apro-
Ha B BakyyMHoI1 Kamepe (0,266 Ila)
cpenHee KBaIpaTUYHOE OTKJIOHEHUE
BBICOTHI HEPOBHOCTEN TMOBEPXHOCTH
IIeHoK Mo He mpeBblago 10 HM
(puc. 4, a). C noBblllIeHEM paboye-
ro npasieHusi aproHa go 0,32 Ila
cpenHee KBaapaTUYHOE OTKJIOHEHUE
BBICOTHI HEPOBHOCTEI ITOBEPXHOCTHU
IJICHOK YMEHBIIAETCS] B HECKOJIbKO
pa3 1 COCTaBISIET OKOJIO 2...3 HM.

Kak nmokazaHo paHee, yaeabHasi
MOIITHOCTh Ha MHWIIEHW BIUSET Ha
CTPYKTYpPY HAaIbUIIEMON TUICHKH.
C yBeJMYEHUEM YIEIbHONW MOIIIHO-
CTH, TIOJAaBAacMON Ha MUIIEHb, BO3-
pacTaeT KOJMYECTBO PACMbUIEHHBIX
aTOMOB U WX TIOCTYIUIEHWE Ha TIOM-
JIOXKY, a CJIedoBaTeJIbHO, YBEIUYM-
BaeTCsl YMCIIO 3apoIblleii Ha TIOMI-
JIOXXKe, KOTOpBIe pa3pacrasich, oopa-
3YIOT MEJIKOKPHUCTAIUTUUECKYIO CTPYK-
Typy. B pe3synbrare 1epoxoBaTocThb
MOBEPXHOCTU TUICHOK YMEHbIIIAeT-
cs. B okpecTHOCTY 3HAYCHWI yIeIb-
Hoi MorHocTd Wy =7,5 £ 1 Br/cm?
cpeaHee KBaJpaTUUHOE OTKJIOHEHUE
BBICOTHI HEPOBHOCTEN MOBEPXHOCTHU
IDICHOK Mo WMeeT MWHWMAJIbHOE
3HAYEHWE U COCTaBJSIET IMPUMEPHO
2 HM (puc. 4, b).

CunbHOe BIUSHUE HA IIEPOXO-
BATOCTh TMOBEPXHOCTU IUIEHOK Mo
OKasbIBaeT MOTOK aproHa (puc. 4, c).
C yBeqiMueHMEM MOTOKA aproHa, Imo-
CTYITAOIIETO B BaKYyMHYIO KaMepy,
IIEPOXOBATOCTb MOBEPXHOCTU TLIIE-
HOK yMeHbIIaeTcsi. MuHUMabHast
IIEPOXOBATOCTh HaOIIOmaeTCs JUIS
IUICHOK Mo TIpy 3HaYeHUSIX Ko3Gd-
¢dunuenrta o > 0,14.

BnusgHue TemmepaTypbl TOA-
JIOKKH B TIpoliecce HAIbUICHUS Ha
IIEPOXOBATOCTb MOBEPXHOCTU TLJIe-
HOK Mo mokazaHo Ha puc. 4, d.
B obnactu temmepatyp IIOIJIOXKH
T, = (480 £ 25) K muenku Mo

! §,10"m 5, 10° m
12 9
8 6 *
4 3
0 . . 0 " .
0.18 0,26 0.34 042 3 55 8 10,5
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Puc. 4. 3aBucumocThb CpeaHero KBaJApaTHYHOrO OTKJIOHEHHSA BBICOTHI HepoBHOCTeﬁ no-
BEPXHOCTH IJICHOK MOJIHO/IEHA OT TEXHOJOTHYECKHX PEKUMOB MATHETPOHHOIO pacmnbljie-

HHS: ¢ — paboyero naBlicHWA aproHa B BaKyyMHoOM kamepe (W, = 8,5- 104 BT/M2;
a=0,13; T,= 473 K; hf= 0,45~ 107 M); b — ymenbHON MOIIHOCTH, IOJaBaeMoOil Ha
muess (Py = 0,27 Ma; a = 0,13; T, = 473 K; hf= 0,5- 1076 M); ¢ — KoaduimeHTa o,
XapaKTepU3yIoIero 3HAUYCHUE MOTOKa aproHa, TMOCTYMAIIET0 B BaKyyMHYIO Kamepy
(Py = 0,27 Ta; W, = 8,5-10* Br/m% T, = 473 K; hy = 0,5 107 m); d — Temnepatypsi
noanoxku (Py = 0,27 Ma; Wy = 8,5+ 10% Br/m% o = 0,13; hy = 0,47+ 1076 m)

Fig. 4. Dependence of a root-mean-square deviation of the height of roughnesses of the surfaces
of molybdenum films on the technological modes of the magnetron deposition: a — working

pressure of argon in the vacuum chamber (W, =8,5" 10 W/mz; a=013 T,=473 K;
hf= 0,45+ 10° m); b — specific power submitted to a target (Py= 0,27 Pa; a = 0,13;
T, =473K he=105"1 0 %m ), ¢ — coefficient a, characterizing the value of a flow of the argon
coming into the vacuum chamber (Py= 0,27 Pa; Wy=8,5" 10¢ W/m2; T, =473 K;
hf =05- 1076 m); d — substrate temperatures (Py= 0,27 Pa; Wy =385" 10¢ W/mz;
a=0,13; hg=047-10m)

Puc. 5. ACM-u300pakeHuns IJIEHOK MOJIMOIEHA: a — Sq =1,12- 1072 M; b— Sq =1,2- 1079 m
Fig. 5. AFM images of the molybdenum films: a — S, = 1,12+ 10  m; b — S, = 1,2-10 " m
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Puc. 6. Bansanue Tomuunbl nienkn Mo Ha ee csoiictsa (P = 0,27 Ila; Wy =9 - 104 BT/MZ; a = 0,13; T, = 473 K): a — ynenbHOe 3JIeKTpUYECKOe
COIPOTHBIICHNE; b — MEXaHMYECKIE HAMPSDKEHUS; ¢ — CPelHee KBaIpaTUUHOE OTKJIOHEHHE BBHICOTHI HEPOBHOCTEN TTOBEPXHOCTHU TUICHOK

Fig. 6. Influence of the thickness of a Mo film on its properties (Py = 0,27 Pa; Wy = 9+ 10* W/mz; a = 0,13; T, = 473 K): a — electrical resistivity;
b — mechanical stresses; ¢ — root-mean-square deviation of the height of roughnesses of the films’ surfaces

WMEIOT MUHUMAJIBHYIO IIIEPOXOBATOCTh TTOBEPXHOCTH.
CpenHee KBaJpaTUYHOE OTKJIOHEHUE BBICOTHI HEPOB-
HOCTEH MOBEPXHOCTHU TUICHOK HE TIPEBHIIIAET 2 HM.
B uenomM, usMeHeHUEe TeMIlepaTypbl MOIJOXKU B MH-
tepBaie 400...600 K cnabo BausieT Ha IEPOXOBATOCTh
MOBEPXHOCTU IUIEHOK Mo. BTO I103BOJISIET TMOKO
BapbUpPOBaTh TEMIIEPATypy TTOMIOXKKHN TIPU HAaITbIJIe-
HUY MOJIMOAeHA, YTOOBI MTOJIYYUTh ONTUMAJIbHbIE 3HA-
YEHUST OCTAIbHBIX MapaMeTPOB.

Ha puc. 5 npusBenenst ACM-u3o0paxkeHus Tuie-
HOK MO ¢ HaMEeHBIIUM CPEITHUM KBaIpaTUIHBIM OT-
KJIOHEHMEM BbICOTBI HEPOBHOCTE! MOBEPXHOCTU. AHA-
JIN3 TIPEeICTaBIeHHBIX JAaHHBIX ITOKA3bIBAET, UYTO yKa-
3aHHbBIC TJIEHKU MMEIOT OJHOPOIHYIO METKOKPHCTAN-
JIMYECKYIO CTPYKTYDY.

HemanoBakHBEIM BOITPOCOM SIBIISIETCST 3aBUCHMOCTh
U3MEHEHMS YIeNbHOTO 3JIEKTPUUECKOTO COMPOTHUBIIE-
HUSI, MEXaHUYECKUX HaMpsKeHU M 11epoXOBaTOCTU
IMOBEPXHOCTH IUIECHOK MO OT uX TOMuMHBL (puc. 6).
TonmuHa rnaeHoK SBAsSEeTCS] OAHUM U3 ONPEACISIOIIMX
IMapaMeTpoB B KOHCTPYKIIMU pe30HaTopoB. B mmama-
30He 4acTtoT 2...10 I'Tu Tpedyemast ToarHa MOJIMO-
JIEHOBBIX CJIOEB B BparroBckoM orpaxaresie U3MEHSI-
ercs ot 0,8 1o 0,2 MKM.

C pocToM TOJIIMHBI TJIEHOK Mo HabomaeTcs
YMEHbIIEHUE 3HAYEHUI yOEIbHOTO 3JEKTPUYECKOTO
cornpotuBieHust (puc. 6, a). YBenudyeHue TOJIIMHBI
IUIEHKM MO NMPUBOAUT K YMEHBIICHUIO CKUMAIOLIMX
MEeXaHMYECKUX HampsikeHuii (puc. 6, b). DTo0 MOXKeT
OBbITh CBSI3aHO C YMEHblIEHUEM aehopMalluu KpU-
CTAJUTMIECKOM PEIIETKN C POCTOM TOJIIWHEI TIJICHKU.
HeobxonuMo Takxke OTMETUTb HaJWyMe MMHUMYyMa
IIEPOXOBATOCTA TIOBEPXHOCTH TIPU OTpeAcIeHHOMN
TOJIIIMHE TIeHKH Mo (puc. 6, ¢). [lonyyeHHbIe 3aBU-
CUMOCTH YIEJIbHOIO 3JIEKTPUYECKOTO COMPOTUBICHMUS
IJIEHOK MO OT MX TOJIIMHBI COTIACYIOTCS C pe3y/IbTa-
TaMH, TIPeICTaBICHHBIMU B pabote [26].
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ITo pesynbratam uccleIOBaHWU CBOWMCTB IIJIEHOK
Mo ObUIM M3TrOTOBJIEHBI OMBITHbIE OOpPA3llbl MUKPO-
3JIEKTPOHHBIX PE30HATOPOB C BParroBCcKum oTpaxare-
JIeM Ha OCHOBE ITISITU map cioeB IuieHoK Mo u Al. B ka-
YeCTBE Tbe303JIEKTPUUECKOrO CJI0S1 BhIOpaHbl MIEHKU
okcuaa 1uHKa (ZnQO), a B KaYeCTBE BEPXHETO BJIEK-
Tpona — ruieHku Al. Ha puc. 7 npencrasieHo POM-
n300paxkeHrue TOIMepeyHOro CeUyeHUs MUKPOSJIeK-
TPOHHOTO pe3oHaTopa ¢ BparroBcKuM oTpaxkaTesnem.
CpenHee KBaJpaTUYHOE OTKJIOHEHUE BBICOTHI HEPOB-
HOCTeil MOBEpXHOCTH TUIEHOK Mo B bparroBckom ot-
paxateJie He mpeBbiliaio 2 HM. Ha puc. 8 npencras-
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Puc. 7. PODM-u3o0paxenne nonepeyHoro ce4eHusi MUKpO3JIeKTPOH-
HOTo pe3oHaTopa ¢ BparroBckum oTpaxkatesieM Ha OCHOBE NMATH map
cJI0eB MOJIMOEHA W ATIOMAHHS

Fig. 7. REM image of the cross-section of a microelectronic resonator
with a Bragg reflector on the basis of five pairs of layers of molybdenum
and aluminum
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Puc. 8. DiekTpuyecKne XapakTepHCTHKH MHKPOJJIEKTPOHHOTO pe3oHAaTOpa ¢ BparroBcKuM oTpaxkaresieM Ha OCHOBE IJIEHOK MOJIMOIEHA H A0~
MuHHMSA. 3aBHCMMOCTH AKTHBHOI mpoBoaumMocTH (a), ko3dduuuenta orpaxenus (b) u MOLyns IIEKTPUYECKOr0 UMMIenanca (¢) OT YaACTOTHI
Fig. 8. Electric characteristics of a microelectronic resonator with a Bragg reflector on the basis of molybdenum and aluminum films. Dependences
of the active conductivity (a), reflexion coefficient (b) and the electric impedance module (c) on the frequency

JIEHbI M3MEpEeHHEBIe JJIEKTPUUYECKUE XapaKTepUCTHKU
pe3oHaropa: 3aBUCUMOCTh aKTUBHOM IIpoBOaAUMOCTH G,
Koa(ddulIMeHTa OTpaXeHUsl pe3oHaTopa Sy 1 MOLLy-
JIsT 3JIEKTPUYECKOTo uMrenanca |Z| ot yactotsl. Yac-
TOTa MOCJeI0BATEILHOTO pe30HaHCa COCTaBMJIa OKO-
5o 2,8 I'T'n, a 10OGpOTHOCTH MOCIEAOBATEILHOIO PE30-
HaHca Q paBHa 367 enMHULIL.

3akimoyeHue

B nmannoit paboTe paccMOTpPEeHBI Pe3yJIbTaThl MC-
CJI€IOBAaHUN MEXaHUYECKMX HAMPSKEHUN U ILIEPOXO-
BaTOCTU MOBEPXHOCTHU TJIEHOK MOJIMOAEeHA TOJIIMHOMN
0,35...0,75 MM, chopMHUPOBAHHBIX Ha CUTAJIJIOBBIX
MOJJIOXKAX METOJOM MAarHeTPOHHOIO pacIbLICHUS.
OmnpeneneHbl 3aKOHOMEPHOCTU M3MEHEHUS MEXaHM-
YEeCKUX HAMpPSDKEHWN M IIEPOXOBATOCTU TMTOBEPXHOCTHU
TUIEHOK MOJIMOIeHa B 3aBUCUMOCTHU OT TEXHOJIOTHYE-
CKHX PEXMMOB MarHeTPOHHOTO pacIlbLICHUS. YCTa-
HOBJIEHO, YTO TIJIEHKM MOJMOIEHA Ha CUTAIOBBIX
MOMJIOXKKAX MMEIOT CXXMMAIIUI XapaKTep MeXaHU-
YeCKHUX HanpskeHuil. MMHUMalIbHOE 3HaYeHUe MeXa-
HUYECKMX HaMNpsSDKEHUM B IUIEHKaX MOJMOIeHa co-
crasiger —0,5 I'Tla. MuHuManbHOEe 3HAYEHUE CpEll-
HEro KBagpaTUYHOTO OTKJIOHEHMS BBEICOThI HEPOBHO-
CTeil MOBEePXHOCTU MIeHOK Mo cocrtasisiet 1,12 HM, a
MUWHUMaJIbHOE 3HauyeHHe YIEIbHOTO 3JEKTPUUYECKOIO
COIPOTUBJICHUS TOCTUTAET 3HaYeHUsT 16 MKOM * cM.

OnpeneneHbl pesXMMbl MAarHETPOHHOTO PaCIIbLICHUS
JIJIS1 TTOJIy4eHUs TIJICHOK MOJIMOaeHa, Hanboiee moaxo-
JSIIMX 10 CBOMM CBOMCTBaM IUISl MCMOJIb30BAHUSI B
KayeCcTBe BBICOKOMMIICHAHCHBIX CJIOeB bBparroBckux
oTpaxarteneit. IlonydyeHHble pe3yabTaThl MCCEAOBa-
HUI UMEIOT BaXKHOE 3HAYECHME JJISI IPOSKTUPOBAHUS 1
MU3TOTOBJIEHUST TOHKOTJICHOYHBIX MUKPO3JIEKTPOHHBIX
pPE30HATOPOB C BBICOKMMM 3KCILIyaTallMOHHBIMU IIa-
paMeTpaMu.
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Molybdenum Thin Films for Bragg Reflector of Microelectronic BAW Resonators

The molybdenum thin films prepared by the method of magnetron sputtering for use as high-impedance layers of a Bragg reflector
in microelectronic BAW resonators were investigated.

The molybdenum thin films prepared by magnetron sputtering for using as high-impedance layers of a Bragg reflector in mi-
croelectronic BAW resonators are investigated. The influence of magnetron sputtering process conditions on the deposition rate of
the films and their electrical resistivity, surface morphology and mechanical stresses in the films were determined. It is found that
the molybdenum thin films formed on the glass-ceramic substrates have the compressive mechanical stresses the values of which do
not exceed —0,5 * 10" Pa. The electrical resistivity of the molybdenum thin films is equal to (15...18) - 1 0 2-m.

The surface roughness of the molybdenum thin films is an important quality criterion for their usage as high impedance layers
in an acoustic Bragg reflector. They were investigated by the atomic-force microscopy and their roughness was evaluated using the
standard deviation of the surface roughness. The dependences of the standard deviation of the surface roughness on the parameters
of magnetron sputtering were established. For the molybdenum thin films the minimal value of the standard deviation of the surface
roughness equal to 1,12 - 10~° m was obtained.

Based on the obtained results, the set of microwave resonators with the acoustic Bragg reflector consisting of five pairs of molybdenum
and aluminum layers was made. They had the resonance frequency of 2,8 GHz and their quality factor was equal to 300—350.

Keywords: molybdenum thin films, electrical resistivity, surface morphology, mechanical stresses, microelectronic resonator,

Bragg reflector, acoustic impedance

Introduction

Questions of obtaining and application of thin films of
molybdenum are of interest for development of certain mi-
croelectronic devices, microsystem technologies, optoelec-
tronics and acoustoelectronics. These films possess a number
of unique properties, such as high durability and fusion tem-
perature, good chemical stability and high enough electro-
conductivity, which makes possible their use in microelec-
tronics as gates of MDP transistors and film conductors in in-
tegrated circuits [1—3]; in optoelectronics as contacts for so-
lar elements [4, 5]; in microsystem technologies as high-
temperature elements in the thermal microsensors and actu-
ators [6] and superconducting layers in microcalorimeters for
detectors of radiation [7—9].

One of the spheres of application of the films is acousto-
electronics, in particular, development of microelectronic de-
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vices of the microwave frequency band working on bulb
acoustic waves (BAW). Development of resonators and filters
[10] requires materials with improved characteristics, which
ensure their effective work. One of the perspective designs of
the microelectronic resonators on BAW are the resonators
with Bragg acoustic reflector located between a thin-film
acousto-electrical transducer and a substrate. Bragg reflector
intended for acoustic isolation of the acousto-electrical trans-
ducer from a substrate, consists of a pile of alternating quarter
wave film layers (3—7 pairs) with various acoustic impedanc-
es. The total number of the layers of the Bragg reflector res-
onator is 10—16 layers and it depends on the acoustic im-
pedances of the materials in the design of the reflector. The
obtained structure of a microelectronic resonator is rather
thick, which complicates its obtaining and influences the res-
onator parameters, its stability and reliability. For example,
for the resonant frequency f, = 3 GHz the thickness of the




structure of the resonator including the Bragg reflector (five
pairs of layers of molybdenum and aluminum), a piezoelectric
film of zinc oxide and two aluminum electrodes, is more than
6 micrometers. Such thickness causes mechanical stresses in
the resonator structure, which may lead to its lamination from
a substrate. Therefore, in selection of materials for the reso-
nator film layers an important role is played by their elastic,
mechanical and acoustic properties.

In [11, 12] good prospects are described for application
of Mo films as a quality high-impedance layer of the Bragg
reflector. This is due to the fact that the films possess
the properties meeting the requirements to high-impedance
layers of the Bragg reflector: high acoustic impedance
(Zy, = 63,1+ 10° Pa - s/m3) [13]) and speed of propagation of
a longitudinal acoustic waves (6330 m/s); rather low elec-
trical resistivity (about 0,05 pQ  m); possibility of obtaining
of the films by magnetron sputtering and their technological
compatibility with many materials applied in microwave res-
onators.

Mo films are obtained by magnetron sputtering on a direct
current and microwave sputtering [1, 4]; chemical deposition
from a vapor phase (CVD) [5]; electron beam evaporation |2,
3]; laser ablation of a molybdenum targets [14]. Magnetron
sputtering allows us to obtain Mo films with reproducible
properties, to control easily the thickness of a film during
sputtering and the technology does not involve high costs.
However there are not enough data on the influence of the
technological modes of magnetron sputtering on the mechan-
ical stresses in Mo films and roughness of their surfaces. These
parameters can influence characteristics of the Bragg reflector
itself and of the acousto-electrical transducer [12]. In partic-
ular, the roughness of the films’ surface used in the Bragg re-
flector influences negatively the characteristics of the micro-
electronic resonators. In [12] it is demonstrated that, if the
height of the surface roughness of a Mo film is more than
40 nm, a thin-film resonator is of a low quality. Reduction of
the height of roughness down to 13—14 nm ensures good fre-
quency characteristics of a microelectronic resonator.

The requirements to the surface roughness of Mo films in-
crease with an increase of the working frequency of a reso-
nator. This is due to the fact that in a thin-film acousto-elec-
trical transducer the Mo films are also used and as the bottom
electrode. Presence of sharp ledges on the surface of a Mo
film results in an increase of the intensity of the electric field
in the piezoelectric layer, which can cause a breakdown of the
thin-film acousto-electrical transducer. Data show, that the
resonators with a Bragg reflector require films with a minimal
roughness of their surfaces and with minimal electrical resis-
tivity, which reflect the level of defects and structural imper-
fections. Besides, the reduction of the electrical resistivity of
Mo films promotes an increase of the good quality of a mi-
croelectronic resonator.

Mechanical stresses in thin Mo films also are important
for manufacture of Bragg reflectors. Considering the fact that
the temperature linear expansion coefficients of Mo and Al
differ dramatically, the mechanical stresses can cause micro-
cracks in the film layers of a reflector, which will break prop-
agation of BAW through these layers. In a limiting case the
microcracks can result in splitting of the film layers up to their
scaling from a substrate.

Proceeding from the above, obtaining of Mo films with
minimal electrical resistivity, mechanical stresses and surface

roughness is an important task for manufacture of BAW mi-
croelectronic resonators with Bragg reflectors. The aim of the
given work is research of the influence of the modes of mag-
netron sputtering on the electrical resistivity, mechanical
stresses and roughness of the surfaces of Mo films.

Experiment Technique

Mo films were obtained by the method of magnetron sput-
tering of the molybdenum targets on a direct current in the
environment of argon. The target with the basic material con-
tent of 99,99 % had dimensions of 70X 160x5 mm. Argon
was let into a vacuum chamber through a needled leak valve,
and its pressure was maintained with the help of a throttling
cap. Before sputtering the vacuum chamber was pumped out
by a diffusion pump down to pressure of 6 - 10~* Pa. Sub-
strates were heated up by IR lamps. The substrate temperature
was controlled by a CC thermocouple and automatically
maintained as constant in the course of sputtering with accu-
racy of £5 °C. Mo films were deposited on ceramic substrates
CT-50-1-05 with the surface roughness of R, = 0,05 um. Be-
fore sputtering of films, the substrates were cleaned by solu-
tions of chemical etchants. For removal of pollution from the
surface of a target it was sprayed on the cap within 3 min. The
molybdenum films were formed on motionless substrates,
which were placed over a target at a distance of about 70 mm.
The thickness and speed of sputtering of the films were con-
trolled by the resonant method. The accuracy of the frequen-
cy registration of a quartz resonator was 0,1 %. After sputter-
ing of a Mo film its thickness was measured by MII-4 micro-
interferometer. The surface electrical resistance of Mo films
was controlled by a four-probe method, using IUS-3 device
for measurement of the electrical resistivity of the semi-con-
ductor materials. The morphology of the films’ surface was
investigated on Solver Pro atomic-force microscope (AFM).
The surface roughness on the area of 5x5 pm was estimated
by the root mean square deviation of the height of roughnesses
(S,) of the surfaces of Mo films [15], determined by means of
AFM software.

The internal mechanical stresses were calculated by Stoney
formula [16]:

_ ER (1 1
TG Y (Ef E)’ %

where E; — the Young modulus of the substrate; s, — its
thickness; v, — Poisson’s ratio of the substrate; R, — radius
of curvature of the substrate without a film; hf— thickness of
a film; Rf— radius of curvature of the substrate with a film.
The curvature radius was measured on MII-4 microinterfer-
ometer before and after deposition of the films of molybde-
num by the technique described in [17]. For substrates from
pyroceramics the ratio £/(1 — v,) was equal to approximately
130 GPa [18].

The internal mechanical stresses in thin films basically
consist of two components: the own one and the thermal one.
The own stresses are connected with defects and imperfection
of the structure of a film. The thermal stresses of o arise due
to the difference between the thermal factors of the linear ex-
pansion of film of and substrates o and are caused by a dif-
ference in temperatures of a substrate during deposition of a
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film and measurement of the mechanical stresses. The ther-
mal stresses were calculated under the formula [19]:
ST= (af o AT, 2)
Y
where Er— the Young modulus of a film, Tr— Poisson’s ra-
tio of a film; AT — difference in temperatures of a substrate
during sputtering and during measurement; o, o, — coef-
ficients of the thermal linear expansion of the pyroceramic
substrates and Mo films, accordingly. For these films
relation E, /(l vp = 471 GPa [9, 20] and coefficient
op= =54- 10 6! [21] For CT-50-1 pyroceramic substrates
coefﬁment a,=5" 10°K™! [18]. Since o> ag, the thermal
stresses have a stretching character, and their values during
sputtering of Mo films in the range of temperatures of a sub-
strate 393...623 K are equal to 20...65 MPa.

Research of the dependences of the parameters of Mo
films during magnetron sputtering on the flow of argon com-
ing into the vacuum chamber, was done with the use of the
following algorithm:

1. The vacuum chamber was preliminary pumped out up
to 6+ 10~ Pa and with the help of a throttling cap a certain
cross section of the pipeline was established (cap opening an-
gle) between the vacuum chamber and the diffusion pump.

2. Initial pressure of argon was established (1,33...10,67) x
x 102 Pa in the vacuum chamber by means of a regulated
leak valve.

3. By reducing the opening angle of the throttling cap, the
pressure of argon was established in the vacuum chamber cor-
responding to it during sputtering of Mo films, which was
equal to 0,266 Pa.

During the use of the given algorithm the argon flow dur-
ing sputtering was determined by the initial pressure of argon
in the vacuum chamber and the cross section of the throttling
cap, at which pressure of argon in the chamber was equal to
the pressure during sputtering. Using the theory of equivalent
chains, the argon flow in the vacuum chamber during sput-
tering can be determined in the following way:

P@V
Qev = 0‘% ’ (3)
7 g
g
where Q,, — flow of argon in the vacuum chamber during
sputtering;
a=d=B. (4)
(v-1°
Pbeg
p=—: ®))
PV
z;
VT (6)
Z
Pfeg , P, — pressure of argon in the vacuum chamber at the

initial establishment of the argon flow and sputtering, accord-
ingly; Z; *, Z; — resistance of the throttling cap to the flow
of argon at the initial establishment of the argon flow and
sputtering.

Thus, if we study the dependences of the properties of Mo
films on argon flow during magnetron sputtering, it is enough
to learn the dependence of these properties on coefficient a.
The other parameters in the expression (3) are constants.
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The electric characteristics of the microelectronic resona-
tors with a Bragg reflector were measured by means of
E5071C vector analyzer of chains from Agilent Technologies
Co. The cross-section section of such a resonator was inves-
tigated on MIRA TESCAN raster electronic microscope.

Results of the research and their discussion

The properties of Mo films depend on such parameters
of magnetron sputtering as the working pressure of argon in
the vacuum chamber (P), specific power on a target (W}),
substrate temperature during sputtering (7;) and the flow of
argon coming into the vacuum chamber, determined by co-
efficient a. It is also necessary to consider the thickness of
Mo films hf, as a topological parameter, because the thick-
ness of the layers in a Bragg reflector depends on the working
frequency of a microelectronic resonator. Thus, for the res-
onant frequency f, = 3 GHz the thickness of Mo film is
hf= 0,525 pm, and for f; = 4 GHz — the thickness of film
hf = 0,394 micrometers. The work presents measurements of
the dependence of the speed of sedimentation v, electrical re-
sistivity p,, mechanical stresses ¢ and a root mean square de-
viation of the height of roughnesses of the surface of Mo
films S, characterizing their surface roughness, on the techno-
logical modes of magnetron sputtering and thickness of a film.

Speed of deposition is an important characteristic of mag-
netron sputtering of Mo films. The film structure, physical
and chemical properties and technological time for manufac-
ture of the resonator as a whole depend on it. Fig. 1 presents
the dependences of the speed of sedimentation of Mo films on
the specific power submitted to the target, the working pres-
sure of argon and its flow coming into the vacuum chamber.
From the results it is visible, that the specific power has the
greatest influence on the speed of sedimentation of Mo films
(fig. 1, a), since the speed of sedimentation directly depends
on the specific power submitted on a target. An increase of the
specific power (W > 7 W/cmz) leads to a deviation of the
speed of sedimentation of Mo films from the linear law to-
wards reduction.

A change of the working pressure of argon in the vacuum
chamber results in a change (not more than 7 %) of the speed
of sedimentation of Mo films (fig. 1, b). The obtained char-
acter of the dependence of the speed of sedimentation of a
film on the specific power delivered on a target and the work-
ing pressure in the vacuum chamber agree with the character
of the dependences received in [22].

The flow of argon coming into the vacuum chamber influ-
ences the speed of sedimentation of films as follows (fig. 1, ¢).
An increase of coefficient a in the range of 0,1...0,15 leads to
an increase of the speed of sedimentation in accordance with
the linear law, while in case of coefficient o < 0,1 the speed
of sedimentation of Mo films changes insignificantly. As a
whole, an increase in the flow of the argon coming into the
vacuum chamber leads to a four-fold acceleration of sedimen-
tation of films, by 0,6 nm/s.

An important property, which determines the quality of
the obtained Mo films, is its electrical resistivity p,. The lower
it is, the higher is the quality of a film. Fig. 2 presents the de-
pendancies of the electrical resistivity of Mo films on the
modes of magnetron sputtering. A two-fold change of the
working pressure of argon (from 0,2 up to 0,4 Pa) leads to a
five-fold increase of the electrical resistivity of Mo films. The
minimal electical resistivity (16...20 uQ) is a feature of Mo
films formed under the pressure of argon in the vacuum




chamber of 0,23...0,3 Pa (fig. 2, @). An increase in the specific
power submitted on a target leads to reduction of the electri-
cal resistivity under the linear law, and the minimal electrical
resistivity is approximately 16 uQ - cm at the specific power of
Wy =125 W/cm2 (fig. 2, b). A change of the flow of argon
coming into the vacuum chamber (change of coefficient
o = 0,03...0,11) practically does not influence the electrical
resistivity, while in the range from 0,11 up to 0,17 of coeffi-
cient o a reduction is observed of the electrical resistivity of
Mo films down to the minimal value equal approximately to
19 pQ - cm (fig. 2, ¢). The substrate temperature (1) is the
parameter defining the microstructure and physical proper-
ties of the deposited films. A 1,5 times increase in temperature
of the substrate leads to a 7 times increase in the electrical re-
sistivity of Mo films (fig. 2, d). The minimal electrical resis-
tivity (16...20 uQ - cm) is observed in Mo films formed at low
temperatures of a substrate — 390... 480 K. The received de-
pendences of the electrical resistivity of films on the working
pressure of argon and specific power submitted on a target
agree with the results [23, 24].

Another important property of Mo films is mechanical
stresses. The character and value of the mechanical stresses of
Mo films determine the structure of a film and reliability of
a microelectronic resonator. Fig. 3 presents the dependences
of change of the mechanical stresses in films on the modes of
magnetron sputtering. An increase in pressure of argon in the
vacuum chamber augments the compressing stresses (fig. 3, a).
This can be connected with introduction of argon atoms of in
the growing film. At that, the crystal lattice in a film is de-
formed towards an increase in the interplane distances. The
film expands, which is typical for the compressing character
of a stress. Alongside with the growth of the stress of argon,
the length of the free run of the sprayed Mo atoms decreases.
In the investigated range of pressures of argon the length run
of the sprayed Mo atoms decreases approximately twofold.
This encourages their arrival to the substrate at various angles,
and conditions appear for the growth of all the facets of the
crystal lattice.

As it was demonstrated, the specific power supplied sub-
mitted on a target influences the speed of sputtering, and,
hence, and the structure of the deposited films. The influence
of the specific power submitted on a target on the behavior of
the mechanical stresses in Mo films is presented in fig. 3, b.
With an increase of the specific power the quantity of the
sprayed atoms and their arrival on the substrate increases. As
a result, the number of the germs on the substrate is increased,
which, expanding, form a fine-crystalline structure. The in-
crease of the mechanical stresses with an increase of the spe-
cific power can be connected with the growth of the quantity
of borders between the grains and with an increase of defor-
mation of the lattice.

Dependence of the mechanical stresses in Mo films on the
argon flow in the process of their obtaining is presented in
fig. 3, c. In all the range of coefficient o the mechanical stress-
es have a compressing character and increase with the growth
of the flow of argon arriving into the vacuum chamber.

The influence of the temperature of the substrate on the
mechanical stresses in Mo films during sputtering is present-
ed in fig. 3, d. With the growth of the substrate temperature
the mechanical stresses decrease insignificantly and have the
minimal value equal to —0,8 GPa at the temperature of
substrate T, = 450...460 K. With the further rise of the tem-
perature the compressing mechanical stresses increase up to

—1,9 GPa at the substrate temperature of 7, = 570...580 K.
Such behavior of the mechanical stresses may be connected
with formation of a columned structure of Mo films and in-
crease in its density [1, 25]. It should also be pointed out, that
in Mo films the thermal stresses (20...65 MPa) are by two or-
ders lower than the internal stresses (0,5...1,9 GPa). There-
fore it should be expected, that the thermal stresses do not
have an essential effect on the internal mechanical stresses for
Mo films on pyroceramic substrates. Thus, the internal me-
chanical stresses of Mo films to a greater degree are charac-
terized by their own mechanical stresses.

The roughness of the surface of Mo films and the me-
chanical stresses are important for creation of thin-film mi-
croelectronic resonators. The changes characterizing the
roughness of a root mean square deviation of the height of
roughnesses of the surface of Mo films depending on the tech-
nological modes of the magnetron sputtering is presented in
fig. 4. At a small working pressure of argon in the vacuum
chamber (0,266 Pa) the root mean square deviation of the
height of roughnesses of the surface of Mo films did not ex-
ceed 10 nm (fig. 4, a). With an increase of the working pres-
sure of argon up to 0,32 Pa the root mean square deviation of
the height of roughnesses of the surface of Mo films decreases
and makes about 2—3 nm.

As it was demonstrated, the specific power on a target in-
fluences the structure of the deposited films. With an increase
of the specific power submitted on a target the number of the
sprayed atoms and their arrival on the substrate and conse-
quently, the quantity of the germs which, expanding, form a
fine-crystalline structure increases. As a result the roughness
of the surface of the films decreases. In the vicinity of the spe-
cific powerof Wy = 7,5 + 1 W/cm2 the root mean square de-
viation of the height of roughnesses of the surface of films is
minimal and approximately equals to 2 nm (fig. 4, b).

Strong influence on the roughness of the surface of Mo
films is rendered by an argon flow (fig. 4, ¢). With an increase
of the flow of argon coming into the vacuum chamber the
roughness of the films decreases. The minimal roughness for
Mo films is observed at coefficient o > 0,14.

The influence of the temperature on the roughness of the
surface of Mo films during sputtering is shown in fig. 4, d. In
the range of the substrate temperatures of 7, = (480 £ 25) K
the Mo films have the minimal roughness of their surface.
The root mean square deviation of the height of roughnesses
of the surface of the films does not exceed 2 nm. As a whole,
the change of the substrate temperatures in the range of
400...600 K insignificantly influences the roughness of the
surface of films. This allows us to vary flexibly the substrate
temperature during sputtering of Mo in order to obtain the
optimal other parameters.

Fig. 5 presents AFM images of the Mo films with the low-
est root mean square deviation of the height of roughnesses of
their surfaces. Analysis of data shows, that the films have a ho-
mogeneous fine-crystalline structure.

An important question is dependence of the change of the
electrical resistivity, the mechanical stresses and roughness of
the surface of Mo films on their thickness (fig. 6), which is
one of the parameters determining the design of the resona-
tors. In the range of frequencies of 2...10 GHz the demanded
thickness of Mo layers in a Bragg reflector varies from 0,8 up
to 0,2 um.

With the growth of thickness of Mo films a reduction of
the electrical resistivity is observed (fig. 6, a). An increase of
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their thickness leads to reduction of the compressing mechan-
ical stresses (fig. 6, b). This may be connected with a reduc-
tion of the deformation of a crystal lattice due to a growth of
the film thickness. It is necessary to note the minimal rough-
ness of the surface at a certain molybdenum film thickness
(fig. 6, ¢). The obtained dependences of the electrical resis-
tivity of Mo films on their thickness agree with the results [26].

By the results of the studies of the properties of Mo films
samples of microelectronic resonators with Bragg reflector on
the basis of five pairs of Mo and Al films were manufactured.
The piezoelectric layer was of zinc oxide (ZnO), and the up-
per electrode was of aluminum films. Fig. 7 presents a REM
image of the cross section of the microelectronic resonators
with a Bragg reflector. The root mean square deviation of the
height of roughnesses of the surface of Mo films in a Bragg re-
flector did not exceed 2 nm. Fig. 8 presents the measured
electric characteristics of the resonator: dependence of the ac-
tive conductivity G, coefficient of reflexion of resonator .S,
and module of electric impedance |Z| on the frequency. The
frequency of the consecutive resonance was about 2,8 GHz,
and its good quality Q was equal to 367 units.

Conclusion

The work describes the results of research of the mechan-
ical stresses and roughness of the surface of Mo films with
thickness of 0,35...0,75 um generated by magnetron sputter-
ing on pyroceramic substrates. The regularities of changes in
the mechanical stresses and roughness of Mo films were de-
termined, depending on the modes of magnetron sputtering.
It was established, that Mo films on pyroceramic substrates
have a compressing character of the mechanical stresses. The
minimal mechanical stress in films is 0,5 GPa. The minimal
root mean square deviation of the height of roughnesses of
their surface is 1,12 nm, and the minimal electrical resistivity
reaches 16 uQ - cm.

The modes of the magnetron sputtering for obtaining of
Mo films with the most suitable properties for the use in qual-
ity high-impedance layers of Bragg reflectors were deter-
mined. The received results are important for designing and
manufacturing of the thin-film microelectronic resonators
with high operational parameters.
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Benenne

Ornrnyeckue nepecTpanBacMble BOJTHOBOIHBIE YCT-
poOMiCTBa — MOIYJISITOPBI U MEPEKITIOYATEN OTHOCSITCS
K 4uciy Haubosiee BOCTpeOOBaHHBIX (POTOHHBIX YCT-
poiicTB, paboTalOLIMX HA OCHOBE CIEKTPaJbHOTO YII-
JIOTHEHUSI, OT KOTOPBIX 3aBUCUT AajbHel1Iasi BO3-
MOXHOCTb TTOBBILIEHUST KJIOUYEBBIX MapaMeTpoB WH-
TerpajibHbIX onTuueckux cxeM (MOC) u Tenekommy-
HUKAUMOHHBIX cucteM [1—3]. JIisi MOBBILIEHUSI UX
KOHKYPEHTOCIOCOOHOCTH, HAIpUMEDP IJIsI CHUXEHUS
CTOMMOCTH OJIHOTO MH(OPMAILIMOHHOTO KaHaja, Heo0-
XOJAMMO Pa3BUTHE HOBBIX MTOAXOJ0B K pa3paboTKe 2Jie-
MEHTHOI 0a3bl Ha OCHOBE COBMEUICHMS MJIaHAPHOW
TEXHOJIOTUM MHTETPaJbHON ONTUKM M TOHKOIJIEHOY-
HOIl TexHosoTUM "KpeMHuii Ha uzonsgTtope” (KHUN),
KOTOpasi XapakTepu3yeTcsl BBICOKHWM TMOTEHIIMATIOM
JUISI TIPOU3BOJCTBA KOMMepuecKu AocTyrnHbix MOC u
OITORJEKTPOHHBIX YCTPOHCTB [1, 2].

Kak u3BecTHO, METOAbI MOAYJISILIUU JJIs1 KpeMHUEe-
BbIX YCTPOWCTB 0a3UPYIOTCS MO0 Ha 3JEKTPOOINTHYE-
CKOM WJIM TepMoomnTuiyeckoM addekrax. Hdnsg goctu-
>KEHUSI BBICOKMX YaCTOT MOAYJSUMHU (0 HECKOJbKMX
JECSITKOB TUrarepi) TpeOYyIoTCsl 3JeKTPOONTUYECKUE
ycTpoiicTBa. B aToM ciyyae MeToabl MOaysiliuu Oa-
3UpYIOTCs Ha 3(pdeKTe Tucnepcuu CBOOOIHBIX HOCH -
Teseil [4], MOCKOJbKY B HEHAIPSKEHHOM YMCTOM

KPUCTATMIECKOM KPEMHUU OTCYTCTBYET JTUHEWHBIN
alieKTpoonTuyeckuii apdext (adpdekr I[Mokenbcea), a
BCJIEACTBHE HEMMHEMHBIX 3(pekToB — ahdekra PpaH-
na—Kenaeina u apdekra Keppa nokaszaresb mpeaoM-
JICHUSI U3MEHSIeTCSl OYeHb He3HauyuTesbHO. V3MeHe-
HUE KOHIIEHTpAlMU CBOOOTHBIX HOCUTEIEH B 2JIeK-
TPOONTUYECKUX YCTPOMCTBAX MOXKET ObITh MOJYYEHO
pasnuyHbIMU ciocodamMu. C 3TOM LIEIbI0 MOXHO HC-
nonb3oBaTh p-i-n uau MOII-ctpykTypsl [2, 5]. Tlo
CPaBHEHMIO C APYTUM TIOITYJISIPHBIM KJIACCOM MOMYJISI-
TOPOB Ha OCHOBE HUOOAaTa JUTUS UCCIENyeMble yCT-
pONiCTBAa UMEIOT MHOTO MPENMYILECTB, TAKUX KaK HU3-
KM YpOBEHb MOTPEOIIEMOM MOLIHOCTH (B IIpeaesiax
1 Br), HaHOpa3MepHasi MUHUATIOpU3ALMsI, BbICOKAs
MpPONyCKHAasl CIIOCOOHOCTH (I0JIoca YacTOT MOMYJISI-
uuu cebiie 100 I'T) ¥ mMpoKkue TeXHOJOTMYeCcKue
BO3MOXHOCTH IIJISI MHTETPAIIMHA C IPYTUMU ONTO3JIEK-
TPOHHBIMM YCTPOMCTBAaMM Ha ofgHOM uume. CremayeT
TaKXXe OTMETUTD, YTO XOTS BCICACTBUE TEPMOOIITHYE-
cKoro a(gdekra M3MEHEHUE PEeaIbHOI0 OINTUYECKOTO
rnokasareJisi IIpeJoMJIeHUs] KpeMHUS TOBOJIbLHO 3HAUM -
TeJIbHOE, OJIHAKO TePMOOITUYECKUI 3(pheKT cpaBHU-
TEJIbHO MEIJIEHHBII U MOXET UCMOJIb30BAThCS TOJIBKO
JUIST 9aCTOT MOAYJISILMU B Tipeaenax no 1 MTI1 [6].
HeocnopuMbIiM TNPEUMYILIECTBOM p-i-A-KOHMUTY-
paluMu SBISIETCS TO, YTO HOCUTENIM MOTYT OBITh MH-
JKEKTHUPOBAHbI B 0OJIbIIIYIO0 BHYTPEHHIOO 00JaCTh BOJI-
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HOBOZA, YTOOBI MaKCHUMM3MPOBAThH TEPEKPBITUE MEXKITY
ONTUYECKON MOJON W pacripeiesieHueM HepaBHOBEC-
HOTO 3apsila B BOJIHOBOJE, YBEIMUUB TaKUM 00pa3oM
a¢hdeKTUBHOE U3MEHEHME MOoKa3aTessl MpeJOMJICHUS
[3]. Omnako npu pa3paboTKe yCTpoiicTBa HEOOXOIUMO
Y4YECThb, YTO BHICOKOJIETUPOBAHHBIE 00J1ACTU HE JOJIK-
Hbl 3HAUUTEIBHO BJIMSITh HA ONTUYECKOE OrpaHUYCHUE
1 BBI3BIBaTh Ype3MepHbIe MmoTepu. Kpome Toro, moii-
HOCTb, TpebyeMasl /Tl U3MEHEHUsI roKa3aTeIsl pesioM-
JIEHUSsI, TOJDKHA OBITH HU3KOM, a TaKxKe HEOOXOIMMO,
yTOOBl €€ YpOBEHb MWHUMM3HMPOBAJI TEPMOOITHUYE-
ckuii a(pdexT.

CoBMmectHoe npuMeHeHue KHMWM-texHomorum u
TEXHOJIOTUU WHTErpaibHOWM OMNMTUKU OTKPBIBAET BO3-
MOXHOCTb peaau3alidi BbICOKOA(P®HEKTUBHONU OMNTH-
yecKoi Moayasiiuu. JIjisi MoaeIMpoBaHMsT XapaKTepu-
CTUK HaHo(poTOHHOTrO p-i-n-KHU-MoaynsTopa HeoO-
XOJUMO COBMECTHOE pelleHue ypaBHeHUil IlyaccoHa
1 HETIPEPBIBHOCTH, OMMCHIBAIOIINX TPAHCIIOPT 3JIeK-
TPOHOB Y JABIPOK B MOJYMPOBOAHUKOBOI YacTU YCT-
poiicTBa, U BMeCTe C TeM pellleHue ypaBHeHUsT Mak-
CBeJlJIa i1 rpeOeHYaToro BOJHOBOAA, KOTOPOE OIU-
CBIBAE€T PACIpOCTPaHEHUE OINTUUYECKOTO ITyyKa 4epe3
Hero [2, 5]. AHanu3upyemMble HAaHO(OTOHHBIE YCTPOIi-
CTBa SIBJISIIOTCSI BBICOKOTEXHOJOTUUHBIMUA U JOPOTO-
CTOSIIIIMMMU, TIO3TOMY UX MOJIEJIMPOBaHME HA (U3NUE-
CKOM YpOBHE€ BaXKHO Kak JJisi MOHMMaHUsl usnye-
CKMX TIPOIIECCOB, MPOTEKAIOIINX B HUX, TaK W JJIS
OINTUMHU3ALIMU UX MapaMeTPOB B LIEJSIX TOCTMKEHMS
ONTUMAaJIbHBIX XapakTepUCTUK. Ha 0OCHOBe KOMITbIOTEP-
HOTO MOIEJIMPOBaHUs B JaHHOU paboTe MccieayeTcs
BO3MOXHOCTb ONTMMM3ALIMK MapaMeTPOB HaHOpa3Mep-
HBIX BJIEKTPOONTUIECKUX BOJHOBOIHBIX p-i-71 MOMYJISI -
TOPOB, KOTOpBIE MOTEHLIMAJbHO IO3BOJSIT pealn30-
BaTh BBICOKO3(M(MEKTUBHYIO ONTUYECKYIO MOIYJISIINIO.

1. Tomosioruss CTPYKTYpPHI MOIYIAATOPA

ITonepeuHoe ceuenue p-i-n-KHU-Mmomynsaropa npu-
BeneHo Ha puc. 1. Ero BoTHOBOJHAs 4acTh — 3TO Ipe-
OeHyaThlii BoJIHOBOJ I ¢ BeicoTol H 1 aneptypoit W,

Puc. 1. Ilonepeynoe ceyenne p-i-n KHU BoHOBOAHOW CTPYKTYpBI:
I — KpeMHUEBBII TpeOeHYAThIil BOJTHOBO; 2 — IOTPYKEHHBIM OK-
cup SiO,; 3 — momnoxka; 4 — BEICOKOJIETMPOBAHHEIE 001aCTH

Fig. 1. The cross-section of p-i-n SOI of a waveguide structure: 1 —
silicon ridged waveguide; 2 — submerged SiO, oxide; 3 — substrate;
4 — highly alloyed regions
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pacroJIOKeHHBI Ha TOJCTOM CJIO€ ITOTPYKEHHOIO
okucna kpemuus SiO, (2). Beicora rpeOHs £, 11 BbIcOTa
OCHOBAHMA /g, TPEOEHYATOrO BOJIHOBOAA CBA3aHLI CO-
oTHouleHuaMu H = h, + hgu h, > hg. Onrudeckoe
orpaHuyeHue obecreuyrBaeTCsl MOrPYy>KeHHbIM OKCH-
I0M 2 1 TUIaKUpyroLuM citoeM SiO,, KOTOPbLil TOKPbI-
BaeT BCIO CTPYKTYpPY (He mokaszaH Ha puc. 1). B monoc-
KOBOM OCHOBaHUM IpebeHYaTOro BOJIHOBOAA [ OTHO-
CUTEJIbHO Kax/1oii O0KOBOI rpaHM rpedHs1 cchopMuUpo-
BaHbI BBICOKOJIErMpOBaHHBIE p+ u nt+ objgactu 4 ¢
KOHILIEHTpauuen S+ 10" cm™>. PaccrostHue OT 3THX
o0JiacTeii 10 COOTBETCTBYIOLIMX OOKOBBIX I'paHeil rped-
Hs1 0003HaueHO Kak /. B pe3ynbraTe aneprypa BOJHO-
Bona W= w,+ 2[, tne w, — aneprypa rpebHs. Llen-
TpaJibHasl YacTh BOJTHOBOAHOI CTPYKTYpHI (ITpeOeHb 1
4acTh OCHOBAHMSI) — HM3KOJIETMPOBAHHBIE OOJIACTH.
OHM JIETUPYIOTCS TIPUMECHIO A-TUTIA ¢ KOHIICHTpalIUe
1-101 em3.

2. Pe3yJbTaThl MOAEIHPOBAHASA

HUcxonnbie ¢usuyeckue mapamerpbl. st Mone-
JINPOBAaHUS XapaKTePUCTUK MCIIOJb30BAIM MOICITb
KOHUEHTpALIMM HOCUTEJIEH C yYETOM PEKOMOMHALIMU
IMMoxknu — Puna — Xouina ¢ npeanojgaraeMbiM BpeMe-
HeM XXU3HW HOCHUTEJel B LICHTPAJIbHON YacTH 3JIeK-
TPOHOB ¥ IBIPOK 7, = 700 He u 7, = 300 HC cooTBeT-
CTBEHHO MpU 6a30BOI KOHILEHTPALMK JIETUPOBAHUSI,
a TaKXXe MPUHSTHI 3HaUeHUsI OCHOBHBIX (PU3MYECKUX
U psAga TOMOJOTMYECKUX ITapaMeTpoOB, CBOMCTBEH-
HbIX KPEMHUEBBIM 3JEKTPOONTUUYECKUM MOAYJSTO-
pam [2, 5, 8—10], koTOpble MPUBEAECHbBI HUXE:

JITHa BOJIHBI CBETA B BAKYYME, HM. . . . . .. ... ... ... 1552
Temmepatypa, K ... ... .. ... .. ... ... ... ... 298
[Toka3zatenb MPETOMICHUS KPEMHUS .« . . . v oo v o oo v e 3,47
[Toxazarenb NMpeJoMIeHUSI OKCUIA KPEMHHUS . . . . . . . . . 1,44
BBbICOTa BOJTHOBOIA, HM . . . . o vt vv oo e ee e e e 210
ATIEPTYPA TPEOHS, HM . . . v v v oe et oo e e e ee e e e e 300
TomuuHa MOTPYKEHHOTO CHOST, HM . « « . v v v o v v v 940
TerIonpoBoaHOCTb KpeMHwst, Br(em - K) L. . ... ... .. 1,55
TerutoeMKoCTh KpeMuust, X M3 1,67

IIpu MoaenupoBaHMM MpPenNnojarajoch, YTO OMU-
YyeCcKHUe KOHTaKThl — uaeanibHbl. OHM HE BHOCST JOMOJI-
HUTEJIbHOTO KOHTAKTHOTO COMPOTUBJIEHUSI WJIM €MKO-
ctu. Kpome Toro, anekTpuyeckue KOHTAKThl (hyHK-
LIMOHUPYIOT TaK XK€ KaK TeIJIOBble KOHTAKTHI WJIM Te-
TUJIOOTBOIBI.

MoayasuuoHHble XapakTepucTHKH. BosHoBogHast
ctpykrypa p-i-n-KHW-monpynaTopa siBIsIeTCSI OTHO-
mopoBoil misg TE m TM nonsgpuszanuii aisi pa3HbIX
TOJILUMH OCHOBaHUA Ay, YTO MOATBEPXKIAETCA NMPAMBIMU
pacueramu MeTonoM BMP (beam propagation method —
METOJ pacrpocTpaHstolmnxcs mydykoB) [11]. 3aBucu-
MOCTb MHTerpajia IepeKpbhITUSl ONTUYECKUX TIOJNeH,
COOTBETCTBYIOIIMX TTOJOCKOBOMY BOJTHOBOAY OCHOBA-
HUST U BOJTHOBOJTHOTO I'PpeOHSI OT TOJNIIMHBI OCHOBAaHUS
h, mpuBeneHa Ha puc. 2.




CrenyeT OTMETUTB, UTO 3HAUCHUE MHTETpasia repe-
KPBITUS PAKTUYECKU HE 3aBUCUT OT 3HaYeHUA /. DTO
MTO3BOJISIET CAENATh BHIBOM, YTO MCITOJIb30BAHUE TOH-
KOT0 OCHOBaHUsI HE BIMSIET Ha pacnpencieHue MOIbI
B TpeOHE BOJTHOBOIHON CTPYKTYPHI.

ITotpebisieMast MOIITHOCTD SIBJISIETCS] OMHUM M3 KITIO-
YeBBIX [TApaMETPOB aHATU3UPYEMOIO TUIIA YCTPOMCTB.
MexaHU3MBI, OTIpeIeIAIoNINe ero 3HaUeHe, HaXOIsIT-
Csl B KOHKYpUpYIOLIUX oTHOILIeHUs1X. HeobxoaumocTh
00ecTeYnTh ONTUMAIBHbIE WHXEKIIMOHHBIE YCIOBUS
[8], mukTyeT yBenuueHue oTpedisieMoii MOIIHOCTH, a
MMHUMU3ALUS BIMSIHUS TEPMOONTUYECKOro addexra
JIOCTUTAETCS CHIDKCHUEM TIOTPeOIsIeMO MOIIHOCTH
[6, 10]. 3 pe3ybTaTOB MOAEIMPOBAHUS CIIEIYET, UYTO
TpeOyeMble MHXEKIIMOHHBIC YCIOBUS 00eCIIeunBaIoT-
¢4 IPU HanpsKeHUH npsamoro cmeuenus Uy, B n1ua-
nazoHe mexay 0,8 u 1,1 B (mpu HanpsikeHUM obpart-
Horo cMmelieHus —1 B). B aToMm ciydae KoHIIeHTpaluu
WHXEKTUPOBAHHBIX 3JIEKTPOHOB M IOBIPOK TIPAKTH-
YeCcKHW paBHBI BO BHYTPEHHE# 00JIaCTM BOJIHOBOIA U
ux pacnpeneneHus oauHaxkossl. Ilpu U,;,; = 0,82 B
KOHIIEHTpAIINSI HOCHUTENIEeH cOoCTaBIsIeT TNPUOIU3N-
TesbHO 3,3+ 1017 cM™3 1 BBI3BIBaET M3MEHEHME pealb-
HOM YacTHW MoKa3aTeNs MpeIoMICHHUS Ha 3HaYeHNE —
1,1-1073.

CKOpOCTb TTOBEPXHOCTHON PEKOMOMHAIIMA HOCH-
TeJIell Ha TIOBEPXHOCTH pasesia MeXIy KPeMHUEBBIM
BOJTHOBOJOM U OKCUIHBIM TOKPBITUEM SIBIISICTCS OII-
HUM M3 OCHOBHBIX (DaKTOPOB, OTPAHMYMBAIOIINX MO-
IYISIUOHHBIE XapaKTePUCTUKMA YCTPOUCTB. s aTMX
YCJIOBUI Ha puC. 3 mpeacTaBieHa YUCIEHHO paccyu-
TaHHas XapaKTepHas 3aBUCUMOCTD YIEIbHOU TTOTped-
JIIEMOM MOIIIHOCTH OT CKOPOCTH peKoMOuHauuu. 13
pe3yabTaTOB MOIEIMPOBAHUS CIEAYET, YTO IUIST CKO-
pOCTH peKOMOMHALMK S, = Sp = 102 cm/c (roe S,
Sp — CKOpOCTb MOBEPXHOCTHOM PEKOMOMHAIIM 3JICK-
TPOHOB U ABIPOK, COOTBETCTBEHHO), KOTOpasi COOTBET-
CTBYET CJIyyal0 MOBEPXHOCTU BOJHOBOJAA, MACCUBU-
POBAaHHOW TEPMUYECKU BhIpalleHHbIM SiO, [8], npu
U,,; = 0,82 B ynenpHasd norpebJsieMas MOLIHOCTb BO3-
pactaer Bcero B 1,3 paza OTHOCUTENIBHO MIEaTHLHOTO
cayyas. Ilpu stom i ciyyaa S, = Sp = 10° cMm/c
(TTOBepXHOCTHOE TMACCUBHUPOBAHME OTCYTCTBYET), TO-
TpebJissieMasi MOIIIHOCTh PE3KO BO3pacTaeT Mo CpaBHE-
HUIO C WIOCaJbHBIM CIIydaeM, YTO TaKKe MPUBOIUT K
CYILIECTBEHHOMY CHWKEHMIO KOHIICHTpAllMM WHKEK-
TUPOBAHHBIX HOCUTEJIEH.

JApyruM OCHOBHBIM MEXaHM3MOM BO3HMKHOBEHMUS
OIITUYECKHUX TTOTEPD SIBISIETCS TIEPEKPHITHE BHICOKOJIE-
TMPOBAHHBIX MOTJIOLIAIIIMX obnacTeit (4, cMm. puc. 1)
C BOJIHOBOJHOM omnTuYeckoit Moaoi. CienoBaTelbHO,
HEoOXOAMMO ONTUMU3MPOBATL 3HAYEHUE NapaMeTpa /g
(cM. puc. 1). C omHOI1 CTOPOHBI, OH JOJKEH ObITh A0C-
TaTOYHO OOJIBIIMM, YTOOBI YMEHBIIUTh TEePEKPBITHE
MorjoluaImx oonacteir 4 ¢ BOJJHOBOAHON ONTHUYE-
ckoit momoit. C mpyroit CTOPOHBI, OH JOJKEH OBITh
JIOCTaTOYHO KOPOTKUM, UYTOOBI MUHUMU3UPOBATH I1O-

0.996 \\
0992 S \\
0.988 e \

HHEZGHEH

Puc. 2. 3aBucHMOCTh HMHTErpajia NepeKpbITHSA ONTHYECKHX MOJIeil
peOpa u ocHoBaHusA OT i

Fig. 2. The dependence of the overlap integral of optical fields on the edge
and bottom h,

norm.

8 8 8 8 8 3 8v

Puc. 3. HopmupoBanHas 3aBHCHMOCTb YAENbHOW HOTpedJIsAeMOit
MOLIHOCTH OT CKOPOCTH NOBEPXHOCTHO# peKoMOuHauuu (B jorapud-
MHYECKOM MacmTaode)

Fig. 3. The normalized dependence of specific power consumption on
surface recombination velocity in logarithmic scale)

TpeOJsIeMyI0 MOILHOCTb M BpeMs IepeKIIOYEeHUSI.
ToYHO TaK Xe TOJNLIMHA OCHOBAaHUSA A  JIOJIKHA ObITh
JIOCTaTOYHO TOHKOI, YTOOBI 00ECIIeYnTh BHICOKOE 00-
KOBOE OINTUYECKOE OIpaHWYCHNE U YMEHBIIUTD TIepe-
KpBITHE 00iacTeil 4 ¢ ONTUYECKUM II0JIeM, HO JOCTa-
TOYHO TOJICTOM, UTOOBI YIIPOCTUTh €ro MPaKTUYECKYIO
peanuzanuio. Ha puc. 4 npencraBieHbl pe3ybTaThbl
MOJIEIMPOBAHUSI 3aBUCHUMOCTM ONTUYECKUX IOTEPh
BCJIEICTBUE TMOMIOLIEHUA HOCUTENEN KaK QYHKLUMA [
IUIA Pa3/IMYHbIX 3HAYEHUHA .

Cnenyet orMeTuTh, 4To 1714 [, < 50 HM YpOBEHb I10-
Tepb BbICOK — OT 37 10 59 nb/cM Bo BceM nuaria3oHe
paccMaTpMBAEMbIX 3HAYEHW A, OTO 00BACHAETCA
TeM, YTO OJIM30CTh 0bJlacTeil 4 K TpeOHI0 YBEINYMBAET
X MEepPeKphITHE C ONTUYEeCKO Momoil. BMecTe ¢ Tem
MOoTepU 3HAYUTEIBbHO HMXKE, KOrja JIeTMPOBaHHbIE
00J1aCT OTOABUHYTHI OT OOKOBOI1 IrpaHu IpedHs. Ha-
npumep, npu /[, = 200 HM TOTEpU OLEHUBAIOTCS B
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Puc. 4. 3aBucumMocTh ONTHYECKHMX NOTEepb OT [, mpu pasmbix hg
1 — hy=50 8™, 2— h; =30 um; 3 — hg = 20 HM
Fig. 4. The dependence of the optical losses from I at different hy:
I — hy=50nm, 2— hg =30 nm; 3 — hg = 20 nm
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Puc. 5. 3aBHCHMOCTE CyMMapHOTO BpeMEHH NEPEKIIOYECHHS 7, OT
amepTypsl pedpa w, npu b, = 20 M

Fig. 5. The dependence of the total switching time t, from the aperture
of edge w, at hy = 20 nm

22...23 nb/cm B pexkxume ON (MHXEKTUPOBAaHUE HOCU-
Teneit). Pe3ynbTaThl Ha puc. 4 TakxkKe WIIIOCTPUPYIOT,
YTO IMOTEPH YBEJIMYMBAIOTCH C YBEJIMYEHUEM A IS
JAHHOTO /. DTO NMPOMCXOAMUT BCJIEACTBUE TOIO, YTO,
yeM OoJiee TOJICTOE OCHOBaHWE, TeM OOJBIIAs YacTh
OINTUYECKOTO IOJISI HaKJIabIBAETCS Ha BbICOKOJIETH-
pOBaHHBIE 00JIaCTH, YBEJIMYMBAS MMOTEPU. DTO YBEJIU-
YeHHMEe BO3pAcTaeT C POCTOM NapameTpa /g B pe3yib-
Tate OOJblIEH IUIOLIAAN TOTJIOIIEHUS WHXEKTUPO-
BaHHbIX Hocuteneit. B pexxume OFF (Hocutenu He
WHXEKTUPOBAHBI) YPOBEHb MOTEPh HUXE MTPUMEPHO
Ha 20 n1b/cMm. [TonydeHHBIe pe3yabTaThl TOKA3bIBAIOT,
YTO C ONTUYECKOM TOYKN 3peHUS 3HAUCHNE TTapaMeT-
pa Ay NOJKHO ObITh MeHblle iu paBHO 30 M. Ilpu
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NPAKTUYECKOM peaau3aldy TOJIIMHON OCHOBAaHMS
MOXHO TOYHO YITPaBJISITh C TIOMOIIBIO TEPMUAYECKOTO
OKCHUIMPOBAHUS TOCJE Tpoliecca TpaBAeHUs rpeOHs.

Bpemst nepeximoueHnst yCTpOiCTBa U3 COCTOSTHUS B
COCTOSIHUE OIlpeesieTcs Mpoleccamu Tnoo nudoy-
31U, TU00 yJaJeHUsT HOCUTeJIell n3 BHYTpeHHEe! 00-
JIACTY BOJTHOBOIHOM CTPYKTYpPHI. [JIsI MI3BMEHEHMUSI 10~
KasareJis IpejIoOMJIEHUS CYUTaeM, YTO BpeMs BKITIOYE-
HUS I — 9TO BpeMs, TpeOyeMoe ISl €ro NU3MEHEHUS
or 10 1o 90 % ero MakcMMaJbHOTO aGCOJIOTHOTO
3Ha4eHMsA. AHAJIOTMYHO, BPEMs BBIKJIIOYEHUS IGEF
OoIpeaesIeHO KaK BpeMsl, HEOOXOAMMOE JIsl ero U3Me-
HeHust oT 90 1o 10 % ero MakCUMaJbHOTO abGCOJIOT-
HOro 3HaueHus. JIJIst MOOEIbHOrO ciiydasi CTPYKTYpbI
chy=20HMu [, = 100 HM W14 TEPEKITIOYAIOLLETO M-
nyjabca HatnpsikeHus B coctostHue ON ¢ rmapameTpaMu
UOFF =—1Bmu UON = 0,82 B 3HaueHus fON n IOFF
cocrasnaor 0,84 u 0,14 ne. CymmapHoe Bpems I
(f, = fon T foFp) coctasiser MeHee 1 He. [ToTpebnse-
Masi cTaTMYecKasl MOIIHOCTh cocTaBister 1,45 Br/m.

MaciirabupoBaHue mapameTpa w, o3BOJISIET YMEHb-
LKUTh cymmapHoe Bpemd 7, nepexona OFF-ON-OFF
3a CYeT TTOBBILICHUS JIOKAIM3AIUU TOJISI ONITHYECKOM
Moabl. OmHAKO TaKoe MacluTaOMpoBaHME BO3MOXKHO
TOJIbKO B OTPAaHUYEHHOM Juana3oHe 3HaYeHUl, KOTO-
pblfi CBSI3aH C HapyLICHWEM ONTUMAJIbHBIX YCJIOBUM
pacnpocTpaHeHusT ONTUYECKON MOJIbI B BOJJTHOBO/JIE U B
KOHEYHOM MTOTE ¢ ee OTceukoit. Ha puc. 5 mpemcraB-
JIEHBI Pe3ybTaThl MOAEIUPOBAHMS JAHHOI 3aBUCUMO-
ctu. B mpenenbHOM cityyae cyMMapHOe BpeMs f; CO-
craBisier meHee 0,64 Hc, moTpebsieMast cTaTUdecKast
mouHocth — 1,15 Bt/Mm.

B npenenbHOM ciiyyae TOMOJOTMYECKUX IMapaMeT-
pPOB TIOBHIIIIEHNE TEMIIEPATyphl MOAYJISITOPA TIPOMC-
xonuT Bo Bpemsi nepexoga u3 ON-coctosinust B OFF-
COCTOSIHUME, B Pe3yJibTaTe 3HAYUTEJIbHOIO YBEJIUUYEHMUS
nepexoaHoro odbpatHoro Toka. IlMkoBoe 3HauYeHUE
temriepatypbl coctapisieT 0,32 K. TTpouecc cosepiua-
eTcsl OpOCKOM (Pe3KMM MOABEMOM U IUIAaBHBIM CITaJI0M
MpPaKTUYECKU A0 MepBOHAYAIBHOTO YPOBHSI) 32 BpeMs
~1 Hc. DTO MoOATBEpKIAET IIPEAMNOI0XKEHNEe O He3Ha-
YUTEJIbHOM BIMSHUU TEPMOONTUUYECKOTO 3 deKkTa BO
BpeMsI TIEPEKITIOUCHUS yCTPOMCTBA.

3akmoueHue

PaccMoTpeHBl BOPOCHI CMHTE3a MOAYJISILIMOHHBIX
XapaKTepUCTUK HAHOPa3MEPHOTO BOJHOBOIHOTO 3JIEK-
TPOOIITUYECKOIO p-i-n-MOAYJISTOPA Ha CTPYKType
"KpeMHui1 Ha uzonsitope”. C MOMOILLIbIO YUCICHHOTO
MOZIEIMPOBAHUS UCCIIEIOBAHBI €TO XapaKTepUCTUKHU U
PacCMOTpPEHHI ITyTH UX onTuMu3anuu. IlokazaHo, 4yTo
MacIlTabupoBaHWE TOIOJIOTMYECKUX DPa3MEPOB TIpe-
0eHYaToOro BOJIHOBOJAA MO3BOJISIET CYLLIECTBEHHO CHU-
3UTh MOTPEOISIEMYI0O MOILIHOCTb U 00€CIIeUUTh OO0lIIee
BpeMsI MepeKIIOUeHUsT MeHee | HC MpU MpUeMIIEMBbIX
ONTUYECKUX MOTEPSIX M HE3HAYMTETbHOM TEPMOOIITH -




yeckoM addexrte. s KoHpUTrypauuy BOJIHOBOTHOMN
CTpYKTYpHI ¢ aneptypoii 400 HM 1 BeicoToi 210 HM,
¢ aneptypoii TpedbHss 200 HM U BbICOTO OCHOBaHUS
20 HM IJISI UMITYJbCHOTO MEPeKTIOYEHMST YITPaBIsIO-
mero Hanpsixkenuss —1 B u 0,82 B BpeMs nepekitoue-
Hus coctaBisieT MeHee 0,64 HC U moTpebIsieMast MOIII-
HOCTb paBHa 1,15 BT/M. OTu XapakTepuCTUKU Ieaal0T
MpoaHaIM3UPOBAHHYIO0 KOH(MPUTYpaIMi0 OYEHb Iep-
CMEKTUBHOM MJIs1 peanu3alMi OCHOBAHHBIX Ha HAHO-
pa3mepHbix BoaHOBoAHBIX KHW-cTpykTypax akTuB-
HBIX BJIEMEHTOB 1 MPEACTABJSIIOT BaXHBI 111ar B pas-
pabdotke MOC c NMOBBILIEHHOW CTENEeHbIO MHTErPALIUU
1 HU3KUM MOTpeOIeHeM MUTaHUS.
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Synthesis of the Modulated Characteristics of the Nanoscale p-i-n Units

Optical waveguide devices — modulators and switches, are among the most demanded photon devices, with which the further
opportunities for improvement of the keyword parameters of the integrated optical circuits and telecommunication systems are con-
nected. Search for new development approaches to the element basis presenting a combination of the planar technology of the in-
tegrated optics and the thin-film technology 'silicon on an insulator" is necessary for improvement of their competitiveness.

The silicon device methods of electrooptical modulation are based on the effect of dispersion of the free carriers, the density of
which depends on the level of the applied voltage. In operation the prospects of application of p-i-n of electrooptical modulators made
on the basis of the "silicon on an insulator” technology were discussed. In comparison with the other classes of modulators on the
basis of lithium niobate, the researched devices potentially have a number of advantages, such as a low level of power consumption
(within 1 W), nanoscale miniaturization, and high throughput (modulation frequency band over 100 GHz).

The researched nanophotonic devices are hi-tech and expensive. Their simulation at the physical layer is important both for un-
derstanding of the physical processes going on in them and for optimization of their parameters for the purpose of achievement of
the optimal characteristics. On the basis of a computer simulation in this operation a possibility of optimization of the parameters
of the nanoscale electrooptical p-i-n of the waveguide modulators was researched, which potentially will allow us to realize highly
effective optical modulation.

The optimized configuration of the waveguide structure has an aperture equal to 400 nm and height equal to 210 nm, a rib ap-
erture equal to 200 nm and the height of the base equal to 20 nm, for impulse switching of the control voltage of —1 V and 0,82 V the
switching time is less than 0,64 ns and the power consumption is 1,15 W/m. These characteristics make the analyzed configuration
very promising for implementation of the structures of the active elements based on a nanoscale silicon on an insulator waveguide
and represent an important step in the development of the optical integrated circuits with improved integration scale and low power
consumption.

Keywords: silicon photonic, optical waveguide, silicon-on-insulator structure, p-i-n electrooptical modulator, delay time Intro-
duction

nar integrated optics technology and thin-film technology
"silicon on insulator" (SOI), which is characterized by a high
potential for production of the commercially available 10S
and optoelectronic devices are needed to improve their com-

Introduction

The adjustable optical waveguide devices — the modula-
tors and the switches belong to the most popular photonic de-

vices operating on the basis of wavelength division multiplex-
ing, which determine the possibility of increasing of the key
parameters of the integrated optical systems (IOS) and tele-
communication systems [1—3]. The new approaches in de-
velopment of the element base based on a combination of pla-

petitiveness, for example, to reduce the cost of one informa-
tion channel [1, 2].

The modulation techniques for silicon devices are based
on electric or thermo-optical effect. The electro-optical de-
vices are required to achieve the high-frequency modulation
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(several tens of gigahertz). In this case, the modulation meth-
ods are based on the effect of the dispersion of free carriers
[4], as far as the linear electro-optic effect (Pockels) is absent
in the relaxed pure crystalline silicon, as well as the refractive
index changes slightly as a result of non-linear effects (Franz-
Keldysh and Kerr). The change in concentration of the free
carriers in the electrooptical devices can be obtained by var-
ious ways. P-i-n or MOS structures could be used for this pur-
pose [2, 5]. In comparison with the modulators based on lith-
ium niobate, the studied devices have such advantages as low
power consumption (within 1 W), nanosized miniaturization,
high bandwidth (modulation bandwidth above 100 GHz), and
broad technological capabilities for integration with other op-
toelectronic devices in a single chip. It should also be noted
that due to the thermo-optical effect, the change of the op-
tical refractive index of the silicon is quite significant, but the
thermo-optical effect is relatively slow and can only be used
for modulation frequencies below 1 MHz [6].

The advantage of p-i-n configuration is that the carriers
can be injected into a large interior region of the waveguide
to maximize the overlap between the optical mode and dis-
tribution of the non-equilibrium charge in it, increasing the
effective change of the refractive index [3]. However, it
should be noted that the high-alloy regions should not signif-
icantly affect the optical limit and cause the excessive losses.
Also, the power needed to change the refractive index should
be low, as well as it should minimize the level of thermo-op-
tical effect.

The combined use of SOI and integrated optics technol-
ogies opens up the possibility of implementing of high-per-
formance optical modulation. The simulation of the charac-
teristics of nanophotonic p-i-n SOI modulator needs a joint
solving of the Poisson and continuity equations describing the
transport of electrons and holes in the semiconductor part of
the unit and at the same time it needs solving of the Maxwell
equation for the ridged waveguide, which describes the dis-
tribution of the optical beam through it [2, 5]. The analyzed
nanophotonic devices appear as technology intensive and ex-
pensive, so their simulation on a physical level is important
for understanding of the physical processes taking place in
them and for optimization of the parameters to achieve op-
timal characteristics.

The possibility to optimize the parameters of nanoscale
electro-optical waveguide p-i-n modulators that will deliver
high-performance optical modulation is studied in the paper
on the basis of computer simulation.

1. The topology of the structure of the modulator

The cross section of the p-i-n SOI modulator is shown in
fig. 1. Its waveguide part is a ridged waveguide (/) with a
height H and aperture W, which is located on a thick layer of
submerged silicon oxide SiO, (2). The heights of the ridge 4,
and of the base of A of the ridged waveguide are related by
the formulas: H = h, + hgand h, > hg. The optical limitation
is provided by submerged oxide 2 and the cladding layer of
SiO,, covering the entire structure (not shown in fig. 1). The
highly alloyed p+ and n+ regions (4) with a concentration of
5%x10'" cm™3 are formed in the strip-line base of the ridged
waveguide (/) relative to the side face of each ridge. The dis-
tance from these areas to the corresponding side faces of the
ridge is designated as /. As a result, the aperture of the
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waveguide W= w, + 2/, where w, — the aperture of a ridge.
The central part of the waveguide structure (ridge and part of
the base) are low-doped regions. They are doped with n-type
impurity with a concentration of 1X 1013

2. The results of simulation

The initial physical parameters. The model of the carriers
concentration taking into account the recombination of Shock-
ley—Read—Hall with the expected lifetime of the carriers in
the central area of the electrons and holes of 7, = 700 ns and
1, = 300, respectively, at the base doping concentration was
used for simulation. The values of basic physical and a
number of topological parameters inherent to the silicon elec-
tro-optic modulators were assumed [2, 5, 8—10].

The wavelength of light in a vacuum, nm. . .......... 1552
Temperature, K. ... ....... .. ... ... .. ... ... ... 298
The refractive index of silicon. . .. ................ 3,47
The refractive index of the silicon oxide. . ........... 1,44
The height of the waveguide, nm. . ................ 210
The aperture of aridge, nm . .. .................. 300
The thickness of the embedded layer, nm. . .......... 940
The thermal conductivity of silicon, W - (cm * K)7l ..... 1,55
The heat capacity of silicon, J - cm3. L 1,67

It was assumed during the simulation that the ohmic con-
tacts are ideal. They do not bring in additional contact resist-
ance or capacitance. In addition, the electrical contacts func-
tion also as heat contacts or heat sinks.

Modulation characteristics. The waveguide structure of
p-i-n-SOI modulator appears a single-mode for TE- and
TM-polarizations for different thicknesses of the base A,
which is confirmed by direct calculations with beam propa-
gation method [11]. The dependence of the overlap integral
of the optical fields corresponding to the stripe-line waveguide
base and the waveguide ridge on the thickness of the base A
is shown in fig. 2.

It should be noted, that the overlap integral is essentially
independent of 4. This allows to suggest that the use of a thin
base does not affect the distribution of mode in the ridge of
the waveguide structure.

Power consumption is one of the key parameters of the
devices of analyzed type. The mechanisms defining it are in
competitive relationship. The need for optimum injection
conditions [8] dictates an increase in power consumption, as
well as the minimization of the impact of thermo-optical ef-
fect becomes achieved by reduction of power consumption
[6, 10]. From the simulation it follows, that the required in-
jection conditions are provided in the forward-bias voltage
U,, in the range between 0,8 and 1,1 V (at reverse-bias volt-
age —1 V). The concentrations of the injected electrons and
holes are almost equal in the inner region of the waveguide
and their distribution are equal. When U,;,; = 0,82V, the car-
rier concentration is approximately equal to 3,3 - 107 cm™3 ,
and it causes a change in the real part of the refractlve mdex
on1,1-1073

The rate of carriers recombination at the interface be-
tween the silicon waveguide and the oxide coating is one of
the major factors limiting the modulation characteristics of
the devices. The calculated characteristic dependence of the
specific power consumption of the recombination rate is
shown for these conditions (fig. 3). From the simulation fol-
lows, that the specific power consumption increases only




1,3 times compared to the ideal case at the recombination
rate S, = 5, = 102 cm/s (where S,,, S, — the rate of surface
recombination of electrons and holes), which corresponds to
the case of waveguide surface, passivated with thermally
grown SiO, [8] at U;; = 0,82 V. For §, = Sp =10’ cmy/s
(surface passivation is absent), the power consumption dra-
matically increases in comparison to the ideal case, which al-
so leads to a substantial reduction in the concentration of in-
jected carriers.

Another major mechanism of occurrence of optical losses
is the overlap of highly-alloyed absorbing regions (4, see fig. 1)
with the waveguide optical mode. Therefore, it is necessary to
optimize the setting /; (see fig. 1). On the one hand, it should
be large enough to reduce the overlap of the absorbing re-
gions 4 of the waveguide optical mode. On the other hand, it
should be short enough to minimize the power consumption
and the switching time. Similarly, the thickness of the base 4,
should be thin enough to provide high lateral optical restraint
and to reduce the overlap of the regions (4) with the optical
field, but thick enough to facilitate its practical implementa-
tion. Fig. 4 shows the results of simulation of the dependence
of optical losses in consequence of absorption of the carriers
as a function [ for various A

It should be noted that for /[, < 50, the loss rate is
high — from 37 to —59 dB/cm over the entire range of con-
sidered h,. This results from the fact that the proximity of ar-
eas (4) to the ridge increases their overlap with the optical
mode. However, the losses are considerably lower when
doped regions are moved from the side face of the ridge. For
example, at /, = 200 nm the estimated loss are estimated on
22...23 dB/cm in ON mode (injecting of carriers). Fig. 4 also
shows that the losses increase with increasing of 4 for the giv-
en /. This results from the fact that the thicker the base, the
most part of the optical field overlaps on the high alloyed
fields, increasing the losses. This increase increases with in-
creasing of A as a result of a greater area of absorption of in-
jected carriers. In the OFF mode (the carriers were not in-
jected), the loss rate is less for about 20 dB/cm. The results
show that from the optical viewpoint, the parameter /, should
be less or equal to 30 nm. In the practical realization, the
thickness of the base can be controlled by thermal oxidation
after etching of the ridge.

The device’s switching time is determined by the diffusion
or removal of the carriers from the interior area of the
waveguide structure. To modify the refractive index, let’s be-
lieve that the switching-on time /gy is required to change
from 10 to 90 % of its maximum absolute value. Similarly, the
switching-off time fqgg is defined as the time to change it
from 90 to 10 % of its maximum value. The values of 75y and
topp compose 0,84 and 0,14 ns for the model case of the
structure with #; = 20 nm and /; = 100 nm for the switching
voltage pulse to ON-state with the parameters Uypp = —1 V
and Ugy = 0,82 V. The total time 7, (f; = foN T Iopp) 1S less
than 1 ns. The consumed static power is 1,45 W/m.

The scaling of w, allows to reduce the total transition time
t; OFF-ON-OFF by increasing of the localization of the field
of the optical mode. However, such scaling is possible only in
a limited range, which is associated with disturbance of the
optimum conditions of distribution of the optical mode in a
waveguide and ultimately to its cutoff. Fig. 5 shows the results
of simulation of such dependence. In the extreme case, the
total time ¢, is less than 0,64 ns, the consumed static power
is 1,15 W/m.

In the limiting case of the topological parameters, the rise
of the temperature of the modulator occurs during transition
from ON- to OFF-state due to the significant increase in the
transient reverse current. The peak temperature is 0,32 K. The
process is done by a throw (a sharp rise and gradual decline
near to its original level) during ~1 ns. This confirms the as-
sumption about a limited impact of the thermo-optical effect
during switching of a device.

Conclusion

The synthesis of the modulation characteristics of the na-
noscale waveguide of electro-optical p-i-n modulator on
SOI structure was reviewed. Its characteristics and the ways
of their optimization were studied by the simulation. It was
shown that the scaling of topological sizes of the ridged
waveguide allows to reduce power consumption and to pro-
vide a common switching time less than 1 ns at acceptable op-
tical losses and negligeable thermo-optical effect. To config-
ure the waveguide structure with the aperture of 400 nm and
the height of 210 nm, with the aperture of the ridge of 200 nm
and the height of the base of 20 nm for pulse switching of the
control voltage of —1 V and 0,82 V, the switching time was
less than 0,64 ns and the power consumption was 1,15 W/m.
These characteristics make the analyzed configuration prom-
ising for active elements based on nanoscale waveguide SOI
structures and represent an important step in the development
of IOS with high integration rate and low power consumption.
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HEHAKAAUBAEMBIE KATOAbI HA CAOUCTbIX CTPYKTYPAX HUTPHUAOB

N YTAEPOAHbBIX MATEPUAAOB

Ilocmynuna ¢ pedaxyuro 11.03.2015

Paccmompennt ycaosus popmupoeanust croucCmoix CmMpyKmyp Ha 0CHO8e HAHOCMPYKMYpPUpo8arnHsix nienok Humpuooe (TiN,
ZrN, AIN) u yenepodHbix mamepuanos ¢ UCHOAb308AHUEM MOHKONACHOYHOU mexHoao2uu. H3yueHo cmpoenue nieHok memodamu
2NEKMPOHHOU MUKDOCKONUU U CHeKMPOCKONUU KOMOUHAUUOHHO20 paccesHus céema. [lokazanvl pe3yabmamovl UCHbIMAHUT U UC-
NOAB308AHUS PA3PAOOMAHHBIX CAOUCMbIX CMPYKMYD 6 HEHAKAAUBACMbIX KAMOOax.

Karoueevie caosa: Humpudnbte u yeﬂepodnbte HAGHKU, A8MOIMUCCUOHHbIE Kamodbz, CNeKmpoCcKonus KOM614H014MOHHO€0 pac-

CesAHUA ceema

BBenenue

IlepcrnieKTUBBI MPUMEHEHUS YCTPOMUCTB SMUCCUOH -
HOM B3JEKTPOHUKHU, OOJIAJAIONIAX YIYYIIEHHBIMU Xa-
paKTepUCTMKaMU, CBSI3aHbI C pa3pabOTKOI CIOMCTHIX
HEeHaKaJMBaeMbIX (aBTOOMUCCUOHHEBIX) KaTOIOB, CO-
JiepKalvx CJI0M, BKITIOYAIOIIME HAHOKPUCTAITNYECKUE
U HEKpUCTAJNIMYECKHE YIIOPsIIOYeHHbIe (ha3bl YIiiepo-
na (rpadeH, HAHOTPYOKM, HAHOCTEHKM U 1p.) [1—6].
Hawnbonee mnepcneKTUBHBIMU [JI1 CO3[JaHUSI aBTO-
9MUCCHUOHHBIX KaTOAOB CUMTAIOTCS YIJIEPOAHbBIC TJICH-
KU, chOPMUPOBAHHbBIE, MPEUMYILIECTBEHHO, TJIACTUH-
yaTbIMU (hOpMaMU KPUCTALIMTOB rpacuTa, KOTOPhIE B
JIUTEpaType HasbIBalOT YIJEPOAHBIMU HAHOCTEHKaMU
[1—3]. [TpoGaeMbl MpUMEHEHUSI B aBTOSMUCCUOHHBIX
KaTolax MoAoOHBbIX YIJIEPOAHBIX HAHOCTEHOK CBS3a-
Hbl C UBMEHEHUSIMU UX MOP(DOJOrUU B MPOLIECCE IKC-
IUlyaTauMu 1, KaK CJAeACTBUE, AeTpagalveil mapamer-
POB KaToJ0B Ha UX ocHoBe. [Ipu ucnosib30BaHUU CJIO-
€B DJIEKTPOIPOBOASIIIUX HUTPUIOB, HAHECEHHBIX Ha
MOJUIOXKKY, 32 CUET UBMEHEHUS MEX(a3HOro B3aUMO-
JIeMiCTBUS YIVIEPOAHBIX (pa3 C MOMIOXKOM MOXHO YBe-
JIMYWTh aAT€3MOHHYIO MPOYHOCTh YIVIEPOMHBIX TLIE-
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HOK, a TaKXXe BJUSITh Ha UX MOP(OJOTMYECKHUE OCO-
o6enHoctu [7]. Ilpu HaHeceHMM Ha YIJepOAHbIE Ha-
HOCTEHKM TUICHOK HUTPUAOB, PEav3YIOLIMX 3allUTy
SMUTHUPYIOIINX TPapUTOBBIX TUIACTUH OT OKUCICHUS,
BO3MOXHAa CTaOWJIM3alUsl SMUCCUOHHBIX MapaMeTpOB
KaTOIOB M CHIXEHHWE CKOPOCTH MX cTapeHus. Kpome
TOro, TpeArnoaraeTcsl, YT0 HaHEeCeHUe IJICHOK HUT-
PUIIOB Ha YIJI€POAHbIE HAHOCTEHKH MOXET YMEHbIIIATh
MOpOr aBTOSMMCCUU 10 3HAYeHUil MeHee 2 B/MKwM,
HarpyuMep, U3BeCTHO [4], yTo HaHeceHue TieHoK MgO
Ha yIrJiepoaHble HAHOCTEHKH CHIKAET IIOPOT SMUCCHUU.

Ilens Hacrosiieid paboOThl — M3yUYEeHUE BIUSHMUS
CTPOEHUSI CJIOMCTHIX CTPYKTYP HA OCHOBE TUIEHOK HUT-
PUIIOB U YTJEPOJHBIX MaTepHUAIOB HAa XapaKTEPUCTU-
KW aBTOAMUCCHOHHBIX KaTOIOB, U3TOTOBJIEHHBIX HA UX
OCHOBE.

@DopMupoBaHNie CJIOUCTBIX CTPYKTYP

s co3maHusl CJIOUCTBIX CTPYKTYP Ha MOAJOXKKaX
u3 Si (K Bb-10) TonumHoit 0,4 MM ocaxnaau yriaepom-
Hble TIeHKU U tieHKU HUTpuaoB (TiN, ZrN u AIN).
IIpenBapuTeIbHO MOMJIOXKKU U3 Si OYUILAIU B TIEIO-
1eM paspsje; naBjieHue Ar B BaKyyMHOW Kamepe




P = 1...5 T1a; Hanpsi>kKeHUE Ha TOJ-
jgoxke 600...1000 B; mmuTeabHOCTh
obpabotku 5...10 MuH; Temnepary-
pa nomnoxku T, = 350 °C. IlneH-
ku TiN um ZrN, wucrnonb3dyeMbie
MPU CO3TAHUN CIOUCTBIX CTPYKTYP

/, a.u.
(-]

poBal METOAOM IYyrOoBOTO pa3psi-
Ja IIpU CJIEAYIOLUX yeaoBuax: 1, =
= 330...430 °C; Tok ucnapurenei u3
Ti, Zr 100...120 A; HanpsckeHue Ha

|
|
|
|
|
|
:
suga Si/TiN u Si/ZIN, dopmu- 1 ~ |
:
|
|
|
|
|
|
|

nomnoxke 200...220 B; nasnenue N,
P = 0,5 ITa. ITocne ocaxneHus Iie-
HOK TIOIJTOXKW OXJTaXITAIA B Cpene
N, npu P = 10...50 ITa.

YriaeponHbie THIEHKU TOIyYaan
U3 ra3oBoil (pa3pl METOAOM TJIEI0-
mero paspsiaa. IlpeaBaputeabHo Ha
cOpMHUPOBAHHBIX TyTOBBIM pa3psi-
JOM cCIOUCThIX cTpyKTypax Buma Si/TiN u Si/ZrN
co3maBany 3aTtpaBoyHble yacTuilbl (C;) GoMbGapau-
poBkoii nonamu H' n CXH;r B BUY-paspsge. Yrie-
poaHeble rieHKHU (cosnanue ctpykryp Si/TiN/C5/Cn
Si/ZrN/C5/C) dhopMupoBanu npu cleayrolux na-
pameTpax: pabouwmii ra3 — 1,5..4 06. % CH, + Hjy;
P> 10* ITa; mowHocTh paspsga — 1..5 kBr;, T, =
= 570...1030 °C. Ilepen HauasoM npoiecca (GopMUPO-
BaHUS YIJIEPOAHBIX IJIEHOK CTPYKTYphl Si/TiN/Cs; u
Si/ZrN/C5 obpabaTbiBanu B 1azme H,.

IMnenxkn mutpumoB Al m Ti Ha cioe yriepoaa
dbopMuUpoBaI METOIOM PEAKTUBHOTO MarHETPOHHO-
ro pacnbiieHus. Ilnenku AIN, jgerupoBaHHoro Mo
(AIN:Mo), nonyyaau pacoblIeHUEM COCTaBHBIX MU-
mreHeir Al + Mo [8] (rmmomaas Mo 3anumana ~0,4 %
iomaaM obJlacTU pachblIeHUsT MullleHu u3 Al)
MpU CJIEAYIOUIMX YCJIOBUSIX: COCTaB ra3oBOW CMeCHU
Ar + 50 06. % N,; P =1 Ila; paccTosiHME MeXIy
MUIIEHBI0O U TogI0XKoM 30...60 MM; HampsKeHHe
BY-paszpsga 200...350 B; momnocTts pa3psima 700 Br;
3HAYEHME JIEKTPUIECKOTO CMEIIEHMST Ha TOIJIOXKO-
nepxarese 20...45 B; tok anoga 1...1,4 A; T, = 500 °C.
Ckopoctb ocaxaeHus V ~ 2 mxm/4. Ilnenku TiN 1o-
Jydaau TIpU CIEAYIOLIMX YCIOBMSIX: COCTaB TIa30BOK
cmeck Ar + 10 06. % N,; Hanpsbkenue 220 B; Tok 1,5 A;
P=11Ila; T, = 500 °C; V= 2,5 mxm/u. PopmupoBaiu
cnoucteie cTpyKTypbl BUuaa Si/C/AIN:Mo u Si/C/TiN.

CTpoeHnne mieHOK

CocraB U CTpoeHHWE TUIEHOK MCCIIEIOBAIM C WC-
MOJIb30BAaHUEM PACTPOBBIX BJEKTPOHHBIX MHKPOCKO-
noB (POM) Carl Zeiss Supra 40-30-87 u Carl Zeiss Leo
1430 VP, ocHallleHHOTO 3HEePreTUYSCKUM IUCIIEPCH-
OoHHBIM crniekTpoMeTpoM (BJ1C); nasepHoOro (JIMHUS
632,8 aMm He-Ne ma3epa) MUKpOpaMaHOBCKOTO CITEK-
tpomeTpa Lab Ram HR 800 (HORIBA Jobin-Yvon)
U peHTreHoBcKoro audpakromerpa Rigaku D/MAX-
2500/PC.

1000 1400
Av, em-1 b)

Puc. 1. Cnektpsl KP, nonyyennnie ot cionctsix crpykryp Si/TiN (a) u Si/ZrN (b) no (1)
u nocje (2) dopmuposanus 3aTpasodnbix yactun (cTpyktypnl Si/TiN/C; u Si/ZrN/C5)

Fig. 1. The Raman spectra of the layered structures Si/TiN (a) and Si/ZrN (b) before (1) and
after (2) of seed particles forming (Si/TiN/C3 and Si/ZrN/Cj structures)

ITnenxku TiN, ZrN u AIN (o gaHHsiIM POM) xa-
paKTEepU3yIOTCS BOJIOKHUCTBIM (CTOJI0YATBIM) CTpOe-
HUeM, TIpU 3TOM BOJIOKHA KpucTajumiyeckux ¢a3 TiN
u ZrN, umerolye Kyou4yeckyrm pelieTky (IpocTpaH-
CTBeHHas rpymma Fm3m), OpUeHTUPYIOTCS MO KpU-
crannorpaduyeckum HampasiieHusiM (111), (100) un
(110), a rexcaroHaibHoro AIN (P63mc) — mo (0001)
[4, 9]. TIpoMexXyTOK MEXIy aKCHUadbHO TEKCTYpHUPO-
BaHHBIMM BOJIOKHAMM 3aITOTHSET peHTreHoaMopdHasT
(aza HUTPUAOB.

Metomom OJC mpoBemeH aHalIM3 TOBEPXHO-
creii wireHokK TiN, ZrN u AIN:Mo, mojiydeHHBIX
Ha Momioxkax M3 kKpeMHus. DJIC-aHanu3 TMIEHOK
TiN u ZrN, mojy4yeHHBIX METOJOM AYTOBOIO pa3psi-
Jla, ToKasajl cliefylollee pacnpeaeicHue 2JIeMEHTOB
(B mac. %) no noBepxHoctu: it TIN — 9,9..33,3 % N
n 64,7...78,5 % Ti; mna ZrN — 4,8..23,0 % N,
12,5...92,6 % Zr, 1,6...3,9 % Own ~7,7 % C. Ananu3 co-
ctaBa 1mieHoK TiN, mojydeHHBIX MarHETPOHHBIM pac-
MbLIEHUEM, TToKa3aj Clieaylollee coaep:KaHue SJIeMeH -
ToB: 16,7...17,2 % N u 18,6...19,4 % Ti; 62,8...63,1 % Si.
CocraB moBepxHocTtu IIeHOK AIN:Mo craemyrommii:
10,8...11,3 % N; 5,8...6,8 % Al; 14,4...17,6 % Mo;
55,5...60,4 % Si; 8,6...8,8 % O.

Ha cnekTtpax komOuHaimoHHoro paccesiHus (KP),
MOJTyYeHHBIX JJ1s1 cJIoUCcThIX cTpyKTyp Si/TiN u Si/ZrN,
HaO0JII0aIM pa3MbIThIE TTOJIOCHI HA YacTOTax, OTBeYalo-
IIMX PAMaHOBCKOMY CIBHTY Av, paBHOMY 226, 317, 426,
559, 832 m 1134 cm™ ! st TIN (puc. 1, a, xpuBas 1),
u 178, 231, 343, 495 u 717 em” ' st ZrN (puc. 1, b,
kpuBas [). OTcyTcTBUE y3KMX mojioc Ha criekTpax KP
MOXeT OBITb CBSI3aHO CO CTPYKTYPHBIM pa3ymopsao-
YeHMEeM MOJYYEeHHBIX MJIEHOK, 00YCIOBIEHHBIM BbICO-
KOM KOHLIEHTpALIMe BAKAHCUI a30Ta, KOTOPHIE BBI3bI-
BAalOT MCKaXeHue OJKaNIIMX KOOPAMHAILIMOHHBIX
cdep [10].

IIpu BY-o06padorke miaeHok TiN u ZrN noHamu
H'n CxHy (co3maHue 3aTpaBOYHBIX YaCTULL) (hOPMU-
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Puc. 2. Crpoenne (POM) nosepxnocreii ctpykryp: Si/TiN/C5 (a) u Si/TiN/C5/C (b)
Fig. 2. The structure (SEM) of the surface of structures: Si/TiN/Cj; (a) and Si/TiN/C3/C (b)

PYIOTCS 3apOAbILIN B BUAE KOHYCOB BbICOTON ~20 HM U
ILUIOTHOCThIO pa3MeleHUsT Ha TIOIIOXKE ~2 1010 cm2
(puc. 2, a), npu 3TOM U3MEHSETCS COCTaB U CTPOEHUE
MMOBEPXHOCTU CJIOUCTOM CTPYKTYPBI, UTO OTpaxkaeTcs
Ha criekTpax KP (cMm. puc. 1, kpuBble 2), B YaCTHOCTH,
nosiBieHue mnonoc rpadura mpum 1330...1335 cm !
(YLLMpeHue monoc Avy , ~ 150 em Ny n 1614...1618 cm ™!
(Avy)y = 57..73 CM_I). HekoTopbie moJIochl OTHOCSTCS
K OKCUHUTPUIY LIMPKOHUSI (ZrNxOy) [11]. Hapuc. 1, b
rnmokasaHbl ocobeHHocTH crieKTpoB KP nmoBepxHoCTHO-
ro cjosl MpU U3BMEHEHUU cocTaBa MieHOK oT ZrN 10
Zr0O,. B criektpe KP ZrN npeoGiazaeT acuMMeTpry-
Has noJyioca npu Av = 495 cm ™!, a B oGmacti HU3KMX
4acToT — JIBe TOJIOCKI TIpU Av, paBHOM 178 u 231 em !
(cMm. puc. 1, b, xpusas [). Crekrp ZrO, (cM. puc. 1, b,
KpuBas 2) COCTOMT U3 HECKOJBKMX IOJIOC, XapaKTep-
HBIX U1 MOHOKJIMHHOM dasel ZrO,.

ITocne hopMupoBaHUs 3aTPAaBOYHBIX YACTUL] aHATTM3
cocTaBa MOBEPXHOCTEN CoUCThIX cTpyKTYp Si/TiN/Cy
u Si/ZrN/C5 nokasan nepepacnpeiesicHue 3J1€MeH-
TOB TI0 TIOBEPXHOCTH TIOMIOXKH B CIICAYIOIINX TIpeie-
nmax: st TiN — 49,7...55,4 % N n 44,1...50,3 % Ti;
3,5..3,8 % O; 19,7...25,3 % C; 1,6...76,3 % Si; nnsa
ZrN —23,2...30,6 % Zr; 53,1...63,0 % O; 12,5...16,2 % C.
A30Ta B IOBEPXHOCTHOM cJ10€ CTPYKTYpbl Si/ZrN/Cs
He oOHapyxeHo. Pa3a ZrO, 3aHUMAeT TOHKMIA CIIOi
MMOBEPXHOCTH, MOSTOMY JIEKTPUUYECKOE COIPOTHUBIIE-
Hue ciaoucTtbix cTpykTyp Si/TiN u Si/ZrN no HopManu
K MOBEPXHOCTHU CJIOMCTBHIX CTPYKTYP OCTAeTCSl HU3KUM
u coctapisieT ~109,3 u ~63,5 OM COOTBETCTBEHHO.

C HCHoJIb30BAaHMEM PEHTTE€HOBCKOI AudpaKTo-
METPUHU TTOKa3aHO, YTO CMHTE3WPOBAHHbBIC YTIIEPOI-
HBIC TIJICHKH TIPEICTaBISIOT CMeCh PeHTreHoaMopd-
HBIX U HAHOKPUCTAVIMYECKUX (a3 yriaepoaHbIX Ma-
tepuanoB [5, 12, 13]. KonuenTpauus rpaduToBOi1
(asbl B MHOTO(A3HBIX YIJIEPOIHBIX IMJIEHKAX COCTaB-
et 95 %. YraepomHble TICHKH CIIOMCTHIX CTPYKTYP
tuna Si/TiN/C3/C u Si/ZrN/C3/C umeoT uaeHTny-
HOE CTPOCHHE U COCTOSIT M3 M30THYTHIX IUTACTHHYATHIX
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¢dopm ymioineHHbIX 1Mo {0001} xpu-
cTajuIuToB rpaduta (cMm. puc. 2, b).
IlmacTuHBI, TIpeacTaBIeHHBIE KPU-
cTajuIMTamMu rpaduTa racTuHYaTOM
MOpdOJIOTHH, COCTOSIT U3 CIOEB Tpa-
dena [12, 13]. Cnou B TaKOM KpHU-
CTaJITUTE PACIIONaraloTcsi OTHOCH-
TEJILHO IPYT Ipyra, oOpa3ysl rekcaro-
HaJIbHYIO pelleTKy (ykiamka ...AB...)
[2, 14]. TommuuHa macTuH rpagura
(cooTBeTCTBYET pa3mepy obsacTeit
KOTEPEHTHOTO pacCessHUs peHTTe-
HOBCKOTO m3nyyeHusi Lggp), pac-
cuntaHHas o popmyne CensikoBa —
Ileppepa mo yumpeHuio augpak-
HuoHHbIX MakcumymoB (0002) Ha
PEHTreHOBCKUX AU(paKTorpaMmmax,
cocraBisana Logp = 8,5...9,5 HM.
CocTaB 1 CTpoeHNe HAHOKPUCTAIUTMUECKUX U PEHT-
reHoamMopdHbIX da3 yriIepoaHbIX MIEHOK OJHO3HAY-
Ho oTpaxaetcs B ux crektpax KP [15—18]. Ha criek-
Tpax KP yriepoaHbIX MIEHOK, COCTOSIIUX U3 YILJIO-
mweHHbIx o {0001} xpucramiuToB rpaduta, HaOIIO-
Jaich MHTeHCUBHBIe D, G 1 2D-mnoyockl Mpu Av,
paBubIX 1340..1343 om ! (Avy, =40..50 cm );
1590...1591 cM~ ' (Avy,, = 30..45 cm™!) u 2668...
2673 em! (Avy/p = 60...70 em™ Y (puc. 3). Onno-
BPEMEHHO MMEIOTCS CJIa0ble TIOJIOCHI IIPU Av, PaBHBIX
233...243, 863...879; 1081...1167 (x-nonoca); 1612...1627
(D'-monoca); 2449...2482 (x + D-tmonoca); 2909...2934
(D + G-nonoca) n 3221...3248 em ! (2D"-nonoca).
MHTeHcuBHOCTD 1MoJioc Ha criekTpax KP, moiayyeHHbIx
ot crpykryp Si/TiN/C5/C, Si/ZrN/C3/C u Si/C;/C,
3aBHCeJIa OT yCJIOBUiA ocaxaeHus [19] (ta6xa. 1).
PasMep uacTtuil rpacduta B 6a3MCHOM MIOCKOCTHU
(TonmMHa TJIAcTUH TpaduTa), pacCUYUTAHHBIN IO
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Puc. 3. Cnextpni KP, nonyyennsie ot crpykryp Si/TiN/C3/C (1) n
Si/ZrN/C3/C (2)

Fig. 3. Raman spectra of the Si/TiN/C3/C (1) u Si/ZrN/C3/C (2)
structures
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Puc. 4. Cnekrpsi KP, noaydennsie ot mieHok A1N pa3nmunoi Toamunbl, chOPMHAPOBAHHBIX
HA MOMJIOKKAX M3: ¢ — IUIaBJICHOTO KBaplia (TOJIIMHA TJIEHKHA 1,5 MKM, TemIiepaTtypa
nomtoxku 300 °C); b — Si{l111} (TommuHa mieHoK ~0,2 MKM; TeMIepaTypa MOIIOXEK:
300 °C (1); 350 °C (2); 400 °C (3); 450 °C (4))

Fig. 4. Raman spectra of AIN films of different thicknesses formed on substrates of: a — fused
silica (the thickness of 1,5 um, the substrate temperature of 300 °C); b — Si{ 111} (the thickness
~0,2 um; the substrate temperature: 300 °C (1), 350 °C (2), 400 °C (3); 450 °C (4))
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Puc. 5. Cnekrpnl KP B nuanazonax: 80...940 em ! (a) u 1040...3260 em ! (b) aBTOIMHC-
cHoHHBIX KaTtonoB crpoenust: Si/C (7; 2), Si/C/AIN:Mo Q (3), Si/C/TiN (4)

Fig. 5. The Raman spectra in the range: 80...940 em™! (a) and 1040...3260 em™! (b) of the
field emission cathodes of a structure: Si/C (1; 2), Si/C/AIN:Mo (1), Si/C/TiN (4)

MEXIIJIOCKOCTHOTO PACCTOSTHUS Tpa-
¢urta B HanmpasieHumn (0001), pas-
Horo 0,335 HM, MOXHO YTBEpXaaThb
0 HaJlMuuM B IUIaCTMHaX rpacduTta
~20...25 cnoesB rpadeHa.

Y mnenok AIN, o6iaagarommx
OOJIBIION KOHIIEHTpAIIME TOJIM-
KPUCTALIMYECKON CHJIBHO  TeK-
crypupoBanHoii mo {(0001) da3ssl,
Ha crnekTpax KP nabmogaiorcs mo-
JJochl MpU Av, paBHBbIX 249 cm !
(Avyy = 20.25 cm '), 563 cm!
(Avip =~ 50 e h), 609 cm!
(Avl/z ~ 50 cv ) m 653 cm!
(Avy) = 35..50 em™!) (puc. 4, a).
PeHTFeHoaMOp(bHOCTB MIPUBOINT K
VIIUPEHUIO M CMEIIIEHUIO TTOJIOC, Xa-
PaKkTepHBIX IS KPUCTALLTMYECKOTO
CTPOCHUSI, W TIOSIBJICHUIO TOITOJTHU-
TelbHbIX ojioc. CrnekTpbl KP peHT-
reHoamMopdHbIX TIeHOK AIN xapak-
TEPU3YIOTCS Pa3MBbITBIMU CJAOBIMU
OJIOCaMH IIPH Av, paBHBIX 636...639;
690...692; 780; 789..796 cm !
(puc. 4, b), nonoxeHue M IIMPUHA
KOTOpPBIX 3aBUCAT oT T,,. @opma un
MHTEHCUBHOCTb MOJIOC Ha CIeKTpax
KP oranuarorcs aist tuieHOK AIN,
c(OPMUPOBAHHBIX  Pa3JIUYHBIMU
MeTogaMu (MeTOAbl CyOnaMMallnu,
BaKyyMHOTO WCMapeHus M Jp.)
[20—22]. g HeJlerupoBaHHBIX
mwieHoK AIN pa3mep KpUCTaJIMTOB
cocraBisieT Logp = 35...63 HM, Je-
rupoBaHHbIX (AIN:Mo) — Lgogp =
= 20...50 am. IIpomonabHOE compo-
TuBJeHUe TieHoK AIN:Mo npu

COOTHOILUEHUIO MHTEHCUBHOCTEN [j/I; monoc Ha
criektpax KP yriepomHbIX TJIEHOK B COOTBETCTBUU
¢ dopmynoit L, = C(Up/lg) °, rne C — kospduum-
€HT, 3aBUCSIINN OT IJIMHBI BOJHBI BO30YXIAIOIETO
ceeta (musa A = 632,8 am, C = 4,4), naer 3Ha4YeHU
L, ~ 6,8...8,1 HM 1151 yII€pPOOHBIX IJIEHOK CIOMCTBIX
crpyktyp Si/TiN/C3/C n Si/ZrN/C;/C, uro 611u3Ko
K 3HAYEHUSIM, PACCUUTBHIBAEMBIM IO PEHTIE€HOBCKUM
audpakrorpammam: Logp = 8,5...9,5 um. C yuetom

KOMHATHOI TeMIlepaType COCTaBsIeT 10*...10° Om.
BJ1C-ananmn3 nokasaj cJaeayloluii cocTaB IUIeHOK AIN
TOMMUUHOM ~(0,2 MKM, CUHTE3UPOBAHHBIX Ha MOITOX-
Kax 13 Si Ipu pa3nnMyHbIX TeMneparypax: 1t 250 °C —
34,6 % N; 46,2 % Al; 6,5 % O; 12,7 % Si; nst 300 °C —
33,5% N; 51,6 % Al 8,8 % O; 6,1 % Si; st 350 °C —
32,9 % N; 46,5 % Al; 8,9 % O; 11,7 % Si; nnst 450 °C —
27,9 % N; 35,6 % Al; 12,2 % O; 24,4 % Si. Hanmuune
Si ykaspIBaeT Ha OCTPOBKOBOE CTPOCHHUE TIIICHOK.

Tabauma 1

Wnrencusnocru Iy, I; (OTH. €1.) ¥ OTHOIIEHHS MHTEHCHBHOCTElH OCHOBHBIX MoJjioc cnekTpos KP,
TMOJIyY€HHBIX OT MOBEPXHOCTEH CJIOMCTBIX CTPYKTYP

Table 1

The intensities 1D, 1G (relative units) and the ratios of the intensities of the main bands of Raman spectra obtained from the surfaces
of layered structures

C
oeba Ip I Ip/lg Ip/Lp Ip/Lyp Ip/Ipig Ip/Lp
Si/TiN/C3/C 576,7 892,7 0,65 11,84 1,18 17,63 16,12
Si/ZrN/C5/C 572,3 1054,2 0,54 10,34 0,98 14,32 13,41
Si/C,/C 5817 1054,2 0,55 11,40 1,23 14,08 12,99
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Tabauua 2
Yumpenne (Av, / ) nojocsl D u cooTHOImEHUs MHTEHCHBHOCTEH D,
L, GuH fD noJioc cios yriaepoaa Ha cnekrpax KP,
noayuennsix ot oopasuos: Si/C, Si/C/AIN:Mo u Si/C/TiN
Table 2

The broadening (Av;, of the D-band and the ratio of intensities D,
D', G and 2D bands of the carbon layer on the Raman spectra on the
samples: Si/C, Si/C/AIN:Mo u Si/C/TiN

06

Salﬁ;?eu AvipD | Ip/lg | Ip/lG | Lp/lp| Lp/lg
1. Si/C 20,92 | 058 | 025 | 092 | 0,53
2. 8i/C 21,51 0,73 0,29 0,71 0,52
3. Si/C/AIN:Mo | 24,35 1,03 0,46 0,36 0,37
4. Si/C/TiN 2364 | 084 | 051 | 053 | 045

Ha cnekrpax KP, moaydyeHHBIX IJISI CJIIOMCTBIX
ctpyktyp Si/C/AIN:Mo u Si/C/TiN, Habmonanu pas-
MBITBIE (Av; n> 100 CM_I) MOJIOCHI TIPU Av, PaBHBIX
195, 293 1 504 cm ™! — rrenka AIN:Mo (puc. 5, a, xpu-
Bag 3), m 231, 335 u 609 em ! — mrenka TiN (puc. 5, a,
kpuBas 4). Ha ciexrpax KP uHTEHCUBHOCTb I10JIOC OT
CJI0s1 TJIACTUHYATOro yIjaepoaa 3aBUcCesia OT CTPOSHUS
KOHTaKTUPYIOILIUX CJIoeB (TabJl. 2, HoMepa o0pa3loB B
TabJIMiie COOTBETCTBYIOT HOMepaM 00paslioB Ha puc. 5).

Ha canmkax (POM) cioucroii crpykrypsl Si/C/TiN
BUIHBI M3MEHEHUSI MOP(MOJIOTUN SMUTUPYIOLIEH I10-
BEPXHOCTHU B 3aBUCHMMOCTHU OT TOJILUMHBI IIeHKU TiN
(puc. 6). DA C-aHanu3 rmoxkasa CJIeAyIOIIMi COCTaB M0-
BepxHoCTU caoucToi cTpyKTypsl Si/C/TiN npu Toiu-
e menku TiN, pasHoii 69 am: 21,0 % C; 13,5 % O;
52,3 % Ti; 6,2 % Si.

DMHCCHOHHBIE XAPAKTECPUCTHKN HCHAKAJIUBACMbIX
KaToa0B HA CJIOMCTBIX CTPYKTYpax

DMHUCCUOHHBIE XapaKTEPUCTUKK KaTOIOB M3MepSsI-
nu nipu masieHnn 107 Tla B MMIYIbCHOM pEXNMe
(uactota f = 50 I'u, paurenbHOCTh T = 100 MKC) B 1H-
ogHoIt sueiike. Mcmonab3oBaii UMMOYJIbCHBIE MCTOY-
HUKHU, paboTarolIre B peXXnMax CTaOVIM3aIiuiy HaTIpsI-
JKeHUS WIM ToKa. B xadyecTBe aHOMA IPUMEHSIIN T10-
JIMPOBAHHBIM METATUYECKUN LUJIMHAP AUAMETPOM
1...2 MM, BBICOTOI 2 MM, PacIiOJIOK€HHBIN BEPTUKAJIb-
HO Haj LEHTpaJIbHOI YacThlO KaToAa Ha pacCTOSIHUU
A =125 MKM, a TakKe IIOJMPOBAHHYIO MeTaJlIdde-
CKYIO ILJIACTHHY, MOJHOCTBIO HaKPHIBAIOIILYIO TTOBEPX-
HOCTH aBTOOMUCCHOHHOTO KaToAa M HaXOISIIyIocs Ha
pacctosiHuM A = 250 MmkM. CTpouIid BOJIbT-aMIIEpHbIE
xapakTtepuctuku (BAX) B koopauHatax (E = U/A,
J = 1/8)), atakxe B Bune nuarpamm ®Paynepa—Hopn-
reiima (®PH) [23] B koopamHaTax (E_l, ln(I/Ez), 9IS
FE — HanpssKeHHOCTh 3JIeKTprUIecKoro 1ot (B/MkM)
B 3a30pe Katog—aHo#; I — ToK; U — HampsiKeHUe;
J — II0THOCTL TOKA; §; — paboyas rIowmaib MoBepX-
HocTU aHoma (puc. 7).

ABTOSMMCCUOHHBIE UCITBITAHUS IIPOBOIMIIN Ha 00-
pasliax, MOBEPXHOCTh KOTOPBIX MMeJa COOCTBEHHYIO
MPOBOANMOCTL. UYTOOBI HE BHOCHTH CYIIECTBEHHBIX
W3MEHEHU B aBTO3MUCCHUOHHBIE XapaKTePUCTUKU,
KaTOIbl MCTBITHIBAIN B Te€UEHNE KOPOTKOTO IeproIa
BpeMeHH (1...2 MUH), IpU HE3HAUYUTEIbHBIX IIOTHO-
ctax Toka J = 70...140 MA/CMz. [Tocime popmupoBa-

Puc. 6. Ctpoenne (POM) nosepxuocreii cionctbix cTpykryp Si/C/TiN npu paznnunoii Tonmmune mienkd TiN: ¢ — 14 am; b — 21 um; ¢ —
28 HM; d — 42 HM; e — 56 HM; f — 69 HM
Fig. 6. SEM images of the surfaces of the layered structures Si/C/TiN at the different thickness of TiN film: a — 14 nm; b — 21 nm; ¢ — 28 nm;

d — 42 nm; e — 56 nm; f — 69 nm
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Puc. 7. BAX kaTonoB Ha ocHoBe cJIoHMCThIX cTpyKTyp: a — Si/TiN/C; (1), Si/ZrN/C5 (2), Si/C5 (3), Si/TiN/C53/C (4), Si/ZrN/C5/C (3),
Si/C5/C (6) (na BcraBke — auarpamma ®H); b — Si/TiN/C;3/C (4), Si/ZrN/C3/C (5), Si/C3/C (6) — 10 pecypcHBLIX UCIBITAHUI;
Si/TiN/C3/C (7), Si/ZtN/C5/C (&), Si/C53/C (9) — nocie ucneiTanuii. Ha BcTaBke — KpuBble CTapeHMsl KATOA0B IIPU UCTILITAHUAX B PEXUMe
crabunusauun toka: Si/TiN/C3/C (10), Si/ZrN/C5/C (11), Si/C5/C (12)

Fig. 7. CVC of the cathodes based on the layered structures: a — Si/TiN/C5 (1), Si/ZrN/C; (2), Si/C; (3), Si/TiN/C3/C (4), Si/ZrN/Cy/C (5),
Si/C3/C (6) (inset — Fowler—Nordheim diagram); Si/TiN/C3/C (7), Si/ZrN/C3/C (8), Si/C3/C (9) — after a test. Inset — the aging curves
of the cathodes at testing in the current stabilization mode: Si/TiN/C3/C (10), Si/ZrN/C3/C (11), Si/C3/C (12)

HUST HAHOCTPYKTYPUPOBAHHBIX TIEHOK M3 KpUCTas-
JIMTOB rpaduTa IUIacCTUHYATOi Mopdoaorum, oopas-
LIbI OBLJIY TTOABEPTHYTHI PECYPCHBIM UCTIBITAHUSIM B Te-
YeHHe OIHOTO Yaca ¢ MOCTOSHHOM IJIOTHOCTBIO TOKA
J=1 A/CM2 U ¢ perucrtpanueit HanpskeHust U (Kpu-
Bble cTapeHust). [Tocne npoBeneHus: UCTIbBITAHUM ObLIN
CHATBH BAX, KOTOpbIC B CPABHEHUM C XapaKTePUCTU-
KaMM 0oO0pa3loB 10 MCTbITAHUS MpeACTaBIEHbI Ha
puc. 7. JInst KaTomoB ¢ IUIEHKaMM, C(pOpMUPOBAHHbI-
MM Ha yIJIepOJHBIX 3aTpaBKaX, 3a CKOPOCTb CTapeHUs
(V,) npyHMMa 3Ha4e€HUE TPOU3BOIHOM KPUBOW CTa-
peHust B Touke 60 MMH.

Kak BumHO M3 TIOIYYeHHBIX JAHHBIX, KaTOOBl Ha
ocHose cTpykTyp Tna Si/TiN/C5, Si/ZrN/C5 n Si/C;
HMMEIOT CYLIECTBEHHO 0o0Jiee HU3KUE aBTOIMUCCHOH-
HbIe XapaKTEePUCTUKM IT0 CPAaBHEHMIO ¢ KaTodaMU Ha
crpykrypax Si/TiN/C;3/C, Si/ZrN/C5/C un Si/C3/C
(IIOporoBhIe IO yBEIMYMIUCh Ha 6—7 B/MKM).
Kpome Toro, mo amarpammam ®H BumHo, 4TO yrie-
poaHble TIeHKU, cchopmupoBaHHbie Ha TiN (puc. 7, a,
KpuBble I, 4), UMEIOT JIy4llHle XapaKTePUCTUKU, YeM
IUICHKH, TToaydeHHbIe Ha ZrN (puc. 7, a, KpuBble 2, 5).
Yrneponnas ruienka oopasua Si/C5/C (puc. 7, a, Kpu-
Basi 6), copMUPOBAHHASI HA MOHOKPUCTAJUIMYSCKOM
Si ¢ 3aTpaBKamu, XOTS U MMeeT He3HAUNTETBHO BO3-
pOCIINIT SMUCCUOHHBIN ITOpOr, HO 00JIamaeT OoIblIei
CKOPOCTBIO YBEIMYECHUS J, YeM aHAJIOTMYHBIC TUICHKH,
rmojyyeHHble Ha cTpykTypax Buma Si/TiN u Si/ZrN
(puc. 7, a, kpusble 4 u 5). Ilpu saTrom 0o6pasubl Si/Cs
(puc. 7, a, xpuBasi 3) UMEIOT 3HAYUTEJILHO 00JIee BbICO-
KMIi 5MUCCUOHHBII mopor, yeM obpasubl Si/TiN/Cs,
Si/ZrN/C5 (puc. 7, a, kpusble I, 2). HaumeHbly10
CKOpOCTb CTapeHMs ¥, mokasaja KaToj Ha CIIOUCTOM
crpykrype Si/ZrN/C;/C (xpuBas /] Ha BCTaBKe K
puc. 7, b, V,= 12,29 B/4), no cpaBHenu1o Kax ¢ Si/C;/C
(xpuBas 12 Ha BcTaBke K puc. 7, b, V, = 15 B/u4), tak

n Si/TiN/C;/C (xpuBaa /0 Ha BcTaBke K puc. 7, b,
V,= 17,3 B/u).

ABTOSMHCCUOHHBIC XapaKTePUCTUKN TUTAaHAPHBIX
katonoB Si/C/AIN:Mo u Si/C/TiN usmepsiau Ha 00-
pasliax, MOBEPXHOCTh KOTOPBIX MMeNla COOCTBEHHYIO
MPOBOAUMOCTh, B UMNYJIbcHOM pexume (f= 50 I,
© = 50 MKc).

M3BecTtHO [24], 4TO 37EKTpUYECKOE II0JIE BOKPYT
OCTpPOTO MPOBOTHMKA MOXET OBITh MPECTaBICHO, KaK
B+ Ey, tae p — KOSPOULMEHT YCUIIEHUS, TPUOIN3HU-
TEJbHO PaBHBIA ACMEKTHOMY 4YMCy (BbIcOTa/Torne-
PEYHBIN pa3Mep) NPOBOAHMKA; £ — HANPSKEHHOCTh
CTAHIAPTHOTO BJIEKTPUUECKOTO TT0oJisg, paBHas U/A.
B mpeamonoxeHnu, 4To Bce LEHTPH SMUCCUN UMEIOT
ONMHAKOBHIN pa3Mep, 3aBUCMMOCTH Ha auarpammax
®H npexncraBisior coboit ipsMmele y = Bx + C, e
x=1/E, y= ln(I/Ez); B — TaHreHC yria HakKJOHa
IPAMOIA, NMPONOPLUMOHANBHBIA B; Sy (Tutowaab Uiau
YUCJIO BCEX aBTOAMUTTEPOB) IIPOITOPIIMOHAIBHA
exp(C), rme C — OTpe30K, OTCeKaeMblii MPSIMOK 1O
ocu opauHaT. [ paccMaTprUBaeMbIX TNIEHOK KPUBBIC
Ha guarpamMmax @H mnpencraBasiioT cob0ii KyCOUHO-
JIUHEWHBIE (YHKIAYM, Ha JTUHEHHBIX OTpPe3Kax KOTO-
pbix 3akoH MH BEIMONMHSAETCS ¢ GOIBIIONH TOYHOCTHIO.
[TocnenHee oOBsCHSIETCS OOBIIUM Pa30pPOCOM BHICOT
HAHO3MUTTEPOB (rpadUTOBBIE MIACTUHBI) B 1MAIa30-
He (500 HM ... 5 MKM) TIpU MajioM pa3dopoce TOMIIUH
(6,8...9,5 am). Ha nuHeitHBIX MHTepBaax E 3JIeKTPo-
Hbl TYHHEJIUMPYIOTCS TOJIBKO Yepe3 SMUCCUOHHBIE LIEH-
TPHI ¢ OMMHAKOBBIMY BEICOTAMU, a BKJIAJ OCTAJILHEIX B
PE3YNBTUPYIOIINN TOK HE3HAUUTEJIEH.

ITockonbky B HacTosilel paboTe He 0OCYXKIaeTcs
CJIOXXHasl AMHAMUKA COOCTBEHHO aBTOIMUCCHOHHOTO
npoliecca, a UCCAenyeTcsl TOJbKO BIUSIHUE HAHECEHUST
MJIEHOK HUTPUIOB HAa aBTOSMMCCHOHHBIE CBOICTBa
CJI0S1 KPUCTAJUIMTOB TpaduTa IMJacTUHYATOIO CTpOEe-
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Puc. 8. BAX aBroamuccuonnbix katoaos: @ — Si/C (kpubie /—10); b — Si/C/AIN:Mo (kpusas 1'); Si/C/TiN (kpuBbie 2—10")
Fig. 8 CVC of the field emission cathodes: a — Si/C (curves 1—10); b — Si/C/AIN:Mo (curve 1); Si/C/TiN (curves 2'—10")
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Puc. 9. Casuru (A) BAX (a) aBroamuccuonnbix karonos Si/C nociie Hanecenusi mieHok HurpunoB (I — crpykrypa Si/C/AIN:Mo; 2—10 —
crpyktypsl Si/C/TiN) u BAX (kpuBbie I—4) u nuarpammbl @H (otpe3kn mpsambix 1'—4') aBroamuccuonnsix Katoaos (b): Si/C (1, I');

Si/C (2, 2'); Si/C/AIN:Mo (3, 3); Si/C/TiN (4, 4')

Fig. 9. The CVC shifts (A) of (a) Si/C field-emission cathodes after application of the nitride films (1 — Si/C/AIN:Mo structure; 2— 10 — Si/C/TiN
structure) and CVC (curves 1—4) and Fowler— Nordheim diagrams (segments of the lines 1'—4') of the field emission cathodes (b): Si/C (1, 1));

Si/C (2, 2); Si/C/AIN:Mo (3, 3); Si/C/TiN (4, 4)

HUS, TIPY AHAJIN3€ 3HAYCHUI BEJIMYMH B U S UCITOJIb-
3yeTcsl yNpolleHHas cxeMa (popMUPOBaHMST AAHHBIX.
CpaBHeHVEe 3HAYEHUN TTPOBOAMIIA TI0 3aBUCHUMOCTSIM
Ha auarpaMmmax @PH, koTopble anmpoKCUMUPOBAIU
npssmbIMU. [1omoOHast cxeMa ITO3BOJINIIA BBHISIBUTH TEH-
JNEHUMU B U3MEHEHUM 3HAYEHMI BeJMYMH B U S Ha
KavyeCTBEHHOM YpOBHe, He Tpuberass K TPYIOeMKUM
MareMaThU4ecKuM pacyetaM. [TOCKONBKY MpHU aBTO-
OMUCCUOHHBIX UCTIBITAHUSIX TPUMEHSIJIA AHOIbI U Ka-
TOABI PA3JIMYHBIX IUTOLNANEN, BMECTO mapamerpa S
HCITOJb30BAJIIM TUIOTHOCTh 3MUCCUOHHBIX ILIEHTPOB
J s, = Sy/S;. CpaBHenne BAX 06pasLioB npencTaBie-
HO Ha puc. 8. Kak orMeueHo Ha puc. 9, a, ¢ yBelu-
YeHWEM IJIMTEIbHOCTH HaHeceHUs HUTpumaoB BAX
JIJIST KaToAoB (KpoMe oOpa3slia 2) CABUHY/IUCH BIIPABO
10 CpaBHEHMIO C KaTonamMu 6e3 HUTpUI0B. JJuarpam-
mMbl ®H u BAX aBrosmuccuoHHbix KatomoB Si/C,
Si/C/AIN:Mo u Si/C/TiN npencraBiieHbl Ha puc. 9, b.

Kax BugHo u3 ta6a. 3 u guarpammsl (puc. 10), npu
yBeTMYEeHUM BpeMeHU HaHeceHUs! 7' CJI0osl HUTPUIOB,
T. €. YBEJIMYEHUSI TOJILUHbBI CJIOSI, TIJIOTHOCTh SMMC-
CUOHHBIX LIEHTPOB (KpoMe obpasuia 1) ymeHbll1aeTcs.
B Tabn. 3 npuBeaeHsl mapaMeTpbl aMuccuu ao (B, J S, )
u nocie (B, J¢ S, ) ocaxkJIeHUsl Ha TUIaCTUHYaThIe yr—
JIEpOIdHEIE netku mwieHok AIN:Mo u TiN Ipu JaB-
nenuu 1 Ila B rasoBoii cmecu: Ar + 10 % N, (o6pas-
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ubl 1, 3—10); Ar + 50 % N, (obpasew 2) u Temnepa-
type 500 °C. PaznnuHble 3HaUY€HUs TTapaMeTPOB SMUC-
cuun obpasuos Si/C/TiN (puc. 9 u Taba. 3, ctpoku 2
n 6, 3 1 5) 06yCIOBIEHB OCOOCHHOCTSIMU CTPOCHUS
YIJIEpOAHON TUIEHKW TUIACTMHYATOTO cTpoeHus. On-
HOBpPEMEHHO 3aBUCUMOCTb OTHOCHUTEIFHOTO U3MEHE -
HUs KoadduimeHTa ycuneHus B’ OT TOJLIMHBI CI0sI
HUTPUIOB HE MoKa3aja MPUCYTCTBUSI 3aKOHOMEPHO-

| 90 @ |
| |
| - |
| 59\70 I
i @ r
| u? I
| -’30_ |
| - I
| 10_35 |
| 2 8 9 1 |
| -10 T T T T T !
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Puc. 10. U3menenue (A) MIOTHOCTH SMHCCHOHHBIX HEHTPOB J, S, 00-

pa3uoB (I—10) no u nocyie nanecenus cios TiN B 3aBuCHMOCTH OT
NPOIOJIKUTEILHOCTH HAHECEHHST

Fig. 10. The change (A) of the density of the emission centers J 5, of the

samples (1— 10) before and after application of TiN layer, depending on
a length




Tabauua 3

IMapameTpnl 3Muccuu f3, Jso JI0 W TOCJIe OCAXK/IEHNs HA IUIACTHHYATHIE yriepoanbie wieHkn mwieHok AIN:Mo n TiN;
H3MEHEeHHe ILIOTHOCTH 3MHCCHOHHBIX eHTPoB Js,/ Js’0 nocJjie HaHeCeHus MJICHOK HUTPHIOB

Table 3

The parameters of emission of 3, Js, before and after deposition of AIN:Mo and TiN on the laminar carbon films;
change in the density of the emission centers J s /J S'U after application of the nitride films

[MapameTpbl HaHeCeHUs [TapameTpbl 3MKHCCUM 10 W TOC/IE HAHECEHMSI MJICHOK HUTPUIOB
Application parameters Emission parameters before and after deposition of the nitride film
Ne obpasia Cocras ) CprKTypb} Si/C/AlN:Mo
Sample MHUIICHH [MapameTpsl pa3psina Crpykrypa Si/C u Si/C/TiN
number Composition Discharge parameters Bpems T, ¢ Si/ C structure Si/C/AIN:Mo and Js /Jsy, %
of the target Time T, s Si/C/TiN structures 0
V,B I A B Is, B’ I3,
1 Al + Mo 700 1,5 150 60,82 722,33 43,41 7,98 1,105
2 Ti 220 1,5 30 37,70 32,54 20,00 4,23 13,003
3 Ti 250 1,5 20 21,90 29,44 65,59 2,47 8,399
4 Ti 250 1,5 50 28,97 11,55 66,93 4,62 40,002
5 Ti 250 1,5 20 28,06 140,97 114,69 7,59 5,381
6 Ti 250 1,5 30 33,52 43,07 115,04 33,31 77,331
7 Ti 250 1,5 40 26,00 145,80 102,76 70,00 48,011
8 Ti 250 1,5 60 79,35 3-10° 104,45 23,35 0,008
9 Ti 250 1,5 80 25,29 47,34 71,25 0,32 0,676
10 Ti 250 1,5 100 62,61 151,42 178,78 27,58 18,211

creii. Ilpu Majoil IJIMTENIbLHOCTHU IIpoliecca HaHece-
Hus (o6pasubl 2—4) Ha HavyanbHbIX ToKax (30...50 u
150 MxA) npu peructpaiuu BAX u mojsix okKoJo
10 B/MkM Habmomanu cKaukooOpa3HOe yBeJIUYCHUE
ToKa Ha 100 MKA, 9TO MOXXHO OOBSICHUTDH OTCIIOCHUEM
IUICHOK HUTPUAOB.

3akimoyeHue

B nHacrosieit paboTe mpeacTaBiIeHBl Pe3yIbTaThI
HCCIeNOBAaHUI CTPOEHUSI HAHOCTPYKTYPHUPOBAHHBIX
MJIEHOK Ha OCHOBE YIJIepo/la U HUTPUIOB METAJJIOB
(AIN, TiN u ZrN), nepcrneKTUBHbIX IJISI CO30aHUS aB-
TOSMMCCUOHHBIX KaTomoB. CIIOMCTEIE CTPYKTYPHI BUAA
Si/TiN/C5/C n Si/ZrN/C3/C u3rotoBisam HaHece-
HUEM Ha TIOUTOXKHN 13 Si cJIoeB HUTPHUIOB (METOIOM
JIYTOBOTO pa3psifia) M YIIEPOTHBIX TUICHOK (METOIOM
TJerolero paspsaa). [lpu co3gaHuM CIOUCTBIX CTPYK-
typ Si/C/AIN:Mo u Si/C/TiN HUTpUIs! ¢GopMHUpoOBa-
JIU METOJIOM MarHeTPOHHOTO paciblieHus. I'paduro-
Bast (paza B MHOTO(A3HBIX YTIEPOTHEIX TIJIEHKAX UMe-
eT KOHIEeHTpaluio 10 95 % u mpeacraBieHa B BUIC
M30THYTBIX TUTACTMHYATBIX (OopM WK (YIIOIIEHHBIX
no {0001}) xkpucrasmuToB rpadura.

briin  uccriemoBaHbl 3MHUCCUOHHBIE CBOMCTBA
cioucteix crpykryp Si/TiN/C5/C, Si/ZrN/C;3/C n
Si/C/AIN:Mo u Si/C/TiN ¢ UCIOJIb30BaHUEM YKa3aH-
HBIX IUIEHOYHBIX cjoeB. OKazajoch, 4TO (PYHKIIMO-
HaJIbHBIE CBOMCTBA aBTOAMUCCHOHHBIX KaTOIOB B 3HA-
YUTEJIbHOM CTEeTEeHU 3aBUCAT OT COCTaBa U MOP(oIoruu
IUIeHOK. [[J1s1 o0ecneueHUsI HEOOXOAUMBIX CBOMCTB aB-
TOOMUCCHUOHHBIX KaTOAOB (hOPMUPOBATIM MHOTOCJION -
HBIE CTPYKTYPBI, COMepXKaIIre CION YIepoaa pas3imd-
HOTO CTPOEHUS U CJIOM HUTPUIOB METAILIOB.

[IpencraBieHHbIE B HACTOSIIIEH paboTe pe3yJibTaThl
rnmokaszanu, yto s karogoB Si/C/TiN mpu ToNILMHE
wieHkd TiN ~14 HM Topor asMHCCUM CHU3WICA ¢ 3,2

1o 2 B/Mkm no cpaBHenuto ¢ Si/C. Hapsimy ¢ yMeHb-
IIEHUEM TTOpOoTa aBTO3IMUCCUHN, BaXKHBIM TTapaMeTPOM
TIPH SKCILTyaTalluM 3JIEKTPOHHBIX IIPUOOPOB SIBIISIETCST
CKOPOCTb Jerpajaliii aBTOKaTOA0B BO BpeMEHU (CKO-
POCTh YMEHBIIIEHNUS] aBTOSMUCCUOHHOTO TOKA TP (PUK-
CHUPOBAHHOM HAaIpsDKeHUU WIM YBEJMYEHUST HaIlpsDKe-
HUS TIPY 3aJaHHOM TOKe). ABTO3MUCCUOHHBIE KAaTOIBI
Buga Si/C/TiN npu onpeaeaeHHBIX COOTHOIICHUSIX
TOJIIIIMH CJIOEB B MHOTOCJIOMHOM CTPYKTYpe MoKa3ain
pe3yabTaThl, UAeHTUYHbIe KatogaM Buaa Si/C.
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Cold Cathodes on Layered Structures of Nitrides and Carbon Materials

The layered structures were formed and investigated on Si substrates from nanostructured films of metal nitrides (AIN, TiN and
ZrN), as well as the carbon films, which are promising for development of field-emission cathodes. Nitride films were formed by arc
discharge and magnetron sputtering, while the carbon layer — by a glow discharge. The basis of the field emission layered cathodes
is a multiphase carbon layer, in which the graphite phase has a concentration up to 95 % and is presented in curved plate-shaped
or flattened form on {0001} crystallite graphite.

The functional properties of the field emission cathodes largely depend on the composition and morphology of the films. The emis-
sion properties of the layered structures of Si/TiN/C, Si/ ZrN/C, Si/C/AIN, Si/C/TiN, and the dependences of these properties
on the thicknesses of the deposited nitride films were investigated. The layered structures were investigated to determine the relative value
of the density of the emission centers and the ratio of the height to the transverse dimension of the lamellar crystallites of graphite, before
and after application of nitrides. The presented results show a possibility of lowering of the emission threshold while maintaining the
rate of aging of the field emission cathodes with nitrides of metals in comparison with the structures based on Si/C cathodes.

Keywords: films of nitrides and carbon materials, field emission cathodes, Raman spectroscopy, electron microscopy

Introduction

The prospects for devices of emission electronics with the
improved characteristics are associated with the development
of layered cold (field emission) cathodes, which contain the
layers comprising nanocrystalline and non-crystalline ordered
carbon phases (graphene, nanotubes, nanowalls) [1—6]. The
carbon films formed, predominantly, by platelet-shaped
graphite crystallites are considered as the most promising for
field emission cathodes, which were named "carbon nanow-
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alls" [1—3]. The use of such nanowalls related with the chang-
es in their morphology during operation and, as a conse-
quence, degradation of the parameters of the cathodes based
on them. When using the electrically conductive nitride layers
deposited on a substrate, the adhesion strength of the films
could be increased by changing of the interfacial interaction
of the carbon phases with the substrate, as well as to affect on
their morphological features [7]. When applying the nitride
films on the carbon nanowalls, which provide protection of




the emitting graphite plates from oxidation, it is possible to
stabilize the emission parameters of the cathodes and to re-
duce their degradation rate. It is also contemplated that the
deposition of the nitride films on the carbon nanowalls can
decrease the threshold of the field emission to the values less
than 2 V/um, for example, the Mo films on carbon nanowalls
also reduce the threshold of the emission [4].

The purpose of the work — to study the effect of the struc-
ture of the layered structures based on nitride films and car-
bon materials on the characteristics of field-emission cath-
odes based on them.

Formation of the layered structures

To create the layered structures on substrates of Si
(KDB-10) with the thickness of 0,4 mm, the carbon films and
nitride films were deposited (TiN, ZrN and A1N). The sub-
strates of Si were purified in a glow discharge; the pressure of
Ar in the vacuum chamber was P = 1...5 Pa; the voltage on the
substrate was 600...1000 V; the treatment time was 5...10 min;
the substrate temperature 7;; = 350 °C. When creating the lay-
ered structures of Si/TiN- and Si/ZrN-types, the films of TiN
and ZrN were formed by arc discharge at 7;, = 330...430 °C;
the current of evaporators of Ti, Zr was 100...120 A; the sub-
strate voltage was 200...220 V; N, pressure was P = 0,5 Pa.
After the films deposition, the substrate was cooled in N, at
P =10...50 Pa.

The carbon films were obtained from the gas phase in a
glow discharge. The seed particles (C3) were created by Ht
and CxHy+ ion bombardment in the high frequency discharge
on the layered structures of Si/TiN- and Si/ZrN-type, pre-
liminary formed by the arc discharge. The carbon films (the
structures Si/TiN/C5;/C and Si/ZrN/C;/C) were formed at
the parameters: working gas — 1,5...4 vol. % of CH, + H,;
P> 10* Pa; discharge power — 1...5 kW; T,, = 570...1030 °C.
The structures Si/TiN/C5 and Si/ZrN/C5 were treated in H,
plasma preliminary to formation of these films.

The films of Al and Ti nitrides on the carbon layer were
formed by reactive magnetron sputtering. The films of AIN
doped with Mo (AIN:Mo) were obtained by sputtering of the
composite Al + Mo targets [8] (the Mo area occupied ~0,4 %
of the sputtering area of the Al target) with the composition
of the gas mixture of Ar + 50 vol. % N,; P =1 Pa; the dis-
tance between the target and the substrate was 30...60 mm;
the voltage of the high frequency discharge was 200... 350 V;
the discharge power was 700 W; the value of the electric dis-
placement on substrate holder was 20...45 V; the current of
the anode was 1...1,4 A; T, = 500 °C. The deposition rate was
V'~ 2 pum/h. TiN films were obtained in the gas mixture with
the composition of Ar + 10 vol. % N,; the voltage of 220 V;
the current of 1,5 A; P=1 Pa; T, = 500 °C; V'~ 2,5 pm/h.
The formed layered structures were of Si/C/AIN:Mo- and
Si/C/TiN-type.

The structure of the films

The composition and structure of the films were investi-
gated using scanning electron microscopes (SEM) Carl Zeiss
Supra 40-30-87 and Carl Zeiss Leo 1430 VP with the energy
dispersive spectrometer (EDS), laser micro-Raman spec-
trometer Lab Ram HR 800 (line 632,8 nm of He-Ne laser)
(HORIBA Jobin-Yvon) and X-ray diffractometer Rigaku
D/MAX-2500/PC.

The films of TiN, ZrN and AIN (SEM data) are charac-
terized by fibrous (columnar) structure. The fibers of the crys-

talline phases of TiN and ZrN with a cubic lattice (space
group Fm3m) are oriented in the directions (111), (100) and
(110, and the hexagonal AIN (P6smc) is oriented in the di-
rection (0001) [4, 9]. The gap between the axially textured fib-
ers fills the X-ray amorphous phase of nitrides.

The analysis of films’ surfaces of TiN, ZrN and AIN:Mo
on silicon substrates was made by EDS method. EDS-analysis
of TiN and ZrN films obtained by arc-discharge have shown
the distribution of the elements (weight %) over the surface:
for TIN — 9,9...33,3 % N and 64,7... 78,5 % Ti; for ZrN —
4,8..23,0 % N, 12,5..92,6 % Zr, 1,6...3,9 % O and ~7,7 % C.
The analysis of the composition of TiN films obtained by mag-
netron sputtering have shown the following content of the el-
ements: 16,7...17,2 % N and 18,6...19,4 % Ti; 62,8...63,1 % Si.
The composition of the AIN:Mo-films surface as the follow-
ing: 10,8...11,3 % N; 5,8...6,8 % Al; 14,4...17,6 % Mo;
55,5...60,4 % Si; 8,6...8,8 % O.

The diffuse bands at the frequencies corresponding to the
equilibrium shift Av were observed on the Raman scattering
spectrum (RS) of Si/TiN and Si/ZrN layered structures,
which are equal to 226; 317, 426, 559, 832 and 1134 cm ™! for
TiN (fig. 1, a, curve 1), and 178, 231, 343, 495 and 717 em™!
for ZrN (fig. 1, b, curve I). The absence of the narrow bands
in the spectra can be associated with structural disordering
of the films provided by the high concentration of nitrogen
vacancies, causing distortion of the nearest coordination
spheres [10].

The seeds are formed in a form of cones with the height
of about 20 nm and a density on a substrate of ~2 * 1010 ¢m™2
(fig. 2, a) at HF-processing of TiN and ZrN films by H" and
CxHy+ ions (creation of the seed particles). In concurrence
with this, the composition and the structure of the surface
of the layered structure become changed, which reflects in
the Raman spectra (fig. 1, curves 2), in particular, the oc-
currence of the graphite bands at 1330...1335 em” ! (broad-
ening of the bands Av, , ~ 150 cm~ !y and 1614...1618 cm™!
(Avyj ~57..73 cm™!)."Some bands are attributed to the zir-
conium oxynitride (ZrNxOy) [11]. The features of the Raman
spectra of the surface layer on composition change of the ZrN
to ZrO, films are shown in fig. 1, . The asymmetric band at
Av = 495 cm™ ! is predominant in ZrN Raman spectrum, and
two bands at frequencies of 178 and 231 cm ! in the low fre-
quencies range (curve /). The spectrum of ZrO, (curve 2)
consists of several bands of the monoclinic phase of ZrO,.

After formation of the seed particles, the analysis of sur-
faces of the layered structures of Si/TiN/C5; and Si/ZrN/C;
has revealed redistribution of the elements over the substrate’s
surface: TIN — 49,7..55,4 % N and 44,1-50,3 % Ti,
3,5..3,8 % 0O; 19,7..25,3 % C; 1,6...76,3 % Si; ZtN —
23,2...30,6 % Zr; 53,1...63,0 % O; 12,5...16,2 % C. The ni-
trogen in the surface layer of the Si/ZrN/Cj structure was
not detected. ZrO, phase occupies the thin layer of surface,
so the electric resistance of the layered structures Si/TiN and
Si/ZrN normally to their surface keeps low and counts
~109,3 and ~63,5 Q, respectively.

X-ray diffractometry have shown that the carbon films
represent a mixture of X-ray amorphous and nanocrystalline
phases of carbon materials [5, 12, 13]. The concentration
of the graphite phase in the multiphase carbon films com-
poses 95 %. The carbon films of the layered structures of
Si/TiN/C5/C- and Si/ZrN/C;/C-type have an identical
structure and consist of curved plate-like shapes flattened on
the {0001} of graphite crystallite (fig. 2, b). The plates of
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graphite crystallites of plate-like morphology consist of graph-
ene layers [12, 13]. The layers of such crystallite form a hex-
agonal lattice (laying ...AB...) [2, 14]. The thickness of the
graphite plates (corresponds to the size of the coherent X-ray
scattering areas LOKR) on the X-ray diffraction patterns
composed Lokr = 8,5...9,5 nm, calculated according to the
formula Selyakov—Scherrer on broadening of the diffraction
peaks (0002).

The composition and structure of the nanocrystalline and
X-ray amorphous phases of the carbon films reflect in their
Raman spectra [15—18]. The Raman spectra of these films
consisting of the graphite crystallites flattened on {0001} show
the intensive D, G and 2D-bands at Av, which equal to
1340...1343 cm™" (Av;, = 40...50 cm™!); 1590...1591 cm ™!
(Avy, = 30..45 em~1) and 2668..2673 cm ! (Avy)p =
= 60...70 cmfl) (fig. 3). At the same time, there are weak
bands at Av equal to 233...243, 863...879; 1081...1167 (x-band);
1612...1627 (D-band); 2449...2482 (x + D-band); 2909...2934
(D + G-band) and 3221...3248 cm ™! (2D"-band). The inten-
sity of the bands in the Raman spectra of the structures of
Si/TiN/C5/C, Si/ZrN/C5/C and Si/C5/C depended on the
deposition conditions [19] (table 1).

The size of the graphite particles in the basal plane (the
thickness of the graphite plates) calculated by the ratio of the
intensities 7,/ of the bands on the Raman spectra of carbon
films according to the formula L, = C(/ D/IG)_I, where C —
a coefficient depending on the wavelength of the excitation
light (for A = 632,8 nm, C = 4,4), gives L, ~ 6,8...8,1 nm for
the carbon films of the layered structures Si/TiN/C;/C and
Si/ZrN/C5/C, which is close the values calculated by the
X-ray diffraction patterns: Lop = 8,5...9,5 nm. Taking into
account the interplanar spacing of graphite equal to 0,335 nm
in (0001), it can be said about the presence ~20...25 layers of
graphene in graphite plates.

The Raman spectra of the AIN films with a high concen-
tration of polycrystalline highly textured phase by (0001) have
the bands at Av equal to 249 em ™! (Avy,, =20...25 cm™ b,
563 cm™! (Av,~50cm™), 609 cm™! (Av) , ~ 50 cm ™) and
653 cm™! (Av1/2 = 35..50 cm_l) (fig. 4, a). X-ray amor-
phism leads to broadening and shifting of the bands, which
are characteristic for the crystal structure and to appearance
of the additional bands. The spectra of amorphous AIN films
are characterized by blurred weak band at Av equal to
636...639; 690...692; 780; 789...796 cm ! (fig. 4, b), the po-
sition and the width of which depends on the 7;,. The shape
and the intensity of the bands in the spectra are different for
AIN films, formed by various methods (sublimation, vacuum
evaporation and others) [20—22]. For undoped AIN films,
the crystallite’s size is Lggp = 35...63 nm, for doped
(AIN:Mo) — Lggp = 20...50 nm. The longitudinal resistance
of AIN:Mo films at room temperature is 10%...10° Q. EDS
analysis has shown the following composition of AIN films
with the thickness of about 0,2 pm synthesized on Si sub-
strates at various temperatures: 250 °C — 34,6 % N; 46,2 % Al,
6,5 % 0; 12,7 % Si; 300 °C — 33,5 % N; 51,6 % Al; 8,8 % O;
6,1 % Si; 350 °C — 32,9 % N; 46,5 % Al; 8,9 % O; 11,7 % Si;
450 °C — 27,9 % N; 35,6 % Al; 12,2 % O; 24,4 % Si. The
presence of Si indicates the islet structure of the films.

The Raman spectra of the layered structures Si/C/AIN:Mo
and Si/C/TiN have the blurred (Avy/, > 100 cm” ') bands
at Av equal to 195, 293 and 504 cm—1 — the AIN:Mo film
(fig. 5, a, curve 3), and 231, 335 and 609 em™! — the TiN
film (fig. 5, a, curve 4). The intensity of the bands from the
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layer of laminar carbon in the Raman spectra depended on
the structure of the contact layers (table 2, the sample’s num-
bers correspond to the numbers in fig. 5).

The SEM photographs of the layered structure of
Si/C/TiN show the changes in the morphology of the emit-
ting surface depending on the TiN film thickness (fig. 6).
EDS-analysis has shown the composition of the surface of the
layered structure Si/C/TiN at the TiN film thickness equal
to 69 nm: 21,0 % C; 13,5 % O; 52,3 % Ti; 6,2 % Si.

The emission characteristics of cold cathodes
in the layered structures

The emission characteristics of the cathodes were meas-
ured at 107> Pa in a pulsed mode (frequency f= 50 Hz, du-
ration T = 100 ps) in the diode cell. The pulsed sources op-
erating in the modes of stabilization of voltage or current were
used. A polished metal cylinder with the diameter of 1—2 mm
and the height of 2 mm placed vertically on the central part
of the cathode at a distance of A = 125 um, as well as a pol-
ished metal plate, completely covering the surface of the field
emission cathode and mounted at a distance of A = 250 um,
were used as the anode. The current-voltage characteristics
(CVC) in the coordinates (£ = U/A, J= 1/S|) were con-
structed, as well as the Fowler—Nordheim diagrams (FN) [23]
in the coordinates (£ 71, ln(I/Ez), where E — the intensity of
the electric field (V/um) in the anode-cathode gap, I — cur-
rent, U — voltage, J — current density, .§; — working area of
the anode surface (fig. 7).

Field emission tests were carried out on the samples which
surface had its own conductivity. In order not to make the sig-
nificant changes in the field emission characteristics, the
cathodes were tested in a short time (1—2 min) with minor
current densities of J = 70...140 mA/cmz. After formation
of the nanostructured films from the graphite crystallites of
lamellar morphology, the samples were subjected to the en-
durance tests for an hour at a constant current density of
J=1 A/cm2 with registration of the voltage U (aging curves).
The CVC were taken after tests and compared with the char-
acteristics of the samples before the test (fig. 7). The derivative
of the aging curve in the point of 60 min was taken as the aging
rate (V) for cathodes with films formed on the carbon primers.

As we can see, the cathodes based on Si/TiN/Cj,
Si/ZrN/C5 and Si/C; have substantially lower field emis-
sion characteristics as compared to the cathodes based on
Si/TiN/C3/C, Si/ZrN/C3/C and Si/C;/C (the threshold
field increased by 6—7 V/um). In addition, according to the
Fowler-Nordheim diagrams, it can be seen that the TiN films
(fig. 7, a, curves 1, 4) have a better characteristics than the
Z1N film (fig. 7, a, curves 2, 5). The carbon film of Si/C;/C
sample (fig. 7, a, curve 6) on a single-crystal Si with the prim-
ers, although it has slightly increased emission threshold, but
has a higher speed of increasing of J, than the similar films
on Si/TiN and Si/ZrN (fig. 7, a, curves 4 and 5). The sam-
ples of Si/C; (fig. 7, a, curve 3) have a significantly higher
emission threshold than the samples Si/TiN/C5, Si/ZrN/C;
(fig. 7, a, curves I and 2). The lowest aging rate V, was
shown by the cathode on the layered structure Si/ZrN/C;/C
(curve 11, insetin fig. 7, b, V,, = 12,29 V/h) as compared with
both Si/C5/C (curve 12, inset in fig. 7, b, V, = 15 V/h) and
Si/TiN/C5/C (curve 10, inset in fig. 7, b, V, = 17,3 V/h).

Field emission characteristics of the planar cathodes
Si/C/AIN:Mo and Si/C/TiN were measured in pulsed mode
(f= 50 Hz, T = 50 ps) on the samples, which surface had
intrinsic conductivity.




It is known [24] that the electric field around a sharp con-
ductor can be represented as B * E;, where § — the amplifi-
cation factor, which is approximately equal to the aspect
number (height/transverse dimension) of the conductor, and
Ey — the intensity of the standard electric field equal to U/A.
Assuming that the emission centers have the same size, the
dependencies on the Fowler—Nordheim diagrams represent
the straights y = Bx + C, where x = 1/E, y = In(l/E*), B —
the slope of the straight, which is proportional to B, S, (area
or the number of all field emitters) is proportional to exp(C),
where C — the intercept along the vertical axis. For the re-
viewed films, the curves on the Fowler—Nordheim diagrams
represent the piecewise linear functions, the Fowler—Nord-
heim law becomes executed with great precision on its linear
segments. The last-mentioned is explained by height variation
of nanoemitters (graphite plates) in the range (500 nm...5 um)
with a small spread in the thickness (6,8...9,5 nm). In line in-
tervals E, the electrons are tunneled only through the emis-
sion centers with the same height, and the contribution of
others in the current is insignificant.

Because the complex dynamics of the field-emission proc-
ess is not discussed in the work, and the effect of the appli-
cation of nitride films on the field emission properties of the
layer of graphite crystallites of the laminar structure is only
studied, the simplified pattern of the data formation when an-
alyzing the values p and S, are used. A comparison was carried
out by the dependencies on the Fowler—Nordheim dia-
grams, which were approximated by straight lines. Such a pat-
tern has allowed to identify the trends in the change of the val-
ues B and S on a qualitative level, without resorting to time-
consuming calculations. Since the anodes and cathodes of
different areas were used in the field-emission tests, the den-
sity of emission centers Jg = S/} was used instead of ;. The
comparison of CVC of the samples is shown in fig. 8. As indi-
cated in fig. 9, a, with increase in duration of nitrides appli-
cation, CVC for the cathodes (except the sample 2) moved to
the right side as compared to the cathodes without nitrides.
The Fowler—Nordheim diagrams and CVC of the field emis-
sion cathodes Si/C, Si/C/AIN:Mo and Si/C/TiN are shown
in fig. 9, b.

As can be seen from table 3 and a diagram (fig. 10), with
increasing of the nitrides deposition time, i.e. the layer thick-
ness, the density of the emission centers (except sample 1) de-
creases. Table 3 shows the emission before (B, J. 50) and after
B Jgo) deposition of AIN:Mo and TiN on the laminar car-
bon films at pressure of 1 Pa in a gas mixture: Ar + 10 % N,,
(samples 1, 3—10); Ar + 50 % N, (sample 2) and 500 °C. The
various parameters of the emission of the samples Si/C/TiN
(fig. 9 and table 3, lines 2 and 6, 3 and 5) are caused by the
structural features of the laminar carbon film. The depend-
ence of the relative change in the amplification factor B’ from
the thickness of nitride layer showed no pattern. An abrupt in-
crease of the current on 100 mA was observed in the case of
short duration of the application process (samples 2—4) on
the initial currents (30...50 and 150 mA) in registration of
CVC and in the fields of about 10 V/um, which can be ex-
plained by detachment of the nitride films.

Conclusion

The results of studies of the structure of the nanostruc-
tured films based on carbon and nitrides of metals (AIN, TiN
and ZrN), promising for field emission cathodes, were intro-
duced in this work. The layered structures of Si/TiN/C5/C

and Si/ZrN/C;/C were produced by application of the ni-
tride layers (by arc discharge) and carbon films (by glow dis-
charge) on Si substrates. In creation of the layered structures
of Si/C/AIN:Mo and Si/C/TiN, the nitrides were formed by
magnetron sputtering. The graphite phase in the multiphase
carbon films has a concentration of up to 95 % and is pre-
sented in the form of curved plate-like shapes or graphite
crystallites (flattened on {0001}).

The emission properties of the layered structures
Si/TiN/C5/C, Si/ZrN/C5/C and Si/C/AIN:Mo and Si/C/TiN
were investigated using the named film layers. The functional
properties of the field emission cathodes largely depend on
the composition and morphology of the films. The multilayer
structures comprising carbon layers of different structure and
the layers of nitrides of metals were formed to ensure the de-
sired properties of the field emission cathodes.

The results presented in this paper have shown that the
emission threshold for the Si/C/TiN cathodes have decreased
from 3,2 to 2 V/um at the TiN film thickness of ~14 nm,
compared with the Si/C. Along with a decrease in the field
emission threshold, an important parameter in the operation
of the devices is the rate of cathodes degradation in time (de-
crease of a field emission current at a fixed voltage or increase
of a voltage at a given current). Field emission cathodes of
Si/C/TiN-type at certain ratios of the thickness of layers in a
multilayer structure have shown the results identical to the
Si/C cathodes.
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®deneparbHOE TOCYIAPCTBEHHOE OIOMIKETHOE yupeXkaeHne Hayku HaydHo-mcciaemoBaTeIbCKU MHCTUTYT
CUCTEeMHBIX HccnenoBanuii Poccuiickoii akanemun Hayk (HUMCHU PAH), MockBa

OLIEHKA BO3MOXXHOCTEMN U3rOTOBAEHUA MUKPOCXEM
AHAAOTO-UNM®OPOBOIO NMPEOBPA3OBAHMA
HA BA3E OTEMECTBEHHOM KHU KMOI-TEXHOAOTUU
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IIpedcmaenenvt pe3yrvmamosl NPAKMU4ecKoll paspabomrKu CA0XHCHO-QYHKUUOHAAbHBIX 0A0K08 UUPDPOAHAN0208bIX NPeodPA30-
eamesnell ¢ ucnoavsoearuem omevecmeennou mexronroeuu KHHU KMOII ¢ npoekmuvimu Hopmamu 250 um. Uzmepennvie cmamu-
uecKue NoepelHOCmU NOA0JICEHbL 8 OCHOBY OUEHKU 803MOICHOCMel U320MO06AeHUs 0A0K08 aHaN020-UUDPOB020 npeodpa3o8arus no

O0aHHOU MexHOoA02UU.

Karoueevie caoéa: KHU KMOII-mexuonoeus, cmamu4eckue napamempsl CAOHCHO-(PYHKYUOHANbHO20 010KA YUPDPOaAHAN020-

6020 NPeobpPa306aHuUs.

Beenenune

K coBpemennbsiMm CBUC noTpebuTeassMu mpeabss-
JIsieTcsl Bce OoJibllie TpeOOBaHUM, OMHUM U3 KOTOPBIX
4yacTo SIBJISIETCS HAJIMYME pa3IMyHbIX LKU(ppoaHaIoro-
Boix (LJAIT) u aHanmoro-uudpoBbIX IIpeodpa3oBareieit
(ALIIT), HeoOXOAUMBIX IJI YIpaBJIEHUS! BHELIHUMU
cxeMaMu M orpoca AaT4yukoB. OJHMM U3 OCHOBHBIX
MapaMeTpoB CXEM aHajIoro-uudpoBOro mnpeodpaszo-
BaHUs sBJsieTcsl auddepeHilnaibHas HEeJIUHEMHOCTh
(DNL) [1].

OHa cBsI3aHa ¢ HEJMHEHHOCTBIO KOAOBBIX MEPEX0-
JIOB Mpeodpazosatensl. B uaeanbHOM ciyyae u3MeHe-
HUE OTHOTO MJIAJILIETO paspsina LudpoBoro Kojaa Tou-
HO COOTBETCTBYET M3MEHEHUIO aHAJIOTOBOTO CHTHAJIA
Ha pa3Mep luara kBaHToBaHus. B LIAIl uzMeHeHue
OIHOTO MJIaMIIEro paspsijaa HUu(poBOro Kojaa MOKHO
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BbI3bIBaTh B TOUHOCTU MU3MEHEHWE CUTHajla Ha aHajo-
TOBOM BBIXOJI€, COOTBETCTBYIOIIIEE 3HAUCHUIO MJIaf1Ie-
ro pa3pszaa. B To xe Bpems B ALLIT mpu niepexone ¢ o~
HOTO UM(MPOBOTO YPOBHSI Ha CJEAYIOLIMI 3HAUYCHUE
CHUTHaja Ha aHaJloTOBOM BXOIIE JOJKHO MU3MEHUThCS
TOYHO Ha BEJIUYMHY, COOTBETCTBYIOLIYIO MJIAAILIEMY
paspsiay uMdpoBoii mkaasl. UMeHHO o 3ToMy napa-
METpY YIOOHO CYAUTh O TOUHOCTHBIX XapaKTePUCTUKAX
HAIT non ALIII.

Omnucanne TecToBbix 0J0K0B ITATI

s Toro 4yToObl OLIEHUTh BO3MOXHOCTH peajin3a-
LIMM TOYHOCTHBIX xapaktepucTuk HAIT u ALII B
paMkax otedyectBeHHOI TexHonormu KHUW KMOII ¢
MPOEeKTHBIMU HOopMaMmu 250 HM [2, 3] pu OTCYTCTBUU
MOJHOTO U HEOOXOAMMOIO 00beMa CTAaTUCTUUYECKHUX




LIAM Ha ocHoBe ynpaenaembix
TPaH3UCTOPHBLIX MCTOYHWKOB TOKa
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LIAM Ha ocHOBE Pe3aMCTUBHOM
matpuusl R-2R

(DAC on basis of R-2Rresistive
matrix)

Puc. 1. Tonosorus C® 6;10ka nudpoananoroporo npeodpa3oBaHus
Fig. 1. The topology of the DAC unit

JIAHHBIX MO TEXHOJOTMUYECKOMY pa3dopocy MmapaMeTpoB
3JIEMEHTOB OBLIIA pa3pabOTaHBl U M3TOTOBJICHBI CITOXK-
Ho-¢yHKIMoHaNbHBIE (C®D) 610ku LIAIT B cocrtaBe
CBUC Mukponpolieccopa 6e3 KaKMX-JIM00 JOTOTHU-
TeJIbHBIX KOHCTPYKTUBHO-TOITOJIOTMYECKUX OMIMUIA. BbI-
JIM UCITOJIb30BaHbI ABe apxuTekTyphl LIAIT: Ha ocHOBe
pPe3UCTUBHOM MaTpulibl R-2R 1 Ha OCHOBE yIpaBJisie-
MBIX TPAH3MCTOPHBIX UCTOYHUKOB TOKA. B mIiepBoM ciry-
yae DNL IHAII OyneT B OCHOBHOM OIIPEIEIISIThCS OT-
HOCHUTEJIbHBIM Pa3dpoCoM COMPOTUBIEHUI pPE3UCTOPOB
B Matpulie R-2R, a BO BTOPOM CJiy4yae — OTHOCHUTEJIb-
HBIM pa3dopoOCOM IMapaMeTpOB TPAH3UCTOPOB B YIIpaB-
JISEMBIX TPaAaH3MCTOPHBIX MCTOYHMKAX TOKa. B cBoio
ouepenb, DNL mUpoKo pacnpoCTpaHEHHOro Kjacca
AIILl mopa3psimHOTO ypaBHOBEIIMBAHUS 3aBUCUT OT
DNL TAII B uenu obpaTHoil cBsA3u [4]. ABTopamu
nmaHHb Tun AT ucnonbs3oBaH mpu pa3paboTke 0J10-
ka moHutopuHra CbC mukpornpoueccopa [5]. Takum
00pa3oM, OlleHMBasl BO3MOXHOCTH BBIOpaHHOI TEXHO-
JIOTUM TSI TIOJIyYEHMST OTpeeIeHHbIX TOUHOCTHBIX Xa-
pakTepuctuk HHAII, MoXHO caenaTh KOCBEHHBINM BEIBOL
1 O TOYHOCTHBIX XapakTeprcTukax ALIIT Ha ux ocHoBe.

B pamkax manHoit pabotel B HUMCHU PAH 6buiu
CIIPOEKTUPOBAHbI TECTOBBIE CTPYKTYpPhI ABYX 14-pas-
PSIHBIX LM(MPOAHAIOrOBBIX MpeodpazoBaTesieit ¢ 00-
IIMM TMapajieJIbHbIM BXOJOM 1 BXOJOM CUHXPOHU3a-
M. BXomgHbIe JaHHBIE TOCTYHAIOT OMHOBPEMEHHO Ha
00a 1un¢poaHaJIOroBbIX Ipeodpa3oBaTeis U 3aIIOMMU-
HAIOTCS B COOTBETCTBYIOLIMX BXOAHBIX PETUCTPax IO
OTpULIATEIbHOMY (DPOHTY CUTHaJla CUHXPOHU3ALIUU.
Ha pwuc. 1 npencrasiena Tonomoruss C® 6roka.

ITnomans 61oka LIAIT Ha ocHOBe pPe3UCTUBHOM
maTtpuibl R-2R cocraBuia 0,15 MM2, a momanb AT
Ha OCHOBE YIPAaBJISIEMBIX TPAH3UCTOPHBIX NUCTOYHHKOB
Toka — 0,075 MM2.

Pe3yabTaThl M3MeEpeHUId

TecTOBBIE CTPYKTYPhI M3TOTOBJICHBI HA OT€YECTBEH-
HOM TIPEITNIPUSITHHN B COCTaBe 64-pa3psiTHOrO MUKDPO-
rpoiieccopa € ITOHIKEHHBIM 3HEPronoTpedIcHueM

[6]. 151 OLleHKHM TOYHOCTU IpeoOpa3oBaHUsl UCIIOJIb-
30BaJjicsl HU(POBOI BXOAHOM KOA MUI000PA3ZHOIO CUT-
Haja (IMoCJaeaoBaTeIbHEIN MepeOop BXOMHBIX 3HAYe-
Hui1). OCHOBHBIE Pe3yJbTaThl MOAEIMPOBAHUS TIPU-
BeleHBl B Tabiuie. McciaegoBaHus NPOBOAWIM IIPHU
yactoTe curHaja cunxponusauuu 500 xI'u. Ha puc. 2
MpeacTaBleHa nepenatoyHass xapakrepuctuka LIAIT
Ha OCHOBE pe3UCTUBHON MaTtpulibl R-2R. U3MepeHust
MIPOBOIWIIM JJIsI HApTUM U3 MSITA MUKPOCXEM C YCpe.-
HeHueM no 10 u3MepeHUsIM TPU TUMOBBIX YCJIOBUSX
aKcrryataiuu. ITo ocu opAMHAT OTIOXKEHO BBIXOIHOE
Hanpsxkenue AT, HopMupoBaHHOE Ha IIar KBaH-
TOBaHMSI.

Ha puc. 3 mpencrasieHa 3aBUCUMOCTb TUddepeH-
LMAJIbHOM HEJIMHEMHOCTU, BBIPAXKEHHOUW B 3HAYEHUSIX

PesyibTaTel MOAEIHPOBAHHUS
Simulation results

AT na LIAIT Ha oc-
Ennnuua OCHOBE HOBC ynpas/isi-
€MBIX TPaH3MC-
n3Me- pPEe3UCTUB-
HaumeHoBaHue > TOPHBIX UCTOY-
peHust | HOil MaTpu-
rmapamMeTpa Measure-| 11 R-2R HUKOB TOKa
Parameter name DAC based on
ment DAC based controlled
unit on resistive .
. transistored
matrix R-2R
current sources
PaspsaHocTts, N bit 14 14
Number of bits, N
Hamnpsoxkenue \% 2,5 (omHO- 2,5 (mudde-
TOJIHOM WIKabl, Vi, TOJISIDHBIA | pEHUMAIbHBIA
Full scale voltage, BBIXOM) BBIXOM)
Vo (unipolar (differential
output) output)
OropHoe HarpsKe- \% 2,5 1,25
HHE
Reference voltage
BbixomHoe corpo- kQ 16 1,6
TUBJICHUE
Output impedance
Bpewmst yctaHOBIIeHUS ns 500 50
Ha XOJIOCTOM XOIy
Settling time on idling
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(Output value, readouts)

BuxoqHoe sHaueHHe, OTCYETOR

0 2000 000 6000 8000 10000 12000 14000 16000
Bxoamoi kop, Gur  ( Input code, bits )

Puc. 2. IlepenaTounas xapakrepuctuka IIAIl na ocHoBe pe3ucTuBHOi MaTpuupl R-2R
Fig. 2. The transfer characteristic of the DAC based on the resistive matrix R-2R

Bxoawoi kog, 6ur (Input code, bits)
0 100 200 3000 4000 S0 6000 7O SHK 9000 10000 11000 12000 13000 14000 15000 16000

2 I y= 5

DNL, LSB
=]

Puc. 3. 3asucumocts DNL ot Bxoauoro kona 1 IIAIT Ha ocHoBe pe3ucTuBHO# maTpuust R-2R
Fig. 3. The DNL dependence for the DAC input code based on resistive matrix R-2R

(Output value, readouts)

BEREEREEE
\

Buixaaioe sHavesme, OICHETOs

o 2000 000 6000 ‘BO0D 10000 12000 14000 10000
Bxoauoi kop, Bur  ( Input code, bits)

Puc. 4. Ilepenarounas xapakrepuctuka ITAIl Ha ocHOBe ynpaBisieMbIX TPAH3UCTOPHBIX HC-
TOYHMKOB TOKA

Fig. 4. The transfer characteristic of the DAC on based on the controlled transistored current sources

BxogHoii ko, 6ur (Input code, bits)
0 1000 2000 3000 4000 S000 G000 7000 £000 9000 10000 11000 12000 13000 14000 15000 16000

: || I

DNL, LSB

Puc. 5. 3apucumocts DNL ot Bxoanoro koxa s LIAII Ha ocHOBe ynpaBiisieMbIX TPaH3M-
CTOPHBIX MCTOYHHKOB TOKA

Fig. 5. The DNL dependence for the DAC input code based on the controlled transistored current
sources
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MJIQ[LIero 3Havailero paspsiga LSB,
ot BxogHoro komxa LIAII. Bugho,
yto DNL He mpeBbIIacT 3HAYCHUS
Tpex LSB.

Ha puc. 4 npencrasieHa nepeaa-
TouHas xapakrtepuctuka LAIT Ha
OCHOBE YMPAaBISIEMbIX TPaH3UCTOP-
HbIX MCTOYHUKOB Toka. M3mepeHus
MPOBOAWIIA JISI TapTUM W3 TIATU
MUKPOCXeM C ycpeaHeHueM o 10 uz-
MEpPEHUSIM TIpU TUIIOBBIX YCIOBHUSIX
9KCILTyaTalliMu.

Ha puc. 5 npencraBneHa 3aBucu-
MOCTh IU(pdepeHInaATbHONR HeIu-
HEMHOCTHY, BBIPAXCHHOU B 3Haye-
HUSIX MJIQAIIEero 3Havallero paspsi-
na (LSB) ot BxogHoro koma IIAITI.
Bupgno, ytro DNL He nipeBbIlIaeT 3Ha-
yeHus nsatu LSB.

AHa/M3 pe3yJbTATOB

IMpeamnonoxum, 4To KOHCTPYK-
TUBHO MaTpULbl PE3UCTOPOB U
TPaH3UCTOPOB B COOTBETCTBYIOLIMX
LAIT BbImONHEHBI aKKypaTHO U
MPUHSTBHl BCE PEKOMEHIyeMbIe Me-
pbl 1J1g oOecreuyeHUs] paBHO3HaY-
HOCTU ITapaMeTPOB DJIEMEHTOB MaT-
pulbl. B 3TOM ciyyae OTHOCUTEIb-
HBI pa3dpoc MmapaMmeTpoB 2JIEMEH-
TOB MaTpulibl OyaeT, Kak yxe
YKa3bIBaJIOCh BhIIIE, OMPENEISAThCS
TEXHOJOTUUYECKUM pa3dopocoM, II0
CYTHU, BO3MOXHOCTSIMU TEXHOJIOTUU.
OTHOCUTENIbHBII Pa3dpoc BIAUSET Ha
HEJIMHEMHOCTD MEPEIATOYHOMN XapaK-
TepUCTUKU. Tam, e MmorpeuHocTb
M3MEHEHMSI aHAJIOTOBOTO CUTHAaJja,
COOTBETCTBYIOIIAsI UBMEHEHUIO €M~
HUIIBI MJIQMIIETO pa3psiaa LugpoBo-
ro Koja IMpeBbIlIaeT 3aJaHHOE 3Ha-
YeHUe, CYILIEeCTBYeT olunoKa nudde-
peHIagbHON HelmHeiHoctu. DNL-
ommbKka IpeobOpasoBareisi OOBIYHO
orpeneisieTcss Kak MaKCUMaJibHOe
3HaueHue nudepeHInaJIbHONA He-
JIMHEMHOCTHU, BBISIBJSEMOE Ha JIIO-
o6om mnepexone. Eciu nuddepenum-
ampHasg HemmHelHOCTh LIAIT MeHb-
e, yem —1 LSB Ha 11000M nepexo-
ae (cm. puc. 3, 5), LHAII Ha3biBaoT
HEMOHOTOHHBIM, U €ro XapakTepu-
CTHKa Tepenayu CONepXKUT OAUH UN
HECKOJILKO OTpaHUYEHHBIX MaKCH-
MYMOB WJIM MUHUMYMOB. dudde-
peHUMaIbHAs HEJIMHEMHOCTD, 00JIb-
mag yeM + 1 LSB, HexXelarenbHa,
Jlaxke €CJIM OHa He BbI3bIBAET OTKJIO-
HEHHUsI OT MOHOTOHHOCTU. Bo MHO-




rux npuiaoxeHusx ITAIT (ocoOeHHO B 3aMKHYTBIX
CHCTEMaXx, IIe HEMOHOTOHHOCTb MOXET U3MEHSITh OT-
pULIATEeJIbHYI0O OOPaTHYIO CBSI3b Ha MOJIOXKUTEIbHYIO)
MOHOTOHHOCTb TAIT oueHb BaxkHa. YacTo MOHOTOH-
HocTh LHHAII sIBHO ompenensieTcsl U3 nepeIaTouHoMn xa-
PaKTepUCTUKU, XOTs, ecliM auddepeHIIaTIbHas HeJlu-
HENHOCTb TapaHTUPOBAHHO MEHbILIE €AMHMIILI MIaIIIe-
ro paspsiga, yCTpPOMCTBO JAOJKHO ObITb MOHOTOHHBIM.
Bec Mnaaumero 3Havalero paspsiaa 12-pa3psigHoOro
IIAIT B 4 pa3a npesbiinaer Bec LSB 14-pa3pssmHoro
LAII, moaToMy, aHAIM3UPYS Pe3yabTaThl UBMEPEHUIA,
MpUBEJEHHbIC HA PUC. 3, MOXHO 3aMeTUTh, YT0 DNL
He mipeBbiiaeT 0,875 LSB nist 12-pa3psiiHON IKaIb
npeobpazoBaHus. Ha puc. 5 auiib Tpu oTcueTa He3Ha-
YUTEJIbHO TMPEeBhIIAIOT 3HaueHue LSB B nepecyere Ha
12-pa3psaHylo mKay nmpeoopasoBaHus. Takum obopa-
30M, MOXHO YTBEpXKAaTb, YTO C OOJIbIIOW CTENEHBIO
BEPOSITHOCTH pa3paboTka 12-paspsagHbeix CP 6JI0KOB
aHanoro-1ugpoBoro npeobpazoBanus B coctae CbUC
no oredyectBeHHOM TexHonoruu KHM KMOII ¢ npo-
€KTHBIMU HOpMaMU 250 HM TIpUBEIET K IMOJOXUTEb-
HbIM pe3yabratam. s aByx apxutektyp LIATIT ato mo-
Ka3aHo Ha MPAKTUYECKOM TPUMEPE M €CTh OCHOBAHUS
rnoJjararb, YTo OyIeT AOCTUTHYT MOJOXUTEIbHBIN pe-
3yJbTaT U npu pazpadorke 12-paspsaHbix ALII ¢ ap-
XUTEKTYPOI MOpa3psiIHOIO YpaBHOBEIIMBAHUSI.
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Feasibility Study of Manufacture of the Analog to Digital Conversion Chips Based

on Domestic SOl CMOS Technology

In order to assess feasibility of the accuracy characteristics of ADC and DAC of the domestic SOI CMOS technology, design
rules of 250 nm were developed and IP-blocks of analog to digital conversion were manufactured as part of VLSI microprocessor
without any additional structural and topological features. Two DAC architectures were used based on a resistive R-2R matrix and
controlled transistor current sources. There are measurements of DNL. It is expected with high probability that development of 12-bit
1P blocks of the analog-to-digital conversion as part of VLSI based on domestic technology of SOI CMOS design rules of 250 nm
will lead to positive results. Two DAC architectures are shown as a practical example, and there are reasons to believe that there
will be positive results in development of 12-bit successive-approximation-register (SAR) analog-to-digital converters.

Keywords: SOI CMOS technology, static parameters of the digital to analog conversion of IP-block

Introduction

The requirements that applied to the modern VLSI rapidly
increase, one of which — the need for a digital-to-analog
(DAC) and analog-to-digital converters (ADCs) to control
external circuits and scanning of sensors. One of the main pa-
rameters of the ADC circuit is differential nonlinearity
(DNL) [1]. It is related with the nonlinearity of the code tran-
sitions of the converter. In the ideal case, the change of one
least significant bit in digital code exactly corresponds to the
change in analog signal on a size of the quantization step. In
the DAC, the change of one least significant bit in digital code
must exactly produce the signal change on the analog output
corresponding to the value of the least significant bit. In the
ADC, the signal on the analog input has to change exactly an
amount corresponding to the least significant bit in digital

scale in transition from one digital level to the next. This pa-
rameter is convenient to estimate the accuracy characteristics
of the DAC or the ADC.

Description of the DAC test blocks

The multi-function DAC units as a part of VLSI micro-
processor without additional structural and topological fea-
tures were designed and manufactured to evaluate the feasi-
bility of these characteristics, the DAC and ADC in the
framework of the domestic SOI CMOS technology with the
design rules of 250 nm [2, 3] in the absence of a complete and
required set of statistical data by technological spread of the
elements’ parameters. Two DAC architectures are used: based
on the resistive matrix R-2R and on the basis of controlled
transistored current sources. In the first case, the DNL DAC
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is mainly determined by the relative dispersion of the resistors
in the matrix R-2R, and in the second case — by a relative
dispersion of the parameters of transistors in the controlled
transistored current sources. In turn, the DNL of the wide-
spread ADC class of successive balancing depends on DNL
DAC in the feedback loop [4]. This ADC was used by the au-
thors in the design of the monitoring unit of VLSI micro-
processor [5]. Thus, evaluating the mentioned technology on
the possibility to obtain the certain accuracy characteristics of
the DAC, an indirect conclusion could be made about such
ADC characteristics.

The test structures of the two 14-bit digital-to-analog con-
verters with a common parallel input and output of synchro-
nization were designed as part of the work of Scientific Re-
search Institute for System Studies of the Russian Academy
of Sciences. The input data come simultaneously to both dig-
ital-to-analog converters and becomes stored in the input reg-
isters on the negative-going transition of the synchronization.
Fig. 1 shows a topology of the multi-function block.

The DAC block area on the basis of a resistive matrix R-2R
was 0,15 mmz, and the DAC area based on the controlled
transistored current sources — 0,075 mm?.

Measurement results

The test patterns were made by domestic enterprises as
part of a 64-bit microprocessor with low power consumption
[6]. The digital input code of saw-like signal was used to assess
the accuracy of the conversion (sequential searching of the in-
put values). The main results of the simulation are shown in
the table. The investigations were carried out at a synchroni-
zation frequency of 500 kHz. Fig. 2 shows the DAC transfer
characteristic based on the resistive matrix R-2R. The meas-
urements were carried out for a batch of five chips averaged
over 10 measurements under typical operating conditions.
The axis of ordinates represent the DAC output voltage nor-
malized by the quantization step.

Fig. 3 shows the dependence of the differential non-line-
arity expressed in the values of the least significant bit (LSB)
on the DAC input code. It is seen that DNL is less than three
LSB.

Fig. 4 shows the transfer characteristic of the DAC on the
basis of controlled transistored current sources. The measure-
ments were carried out for a batch of five chips averaged over
10 measurements under typical operating conditions.

Fig. 5 shows the dependence of the differential non-linear-
ity expressed in the values of the least significant bit (LSB) of
the DAC input code. It is seen that DNL is less than five LSB.

Analysis of the results

Let’s suppose that a matrix of resistors and transistors in
the DAC functionally were made precisely and all the rec-
ommended action to ensure equivalence of the parameters of
the matrix’s elements were taken. As mentioned, the relative
dispersion of parameters of the elements of the matrix would
be determined by technology spread, but in fact it would be
determinated by the capabilities of technology. The relative

variation affects the linearity of the transfer characteristics.
Where the error of the analog signal change corresponding to
a change in the LSB unit in digital code exceeds a predeter-
mined value, there the differential nonlinearity error occurs.
DNL-error of the converter is defined as the maximum dif-
ferential nonlinearity to be found at any transition. If the dif-
ferential nonlinearity of the DAC is less than 1 LSB at any
transition (fig. 3, 5), the DAC is called non-monotonic, and
its transfer characteristic contains one or more limited highs
or lows. The differential nonlinearity greater then + 1 LSB is
undesirable, even it does not cause deviation from the mo-
notonicit, In many DAC applications (especially in the closed
systems, where non monotonicity can change the negative
feedback to the positive feedback), the monotonicity of the
DAC is very importantt. Commonly, it is clearly determined
from the transfer characteristic, althiugh if the differential
nonlinearity is guaranteed to be less than one LSB, the device
must be monotonic.

The weight of the LSB of the 12-bit DAC is 4 times over
the weight of the LSB of the 14-bit DAC, however, analyzing
the measurements in fig. 3, we can see that the DNL is less
than 0,875 LSB for 12-bit conversion scale. In fig. 5, there are
only three indications slightly greater than LSB in conversion
to the 12-bit scale conversion. Thus, it can be said with high
probability that the development of the 12-bit MF blocks of
the ADC as part of VLSI by domestic SOl CMOS technology
with the design rules of 250 nm leads to the positive results.
It was shown in the examples for two DAC architectures, and
there are reasons to believe that the positive result will be
achieved in the development of 12-bit ADC with successive
balancing architecture.
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